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The Gulf of California, which forms part of the Pacific–North American plate boundary, is an ideal place to
investigate upper mantle dynamics in a continental rifting area. With 19 seismic stations located around
the gulf, the NARS-Baja experiment (2002–2008) was designed to image its crustal and mantle structure.
Here we present results of a tomographic inversion of Love and Rayleigh interstation phase velocity mea-
surements for a radially anisotropic shear velocity model of the Gulf of California. This study confirms the
overall low shear-wave velocities in the upper 200 km of the mantle found in other Rayleigh wave stud-
ies, and the presence of a positive shear-wave velocity anomaly at depths of roughly 80–160 km beneath
the central gulf (Zhang et al., 2009). In addition, we find that the horizontal shear velocity (VSH) is gener-
ally higher than the vertical shear velocity (VSV). For the northern gulf, however, there is strong indication
for VSV > VSH in the 40–60 km depth range. This region also has anomalously low shear-wave velocities
down to 100 km depth. Combining these observations, we suggest that the low velocity anomaly and the
negative radial anisotropy ðVSH < VSV Þ beneath the northern gulf are related to vertical flow of low veloc-
ity material in an area of a slab window, either by the vertical alignment of olivine crystals or by a fabric
of vertically oriented sheets of melt. The high-velocity anomaly beneath the central gulf is interpreted as
a remnant slab fragment which inhibits vertical flow from the deeper mantle. Our tomographic results
indicate that the formation of the Gulf of California cannot be explained by simple models of crustal
extension or dynamic upwelling. Instead, its structure and geodynamics are caused by the cessation of
subduction by stalled microplates in the central and southern gulf and the presence of a slab window
in the north.

� 2012 Elsevier B.V. All rights reserved.
1. Introduction

The Gulf of California is part of the Pacific–North American plate
boundary that forms the link between the spreading center of the
East Pacific Rise and the San Andreas transform fault. It is a unique
plate boundary segment in a region where active convergence be-
tween the Farallon and North American plates was replaced by
Pacific–North American spreading and transform faulting. In the
following we give a brief summary of the tectonic evolution of
the region to obtain the perspective of our seismic study.

The Farallon plate subducted beneath North America until
�29 Ma when the Pacific–Farallon spreading ridge reached the
trench at the subduction zone. As a consequence, the Pacific plate
made direct contact with the North American plate replacing Faral-
lon–North American convergence by Pacific–North American
transform motion. With time the contact zone between the Pacific
and North-American plate extended to the north and south, and the
ll rights reserved.
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Farallon plate fragmented into various microplates (e.g., Lonsdale,
1991; Nicholson et al., 1994; Bohannon and Parsons, 1995;
Atwater and Stock, 1998). Two of these, the Guadalupe and the
Magdalena microplates, have been identified offshore the Baja
California peninsula (Fig. 1). Their subduction beneath Baja Califor-
nia ceased approximately 12 Myr ago. The ridge segment north of
these microplates encountered the trench prior to that and locally
formed a slab window (Atwater, 1989; Severinghaus and Atwater,
1990). Tectonic reconstructions therefore predict a slab window
beneath northern Baja California, whereas Guadalupe and
Magdalena slab fragments might be present beneath central and
southern Baja California.

When subduction ceased at approximately 12 Ma, the trans-
form motion between the Pacific–North American plates was
largely accommodated along the right-lateral San Benito and Tos-
co-Abreojos fault zones which are parallel to the fossil trench
(Fig. 1). The extensional component of relative motion was taken
up by back-arc extension, forming a proto-Gulf between the Baja
California Range to the west and the Sierra Madre Occidental to
the east (Spencer and Normark, 1979, 1989). Over time the relative
plate motion was increasingly accommodated by strike-slip mo-
tion and extension in the proto-Gulf area, the area that became
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Fig. 1. Tectonic map of the Gulf of California region. The main tectonic provinces
are the Baja California Range, Gulf Extensional Province (hatched) and the Sierra
Madre Occidental. The present day plate boundary is shown in red, inactive plate
boundaries are shown as white lines. Arrows indicate plate motions: absolute plate
motions in blue (HS3-NUVEL1A, Gripp and Gordon, 2002), relative plate motion in
grey. Abbreviations: SAF, San Andreas Fault; EPR, East Pacific Rise; Gua, Guadalupe
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Fault; GFZ, Guadalupe Fracture Zone; SFZ, Shirley Fracture Zone.
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the Gulf Extensional Province (Stock and Hodges, 1989). At
approximately 6 Ma, most of the Pacific–North American trans-
form motion along the San Benito and Tosco-Abreojos faults ended,
moved inland, and was taken over by transform faults and pull-
apart basins in the proto-Gulf area (e.g., Lonsdale, 1991; Oskin
and Stock, 2003). Consequently, the Golf of California started to
open. Currently, approximately 90% of the Pacific–North American
plate motion (of 51 mm/yr) is taken up by northwest extension in
the gulf (Plattner et al., 2007).

