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Abstract

The East Pacific Rise (EPR) 26°-32°S, located between the Easter microplate and the Juan
Fernandez microplate, has the world’s fastest spreading rate and tectonics characterized
by dueling ridge propagation. A GLORI-B and Sea Beam 2000 side scan/bathymetry
survey, together with other geophysical data collection, was conducted aboard the R/V
Melville covering an approximately 5° by 5° area centered on this part of EPR. The side
scan and bathymetric data reveal the complete geometry of the propagator system. The
western and eastern ridges both curve inwardly and are overlapped ~120 km with an offset
to overlap ratio of nearly one. Several abandoned ridges and rifts are clearly mapped
on the east flank, and a few failed rifts are also mapped near the western ridge tip. A
fracture zone discovered south of Easter Island indicates a stage of stable ridge-transform
intersection in the past. An inversion with magnetic anomaly vectors was carried out for
the area. A resultant magnetic boundary strike map was interpreted with the downward
component profiles to construct a magnetic isochron map. The spreading and propagation
rates were estimated from the magnetic isochrons. The net southward propagation rate
of the western ridge is ~120 km/m.y. for the last 1.9 m.y. The spreading rate of the
eastern ridge has been ~150 km/m.y., and its current propagation rate is estimated as
~500 km/m.y. toward the north. Intense asymmetric spreading as high as 30% is observed
at both ridges. Together with the side scan and bathymetric data, the magnetic lineations
provide significant constraints on the evolution of the propagator system, and a propagation
model with cyclic rift failure was applied to model the tectonic evolution during the last 2
m.y. A normal ridge-transform intersection evolved into a nontransform overlapping offset
~1.95 Ma, and the eastern and the western ridges have propagated alternately. The dueling
propagation history is characterized by the dominant southward propagation of the western
ridge and the transitory propagation events of the eastern ridge with a variety of overlap
lengths, widths, and ridge curvatures in the transition zone.

Introduction

The Pacific-Nazca divergent plate boundary, which forms
the East Pacific Rise (EPR) 2°40'N-35°S, is the world’s
fastest seafloor spreading center [DeMets et al., 1994], and
it has a distinct contrast of spreading geometry between the
northern and southern parts (Figure 1). The northern part
is dominated with widely spaced large transform faults and
overlapping spreading centers, which is a typical style seen
at fast spreading centers, e.g., the Pacific-Cocos [Macdonald
etal., 1988b] and the Pacific-Antarctic [Lonsdale, 1994] plate
boundaries. However, the southern section exhibits the most
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complex spreading pattern ever found, which comprises the
Easter microplate [Handschumacheret al., 1981; Engeln and
Stein, 1984; Hey et al., 1985; Francheteau et al., 1988; Searle
et al., 1989; Zukin and Francheteau, 1990; Naar and Hey,
1991; Rusby and Searle, 1995], a large nontransform off-
set [Klaus et al., 1991], and the Juan Fernandez microplate
[Anderson-Fontana et al., 1986; Francheteau et al., 1987,
Yelles-Chaouche et al., 1987; Larson et al., 1992].

It has been suggested that the segment of the EPR between
these two microplates is offset by one or two transform faults
based on the seismicity pattern [Herron, 1972; Engeln and
Stein, 1984; Hey et al., 1985]. A brief SeaMARG 1II survey,
however, revealed the existence of a large, nontransform,
overlapping spreading system instead, with the eastern ridge
axis propagating rapidly northward and the dominant south-
ward propagation of the western ridge axis [Klaus et al.,
1991]. Klaus et al. [1991] proposed that this offset was
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Figure 1. Location map of Leg 5 of the GLORIA expedi-
tion. Tectonic boundaries are based on work by Naar and
Hey [1991] and Larson et al. [1992]. Spreading rates are
modified from Naar and Hey [1989a] using revised age of
0.78 Ma for Brunhes/Matuyama reversal [Shackleton et al.,
1990; Hilgen, 1991a; Baksi et al., 1992].

either the largest offset oceanic propagating rift system or
the early state of microplate formation. However, most of
its complex tectonic history remained unknown due to the
limited data coverage.

From February to March 1993, Leg 5 of GLORIA expedi-
tion aboard the R/V Melville was conducted to investigate the
complete dynamics of this EPR offset. Various kinds of geo-
morphological and geophysical data were collected including
GLORI-B [Somers and Huggett, 1993] and Sea Beam 2000
side scan/bathymetry, gravity field, and total intensity and
vector geomagnetic fields [Hey et al., 1995]. The purpose of
this study is to determine the kinematic history of this large
nontransform offset, using the magnetic, bathymetric, and
side scan data.
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Data Acquisition and i’rocessing

The surveyed area extends from the EPR 26°S (the south-
ern area of the Easter microplate) to 32°S (south of the north-
ern boundary of the Juan Fernandez microplate), and from
108°W to 114°30’'W in order to cover at least the anomaly
2 chron in age on both sides of the ridge axes. The ship
track was designed to optimize the swath coverage of the
GLORI-B side scan sonar system in this area, and its spacing
is around 28 km (Figure 2).

Bathymetry and Side Scan Data

The initial gridding and data processing of side scan data
was done at the Institute of Oceanographic Sciences, Dea-
con Laboratory. Additional processing at School of Ocean
and Earth Science and Technology (SOEST), the University
of Hawaii using the Generic Mapping Tools (GMT) program
[Wessel and Smith, 1991] included geographical coordination
with the bathymetry data, histogram equalizing, and stretch-
ing the dynamic range of the side scan data to bring out
more detail (Figure 3). Strong acoustic backscatter returns
(usually associated with recent volcanism or rough surfaces)
are white, while weak backscatter areas (usually associated
with sedimented areas or shadow zones) are dark. Additional
processing details are given by Johnson [1996].

This was the first GLORI-B cruise, in which GLORIA
swath bathymetry was collected in 24-km-wide swaths.
High-resolution Sea Beam bathymetry was also collected,
with a narrower swath width (3.46 x water depth). A new
processing technique (see details from Johnson [1996]) used
the Sea Beam 2000 data, centerline bathymetry from other
cruises passing through the survey area, and digitized hand-
contoured data from previous SeaMARC II and Sea Beam
surveys to remove GLORI-B artifacts and produce the color-
shaded relief map (Plate 1).

