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Abstract

This paper investigates the shear velocity structure under the northern East Pacific Rise at the latitude range of 9–18°N, using
intermediate-period Rayleigh and Love waves. The selected ocean-bottom seismic records provide source–receiver paths that
ideally constrain the lithospheric mantle structure beneath the southern Rivera plate and the Mathematician paleoplate. The
Rayleigh wave data infer a relatively thin (∼30 km) lithosphere under the eastern side of the present-day East Pacific Rise. The
associated shear velocities are consistent with existing models of oceanic mantle beneath this region, and the estimated plate age of
2–3 million years agrees with results from magnetic dating. The west of the rise axis is characterized by a thicker and faster
lithosphere than the eastern flank, and such structural differences suggest the presence of a relatively old Mathematician paleoplate.
The discontinuous change in mantle structure across the East Pacific Rise spreading center are observed in both isotropic and
anisotropic velocities. The young oceanic lithosphere east of the rise axis shows strong polarization anisotropy, where the dominant
orientation of crystallographic axes roughly parallels the spreading direction. However, the western flank of the rise axis is
approximately isotropic, and the lack of anisotropy suggests complex deformation mechanisms associated with earlier episodes of
ridge segmentation, propagation and dual-spreading on and around the Mathematician paleoplate.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Transfer of active spreading centers from one location
to another generally occurs as an aftermath of plate
boundary adjustment through ridge jumps and reorienta-
tion of ridge propagation directions. Prior to the eventual
abandonment of the old ridge segments, two or more
nearly parallel spreading centers could co-exist and, de-
pending on the geometry of the ridge–ridge interaction,
trap the lithosphere between them and thereby produce
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oceanic microplates. Over time, these microplates can
potentially evolve into paleoplates long after the cessation
of spreading at one or both of the competing ridges.
Hence, the combination of “dual spreading” (Mammer-
ickx et al., 1988) and the subsequent abandonment of a
key component of the ridge–ridge interaction, due to
continuous or discontinuous plate boundary readjustments
(e.g., Hey, 1979; Klitgord and Mammerickx, 1982;
Lonsdale, 1995), can be effective means to form
paleoplates.

The aforementioned plate boundary processes could
play a key role in the evolution of the Mathematician
paleoplate west of the present-day northern East Pacific
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Rise (from here on, EPR) ridge system. Bounded by the
Rivera Fracture zone (north), the West O'Gorman frac-
ture zone (south) and the EPR (east), the Mathematician
paleoplate was strongly influenced by the Pacific–Farallon
spreading and convergence at the west coast of the
Americas (Klitgord and Mammerickx, 1982; Mammer-
ickx et al., 1988; Lonsdale, 1995; DeMets and Traylen,
2000). Through seafloor spreading and subduction, parts
or even entire ridge segments on the once-active Mathe-
matician microplate have been created or abandoned
(Macdonald et al., 1992). As the consequences of such
adjustments, part of ridge undergoes spatially discontin-
uous jumps over distances from a few kilometers to over a
hundred kilometers. Such jumps have been well docu-
mented by seafloor topographic, magnetic and side-scan
sonar data (Lonsdale, 1985; Searle, 1989; Hey et al., 1989;
Macdonald et al., 1992; Lonsdale, 1995), as have their
direct imprints on the tectonic evolution of the region. The
wide spectrum of seafloor-spreading rates varies from
7 cm/year north of the Clipperton fracture zone to about
13 cm/year near theGalapagos triple junction (e.g., DeMets
and Stein, 1990), reflecting the complex tectonic history of
dynamics in this region.

While the magnetic, topographic, and active source
data place strong constraints on the northern EPR sys-
tem, magnetic data suffer from the lack of spatial reso-
lution and topographic/side-scan sonar data are limited to
structures at relatively shallow depths. Broadband, passive
seismic experiments using ocean-bottom seismometers
(OBS) offer a viable alternative,with high lateral and depth
resolutions on structures at both crust andmantle depths. In
1995, a team led by S.Webb conducted a small-scale OBS
experiment called “Temporal Observation of Eruption
Seismicity” (TOES), aiming at improving the overall un-
derstanding of the nature of the mantle beneath the north-
eastern Pacific. During this 6-month deployment, six
OBS were positioned south of Clipperton Fracture Zone
(∼9°50′N) along the EPR and recorded several Mw>5
regional earthquakes that span the eastern and southeastern
Pacific oceans. The diverse spatial sampling led to a recent
study of temperature and melt content across the different
ridge segments (Gu et al., 2005) that identified a high-
velocity lithosphere (or lid) west of the present-day EPR
axial rifts. The path-averaged Rayleigh-wave phase
velocities provided preliminary constraints on the presence
and effect of the Mathematician paleoplate.

