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1 INTRODUCTION

Four decades after the inception of the theory of plate tectonics,
estimates of geologically current plate motions (Chase 1972, 1978;
Minster et al. 1974; Minster & Jordan 1978; DeMets et al. 1990,
1994a) continue to be used broadly for geological, geophysical and
geodetic studies. Increased shipboard, airborne and satellite cover-
age of the mid-ocean ridge system over time has enabled steady
improvements in the precision and accuracy of successive estimates
of plate angular velocities, making them ever more useful for esti-
mating plate motion, for detecting zones of slow deformation, and
for determining the limits to the rigid plate approximation. Since
the early 1990s, steady improvements in estimates of instantaneous
tectonic plate velocities from Global Positioning System (GPS) and
other geodetic data (e.g. Argus & Gordon 1990; Ward 1990; Ar-
gus & Heflin 1995; Larson et al. 1997; Sella et al. 2002; Kreemer
et al.2003; Kogan & Steblov 2008; Argus et al.2010) have enabled
valuable comparisons between geological and geodetic estimates of
current plate motions and have set the stage for efforts to detect and
link recent changes in plate motions to the forces that cause those
changes.

Herein we review available data that describe geologically current
plate motions and present a new closure-enforced set of angular
velocities for the motions of 25 tectonic plates (Figs 1 and 2). We
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also determine best-fitting angular velocities for all plate pairs that
share a boundary populated by data. Rates of seafloor spreading
and azimuths of oceanic transform faults supply =75 per cent of
the kinematic information for the new set of angular velocities. We
therefore use the name MORVEL (Mid-Ocean Ridge VELocity) for
the new set of angular velocities. Unlike its predecessors NUVEL-1
and NUVEL-1A (DeMets et al. 1990, 1994a), few earthquake slip
directions are used in MORVEL. Moreover, GPS station velocities
are used to estimate the motions of six smaller plates with few or no
other reliable kinematic data, with care taken to avoid introducing
any dependence between plate angular velocities that are determined
from geological data and angular velocities that are estimated from
geodetic data.

Many new multibeam sonar, side-scan sonar and dense magnetic
surveys of the mid-ocean ridges have become available since the
publication of NUVEL-1. Some of these surveys occurred in re-
gions where few or no data were available before and thus provide
valuable new limits on estimates of plate motions. Whereas many
NUVEL-1 spreading rates were estimated from isolated shipboard
transits of the mid-ocean ridges, most MORVEL spreading rates are
determined from dense ship and airborne surveys. This enhances
our ability to identify the present and past locations of ridge-axis
offsets that can disrupt an anomaly sequence and corrupt estimates
of spreading rates. Nearly all the new spreading rates are estimated

Figure 1. (a) Epicentres for earthquakes with magnitudes equal to or larger than 3.5 (black) and 5.5 (red) and depths shallower than 40 km for the period
1967-2007. Hypocentral information is from the U.S. Geological Survey National Earthquake Information Center files. (b) Plate boundaries and geometries
employed for MORVEL. Plate name abbreviations are as follows: AM, Amur; AN, Antarctic; AR, Arabia; AU, Australia; AZ, Azores; BE, Bering; CA,
Caribbean; CO, Cocos; CP, Capricorn; CR, Caroline; EU, Eurasia; IN, India; JF, Juan de Fuca; LW, Lwandle; MQ, Macquarie; NA, North America; NB, Nubia;
NZ, Nazca; OK, Okhotsk; PA, Pacific; PS, Philippine Sea; RI, Rivera; SA, South America; SC, Scotia; SM, Somalia; SR, Sur; SU, Sundaland; SW, Sandwich;
YZ, Yangtze. Blue labels indicate plates not included in MORVEL. Patterned red areas show diffuse plate boundaries.
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The construction of a new set of relative plate angular velocities
also provides opportunities for testing the central approximation
of plate tectonics—that the plates do not deform internally. When
constructing NUVEL-1, DeMets et al.(1990) found that two three-
plate circuits, the Pacific-Cocos—Nazca (Galapagos triple junction)
and Africa—South America—Antarctic (Bouvet triple junction) plate
motion circuits, failed tests for circuit closure. While not explicitly
discussed by DeMets et al. (1990), but as documented herein, the
Pacific—Antarctic—Africa—North America circuit also failed closure
in NUVEL-1; in NUVEL-1 this is manifested mainly by the large
difference between the best-fitting and NUVEL-1 angular velocities
for Africa—North America motion. Absent alternative explanations,
these results indicate that plates are not rigid as assumed, but instead
deform. With the great increase in number and quality of data, these
issues are re-examined.

In the following section, we describe in more detail the revised
plate geometries that are used here, the justification for excluding
data from the Gulf of California from the MORVEL determination
of Pacific—-North America motion, and our reasons for abandoning
a homogeneous 3.16 Myr averaging interval for seafloor spreading
rates. We then provide overviews of the marine magnetic, bathy-
metric, earthquake, and GPS data that are the basis for MORVEL,
describe the methods that we use to analyse these data and to as-
sign their uncertainties, and outline the techniques we use to esti-
mate plate angular velocities and their covariances. An extensive
description of the MORVEL data and plate motion estimates fol-
lows, beginning with an overview of MORVEL and continuing with
descriptions of the data and results by geographic region and plate
boundary. Finally, we discuss the main tectonic implications and pat-
terns that emerge from our analysis, analyse closure of three-plate
and global plate circuits, and compare MORVEL to NUVEL-1A and
to plate motions estimated from GPS measurements. Readers are
also referred to http://www.geology.wisc.edu/ chuck/MORVEL
for assistance in calculating plate velocities and uncertainties
with MORVEL and for additional documentation of the ma-
rine magnetic and bathymetric observations that underly this
analysis.

2 ASSUMPTIONS

2.1 Global plate geometry

In the most comprehensive description to date of the configuration
of active plate boundaries, Bird (2003) defines 14 large and 38
small plates, ranging in size from the Pacific plate, which comprises
20.5 per cent of Earth’s surface, to the Manus microplate, which
comprises only 0.016 per cent of the surface. The 25 tectonic plates
in the MORVEL global plate circuit (Fig. 2) include the 14 largest
plates identified by Bird (2003), comprising 95.1 per cent of Earth’s
surface, and seven of the next nine largest plates, comprising an
additional 2.0 per cent of the surface. MORVEL thus describes plate
motions for 97 per cent of Earth’s surface, albeit only approximately
within the zones of diffuse deformation that separate some of the
25 plates.

Relative to NUVEL-1 and NUVEL-1A, MORVEL incorporates
more than twice as many plates and covers more of Earth’s surface
(97.1 per cent versus 92.4 per cent). In addition, different geometries
are used for some of those plates. An important difference between
the MORVEL and NUVEL-1 plate circuits is our substitution of
distinct Nubia, Lwandle and Somalia plates for the African plate
of NUVEL-1. The NUVEL-1 plate motion data, especially those
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in the Red Sea, were insufficient to reliably estimate the motion
between the Nubia and Somalia plates. Jestin et al. (1994), using
two spreading rates from Red Sea magnetic profiles presented by
1zzeldin (1987) and a slip rate along the Levant fault, show that
Nubia—Arabia motion differs significantly from Somalia—Arabia
motion and use this to estimate a Nubia—Somalia angular velocity
with large uncertainties.

Chu & Gordon (1998) determine 64 spreading rates from mag-
netic profiles from the Red Sea, of which 45 record Nubia—Arabia
motion and allow more accurate estimates of Nubia—Arabia and
Nubia—Somalia angular velocities. From a greatly increased set of
spreading rate and transform fault azimuth data along the South-
west Indian Ridge, Chu & Gordon (1999), Lemaux et al. (2002)
and Horner-Johnson et al. (2005) show that northeastern and south-
western portions of the Southwest Indian Ridge record significantly
different plate motion and conclude that this difference is caused by
relative motion between separate Nubia and Somalia plates north
of the Southwest Indian Ridge.

More recently, Horner-Johnson et al. (2007) show that a plate
geometry with a newly defined Lwandle plate (Hartnady 2002) be-
tween the Nubia and Somalia plates along the Southwest Indian
Ridge (Fig. 1) results in further significant improvements in the
fit to 3.2-Myr average spreading rates along the Southwest Indian
Ridge. Their estimates of Nubia—Lwandle-Somalia motion agree
well with independent earthquake-mechanism and geodetic obser-
vations on the relative motions of these plates. The revised geom-
etry for the former Africa plate significantly changes estimates of
plate velocities elsewhere in the Indian and Pacific Ocean basins
via propagation of its effects into other plate circuits (Royer et al.
2006).

MORVEL also includes distinct Capricorn, Australia and Mac-
quarie plates, which replace the Australia plate of NUVEL-1
(Fig. 1b). Royer & Gordon (1997) show that the existence of a
distinct Capricorn plate is required from reconstructions of chron
C5n.10 (11 Ma) from the Central Indian, Southwest Indian and
Southeast Indian ridges. Their estimate of Capricorn—Australia plate
motion is consistent with the locations and focal mechanisms of
earthquakes within the diffuse Australia—Capricorn plate boundary
north of the Southeast Indian Ridge. From an analysis of Southeast
Indian Ridge spreading rates averaged out to the Jaramillo anomaly
(1.03 Ma), Conder & Forsyth (2001) confirm the existence of a
distinct Capricorn plate and propose that deformation between the
Auwustralia and Capricorn plates may be limited to a =1200-km-wide
zone north of the Southeast Indian Ridge, narrower than proposed
by Royer & Gordon (1997). From the many MORVEL data, we cor-
roborate the above results with tighter confidence limits than found
before (Section 5.5.5).

DeMets et al. (1988) infer the existence of a Macquarie mi-
croplate south of Tasmania (Fig. 1b), in a region where a band of
diffuse intraplate seismicity between the Macquarie Ridge Complex
and Southeast Indian Ridge (Valenzuela & Wysession 1993) appears
to define the northern boundary of this oceanic microplate. DeMets
et al. (1988) found that the slip directions of earthquakes from
the Southeast Indian Ridge transform faults that define the west-
ern boundary of this microplate tended to lie =5° anticlockwise of
the direction expected for Australia—Antarctic motion, offering the
only kinematic evidence for its existence. The data then available
however were insufficient to estimate the motion of this microplate
in NUVEL-1.

More recently, Cande & Stock (2004) use well-mapped frac-
ture zone flow lines from the eastern end of the Southeast Indian
ridge and crossings of marine magnetic anomalies to show that an
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independent Macquarie microplate has existed since =6 Ma and
has a western limit that coincides with the Tasman fracture zone.
From their results and newly available multibeam data that better
constrain plate motion in this region, we include the Macquarie
microplate in MORVEL.

We also incorporate into MORVEL nine other plates that were
omitted or the motions of which were only peripherally investigated
for NUVEL-1. In the southern Atlantic, we build on the studies
of Pelayo & Wiens (1989), Smalley et al. (2003), Thomas et al.
(2003) and Smalley et al. (2007) to estimate the motions of the
Scotia and Sandwich plates. We also present kinematic evidence
for the existence of a newly named Sur microplate east of the South
Sandwich subduction zone and estimate its motion. Farther north in
the Atlantic basin, we describe kinematic evidence for the existence
and motion of the Azores microplate, but do not estimate angular
velocities for this microplate from the sparse observations that are
available from its boundaries.

In the eastern Pacific basin, we estimate the motions of the Rivera
and Juan de Fuca plates, both of which subduct beneath western
North America and pose seismic hazards to onshore regions. For
reasons described in the following section, we exclude the geograph-
ically small Baja Californiasliver plate from MORVEL (Dixon et al.
2000; Plattner et al.2007), although we use seafloor spreading rates
and directions from its eastern boundary in the Gulf of California to
confirm geodetic evidence that the Baja California peninsula moves
slowly relative to the Pacific plate.

Along the western edge of the Pacific basin and in southeastern
Asia, where few or no reliable conventional plate kinematic data
can be used to estimate plate motions over geological timescales,
we instead use GPS station velocities to estimate angular velocities
for the Amur plate (Calais et al. 2003; Apel et al. 2006; Jin et al.
2007), the Philippine Sea plate (Seno et al. 1993; Sella et al. 2002),
the Sundaland plate (Simons et al. 2007) and the Yangtze plate
(Shen et al. 2005; Simons et al. 2007).

Omitted from MORVEL are the postulated Bering plate (‘BE’ in
Fig. 1a) (Mackey et al. 1997), the slowly moving Okhotsk plate of
northeastern Asia (Riegel et al. 1993; Seno et al. 1993; Takahashi
etal.1999; Apel et al.2006), and the North China plate (Wang et al.
2001; Jin et al. 2007). We also do not estimate the motions of the
Victoria or Rovuma microplates in Africa (Calais et al. 2006a). We
refer readers to the publications cited above for more information
about the motions of these slowly moving plates and continental
blocks.

The largest oceanic plate excluded from MORVEL is the enig-
matic Caroline plate, which is located in the western equatorial Pa-
cific immediately south of the Philippine Sea plate (Fig. 1). Weissel
& Anderson (1978) first proposed the existence of this plate and
estimated its motions from a synthesis of marine seismic, bathy-
metric, and seismologic observations from its boundaries with the
Pacific and Philippine plates. Uncertainties about the style and rate
of present deformation across the poorly understood Caroline plate
boundaries and a scarcity of reliable kinematic data for determin-
ing Philippine Sea plate motion affect the Weissel & Anderson and
subsequent estimates of Pacific—Caroline—Philippine Sea plate an-

gular velocities (Ranken et al. 1984; Seno et al. 1993; Zang et al.

2002). Improved GPS measurements of Philippine plate motion (de-
scribed herein) reduce the latter source of uncertainty; however, few
new kinematic data are available to estimate Caroline plate motion.
Absent any unambiguous measurements of Caroline plate motion
and any clarity about whether some Caroline plate boundaries are
active or relict features, we exclude this slow moving plate from
MORVEL.

We also omit the Easter, Juan Fernandez and Galapagos oceanic
microplates, which have geometries and plate motions that have
evolved rapidly over the past few million years and are better de-
scribed by studies that document in more detail their evolution with
time (e.g. Lonsdale 1988; Naar & Hey 1991; Larson et al. 1992;
Searle et al.1993; Klein et al.2005). We furthermore omit the many
smaller plates and crustal forearc slivers that are situated behind
trenches in regions of backarc spreading or oblique subduction.