A seafloor fabric chart was constructed from the GLORI-B
side scan mosaic and the shaded relief map of the bathymetry
(Figure 4).

Magnetic Data

The geomagnetic vector field was obtained with the ship-
board three component magnetometer (STCM) [Isezaki,
1986]. The STCM system installed on the R/V Melville was
composed of a triaxial flux gate magnetometer, a horizontal
gyroscope, and a Sea Beam 2000 Hippy vertical reference
system. The measurement errors of these instruments were
10 nT, 0.1°, and 0.05°, respectively. In order to calibrate
the influence of ship body magnetization, three figure eights
[e.g., Korenaga, 1995] were conducted in the surveyed area
(Figure 2). The 12 unknown parameters of ship body magne-
tization were estimated with least squares inversion for each
figure eight (Table 1). Since there was no significant dif-
ference in the results of the three trials, these data sets were
merged to produce more stable estimation, which was used
for the final calibration. The geomagnetic vector anomaly
field was then calculated by removing the geomagnetic refer-
ence field [International Association of Geomagnetism and
Aeronomy Division V, 1991]. Owing to the estimation error
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Figure 2. Shiptracks of Leg 5 of the GLORIA expedition are shown as dashed line. Track spacing is
28 km to optimize the swath coverage of the GLORI-B system. The side scan and bathymetry data were

collected almost continuously on the ship tracks.

solid lines. Star marks show locations of figure eig

operation.

in the ship’s magnetization factors, the resultant anomalies
suffered from strong bias and drift. These errors were alle-
viated with further detrending procedure, using straight-line
fitting.

According to the noise power spectral analysis [Kore-
naga, 1995}, the data quality was estimated, and the vector
anomaly data were filtered with the cosine-tapered low-pass
filter (maximum amplitude is 0.97, cut wavelength is 4 km,
and pass wavelength is 50 km) which was determined by the
noise analysis. The absolute error (AE,) and the relative
variation error (AE,) of the filtered data are 48 nT and 26
nT/km, respectively.

The filtered geomagnetic vector anomalies, which are
shown in Figure 5, were then analyzed with the methods
described by Korenaga [1995). The maxima in the profile
of intensity of spatial derivative vectors (ISDV) larger than
AE, were chosen for the location of magnetic boundaries.
The boundary strikes were calculated, and the magnetization
contrasts at the boundaries were estimated with the strike
information. The three-dimensional (3-D) index was then

Geomagnetic vector field data were obtained on the
hts for the shipboard three-component magnetometer

calculated to test the 2-D assumption in the inversions. Fi-
nally, the results of the above processes were merged into
a magnetic boundary strike map (MBSM,; Figure 6). With
a spreading rate of ~150 km/m.y. and an average depth of
3 km, the ISDV cannot resolve magnetic isochrons shorter
than the Jaramillo interval (~0.08 m.y.) [Korenaga, 1995].
The downward component of the anomalies was upward con-
tinued to attenuate the influence of topographic relief, and
it was used to supplement the boundary strike map for the
interpretation of magnetic lineations (Figure 5d).

Observations and Results

The geomorphologic and magnetic signatures clearly show
the entire picture of the overlapping spreading system. The
castern and western ridges are considerably different in their
geometry, topography, degree of segmentation, and magnetic
character. The overlapped zone has very rough bathymetry
and indicates the complicated interaction of these two ridges.
Other prominent features such as abandoned ridges, massive
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seamount swarms, and a fracture zone were also mapped. In
the following sections, the seafloor fabric, topography, and
magnetic character of these elements are described in detail,
and the Vine-Mathews type magnetic lineations are identified
based on the magnetization map and the downward compo-
nent profiles of geomagnetic vector anomalies. Finally, a
possible kinematic model is constructed for the evolution of
this overlapping spreading system.

Western Ridge

The western ridge has broad V-shaped shallow bathymetry
(Plate 1). The ridge flanks above 2800 m contours are 300
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km wide at 27°S, and the width gradually reduces southward,
e.g., 98 km wide at 28°S and 7 km wide at 29°30'S. The
eastern end of this shallow zone around 27°S seems to be
inflated by off-axis volcanism.

Four major segments are recognized along the ridge axis,
and the right-stepping and left-stepping offsets alternatively
bound these segments. The segments are tentatively num-
bered as W1 to W4 southward (Figure 4). The W1 and W2
segments form the southern part of the eastern boundary of
the Easter microplate. They overlap at ~26°40'S, and the
overlap length and the offset width of the discontinuity are
20 km and 24 km, respectively. The geometry of the dis-
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Plate 1. Color shaded-relief bathymetry map illuminated from northeast. High-resolution Sea Beam 2000
bathymetric swaths are overlaid onto wider GLORI-B swaths. Southwest margin of Easter microplate
were digitized from hand-contoured SeaMARC II data [Naar and Hey, 1991]. Modified from Hey et al.

[1995] and Johnson [1996].

continuity is significantly deviated from a large overlapping
spreading center (OSC) and may be classified as a propagat-
ing rift system [Macdonald et al., 1988b]. The W2 segment
has an S-curved axis; its trend changes from N33°E at the
northern end to N10°E at the middle and to N30°E at the
southern end. In contrast, the W3 segment has a nearly

uniform N-S trend. The W2 and W3 segments overlap at
~27°40'S with an overlap length of 28 km and an offset of
~13 km. This discontinuity can be considered as a large
OSC although the W2 segment curves outward. An inward
hook-shaped curvature is expected at a simple OSC according
to previous observations elsewhere [e.g., Macdonald et al.,
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Figure 4. Seafloor fabric chart. Several important tectonic components, such as ridge axis discontinuities,
pseudofaults, fracture zone, and abandoned ridges, are recognized with side scan and bathymetry data.
Thick lines show ridge segments identified with bathymetry, and the segments are labeled as W1-W4 for
the western ridge and E1-E4 for the eastern ridge. Dashed lines indicate presumed location of ridge axis,
which are not clear in both side scan and bathymetry data. Thin lines show seafloor fabric recognized in
the side scan data, and thin dashed lines are based on shaded relief bathymetry. Abandoned ridges and
rifts are observed on the east flank and are labeled from a to i. Blank area enclosed with thin lines shows

seafloor covered with seamounts and/or lava flows.

