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Present-day Kinematics of the Rivera Plate
and Implications for Tectonics in Southwestern Mexico

CHARLES DEMETS

Jet Propulsion Laboratory, California Institute of Technology , Pasadena

SETH STEIN

Department of Geological Sciences, Northwestern University, Evanston, [llinois

We model the present-day motion of the Rivera plate relative to the Pacific, North America, and Cocos
plates, and combine the results with the NUVEL-1 model for Cocos—North America motion to examine
present-day deformation in southwesten Mexico. The Pacific-Rivera data, which include 25 three m.y.-
average spreading rates determined from original surface-ship magnetic data and 22 azimuthal data along the
Rivera transform, are systematically misfit by the NUVEL-1 Pacific-North America and Pacific-Cocos Euler
vectors, indicating that the Rivera plate is kinematically distinct from North America and Cocos. An F test
shows that the improvement in fit to the Pacific-Rivera data from a model with a distinct Rivera plate
exceeds that expected solely from adding three model parameters. The Rivera-North America Euler vector
derived from closure of the Rivera—Pacific-North America plate circuit predicts slower and more trench-
normal convergence along the Acapulco trench than prior models. In addition, the model predicts conver-
gence normal to the eastern Tamayo fracture zone at a rate 60% slower than the right-lateral strike-slip
predicted by prior models. An observed systematic misfit of the Pacific-Rivera Euler vector to azimuths
from the western Rivera transform fault may have several causes. There may be a time-averaging problem
between the 3.0-m.y.-average rates and the shorter time-average transform fault azimuths and earthquake slip
vectors. Alternatively, Rivera transform trends may be biased by deformation within lithosphere adjacent to
the transform valley, or future detailed mapping of the transform may reveal the misfit to be an artifact of the
presently available bathymetry. Along the entire Pacific-Rivera rise, spreading rates averaged over the past
0.7 m.y. are systematically faster than 3.0-m.y.-average rates, with the difference increasing southward along
the rise. The post-3 Ma change in the rate gradient has caused a southward migration of the Pacific-Rivera
Euler pole since 3 Ma, possibly in response to the ~3 Ma completion of a spreading reorganization that dou-
bled the length of the Rivera transform fault and halved the area of the Rivera plate. We hypothesize that
deformation in southwestern Mexico, including opening along the Colima rift, is related to oblique subduc-
tion of the Cocos plate along the northem Middle America trench. Three lines of evidence support this
hypothesis. First, the sense of oblique subduction predicted by NUVEL-1 along the Middle America trench
is consistent with a model in which part of westemn Mexico located southeast of the Colima rift moves to the
southeast relative to North America. Second, field geologic data and Landsat imagery suggest that in the past
few million years, the Chapala-Oaxaco fault zone has accommodated several kilometers of sinistral motion
and sinistral transtension has occurred along the Trans-Mexican Volcanic Belt. Either or both of these fault
zones could accommodate any southeastward coastal block motion that might result from oblique subduction.
Third, the observation that earthquake slip vectors from the northern Middle America trench trend systemati-
cally counterclockwise from the predicted Cocos—North America convergence direction is also consistent with
southeastward motion. The discrepancy between the observed and predicted slip directions along the Middle
America trench suggests sinistral slip is 0~10 mm yr™!. If oblique subduction is driving southeastward tran-
sport of a coastal sliver, the Colima rift is a passive, pull-apart zone at the northwestern end of this sliver,
rather than an incipient spreading ridge that will replace the Pacific-Rivera rise.

Farallon plate have been used to explain Laramide deformation
and volcanism in western North America [Coney and Rey-
nolds, 1977; Cross and Pilger, 1978; Henderson and Gordon,
1984]. Models for present-day plate motions are also proving
useful for studying continental tectonics. For instance,
kinematic models of present-day Pacific-North America

INTRODUCTION

An understanding of the cause, distribution, and timing of
Cenozoic and late Mesozoic volcanism and deformation along
the western margin of the Americas requires accurate models
of the present-day and past motions of the Farallon plate and

the remnants of its post-56 Ma breakup, the Rivera, Cocos,
Nazca, Juan de Fuca, and Explorer plates, which have been
subducting beneath the western Americas for more than 100
m.y. Menard [1978] speculated that pivoting subduction of
fragments of the Farallon plate may influence volcanism and
crustal deformation in Mexico, and kinematic models for the
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motion place important constraints on deformation integrated
across the Basin and Range province and California [Minster
and Jordan, 1984; DeMets et al., 1987, 1990].

Here we derive a model for the present-day motion of the
Rivera plate relative to the neighboring plates, North America,
Cocos, and Pacific, and examine the implications of a model
for Rivera and Cocos plate subduction along the Middle
America trench for present-day deformation in southwestern
Mexico. Studies of seismicity in Mexico and along the Mid-
dle America trench [Eissler and McNally, 1984; Singh et al.,
1985; Anderson et al., 1989] and studies of Plio-Pleistocene
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volcanism and deformation in southwestern Mexico suggest
that slow subduction of the Rivera plate and somewhat faster
subduction of the adjacent Cocos plate influence volcanism
and deformation in southwestern Mexico [Luhr et al., 1985;
Allan, 1986; Johnson and Harrison, 1989; Allan et al., 1990].
Accurate models for present-day Rivera plate motion and
Cocos—North America motion [DeMets et al., 1990] thus pro-
vide an indirect way to investigate deformation in Mexico.

To study the recent evolution of Rivera plate motions, we
determine Pacific-Rivera plate velocities over three averaging
intervals, 0.7, 1.7, and 3.0 m.y., which is the averaging inter-
val used to derive the closure-consistent NUVEL-1 global
plate motion model [DeMets et al, 1990]. Although two
models of present-day (e.g., 3.0 m.y.-average) Pacific-Rivera
plate motion are available [Minster and Jordan, 1979; Klitgord
and Mammerickx, 1982], we construct a new model for two
reasons. First, new data from the Pacific-Rivera rise and
Rivera transform fault permit a more accurate estimate of
Pacific-Rivera motion and its uncertainties. Second, recent
estimates of present-day Pacific-North  America and
Pacific—-Cocos motions [DeMets et al., 1987, 1990] differ
significantly from those previously used [Minster and Jordan,
1978] to estimate motion of the Rivera plate relative to the
North America and Cocos plates.

As part of this analysis, we reconsider several questions
raised in previous studies of the Rivera plate [Atwater, 1970;
Larson, 1972; Sharman et al., 1976; Minster and Jordan,
1979; Klitgord and Mammerickx, 1982; Eissler and McNally,
1984]. Do plate motion data from the northern East Pacific
rise require a distinct Rivera plate? Is subduction of the
Rivera plate along the seismically quiescent Acapulco trench
(the Middle America trench north of 18.5°N ) required by
plate kinematic data, and if so, what does the predicted sub-
duction rate imply about the earthquake recurrence interval in
the Jalisco region of southwestern Mexico? We also consider
several questions not treated in prior studies. Has
Pacific-Rivera motion changed in the past 3 m.y.? Could
oblique subduction along the Middle America trench be related
to geologically observed sinistral slip along faults in
southwestern Mexico and extension across the Colima, Tepic-
Chapala (also known as the Tepic-Zacoalco), and Chapala rifts
in the Jalisco province of southwestern Mexico?

TECTONIC SETTING OF THE RIVERA PLATE

The tectonic setting of the tiny Rivera plate (~100,000
km?) is complex (Figure 1). Only the Pacific-Rivera rise and
Rivera transform fault (Figure 1), which record Rivera—Pacific
motion, are well understood and yield data suitable for con-
structing a kinematic model. The Pacific-Rivera rise is accu-
rately located from marine magnetic and bathymetric data
(Figure 2). The average profile spacing along the 360-km-
long rise is 10 km, 5-10 times more closely spaced than mag-
netic profiles across most mid-ocean ridges.

The Rivera Transform Fault

The Rivera transform fault, which offsets the southemn
Pacific-Rivera rise and northern Pacific—Cocos rise, took its
present arcuate shape at about anomaly 3 time, when spread-
ing along the Mathematician rise transferred to the northen
Pacific-Cocos rise [Klitgord and Mammerickx, 1982; Mam-
merickx, 1984; Mammerickx et al., 1988]. East of 107.5°W, a
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Seabeam survey shows two parallel transform valleys trending
~N70°W [Bourgois et al., 1988a]. The northern valley is sed-
imented and is thus interpreted by Bourgois et al. to be inac-
tive. Several magnitude 5.0 and larger earthquakes (Figure 1)
appear to be located in the northern transform valley [Eissler
and McNally, 1984], so some slip may still occur along these
faults. In the southern valley, which contains little sediment,
multiple fault traces connected by 1-2 km wide relay zones
(bold line in Figure 1) probably accommodate present-day
strike-slip motion [Bourgois et al, 1988a]. Pacific-Rivera
strike-slip motion may cease east of 18.50°N, 106.25°W,
where an isolated north trending rise segment identified from
Seabeam data [Bourgois et al., 1988a] intersects the southern
transform valley. This: rise segment is separated from the
northern Pacific-Cocos rise by a region of diffuse seismicity
south of the eastern Rivera fracture zone (Figure 1). Along
the Rivera transform west of 107.5°W, seismicity is more
diffuse and conventional bathymetry reveals several subparallel
valleys [Dauphin and Ness, 1990]. The fault or faults that
accommodate present-day slip cannot be determined from the
available seismicity or bathymetry; however, the trends of the
transform valleys and the slip directions of strike-slip earth-
quakes west of 107.5°W are predominantly N50°W-N60°W.