2.2 Changes in global plate circuit closure constraints

Local plate circuit closures, particularly three-plate circuits about
triple junctions, play important roles in constraining both the
NUVEL-1A and MORVEL angular velocities. Closures of more
extended plate circuits are imposed on the NUVEL-1A angular ve-
locity estimates by two data subsets: subduction zone earthquake
slip directions, which link the motions of plate pairs in the Atlantic
and Pacific ocean basins (Fig. 2), and data from the Pacific—-North
America plate boundary, which close the Pacific—Antarctic-Nubia—
North America plate circuit. Here we exclude these data to pre-
clude possible biases from influencing the MORVEL angular ve-
locity estimates. Consequently, the MORVEL angular velocities are
influenced less by extended plate circuit closures than are those
for NUVEL-1A. The MORVEL angular velocities that describe
Pacific—North America motion and the motions across all subduc-
tion zones except the South Sandwich trench are determined solely
from the global plate circuit and constitute pure predictions of the
motions for those plate pairs.

Fig. 3 summarizes our reason for excluding seafloor spreading
rates and fault azimuths from the Gulf of California east of the
Baja California peninsula, which constitute the most critical subset
of the NUVEL-1A data that was used to estimate the NUVEL-
1A Pacific-North America angular velocity. Three studies of GPS
station motions on the Baja California peninsula report that stations
from the northern, central, and southern parts of the peninsula move
several million years or faster to the southeast relative to the Pacific
plate (Dixon et al. 2000; Marquez-Azua & DeMets 2003; Plattner
et al.2007). Relative to the Pacific plate, the four southernmost sites
on the Baja peninsula move to the southeast at 3.5 = 0.8 mmyr—!
(95 per cent) (shown in inset to Fig. 3), consistent with movement
of the peninsula as a quasi-rigid or possibly undeforming crustal
sliver between the Pacific and North America plates (Dixon et al.
2000; Michaud et al.2004; Plattner et al.2007).

Studies of young seafloor spreading magnetic lineations in the
Gulf of California also report that spreading rates within the Gulf
have been 3-5mmyr= lower over the past few million years than
expected for Pacific—-North America plate motion (DeMets 1995;
DeMets & Dixon 1999), consistent with the observed slower-than-
expected northwestward motions of GPS stations on the Baja penin-
sula. Both the geodetic and geological measurements in this region
thus indicate that spreading rates in the Gulf of California record
motion of the Baja peninsula relative to the North America plate
rather than Pacific—-North America plate motion.

2.3 Averaging intervals for kinematic data

NUVEL-1A is determined from data that average plate motions over
widely differenttime spans, including earthquake slip directions that
average plate directions over decades to centuries, transform fault
azimuths that average directions over hundreds of thousands of years
or longer, and spreading rates that uniformly average motion since

¢ 2010 The Authors, GJI, 181, 1-80
Journal compilation ¢ 2010 RAS



8 C.DeMets, R. G. Gordon and D. F. Argus

<
%
)
=

CP-AN & AU-AN & MQ-AN

N\
NB-AN & LW-AN & SM-AN

NB-SA & NB-SR

<
=)
Z

A

Figure 4. (a) Numbers of spreading rates and transform fault azimuths in the MORVEL (red) and NUVEL-1 (blue) data sets by plate boundary. Plates for
which GPS station velocities provide some or all of the information to estimate their motions are shaded green.

that were archived at the U.S. National Geophysical Data Cen-
ter (NGDC) through January of 2007. We also obtained magnetic
data from the U.S. Naval Research Laboratory, the Lamont-Doherty
Earth Observatory, and investigators and archives in Canada,
France, Great Britain, India, Italy, Japan, the Netherlands, Rus-
sia and Spain. The spreading rates that we determined from sources
outside the United States constitute =45 per cent of the total and
greatly improve the geographic coverage of the mid-ocean ridge
system relative to NUVEL-1. The track lines for all the magnetic
profiles that we use to estimate the MORVEL spreading rates are
shown in Figs 3, 16, 17, 29, 35 and 39.

We use many more rates than in NUVEL-1, ranging from a
20-fold increase for the densely surveyed Eurasia—North America
plate boundary to an increase of only 25 per cent for the sparsely
surveyed American—Antarctic ridge (Fig. 4). All spreading rates
and ancillary information are listed in Table S1. Graphics that
show the best cross-correlated match between the many magnetic
profiles and their corresponding synthetic profiles are available at
http://lwww.geology.wisc.edu/ chuck/MORVEL.

Many oceanic transform faults that were either unmapped or
sparsely surveyed when we assembled the NUVEL-1 data in the
1980s have since been surveyed with high-resolution multibeam or
side-scan sonar systems (Table S2). We attempted to identify as
many of these data as possible by surveying the literature, soliciting
unpublished data from colleagues, and examining multibeam grids
and transit-track multibeam swaths that are available through the
Marine Geoscience Data System (http://www.marine-geo.org and
Carbotte et al. 2004). We identified 133 faults that were either
completely or partly mapped with multibeam or side-scan sonar or

both. For comparison, only 25 fault azimuths were estimated from
multibeam or side-scan sonar for NUVEL-1. Graphics that show
multibeam images of many of the MORVEL transform faults are
available at http://www.geology.wisc.edu/ chuck/MORVEL.

We also used conventional single-beam sonar surveys to estimate
the azimuths of ten faults that had not been mapped in detail as of
mid-2007, and we estimated azimuths for twelve other long-offset
transform faults from the 1-minute marine gravity grid of Smith &
Sandwell (1997). Satellite altimetry lacks the resolution to image
either the transform fault zone or principal transform displacement
zone. We thus limited our use of altimetric data to unsurveyed
transform faults, mainly in the equatorial and southern Atlantic
Ocean basin.

3.2 Earthquake data

The 2203 MORVEL data include 56 earthquake slip directions
(Table S3), constituting only 2 per cent of the total. These 56 direc-
tions help constrain the angular velocities for several plates having
directions of motion that are otherwise only weakly constrained.
For comparison, the 724 NUVEL-1 earthquake slip directions con-
stitute 65 per cent of the NUVEL-1 data and are used to estimate
directions of plate motion along every major plate boundary.

We minimized the use of earthquake slip directions because of
evidence that earthquake slip directions give biased estimates of
the direction of plate motion. Many studies now document that
oblique subduction is almost always partly to completely parti-
tioned into its trench-parallel and trench-orthogonal components,
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Figure 5. Filled circles show locations of GPS stations having velocities that are used to determine the MORVEL angular velocities for the Amur (medium-
sized blue), Caribbean (black), Philippine Sea (red), Scotia (green), Yangtze (small blue) and Sundaland (medium-sized blue) plates (Table S4). Open circles
show the locations of the GPS station velocities from the four plates that serve as the geodetic reference frames for the MORVEL GPS site velocities (Table
S5), as follows: North America plate (open black), Pacific plate (red), South America plate (green) and Australia plate (blue). Small black circles along the
Pacific—Juan de Fuca, Pacific—Rivera and Pacific—Cocos plate boundaries show locations of seafloor spreading rates that are used to estimate the PVEL angular

velocities. Seafloor ages are from Miuller et al. (1997).

resulting in translation and rotation of forearc slivers along faults
in the upper plate and orthogonal or nearly orthogonal subduction
(e.g. Fitch 1972; Jarrard 1986a,b, DeMets et al. 1990; McCaffrey
1992). Where partitioning occurs, the slip directions of shallow-
thrust subduction earthquakes are observed to be deflected sys-
tematically towards the trench-normal direction with respect to the
direction of motion between the subducting and major overlying
plate. Where backarc spreading occurs, as is common in the west-
ern Pacific basin, shallow-thrust subduction earthquakes also may
give incorrect estimates of the relative direction of the subducting
plate relative to its major overlying plate.

Argus et al. (1989) and DeMets (1993) show that the slip direc-
tions of strike-slip earthquakes along oceanic transform faults differ
systematically from the azimuths of well-surveyed strike-slip faults
in the transform fault valley. The sense of this difference depends on
whether the slip along a given transform fault is right-lateral or left-
lateral, thereby excluding recent changes in the direction of plate
motion as a possible explanation for these still poorly understood
differences.

3.3 GPS data

Continuous and campaign GPS measurements at 144 locations are
used to extend MORVEL to the Amur, Caribbean, Philippine Sea,
Scotia, Sundaland and Yangtze plates (Fig. 5 and Table S4). Except
for the Caribbean and Scotia plates, the motions of these plates
would otherwise be unconstrained by data from the mid-ocean
ridges. All 144 GPS velocities are from sites with three or more
years of observations, which reduces the influence of seasonal and
other long-period noise in the GPS time-series on the estimated
site velocity (Blewitt & Lavallée 2002). Sites with a history of
anomalous behaviour are excluded, as are stations near active faults.
Further details about the station velocities are given in Sections 4
and 5.
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We also use 498 station velocities from the Australia, North
America and Pacific plates (Figs 5 and 6) to link the GPS station
velocities from the plates listed above to the MORVEL plate circuit.
As described in Section 4.4.2, these 498 velocities are not inverted
during the estimation of the MORVEL angular velocities, but are
instead used prior to the formal MORVEL data inversion to establish
plate-centric frames of reference for the 144 velocities from the
Amur, Caribbean, Philippine Sea, Scotia, Sundaland and Yangtze
plates. These 498 station velocities are listed in Table S5.

Most of the original GPS data that we analysed were obtained
from public sources, including the Scripps Orbit and Permanent
Array Center archive, the National Geodetic Survey CORS archive,
and the UNAVCO data archive. Data for selected stations in the
western Pacific were also obtained from Geoscience Australia,
the Geographical Survey Institute of Japan, the Japan Association
of Surveyors, and from individual investigators for a few sites.
The procedures for processing these GPS data are described in
Section 4.4.

4 METHODS

4.1 Overview

Data are analysed on four levels to construct the MORVEL an-
gular velocities. On the first level, spreading rates and associated
uncertainties are estimated from magnetic data and a correction for
outward displacement of reversal boundaries is applied. Azimuths
of transform faults and their associated errors are estimated from
bathymetric data and to a lesser degree, from ocean depths predicted
from satellite altimetry (Smith & Sandwell 1997). Slip directions
and associated uncertainties are estimated from published earth-
quake focal mechanisms. GPS data are processed and site velocities
are determined from their coordinate time-series and transformed to
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Figure 12. Selected MORVEL poles (red) and 2-D, 95 per cent con dence ellipses (red), Atlantic and Arctic regions. Sense of motion is anticlockwise for the
rst listed plate relative to the second. The NB-SA and EU-NA pole con dence ellipses are too small to be seen at the scale of this map. Best- fiimg poles
plate pairs with data in MORVEL are shown by open circles and dashed ellipses. Blue circles indicate locations of selected NUVEL-1A poles. The pole tha
speci es the motion of North America relative to South America is shown in Fig. 25. Plate abbreviations are de ned in Fig. 1.

In summary, the 144 MORVEL GPS velocities do not signi- a dense survey of the obliquely spreading Reykjanes Ridge from
cantly affect the angular velocity estimates for the nineteen plates 59.5 N to 62.5N (Searleet al. 1998), dense Russian surveys from
with motions that are estimated over geological timescales. To a 48 N to 59 N conducted in the 1970s and 1980s (Merkouriev &
high degree, MORVEL therefore constitutes an independent geo- DeMets 2008), and the TRIATNORD multibeam ridge survey from
logical standard against which to compare geodetic plate motion 40.5 N to 45 N (Goslin & Triatnord Scienti ¢ Party 1999).
estimates for those plates. Marine magnetic coverage of the Nubia—North America portion
of the Mid-Atlantic Ridge between the Azores triple junction and
Fifteen-Twenty fracture zone (Fig. 17a) has also improved greatly
since publication of NUVEL-1. The near-ridge sea oor morphology
) ) and magnetic anomalies from 20to 40 N are superbly imaged
5.3.1 Data from the Arctic and northern Atlantic by the FARA-SIGMA (Detricket al. 1995), SudAores (Cannat
Fig. 16 shows the tracks of magnetic pro les that we use to esti- €t al. 1999) and R/MMaurice EwingLeg EW9210 (Semperet al.
mate spreading rates in the Arctic basin and along the Reykjanes1995) cruises and identify all spreading segments with correlatable
Ridge and Mid-Atlantic Ridge north of the Azores triple junction. In  anomaly sequences outto anomaly 2A. Densely spaced Russian data
the Arctic basin, Naval Research Laboratory aeromagnetic surveysfrom the Canary-Bahamas transect de ne the magnetic anomaly se-
from 1973 to 1975 of the Gakkel, Knipovich and Mohns ridges are duence from 22.5N to 30.5N (Maschenkov & Pogrebitsky 1992),
our main source of spreading rates and are described by Beden ~ and are complemented by data from the FARA-SEADMA geophysi-
(1979), Vogtet al.(1979) and Kovacst al. (1982). Despite the low  cal survey of the ridge crest from 20to 24 N (Genteet al. 1995).
delity of the magnetic anomalies along these ultra-slow spread- From 12N to 20 N, where the boundary between the North and
ing centres (see for example, the Gakkel Ridge pro le in Fig. 8), South America plates intersects the Mid-Atlantic Ridge (Roest &
anomaly 2A is expressed in most pro les and is used to estimate Collette 1986), we use a dense magnetic survey frorhi1d 16 N
spreading rates since 3 Ma. Along the Kolbeinsey Ridge north of (Fujiwaraet al. 2003) to estimate rates across the ridge segments
Iceland, we estimate many spreading rates from a low-altitude aero-immediately north and south of the Fifteen-Twenty transform fault
magnetic survey in 1973 by the U.S. Naval Oceanographic Of ce and magnetic pro les from the Kroonvlag project (Collegeal.
(Vogt et al. 1980; Appelgate 1997). 1984) and other 1970s-vintage Dutch surveys (Roest & Collette

Many cruises document the recent spreading histories of the 1986).