1984] and to fracture mechanics [Pollard and Aydin, 1984;
Sempere and Macdonald, 1986], and the unusual curvature
may be attributed to the stress field created by the microplate
rotation [Schouten et al., 1993]. The southern end of the
W3 segment overlaps with the W4 segment at 28°27’S. The
overlap length and the offset width are 10 km and 7 km,
respectively. The W4 segment begins to bend eastward at
~28°50'S, which corresponds to the overlap with the eastern

Table 1. Ship Magnetization Factors

ridge, and it seems to end at ~29°30'S. Several short rifts
are observed to the southeast of the W4 segment end.

From the middle of the W2 segment to the W4 segment, the
axial depth is relatively higher than the other parts (>2200
m). As clearly shown in the bathymetric map of Naar and
Hey [1991], this regional topographic high seems to be con-
nected to that of the southwest rift of the Easter microplate.
Compressive stress near the southwest rift, which is sug-

[ Uy U 2 Uy Ayy Ayz Az Azy Azz hp»p hpy h,,,z
1 -0.1026  -0.0763  0.0399 0.1380 -0.0686  0.0067 -0.0433 -0.2171 0.1155 -9753  -8939 26886
2 -0.0980 -0.0760 -0.0127 0.1406 -0.0641 0.0326 -0.0450 -0.2168 0.1582 -10750 -8360 27591
3 -0.1082  -0.0882 -0.0071 0.1512 -0.0752  0.0704 -0.0508 -0.2120 0.3639 -10174 -7022 32576
Final -0.1045 -0.0739 -0.0997 0.1412 -0.0713 -0.0387 -0.0467 -0.2189 0.1938 -12536 -9776 28418

The a;; and hy; (1,7 = w,y, z) are the elements of the induced magnetization matrix A and the permanent magnetization vector H,,
respectively. Figure eight locations 1-3 are shown in Figure 2, and 12 parameters are estimated for each figure eight. Final calibration
uses all data sets of three figure eights for more stable estimation.
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Figure 5a. Wiggle map of filtered geomagnetic vector anomalies for northward component. Positive
anomalies are shown in black, and negative anomalies are lightly shaded. Wiggle scale is shown in the
inset, and its unit is nanoteslas. The data on the short tracks in the overlapped zone are not shown here.

gested by the location of the Pacific-Easter Euler pole [Naar
and Hey, 1991], may explain the elevated topography around
the southwest rift, but it does not account for the anoma-
lous ridge axis height of the western ridge. The seamount
chain observed west of the ridge ~27°20'S implies intensive
volcanic activity, which may have influenced the volcanism
along the ridge axis. The axis of the W4 segment exhibits
southward gradual deepening from 2100 m to 2600 m, and the
rifts located southeast to the segment are as deep as 3500 m.

The Brunhes to 2A magnetic isochrons are identified along
the western ridge axis (Figure 7). The Brunhes chron (0.00-
0.78 Ma [Shackleton et al., 1990; Hilgen, 1991a, 1991b;
Baksi et al., 1992]) widens southward and is the widest
around 28°10’S. Then it rapidly narrows toward the ridge tip.
A discontinuity in the Brunhes-Matuyama (B/M) boundary
on the east flank around 28°S may be a trace of northward
propagation of the W3 segment. The Jaramillo chron (0.99-
1.07 Ma) on the west flank curves toward the ridge axis,
while the east one seems to bend slightly away from the axis
(~27°20'S). The inner and outer pseudofaults of the western
ridge are estimated from the shape of the Brunhes chron, and
the angle between the pseudofaults is ~52°. The anomaly 2
chron (1.79-1.95 Ma) is identified on the east flank, though
it cannot be traced south of 27°10’S. The anomaly 2A chron
(2.60-3.04 Ma) is also identified on the east flank, and its
west boundary ends up at 27°30’S. Its eastern boundary is

disrupted by off-axis volcanism associated with Easter Is-
land. The short normal polarity chron between 2 and 2A
(anomaly 2R-1; 2.14-2.15 Ma) cannot be identified because
of insufficient data.

The position of the ridge axis in the Brunhes chron in-
dicates intense asymmetric spreading to the east, especially
along the W2 to the W4 segments. The ridge flank topog-
raphy also shows prominent asymmetry; the east flank has a
much broader shallow area than the west one, and its slope
variation is less irregular.

Most of the magnetization contrasts at the polarity rever-
sal boundaries are around 10 A/m, with a small variation of
+3 A/m (Figure 6). The magnetic boundary west of the W4
segment has an exceptionally high contrast of 20 A/m, which
is the boundary of the positively magnetized seafloor (Brun-
hes) created by the western ridge and the negatively mag-
netized and older seafloor (between Jaramillo and anomaly
2) created by the eastern ridge (Figure 7). High 3-D in-
dices are observed in several locations (Figure 6), and they
seem to correlate well with the ridge axis discontinuities and
large-scale off-axis volcanism (Plate 1).

Eastern Ridsge

In contrast to the intensively fragmented western ridge, the
eastern ridge exhibits more continuous structure (Figure 4).
The ridge axis is disrupted with small OSCs at 30°10'S,
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Figure 5d. Downward component which was upward continued with Sea Beam 2000 center beam
bathymetry to attenuate the influence of topographic relief. The sign of anomaly is reversed here for

magnetic anomaly interpretation.

30°40'S, and 31°20'S. The sense of the stepping at the dis-
continuities alternates between right and left. Around the
northern ridge tip, the axis trend is N30°W then gradually
changes to N20°W. Then the axis crooks to NO3°E, corre-
sponding to the end of the overlapped zone with the western
ridge. The southern part of the ridge axis, with a general
trend of NO7°E, merges into the western boundary of the
Juan Fernandez microplate at 31°31’S [Larson et al., 1992].

The northern and southern parts of the ridge have differ-
ent bathymetric features both in along-axis and across-axis
directions (Plate 1). The axial depth profile of the northern
part shows southward decrease from 2700 m at the tip to
2600 m at the middle and 2300 m at the southern edge [see
also Klaus et al., 1991, Figure 7]. On the other hand, the
southern part keeps a nearly constant axial depth of 2350 m.
The ridge flanks along the southern part are shallower than
those along the northern segment. In addition, the southern
ridge flanks seem to be more symmetrical than the northern
ones. The asymmetric topography on the northern flanks
may be related to the complex history of the overlapped zone
as described later. Although the northern ridge has such an
along-axis gradient, no graben structure is observed at its
tip. It is puzzling because a graben structure resulting from
the viscous head loss of ascending magma is expected at a
propagating rift tip [Phipps Morgan and Parmentier, 1985].