This study furthers the Gu et al. (2005) analysis by
providing (1) improved Rayleigh wave models, (2) quali-
tative error estimates, and (3) Love wave models that
reveal the extent of anisotropy. The analysis in the
subsequent sections highlights the substantial difference
between the eastern and the western flanks of the present-
day northern EPR. The Rayleigh and Love wave
velocities both support a relatively normal ridge mantle
beneath the eastern flank of the EPR and an older,
entrapped lithosphere beneath the western flank of the
ridge, as one would expect from a paleoplate. The lack of
Love–Rayleigh anisotropy west of the EPR also suggests
complexities in the tectonic history of the Mathematician
paleoplate region.

2. Data and methods

This study focuses on the Rayleigh and Love waves
generated by two earthquakes: (1) a Rivera Fracture Zone
eventwith a strike-slip type focalmechanism and a source–
receiver path that samples the Pacific side of the ridge axis,
and (2) a subduction zone event near Guerrero, Mexico
where the associated surface waves traverse the Cocos
Plate (Fig. 1). For simplicity I will refer to them as event 1
(west of EPR) and event 2 (east of EPR) hereafter. The two
event–station pairs are ideal for a direct comparison as they
have nearly identical path lengths and distances from the
axial rift. The seafloor bathymetricmap in Fig. 1 (ETOPO5
database,Mueller et al., 1997) highlights themajor fracture
zones and topographic variations, among which the
dormant Mathematician ridge is only visible by a series
of juxtaposed, north–south trending topographic lows near
111°W.

Intermediate-period surface waves were analyzed for
multiple stations, but a greater weight is assigned to a
designated station that exhibits superior signal-to-noise
ratios for both earthquakes (see discussions of multi-
pathing in Section 3). The bulk of the surface wave energy
from these two moderate-sized earthquakes is concen-
trated between 0.02 and 0.1 Hz, though appreciable am-
plitudes can be identified at most frequencies above
0.01 Hz. Fig. 2 shows a series of filtered vertical-com-
ponent records with the corresponding corner frequencies
specified next to each seismogram. The primary frequen-
cy range examined in this study is [0.03, 0.07 Hz], from
which the final waveform is effectively a superposition of
the filtered surface-wave wavelets that are sensitive to the
upper 15–60 km (shaded region, Fig. 2).

The waveform modeling approach is similar to that
used by Gu et al. (2005), which depends both on earth-
quake source mechanisms and on the elastic properties
of the crust and mantle. I use Harvard CMT solutions
(Dziewonski et al., 1981), obtained from global records
of surface and body waves, to account for excitation at
the source; solutions for both events are consistent with
the expected fault orientations and plate motions. Earth-
quake depths and scalar moments were pre-determined
by body-to-surface wave amplitude ratios (see Gu et al.,



Fig. 1. Earthquake and station locations plotted onto a bathymetric map (Mueller et al., 1997) of the study region. The source mechanisms are taken
from the Harvard CMTcatalogue. Five out of six available stations are used in the Rayleigh wave analysis and only the one station is used in the Love
wave analysis. The ray paths to the selected station are highlighted by the thick red lines.
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2005), and they are well supported by the surface waves
used in this study. The improved depth estimates of
9 km (Rivera fracture zone earthquake) and 60 km
(Mexican Earthquake) help preserve the amplitude
ratios computed from the OBS data.

