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GPS geodetic constraints on Caribbean-Nerth America plate motion

Charles DeMetsl, Pamela E. Jansmaz, Glen S. Mattioliz, Timothy H. Dixon3, Fred Far-

ina3, Roger Bilham4, Eric Calaiss, and Paul Mann®

Abstract. We describe a model for Caribbean plate
motion based on GPS velocities of four sites in the plate
interior and two azimuths of the Swan Islands transform
fault. The data are well fit by a single angular velocity,
with average misfits approximately equal to the 1.5-3.0
mm yr ! velocity uncertainties. The new model predicts
Caribbean-North America motion ~65% faster than
predicted by NUVEL-1A, averaging 18-20£3 mm yr™!
(20) at various locations along the plate boundary. The
data are best fit by a rotation pole that predicts obliquely
convergent motion along the plate boundary east of Cuba,
but are fit poorly by a suite of previously published
models that predict strike-slip motion in this region. The
data suggest an approximate upper bound of 4-6 mm yr!
for internal deformation of the Caribbean plate, although
rigorous estimates await more precise and additional
velocities from sites in the plate interior.

Introduction

Prior to GPS-based geodesy, present-day Caribbean
plate velocities were estimated using fault azimuths and
earthquake slip directions from the complexly deforming
Caribbean plate boundaries and indirect constraints
imposed by closure of the global plate circuit. Published
estimates differ significantly, presumably due to differing
prejudices about which data reliably record Caribbean
plate motion. For example, estimates of Caribbean-North
America (CA-NA) rates range from 11-20 mm yr!
[Rosencrantz and Mann, 1991, DeMets et al., 1994] and
estimates of CA-NA directions east of Cuba (Fig. 1)
range from strike-slip [Jordan, 1975; Minster and Jor-
dan, 1978; Stein et al., 1988; DeMets et al., 1990, 1994;
Calais and Mercier de Lépinay, 1993} to ENE-directed
convergence [Deng and Sykes, 1995]. Deformation of
the plate interior has also been proposed [Heubeck and
Mann, 1991, Leroy and Mauffret, 1996].

For these reasons, the Caribbean region was an early
target of GPS geodesy and by the mid-1990s, enough
GPS velocities existed from the plate interior to construct
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the first GPS-based kinematic model [Dixon et al., 1998].
Here, we use new geodetic and other data to solve for
Caribbean plate angular velocities and to test published
models for CA-NA motion. The data include a new GPS
velocity from an island (Aves) in the interior of the
eastern Caribbean plate (Fig. 1), velocities from
significantly extended GPS time series on St. Croix
(CRO1), Hispaniola (ROJO), and San Andres island
(SANA), and velocities for sixteen GPS stations in the
North American plate interior [DeMets and Dixon, 1999].
To supplement the still-sparse GPS velocities, we use the
azimuths of well-imaged bathymetric lineaments that
define the active trace of the eastern Swan Islands
transform fault [Rosencrantz and Mann, 1991). These
lineaments are morphologically similar to structures that
define other active strike-slip faults and thus usefully
constrain the CA-NA direction (Table 1).

GPS data analysis and station velocities

Only four GPS sites are located in the Caribbean plate
interior (Fig. 1) and have time series long enough to pro-
vide a useful velocity (Table 1), Three of these (AVES,
ROJO, SANA) have been occupied periodically over
intervals ranging from 3.9-7.4 years and CRO1 has
operated continuously since late 1995. We omit data col-
lected at ROJO in 1986 [Dixon et al., 1998] because they
predate precise orbits and robust terrestrial reference
frames. We analyze all GPS data using GIPSY [Zum-
berge et al., 1997], precise satellite orbits and clocks
from JPL and the University of Miami, and following
procedures described by Dixon et al. [1997]. Free-
network station coordinates transformed to ITRF96 [Sil-

Table 1. Caribbean kinematic data

Site Lat, Long. AT, #t Vn Ve
ID 'N) (°E) (yrs) (mm/yr)  (mm/yr)
GPS velocities relative 10 ITRF96
AVES 1567 -63.62  3.87 yrs,2 14.24£2.2 13.2+£2.9
ROJO 1790 -71.67 4.25 yrs,3 6.9+2.6 13.5£3.0
SANA 1253  -81.73 74 yrs4 7.4+2.5 14.8+2.7
CROI 1776  -64.58  4.05 yrst 13.3+2.1 9.81£2.0

Swan Islands transform fault azimuths

17.63°N  82.60°W N78°Ex2.0 Rosencrantz and Mann [1991]
17.50°N  83.30°W N7T4°E42.0 Rosencrantz and Mann [1991]

t AT, # represent the time span of the GPS observations that
constrain the velocity and the number of station occupations.

t Continuous GPS station,

Correlations between the north and east velocity components
are negligible.
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Figure 1. Regional map, locations of data in Table | (filled circles), and CA-NA GPS velocities. Ellipses show 2D,
1o uncertainties. Model velocities (open circles) are computed at GPS station locations using the hybrid CA-NA
angular velocity (Table 2). For reference, the velocity at SANA is 21 mm yr'. Open arrows show CA-NA velocities
predicted for a hypothetical site (star) along the Puerto Rico trench by models from Minster and Jordan [1978] (RM2),
Stein et al. [1988] (ST88), and Deng and Sykes [1995] (DS95). Abbreviations: H - Hispaniola; J - Jamaica; LAT -
Lesser Antilles trench; OF - Oriente fault; PRT - Puerto Rico trench; SDF - Santiago deformed belt; SITF - Swan

Islands transform fault.

lard et al., 1998] yield day-to-day repeatabilities in the
station latitudes and longitudes of 3-7 millimeters and
6-13 millimeters. Velocity uncertainties are estimated
using a model for white- and time-correlated noise in
GPS coordinate time series [Mao et al., 1999].