Some lava flows from the nearby seamounts [Klaus et al.,
1991] may have filled up a rift tip graben.

On both ridge flanks, the Brunhes to 2A magnetic chrons
are identified, though some of them fail to show their com-
plete shapes due to the limitation of the surveyed area (Fig-
ure 7). The eastern ridge Brunhes chron has a two-pronged
shape, and the west prong along the ridge axis, which extends
northwest of the east prong, indicates recent northward prop-
agation. The wedged boundary of the west prong defines the
inner and outer pseudofaults, which intersect at 17°. The
east prong implies an abandoned ridge, which is discussed
later. The Jaramillo chron on the east flank curves as the
eastern ridge axis does and disappears around 28°15’S. The
west Jaramillo chron is identified up to ~29°30'S where
it is disrupted by the Brunhes chron of the western ridge.
On the east flank, the anomaly 2 chron crosses over the
newly mapped fracture zone and extends to 27°S, while the
anomaly 2R-1 and 2A chrons stay south of the fracture zone.
The southern ends of the anomaly 2 and 2R-1 chrons on the
west flank are limited by the outer pseudofault of the western
ridge. A normal chron observed from 27°50'S, 111°10'W
to 28°40'S, 111°50'S is identified as the anomaly 2 chron,
which was originally formed on the west flank and then was
transferred to the east flank by the southward propagation of
the western ridge. The 2A chron to the west is partly iden-
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Figure 6. Magnetic boundary strike map (MBSM). Three-dimensional index profiles were gridded to make
gray scale image of three-dimensionality. Darker shade signifies higher deviation from two-dimensionality.
Magnetic boundary information was superposed on this image. Direction of bar shows the declination
of boundary strike, and its length varies with the cosine of the inclination. Bar shades indicate intensity
of magnetization contrasts at boundaries; darker bar signifies magnetic boundary with strong contrast.
Strikes with angular standard deviation less than 10° are shown.

tified between 27°30’S and 29°30'S. The geometry of these
identified isochrons is the key to the tectonic history of this
area and plays a crucial role in the later kinematic modeling.
Several discontinuities observed in these isochrons indicate
ridge axis discontinuities in the past. They may constrain
the evolution of the eastern ridge segmentation though the
magnetic data here have only low resolution for this purpose.

Strong magnetization contrasts as high as 20 A/m are seen
at two locations (Figure 6); one is around the eastern ridge
tip, and the other around the tip of the east Jaramillo chron.
Although there have been no rock samples dredged from the
eastern ridge tip, the high magnetization contrast is prob-
ably a result of Fe-Ti basalts, which are common at other
propagating rift tips [ Christie and Sinton, 1981; Sinton et al.,
1983]. In general, the boundaries of the polarity chrons
have higher magnetization contrasts than those associated

with the western ridge; the averaged contrast, excluding the
above anomalous high values, is 14 A/m.

Overlapped Zone

The western and eastern ridges overlap from 28°40’S to
29°30'S (Figure 4). Both the length and width of the over-
lap are ~120 km so that the length to width ratio is ~1:1.
The topography of this region is highly complicated with
seamounts overlaying the southern portion and multiple rifts
in the southwestern portion. The seafloor reflectivity of the
seamounts is lower than that of the surrounding seafloor,
which indicates off-axis volcanism in the past. The rifts may
be the traces of previous propagation events of the western
ridge, considering a deep rift is often observed at the tip of
a propagating ridge [e.g., Hey et al., 1986; Naar and Hey,
1991]. The seafloor fabric in this region shows a general NE-
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Figure 7. Magnetic isochron map. Isochrons were identified based on both MBSM (Figure 6) and upward
continued downward component (Figure 5d) shown as wiggles. BWP and BEP are the western and eastern
prongs of the Brunhes chron of the eastern ridge. Crosses show anomaly picks along tracks, and lines refer
to MBSM. Dotted lines signify identification of less certainty. Gray lines show basic tectonic features
such as ridge segments, abandoned ridges, and fracture zones (Figure 4).

SW trend, though the fabric pattern is frequently disturbed
with the trend variation from almost N-S to N60°E.

The Brunhes chron of the western ridge dominates the
overlapped zone. Successive westward ridge jumps of the
western ridge in this zone are suggested by the intensive
asymmetric spreading of the W4 segment and by several
rifts observed around the Brunhes chron tip. There is a slight
indication of the Jaramillo chron around 29°20'S, 112°10'W,
which was probably transferred from the western flank of the
eastern ridge.

Abandoned Ridges and Rifts

Several abandoned ridges and rifts (AR; labeled as a—i
in Figure 4) are identified on the east flank, based on the
topography and the side scan data, and some of them are also
seen in the magnetic lineations (Figure 7). The disposition
of the ARs resembles the geometry of the failed rifts in the
rift propagation model with cyclic rift failure [Wilson, 1990],
and it is consistent with the dominant southward propagation
of the western ridge [Klaus et al., 1991; Naar and Hey,
1991]. The ARs, however, do not align exactly, and their
tips do not have the same curvature. The deviation from the

simple Wilson model indicates several perturbations such as
the propagation of the eastern ridge and changes in the offset
length and width of the overlap.

ARs a, b, and c are located north of the fracture zone and
seem to be created by three successive rift failures with a short
cycle. The north end of the anomaly 2 chron on the east flank
is identified close to these ARs. The anomaly 2 chron is ex-
tended across the fracture zone because the normal anomaly
identified here does not fit the anomaly sequence of the west-
ern ridge and because the interpretation is consistent with the
morphological observation. The low three-dimensionality of
the observed anomaly is evidence that this magnetic lineation
is reliable, rather than a seamount-related magnetic anomaly.

ARs d and e have the almost same curvature, and their tips
are obscure. The curvature of AR fis slightly more acute, and
the seafloor fabric near AR f has more eastward orientation.
In addition, the anomalously high topographic expression,
strong seafloor reflectivity, and strong magnetization contrast
characterize AR f. The Jaramillo isochron on the west flank
corresponds to AR f, and its evolution is an important stage
in the kinematic modeling discussed later.