The main objective of this study is to delineate the
shallow mantle structure along the earthquake–station
paths through forward modeling and inversion. First,
Fig. 2. Band-pass filtered vertical-component record of event 1 from a typica
the corner frequencies of the band-pass filter. Significant Rayleigh wave ener
wave phase window and the frequencies (from 0.03 to 0.06 Hz) considered
synthetic seismograms are computed for laterally ho-
mogeneous, layered models with a modified reflectivity
method (Fuchs andMuller, 1971; Kind, 1978; Herrmann
andWang, 1985) that incorporates a water layer (Xu and
Wiens, 1997). Then, I adopt a linearized inversion tech-
nique (Randall, 1994) to achieve an optimal match be-
tween data and model synthetics for the surface wave
window. The starting models of P and S velocities and
l station. The values on the right-hand side of each seismogram denote
gy can be seen down to 0.02 Hz. The shaded area shows the Rayleigh
by this study.



Fig. 4. SV-polarized and/or vertically propagating shear velocities
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density have been previously obtained by Gu et al. (2005)
from fitting vertical component OBS records. Through
iterations, the combined forward and inverse approach
improves the Rayleigh wavemodels from the earlier study
and, for the first time, determines the Love wave models
for the corresponding source–receiver pairs. Finally, quan-
titative measures of model errors are determined based on
statistics (this study), rather than relying on empirical
estimates (Gu et al., 2005).

3. Rayleigh wave models

Rayleigh wave phase velocities can be determined
accurately owing to the high signal-to-noise ratios on
the vertical-component OBS records. A comparison of
the filtered data records and model predictions (Fig. 3)
shows ∼80% reduction to the original data variance.
The visible difference in the estimated travel time curves
for these two paths highlights the structural differences
along the ray paths of this study. Smaller-scale lateral
Fig. 3. Recorded and calculated Rayleigh waves for the two
earthquakes analyzed in this study, shown in order by the solid and
dotted curves. The two long-dashed lines track the approximate peaks
of the first major swing in each phase group. The different slopes
highlight the structural difference beneath the two paths. The Rayleigh
waves are generally well matched by the theoretical waveforms
computed using the best-fit shear velocity model.

obtained from Rayleigh waves. “N&F0–4 V” shows the “vertical
velocity” (VSV) model of Nishimura and Forsyth (1989) for a 0–4 Myr
oceanic mantle. This model is obtained from an inversion of regional
surface wave dispersion measurements for a transversely isotropic
upper mantle. “GWLG path 2” (thin black line) was obtained by
modeling the Rayleigh waves from path 2 (beneath the eastern flank of
the EPR) by Gu et al. (2005). “B&E path 1, V” and “B&E path 2, V”
represent the VSV shear velocity model values of Boschi and Ekström
(2002), averaged along path 1 and path 2, respectively. “Path-1 R” and
“Path-2 R” show the respective best-fit models of the western and
eastern flanks of EPR (this study) from Rayleigh wave phase
velocities. The mantle structure east of EPR (Path-2 R) is reasonably
consistent with N&F0–4 V model, but the western flank is
characterized by a faster and thicker lithosphere and a relatively
mild low velocity zone.
heterogeneities can be inferred from travel time varia-
tions among stations. For example, each data set contains
at least one station with distinct phase velocities from the
remaining records, mostly due to the strong effect of
multi-pathing near the ridge axis where the station is
located. Ideally, one could examine each earthquake–
station pair and obtain a unique depth profile, but for the
main purpose of contrasting velocity variations across the
ridge I will focus on a station that is compatible with the
majority of others. This station is used for both Rayleigh
and Love wave analyses in order to minimize waveform
dependencies on station site and instrument performance.

Fig. 4 compares the SV-polarized shear velocity
obtained using Rayleigh waves generated by event/path
1 (red; from here on Path-1 R) and event/path 2 (blue;
Path-2 R) with four existing models of the eastern Pacific.
Path-1 R exhibits only marginal differences from an
earlier model obtained by Gu et al. (2005) for the same