Reykjanes and northern Mid-Atlantic ridges between Iceland and  High resolution sonar surveys of the Charlie Gibbs and Molloy
the Azores triple junction (left-hand panel of Fig. 16). These include transform faults (Searle 1981; Crane & Solheim 1995) in the north

5.3 Arctic and Atlantic Ocean basins
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Figure 15. Left-hand column: residual seafloor spreading rates, transform fault azimuths (TF), and earthquake slip directions (EQ) determined by subtracting
rates and azimuths determined with the MORVEL angular velocities from the observations. Twenty-two rates with absolute-valued misfits between 5 and
10.3mmyr~! are not shown. Right-hand column: data residuals divided by their estimated 1 ~uncertainties. Gaussian distributions with mean values of zero

and standard errors of 1 are shown by red curves.

location (Fig. 12) gives rise to a maximum uncertainty of only £0.5°
in the directions of motion estimated along the plate boundary.

The spreading rates and plate motion directions estimated from
the MORVEL Eurasia—North America angular velocity differ by
only 0.01 mmyr~! and 0.2° from the best-fitting estimates (Figs 19
and 20). This good agreement results from the insignificant level of
non-closure around the Nubia—Eurasia—North America plate circuit,
as described in Section 6.

5.3.4 The Azores microplate

The Mid-Atlantic ridge spreading rates do not change abruptly at
the Azores triple junction (Fig. 19), as should occur if the Eurasia,
North America and Nubia plates meet at a discrete triple junction.
They instead change gradually from 22.9 = 0.1mmyr~t (1 ) at
40°N 10 19.8 + 0.2mmyr~ at 38°N (Fig. 22b). These transitional
spreading rates coincide with the western boundary of the Azores

microplate (Fig. 22a) and to our knowledge constitute the first
kinematic evidence for its existence, which was previously inferred
from seafloor morphology and seismicity (Searle 1980).

The many Mid-Atlantic Ridge spreading rates can be used to lo-
cate the northern and southern boundaries of the Azores microplate
where it intersects the Mid-Atlantic Ridge (Fig. 22b). The north-
ern boundary appears to intersect the ridge axis between 39.4°N
and 40.0°N, consistent with the location proposed by Searle (1980)
and Vogt & Jung (2004), who extrapolated the obliquely spread-
ing Terceira rift to its intersection with the Mid-Atlantic Ridge. The
southern microplate boundary appears to intersect the ridge between
38.2°N and 38.5°N (Fig. 22b), in accord with the location suggested
by Luis et al. (1994) and Fernandes et al. (2006) from a zone of
active seismicity that intersects the ridge at 38.5°N (Fig. 22a).

The 18 spreading rates located at the western edge of the Azores
microplate (=38.5°N to 39.5°N) can be used to estimate the motions
of the microplate across its boundaries with the Eurasia and Nubia
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Figure 18. Seismotectonics of the southern Atlantic. (a) Sur plate seismicity and focal mechanisms for earthquakes east of the South Sandwich subduction
zone. Motion of the Sur plate relative to South America predicted by MORVEL (1.3 + 0.6 mmyr~1) is indicated by red arrow and 2-D, 1 ellipse. MORVEL
magnetic profile tracks are shown in red. (b) Seismotectonic setting of the Sandwich plate. Red arrows show slip directions determined by Thomas et al.
(2003) from summed moment tensors for shallow thrust earthquakes along the South Sandwich subduction zone. Focal mechanisms exclude the following:
earthquakes deeper than 40 km, reverse-faulting earthquakes, outer arc rise earthquakes, and intra-slab normal faulting earthquakes. Stippled regions show the
deforming zone discussed in the text. SSTF designates the South Sandwich transform fault. (c) Scotia plate tectonic setting with earthquake epicentres and
1-min predicted depth grid version 10.1 (Smith & Sandwell 1997). Green and blue rectangles depict areas of panels (b) and (d), respectively. Abbreviations:
BTF, Bullard transform fault; ESR, East Scotia Ridge (backarc spreading centre); PX and SW, Phoenix and Sandwich plates. (d) Extensional and strike-slip
focal mechanisms along the southern Scotia plate boundary for earthquakes shallower than 40 km. All earthquakes with epicentres shown in these figures were
shallower than 40 km and occurred from 1963 to 2007.5. All earthquake focal mechanisms are extracted from the Global centroid moment tensor data base
and cover the period 1976-2007.5.

location that gives the best least-squares fit to the many Mid-Atlantic
ridge spreading rates and transform fault azimuths. Assuming that
the plate boundary is narrow where it intersects the ridge, which it
may not be, the many kinematic data are best fit if the boundary
intersects the ridge at or just north of the Fifteen-Twenty transform
fault (Fig. 26¢). Boundary locations south of the Fifteen-Twenty
transform fault or north of 15.7°N are rejected at the 95 per cent
confidence level. We apply the narrow-boundary approximation and
best-fitting boundary location for the remainder of the analysis given
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that all the data except the azimuth of the Kane transform fault are
well fit for this geometry. In Section 7.5.3, we explore the conse-
quences of extending the boundary north to the Kane transform
fault.

5.3.7 Nubia—North America plate motion

Our best-fitting estimate of Nubia—North America motion is de-
termined from the 161 spreading rates and four transform fault
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Figure 22. Tectonic setting and kinematic evidence for the Azores microplate. (a) Epicentres for earthquakes with My > 3 from 1967 to 2006 and Global
centroid-moment tensors along the Azores microplate boundaries for the period 1976-2006 overlaid on the 1-min predicted depth grid, version 10.1 (Smith
& Sandwell 1997). Red lines show tracks of shipboard magnetics used to estimate 3.16-Myr-average opening rates. Red circle shows location of GPS station
SJRG on San Jorge island (Fernandes et al. 2006). (b) 3.16-Myr-average opening rates along Mid-Atlantic Ridge, 35°-43°N and rates determined with the
MORVEL (red) and best-fitting (black) angular velocities. Large circle with error bar indicates the average opening rate for the Azores—North America plate
seafloor spreading segments. (c) Linear velocity diagram for the North America—Eurasia—Nubia—Azores (NA-EU-NB-AZ) plate circuit at the Azores triple
junction. Points on the dotted line specify the suite of velocities that are consistent with the average AZ-NA opening rate from (b). The AZ-NA direction is
unknown, but is assumed to lie between the EU-NA and NB-NA directions. Red vector shows velocity of GPS site SIRG relative to the Eurasia plate from

Fernandes et al. (2006).

(Fig. 12). Given the average spreading rate of 30 mm yr~! along this
plate boundary, the 1.4° rms angular misfit to the transform fault
azimuths is geometrically equivalent to a ridge-parallel rms misfit
of 0.7 mmyr~2, similar to the rms misfit to the spreading rates from
this plate boundary.

The best-fitting and MORVEL estimates of Nubia—South Amer-
ica motion are nearly identical (Figs 27a and b), with differences
of only 0.01mmyr~* and 0.1° between the rates and directions
estimated from the two angular velocities.

The NUVEL-1A Nubia-South America pole lies outside the 95
per cent confidence region of the MORVEL pole (Fig. 12) and
indicates spreading rates 1.5-2mmyr~! higher than are given by
MORVEL (Fig. 27a). Only part of this difference (=40-50 per
cent) can be attributed to the correction made here for outward
displacement. The remainder reflects an improvement in the rate
estimate due to the larger number of rates that are now available and
possibly the automated cross-correlation procedure that we employ
to estimate those rates.

5.3.9 Motion between the North and South America plates

The MORVEL pole of rotation for the North America relative to
the South America plate is located near 10°N, 57°W (Fig. 25h).
It predicts 3 = 0.3mmyr~* of NNW- to NW-directed motion near
the Mid-Atlantic ridge and 2-3mmyr~! of west-directed motion
at locations farther west (Fig. 25b). The motion predicted near
the Mid-Atlantic Ridge is consistent with evidence described by
Roest & Collette (1986) for extension across the Royal Trough,
Researcher Ridge, and Researcher Trough and with NNW-SSE

tensional axes of moderate-magnitude earthquakes (Fig. 25b) and
microearthquakes (Escartin et al. 2003) west of the Mid-Atlantic
Ridge at 14°N. If the WNW-trending Barracuda Ridge accommo-
dates some of the plate motion near the Lesser Antilles trench,
as suggested by marine gravity (Miler & Smith 1993) and recent
multibeam and seismic data (Benard et al.2007), its oblique orienta-
tion relative to the predicted east—west direction of motion requires
that it accommodate oblique convergence dominated by left-lateral
slip.

All prior estimates for the North America—South America pole
are located several hundred kilometre north of the MORVEL pole
(Fig. 25b), including the NUVEL-1A 0-3 Ma pole, a pole found
by differencing the NUVEL-1A best-fitting North America—Africa
and South America—Africa best-fitting angular velocities (Gordon
1998), a long-term pole from Roest & Collette (1986), and a 0-10
Ma pole from Miller et al. (1999) based on a reconstruction of
anomaly 5 from the Mid-Atlantic Ridge. All four poles predict that
motion near the ridge is N-S. Two of the four poles (the NUVEL-1A
and Muller et al. poles) also predict that motion decreases westward
to negligible rates near the Lesser Antilles trench. Below, we explore
possible reasons for the discrepancy between the locations of the
MORVEL and prior poles.

We first consider whether inversions of any of several strategically
selected subsets of the MORVEL data give a North America—South
America pole that is located as far north as the prior poles
(Fig. 25h). We first differenced the best-fitting angular velocities
for the Nubia—North America and Nubia—South America plate pairs
(Table 1), a procedure that eliminates the influence of all circuit clo-
sures, to determine whether the MORVEL circuit closures might be
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Figure 33. Search for Capricorn—-Australia plate boundary. (a) Least-squares ts versus angular distance for different assumed boundary locations along the
Southeast Indian Ridge (SEIR), B-135E. Mis t is calculated from inversions of all SEIR rates and transforms, with data located west and east of the
assumed boundary location assigned to the Capricorn-Antarctic (CP-AN) or Australia—Antarctic (AU-AN) plate pairs, respectively. The daia &ferpoo

all boundary locations west of the Amsterdam hotspot plateau (AHP). (b) Reduced chi-square from inversions of Capricorn—Antarctic-Soma&BMLP-AN
kinematic data for hypothetical boundary locations progressively farther to the east along the SEIR. Signi cant non-closure of the CP-AN-Bddiplate ¢

found for all boundaries that intersect the SEIR southeast of the Ter Tholen transform fault. (c) MORVEL pole for Australia relative to Capedged plat

star) and 2-D, 95 per cent con dence ellipse with 1976—-2007 Global centroid moment tensor earthquake focal mechanisms and transform fault names and
locations. (d) Epicentres for earthquakes of all magnitudes for the period 1963-2007, ship tracks for sea oor spreading rates used in thtuahadysls (b
Australia-Capricorn pole and 2-D, 95 per cent con dence ellipse. Dashed curves relate angular distances from A and B to geographic locatiarss. Blue st
labelled ‘RG97’ and ‘CF01’ specify Royer & Gordon (1997) and Conder & Forsyth (2001) pole locations, respectively.

of the Amsterdam transform fault and its fracture zone north of the rates and transform azimuths from the Somalia—Antarctic and
ridge. Capricorn—Somalia plate boundaries. The latter data impose ad-
The tif the eastern limit of the Capricorn—Australia deforming  ditional constraints on Capricorn—Antarctic motion via closure of
zone intersects the ridge at the Amsterdam transform fault is signif- the Antarctic—Capricorn—Somalia plate circuit. Repeated inversions
icantly better p = 3x 1057) than if no plate boundary is assumed of these data for different assumed Capricorn-Australia boundary
to intersect the ridge. This location is consistent with the tendency locations (Fig. 33b) give values of? that are close to 1.0 for all
for earthquakes that occur north of the Southeast Indian Ridge assumed boundary locations between the Rodrigues triple junc-
to concentrate along the Amsterdam fracture zone and locationstion and the Ter Tholen transform fault. The data are thus well t
farther northwest (Fig. 33d), rather than along the fracture zones and consistent with closure of the Capricorn—Antarctic—-Somalia
that are located southeast of the Amsterdam transform fault. plate circuit if the Capricorn plate interior is assumed to ex-
We similarly searched for the western limit of the diffuse tend to the Ter Tholen transform fault. The mist becomes
Capricorn—Australia plate boundary (i.e. the eastern edge of rapidly worse for hypothetical boundaries that intersect the South-
undeformed Capricorn plate) by using the 242 Southeast In- east Indian Ridge southeast of the Ter Tholen transform fault
dian Ridge data described above and 97 additional spreading(Fig. 33b).
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Figure 34. Macquarie plate tectonics. Pink shaded lines show transit multibeam tracks from which azimuths were derived at three locations along the Tasman
transform fault. Dashed curves show small circles around the best-fitting Australia—Antarctic MORVEL pole. Blue dots show shallow seismicity from 1963 to
2006. Black star indicates the pole of rotation for the Australia plate relative to the Macquarie plate since anomaly 2Ay (2.59 Ma) from Cande & Stock (2004).
Red star and ellipse show the MORVEL Australia—Macquarie rotation pole and 2-D, 95 per cent confidence ellipse for 0.78 Ma. Red arrows and ellipses in
the diffuse boundary show Australia plate velocities and their 1 , 2-D uncertainties relative to the Macquarie plate for points within the hypothesized diffuse
plate boundary, as predicted by MORVEL. The red and green arrows along the Macquarie Ridge Complex show linear velocities predicted by MORVEL for
the motions of the Macquarie (red) and Australia (green) plates relative to the Pacific plate. Parenthetical numerals adjacent to some velocity arrows indicate

the predicted rate in millimetres per year and are given for scale.

Although the data suggest that the Capricorn plate does not de-
form northwest of the Ter Tholen fracture zone, the seafloor north of
the ridge is seismically active for hundreds of kilometres northwest
of the Ter Tholen fracture zone (Fig. 33d). Our kinematic data in
this region consist almost entirely of seafloor spreading rates and are
thus poorly suited for detecting any stretching or shortening of the
seafloor parallel to the ridge. Several normal-faulting earthquakes
north of the ridge in this region however have T axes parallel to the
ridge (Fig. 33c), indicating ridge-parallel extension.