AR g is located ~50 km south of AR f, suggesting a
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long ridge jump. ARs g and h bend similarly while AR i
has gentler curvature which implies the lengthening of the
overlapping zone between ARs h and i.

Fracture Zone

The discontinuities in the magnetic isochrons enclosing the
Easter microplate have implied a fracture zone near Easter
Island [see Naar and Hey, 1991, Figure 6]. The side scan
images clearly exhibit the SOEST fracture zone [Hey et al.,
1995] south of Easter Island (Figure 3). Some magnetic
boundary strikes on the east flank between 27°S and 28°S
have a northwest trend and correspond to the topographic
relief of the fracture zone (Figure 6). This newly discovered
fracture zone extends from 27°20'S, 111°30’'W to at least
108°30’'W (the eastern limit of the survey). Its width varies
from a few to 10 km, and the depth is around 3300 m except
for the shallower portions around 110°30'W near the ARs
and seamounts (Plate 1). The trend of the fracture zone is
~N82°W south of Easter Island and changes to ~N73°W
to the west of the disrupted portion near the ARs. The
trend predicted by the global plate motion model (NUVEL-
1) [DeMets et al., 1990, 1994] is ~N79°W (Pacific-Nazca
relative motion) at this location. The change in the trend
and the discrépancy between the observed and the predicted
trends are discussed later.

It is unclear that this fracture zone has its counterpart on
the west flank; it may exist south of the Orongo fracture zone,
around 27°S, 114°W, where all the available data sets such as
bathymetry, magnetic anomalies, and side scan images show
very complex structure. This region includes the southern
triple junction of the Easter microplate [Naar and Hey, 1991],
and simple fracture zone structure may not be expected. An
additional fracture zone west of Easter Island around 27°S
(Figure 3) is thought to be related to the southern boundary
of the Easter microplate [Hey et al., 1995] but is not modeled
in this paper.

Seamount Distribution

Most of the highly three-dimensional magnetic fields in
Figure 6 correlate to the magnetic fields produced by the
seamounts (Plate 1). The northern part of the surveyed area
is overlaid with more massive seamounts than the southern
part, such as the eastern part of the Ahu volcanic field [Hagen
et al., 1990] around Easter Island, the seamount chain on the

Table 2. Estimated Half and Full Spreading Rates
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south of the SOEST fracture zone, and the seamounts west
of the outer pseudofault of the western ridge (Plate 1). As
well as a possible Easter hotspot in the Ahu volcanic field,
these seamount chains may have important implications for
the evolution of the Easter microplate and the nontransform
offset studied herein. The age information of those seamount
chains is required to consider their magmatic influence on the
tectonic evolution of the spreading segments.

Plate Kinematics

Spreading and propagating rates. To estimate the re-
cent spreading rate at the eastern ridge, the distances between
the ridge axis and the anomaly picks are measured, assum-
ing orthogonal spreading (~N97°E). NUVEL-1! predicts the
spreading direction of ~N102°E for the eastern ridge so
that there may be small obliquity in spreading and the es-
timated spreading rates provide the minimum bounds. The
anomaly picks which fall onto the skewed part such as the
northern ridge tip are not used so that most picks are sam-
pled to the south of 29°30’S. The measured distances are
somewhat scattered, probably due to errors in isochron iden-
tification, and thus the measurements that belong to the same
reversal boundary are averaged. Because of intense ridge
axis segmentation, the same approach cannot be applied to
the western ridge. Instead, the distances between the same
reversal boundaries on the flanks are measured in the spread-
ing direction predicted by NUVEL-1 (~N103°E) to estimate
the total spreading rate. Thé southern portion of the west-
ern ridge has no Jaramillo chron, indicating this portion has
been created by ridge propagation during the Brunhes Epoch.
Thus the measurement is conducted only along the northern
portion near 27°S. The resultant spreading rates are shown in
Table 2. Except for the slight decrease observed around 2.0
Ma, the eastern ridge has kept its spreading rate as high as
~150 km/m.y. since 2.5 Ma, consistent with the prediction
of the global plate motion model [DeMets et al., 1994]. The
calculated asymmetry in the spreading rates of the eastern
ridge has scattered values. Considering the discontinuities
recognized in the magnetic lineations, the number of sampled
points for spreading rate measurement may not be enough
for reliable determination of asymmetric spreading. It is nat-
ural that much slower spreading has occurred on the western
ridge (Easter-Nazca plate boundary) because there is another
ridge system located to the northwest (Pacific-Easter plate

Period, Ma
Location Section -0.78 -1.03 -1.79 -1.95 -2.14 -2.60
Eastern Ridge east flank 76 (6) 73 (6) 74 (5) 68 (2) — —_
(south of 29°30’S) west flank 71 (6) 77 (7 75 (6) 73 (3) 75 (2) 79 (1)
asymmetry -34 2.7 0.7 35 — —
total 147 (12) 150 (13) 149 (11) 141 (5) — —
Western Ridge (27°S) total 135 (2) 132 (2) — —_— — —

All periods shown begin at the present time. The unit of spreading rates is km/m.y., and the number of sampled distances averaged for
estimation is shown in parentheses. Asymmetry is measured as percent difference in half rates divided by total spreading rate. Positive
asymmetry corresponds with faster rates to the west. Note that western ridge at 27°S is Easter-Nazca plate boundary, while eastern ridge

is Pacific-Nazca plate boundary.
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boundary), which constitutes the southwest rift of the Easter
microplate [Naar and Hey, 1991]. Any spreading in the fail-
ing rifts to the west would also produce slower spreading on
the western ridge.

The currently propagating eastern ridge axis has an angle
of ~17° between the inner and outer pseudofaults. Because
a propagation rate p, a spreading half rate s, and a tip angle
« have a simple relation expressed as o = 2 arctan(s/p)
[e.g., Hey et al., 1986], the propagating rate of the eastern
ridge is estimated to be ~500 km/m.y. The western ridge is
currently failing as the eastern ridge propagates. The short
rifts located to the southeast of the W4 segment (Figure 4)
may be abandoned rift tips of the western ridge. However,
it is obvious in the magnetic lineations that its southward
propagation has dominated over this region. Because the
ridge tip is located 230 km away from the fracture zone,
the net propagation rate of the western ridge is inferred to
be ~120 km/m.y., assuming that the western ridge began its
propagation since the anomaly 2 period, i.e., 1.9 Ma.