The Rivera-North America Boundary

The Rivera-North America boundary can be divided into
two distinct regions. The Acapulco trench, which is located
west of the Colima rift and north of the Rivera fracture zone
(Figure 1), extends to 21°N [Fisher, 1961]. Although Larson
[1972] interprets the low present level of seismicity along the
Acapulco trench and small sediment fill shown by seismic
reflection profiles across the Tres Marias escarpment and
Acapulco trench [Ross and Shor, 1965; Moore and Buffington,
1968] as evidence that subduction has ceased in the past few
million years, the Acapulco subduction zone is still active and
constitutes a seismic hazard [Kanamori, 1987]. A 300 km
segment of the Acapulco trench ruptured during the M,=8.2
June 3, 1932 and M,=7.8 June 18, 1932 earthquakes [Singh et
al., 1985]. These two earthquakes and their aftershocks
occurred along the continental margin west of the Colima rift,
coincident with the Acapulco trench [Eissler and McNally,
1984; Singh et al., 1985). Earthquake mechanism 32 (Figure
1; Table 1) is further evidence that subduction along the
Acapulco trench is active. North of 21°N, few observations
constrain the location or sense of deformation associated with
Rivera-North America motion. Some seismicity along the
Tres Marias escarpment and near the eastern Tamayo fracture
zone may indicate that these two features accommodate
Rivera-North America motion. Because no focal mechanisms
for large earthquakes along the Rivera-North America boun-
dary are available, no data from this boundary are used to
derive the kinematic model.

The Cocos—Rivera Boundary

Little is known about the Rivera—Cocos and Pacific-Cocos
boundaries near 18.5°N, 105.7°W, where the three plates
should meet. Diffuse seismicity in the region suggests that a
simple three plate model does not fully describe the local rela-
tive motions, and a Seabeam survey of the northern Middle
America trench and Acapulco trench indicates that neither the
Pacific—Cocos nor Cocos—Rivera plate boundaries near the tri-
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Fig. 1. Neotectonics of the Rivera plate region. Onshore normmal faults (hachured lines) are from Allan et al. [1990] and
Harrison and Johnson [1988]. Seafloor bathymetric and tectonic features are compiled from Klitgord and Mammerickx [1982],
Dauphin and Ness [1990], and Bourgois et al. [1988a,b]. East of 107.4°W, the active Rivera transform fault strand identified
from Seabeam data is shown with a bold line; inactive faults are dashed. The star shows the preferred location for the 1932
Jalisco earthquake [Eissler and McNally, 1984] and Vs show locations of active volcanoes [Harrison and Johnson, 1988].
Small solid circles show all shallow (<50 km) earthquakes recorded between January, 1967 and December, 1986 from the Na-
tional Geophysical Data Center Earthquake data file. Medium and large solid circles show all 1964-1976 earthquakes with
magnitudes larger than 4.8 that have been relocated by Eissler and McNally [1984]. Earthquake focal mechanisms are listed in
Table 1. Abbreviations are MT, Manzanillo trough; COFZ, Chapala-Oaxaca fault zone; CTFZ, Chapala-Tula fault zone; TMI,

Tres Marias Islands; TFZ, Tamayo fracture zone.

ple junction are discrete [Mammerickx, 1984; Bourgois et al.,
1988b]).  Eissler and McNally [1984] suggest that the
Rivera—Cocos boundary may be a NE trending, left-lateral
strike-slip boundary connecting the Rivera transform to the
Middle America trench. Alternatively, one or more E-W dex-
tral strike-slip faults may connect the northem end of the
Pacific—-Cocos rise to the Middle America trench [Bandy et al.,
1988]. Four earthquake focal mechanisms (30, 31, 34, 35 in
Table 1 and Figure 1) do not rule out either of the proposed
geometries.

Although no discrete Cocos—Rivera boundary has been
found, two grabens within soon-to-be subducted lithosphere
near the Pacific-Rivera—Cocos triple junction (Figure 1) were
located during a Seabeam, gravity, magnetic, and seismic sur-
vey [Bourgois et al., 1988b] (Figure 1). Bourgois et al. postu-
late that rifting along these two grabens is related to extension
along the Colima rift and Manzanillo trough east of the trench.
However, if subduction along the Acapulco trench is still
active, then deformation within oceanic lithosphere west of the
trench is probably unrelated to rifting within continental North

American lithosphere east of the trench. Deformation immedi-
ately west of the trench may instead be related to interaction
between the Rivera and Cocos plates before subducting
beneath western Mexico.

Because no data unambiguously define the plate geometry
near the triple junction, no data from this region are used to
derive Rivera plate motions.

Southern Mexico

Given that the Rivera-North America boundary is so
poorly defined, consideration of landward deformation is
relevant. Field work, mapping from air photos, and Landsat
Thematic Mapper images have defined active faults along the
Tepic-Chapala, Colima, and Chapala rifts in southwestern
Mexico that may be related to Rivera-North America tectonics
[Allan, 1986; Johnson and Harrison, 1989; Allan et al., 1990].

Radiometric ages for volcanics along the Colima and
Tepic-Chapala rifts indicate that the most recent pulse of vol-
canism began about 5 Ma [Allan, 1986], with some dates sug-
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Fig. 2. Magnetic anomaly correlations along the Pacific-Rivera rise. Small circles show age correlations; lineation trends are
interpreted from the age picks. Correlations are shown for the following reversals: The axial magnetic high (0.0 Ma), Jaramil-
lo (0.95 Ma), anomaly 2 (1.76 Ma), the center of anomaly 2A (3.00 Ma), and anomalies 3.1, 3.2, 3.2r-1, 3.3, 3A.1, and 3A.2
(3.89, 4.17, 4.46, 4.69, 5.54, and 5.95 Ma, respectively). Stippled areas delineate the limits of the continental slope. Asterisks
show all shallow (< 50 km) earthquakes recorded between January, 1963 and December, 1986. The arrow points to one track
with anomalies that are systematically mislocated relative to nearby satellite-positioned data.

gesting volcanism as early as 11 Ma. The total extensions
across the northern Colima rift and eastern Tepic-Chapala rifts,
1.5-3 km and 2-4 km respectively [Allan, 1986], imply exten-
sion rates slower than 1 mm yr !, although Allan et al. [1990]
suggest that the total extension across the southern Colima rift

is greater than across the northern Colima rift. The slow
extension rates are consistent with the near absence of seismi-
city along any of the rifts, although some aseismic deforma-
tion could occur. Any strike-slip motion along these rifts will
also contribute to the total deformation. Because extension
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TABLE 1. Epicentral Data and Source Parameters