Guided by earthquake epicentres, we thus assigned a more
western location for the western intersection of the deforming
zone with the ridge, corresponding to a location =600 kilometres
northwest of the Ter Tholen transform fault (29°S, 75°E). Con-
sequently, we excluded all five magnetic profiles that cross this
=600-km-long stretch of the ridge from our determination of the
Capricorn—Antarctic angular velocity (Fig. 32a).

5.5.6 Macquarie—Australia plate boundary location

From their analysis of fracture zone flow lines from the eastern
end of the Southeast Indian Ridge, Cande & Stock (2004) conclude
that the Tasman fracture zone north of the ridge axis marks the
boundary between the Macquarie plate and the Australia plate. We

tested this with our new data set. Transit-track multibeam sonar data
(shown by the shaded areas in Fig. 34) illuminate three segments
of the transform tectonized zone at different locations along the
Tasman transform fault. The N05.4°W =+ 0.7° azimuth of the 115-
km-long northern segment (Table S2) agrees to within 0.2° with the
Australia—Antarctic direction of motion determined from transform
faults farther west along the plate boundary. In contrast, the az-
imuths of well defined, 70-km-long and 90-km-long transform fault
segments located 300-400 km south of the northernmost mapped
segment are both 4° anticlockwise from the direction predicted for
Australia—Antarctic motion, several times larger than their respec-
tive uncertainties of +0.8° and £1.1°. These azimuths suggest that
the northern diffuse boundary of the Macquarie plate intersects the
Tasman transform fault somewhere along its length, consistent with
conclusions of Cande & Stock (2004). We thus assign the northern-
most azimuth to the Australia—Antarctic plate pair and use the other
two azimuths to estimate Macquarie—Antarctic plate motion.

5.5.7 Capricorn—Antarctic plate motion
Our best-fitting Capricorn—Antarctic angular velocity (Table 1) is
determined from 35 spreading rates and one transform fault azimuth
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Figure 35. Ship and aeroplane tracks (red) of magnetic anomaly pro les used to determine MORVEL spreading rates in the Red Sea (a), in the Gulf of Aden
and along the Sheba ridge (b) and along the Carlsberg and Central Indian ridges (c). ATF and STF in panel (b) represent the Alula-Fartak ands®oootra tran
faults, respectively.

240-km-long Vema transform fault and Fracture Zone O aS10  are unavailable for the transform faults elsewhere along the plate
(Drolia & DeMets 2005). boundary. We therefore use the slip directions of 22 transform fault

Magnetic surveys of the northern Central Indian and Carlsberg earthquakes to constrain opening directions (Table S3), the only
ridges are among the most extensive of any plate boundary (Merk- spreading centre for which we do so.
ouriev & DeMets 2006). Systematic Russian surveys in the 1980s  Motion between Arabia and Somalia across the Sheba Ridge in
crossed the ridge hundreds of times within a 1100-km-long por- the Gulf of Aden is constrained by 51 spreading rates and the az-
tion of the plate boundary (Glebovslet al. 1995; Merkouriev & imuths of several well-mapped transform faults (Fig. 35b). The 210-
Sotchevanova 2003)). From these crossings, we selected 94 magkm-offset Alula-Fartak transform fault, which has the longest offset
netic pro les that sample spreading rates along 90 per cent of the of any transform fault along this plate boundary, has been mapped
plate boundary (Fig. 35¢). Additional rates are estimated from 19 with both GLORIA side-scan sonar (Tamsett & Searle 1990) and
aeromagnetic and ship-board pro les (Table S1). Deformation as- multibeam bathymetry (Lerogt al.2004; d’Acremongt al. 2006).
sociated with the diffuse India-Capricorn-Somalia triple junction The nearby Socotra transform fault at E5has also been mapped
extends from the Vema transform fault at $0to Fracture Zone with multibeam bathymetry (Lerogt al.2004). Sea oor spreading
H at 3S (DeMetset al. 2005; Drolia & DeMets 2005) and thus  rates are estimated from original data that we obtained for many
precludes the use of any data from these latitudes. older cruises described by Laughteial. (1970) and Girdleet al.

The directions of India—Somalia motion along the plate boundary (1980) and for the more recent TADJOURADEN cruise (Dauteil
are known less well. We estimate one azimuth for the 330-km-long et al. 2001), which mapped the plate boundary in detail from its
Owen transform fault at the northwest end of the Carlsberg Ridge termination at the Afar triple junction (42.E) to 46 E. Azimuths
from partial multibeam coverage of the northernmost 45 km of the of three smaller offset transform faults betweenE&nd 50E are
transform fault (Fournieet al. 2008). We also estimate a second estimated from GLORIA side-scan sonar (Tamsett & Searle 1988).
azimuth from conventional bathymetry for the remainder of the = The 1700-km-long Arabia—India plate boundary comprises a se-
fault (Table S2). Published multibeam or side-scan sonar surveysries of structures that accommodate slow, right-lateral slip motion
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Figure 36. Capricorn-Somalia spreading rates (a) and transform fault azimuths (b) from the Central Indian Ridge and Capricorn-Somalia rate and azimuth
estimates for the best fitting and MORVEL angular velocities, the DeMets et al. (2005) reconstruction of anomaly 2An.3 (DGV 0-2An.3), and the NUVEL-1A
Australia—Africa angular velocity. Horizontal bars show 1 uncertainties.

between these two plates. The best known of these structures is and is manifested as misfits of NUVEL-1A to both the rates and
the Owen Fracture Zone, which extends 1100 km north-northeast directions of motion (Fig. 36). For example, NUVEL-1A gives
from the Owen transform fault at the eastern end of the Sheba directions south of 17°S that are systematically 2-3° anticlockwise
Ridge. Fournier et al. (2001, 2008) show that the seismically inac- from the best-fitting directions, including the strongly constrained
tive, southernmost 300 km of the Owen Fracture Zone is bypassed azimuths of the multistrand Egeria transform fault. The NUVEL-1A
by a zone of diffuse deformation that extends to the west from angular velocity also misfits the gradient in the observed spreading
a deep extensional basin adjacent to the Owen Fracture Zone at rates (Fig. 36a), mainly north of 20°S where it underestimates the
15.2°N to a diffuse triple junction with the Sheba Ridge at =57°E. new rates by 1-2.5mmyr1.
Seafloor spreading along the Sheba Ridge between =57°E and the To test whether the difference from NUVEL-1A is caused by
Owen transform fault thus does not record Arabia-Somalia motion a difference between 3.16-Ma average rates and 0.78-Ma average
(Fig. 35b). We therefore exclude magnetic profiles from this part of rates, we estimated 3.16-Myr-average spreading rates from many
the Sheba Ridge. of the same Central Indian Ridge magnetic profiles that we use in
The active portion of the Owen Fracture Zone north of 15.2°N MORVEL and inverted those rates to estimate a 3.16-Myr-average
accommodates right-lateral strike-slip motion to 22.5°N. Farther angular velocity. The 0.78-Myr-average and new 3.16-Myr-average
north, motion is accommodated by a series of connected, oceanic angular velocities give spreading rates that differ by no more than
pull-apart basins that White (1984) refers to collectively as the Dal- 0.5mmyr~! from each other when both are corrected for outward
rymple Trough. We constrain the Arabia-India direction of motion displacement. Thus any change since 3.16 Ma in opening rates
with the azimuth of a well-imaged strike-slip fault that defines the across this plate boundary has been small, consistent with the prior
southern limit of the actively slipping portion of the Owen Fracture results of DeMets et al. (2005) from reconstructions of young
Zone (Fournier et al.2008), and three azimuths at locations farther seafloor spreading magnetic anomalies along the Central Indian
north that we estimate from 1-min marine altimetry. Ridge.

The 45 Red Sea magnetic profiles that are used to estimate
Nubia—Arabia motion since anomaly 2A (Fig. 35a) are described
in detail by Chu & Gordon (1998), who estimate seafloor spread- 5.5.14 India—Somalia plate motion
ing rates from profiles that were digitized from analogue records
obtained from Roeser (1975), Girdler & Southren (1987), Izzeldin
(1987) and digital profiles from the National Geophysical Data
Center.

The 113 India—Somalia seafloor spreading rates increase from 23 +
0.5mmyr~! at the western end of the Carlsberg Ridge to 32 =+
0.5mmyr~! along the northern Central Indian Ridge (Fig. 37a).
Their 0.8 mm yr~* rms misfit (Fig. 11) is consistent with dispersions
of 3.16-Myr-average rates from other slow spreading boundaries.
The many new spreading rates and plate motion directions (Fig. 37b)

5.5.13 Capricorn-Somalia plate motion impose strong constraints on the best-fitting angular velocity. En-

The 56 spreading rates from the Capricorn—Somalia plate boundary couragingly, the best fitting pole (Fig. 13a) is located less than one
increase from 35.5 0.5 mmyr~—! near 10°Sto 47 = 0.5mmyr~! at angular degree from the 9.1-Ma-to-present pole (21.9°N, 30.7°E)
the Rodrigues triple junction (Fig. 36a). Their dispersion is similar estimated by Merkouriev & DeMets (2006) from reconstructions of
to that for other plate pairs for which rates are averaged since 0.78 =4000 crossings of magnetic anomalies and fracture zones younger
Ma (Fig. 11b). The best-fitting and MORVEL angular velocities than 9.1 Ma. The rates given by our new best-fitting estimates differ
differ insignificantly. by only 0.5 mmyr~* from those estimated by Merkouriev & DeMets
The NUVEL-1A Africa—Australia pole is located six angular (2006), within their 95 per cent confidence limits.
degrees closer to the plate boundary than are the new best-fitting and Although the India-Somalia transform fault azimuths and earth-
MORVEL poles (Fig. 13a), well outside the 95 per cent confidence quake slip directions are well fit by the new best-fitting angular
region of the MORVEL pole. The difference between the MORVEL velocity (Fig. 37b), we are less confident about the accuracy of
and NUVEL-1A angular velocities is significant (p = 2 x 107%) those directions given that only one of the transform azimuths that
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Figure 38. (a) Fault azimuths from the Owen Fracture Zone and directions determined with the best-fit, MORVEL, NUVEL-1A and Fournier et al. (2008)
India—Arabia angular velocities. The earthquake slip directions are not used to derive MORVEL and thus constitute a useful independent check on its accuracy.
Horizontal bars show the 1  uncertainties. Map—Seafloor depths, 1976-2007 Global centroid moment tensor solutions along the Owen Fracture Zone (OFZ)
and Dalrymple Trough (DT), and small circles around the MORVEL (MH) and Fournier et al. (2008) (FO8) Arabia—India poles. Black lines show T-axis
orientations for normal faulting earthquakes. (b) Spreading rates in the Red Sea and motion calculated from the best-fit, MORVEL and GPS-based Reilinger
et al. (2006) Nubia—Arabia angular velocities and the NUVEL-1A Africa—Arabia angular velocity.

DeMets et al. 1990, 1994a). The rate of motion is thus well
described.

The pole location and hence directions of motion along the
boundary are less well known, as shown by the large uncertain-
ties in the pole location (Fig. 13b). The closure-enforced MORVEL
angular velocity indicates that motion consists of right-lateral slip
parallel to the fracture zone at locations between 15.2°N and 18°N
(map and panel A in Fig. 38), but becomes increasingly transten-
sional north of =18°N. Fournier et al. (2008) instead locate the
Arabia—India pole more than 40 angular degrees closer to the plate
boundary (Fig. 13b), in a location where it indicates that strike-
slip predominates nearly everywhere along the boundary (Fig. 38).
South of =19°N, the two poles give nearly identical motions (com-
pare red and blue dashed small circles in Fig. 38). The directions
estimated from the two poles however diverge increasingly along
the boundary north of =19°N (Fig. 38a) and differ by nearly 30" at
the northern end of the Dalrymple Trough.

Despite the large difference between the MORVEL and Fournier
et al. (2008) Arabia—India pole locations, the elongate confidence
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ellipse for the MORVEL pole nearly encompasses the Fournier
et al. estimate (Fig. 13b). The MORVEL kinematic data are thus
permissive of Arabia—India motion dominated by strike-slip motion
nearly everywhere along the Owen Fracture Zone and Dalrymple
Trough.

5.5.16 Arabia—Somalia plate motion in the Gulf of Aden

Spreading rates from the Sheba Ridge and Gulf of Aden increase
rapidly from 12.8 = 0.4 mmyr~ in the western Gulf of Adento 23 +
0.4 mmyr~! near the eastern end of the plate boundary (Fig. 37). The
51 rates and five transform fault azimuths give a well-determined
best-fitting pole that includes the NUVEL-1A Africa—Arabia pole
within its 95 per cent confidence limits (Fig. 13a). The rms misfit
to the 51 spreading rates is 0.7 mmyr~, similar to other slow-
spreading plate pairs (Fig. 11b).