Kinematic modeling. The recent northward propaga-
tion of the eastern ridge is supported by the magnetic lin-
eation, the topography, and the side scan lineaments [Klaus
et al., 1991; Hey et al., 1995]. The dominant southward
propagation of the western ridge is obvious in the side scan
reflectivity (Figure 3) and the shape of the Brunhes chron
(Figure 7). The Jaramillo chrons of the western ridge ex-
tend south of the SOEST fracture zone, while the anomaly 2
chron is only seen north of the fracture zone. This means that
the propagation initiated sometime between anomaly 2 and
Jaramillo. The ARs on the east flank seem to be the failed
rifts of the eastern ridge resulting from this southward propa-
gation. The anomaly 2 chron and ARs a, b, and ¢ extend north
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of the fracture zone. This suggests that the eastern ridge first
broke a normal ridge-transform-intersection (RTI) by mak-
ing a nontransform offset before the anomaly 2 period and
that the eastern ridge then failed as the western ridge began to
propagate succeedingly. The change in trend of the SOEST
fracture zone near 110°40'W could indicate a clockwise ro-
tation of Pacific-Nazca motion around 2 Ma or could have
resulted from rotation in the overlap zone produced by this
initial northward propagation. The other ARs roughly align
to the southwest of ARs a, b, and ¢, which can be explained
as the cyclic rift failure of the eastern ridge. However, AR
f is prominent for its ambient seafloor fabric orientation and
the magnetic contrast at the tip, both of which imply that
the eastern ridge may have propagated a short distance to the
north during the Jaramillo period. The two-pronged Brunhes
chron of the eastern ridge and AR i located in between (Fig-
ure 7) signify that the failing rift converted to the currently
propagating ridge in the middle of the Brunhes Epoch.
Wilson [1990] proposed a rift propagation model with
cyclic rift failure, which explains observations in more de-
tail than the previous models [Hey et al., 1980; McKenzie,
1986]. The model was extended for dueling propagation (D.
S. Wilson, personal communication, 1993), and it has been
applied to OSC’s evolution by several authors [e.g., Carbotte
and Macdonald, 1992; Perram et al., 1993]. To explain all
the tectonic features described above, a possible kinematics
of this dueling propagator system is reconstructed using this
extended rift propagation model. The available data sets are
not sufficient to resolve the fine-scale evolution of the ridge
axis segmentation, so each ridge axis is simplified as being
continuous. Although asymmetric spreading seems to have
been persistent throughout the period of interest (Table 2), it

1.91 Ma

]

7
A
7
7

NNNNNN

—

U
50
))‘ N “/////'/)l'\"‘\"‘

1.39 Ma
4/:'"»
NN “',, “#
l[[[[[ (

[V

Figure 8a. Kinematic model for evolution of the dueling propagator near 29°S since 2 Ma. At1.95Ma, a
normal RTI was broken, and dueling propagation was initiated. Heavy line shows position of ridge axis,
and light lines show isochrons every ~0.075 m.y. Modeling algorithm was provided by D. S. Wilson.
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Figure 8b. Until ~1.2 Ma, the western ridge had propagated southward, and then the eastern ridge
propagated northward briefly (~0.2 m.y.). The orientation of the seafloor fabric was perturbed by this
northward propagation. The western ridge resumed its southward propagation ~1.0 Ma.

is introduced only during the Brunhes epoch for simplicity.
Thirty percent asymmetric spreading to the east is used for
the western ridge. The same asymmetry with opposite sense
is used for the eastern ridge since 0.31 Ma in order to account
for the roughly 30% asymmetry of the pseudofaults relative
to the present ridge axis. To match the observed total asym-
metry during the Brunhes epoch (-3.4 %), 26% asymmetric
spreading of east directive is introduced for the period 0.31-
0.78 Ma. Several stages in the kinematic model are shown in
Figure 8. In this model, the two ridges had formed a normal
RTI before ~1.95 Ma. The observed fracture zone shows
that this structure had been maintained for at least ~1 m.y.
Then the eastern ridge began to propagate to the north, mak-
ing an overlapped zone with the western ridge (Figure 8a).
Successively, the western ridge commenced its southward
propagation, and a rift failure repeated at the eastern ridge
tip. Around 1.2 Ma, the polarity of propagation changed,
and the eastern ridge began to propagate (Figure 8b). It is
noted that a stalling period in the southward propagation is
sufficient to create the observed change in the seafloor fabric
around AR f. The high magnetization contrast at the AR
may simply result from the positive magnetization of the tip
and the negative magnetization of the surrounding seafloor.
However, the east prong of the Brunhes chron of the east-
ern ridge, which has a similar geometric situation, has a
lower magnetization contrast than the contrasts at the west
prong and AR f. Thus the northward propagation scenario is
preferred to explain both the seafloor fabric and the magneti-
zation contrasts. This northward propagation continued only
for ~0.2 m.y., and the western ridge resumed propagating

southward. At ~0.3 Ma, the eastern ridge began propagat-
ing northward once more until the present (Figure 8c). It
is noted that the rift failure, which is modeled here to occur
instantaneously, must be a very rapid propagation event in a
finite period and that the estimated propagation rate for the
eastern ridge (500 km/yr) is in fact of net propagation includ-
ing the rapid propagation around 0.3 1 Ma and the succeeding
much slower ridge propagation. This kinematic model repro-
duces the observed seafloor fabric and magnetic lineations
to the first-order. Naturally, the modeling conducted here
is not unique. After a number of trials with different fam-
ilies of models, however, it became clear that other models
with different parameter settings tended to deviate quickly
from the evolution shown in Figure 8 and resulted in signifi-
cantly different geometries at the end of the runs. The model
presented here is a representative of the family whose final
configuration resembles the observations most closely, and it
seems to succeed in outlining the first-order evolution of this
dueling propagator system.