No. Date Latitude, Longitude, M, Mechanismt Source

°N W 10% dyn cm
01 Dec. 8, 1982 22.58 106.91 0.2 160/90/180 Dziewonski et al. [1988a]
02 Feb. 9, 1976 21.63 106.59 7.1 92/52/086 Goff et al. [1987]
02A Jan. 31, 1989 22.18 107.29 1.7 276/14/173 Dziewonski et al. [1990a]
03 Aug. 24, 1985 21.75 108.42 25 165/81/-177 Dziewonski et al. [1986]
03A Feb. 10, 1989 21.40 108.70 2.0 265/90/180 Dziewonski et al. [1990a]
04 May 22, 1966 21.30 108.70 5.4 m, 148/90/180 Sykes [1970]
05 Feb. 17, 1984 20.50 109.23 14 57/72/16 Dziewonski et al. [1984]
06 May 8, 1983 19.99 109.41 1.8 336/69/-17 Dziewonski et al. [1988a]
07 May 8, 1983 19.95 109.35 2.9 141/90/180 Dziewonski et al. [1988a]
08 May 8, 1983 20.00 109.34 7.2 141/87/150 Dziewonski et al. [1983]
09 May 9, 1983 19.98 109.45 42 210/82/041 Dziewonski et al. [1983]
09A Jan. 23, 1967 19.88% 109.45% 53 m, 117/85/180 Molnar [1973]
10 Sept. 21, 1977 20.03 109.15 6.6 346/72/-106 Dziewonski et al. [1987a]
11 Jan. 25, 1985" 19.62 108.97 1.5 38/83/-20 Dziewonski et al. [1985]
12 July 8, 1985° 19.56 108.46 8.1 213/88/24 Dziewonski et al. [1986]
13 Aug. 8, 1966 19.46% 108.07% 5.3 my, 20/63/17 Molnar [1973]
14 June 3, 1969° 19.18% 107.41% 5.1 my, 195/70/000 Molnar [1973]
15 Dec. 6, 1965 18.99% 107.15% 59 m, 202/86/000 Sykes [1967]
16 Sept. 23, 1969 18.99% 106.99% 5.0 my, 116/80/180 Molnar [1973]
17 July 23, 1968" 18.82% 106.96% 5.4 my, 296/80/180 Molnar [1973]
18 Jan. 10, 1988" 19.77 109.17 32 220/87/000 Dziewonski et al. [1989b]
19 Nov. 14, 1987" 19.68 108.99 51 301/90/180 Dziewonski et al. [1989a]
20 Nov. 14, 1987" 19.76 108.96 34 309/90/180 Dziewonski et al. [1989a]
21 Jan. 4, 1986" 19.39 108.55 2.7 216/82/22 Dziewonski et al. [1987b]
22 Jan. 1, 1986 19.32 108.36 2.6 30/85/-13 Dziewonski et al. [1987b]
22A May 13, 1989° 19.25 108.70 0.2 199/69/002 Dziewonski et al. [1990b]
23 Nov. 1, 1980" 18.95 107.63 40 108/78/174 Dziewonski et al. [1988b]
24 Dec. 7, 1986° 18.90 107.20 18 288/83/-161 Dziewonski et al. [1987¢]
25 June 1, 1981° 18.73 107.03 25 18/90/000 Dziewonski and Woodhouse [1983]
26 Nov. 27, 1987° 18.55 107.13 2.4 201/74/000 Dziewonski et al. [1989a]
27 Nov. 9, 1986 18.57 106.86 1.4 280/90/180 Dziewonski et al. [1987¢]
28 July 24, 1968 18.34% 106.06% 5.0 my, 120/90/180 Molnar [1973]
29 Oct. 25, 1982 18.43 105.99 1.7 41/79/001 Dziewonski et al. [1988a]
30 Jan. 22, 1973 18.54 105.11 6.1 M, 99/86/190 Eissler and McNally [1984]
31 June 26, 1967 18.47% 105.12% 52 m, 95/75/161 Molnar [1973]
32 Oct. 18, 1973 19.46 104.93 6.0 m,, 305/18/89 Eissler and McNally [1984]
33 Aug. 3, 1988" 18.63 106.48 1.8 16/90/000 Dziewonski et al. [1989c¢]
34 Apr. 19, 1989 17.86 105.23 29 127/85/176 Dziewonski et al. [1990b]
35 Apr. 28, 1989 17.83 105.17 2.5 291/73/-173 Dziewonski et al. [1990b]

USGS epicenters are used for all Dziewonski et al. centroid-moment tensor solutions except February 10, 1989, whose centroid-moment tensor
epicenter is adopted for its proximity to the ridge. The USGS location for this epicenter is 21.56°N, 108.25°W.

* Earthquakes used to determine Pacific-Rivera direction (Table 2).

T Strike (degrees clockwise from N)/Dip (degrees clockwise rotation about strike)/Slip (degrees counterclockwise from strike, in nodal plane)

+ Epicentral location taken from Eissler and McNally [1984].

along the Tepic-Chapala and Colima rifts bounding the Jalisco
block is so slow, we treat the Jalisco block as part of North
America for a determination of the first-order kinematics.
Deformation in southwestern Mexico is discussed in more
detail later in the paper.

PACIFIC-RIVERA RATES AND DIRECTIONS

We determined Pacific-Rivera motion from three types of
data: 3.0-m.y.-average rates determined from surface ship
magnetic data across the Pacific—Rivera rise, fault trends deter-
mined from bathymetric data from the Rivera transform valley,
and the horizontal projections of slip vectors derived from
strike-slip earthquake focal mechanisms along the Rivera
transform.

All available surface ship magnetic and bathymetric
profiles crossing the Pacific-Rivera rise were obtained from
the National Geophysical Data Center (NGDC) and reduced to
34 profiles. The magnetic anomalies were correlated with the
reversal time scale of Harland et al. [1982]. Only anomalies

younger than about 6 Ma (anomaly 4) were correlated because
only the recent evolution of the Rivera plate is of interest here.
Our correlations (Figure 2) agree with previous analyses of
subsets of these data [Larson, 1972; Klitgord and Mammer-
ickx, 1982; Ness et al., 1990]. Correlations from adjacent
satellite-navigated and celestially navigated profiles show occa-
sional 2-10 km systematic offsets, comparable to the 2-5 km
errors estimated by Larson [1972] for celestially navigated
data. Anomaly correlations and spreading rates determined
from celestially navigated profiles were thus assigned larger
errors than those obtained from cruises navigated with satellite
fixes. An independent set of satellite-navigated magnetic
profiles give a nearly identical anomaly pattern [Lonsdale,
1990], but with less along-lineation scatter than derived from
pre-satellite navigated profiles.

The Pacific-Rivera magnetic lineations show a progressive
5°-15° clockwise rotation of the rise crest since about 5 Ma.
The present-day rise crest, which is well defined by the axial
magnetic high [Klitgord, 1976], trends N28°-N33°E, perpen-
dicular to the western Rivera transform. Magnetic lineations
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and Seabeam bathymetric swaths show at least three short
ridge offsets, each of which may accommodate oblique exten-
sion rather than strike-slip motion [Macdonald et al., 1980;
Lonsdale, 1989].

To determine spreading rates averaged over the center of
anomaly 2A (3.0 Ma), profiles were projected onto the direc-
tion orthogonal to anomaly 2A (Table 2), and were compared
to synthetic magnetic profiles at 1 mm yr ~! increments.
Twenty-four of the profiles appear to cross anomaly 2A on
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both sides of the rise without crossing fracture zones. These
profiles give rates ranging from 50 mm yr ! near the northern
end of the Pacific-Rivera rise to 57 mm yr ! near its southern
end (Table 2, Figures 3 and 4). One additional rate was deter-
mined from several partial profiles across the southemn 50 km
of the rise (Figure 2). The theoretical anomaly skewness
[Blakely and Cox, 1972], which was computed using the 1978
International Geomagnetic Reference Field for the ambient
field, an axial geocentric dipole model for the remanent field,