Two of the four GPS sites, ROJO and CROI, are close
enough to plate boundary faults to be affected by elastic
strain accumulating along those faults. We thus
estimated the potential slip deficit at each site using real-
istic geometries and maximum slip rates for the nearby
fault(s). ROJO lies 55 km south of the Enriquillo fault,
with a maximum slip rate of 8 mm yr!' [Dixon et al.,
1998], and CROI1 lies 225-250 km south of the Puerto

Table 2. Best-fitting angular velocities

Plate Data A [ ® o o, 71 Oun
Type CN)  (B) (‘Myn) (CW) ("Myr)
CA-IT GPSt 366 2759 0.295 11.7° 3.0° -53° 0.074
NA-IT*  GPS -09 2802 0492 4.1°1.6° -2° 0.009
CA-NA GPS 69.1 2233 0.192 31.3° 48" -74° 0.036
CA-IT Hybridf 34.6 269.6 0334 50° 1.3° -25° 0.043
NA-IT Hybrid -1.1 2804 0.192 4.1° 15° -2° 0.009
CA-NA  Hybrid 649 2505 0214 146" 1.5° -35° 0.030

t - Only GPS velocities from Table | are used.
1 - All data from Table 1 are used.
* - Angular velocity from DeMets and Dixon [1999].

Angular velocities designate motion of the first plate relative to the
second. A, ¢, and ® are the latitude, longitude, and angular rotation rate
of the best-fitting angular velocity, respectively. o, and o, are lengths
of the 2D, l-sigma semi-major and semi-minor axes of the pole error
ellipse. 7 is the azimuth of oy in degrees CW from north. &, is the 1D
standard error for the angular rotation rate. Abbreviations: CA - Carib-
bean plate; IT - ITRF96; NA - North American plate.

Rico trench and tens of kms from the Anegada passage
fault, with respective maximum rates of 18 mm yr™' and
~3 mm yr! [Jansma et al., 1999]. Forward models of
the elastically-induced slip deficit at each site give an
upper bound for each of only 1 mm yr!. To first order,
both sites thus move with the stable plate interior.

We solve for angular velocities and their uncertainties
(Table 2) by minimizing the weighted, least-squares
misfit of one or more angular velocities to GPS velocities
and geologic data (Table 1) and further requiring that the
angular velocities satisfy plate circuit closure [DeMets et
al., 1990; Ward, 1990]. An angular velocity that best-fits
only the four Caribbean GPS velocities (CA-IT in Table
2) yields residual velocities of 0.3-3.2 mm yr™!, averaging
2.0 mm yr'. The data are thus well fit at the approxi-
mate level of their 1.5-3.0 mm yr™' uncertainties. Vector
subtraction of a newly published NA-IT angular velocity
(Table 2) [DeMets and Dixon, 1999] from the CA-IT
angular velocity yields a CA-NA angular velocity based
solely on GPS observations (Table 1).

To incorporate the additional CA-NA kinematic con-
straint imposed by the Swan Islands transform fault, we
simultaneously inverted data from Table 1 and the 16
North American plate GPS velocities. The fits of the
GPS-only and hybrid models to the data are statistically
indistinguishable, with differences in their predicted velo-
cities of only 0.2 mm yr! and 0-6° (Fig. 2). Due to its
significantly smaller uncertainties, we hereafter use the
hybrid CA-NA angular velocity.

Tests of prior models and model implications

The 19-20 mm yr' rates predicted by the newly-
derived CA-NA angular velocity (Figs. 1 and 2)



DEMETS ET AL.: CARIBBEAN-NORTH AMERICA PLATE MOTION FROM GPS

PR U S SR S BT SNY ST T NS R R R R R

S L + [
< < i B
S~ 4 2 Q w0 L
£167 & 3 Sr
= h @ o [
) 14 1 % [~
© ] NUVEL-1A B
S124 Nwvewa_ 7|
10 -

8 —| == CA-NA: Hybrid -

1 — CA-NA: GPS-only i
6 - — - Excludes AVES and CRO1 B

L I T L) T T 1 L) ] 1] ) l T T 1) l L) ¥ )
-80 -75 -70 -65

) Swan/Oriente  Hispaniola PRT LAT

90 ? . R > g . E
8. . g enf
—~ NUV i 5
=z 80 4« 3
e 7 o
= 75 3
O 70 A 3
65 i
- E 60 7 w5 F
N ] WatE
< 55 1 a < afF
J % Swan Islands fault a :
50 ‘5‘ A Earthquake slip directions N a F
J-- Deng and Sykes [1995] -