The plate velocities estimated from the best-fitting and MORVEL
Arabia—Somalia angular velocities differ by no more than 1 mmyr—!
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and 1.5 anywhere along the plate boundary (Fig. 37). Opening plate station velocities (Fig. 38b). For example, at 28,(8.5E,
rates estimated with the MORVEL angular velocity and NUVEL- along the axis of the Red Sea, the MORVEL Nubia—Arabia angu-
1A Arabia—Africa angular velocity (Fig. 37a) differ on average by lar velocity gives motion of 13.2 0.4 mmyrF?* towards N47E +
only 0.3 mmy#f! (Fig. 21). 2.6, only 0.7 mmy?? higher than and in the same direction as the
12.5mm yFl, N47 E velocity predicted by Reilingest al.'s GPS
estimate. The consistency between the geological and GPS esti-
5.5.17 Nubia—Arabia plate motion in the Red Sea mates indicates that Nupia—Arabia motion has remain(_ed_constant
for the past few Myr within thet 1 mmyr®! data uncertainties.
Spreading rates in the Red Sea decrease rapidly northward from
15+ 0.5mmy#P!in the central Red Sea to only#9 1 mmyf? in
the northerp Red Sea (Fig. 38b)..The many spreading rates gnd the'%.G Pacibc Ocean basin
steep gradient strongly constrain the rate of angular opening and
distance to the pole, constituting two of the three components of the
best- tting angular velocity, but only weakly constrain the azimuth
to the pole from the Red Sea due to the absence of morphologic The magnetic and multibeam coverage of the Paci ¢ basin spreading
or seismic information about the current direction of plate motion centres has improved greatly since NUVEL-1 (Figs 31 and 39).
(Fig. 12). Along the 4000-km-long Chile Ridge (Fig. 39), where no multibeam
The MORVEL and best tting estimates of Nubia—Arabia spread- and only sparse magnetic data were available for NUVEL-1, nearly
ing rates (Fig. 38b) differ by less than 1 mn¥{everywhere along continuous multibeam and magnetic coverage is now available for
the plate boundary and also agree closely with spreading ratesthe plate boundary east of the Chile fracture zone (Fig. 39). The new
predicted from an angular velocity determined by Reilingeal. Chile Ridge data include an extensive U.S.-Chilean aeromagnetic
(2006) from 33 Arabia plate GPS station velocities and 39 Nubia survey (Tebbengt al. 1997), a multibeam and magnetic survey

5.6.1 Data description

Figure 39. Ship and aeroplane tracks (red) of magnetic anomaly pro les used to determine MORVEL spreading rates along the boundaries of the Nazca, Cocos,
Antarctic and Juan de Fuca plates in the eastern Paci ¢ basin. ‘EMP’, ‘GMP’ and ‘JFMP’ designate the Easter, Galapagos and Juan Fernandez microplates
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Figure 40. Cross-correlated fits of the Brunhes-Matuyama reversal for ridge-normal magnetic profiles from the sparsely surveyed Pacific—Antarctic rise west
of 180°E. Also see profile NP0209 #1 from Fig. 9. Black and blue lines show the observed profiles and red curves show the best-fitting synthetic magnetic
profiles. The part of each observed profile that is cross-correlated with the synthetic profile is coloured blue. Profiles designated with the ‘NP’ identifier are
unpublished transit tracks from the RV Nathaniel Palme(S. Cande, personal communication, 2007).

of the ridge between 97°W and 83.5°W (Karsten et al. 1999), a
partial multibeam survey of the western end of the Chile transform
fault (Kleinrock & Bird 1994), and a Sea Beam and GLORIA
side-scan sonar survey of the plate boundary between 82°W and
the Peru—Chile trench (Tebbens et al. 1990; Lothian 1995). From
these data, we estimated 60 spreading rates and 21 multibeam-
constrained transform fault azimuths (Tables S1 and S2), many
more than the four isolated magnetic profiles and eight sparsely
surveyed transform faults in NUVEL-1. Of the NUVEL-1 data from
this plate boundary, only four azimuths are retained, all determined
from single-beam sonar measurements of the Chile transform fault
(Anderson-Fontana et al. 1987).

Important new data are also available for the 8950-km-long
Pacific—Antarctic rise, which consists of 5830 km of spreading
segments and 3120 km of transform faults or other higher-order
axial discontinuities. Along the geographically remote southwest-
ern half of the plate boundary (Fig. 31a), a dense multibeam and
magnetic survey of the Pitman fracture zone (Cande et al.1995) and
multibeam and magnetic data from an extensive survey of the plate
boundary between 175°W and 142°W (Ondreas et al.2001) greatly
increase the number and quality of the available data where it was
sparse before. We also determined five spreading rates from isolated
magnetic profiles of the sparsely surveyed ridge axis between the
Macquarie triple junction and 180°E, four from transit tracks of the
R/V Nathaniel B. Palmefshown in Figs 9 and 40) and one from
an isolated magnetic profile (AB08 in Fig. 40) collected during an
Italian cruise (Lodolo & Coren 1997).

Nearly continuous multibeam coverage of the Pacific-Antarctic
Rise north of the Udintsev transform fault (55°S) strongly constrains
the azimuths of the Tharp, Heezen, Raitt and Menard transform
faults (Lonsdale 1994). For these transform faults, we compared
azimuths that we determined from multibeam grids from the Ma-
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rine Geoscience Data System (http://www.marine-geo.org) with az-
imuths estimated by Lonsdale (1994). Encouragingly, the two agree
within their uncertainties. Azimuths from the long-offset Udintsev
transform fault are excluded from our analysis in light of evidence
described by Lonsdale (1994) for a tectonic bias in the directions
determined for that fault.

The Pacific—-Nazca plate boundary extends more than 4000 km
from the Galapagos triple junction to the Juan Fernandez triple
junction (Fig. 39). All 3825 km of spreading segments and 640 km
of transform fault offsets that constitute the plate boundary have
been surveyed with one or both of GLORIA side-scan sonar (Searle
1983) and Sea Beam (Lonsdale 1989; Goff et al. 1993). Based on
Sea Beam surveys of the transform faults between 20°S and the
Galapagos triple junction at =1°N, Lonsdale (1989) suggests that
the last measurable change (>=5°) in the relative plate motion
direction occurred between =6 and =3 Ma. Searle (1983) similarly
concludes that the direction of plate motion has not changed by
more than two degrees since 1 Ma.

Magnetic anomalies along the Pacific—Nazca plate boundary are
well mapped everywhere except between =9.5°S and the equator
(Fig. 39), where the anomaly amplitudes are low and the anomaly
sequence is difficult to correlate due to the =N-S ridge orientation
and its proximity to the magnetic equator. Four spreading rates we
determined from shipboard profiles north of the equator (Lonsdale
1988) improve the constraints on the spreading-rate gradient and
thus reduce the pole location uncertainties. Near the southern end of
the plate boundary (26°S-32°S), Korenaga & Hey (1996) describe
a dense multibeam, side-scan sonar and magnetic survey of the
rise crest between the Easter and Juan Fernandez microplates, from
which we determine well-constrained spreading rates.

The well-surveyed Pacific—-Cocos plate boundary extends 2000
km from the Galapagos triple junction to the Manzanillo spreading
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segment (Fig. 39). Multibeam and magnetic surveys of the 1925
km of rise segments and 280 km of transform offsets that con-
stitute the plate boundary are nearly complete. A synthesis of the
spreading centre morphology from 8°N to 18°N based on a compi-
lation of Sea Beam and SeaMARC Il data (Macdonald et al. 1992)
and detailed descriptions of multibeam data from this part of the
ridge (Gallo et al. 1986; Madsen et al. 1986; Fornari et al. 1989;
Pockalny 1997) give well-determined azimuths for the Orozco, Clip-
perton and Siquieros transform faults (Table S2). Additional studies
of the abundant magnetic data describe their implications for the
recent evolution of seafloor spreading along this plate boundary
(Perram & Macdonald 1990; Carbotte & Macdonald 1992; Mac-
donald et al. 1992; Madsen et al. 1992). Together, the magnetic and
multibeam data indicate that a 3—-6° anticlockwise rotation of the
Pacific—Cocos plate spreading direction has occurred since 0.4-0.5
Ma, possibly continuing to the present. Well-mapped intratransform
spreading segments that are found along the left-stepping Siquieros
and Orozco transform faults and prominent median ridges along
the right-stepping Clipperton transform fault (Pockalny 1997) are
consistent with this rotation.

The Cocos—Nazca plate boundary, which connects the Galapagos
triple junction to the Middle America trench (Fig. 39), consists of
2080 km of spreading segments and 880 km of transform faults.
West of 85°W, where the plate boundary consists almost entirely of
spreading segments, multibeam sonar coverage is complete (Searle
1989; Canales et al. 1997; Sinton et al. 2003). In contrast, multi-
beam coverage is sparse east of 85°W, where the long-offset Inca,
Ecuador and Panama transform faults dominate the plate boundary.
We estimate the azimuth of the 120-km-long Inca transform fault
from partial multibeam coverage (from the Marine Geoscience Data
System) and conventional bathymetric measurements of the north-
ern half of the transform fault. We estimate the azimuth of the
160-km-long southern segment of the Panama transform fault from
conventional bathymetry that we compiled from National Geophys-
ical Data Center cruises (Table S2).

Good magnetic coverage of the Cocos—Nazca plate boundary
exists atall locations east of 97°W (Fig. 39). In the sparsely surveyed
region from 101.5°W to 97°W, Hey et al. (1977) and Searle (1989)
show magnetic profiles from the Bartlett and De Steiguer cruises;
however, the digital data for these two cruises were lost during a
relocation of the U.S. Naval Oceanographic Office data archives in
1976 and hence are not used here. Between 101.5°W and 102.1°W,
the Galapagos rise spreading rates record motion between the Cocos
plate and Galapagos microplate (Lonsdale 1988; Klein et al. 2005)
and are thus not used here.

The well surveyed, 500-km-long Pacific-Rivera rise forms the
western boundary of the Rivera plate (Fig. 3), which subducts to
the northeast beneath western Mexico at rates up to 35mmyr—?.
Magnetic and multibeam data from the Pacific—Rivera rise record
an acceleration and clockwise rotation of seafloor spreading since
3 Ma (DeMets & Stein 1990; Bandy 1992; DeMets & Traylen
2000), possibly continuing to the present (Bandy et al. 1998). The
kinematic changes coincided with a reconfiguration from 3 to 2 Ma
of the southern boundary of the Rivera plate (DeMets & Traylen
2000) and the detachment of the northern 25 per cent of the
Rivera plate from the remainder of the plate interior (Lonsdale
1995). Evidence for the latter event includes multibeam and marine
seismic observations of active fault zones east of the rise axis at
22°N and 22.5°N, where motion between the detached region and
the Rivera plate interior appears to be accommodated. In addition,
recent seafloor spreading rates from the Pacific—Rivera rise axis
north of 22°N are too fast to record Pacific—Rivera plate motion

and instead appear to record motion equal or nearly equal to that
expected between the Pacific and North America plates (Lonsdale
1995; DeMets & Wilson 1997).

We estimate Pacific—Rivera plate motion from 24 magnetic pro-
files that cross the rise axis south of 22°N (Fig. 3) and two magnetic
profiles from the Manzanillo spreading segment at the eastern end
of the Rivera transform fault. Although DeMets & Wilson (1997)
find that recent seafloor spreading across the Manzanillo segment
is consistent with Pacific—Rivera plate motion, we assign both rates
from this spreading segment larger uncertainties due to its proxim-
ity to the diffuse Rivera—Cocos plate boundary near the intersection
of the eastern Rivera fracture zone and Middle America trench
(Suarez et al. 1999). Directions of Rivera plate motion are deter-
mined from multibeam coverage of portions of the Rivera transform
fault (Michaud et al. 1997) and are taken from Wilson & DeMets
(1998).

The superb magnetic survey coverage of the Juan de Fuca and
Gorda ridges is described and used by Wilson (1993) to show that
changes in Juan de Fuca plate motion have occurred over the past
few million years. Our estimate of Pacific-Juan de Fuca motion
since 0.78 Ma is determined from 27 magnetic profiles that cross
the Juan de Fuca ridge and northern end of the Gorda ridge (Fig. 39)
and a single azimuth from the well-mapped Blanco transform fault
(Embley & Wilson 1992). Along the Gorda ridge, we did not use
any magnetic profiles from spreading segments located south of
the northernmost spreading segment due to distributed deformation
within the Gorda plate interior (Chaytor et al. 2004). We also ex-
clude data from the Endeavour segment of the Juan de Fuca Ridge,
where deformation occurs within the seafloor flanking this segment
(Wilson 1993).

5.6.2 Paci c—Antarctic plate motion

Motion along the Pacific-Antarctic rise is estimated from 48 spread-
ing rates and 10 transform fault azimuths well distributed along the
plate boundary (Fig. 41). Spreading rates increase by more than a
factor of two from 42 = 1 mmyr~! near the Macquarie triple junc-
tion to 94 = 1 mmyr~! near the Juan Fernandez triple junction.
The 1.4mmyr~! rms misfit for the 48 spreading rates is lower than
the 2.4 mmyr—! rms misfit for the 21 NUVEL-1 Pacific—Antarctic
rates despite the factor-of-four shorter averaging interval for the
MORVEL rates (Fig. 11b). The new rates are thus more internally
consistent than those used for NUVEL-1A.

The rms dispersion of the ten transform fault azimuths is only
0.8°, much smaller than the 5.9° rms misfit of the eight NUVEL-1
Pacific—Antarctic transform fault azimuths. The new and improved
spreading rates and directions of plate motion strongly constrain
our new estimates for the best-fitting pole (Fig. 13b) and rate of
angular opening.

The spreading rates and directions estimated with the best-fitting
and MORVEL angular velocities differ by only fractions of a de-
gree and fractions of a millimetre per year everywhere along the
plate boundary (Fig. 41). These small differences reflect the con-
sistency with closure of the Pacific—-Nazca—Antarctic plate circuit
(Section 6.2).

The NUVEL-1A Pacific—Antarctic angular velocity differs sig-
nificantly (p = 5 x 107%%) from the 0.78-Myr-average MORVEL
angular velocity. NUVEL-1A gives rates that are, on average,
1.5mmyr~! higher than MORVEL (Fig. 21a), a difference that is
reduced to 0.8 mmyr~* if we also adjust downward the NUVEL-1A
rates for outward displacement (Fig. 21b). The along-axis change in
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5.8 The Caribbean Sea

5.8.1 Data description

The NUVEL-1 Caribbean plate angular velocities were estimated
from a poorly known spreading rate from the mid-Cayman spread-
ing centre, azimuths of the Swan Island and Oriente strike-slip
faults, and earthquake slip directions from the Middle America
and Lesser Antilles subduction zones. Subsequent work has shown,
however, that almost none of these data unambiguously record
Caribbean plate motion. For example, partitioning of oblique con-
vergence along the Middle America trench biases the earthquake
slip directions that were used in NUVEL-1 to constrain the Cocos-
Caribbean direction of motion (White & Harlow 1993; Deng &
Sykes 1995; DeMets 2001). Similarly, GPS measurements on the
islands of Hispaniola (Mann et al. 2002) and Jamaica (DeMets &
Wiggins-Grandison 2007) indicate that the mid-Cayman spreading
centre does not accommaodate Caribbean—North America plate mo-
tion, as was assumed for NUVEL-1 and NUVEL-1A, but instead
accommodates motion of an elongate, Gonave microplate relative
to North America (Mann et al. 1995).