TABLE 2. Pacific-Rivera Data

Latitude, Longitude, Datum 4] Model 1 Ridge Source
°N W Strike
Pacific-Rivera 3.0-m.y.-Average Spreading Rates
22.60 108.28 50 5 48.7 0.066 N25°E NGDC Marsur 78
22.45 108.26 51 5 49.3 0.053 N25°E NGDC Marsur 77
22.39 108.42 50 3 49.9 0.119 N25°E NGDC Golfo 81
22.18 108.53 53 5 51.0 0.027 N25°E NGDC Marsur 78
21.98 108.50 52 5 513 0.027 N20°E NGDC DSDP 63
21.95 108.50 51 4 51.4 0.040 N20°E NGDC Gam 2
21.92 108.56 52 4 51.6 0.037 N20°E NGDC Golfo 81
21.86 108.50 54 4 51.8 0.034 N20°E NGDC Baja 76
21.82 108.59 52 2 521 0.119 N20°E NGDC Iguana 1
21.82 108.59 52 2 52.1 0.119 N20°E NGDC Kana Keoki 7401
21.80 108.64 52 2 523 0.112 N20°E NGDC Coco Tow 4
21.73 108.68 53 2 527 0.099 N20°E NGDC Iguana 5
21.67 108.71 53 2 53.0 0.091 N20°E NGDC Marsur 78
21.52 108.88 54 4 54.0 0.021 N20°E NGDC Gam 2
21.43 109.00 55 2 54.6 0.095 N20°E NGDC Wel 75
21.27 108.93 55 4 55.2 0.029 N20°E NGDC Gam 2
21.15 108.85 55 2 55.6 0.138 N20°E NGDC Marsur 78
21.04 108.93 57 2 56.3 0.179 N20°E NGDC FD 7707
21.00 108.94 58 3 56.5 0.086 N20°E NGDC Marsur 78
20.97 108.98 55 4 56.7 0.053 N20°E NGDC Gam 1
20.89 109.03 57 4 57.1 0.063 N20°E NGDC Cento 1
20.82 109.11 54 5 57.6 0.048 N20°E NGDC Gam 1
20.81 109.21 57 5 57.8 0.052 N20°E NGDC Aria 3
20.75 109.15 55 4 57.9 0.086 N20°E NGDC Marsur 78
20.30 109.30 57 6 60.2 0.079 N20°E NGDC Marsur 77, Dolpho 2
Tortuga 3
Rivera Transform Fault Trends
19.40 108.50 N61°W 5° N65.8°W 0.193 Dauphin and Ness [1990]
18.75 107.25 N72°W 5° N71.3°W 0.136 Bouwrgois et al. [1988a]
18.67 107.00 N74°W 3° N72.3°W 0.384 Bourgois et al. [1988a]
18.60 106.45 N78°W 5° N74.4°W 0.157 Bourgois et al. [1988a]
Rivera Transform Fault Slip Vectors
19.77 109.17 N50°W 20° N62.8°W 0.019 CMT Jan. 10, 1988
19.68 108.99 N59°W 15° N63.6°W 0.028 CMT Nov. 14, 1987
19.62 108.97 N52°W 20° N63.8°W 0.015 CMT Jan. 25, 1985
19.76 108.96 NS1°W 20° N63.6°W 0.016 CMT Nov. 14, 1987
19.34 108.72 N54°W 20° N65.2°W 0.013 CMT Jan. 4, 1986
19.56 108.46 N56°W 20° N65.7°W 0.012 CMT July 8, 1985
19.06 108.32 N60°W 20° N67.0°W 0.010 CMT Jan. 1, 1986
19.25 108.24 N70°W 25° N67.0°W 0.007 CMT May 13, 1989
19.46 108.07 N70°W 15° N67.2°W 0.019 Molnar [1973] Aug. 8, 1966
18.95 107.63 N71°W 15° N69.6°W 0.016 CMT Nov. 1, 1980
19.18 107.41 N75°W 15° N71.1°W 0.016 Molnar [1973] June 3, 1969
18.90 107.20 N74°W 15° N71.2°W 0.015 CMT Dec. 7, 1986
18.99 107.15 N68°W 15° N71.3°W 0.016 Sykes [1967] Dec. 6, 1965
18.55 107.13 N70°W 20° N72.0°W 0.008 CMT Nov. 27, 1987
18.73 107.03 N72°W 15° N72.1°W 0.015 CMT June 1, 1981
18.82 106.96 N67°W 15° N72.2°W 0.016 Molnar [1973] July 23, 1968
18.57 106.86 N8O°W 20° N72.9°W 0.009 CMT Nov. 9, 1986
18.63 106.48 N74°W 20° N74.2°W 0.010 CMT Aug. 3, 1988

Rates and rate uncertainties are in units of millimeters per year. Rates determined from National Geophysical Data Center data are referenced
NGDC. Azimuths are measured in degrees clockwise from north. Slip vectors referenced as CMT are determined from centroid-moment tensor
solutions. Data importances (1) measure the relative contributions of data to the model.
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Fig. 3. Magnetic profiles along the northemn Pacific-Rivera rise. The
profiles, which are projected onto N70°W, are typical of the best profiles
along the rise. Comparison with the 52 mm yr ~! synthetic profile (bot-
tom) suggests a southward increasing rate. The center of anomaly 2A
northwest of the rise is aligned; the center of anomaly 2A southeast of
the rise is marked by a small dot. The rise crest, as identified from the
axial magnetic high and bathymetry, is marked by an arrow. Left to
right represents northwest to southeast.

and an average N20°E trend for anomaly 2A, is only 36°.
Thus the anomalies are nearly symmetric and are easy to iden-
tify. To check the accuracy of the anomaly correlations and
spreading rates determined from the original data, we reduced
two magnetic profiles to the pole by the computed 36° skew-
ness and recorrelated them. The correlations and best fitting
spreading rates are identical to those determined from the ori-
ginal data. We also determined spreading rates that best fit
anomaly 2 (1.7 Ma) and the central (Brunhes) anomaly (0.7
Ma). The resulting sequence of post-3 Ma spreading rates
permits us to assess the magnitude of any post-3 Ma spreading
accelerations.

The Pacific-Rivera direction is given by four measure-
ments of Rivera transform azimuths and 18 earthquake slip
vectors, all located west of 106.25°W (Table 2). The N61°W
trend measured from a compilation of bathymetric data along
the western Rivera transform [Dauphin and Ness, 1990] agrees
well with trends determined by Sharman et al. [1976] and
Larson [1972] from older bathymetric maps. East of
107.5°W, Seabeam data define bathymetric lineations that may
accommodate slip [Bourgois et al., 1988a]. We measured
three fault trends from the Seabeam data and assigned uncer-
tainties based on a subjective assessment of the linearity and
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Fig. 4. Magnetic profiles along the southem Pacific-Rivera rise. The
profiles, which are projected onto the N70°W, are typical of the best
profiles along the rise. Comparison with the 55 mm yr~! synthetic
profile (bottom) suggests a southward increasing rate. The center of
anomaly 2A northwest of the rise is aligned; the center of anomaly 2A
southeast of the rise is marked by a small dot. The rise crest, as
identified from the axial magnetic high and bathymetry, is marked by an
arrow. The slope in the Gam 2 profile does not affect the anomaly
correlations or the inferred spreading rate. Left to right represents
northwest to southeast.

length of the fault, and the ease with which we could distin-
guish it from surrounding seafloor features. The typical meas-
urement uncertainty associated with these lineations is 3°-5°.
Earthquake focal mechanisms used to determine the
Pacific-Rivera direction are chosen using the following cri-
teria: (1) The earthquake is strike-slip. (2) The focal mechan-
ism is well constrained by first motion or body wave data. (3)
The earthquake is located along the Rivera transform fault.
Earthquakes 3-5 are omitted because they occur near short rise
offsets where deformation may be more complex than simple
strike-slip motion [Macdonald et al., 1980; Lonsdale, 1989].
Earthquakes 6-9A are omitted because of their proximity to
the ridge-transform intersection, where local deviations from
transform-parallel slip may occur [Fox and Gallo, 1984;
Engeln et al., 1986]. Earthquake 10 is omitted because it is a
normal faulting event. Earthquakes 28-31 and 34-35 are
omitted because they occur east of the region where we are
confident that Pacific-Rivera motion occurs (Figure 1).

TEST FOR A DISTINCT RIVERA PLATE

We first tested whether the Rivera plate is a southward
oceanic extension of North America or a northward salient of
the Cocos plate. Such a test is practical and useful for two
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reasons. First, data from the Pacific-Rivera rise and Rivera
transform are now numerous and accurate enough to make a
strong test. Second, estimates of the present-day rates of
Pacific-North America and Pacific-Cocos motion differ
significantly from those used in previous studies. Five mag-
netic profiles from the Gulf of California give a 3.0-m.y.-
average Pacific-North America spreading rate of 48 mm yr !
[DeMets et al., 1987)], 10 mm yr ! slower than previous esti-
mates, but consistent with the 49-50 mm yr ' Pacific-North
America rate required by global plate circuit closures [DeMets
et al., 1990] and very long baseline interferometry measure-
ments [Clark et al., 1987; Argus and Gordon, 1990; Ward,
1990]. Pacific-Cocos motion estimated from 25 magnetic
profiles crossing the Pacific-Cocos rise and the NUVEL-1
Pacific-Cocos Euler vector is 10 mm yr~ systematically
slower than given by previous global plate motion models
[Chase, 1978; Minster and Jordan, 1978].

Prior analyses that tested for an independent Rivera plate
by comparing Pacific-Rivera rates and azimuths to
Pacific-North America rates and azimuths from the Gulf of
California reached a variety of conclusions. Atwater [1970]
and Larson [1972] concluded that the Rivera plate moves with
North America, but Molnar [1973] concluded that the Rivera
plate is separate from North America. Sharman et al. [1976]
suggested that the Gulf of California and Rivera transform
azimuths are too scattered to resolve a separate Rivera plate.
Minster and Jordan [1979] and Eissler and McNally [1984]
assumed that the Rivera plate is kinematically independent
because of the 8-10 mm yr™! difference between
Pacific-Rivera rates just south of the Tamayo transform and
the 58 mm yr ! RM2 Pacific-North America rate they used
for the southern Gulf of California [Minster and Jordan,
1978].