45 T T T T T

-90 -85 -80 -75 -70 -65 -60
Longitude (°E)

Figure 2. Observed and predicted CA-NA rates and
azimuths. Horizontal slip directions (triangles) are for
earthquakes from 1957 through March, 1999 and are
taken from Harvard centroid moment tensor solutions and
Deng and Sykes [1995]. Stippled regions show the 1o
prediction uncertainties of the hybrid CA-NA angular
velocity. Error bars are one standard error. Abbrevia-
tions are from Figure 1.

significantly exceed the 11 mm yr™ rate predicted by the
NUVEL-1A model [DeMets et al., 1994], but agree with
geodetic rates reported by Dixon et al. [1998] and Mac-
Millan and Ma [1999] and 10 Myr-average CA-NA rates
estimated from magnetic anomalies flanking the Cayman
spreading center [e.g. Rosencrantz, 1995]. To test
whether the CA-NA directions predicted by poles from
Jordan [1975], Stein et al. [1988], DeMets et al. [1990],
Calais and Mercier de Lépinay (1993], and Deng and
Sykes [1995] differ significantly from those predicted by
our hybrid pole, we derived their RMS misfits x* to the
data from Table 1 and the 16 NA plate GPS velocities.
To do so, we iteratively adjusted the angular rotation rate
for each pole until we minimized its RMS misfit; this
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procedure optimized the fits of previous models to the
GPS rates, but not the directions. Respective values of 1
for our hybrid model and the above models are 6.5, 33.2,
28.9, 15.1, 45.6, and 12.0.

Comparing the above RMS misfits using an F-test for
2 versus 10-3 degrees of freedom, only the pole from
Deng and Sykes [1995] fits the data with an RMS misfit
not significantly worse than that of the hybrid model.
Like the hybrid pole, this pole predicts ENE-directed
oblique convergence along the plate boundary east of
Cuba. In contrast, the fits of all poles that predict strike-
slip motion along the plate boundary east of Cuba are
significantly worse than that of the hybrid pole.

Our new model makes useful predictions about
boundary-parallel and boundary-normal slip along the
CA-NA plate boundary (Fig. 3). For example, the ~45°
bend in the northern Lesser Antilles trench requires a
~40% northward decrease in trench-normal convergence
rates and a corresponding increase in the trench-parallel
slip component (Fig. 3). It is unclear whether the
increasingly oblique slip is accommodated via oblique
subduction or whether it is instead partitioned and thus
accommodated partly by deformation of the Lesser
Antilles forearc. The horizontal slip directions for eight
out of ten small shallow-thrust earthquakes along the
Lesser Antilles trench east of 62°W (Fig. 2) point
between the predicted convergence direction and the
~N45°E arc-normal direction, weakly suggesting that par-
titioning occurs.

Along the northern Hispaniola fold and thrust belt
[Dolan et al., 1998], our model predicts boundary-parallel
slip of 15£2 mm yr! (20) and boundary-normal conver-
gence of 1143 mm yr'. Stream terraces offset by the
Septentrional fault of northern Hispaniola yield maximum
Holocene strike-slip rates of 13£4 mm yr! and 23+7 mm
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Figure 3. CA-NA velocity components parallel (circles)
and perpendicular (stars) to the plate boundary, derived
by rotating predicted velocities onto local fault trends at
the locations shown by crosses in the upper panel.
Uncertainties are 95% and are propagated from the angu-
lar velocity covariances. Abbreviations are from Fig. 1.
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yr! [Mann et al., 1998]. These agree well with our esti-
mate of boundary-parallel slip and thus suggest that most
boundary-parallel slip is focused along this fault. Farther
west, folding and faulting in the Santiago deformed belt
south of eastern Cuba [Calais and Mercier de Lépinay,
1991] and minor southward thrusting during the May 25,
1992 M=6.9 left-lateral strike-slip earthquake southwest
of Cuba [Perrot et al., 1997] both support the existence
of boundary-normal convergence west of Hispaniola
(75°W), where our model predicts 18+2 mm yr! of
boundary-parallel slip and 33 mm yr of boundary-
normal convergence (Fig. 3).

Future tests for plate rigidity

Although the data are presently too sparse and too impre-
cise to solve for bounds on intra-Caribbean plate defor-
mation, the 2 mm yr average misfit of our model to the
GPS velocities suggests a crude upper bound of 4-6 mm
yr!. It is certainly premature to rule out slip of several
mm yr~' along faults within the plate. For example, the
poorly fit direction at ROJO (Fig. 2) may have a tectonic
cause given that GPS sites farther north in Hispaniola
also move in the same direction (unpublished results).
New observations in southern Jamaica and the eastern
Honduras, a renewed time series at AVES, which was
destroyed by Hurricane Mitch in late 1998, and continued
observations at present sites are essential to test whether
the Caribbean plate deforins as it is squeezed between the
flanking North and South American plates.
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