Following DeMets et al.(2007), we estimate Caribbean plate mo-
tion mainly from 16 GPS station velocities (Fig. 5), twelve of which
are survey-mode sites and four of which are continuous. In addi-
tion, we retain two of the NUVEL-1A data, both from the strike-slip
Swan Islands fault, which separates the Caribbean and North Amer-
ica plates between the mid-Cayman rise and Central America. The
well-defined, narrow trace of this fault has been mapped with Sea-
MARC side-scan sonar (Rosencrantz & Mann 1991) and appears to
accommodate all the plate motion from 84°W to 82°W, where we
estimate both azimuths. The well-determined azimuths of this fault
are consistent with a purely geodetic estimate of Caribbean—North
America plate motion (DeMets et al. 2000), lending confidence
that the fault accommodates all of the plate motion at these
longitudes.

The respective weighted rms misfits for the 16 Caribbean plate
GPS station velocities (Table S4) are 1.0 and 1.6 mmyr~ in the
north and east components relative to the velocities estimated from
their best-fitting angular velocity (Table 4). The misfits are modestly
larger than for the other plates with motions determined from GPS
velocities, but are unsurprising given that six of the 16 stations are
located within 100 km of an active plate boundary fault and 12
stations are survey-mode sites.

As measured by their summed data importances, the 16 station
velocities and two Swan Islands fault azimuths respectively pro-
vide 87 and 13 per cent of the information about Caribbean plate
motion. The MORVEL determination of Caribbean plate motion is
thus based predominantly on GPS observations. We refer readers to
DeMets et al. (2007) for a more in-depth analysis of the robustness
of the Caribbean plate angular velocity.

The Caribbean plate is linked to the MORVEL plate circuit via
the North America plate (Fig. 2), the motion of which is deter-
mined from the velocities of 457 continuous GPS stations from
the North America plate interior (Figs 5 and 6). Stations from ar-
eas of North America that are affected by postglacial rebound are
excluded (Calais et al. 2006b) and stations located in actively de-
forming areas of western North America (Bennett et al. 1999) are
not used to define its motion. The 457 North America plate GPS
site rates vary by nearly a factor of two (Fig. 6) and increase si-
nusoidally with angular distance from their best-fitting pole, as ex-
pected. The respective weighted rms misfits for the north and east
velocity components are 0.60 mm yr~* and 0.64 mm yr~? relative to
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motion estimated from the North America plate best-fitting angu-
lar velocity (Fig. 6), consistent with previously reported misfits for
North America plate stations (e.g. Calais et al. 2006b; Sella et al.
2007).

5.8.2 Caribbean plate motion

The new Caribbean—North America plate angular velocity gives
rates that range from 19 to 21 mmyr—! at most locations along
the Caribbean—North America plate boundary. These are consis-
tent with other recent estimates, which are determined from many
of the same data (DeMets et al. 2000, 2007). The new estimates
confirm that NUVEL-1 and NUVEL-1A underestimate the rate of
Caribbean—North America plate motion by nearly 50 per cent, as
was first reported by Dixon et al. (1998). For example, at a location
along the Lesser Antilles trench (Fig. 25), the new Caribbean—North
Americaangular velocity gives motion of 20 0.4 mm yr~! towards
S74°W = 1°, in nearly the same direction but at almost twice the
rate given by NUVEL-1A (11.4 = 3.2mmyr~! towards S81°W =+
6°).

Along the Central Range fault of Trinidad (10.4°N, 61.2°W),
within the shear-dominated Caribbean-South America plate bound-
ary in northeastern South America, Perez et al. (2001) and We-
ber et al. (2001) estimate respective motions of 20.2mmyr~! to-
wards S81.5°W and 20 = 3mmyr~! towards S86°W = 2° for the
Caribbean plate relative to South America. At the same location,
the MORVEL Caribbean-South America plate angular velocity pre-
dicts motion of 20.0 = 0.5mmyr~! (1 ) towards S78.2°W = 1.3°,
consistent with that estimated by Perez et al. and Weber et al., but
more than 50 per cent higher than the NUVEL-1A prediction of
13 = 3mmyr~?! of east-west motion along this plate boundary. The
highly oblique convergence predicted by MORVEL resolves into
fault-parallel and fault-normal components of 19.6 + 0.5 mmyr—!
and 3.5 = 0.5mmyr~! along the N68°E-striking Central Range
fault, consistent with structural observations of strike-slip motion
along the fault and thrust faulting and folding in adjacent areas of
the Central Range (Weber et al.2001).

5.9 PVEL estimates of Cocos, Juan de Fuca and Rivera
plate motions

Studies of earthquake cycle deformation along the Cascadia sub-
duction zone and Middle America trench, which accommodate sub-
duction of the Juan de Fuca, Rivera and Cocos plates beneath the
North America and Caribbean plates, require well-determined an-
gular velocities for the relative motions between these plates. In
MORVEL, these plate motions are estimated from lengthy plate
circuits that cross the northern Mid-Atlantic Ridge (NA-NB), the
Southwest Indian Ridge (NB-AN), the Pacific-Antarctic rise (AN-
PA) and the spreading centres that the Juan de Fuca, Rivera and
Cocos plates share with the Pacific plate (Fig. 2). Possible system-
atic errors or slow deformation of any of these plates may therefore
bias the MORVEL angular velocities that describe Cocos, Juan de
Fuca and Rivera plate motions.

We therefore estimate an alternative set of angular velocities for
these three plates from a shorter, geodetically based plate circuit
(Fig. 2). This set of angular velocities, which we refer to as PVEL
(Pacific VELocity estimates), is designed mainly for investigators
who are engaged in geodetic studies of western North America
and Central America. The PVEL angular velocities (Table 5) are
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Figure 51. (a) Difference in least-squares fits of best-fitting and closure-
enforced angular velocities for three-plate circuits and different assumed val-
ues for outward displacement. Black dashed line indicates the value (13.3)
above which the difference between the best-fitting and closure-enforced
least-squares misfits becomes significant at the 99 per cent confidence level
for circuits that meet in ridge-ridge-ridge triple junctions (see text). Red
dashed line similarly indicates the 99 per cent confidence threshold (11.3)
for ridge-ridge—fault plate circuits (see text). (b) Linear velocities of circuit
non-closure at the location of the circuit triple junction, represented by the
difference between the linear velocities that are calculated with the best-
fitting angular velocity for any one of the three intersecting plate boundaries
and the angular velocity that is summed from the best-fitting angular ve-
locities for the other two plate pairs in the circuit (see text). Values are
shown only for ridge-ridge-ridge plate circuits since unique velocities of
non-closure cannot be determined for ridge-ridge—fault plate circuits.

closure of that circuit. We examine the effect of outward displace-
ment on circuit non-closure by determining the variation in the misfit
and thus the magnitude of non-closure as we change the assumed
value for outward displacement (Fig. 51a).

For the four ridge—ridge-ridge circuits that we analyse, we eval-
uate the statistical significance of the differences in the fits of the
best-fitting and closure-enforced angular velocities using a 2 test
for four degrees of freedom. Three of these additional degrees of
freedom represent the additional parameters that are used to esti-
mate three instead of two angular velocities in the best-fitting versus
the closure-enforced estimates. The fourth degree of freedom repre-
sents the value for outward displacement that is adjusted to explore
its effect on the misfit.

For the two ridge-ridge—fault plate circuits, no rate data are avail-
able from one of the three plate boundaries and hence only a best-
fitting pole can be estimated from the data for that boundary. Thus
the statistical significance of the differences in the fits of the best-
fitting and closure-enforced estimates is evaluated with a 2 test
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for one fewer degree of freedom (3) than was the case for the
ridge-ridge—ridge plate circuits.

We also determine a linear rate of non-closure for each of the
ridge—ridge-ridge plate circuits to complement the statistical mea-
sure of circuit non-closure. We define this as the difference between
the motion that is given at the circuit triple junction by any one
of the three best-fitting angular velocities and the motion that is
predicted from the sum of the remaining two best-fitting angular
velocities. The former gives the plate motion independent of the
condition of plate circuit closure whereas the latter predicts motion
purely from closure of the plate circuit, thereby providing com-
pletely independent estimates of motion. The difference between
the two constitutes a useful practical measure of the consistency of
the two estimates.

6.2 Three-plate circuit non-closures

6.2.1 Nubia—Antarctic—Sur plate circuit

Repeated inversions of the 101 rates and azimuths from the
Nubia—Antarctic—Sur plate circuit for assumed values of outward
displacement between 0 and 3.5 km result in differences in the least-
squares fits of the best-fitting and closure-enforced angular veloci-
ties that decrease rapidly for larger values of outward displacement
(Fig. 51a). The non-closure is significant for all values of outward
displacement that we explored (p < 2 < 1077). The corresponding
linear velocity of circuit non-closure at the Bouvet triple junction
varies between 2.5 and 4mmyr~! (Fig. 51b) and is thus relatively
small in magnitude although significant. Non-closure of this plate
circuit is manifested mainly as a 2mmyr—! systematic misfit to the
spreading rates from the American—Antarctic ridge (Fig. 27c).

The few millimetres per year non-closure might be caused by
biases in one or more subsets of the kinematic data from this plate
circuit. For example, Sempere et al. (1987) and DeMets & Wilson
(2008) find a large range of observed values for outward displace-
ment (0-8 km) for slow spreading rates, suggesting that the average
value for outward displacement in this slow-spreading plate cir-
cuit might be even larger than the range of values we explored
(0-3.5 km). We explored the effect of using values of outward dis-
placement as large as 5 km, but find that even for such large values,
significant circuit non-closure remains. Differences between the av-
erage magnitudes of outward displacement for the three spreading
centres in this plate circuit might also contribute to the circuit non-
closure, but we did not explore this because of the poorly posed
nature of the problem. Better constraints on outward displacement,
particularly for ultraslow spreading centres such as the Southwest
Indian Ridge, are needed.

Distinguishing between the above hypotheses will require ad-
ditional high-quality observations, mainly from sparsely sur-
veyed areas of the Mid-Atlantic Ridge south of 50°S and the
American—Antarctic ridge. The effect of non-closure around the
Bouvet triple junction on the MORVEL angular velocities is small
given that the non-closure is absorbed within this three-plate cir-
cuit, mainly as a misfit to data along the American—Antarctic ridge
(Fig. 27c¢).

6.2.2 Paci c—Antarctic—Nazca plate circuit

The difference between the best-fitting and closure-enforced angu-
lar velocities for motion around the Pacific—Antarctic—-Nazca plate
circuit is statistically insignificant for values of outward displace-
ment equal to or less than 2.5 km (Fig. 51a). For assumed values
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of outward displacement that are larger than 2.5 km, the difference
in fits between the best-fitting and closure-enforced angular veloc-
ities becomes significant at the 99 per cent confidence level. The
data thus suggest that outward displacement is unlikely to be larger
than 2 km along these three spreading centres. The linear velocities
of non-closure range from 2 to 4 mmyr=* (Fig. 51b) for values of
outward displacement smaller than 2.5 km. We conclude that the
cumulative effect of any data biases or deformation within these
three plates is unlikely to exceed =4 mmyr=1,

6.2.3 Paci c—Cocos—Nazca plate circuit

The large misfits and significant non-closure of this three-plate cir-
cuit pose a challenge to the rigid plate approximation. The fits
of the best-fitting and closure-enforced angular velocities for mo-
tions within the Pacific-Cocos—Nazca plate circuit differ at high
confidence level (p = 1 x 107%) (Fig. 51a) and have a huge
14 = 5mmyr~! linear velocity of non-closure at the Galapagos
triple junction (Fig. 51b). The non-closure is manifested mainly as
systematic misfits of the closure-enforced angular velocities to the
Pacific—Nazca and Pacific—Cocos spreading rates (Figs 44 and 46a).
These misfits reach a maximum of 7mmyr™! at the southern end
of the Pacific—Cocos rise and are similar to the misfit reported by
DeMets et al. (1990) for the NUVEL-1 data from this plate circuit.

The non-closure of this plate circuit is insensitive to the assumed
value of outward displacement (Fig. 51), thereby excluding an error
in the value of outward displacement as a possible explanation for
the circuit non-closure. Below, we address two hypotheses for the
cause of the non-closure, namely, a possible diffuse plate boundary
within one or possibly both of the Nazca and Cocos plates, or an
inconsistency between the spreading rate and transform fault data,
possibly due to a change in plate motion within this plate circuit
since 0.78 Ma.

We evaluated whether a diffuse plate boundary in any of the
three plates in this circuit might be responsible for the circuit non-
closure via a systematic search for a zone of deformation that might
intersect any of the three plate boundaries within this plate circuit
(Stein & Gordon 1984). We find no evidence that any deforming
zone intersects the Pacific—-Nazca plate boundary, in accord with
the small degree of non-closure for the Nazca—Antarctic—Pacific
plate circuit (see previous section). We also find no evidence that a
deforming zone intersects the Cocos—Nazca plate boundary. Along
the Pacific—Cocos plate boundary, deformation within the Pacific or
Cocos plates may occur north of the Orozco transform fault on one
or both sides of the rise axis, as described in Section 5.6.6 Although
omitting all Pacific—Cocos rates north of 16.5°N reduces by 30 per
cent the magnitude of the circuit non-closure, the remaining non-
closure is still significant (p = 2 x 1071). The circuit non-closure
thus also does not appear to be caused solely by deformation of the
portion of the Cocos plate north of the Orozco fracture zone.

Some of the circuit non-closure may be caused by a hypothesized
change in motion within this plate circuit since 0.78 Ma. Multibeam
surveys of the Pacific—Cocos seafloor fabric and transform faults
indicate that the directions of Pacific—Cocos plate motion have ro-
tated 3°—6° anticlockwise since 0.4-0.5 Ma (Carbotte & Macdonald
1992; Macdonald et al. 1992; Pockalny 1997), possibly introducing
an inconsistency between the Pacific-Cocos transform fault az-
imuths and 0.78-Myr-average spreading rates. The rapid westward
migration of the Cocos—Nazca pole from 4 Ma to at least 0.78 Ma
(Wilson & Hey 1995) may also have continued to the present, pos-
sibly causing an inconsistency between the Cocos—Nazca spreading
rates and transform fault azimuths.