We compared the observed rates and azimuths along the
Pacific—Rivera rise and Rivera transform to those predicted by
the NUVEL-1 Pacific-North America and Pacific-Cocos Euler
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vectors (Figure 5). Because data from the Pacific-Rivera rise
and Rivera transform were not used to derive the NUVEL-1
model, the NUVEL-1 Pacific-North  America and
Pacific—-Cocos Euler vectors give unbiased predictions for this
test. If the Rivera plate is part of North America, the
Pacific-North America Euler vector should fit the
Pacific-Rivera data nearly as well as the Pacific-Rivera best
fitting vector, which is derived by minimizing the weighted,
least squares misfit to Pacific-Rivera rise and Rivera transform
data (Table 2) using fitting functions described by DeMets et
al. [1990]. Similarly, if the Rivera plate is part of the Cocos
plate, the rates and directions predicted by the Pacific-Cocos
Euler vector should fit the Pacific-Rivera rise spreading rates
and Rivera transform data. We find instead that
Pacific-Rivera rates and azimuths differ systematically from
those predicted by both the NUVEL-1 Pacific-North America
and Pacific-Cocos Euler vectors (Figure 5). These systematic
misfits are strong evidence for a distinct Rivera plate. The
Pacific-North America and Pacific-Cocos Euler vectors misfit
the three eastern Rivera transform fault azimuths measured
from Seabeam data by 3-5 times their estimated uncertainties,
and systematically misfit the earthquake slip vectors.

We tested the statistical significance of these misfits using
the F-ratio test for an additional plate [Stein and Gordon,
1984]. Here, the F-ratio test determines whether the improved
fit of the Pacific-Rivera best fitting vector relative to fits of the
Pacific-North America or Pacific-Cocos Euler vectors exceeds
that expected solely because the three model parameters that
describe the best fitting vector are permitted to vary so as to
minimize the total weighted least squares misfit to the data.
The weighted least squares misfit to a datum is defined as the
square of the difference between a predicted and observed rate
or azimuth divided by the assigned uncertainty. The F-ratio
test takes the form
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Fig. 5. Plate motion data from the Gulf of California, Pacific-Rivera rise, Rivera transform, and northem Pacific-Cocos rise
compared to rates and azimuths predicted by the NUVEL-1 Pacific-North America and Pacific-Cocos Euler vectors.
Pacific-Rivera rates (upper) and azimuths (lower) are systematically misfit by predictions of the Pacific-North America
(dashes) and Pacific-Cocos (dotted line) Euler vectors, suggesting the Rivera plate is distinct from North America and Cocos.
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where 2} is the least squares misfit of an alternative model
(e.g., the Pacific-North America or Pacific-Cocos Euler vec-
tor) to the Pacific-Rivera data, yZ, is the least squares misfit
of the Pacific-Rivera best fitting vector, and N is the number
of Pacific-Rivera data. Values of F that exceed those com-
puted for the 95% or 99% confidence levels indicate that data
along the Pacific-Rivera rise and Rivera transform do not
record motion of the Pacific plate relative to North America or
Cocos. We use the F-ratio test instead of a chi-square test
because the F-ratio test is insensitive to systematic overesti-
mates or underestimates of errors in the data.

A comparison of the fit of the NUVEL-1 Pacific-North
America Euler vector to that of the Pacific-Rivera best fitting
vector using equation (1) gives F=193. A similar com-
parison using the NUVEL-1 Pacific-Cocos Euler vector gives
F = 395, significantly higher than the 99% confidence level in
both cases (F3 44001 = 4.3). The large values of F are attribut-
able to the factor of 10 and greater increase in the reduced
chi-square %2, where %2 = x%(N-3), of the alternative models
relative to xv2 for the Pacific-Rivera best fitting vector. We
thus conclude that data along the Pacific—Rivera rise and the
Rivera transform do not record Pacific-North America or
Pacific-Cocos motion, and the Rivera plate is tectonically dis-
tinct.

A statistical test for an independent Rivera plate using the
NUVEL-1 Pacific-North America and Pacific-Cocos Euler
vectors is a strong test because the NUVEL-1 Euler vectors
are derived from data from around the world and satisfy the
redundant closure requirements in a global plate circuit. As a
result, they are typically more accurate than Euler vectors
determined from isolated data sets. Any systematic biases
attributable to circuit nonclosures or errors in data collection
and processing are minimized through the least squares adjust-
ment. Systematic misfits of NUVEL-1 to the data used to
derive the model are everywhere less than 2-3 mm yr~! and
2°-5° [DeMets et al., 1990], which suggests that any sys-
tematic biases, unless they pervade data from entire ocean
basins or classes of plate boundaries, are small.
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KINEMATIC MODEL

Although no data that unambiguously record Rivera—North
America or Rivera-Cocos motion are available, Rivera plate
motions relative to North America and Cocos are predicted by
summing the Rivera-Pacific 3.0-m.y.-average Euler vector
with the NUVEL-1 Pacific-North America and Pacific-Cocos
3.0-m.y.-average Euler vectors. Rivera plate Euler vectors and
the uncertainties derived from the model covariances are listed
in Table 3. The Pacific-Rivera covariance matrix is given in
Table 4. Each of the 3.0-m.y.-average Euler vectors listed in
Table 3 is consistent with closure constraints in the NUVEL-1
model.

The Pacific-Rivera best fitting vector fits the
Pacific-Rivera data well, although the fit to the Rivera
transform azimuthal data is somewhat problematic (Figure 6).
For the best fitting vector, 2 is 0.16, comparable to 2
observed for the best fits to spreading ridge data in the
NUVEL-1 data set. The low value of x2 suggests that the
assigned data uncertainties have been overestimated by a fac-
tor of 3, resulting in standard model uncertainties that are
comparable to 2-3¢ uncertainties. The Minster and Jordan
[1979] Pacific-Rivera Euler vector misfits the trend of the
3.0-m.y.-average rates and differs from the best fitting vector
(Figure 6). The difference between the best fitting
Pacific-Rivera Euler vector and that of the Minster and Jordan
[1979] Euler vector is significant: F = 48, well above the 99%
threshold of F3‘44;o.01=4.3.

As shown in Figure 6, the fit to the north-to-south gradient
in Pacific-Rivera rise spreading rates is better than the fit to
the Rivera transform azimuths. The best fitting vector fits the
three Seabeam-derived fault trends east of 108.3°W, but sys-
tematically misfits azimuths west of 108.3°W. There are
several plausible explanations for the systematic misfit. One
possibility is that the tectonics of the Rivera plate have
changed since 3.0 Ma. If so, the 3.0-m.y.-average rates are
incompatible with the azimuthal data, which probably average
over a shorter time interval. The transfer of spreading from

TABLE 3. Model Euler Vectors

Error Ellipse
Plate Latitude, Longitude, o, O Omin Coiax Og»
Pair °N °E deg-m.y. ! deg-m.y. !
3.0-m.y.-Average Euler Vectors
Rivera—Pacific 31.0 -102.4 2.562 3.6 0.6 21 0.596
Rivera—North America 22.8 -109.4 1.883 1.8 0.6 -57 0.607
Rivera—Cocos 6.7 -83.6 0.565 38.8 1.8 -56 0.48
1.7-m.y.-Average Euler Vector
Rivera—Pacific 29.8 -102.9 2918 1.9 0.5 22 0.399
0.7-m.y.-Average Euler Vectors
Rivera—Pacific 279 -103.8 3.986 1.2 0.4 21 0.433
Rivera—North America 22.6 -108.0 3.32 0.7 0.4 -45 0.44

The first plate moves counterclockwise relative to the second plate. Gyax and Oy are the angular lengths of the semi major and semi minor
axes of the standard error region derived from the model covariances. {yax is the orientation of the major axis in degrees. The rotation rate uncer-
tainty is determined from a one-dimensional marginal distribution, whereas the lengths of the principal axes are determined from a two-dimensional
marginal distribution.
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TABLE 4. Rivera—Pacific Variance-Covariance Matrix
(Cartesian Pacific-Fixed Coordinates)

x y z
x 80364 267302 -106199
y 267302 900297 -356095
z -106199 -356095 141177

Units are 10710 rad%/m.y.2 Rows and columns are listed in the fol-
lowing order of components: x (O°N, 0°E), y (0°N, 90°E), z (90°N).