Discussion

Difference From Previous Work

Klaus et al. [1991] identified the outer pseudofault of the
eastern ridge differently from this study, resulting in a prop-
agating tip angle of ~33°, while this study shows the angle
of ~17°. Their identification was based mainly on the short
fragment of trough located near 29°00'S, 111°40'W, and it
was confronted with the difficulty that seafloor inside their
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Figure 8c. The polarity of propagation changed again ~0.3 Ma, and the eastern ridge has been propagating
northward to the present. Normal polarity chrons such as Brunhes, Jaramillo, and anomaly 2 are shaded
in the present stage for comparison with observed magnetic lineations.

proposed outer pseudofault had enigmatic low reflectivity.
In this work, the short trough is recognized as an abandoned
rift (AR i) based on the ambient seafloor fabric. The tip
angle reduces to ~17°, and the west flank spreads faster
than the east one (Figure 7). The low seafloor reflectivity
is then located outside of the pseudofault, and it belongs to
older seafloor created at the western ridge. The reason for
the asymmetry faster inside than outside of the overlapped
ridges in spreading remains unclear.

The magnetic isochrons identified here are basically in
good agreement with those identified by Naar and Hey
[1991]. The denser magnetic profiles and the additional
strike information provided by the STCM, however, delin-
eate more detailed configuration of the isochrons with higher
certainty. Especially, the Brunhes, Jaramillo, and anomaly
2 chrons of the eastern ridge show more complicated shapes
(compare Figure 7 with Figure 9a of Naar and Hey [1991]).

Speed Limit Hypothesis

Naar and Hey [1989b] proposed a speed limit hypothesis
that a transform fault cannot exist with a slip rate higher than
145 km/m.y. This critical slipping rate is now reduced to 136
km/m.y., based on the astronomically calibrated timescale
[Shackleton et al., 1990; Hilgen, 1991a, 1991b]. This hy-
pothesis was based on the observation along the currently
active mid-ocean ridge system; the EPR 15°S-35°S is spread-

ing at a higher rate than the critical value, and there is no
transform fault observed. That portion of the EPR comprises
a smaller-scale dueling propagator at 20°40'S [Macdonald
et al., 1988a; Perram et al., 1993}, the Easter microplate,
the dueling propagator system studied here, and the Juan
Fernandez microplate. The magnetic study of the dueling
propagator system with the mapping of the fracture zone re-
veals that the area between these two microplates has been
spreading at a nearly constant rate as high as ~150 km/m.y.,
and a transform fault did exist at least for 1 m.y. before 2 Ma,
in contradiction with the speed limit hypothesis. The hy-
pothesis also is suggested to be null by Bird and Naar [1994]
and Hey et al. [1995]. However, it is still significant that this
EPR portion behaves so differently from other fast spreading
centers with spreading rates less than 136 km/m.y. The stud-
ied portion of the EPR is the only part which is spreading
faster than 136 km/m.y. on Earth, so it is difficult to establish
reliable systematics until some past examples of comparable
spreading rates are reported. The reason for the highly com-
plex tectonics exhibited in the studied area is discussed later
with causes for the dueling propagation.

Distributed Shearing or Rigid Plate Rotation?

The overlapped zone has been undergoing distributed
shearing, not rotating as a rigid plate. This fact is sup-
ported by the distributed seismicity in the overlapped zone
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[Wetzel et al., 1993] and the abrupt changes of the side scan
lineaments [Klaus et al., 1991]. Therefore this nontransform
offset is presently an oceanic rift propagation system with the
largest offset (~120 km), which roughly doubles the prop-
agator system at the Orozco transform fault [Madsen et al.,
1986, 1992]. Rigid plate rotation with an offset width of
~50 km has been proposed for the Wilkes transform system
[Goff et al., 1993]. The spreading rate at the Wilkes trans-
form is 139 km/m.y. [DeMets et al., 1994] so that the age
offsetis ~0.7 m.y. The dueling propagator studied here has a
larger age offset of ~1.6 m.y., which implies that the transi-
tion from distributed shear deformation to rigid plate rotation
cannot be explained only by the age offset of a propagator
system.

The clockwise change in the trend of the SOEST fracture
zone is as much as 9°, and the western and eastern trends
of the SOEST fracture zone deviate from the trend based on
NUVEL-1 by -6° and +3°, respectively (positive for counter-
clockwise). A recentstudy by Cormier etal. [1996] suggests
that there has been a clockwise change of only a few degrees
in the Pacific-Nazca spreading direction since 3 Ma. The
+3° difference between the eastern trend and the predicted
trend probably reflects this plate motion change. The -6° de-
viation of the western trend may have resulted from the rigid
plate rotation in the overlapped zone from 1.95 to 1.39 Ma
(Figure 8a) because a bookshelf faulting mechanism could
not have produced this rotation. This possible rigid plate
rotation, with a similar age offset to the current offset, in-
dicates that another important factor for the transition from
distributed shearing to rigid plate rotation may be the migra-
tion speed of an overlapped zone (M.-H. Cormier, personal
communication, 1995). Because of the changes in propaga-
tion polarity, the western part of the SOEST fracture zone
was trapped in the overlapped zone for ~0.56 m.y. Although
this idea is highly speculative, a “stress annealing” effect for
bookshelf faulting may be important for the genesis of mi-
croplates. The recent polarity change at ~0.3 Ma may be
creating a similar situation, and the precursor of rigid plate
rotation suggested by Hey et al. [1995] is consistent with the
above speculation.