Fig. 5. A statistical estimate of model uncertainties in the Rayleigh
wave analysis. In the top panel, the dotted lines represent a suite of trial
1D models (with 1% spacing) obtained by adding or subtracting a
certain percentage of lithospheric velocity to/from the appropriate
layers in the candidate model (solid gray curve). The bottom panel
shows the associated variance reduction (“1” represents 100%) for the
trial models. Smaller increment in model perturbations (0.1%) is taken
between −1% and 1%. The variance reduction vs. model perturbation
plot displays Gaussian-like distributions. The maxima in the total
variance reduction of all available stations, as indicated by the two
vertical lines, are close to the 0% perturbation that represents the
original candidate models. The standard deviation of the distribution is
used as a quantitative measure of model uncertainties.
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path; the latter model is not shown for simplicity. In
comparison, the gray curve (see Fig. 4) shows the average
“vertical velocity” (VSV) model of Nishimura and Forsyth
(1989) for ocean basins less than 4 million year old (from
here on, NF0–4 V), determined for the entire Pacific
region using regionalized surface wave dispersion mea-
surements. Path-1 R contains a significantly faster (by
∼4%) and thicker (by ∼15 km) oceanic lithosphere than
that predicted byNF0–4 V. Path-1 R also exhibits a strong
low velocity zone underneath the lid, with minimum
velocities falling below 4.0 km/s. The resulting steep
velocity gradients associated with the lithosphere–
asthenosphere transition appear to match the relative
amplitudes of individual dispersive signals within the
Rayleigh wave phase group.

The shear structure beneath the eastern side of the ridge
(Path-2 R) is slightly slower than an earlier model of the
corresponding path (Gu et al., 2005; labeled GWLG and
represented by a thin black curve). Two factors could
contribute to this modest difference. First, rather than
finding an average structure that fits all available stations,
this study places higher weight on a single representative
station; second, this study uses Gu et al. (2005) model as
the starting velocity andmodest improvementsweremade
to fit the waveform data after additional iterations. The
overall characteristics of Path-2 R and NF0–4 V are
consistent in the top 50 km, but both models are
significantly slower than Path-1 R, the structure east of
the ridge. The 0.12 km/s (∼3%) overall difference
between Path-2 R and Path-1 R cannot be reconciled by
relatively minor fluctuations in data quality and plate age.
In fact, the average path age between 1.5Myr (west of the
rise axis) and 2.3 Myr (east of rise axis) based on Mueller
et al. (1997) should produce slightly slower velocities
west of the present-day rise axis, but the opposite is
observed.

The regional models described above generally show
more pronounced low velocity zones than the path-
averaged, vertical velocity (VSV) of Boschi and Ekström,
2002 (labeled B&E path 1, V; see Fig. 4). This is not
unexpected as the latter model was obtained from global
inversions of surface waves from on-land stations. The
lack of path coverage close to the ridge axis and the
regularization/smoothing applied to the global inversions
(e.g., Ekström and Dziewonski, 1998; Gu et al., 2005)
could significantly reduce the overall amplitude of the
velocity perturbations near spreading centers. The
inherent difference between Rayleigh wave particle
motions analyzed in this study and the so-called “vertical
velocity”, a shear velocity that depends on polarization as
well as propagation direction, could also introduce some
model differences. However, the effect due to the different
definitions of shear velocity is likely secondary as both
Nishimura and Forsyth (1989) and Boschi and Ekström
(2002) inverted for transversely isotropic structures but
produced the two end-member models in Fig. 4.

Formal uncertainties of the models are difficult to
quantify because they depend on factors such as event
mislocation and the choice of model parameterization.
However, it is plausible to estimate the modeling error
of shear velocities, particularly the lithosphere–astheno-
sphere velocity gradient, based on a statistical analysis
of the reduction of data variance. I start with a candidate
model and modify its lithosphere velocities by a uniform
percentage to obtain a perturbed model. Then, a
synthetic seismogram is calculated using the perturbed
model and document the reduction to the original data
variance in the selected Rayleigh wave window. I repeat
this process for a suite of models that deviate (in lid



Fig. 6. Observed and model predicted Love waves on the transverse-
component records. The final models from events 1 and 2 match the
observations very well.
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velocity) from the candidate model by percentage values
within [−4%, 4%] with 1% increment; finer perturba-
tions are computed from −1% to 1%. By definition, a
valid velocity model should fit the data well, such that a
variance reduction versus percentage perturbation plot
should approximately resemble a Gaussian distribution
with ∼0% mean perturbation. If so, the optimal model
based on the distribution should be reasonably close to
the candidate model (at 0% perturbation) and the
standard deviation of the distribution can be an effective
measure of model uncertainty.