the Mathematician rise to the Pacific-Cocos rise [Mammerickx,
1984] that was completed shortly before 3.0 Ma more than
doubled the length of the Rivera transform and transferred
roughly half of the area of the Rivera plate that was subduct-
ing along the northern Middle America trench to the Cocos
plate. The Rivera transform and the other boundaries of the
Rivera plate probably evolved in response to the reorganiza-
tion. Multi-beam mapping of other Pacific basin transforms
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[e.g., Macdonald et al., 1979; Searle, 1983; Madsen et al.,
1986] indicates that transforms evolve on time scales of 1 m.y.
or less. The present-day Pacific-Rivera slip direction could
thus differ from the 3.0-m.y.-average direction by several
degrees. When 0.7-m.y.-average spreading rates, which have
a steeper north-to-south gradient than the 3.0-m.y.-average
rates, are inverted with the Rivera transform data, the 0.7-
m.y.-average best fitting vector fits the Rivera transform
azimuths better than the 3.0-m.y.-average model (Figure 6).
The shallow gradient in the 3.0-m.y.-average rates forces the
Euler pole too far from the Rivera transform to permit a good
fit to the azimuths, which change rapidly along the transform.
Thus at least some of the azimuthal misfit is caused by a
time-averaging discrepancy between the rate and directional
data. Some of the misfit may go away once fault trends in the
western Rivera transform valley are determined through swath
mapping. A 3°-4° revision in the trend of the western part of
the transform would resolve the entire discrepancy between the
transform azimuths on the east and west ends of the transform,
although it would fail to explain why earthquake slip vectors
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Fig. 6. Rates along the Pacific-Rivera rise and azimuths along the Rivera transform compared with rates and azimuths given
by 3.0-m.y.-average and 0.7-m.y.-average Pacific-Rivera best fitting Euler vectors and the Euler vector determined by Minster
and Jordan [1979] (MJ [1979]). The upper diagram compares rates averaged over the width of the central anomaly (0.7 Ma),
anomaly 2 (1.7 Ma), and anomaly 2A (3.0 Ma). The Minster and Jordan [1979] Euler vector systematically misfits both sets
of rates. Slip vectors 4-9A and 28-29 were not used to determine Pacific-Rivera motion.
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along the western part of the transform are systematically
misfit. A final possible explanation for the systematic misfit is
that some of the lithosphere bordering parts of the Rivera
transform valley may be deforming and the transform cannot
be treated as a discrete Pacific-Rivera boundary. This possi-
bility is suggested by the multiple subparallel valleys and
apparent diffuse seismicity along much of the transform.

Because of the possibilities that some or all of the Rivera
transform fault may not be a discrete Pacific-Rivera boundary,
that time-averaging problems may affect our 3.0-m.y.-average
model, and that incomplete mapping of the western Rivera
transform may give a Pacific-Rivera direction several degrees
different from the true slip direction, the formal uncertainties
derived from inversion of the 3.0-m.y.-average data may be
too small. The following discussion of Rivera-North America
and Rivera-Cocos motion thus includes consideration of
several alternative models, including 1.7-m.y.-average and
0.7-m.y.-average models.
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MODEL PREDICTIONS

Rivera-North America

The Rivera-North America Euler vector derived here
requires nearly orthogonal convergence varying from 6 mm
yr! along the eastern Tamayo fracture zone to 20 mm yr
along the southern Acapulco trench (Figure 7). If subduction
along the Acapulco trench had ceased in the past few million
years, the predicted convergence between Rivera and North
America would have to be accommodated elsewhere, possibly
within the Rivera plate or within southwestern Mexico. Since
no such deformation has been observed, it seems likely that
convergence occurs as slow subduction along the Acapulco
trench and possibly as underthrusting beneath the Tres Marias
islands and escarpment. Although there is presently much less
seismicity along the Acapulco trench than along the Middle
America trench to the south where the Cocos plate is subduct-
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Fig. 7. Rivera-North America and Cocos—North America linear velocity vectors predicted by 3.0-m.y.-average Euler vectors
(Table 3). Arrows show velocity predictions at the origin of each vector, and the standard error ellipses represent the two-
dimensional velocity uncertainties extracted from the model covariances. Rivera-North America velocities are shown for four
models, the 3.0-m.y.-average model, the Minster and Jordan [1979] model, and models E and W, which are discussed in the
text. The Minster and Jordan [1979] model predicts motion significantly counterclockwise from that predicted by the models
derived here.
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ing, the low level of seismicity need not preclude subduction;
there is also little seismicity along the southern Chile trench,
where subduction occurs at a similar ~20 mm yr ! rate.

To examine how uncertainties about the present-day slip
direction along the Rivera transform affect the Rivera-North
America velocities predicted from closure of the
Pacific-Rivera—North America plate circuit, we tested two
end-member models for the behavior of the Rivera transform.
In one case (model W), we assumed that only the azimuths
located west of 108.3°W accurately record the 3.0-m.y.-
average Pacific-Rivera direction; in the other case (model E),
we used azimuths from east of 108.3°W to constrain the 3.0-
m.y.-average Pacific-Rivera direction. For model E, we found
that Rivera-North America velocities along most of the boun-
dary were similar to those of the preferred 3.0-m.y.-average
model. For model W, Rivera-North America velocities were
a few degrees clockwise and 50% or more slower than the
preferred 3.0-m.y.-average model. Model W suggests that
convergence along nearly the entire boundary north of the
Acapulco trench is negligible. This analysis demonstrates that
estimates of the Rivera—North America velocities depend criti-
cally on what we assume about motion along the Rivera
transform. Small changes in the Rivera—North America Euler
pole, which is located close to the Rivera plate, give large
changes in the predicted Rivera-North America velocities.

The 3.0-m.y.-average model and models E and W all give
velocities slower than and clockwise from those predicted by
the Minster and Jordan [1979] model (Figure 7). At 19.4°N,
105.0°W, near the only earthquake mechanism (32) that
appears to record Rivera-North America subduction, the
predicted convergence of 1943 mm yr ' directed N40°E+5° is
consistent with the N36°E slip direction from this earthquake
mechanism (Figure 1). (The quoted uncertainties are 16 and
are determined through linear propagation of errors using the
full covariance matrix.) The predicted motion differs from the
22 mm yr !, N19°E velocity predicted by Minster and Jordan
[1979]. At 21.5°N, 106.8°W, along the Tres Marias escarp-
ment, the predicted velocity of 1043 mm yr ™, N29°E+9° is
nearly normal to the escarpment and is 54° clockwise from the
12 mm yr !, N25°W velocity predicted by Minster and Jor-
dan [1979]. Earthquake 2 (Figure 1) [Goff et al., 1987] gives
a convergence direction (NO2°E) midway between the predic-
tions of the two models.

At 22.6°N, 107.5°W, near the eastern Tamayo fracture
zone, the predicted velocity is 613 mm yr -1 directed
N7°E+22°, 8 mm yr ! slower than and 66° clockwise from the
14 mm yr !, N59°W velocity predicted by Minster and Jor-
dan [1979]. Neither of the small earthquakes near 22.5°N,
107°W (1 and 2A) unambiguously supports either model.

Given that the Pacific-Rivera half-spreading rate exceeds
the Rivera—North America convergence rate, the Rivera plate
is not subducting into extinction, as did other fragments of the
Farallon plate. The increase in the area of the Rivera plate
from Pacific-Rivera spreading (~9700 km?%m.y.) exceeds the
area lost to subduction along the Acapulco trench (~6600
km?%m.y.). Interestingly, the Rivera-North America conver-
gence rate along the Rivera-North America plate boundary
decreases more rapidly to the north than does the
Pacific-Rivera spreading rate, suggesting that the net accretion
rate increases to the north.

Rivera—Cocos
The Cocos—Rivera Euler vector predicts 29+4 mm yr %,
N30°E+5° motion of the Cocos plate relative to a fixed Rivera
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plate at 18.6°N, 105.2°W. At the same location, the Eissler
and McNally [1984] and Bandy and Yan [1989] models for
Rivera—Cocos motion predict motion of 29 mm yr ~*, N51°E,
and 21 mm yr~}, NI13°E, respectively. Depending on the
orientation of the seafloor structures that accommodate
Rivera—Cocos motion, sinistral strike-slip, convergence, or
some combination of the two would be expected given the
predicted velocity. As noted by Eissler and McNally [1984],
two strike-slip earthquakes (30 and 31) may record deforma-
tion between the two plates. It is unclear how and where con-
vergence might be accommodated, and the relationship of the
two seafloor grabens that extend west from the trench near
where the Rivera and Cocos plates may intersect (Figures 1
and 7) to any convergent or strike-slip motion is also unclear.

TIME VARIABLE PACIFIC-RIVERA MOTION AND
IMPLICATIONS FOR RIVERA-NORTH AMERICA KINEMATICS

To examine possible time variations in Pacific-Rivera mo-
tion, we also determined spreading rates averaged over the
past 1.7 m.y. and 700,000 years (Figure 6). The 0.7-m.y.-
average rates are 10-20% faster than the 3.0-m.y.-average
rates, but the 1.7-m.y.-average rates are only marginally faster.
The three sets of rates suggest that the Pacific-Rivera Euler
vector has migrated closer to the Rivera plate since 3.0 Ma
and the spreading gradient has correspondingly increased
(Table 3). A recent determination of Rivera—Pacific motion
since 1 Ma predicts rates and directions within 2 mm yr ~ and
3° of those predicted by our model [Bandy and Yan, 1989].
The post-3 Ma change in spreading rates and the migration of
the Pacific-Rivera Euler vector suggest that Rivera plate
kinematics are still evolving, probably in response to the ~3.4
Ma cessation of spreading along the Mathematician rise that
established the Rivera transform as the southern boundary of
the Rivera plate [Mammerickx and Klitgord, 1982; Mammer-
ickx et al., 1988].