To test whether a change in motion for one or more of the plate
pairs might be responsible for the apparent circuit non-closure, we
inverted only the spreading rates, which average motion consistently
over the past 0.78 Myr. All Pacific-Cocos spreading rates north of
16.5°N were excluded to ensure that they did not corrupt the result.
For this rates-only inversion, the fits of the closure-enforced and
best-fitting angular velocities differ at only the 1 per cent confi-
dence level. Although the data are therefore more consistent than
for the inversion that includes both the rates and directions, the
Pacific—Cocos and Pacific—Nazca angular velocities predict respec-
tive directions of motion for these two plate pairs that are 20° and
10° anticlockwise from the well-determined transform fault az-
imuths along their respective plate boundaries. These differences
in direction are several times larger than any proposed change for
the directions of plate motion for these two plate boundaries since
0.78 Ma. The circuit non-closure is thus not resolved by a rates only
inversion, but is instead shifted by an unacceptably large amount to
the directional components of motion.

We experimented with other subsets of the rates and transform
azimuths from these three plate boundaries, but found none that
reduce the circuit non-closure to insignificant levels without sys-
tematically misfitting either the rates or directions along one or
more of the three plate boundaries. A satisfactory explanation of
the cause of this circuit non-closure is left for future studies, includ-
ing those that investigate how much of the misfit could be caused
by horizontal thermal contraction of oceanic lithosphere (Kumar &
Gordon 2009).

6.2.4 Capricorn—Somalia—Antarctic plate circuit

The best-fitting and closure-enforced angular velocities for the
Capricorn—Somalia—Antarctic plate circuit do not differ signifi-
cantly (Fig. 51a) and are insensitive to the value of outward displace-
ment that is used to correct the spreading rates. The linear velocity
of non-closure at the Rodrigues triple junction is only 1.5 mmyr—!
(Fig. 51b), indicating that the data from these three plate bound-
aries are consistent. The low level of circuit non-closure is partly an
outcome of our systematic search for a Capricorn plate geometry
that minimizes non-closure of this plate circuit (Section 5.5.5 and
Fig. 33b) and the shortness of the three boundaries, each of which
is truncated by a diffuse oceanic plate boundary.

6.2.5 Nubia—Eurasia—North America and Arabia—India—Somalia

plate circuits

Both of the three-plate circuits that include one plate boundary
without rates are consistent with closure (Fig. 51a). Along the
Nubia—-Eurasia plate boundary, the three Gloria fault azimuths
are fit well when inverted with the many (623) spreading rates
and azimuths from the Eurasia—North America and Nubia—North
America plate boundaries (Fig. 23). The data from this plate cir-
cuit are therefore consistent with strike-slip motion along the well-
mapped Gloria fault. Similarly, the data from the Arabia—Somalia
and India—Somalia plate boundaries are consistent with the Owen
Fracture Zone azimuths that are used to estimate Arabia—India mo-
tion. In particular, the data are consistent with the well-determined
azimuth of the strike-slip fault imaged by multibeam sonar at the
southern, active end of the Owen Fracture Zone (Fournier et al.
2008).

Changing the assumed value for outward displacement has little
effect on the closure of these two plate circuits (Fig. 51a), mainly
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the same inversion, 20.6°S, 42.2°E, 0.113° Myr™?, predicts penin-
sular motion of 4.8 = 1.3mmyr~! towards S11°E = 16° (shown
by the green arrow in Fig. 3) along the Tosco-Abreojos fault at the
western edge of the peninsula. A marine seismic and multibeam sur-
vey of this fault indicates that it accommodates active, right-lateral
transtensional slip (Michaud et al. 2004). The right-lateral sense
of slip predicted by the angular velocity agrees with the observed
sense of slip; however, the angular velocity predicts 2mmyr=! of
contraction across the fault, in disagreement with the marine seismic
evidence for a divergent component of motion across the fault.

In the southern Baja peninsula, the Baja—Pacific plate angular
velocity predicts peninsular motion of 5.3 = 0.9 mmyr~! towards
S02°E + 12° (Fig. 3). Within the 95 per cent uncertainties, the
velocity agrees with the 3.5 & 0.8 mmyr~! average rate of motion
measured by Plattner et al. (2007) for GPS stations in this region.
The predicted motion however is directed 43° clockwise of the
average S45°E =+ 22° direction of motion measured at the same
GPS stations.

That the Baja peninsula—Pacific plate angular velocity success-
fully predicts both the sense of slip along the Tosco-Abreojos fault
and rates of motion of GPS sites from the southern Baja peninsula
suggests that some of the aforementioned inconsistency between the
Gulf of California kinematic data and the MORVEL data and cir-
cuit closure conditions can be attributed to slow motion of the Baja
peninsula relative to the Pacific plate. The poor agreement between
the predicted and observed directions of peninsular motion how-
ever suggests that intraplate deformation or data errors elsewhere in
the global plate circuit may also contribute to the inconsistency. In
Section 7.5, we describe a small, but persistent difference between
MORVEL and GPS estimates of the Pacific—-North America angular
velocity that may be evidence for one or both of these effects.

7.2 NUVEL-1A and MORVEL spreading rate
comparison

Given the different techniques and largely non-overlapping sets of
magnetic profiles that were used to estimate the 270 NUVEL-1A
spreading rates and 1696 MORVEL rates, a comparison of the 3.16-
Myr-average NUVEL-1A rates to the subset of the MORVEL rates
that also measure motion over the past 3.16 Ma can be used to
assess the reproducibility of both sets of plate rates. To first order,
we expect the 3.16-Myr-average rates estimated from the best-fitting
angular velocities determined from the MORVEL rates (Table 1) to
be 0.6-0.7 mmyr~* lower than those estimated from the NUVEL-
1A best-fitting angular velocities given that the MORVEL rates are
corrected systematically downward by 0.6-0.7 mmyr=* or more to
compensate for 2 km or more of outward displacement.

Fig. 21(a) compares spreading rates for all nine plate boundaries
along which rates are averaged over 3.16 Ma in both MORVEL
and NUVEL-1A. The MORVEL best-fitting rates are lower than
their corresponding NUVEL-1A best-fitting rates by an average
of 0.63mmyr~!, in excellent agreement with our expectations. If
we adjust the NUVEL-1A spreading rates downward for outward
displacement with the same procedures as were used to correct
the MORVEL rates, the weighted average difference between the
MORVEL and modified NUVEL-1A rates for these nine plate pairs
is reduced to only 0.06 mm yr=* (Fig. 21b). The two sets of spreading
rates thus agree to within one tenth of a millimetre per year when
both are adjusted for outward displacement. This suggests that the
3.16-Myr-average rates given by the MORVEL best-fitting angular
velocities are precise to within a few tenths of a millimetre per year.

As a test, we also compared 0.78-Myr-average MORVEL rates
for eight plate pairs to the 3.16-Myr-average NUVEL-1A rates for
those same plate pairs after correcting both sets of rates for outward
displacement (Fig. 21b). The weighted average difference between
the two sets of rates is only 0.5 mmyr~! even though they average
motion over different intervals. On average, the spreading rates
along these eight plate boundaries have therefore changed relatively
little since 3.16 Ma. We note however that the 0.78-Myr-average
spreading rates along the Nazca—Antarctic and Nazca—Pacific plate
boundaries are 7 and 4.5 mmyr~* lower than the 3.16-Myr-average
rates, respectively. Both differences are too large to attribute to
random errors or other systematic effects, suggesting that opening
rates across both of these plate boundaries have slowed down since
3.16 Ma. Further discussion of apparent changes for these and other
plate pairs is found in Section 7.4.

7.3 NUVEL-1A and MORVEL angular velocity
comparisons

Comparisons of the NUVEL-1A and MORVEL angular velocities
with eq. (2) are shown in Fig. 52 for all 29 plate pairs that are
common to both studies. Twenty-six of the 29 NUVEL-1A angular
velocities lie outside the 3-D 99.99 per cent confidence regions
of the MORVEL angular velocities. An inversion of the NUVEL-
1A data after correcting all 270 NUVEL-1A spreading rates for
outward displacement results in little overall change between the
MORVEL and modified NUVEL-1A angular velocities (shown by
the red bars in Fig. 52), with differences reduced along 15 of the 29
plate boundaries, increased for 13 plate boundaries, and unchanged
for one. Twenty-four of the 29 modified angular velocities still
lie outside of the 3-D 99.99 per cent confidence regions of their
corresponding MORVEL angular velocities.

The NUVEL-1A estimates of present plate motions thus differ
significantly from the MORVEL estimates with or without a correc-
tion to the NUVEL-1A spreading rates for outward displacement.
The different rate-averaging intervals and plate geometries, and ad-
ditional data used in the present study therefore lead to significantly
different estimates of geologically current plate motions than are
given by NUVEL-1A.

7.4 Comparison of MORVEL and NUVEL-1A to plate
velocities from GPS

Our comparison of MORVEL and prior estimates of geologically
current plate motion to geodetic estimates of current plate motions
occurs in two stages. In the first stage, we use eq. (2) to determine
the cumulative least-squares difference between angular velocities
determined from GPS (Table 6) and the angular velocities that
constitute the MORVEL, NUVEL-1A, NUVEL-1, RM2 and P071
estimates of geologically current plate motions (Fig. 53). Included
in the analysis is an assessment of the effect of the correction for
outward displacement on the level of agreement between angu-
lar velocities estimated from GPS station velocities and from the
MORVEL and NUVEL-1A data.

In the second stage of the analysis, we compare linear plate
velocities that are given by MORVEL, NUVEL-1A and GPS at ge-
ographically central locations along selected major plate boundaries
(Fig. 54b). This comparison projects the 3-D differences between
the angular velocities onto a 2-D linear site velocity difference and
is therefore less rigorous than the comparison that employs eg. (2).
The results of the comparison are however easier to interpret in the
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Figure 53. Sums of squared differences from eq. (2) between GPS-derived angular velocities from Table 6 and the closure-enforced angular velocities for seven
geological estimates of global plate motions, as follows: PO71 (Chase 1978), RM2 (Minster & Jordan 1978), NUVEL-1 (DeMets et al. 1990), NUVEL-1A
(DeMets et al. 1994a), MORVEL and alternative estimates based on the NUVEL-1A and MORVEL data. Due to differences in how the original angular
velocity uncertainties were computed for the different geological estimates, only the covariances for the GPS-derived angular velocities are used in eg. (2) to
determine the weighted, summed-square difference. Angular velocity comparisons are limited to the plates for which both geological and GPS estimates are
available, consisting of the Antarctic, Australia, Eurasia, India, Nubia (AF), Nazca, North America, Pacific, South America and Somalia (AF) plates. Locations
of GPS stations used to estimate the plate angular velocities are shown in Fig. 54. Further details about the comparison are given in the text.

context of the correction that we make for outward displacement
and the magnitude of recent changes in plate motions along some
plate boundaries.

Our GPS-based estimates of plate rates are determined from two
sources. Station velocities determined solely from GPS measure-
ments are used to estimate 19 angular velocities (Table 6) that best
describe the relative motions of ten plates with enough GPS stations
to reliably estimate their motions (Fig. 54a). These 19 plate pairs
include most or all the plate boundaries across which motion can be
estimated reliably with GPS, MORVEL, and NUVEL-1A. Sixteen
of the 19 angular velocities are estimated from the velocities of 612
GPS stations (Fig. 54a) for which daily data are processed at the
University of Wisconsin. These are supplemented with angular ve-
locities for the Arabia-Eurasia, Arabia-Somalia and India—Eurasia
plate pairs from Reilinger et al. (2006) and T. Apel (personal com-
munication, 2007) (Table 6). Geocentre translation rate corrections
are applied to the geodetic velocities, as described in Section 4.4,
to minimize the effect of a likely error in the geocentre translation
rates that are applied in ITRF2000 and ITRF2005 (Argus 2007).
Other effects may also increase the errors in GPS-based estimates
of plate motions, including the protracted viscoelastic response of
the mantle to large earthquakes (Pollitz et al. 1998), isostatic glacial
rebound (Argus et al. 1999; Calais et al. 2006b; Sella et al. 2007),
and errors in satellite antenna phase centre offsets (Cardellach et al.
2007). No effort is made here to correct for these.

7.4.1 Angular velocity comparisons

Fig. 53 shows a comparison of MORVEL and other geological an-
gular velocity estimates to GPS-based angular velocities for all ten

plates with enough GPS stations to estimate well-constrained an-
gular velocities (the ten plates are listed in the caption to Fig. 53).
The North America plate is fixed for the comparison and the an-
gular velocities of the other nine plates are specified relative to
North America. Eq. (2) is applied to find the cumulative, weighted
least-squares difference between the Cartesian components of the
geodetically and geologically determined angular velaocities for the
nine moving plates. Only the covariances in the GPS-based angular
velocities are used for the calculation, thereby enabling a meaning-
ful comparison of the weighted least-squares differences between
each set of geologically estimated angular velocities and the GPS-
based angular velocities.

The MORVEL angular velocities agree better with the angular
velocities estimated from GPS than any of the other geological
models, with a least-squares difference ( 2) of 2634 (Fig. 53). If
we omit the correction to the MORVEL spreading rates for outward
displacement, re-invert the modified MORVEL data and compare
the modified angular velocities to the GPS-based angular velocities,

2 increases to 7104, 270 per cent higher than for MORVEL. The
improvement in fit for the single additional fitting parameter (out-
ward displacement) is significant (p < 1 x 1072%). The correction
for outward displacement is thus strongly validated by the improved
agreement between the geologically estimated plate motions and the
independent geodetic estimates.