By using the approach above I compute a suite of
hypothetical, perturbed models based on the candidate
models Path-1 R and Path-2 R (Fig. 5, top panel); the
denser sampling between −1% and 1% is omitted for
clarity. Fig. 5, bottom panel shows the variance reduc-
tion curves for the range of model perturbations in the
lithosphere. For generality the variance reduction is
calculated as the weighted sum of all available stations
for a given event. The resulting distributions are approx-
imately Gaussian. The standard deviations of the distri-
butions are 0.52% for path 1 and 0.75% for path 2,
which correspond to empirical model uncertainties of
1% or less for both lithospheric models. The optimal
models (in view of variance reduction) are close to but
not precisely positioned at the centers of the curves. This
is, in part, a result of the subjective criterion to preferen-
tially fit the Rayleigh waves at one station rather than all
of the stations. The relatively small uncertainties for
both paths could, at best, account for half of the ob-
served model difference of 2.5% in their shallow mantle
structures.

4. Love wave models

Love waves are harder to model since the horizontal-
component records are strongly affected by lateral move-
ments of ocean currents. More importantly, as an OBS
descends to the ocean floor, the two horizontal compo-
nents (north–south and east–west) undergo rigid-body
rotations about the vertical axis and, therefore, the true
orientation is unknown. I use a statistical analysis of the
particle motion (e.g., Vidale, 1986; Toomey et al., 1998)
to determine the stationmisorientation. First, I choose two
large earthquakes (with bodywave magnitudes of 6.5 and
6.7) recorded by a designated station. The sense of particle
motion is then recovered from the scatter plot of the two
horizontal components for a selected Rayleigh wave
window. Despite potential errors in recording and the
presence of 3D heterogeneity and anisotropy, the time
samples associated with a Rayleigh wave phase window
should roughly follow a straight line oriented at a particu-
lar angle. Assuming Rayleigh waves have little or no
energy on the transverse component, the station misori-
entation can then be determined by the orientation of the
best-fit line through the scattered points. As the final step,
I compare the polarity of Pwaves on the vertical and radial
components after the rotation to determine if an additional
180° shift (or a sign change) is necessary. The resulting
misorientation angles at the designated station are found
to agree to 6–8° for the two selected earthquakes. These
uncertainty values are consistent with those reported by
Toomey et al. (1998), and are small enough to recover
accurate models of shear velocities fromLovewaves. The
average of the two angles is used as the final station
misorientation and the appropriate rotation is subsequent-
ly applied to the horizontal components.

Love waves can be clearly identified on the transverse-
component records after rotation (Fig. 6). I then perform
the same forward and inverse modeling approaches
outlined in the Section 3 to produce the best-fit Love
wave model. The synthetic seismograms computed from
the resulting models (see Fig. 6) closely match the
observations, as both the amplitude and phase of the Love
waves are successfully captured by the theoretical
calculations. These models (Fig. 7; labeled “Path-1 L”
and “Path-2 L”) are compared with “horizontal” (or VSH)
velocitymodels ofNishimura and Forsyth (1989) (NF0–4
H; thick gray line) and Boschi and Ekström (2002) (B&E
path 1, H and B&E path 2, H). For the latter study, the 1D
velocity profiles are obtained by averaging the 3D VSH

model along the paths analyzed in this study.



Fig. 8. Hypothesis tests of the final models using the Love wave
records. The top traces in each panel show the observed Love waves
for the two source–receiver paths. The middle traces represent a
theoretical calculation of Love waves, assuming the same source and
station information, using the Love wave model of the opposite side of
the ridge axis. The bottom traces show predictions of Love waves
using the SV-polarized velocity models of the same side of the ridge.
Path 2 Love waves clearly demand a faster model than those tested,
while path 1 Love waves arrive later than the “scrambled” model
predictions.