If Pacific-North America motion has remained relatively
constant over the past 3 m.y., then a post-3 Ma increase in the
Pacific-Rivera spreading rate implies a corresponding increase
in the Rivera-North America convergence rate. Pacific-North
America Euler vectors derived from very long baseline inter-
ferometric measurements between 1983 and 1987 differ little
from the NUVEL-1 Pacific-North America Euler vector, sug-
gesting that Pacific-North America motion has changed little
since 3 Ma [Argus and Gordon, 1990; Ward, 1990]. Given
that Pacific-North America motion appears to have changed
little since 3 Ma, we constructed a Rivera—North America
0.7-m.y.-average model by combining the 0.7-m.y.-average
Pacific-Rivera Euler vector (Table 3) with the NUVEL-1
Pacific-North America Euler vector. As expected, velocities
predicted by the 0.7-m.y.-average Rivera-North America
model are faster than and clockwise from those predicted by
the 3.0-m.y.-average model. For instance, at 18.9°N,
105.2°W, the 0.7-m.y.-average model predicts motion of 29+3
mm yr !, N55+4°E, 9 mm yr ! faster than and 10° clockwise
from motion predicted by the 3.0-m.y.-average model. These
results suggest that subduction along the Acapulco trench may
be up to 50% faster than given by the 3.0-m.y.-average model.
A better estimate of the Rivera-North America convergence
rate since 0.7 Ma requires either a more accurate estimate of
0.7-m.y.-average Pacific-North America motion or geodetic
measurements to markers anchored on Rivera seafloor.
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EARTHQUAKE REPEAT TIMES IN THE JALISCO REGION

An accurate description of Rivera—North America motion
is necessary for estimating earthquake recurrence intervals in
the Jalisco region, where historic data suggest occasional large
earthquakes [McNally and Minster, 1981; Astiz and Kanamori,
1984; Eissler and McNally, 1984; Singh et al., 1985; Anderson
et al. 1989]. Singh et al. [1985] estimate a recurrence period
of 77 years for a convergence rate of 20 mm yr ! along the
Acapulco trench, similar to the 70-100 year interval derived
from the 1943 mm yr ! convergence rate predicted by the
3.0-m.y.-average model at 19.4°N, 105°W. For the 27+5 mm
yr ' convergence rate predicted by the 0.7-m.y.-average
Rivera—North America model at 19.4°N, 105°W, the
recurrence interval becomes 48-70 years, close to the present
interval of seismic quiescence. However, given the uncertain-
ties about the nature of slip along the Rivera transform dis-
cussed above, the 155 cm of seismic slip released in the 1932
earthquakes [Singh et al., 1985] could take as long as 130
years to accumulate. Time variable plate motion, an unknown
amount of aseismic slip in the subduction zone, and our
present state of knowledge about the Rivera transform
kinematics lend considerable uncertainty to our estimate of the
recurrence interval for the Jalisco region.

OBLIQUE SUBDUCTION ALONG THE MIDDLE AMERICA TRENCH
AND IMPLICATIONS FOR DEFORMATION IN MEXICO

In the remainder of the paper, we discuss the hypothesis
that oblique subduction of the Cocos plate causes slivers of
southwestern Mexico to move several mm yr ' toward the
southeast relative to stable North America. We present several
lines of evidence that suggest that opening along the Colima
rift and slip along the Trans-Mexican Volcanic Belt and
Chapala-Oaxaca fault zone are consistent with such a model.
This hypothesis originates in geologic, seismologic, paleomag-
netic, and plate motion studies that indicate that oblique sub-
duction commonly causes rotations and trench-parallel transla-
tions of crustal blocks that are trapped between a subducting
oceanic plate and the stable interior of an overlying plate
[Fitch, 1972; Seno, 1985; Beck, 1986; Beck et al., 1986; Jar-
rard, 1986; Geist et al., 1988; DeMets et al., 1990]. Because
block rotations and translations result in divergence and con-
vergence at the trailing and leading edges of crustal blocks,
deformation consisting of extension (pull-apart basins or rifts),
compression, and strike-slip faulting is to be expected inboard
from trenches where subduction is oblique.

A model for deformation in southwestern Mexico should
include the subducting Rivera and Cocos plates, the Jalisco
block, which overlies subducted Rivera plate, the Michoacan
and Guerrero blocks, which overly the subducting Cocos plate,
and the North American plate (Figure 8). Four principal zones
of deformation, the Tepic-Chapala rift, the Colima rift, the
Chapala-Oaxaca fault zone, and the Trans-Mexican Volcanic
Belt, which includes the Chapala rift and Chapala-Tula fault
zone (Figure 1), separate the Jalisco, Michoacan, and Guerrero
blocks, and North American plate. Too few observations exist
to present a unique kinematic model for the motions of these
blocks. We thus focus on using rigid-plate constraints
imposed by the NUVEL-1 model for Cocos—North America
motion to estimate the maximum present-day rate of deforma-
tion within western Mexico. We demonstrate that the
predicted rate and direction of present-day deformation are
consistent with geologic observations of Plio-Pleistocene
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deformation along the Trans-Mexican Volcanic Belt, the
Chapala-Oaxaca fault zone, and the Colima rift.

Geologic and Seismologic Evidence for Southeastward Motion
of the Guerrero and Michoacan Blocks

The N33°E+1° Cocos-North America convergence direc-
tion given by NUVEL-1 along the northern Middle America
trench is 12° clockwise from the N22°E+2° direction normal
to the trench. Jarrard [1986] observes that oblique conver-
gence along trenches is commonly partitioned into subduction
nearly normal to the trench and along-trench translation of
slivers of the overriding plate. Given the observed clockwise
sense of obliquity, post-3 Ma sinistral displacements and/or
counterclockwise rotations of the Michoacan and/or Guerrero
blocks relative to North America might then be expected.

Geologic data along two fault systems in western Mexico
are consistent with southeastward motion of parts of
southwestern Mexico relative to North America in the past few
m.y. Harrison and Johnson [1988] infer sinistral slip along
the trench-parallel Chapala-Oaxaca fault zone and the east-
west trending Chapala-Tula fault zone, which coincides along
much of its length with the Trans-Mexican Volcanic Belt, a
continental volcanic arc probably related to the subduction of
the Cocos plate beneath North America [Molnar and Sykes,
1969; Nixon, 1982; Suarez and Singh, 1986] (Figures 1 and 8).
The Chapala-Oaxaca fault zone, a 700-km-long system of
trench-parallel faults and fractures southeast of the Colima rift,
is well defined by structures interpreted from Landsat
Thematic Mapper imagery, and appears to have accommodated
several kilometers of sinistral slip since 5 Ma [Harrison and
Johnson, 1988]. Along the Chapala-Tula fault zone, the align-
ment of north dipping, right stepping en echelon normal faults
that cut Plio-Quaternary volcanic deposits is consistent with
active transtension with a sinistral component. Pasquaré et al.
[1988] infer sinistral shear, though in a more E-W direction
than Harrison and Johnson, along the central sector of the
Trans-Mexican Volcanic Belt from structural analyses of folds,
faults, lineaments, and cleavages in Early-Late Pleistocene
rocks.

If, as the evidence suggests, sinistral slip occurs along
either or both of these fault systems, then earthquake slip vec-
tors from the northern Middle America trench record subduc-
tion of the Cocos plate beneath a coastal block that is moving
relative to North America. A linear velocity vector triangle
between the Cocos, North America, and a southeastward mov-
ing coastal block (Figure 8) suggests that earthquake slip vec-
tors from the northern Middle America trench should trend
systematically  counterclockwise  from the predicted
Cocos-North America direction. As shown in Figure 8, the
predicted counterclockwise bias is observed for slip vectors
located west of 98°W. Thus the sense of obliquity predicted
from the NUVEL-1 model, geologic evidence for recent defor-
mation in southwestern Mexico, and slip vectors from the
northern Middle America trench are all consistent with a
model in which the Michoacan and Guerrero blocks are
translating to the southeast relative to North America.