The least-squares difference between the NUVEL-1A and GPS-
based angular velocities is 50 per cent higher than for MORVEL
(Fig. 53). Angular velocities determined from the NUVEL-1A data
after applying corrections for outward displacement to the NUVEL-
1A spreading rates agree better with the GPS estimates, but are still
37 per cent higher than for MORVEL. The correction for outward

¢ 2010 The Authors, GJI, 181, 1-80
Journal compilation ¢ 2010 RAS



Current plate motions 69

Figure 54. (a) Locations of continuous GPS stations (red) that are used to estimate motions of designated plate pairs at locations shown by the blue circles. (b)
Red bars show differences between relative plate velocities determined with MORVEL and GPS (Table 6). Blue bars show differences betweerteelative pl
velocities determined with NUVEL-1A and GPS (Table 6). Grey bars show differences between plate velocities determined using MORVEL and GEODVEL,
which is a set of plate angular velocities determined from GPS, very-long-baseline interferometry, satellite laser ranging and radio beacgoda@ORIS
(Arguset al. 2010). The shaded area of each bar shows the difference in the estimated velocity magnitudes. The shaded and unshaded areas together indicat
the magnitude of the velocity vector difference and thus also include any difference in the calculated directions. Velocities are determinddventhe f
locations: AU-PA (40.7S, 176.9E); NA-SA (16.0N, 50.0 W); NA-PA (36.0 N, 120.6 W); AR-EU (35.0N, 50.0 E); NB-EU (37.1N, 20.0 W); IN-EU

(28.0N, 80.0 E); NZ-SA (30.0S, 72.0W); NZ-PA (20.0 S, 113.7W); NZ-AN (40.0 S, 91.6 W); AN-PA (64.1 S, 168.8W); AU-AN (47.2 S, 100.3E);

AR-SM (13.2 N, 51.0 E); EU-NA (60.0 N, 29.3 W); NB-NA (30.0 N, 42.8 W); NB-SA (30.0 S, 13.8W); AN-SA (57.8 S, 6.9W); IN-SM (3.0 N, 65.5 E);

NB-AN (52.2 S, 15.0E) and SM-AN (30.5S, 60.0E).

displacement has a smaller impact on the level of agreement be-7.4.2 Linear velocity comparisons for spreading centres and other
tween NUVEL-1A and GPS than it does for MORVEL because plate boundaries

the correction is about a factor of four smallerQ.7 mm ylsl)

for the 3.16-Myr-average NUVEL-1A spreading rates than for
the 0.78-Myr-average MORVEL spreading rate2(6 mmyp?).
This emphasizes the importance of correcting for outward dis-

Fig. 54(b) shows in more detail the relative motions of 19 major

plate pairs estimated with MORVEL, NUVEL-1A and GPS. Eleven

of the 19 plate pairs shown in Fig. 54(b) are separated by sea oor

placement when testing for changes in plate motion since spreadi_ng centres and thus have well constrained angulgr velocities
determined from spreading rates and transform fault azimuths. At

1 Ma. . S
Finally, the least-squares differences between GPS-determinedcentral locations along these 11 plate boundaries (indicated by blue

angular velocities and the angular velocities that constitute NUVEL- circles in Fig. 54a), the magnitude of th? mean _dn‘ferennal velocity

. . between the 11 MORVEL and GPS estimates is only 1.1 nihyr
1, RM2 and PO71 are respectively 260, 420 and 900 per cent hlgher60 er cent smaller than the 2.9 mritymean differential veloc-
than for MORVEL. Successive generations of global plate motion P ’

estimates have thus more closely approached geodeticall measureic}y between the NUVEL-1A and GPS estimates. On average, the
plate motions yapp 9 Y plate motions determined with MORVEL thus agree better with
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Figure 55. Pacific—-North America plate circuit analysis. (a) Linear velocities at 36.0°N, 120.6°W along the San Andreas fault predicted by best-fitting angular
velocities determined from the MORVEL data with and without corrections for outward displacement (red and grey, respectively), best-fitting angular velocities
determined from the NUVEL-1A data (black), and from GPS (Table 6). No circuit closures are enforced for this plate circuit. Shaded area is enlarged in
(b). Plate abbreviations are specified in caption to Fig. 1. (b) North America—Pacific plate motion estimates at 36°N, 120.6°W from different subsets of the
MORVEL plate circuits and data (specified in the legend). GPS-based estimates are as follows: 1, DeMets & Dixon (1999); 2, Beavan et al. (2002); 3, Sella
et al. (2002); 4, Gonzales-Garcia et al. (2003); 5, Marquez-Azua et al. (2004); 6, Plattner et al. (2007); 7, Kogan & Steblov (2008) and 8, Argus et al. (2010).
Blue circle with ellipse is the GPS estimate from this study (Table 6). All ellipses are 2-D, 1 .

of this difference, we explore the factors that may influence the
MORVEL estimate of Pacific—-North America motion (Fig. 55), in-
cluding small systematic errors that may remain in the geological
data or plate-circuit closures, and hypothesized horizontal thermal
contraction of the Pacific plate (Kumar & Gordon 2009) or possibly
other plates.

7.5.1 Effects of local plate circuit closures and outward
displacement

Fig. 55 summarizes estimates of Pacific-North America motion
from different GPS velocity solutions and different combinations

¢ 2010 The Authors, GJI, 181, 1-80
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of the MORVEL data circuits. The shortest plate circuit that links
the Pacific and North America plates, corresponding to the circuit
widely used in estimating late Cenozoic motion between the Pacific
and North America plates (e.g. Atwater & Stock 1998; Wilson et al.
2005; Royer et al. 2006), is the Pacific—Antarctic-Nubia—North
America circuit. A sum of the three best-fitting angular velocities
for the plate pairs in this circuit (PA-AN, AN-NB and NB-NA)
results in a Pacific—-North America angular velocity that predicts
motion of 50.2 &+ 1.1 mmyr~! towards N32.8°W * 1.4° (1 )along
the San Andreas fault in central California. For comparison, our
GPS-determined Pacific—-North America angular velocity (Table 6)
gives motion of 49.4 & 0.3 mmyr~* towards N38.1°W + 0.2° (1 ),
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slower than, and significantly anticlockwise (5.3° + 1.4°) of, the
geological estimate. The differential velocity between these two
estimates has a magnitude of 4.6 = 2.6 mmyr~! (95 per cent).
Absent any correction for outward displacement, the magnitude of
the differential velocity between the best-fitting MORVEL estimate
and the GPS estimate increases by 40 per centto 6.4 2.6 mmyr—?
(95 per cent) (Fig. 55b).

Repeating the same calculation with the NUVEL-1A best-fitting
angular velocities for the same plate pairs results in a predicted
velocity of 54.6 + 2.3mmyr~! towards N35.7°W == 1.6° (1 ) at
the same location. The differential velocity magnitude is 5.6 *
4.9 mmyr~?t (95 per cent) (Fig. 55b), 20 per cent larger than for the
MORVEL best-fitting angular velocity.

The full MORVEL plate circuit predicts motion in central Cali-
fornia that differs by 2.6 == 1.7 mmyr~* (95 per cent uncertainty)
from the GPS estimate (Fig. 55b). Although this is more than 40
per cent smaller than the differential velocity for the best-fitting
plate circuit, a comparison of the MORVEL and GPS Pacific—-North
America angular velocities with eq. (2) gives p = 0.003, indicating
that the difference between the two estimates is significant at the
99.7 per cent confidence level.

We examined whether the difference between the GPS and
MORVEL estimates may be a consequence of the previ-
ously described non-closures of the Nazca—Cocos—Pacific or
Antarctic—-Sur—Nubia plate circuits (Section 6.2). Beginning with
the former circuit, we relaxed the requirement for closure around
this plate circuit and re-inverted the MORVEL data. The result-
ing differential velocity between the GPS and modified MORVEL
estimates for the Pacific—North America plate pair changes negligi-
bly, to 2.7 mmyr~! from its previous value of 2.6 mmyr~! (shown
by the open blue and red stars in Fig. 55b). Relaxing the closure
requirement for the latter plate circuit also changes the differential
velocity negligibly, to 2.4 mmyr~1. The difference between the GPS
and MORVEL estimates of Pacific—-North America motion is thus
not an artefact of non-closures of either of these two plate circuits.

We also tested numerous other combinations of the MORVEL
plate circuits (shown in the legend at the right-hand side of Fig. 55b),
but none predict motion closer to the GPS estimate than does the
full MORVEL solution. This may be evidence that each plate circuit
closure in MORVEL incrementally improves the accuracy of the
estimated Pacific—-North America angular velocity, such that the
most accurate solution is the one with the most circuits that satisfy
closure (MORVEL).

7.5.2 Comparison to geodetic estimates

We also investigated whether other geodetic estimates of
Pacific-North America motion agree more closely with the
MORVEL estimate than does our own (Fig. 55b). Of the seven
additional geodetic estimates we examined, the Sella et al. (2002)
REVEL GPS estimate has the smallest vector magnitude differ-
ence from MORVEL (2.2mmyr~1) and differs the least from the
MORVEL angular velocity (p = 0.33 with eq. 2). All four recent
GPS estimates for Pacific-North America motion (including our
own) differ from MORVEL at the 99.7 per cent or greater confi-
dence level (Plattner et al. 2007; Kogan & Steblov 2008; Argus
et al. 2010). All eight of the geodetic solutions give motion that is
2-4° anticlockwise from the geological estimate.

We evaluated whether the corrections we make to our GPS sta-
tion velocities for the motion of ITRF2005 relative to the geocentre
(Argus 2007) significantly affect the magnitude of the velocity dif-
ference between the GPS and geological estimates, but found that

eliminating these corrections only increases the estimated velocity
differential by 0.1 mmyr=1,

The persistent differences between the GPS and MORVEL esti-
mates of Pacific—-North America motion thus seem unlikely to be an
artefact of either a particular geodetic reference frame or a particular
geodetic solution.

7.5.3 In uence of the Kane transform fault

The Kane transform fault, which lies along the Nubia—-North
America plate boundary several hundred kilometres north of the
poorly defined North America—South America plate boundary, is
the worst fit, high importance datum that influences the MORVEL
Pacific-North America angular velocity (Figs 20b and 24b). Ex-
cluding this datum and re-inverting the remaining MORVEL data
reduces the difference between the GPS-determined Pacific—-North
America velocity and the modified MORVEL estimate in central
California to 1.93 = 1.8 mmyr~* (95 per cent), one-fourth smaller
than for MORVEL (2.6 = 1.7 mmyr~1). A comparison of these two
angular velocity estimates with eq. (2) gives p = 0.051. The two
estimates thus differ insignificantly.

It seems unlikely that the 2.6° misfit of MORVEL to the azimuth
of the Kane transform fault can be attributed to an error in our
estimate of the azimuth of this fault. A Sea Beam survey of the
150-km-long transform valley (Pockalny et al. 1988) reveals a
narrow (3-to 6-km-wide), uninterrupted linear zone of strike-slip
tectonism that connects the eastern and western ridge-transform
intersections. Pockalny et al. estimate an azimuth of 98 for the
transform tectonized zone, only 1° different from our own estimate
(99° £ 0.9°). They further interpret the linearity and continuity of
the transform fault zone as evidence that the direction and locus of
strike-slip plate motion have remained steady since at least 10 Ma.

If the poor fit to the Kane transform fault is evidence that dis-
tributed deformation between the North and South America plates
extends north to, and includes, the Kane transform fault, then the
many spreading rates from south of the Kane transform fault that
are used to estimate the Nubia—North America angular velocity may
also bias the MORVEL Pacific-North America angular velocity.
When we eliminate both the Kane transform fault and these spread-
ing rates and invert the remaining MORVEL data, the resulting
differential velocity between the GPS and modified MORVEL esti-
mate is 1.87 = 1.79 mmyr~1, negligibly lower than if we eliminate
only the Kane transform fault (1.93 = 1.8 mmyr~1). The spreading
rates thus neither support nor exclude the hypothesis that distributed
deformation between the North and South America plates extends
north to the Kane transform fault.

We thus find that the mismatch between the MORVEL and GPS
estimates of Pacific-North America plate motion can be reduced
by eliminating the poorly fit Kane transform fault, but at the cost
of distributing the deformation that accommodates motion between
the North America and South America plates over a much wider
boundary east of the Lesser Antilles trench. Absent any independent
additional evidence that the zone of deformation between the North
and South America plates extends as far north as the Kane transform
fault, this remains a topic for further research.

7.5.4 Plate motion changes or thermal contraction as cause
of non-closure

We cannot exclude the possibility that the difference between the
GPS and MORVEL estimates of Pacific—-North America plate mo-
tion is caused by a possible =2° anticlockwise change in the
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MORVEL and GPS estimates remain, namely the Nazca—South
America, Nazca—Antarctic, Nazca—Pacific, India—Eurasia and
Arabia—Eurasia plate boundaries, are candidates for likely changes
in motion during the past 3.16 Myr.

(5) The relative rotation poles of plates separated by a diffuse
oceanic plate boundary tend to lie in the diffuse plate bound-
ary. Examples include the India—Capricorn, Capricorn—Australia,
Australia—Macquarie, Lwandle—-Somalia, Nubia—Somalia, North
America-South America and Eurasia—North America plate pairs
and boundaries. This pattern indicates that plates are more strongly
coupled across diffuse oceanic plate boundaries than they are across
narrow plate boundaries (Zatman et al. 2001, 2005).
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SUPPORTING INFORMATION

Additional Supporting Information may be found in the online ver-
sion of this article:

Tables S1-S5. Five tables that document all the MORVEL plate
kinematic data and fits of the MORVEL angular velocities are pre-
sented in this supplement. Separate tables are included for the 1696
seafloor spreading rates, 163 fault azimuths, 56 earthquake slip
directions, 144 GPS station velocities for plates whose motions
are estimated with GPS, and 498 additional GPS station veloci-
ties that are used to establish the motions of three geodetic ref-
erence plates linked to MORVEL. Selected spreading rates and
transform fault azimuths from deforming zones along the mid-
ocean ridges are also given for data shown in the manuscript fig-
ures. All information necessary for reproducing the MORVEL an-
gular velocities is included. Footnotes that accompany each table
give further specific information. All references cited in the ta-
bles and table footnotes are included. Many additional references
that describe the data denoted in these tables are given in the
paper. Readers are also referred to the following URL for ex-
tensive graphical documentation of the original data underlying
MORVEL and assistance with calculating MORVEL plate veloci-
ties: http://www.geology.wisc.edu/ chuck/MORVEL.

Please note: Wiley-Blackwell are not responsible for the content or
functionality of any supporting materials supplied by the authors.
Any queries (other than missing material) should be directed to the
corresponding author for the article.

¢ 2010 The Authors, GJI, 181, 1-80
Journal compilation ¢ 2010 RAS