Fig. 7. A comparison of shear velocities obtained from the transverse-
component records (this study) with existing “horizontal velocity”
(VSH) models that depends on wave particle motion as well as
propagation direction. Model “N&F 0–4 H” represents the average
VSH model of Nishimura and Forsyth (1989) for a typical 0–4 Myr
ridge mantle. The VSH model values of Boschi and Ekström (2002;
labeled “B&E”) are obtained by averaging the horizontal shear
velocities along the two source–receiver paths of this study. “Path-1 L”
and “Path-2 L” represent the optimal Love wave models of this study
for the eastern (path 2) and western (path 1) sides of EPR, respectively.
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Path-1 L shows a lithosphere approximately 40–
50 km thick, overlying a strong low velocity zone that
potentially extends down to 80–100 km (see Fig. 7).
The maximum lid velocity of ∼4.35 km/s is slightly
lower than the model value of N&F0–4 H (∼4.4 km/s),
but the velocity falloff with depth is less rapid than the
latter model. The low velocity zone is ∼1% slower and
15 km deeper than that shown by N&F0–4 H, but the
overall characteristics of the two models are well corre-
lated. In comparison with B&E (Boschi and Ekström,
2002), a 3D anisotropic model obtained by inversions of
surface wave dispersion, the lid velocities match reason-
ably well but the low velocity zone velocities differ
by 7% or more. In fact, model B&E H suggests a
negative velocity gradient close to 100 km that could, to
a certain degree, reflect the imperfect depth resolution
of global models in general. Finally, a comparison of
Figs. 4 and 6 shows that the main characteristics of Path-
1 L, for example, a thick lid and a steep low velocity
zone, are most consistent with the Path-1 R (obtained
from Rayleigh waves) for the same path. This corre-
lation could imply an effective isotropic mantle beneath
path 1 (see Section 5 for further discussion).
The velocity profile east of the ridge axis (Path-2 L, see
Fig. 7) is characterized by a high-velocity lid and an
average velocity that exceeds 4.4 km/s. This value is mar-
ginally higher than the average lid velocity west of the
ridge axis (∼4.2 km/s). Underneath the lid, the model does
not show awell-defined asthenospheric low-velocity zone,
a distinct feature that contrasts sharply with Path-1 L. The
overall asthenospheric velocity is slightly lower than the
corresponding velocity exhibited by B&E H (for path 2),
but it is substantially higher than that required by Love
waves traveling on the western side of the ridge or by
Rayleigh waves traveling on the same side of the ridge (see
Figs. 4 and 7).

The model differences are clearly illustrated by the
Love wave records in a series of hypothesis tests (Fig. 8).
The top traces in each panel show the original Love wave
record, and the bottom two traces show the predicted
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Love wave arrivals using the SH-polarized model from
the opposite side of the ridge (middle) and the SV-po-
larized model from the same side of the ridge (bottom),
respectively. The event 2 Love wave observation, which
reflects the transversely polarized structure east of the
EPR axis, leads both model predictions by 10–15 s. This
phase difference requires a much faster lid under the
eastern flank of the EPR. Model differences are illus-
trated by path 1 Love wave data, as the observed wave-
form trails model predictions of Path-2 L and Path-1 R by
10 s or more.

Finally, I use the same statistical analysis described in
Section 3 to quantify the model uncertainties. For both
events, the waveform correlation between the synthetic
and observed seismograms degrades quickly when the
perturbed model moves away from the final models
shown in Fig. 7. For example, if one increases the topmost
lithospheric layer by 1% and decreases the underlying
layer by 1%, the net change in velocity gradient can result
a 10% decrease in variance reduction. The combined
uncertainty in the two Love wavemodels is no larger than
3%, which at best accounts for half of the observed
velocity difference of 7–8% between the two sides of the
EPR. Hence, the observed east–west structural change is,
most likely, physical. Uncertainties associated with earth-
quake depth, density and Q have only secondary effects
on the phase velocities examined in this paper.