Present-Day Rate of Southeastward Slip

If we assume that the entire difference between the
predicted Cocos—North America direction and the direction
given by the trench slip vectors is caused by trench-parallel,
sinistral translation of the Michoacan and Guerrero blocks, the
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Earthquake slip directions are derived from focal mechanisms given in Molnar and Sykes [1969], Dean and Drake

[1978], Chael and Stewart [1982], Burbach et al. [1984], and Harvard centroid-moment tensor solutions.

rate of sinistral slip, V,, can be determined using the relation
(modified from Jarrard [1986])

V, =V, sin (0) / cos (y—8) 2)
where V. is the Cocos—North America convergence rate, 0 is
the angle between the predicted convergence direction and the
direction given by trench slip vectors, and Yy is the angle
between the predicted convergence direction and the direction
normal to the trench. Slip along the Chapala-Oaxaca fault
zone appears to parallel the trench; however, deformation
along the Trans-Mexican Volcanic Belt may not be strictly
trench-parallel. Any deviation from trench-parallel slip would
result in a faster predicted rate of deformation. A more
rigorous approach to the problem of estimating distributed
deformation rates and directions is presented by Minster and

Jordan [1984]. Too few geologic, geodetic, and seismologic
data from this region are presently available for such an
analysis.

To determine the mean direction given by trench slip vec-
tors, we averaged slip directions from 50 earthquake mechan-
isms along the Middle America trench west of 95.8°W (Figure
8). Average directions are first computed by weighting indivi-
dual slip vectors by the body-wave magnitude m, of the earth-
quake; the analysis is then repeated using seismic moment.
Each of the weighting schemes has shortcomings. Weighting
slip vectors by body-wave magnitude probably underweights
slip directions determined from the largest earthquakes, which
release three to five orders of magnitude more energy than
small earthquakes. Weighting by seismic moment, which is
proportional to the area of fault rupture and amount of fault
slip, corrects this problem, but introduces an additional one: it
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is unlikely that slip directions determined from large earth-
quakes are three to five times more representative of the true
convergence direction than those from small earthquakes. For
instance, overweighting a slip vector from a large earthquake
that has an anomalous subduction direction because it ruptures
an along-trench heterogeneity such as a subducting seamount
could bias the estimated mean convergence direction for a
given segment along the trench by 10°-20°, particularly if
only' one or two large earthquakes are available for that seg-
ment. As seen in Figure 8, slip directions derived from small
earthquakes are only slightly more scattered about the
predicted convergence direction than directions from large
earthquakes, which suggests that small and large earthquakes
should be assigned more equitable weights until there are
enough large earthquakes to achieve a meaningful average
direction for each trench segment.

The mean subduction direction computed using body-wave
magnitude weighting is N28°#2°E. The mean subduction
direction computed using seismic moment weighting is
N24°+2°E. At 17.5°N, 101°W, the Cocos—North America
velocity predicted by the NUVEL-1 model is 56+2 mm yr !
directed N33°E+£1°, and the average trench-normal direction is
N22°E+2°. The rate of trench-parallel deformation, V,, com-
puted from equation (2) is 5+2 mm yr ™! for weighting by my,
and 942 mm yr ! for weighting by seismic moment. Uncer-
tainties for V; were computed by linear propagation of errors
for each of the quantities in equation (2).

The inferred rate of trench-parallel slip can vary be a fac-
tor of 2 or 3 with changes of only several degrees in the con-
vergence direction estimated from trench earthquake slip vec-
tors and in the predicted Cocos-North America direction. This
suggests that the slip rate uncertainty estimated solely through
linear propagation of errors is too small. Because estimates of
the along-trench convergence direction are likely to change as
future earthquakes supplement the small number of trench slip
vectors presently available for most segments along the trench,
and because the Cocos—North America direction predicted by
NUVEL-1 is a 3.0-m.y.-average direction that could differ
from the present-day direction by several degrees, we believe
that this analysis demonstrates only that the plate kinematic
data are consistent with sinistral trench-parallel motion of 0-10
mm yr .

A model where western Mexico moves several mm yr !
toward the southeast relative to North America, though con-
sistent with geological and seismological observations, is
nonunique, and the model and estimated slip rate are only sim-
ple first steps toward understanding deformation in Mexico.
The model presented here gives no information about how slip
is distributed along individual fault zones such as the
Chapala-Oaxaca fault zone or the Trans-Mexican Volcanic
Belt. Moreover, the mean Middle America trench slip direc-
tions appear to trend increasingly clockwise southeastward
along the trench, and east of 98°W, they agree well with the
predicted Cocos-North America direction. Because of the as-
of-yet small sample of large subduction zone earthquakes, it is
unclear whether the along-trench trend in mean slip directions
has any geological significance. Regional geologic and geo-
detic studies are essential for answering many of these ques-
tions.

Motion of the Jalisco Block

Relating motion of the Jalisco block to oblique subduction
of the Rivera plate, with its attendant implications for defor-
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mation along the Tepic-Chapala and Colima rifts, is difficult
because the uncertainties in the predicted Rivera—North Amer-
ica convergence direction along the Acapulco trench are too
large to determine with any confidence whether subduction is
oblique to the continental margin. In a model where Jalisco
block motion is driven by oblique subduction of the Rivera
plate, we cannot therefore predict how the Jalisco block moves
relative to North America. Geologic and geodetic measure-
ments within the Tepic-Chapala rift suggest dextral strike-slip
motion across the rift of 2 mm yr ! [Nieto-Obregon et al.,
1985; Allan et al., 1990]. In contrast, Harrison and Johnson
[1988] suggest that the measured dextral slip is part of
regional sinistral transtension along the rift.

Is the Colima Rift a Trailing Edge Pull-Apart Basin?

If the Michoacan block is moving toward the southeast at
a rate of several mm yr -1, extension must occur somewhere in
the Jalisco region behind its trailing edge. We hypothesize
that the Colima rift accommodates all or some of the extension
predicted by the model discussed above. However, sustained
rifting of even a few mm yr' over several million years
would exceed the several kilometers of geologically observed
extension along the northern Colima rift [Allan, 1986]. This
suggests that either our estimate of 5-9 mm yr ! of southeast-
ward motion of the Michoacan and Guerrero blocks is too
high, or that the predicted extension is distributed across a
larger area that includes the Colima rift. The total rate of
extension across the Colima rift depends on how fast the
Michoacan block moves to the southeast and on the unknown
velocity of the Jalisco block, which borders the rift to the
northwest. Motion of Jalisco to the northwest, corresponding
to dextral slip along the Tepic-Chapala rift, would increase the
rate of Colima rifting; motion of Jalisco toward the southeast,
corresponding to sinistral transtension across the Tepic-
Chapala rift, would decrease the extension rate.

Nixon [1982] suggests that extension along the Colima rift
may be related to interaction of the Cocos and Rivera plates
along the subducted part of the Rivera fracture zone; however,
in light of the complex post-10 Ma kinematic history of the
northern Cocos, Rivera, and now extinct Mathematican plate
[Klitgord and Mammerickx, 1982; Mammerickx, 1984; Mam-
merickx et al., 1988], the suggestion that the Rivera fracture
zone is subducting beneath the Colima rift may be incorrect
and bears closer scrutiny.

DiscUSsSION

Luhr et al. [1985] suggest that the Tepic-Chapala, Cha-
pala, and Colima rifts are the initial manifestations of an east-
ward jump of the Pacific-Rivera rise that will eventually
transfer the Rivera plate and Jalisco region to the Pacific plate,
much as Baja California was transferred to the Pacific plate.
This intriguing hypothesis is difficult to test. Spreading rates
along the Pacific-Rivera rise have increased since 3 Ma (Fig-
ure 6), contrary to the expectation that spreading along the
Pacific-Rivera rise should slow as rifting is established
onshore. It is even more unlikely that the Jalisco block is
already part of the Rivera plate [Bandy et al., 1988]. The
3.0-m.y.-average and 0.7-m.y.-average models presented here
require 20 mm yr ! or more of convergence between the
Rivera and North American plates. If the Jalisco block were
attached to the Rivera plate, the Tepic-Chapala rift would have
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to accommodate convergence, which is not observed.

Nonetheless, it is still unclear how deformation along the
Tepic-Chapala rift is related to subduction of the Rivera plate
north of 20°N, if it is at all. Uncertainties about the direction
of Rivera plate convergence and about the present-day direc-
tion of slip along the Tepic-Chapala rift complicate any effort
to construct a kinematic model. Geodetic measurements cou-
pled with detailed field studies may offer the best opportunity
for understanding the regional neotectonics.

The hypothesis presented here, that opening along the Col-
ima rift is a response to southeastward translation of the
Michoacan block that is being induced by oblique subduction
of the Cocos plate, is appealing for several reasons. Oblique
subduction is associated with present-day and past forearc
deformation along other trenches. For instance, the San
Andreas fault and rifting in the Gulf of California may have
originated through oblique subduction of the Farallon plate
beneath western California before 5 Ma [Beck, 1986]. More-
over, along much of the western margin of the Americas since
100 Ma, periods of oblique subduction appear to correlate with
coastal transport of terranes and in situ block rotations against
landward buttresses [Beck et al., 1981; Beck, 1986, 1987].
Further study of rifting and strike-slip faulting in southwestern
Mexico may offer useful insights into the relationship between
onshore deformation and oblique subduction.
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