Causes for Dueling Propagation

Rift propagation seems to occur to seek a new stable state
when some excessive forces cause instabilities on a spreading
system. So far, mainly two concrete mechanisms have been
proposed for rift propagation; a ridge propagates away from
areas of anomalously shallow seafloor which may reflect ex-
cessive magma activity such as hotspots [Hey et al., 1980;
Phipps Morgan and Parmentier, 1985], or it propagates in
response to changes in plate motion [Hey and Wilson, 1982;
Wilson et al., 1984]. The former, the hotspot-driven model,
excellently fits the rift propagation on the Galapagos spread-
ing center; all four propagators there moved or have been
moving away from the hotspot located near the spreading
center [Hey et al., 1980; Wilson and Hey, 1995]. On the
other hand, the general trend of the rift propagation on the
Juan de Fuca ridge is consistent with the latter model [Wil-
son et al., 1984; Wilson, 1988] though the correlation with
hotspot activities also has been suggested for the Cobb offset
[Johnson et al., 1983; Karsten and Delaney, 1989].
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The Easter hotspot, alleged to be located near Easter Is-
land, seems to be responsible for the western ridge’s propa-
gation, as well as the propagation on the east rift of the Easter
microplate [Schilling et al., 1985; Naar and Hey, 1991]. The
western ridge and the Easter east rift symmetrically propa-
gate away from the hotspot, which somewhat resembles the
situation seen at the Galapagos area. Although the Easter
southwest rift propagates toward the hotspot region, it has
probably resulted from the edge-driven kinematics of the mi-
croplate rotation [Schouten et al., 1993] and thus may not
contradict the hotspot-driven model. The axial depths along
the segment El increase northward, which is probably re-
lated to the northward propagation. The segments E2 and
E3, however, keep roughly constant axial depth; thus the
ridge axis topography is not consistent with simple hotspot
driven propagation. The clockwise change in the trend of the
SOEST fracture zone across the ARs a—c suggests that the
normal RTI was broken by the change in the Pacific-Nazca
spreading direction at ~2 Ma. The northward propagation
of the eastern ridge at ~1.95 Ma is consistent with the ex-
pected deviatoric stress around the RTI [Fujita and Sleep,
1978; Gallo and Fox, 1982]. Because the eastern anomaly 2
chron of the eastern ridge can be identified across the fracture
zone, the intratransform origin of the rift propagation [Bird
and Naar, 1994] does not apply to this propagator system.
The transform fault existing before ~2 Ma was less than
half as long as those for the Easter and Juan Fernandez mi-
croplates, and the intratransform instability may have been
negligible. Epp [1984] proposed a change in the Pacific plate
motion around 0.5 to 1 Ma based on hotspot trace analysis,
which might be related to the more recent propagation events
of the eastern ridge (1.21-0.99 Ma and 0.31 Ma to present).
However, other hotspot trace analyses suggest earlier tim-
ings such as ~5 Ma [Cox and Engebretson, 1985; Pollitz,
1986]. Even if there were such corresponding changes in
plate motion, however, it is difficult to explain the observed
changes in the polarity of propagation only by changes in
plate motion: a clockwise change for a left-stepping trans-
form fault generates an excess deviatoric stress field which
may initiate the northward propagation of the eastern ridge
but also enhance the ongoing southward propagation of the
western ridge [Fujita and Sleep, 1978).

It is noted that the timing of tectonic evolution appears to
be very similar at the Easter and Juan Fernandez microplates
and this dueling propagator, and thus the tectonics of the
southern part of the Pacific-Nazca spreading center should
be considered as a single objective to decipher. This portion
of the EPR has anomalously shallow seafloor compared to the
rest of the EPR, even if its superfast spreading rate is consid-
ered. The broad low-velocity zone (LVZ) under this region
that was detected by seismic studies [e.g., Woodhouse and
Dziewonski, 1984; Montagner and Tanimoto, 1991] proba-
bly causes the swell of the seafloor. Considering that the
principal resisting force for rift propagation is viscous suc-
tion at the tip [Phipps Morgan and Parmentier, 1985; Schu-
bert and Hey, 1986; Parmentier and Schubert, 1989], the
broad LVZ weakens the effect of age offset and facilitates
rift propagation. Once rift propagation has begun, therefore,
it can be long-lived to develop a large offset within which
the overlapped zone cannot be deformed with distributed
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shear. Thus a microplate can be relatively easily created in
this area. The microplate rotation probably generates com-
plicated interplate and intraplate stresses, which may trigger
off another rift propagation. In addition, it has been sug-
gested that the length of ridge segments is important for the
polarity of propagation [Macdonald et al., 1991] so that the
fine-scale history of the segmentation in this area should be
considered to resolve the evolution of the dueling propaga-
tion. The very unique and complex spreading style along the
EPR from the Easter microplate to the Juan Fernandez mi-
croplate may originate in the broad LVZ with the evolution
of the distributed stresses along the spreading center.

Summary

The major tectonic components such as the western and
eastern ridges, a fracture zone, and abandoned ridges were
clearly recognized in the side scan data, the bathymetry,
and the magnetization structure of the seafloor. These two
ridges, curving toward each other, make a large overlap-
ping spreading zone, the width and length of which are both
~120 km. The western ridge shows shallower flanks, more
intense segmentation, and weaker magnetization contrasts
than the eastern one. Each abandoned ridge or rift shows its
own curvature, axial depth variation, and magnetization con-
trast, implying significant deviation from a simple cyclic rift
failure. A fracture zone was mapped to the south of Easter
Island, on the east flank of the western ridge. Its counter-
part on the west flank could be located south of the Orongo
fracture zone under the seamount chain.

The magnetic boundary strike map, combined with the
downward component profiles of the vector anomalies, en-
abled the identification of the fine-scale magnetic lineations
in spite of the sparse track density. In addition, the vector
anomalies permitted the assessment of the three-dimension-
ality of the observed magnetic fields by the 3-D index. This
quantity was used for testing the two-dimensional assump-
tion in the magnetic inversion and also supported the reliable
identification of the magnetic lineations.

The recent spreading rates at both ridges were roughly
estimated by focusing on the steady state spreading portion.
The western ridge has been spreading at ~135 km/m.y., and
the eastern ridge has been spreading at ~150 km/m.y. The
latter is consistent with the prediction of the global plate
motion model (NUVEL-1A), and the slower spreading rate
at the western ridge may be attributed to the existence of the
Easter southwest rift located farther west of the ridge. The
current propagation rate of the eastern ridge was estimated as
~500 km/m.y. based on the angle between the pseudofaults.
The net propagation rate of the western ridge for the last 1.9
m.y. was also estimated to be ~120 km/m.y.

The configuration of the magnetic isochrons from Brun-
hes to anomaly 2A and the variation of the magnetization
contrasts, as well as the geometry of the ridge axes, the aban-
doned ridges/rifts, and the fracture zone, provide sufficient
clues for constructing the kinematics of this EPR portion
during the last 2 m.y. The current dueling propagator ini-
tiated at a normal RTI around 1.9 Ma and has alternately
propagated southward and northward. The eastern ridge has
been propagating to the north for the last 0.3 m.y., while
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the dominant propagation has been the southern propagation
of the western ridge. The propagation of the western ridge
may have been initiated and driven by the Easter hotspot,
whereas the eastern ridge lacks a clear reason for its north-
ward propagation. As well as the fine-scale history of ridge
axis segmentation, a more extensive framework including the
tectonics of the Easter and the Juan Fernandez microplates is
required to understand the perplexing evolution of this duel-
ing propagator system and general processes involved with
dueling propagator systems.
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