5. Discussion

Themain results of this paper canbe summarized by the
strong changes in mantle seismic velocity and anisotropy
across the present-dayEPR rise axis in the latitude range of
9–18°N. These changes vividly reflect the complex plate
boundary adjustments associated with the interaction of
the Pacific, Mathematician, and Rivera plates in the last
10 Myr. The eastern flank of the present-day rise axis is
considerably slower than the western side for a propagat-
ing Rayleigh wave sensitive to upper mantle depths. If we
assume a simple conductive cooling model (e.g., Turcotte
and Oxburgh, 1967; Forsyth, 1992; Carlson and Johnson,
1994) and a lid thickness of 35 km, the observed 4.2 km/s
lid velocity would then correspond to a lithosphere age of
2–3 Myr and an approximate temperature of 1100 °C
(Kato, 1997; Gu et al., 2005). This model-derived age is
consistent with the 3.0–3.2 Myr by DeMets and Traylen
(2000) from magnetic lineation and calculations of plate
rotations. Furthermore, the relatively thin lid east of the
EPR (∼30 km thick), as evident in both SV-polarized
(Path-2 R) and SH-polarized (Path-2 L) velocities, cor-
roborates with the large-scale Rayleigh wave dispersion
measurements of Nishimura and Forsyth (1989) for a 0–
4 Myr ridge mantle. In short, the structure beneath the
eastern flank of the present-day EPR represents a typical
oceanic mantle near a fast spreading center.

The relative simplicity of themantle beneath the eastern
flank of EPR is also reflected by the presence of strong
polarization anisotropy. The eastward ridge flow with a
slight clock-wise rotation in recent history (DeMets and
Traylen, 2000) appears to have strongly influenced the
mantle fabric beneath this region. The SH-polarized ve-
locity is more superior than SV-polarized velocity and the
strength of anisotropy highlights the effect of finite strain
which, based on recent results from mineral physics
(Mainprice et al., 2000; Faul, 2001) and seismology (e.g.,
Nishimura and Forsyth, 1989; Ekström and Dziewonski,
1998; Levin et al., 1999; Montagner, 2002; Boschi and
Ekström, 2002; Gung et al., 2003, 2005a), could cause a
horizontal alignment of olivine a-axis at shallow mantle
depths (Blackman et al., 1996). Ridge-normal flow could
be a major cause of the finite strain that increases the
velocity of Love waves traveling roughly southward; Ray-
leigh waves, on the other hand, prescribe to elliptical par-
ticlemotionswithin planes that are normal to the flow lines.
The amount of anisotropy we observe east of the EPR
is larger than previously estimated (e.g., Nishimura and
Forsyth, 1989; Ekström and Dziewonski, 1998). The dif-
ference could arise from differences in sampling: the path
examined by this study represents a specific profile nearly
parallel to the ridge axis (thereby sensing strong ridge
effects), while the two earlier studies average over a much
larger area using a diverse set of path azimuths, thereby
slightly reducing the overall anisotropy.

The western side of the northern EPR, sampled by path
1, is significantly more complex. Based on marine seis-
mic, topographical and magnetic data (e.g., Mammerickx
et al., 1988; Macdonald et al., 1992; Canales et al., 2003),
the Mathematician paleoplate was largely excluded from
participating in the Wilson cycle (Fig. 9). This old plate
largely maintains the tectonic imprints from past episodes
of dual spreading and ridge jumps to the east. Additional
complications such as the capture of littered lithospheric
fragments from the Farallon plate (Mammerickx et al.,
1988) may also affect the mantle signatures that we ob-
serve today. The formation of this paleoplate may have
started when the failed Mathematician ridge, which was
hypothesized to be the dominant mid-ocean ridge
10 million years (Myr) ago, gave way (at ∼3 Ma) to a
developingMoctozuma Trough (see Fig. 9) that eventually
became part of the East Pacific Rise (DeMets and Stein,
1990). During the dual spreading episodes, the Mathema-
tician paleoplate was sandwiched between the two spread-
ing centers and lithosphere mantle is largely 6–10Myr old,
much older than eastern side of the present-day EPR.



Fig. 10. A schematic diagram of changes in the potential mineral fast-
axis orientations due to complex strain fields on and around the
Mathematician paleoplate. Over a series of tectonic events such as ridge
jumps and dual-spreading, the lithosphere underneath could undergo
significant shortening (in the horizontal direction) and thickening (due
to processes other than conductive cooling). The finite strain
experienced in this region was quite complex and may explain the
observed isotropic mantle beneath the eastern portion of the
Mathematician paleoplate.

Fig. 9. Plate reconstruction of the Mathematician–Rivera–Pacific system (modeled after Mammerickx et al., 1988). The region bounded by the
Mathematician Ridge, Rivera fracture zone, Moctezuma trough (EPR) and O'Gorman Fracture zone represents the Mathematician paleoplate. The
light arrows show the past spreading directions of the Moctezuma Trough (which eventually evolved into the EPR) and of the dormant Mathematician
ridge prior to the past 3 Myr; the solid arrows show the present-day spreading directions of the EPR. Episodic ridge jumps and dual-spreading
occurred in the last 5–6 Myr.
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Our OBS records west of the EPR suggest the
presence of the Mathematician paleoplate. Path 1 direct-
ly samples this region from the source side and the
resulting high Rayleigh wave model reflects a modified
path age of ∼5 Myr while assuming a lid thickness of
45 km (Kato, 1997; Gu et al., 2005). The long history of
this region is further evidenced by a thick oceanic
lithosphere of ∼50 km, present in both Rayleigh and
Love wave velocities. A strong low velocity zone
inferred jointly from Rayleigh and Love waves suggests
a deep-asthenospheric anomaly beneath the Mathema-
tician paleoplate. It is not yet clear whether this anomaly
represents a thermal origin or melt fraction beneath a
relatively thick lithosphere. This asthenospheric feature
is absent from the east of the EPR. The mantle structure
imaged by SH-(Love) waves does not deviate signifi-
cantly from the one obtained by SV-polarized (Ray-
leigh) waves; the agreement suggests an effectively
isotropic mantle that may extend below 70 km. If the
strength of anisotropy is any indication of “order” in the
mantle (Anderson, 1989; Silver, 1996), the largely iso-
tropic region west of the present-day EPR rise axis
would signify a poorly ordered system with randomly
distributed fast crystallographic axes, or, an ordered
mantle with competing patches of vertically and
horizontally aligned olivine crystals along the sampled
ray path. The lack of strong radial anisotropy (or
transverse isotropy) or the presence of significant
azimuthal anisotropy could both lead to a seemingly
isotropic mantle. Unfortunately, the effect of azimuthal
anisotropy requires significantly more data to constrain
(e.g., Montagner and Tanimoto, 1991).
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A suggested cause of isotropy west of the EPR is
shown in Fig. 10. For the first 5–6 Myr, the oceanic
lithosphere beneath the Mathematician paleoplate (at the
time, a microplate) was assumed to contain strong
transverse isotropy with a fast horizontal orientation,
similar to the east of the present-day EPR and other
young ocean basins near a fast-spreading ridge. The role
of the captured Farallon plate lithosphere at this time is
unclear, however. As the Moctezuma trough (the early
EPR system) started to develop, the horizontal flow near
the Mathematician ridge experienced major disruption
due to a dual-spreading ridge system. The compressive
stresses caused significant shortening in the east–west
direction and extension in the north–south and vertical
(depth) directions. Over the next 3–4 Myr, the
deformation in this region became more complex, as
the Mathematician paleoplate underwent episodic trench
segmentation, migration and rotation. The initially or-
dered flow geometry and the associated horizontal
anisotropy were largely diminished by the complex
tectonic stresses over time (see Fig. 10). In particular, the
vertical component of the strain field could cause the
lineation direction of olivine crystals to rotate toward a
vertical orientation. Consequently, the difference between
SV and SH polarized velocities would become relatively
small, a hypothesis that is well supported by the OBS data
from event 1.

6. Conclusion

Overall, this paper shows two contrasting pictures of
the lithospheric mantle beneath the two flanks of the
northern EPR. The eastern side represents a young, fast-
spreading ridge mantle that is characterized by relatively
low Rayleigh wave velocities, a thin lid, and a signifi-
cantly faster Love wave model due to flow-induced
alignment of olivine crystals perpendicular to the north–
south trending ridge segment. Thewestern side of the EPR
displays a faster, thicker lithosphere, consistent with an
older oceanic lithosphere associatedwith the remnant of the
Mathematician paleoplate. The mantle within the paleo-
plate is largely isotropic, resulting from the long history
(∼10 Myr) and the dual-spreading episodes of this region
in the last 3–5 million years. The seismic observations
presented in this study provide a small but valuable
window into the dynamic history of the region. Though
understandably with primarily two events recorded on the
ocean floor, the spatial resolution remains an issue to be
resolved in the near future. Hopefully, data from ongoing
efforts such as the RIDGE2000 project can shed further
light onto the formation and evolution of the northern East
Pacific Rise ridge system.
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