Although many aspects of the tectonic evolution are known, the
processes that caused the opening of the gulf remain elusive and
the current geodynamics of the region is unclear. An intriguing as-
pect is, for instance, that there are structural differences in the
style of rifting along the Gulf of California. It changes character
from an oceanic-type spreading centre and transform fault system
in the South to a region of diffuse continental extensional deforma-
tion in the North (Lonsdale, 1989; Nagy and Stock, 2000; González-
Fernández et al., 2005). Furthermore, the basins in the southern
and central gulf change from wide to narrow rifts over distances
of only �200 km (Lizarralde et al., 2007). The causes of these vari-
ations are poorly understood.

The NARS-Baja experiment (Trampert et al., 2003, Fig. 1) with
19 broadband seismic stations deployed around the Gulf of Califor-
nia (2002–2008) was designed to study the seismicity and mantle
structure beneath the gulf. Previous studies using these data have
already provided some important results. Persaud et al. (2007)
determined the crustal thickness under the NARS-Baja stations
from receiver functions and found eastward crustal thinning of
the Baja California peninsula. Using SKS splitting Obrebski et al.
(2006), van Benthem et al. (2008), and Long (2010) found strong
lateral variations in upper mantle anisotropy that they associated
with past Farallon subduction and absolute plate motion direc-
tions. Strong structural variations, potentially related to the pres-
ence of stalled Farallon slab fragments, were also inferred by
Obrebski and Castro (2008) from anisotropic receiver function
analyses of three NARS-Baja stations. Several surface wave studies
provided information about the shear velocity structure (López-
Pineda et al., 2007; Zhang et al., 2007; Zhang et al., 2009; Wang
et al., 2009). The Rayleigh wave tomographic study of Zhang
et al. (2009) showed for the first time the presence of a relatively
high velocity anomaly at depths of more than �100 km. They inter-
preted this anomaly as a remnant slab fragment beneath the cen-
tral part of the gulf. More shallow (50–90 km) local low velocity
anomalies on the other hand suggest small scale dynamic upwell-
ing beneath the gulf (Wang et al., 2009).

In this study we inverted interstation Love and Rayleigh wave
phase-velocity curves for the radially anisotropic shear velocity
structure of the gulf. Features of the isotropic shear velocity struc-
ture and variations in radial anisotropy in the uppermost mantle
show that the imprint of the tectonic history is still visible in the
shallow mantle structure which may explain the variations in rif-
ting along the gulf.
2. Method and data

Using data from the NARS-Baja experiment, we constructed a
shear velocity model with radial anisotropy beneath the Gulf of
California by a three stage inversion. In the first stage, we mea-
sured phase velocities of the fundamental mode Love and Rayleigh
waves between the station pairs of the NARS-Baja network. In the
second step the measured dispersion curves were inverted for 2-D
phase-velocity maps at different periods for each of the two wave-
types. As a result, we estimated at each geographical location the
local Love and Rayleigh wave phase velocity curves. In the third
step these dispersion curves were inverted for radially anisotropic
1-D shear wave velocity models which were combined into a 3-D
radially anisotropic shear-velocity model.

2.1. Interstation phase velocity measurements

In the first stage, the phase velocities of the fundamental mode
Love and Rayleigh waves were measured for paths between the
stations of the NARS-Baja network across and around the gulf
(see Fig. 2).

The interstation approach is based on the assumption that sur-
face waves propagate along the great-circle path so that the disper-
sion curves are representative of the structure between the two
stations. From the cross-correlation function of two vertical (or
transverse) component seismograms, excited by the same event
recorded at two stations with the same back azimuth, one can find
the Rayleigh (or Love) wave phase velocity c at frequency x (Sato,
1955):

cðxÞ ¼ xðD1 � D2Þ
arctanðIm½UðxÞ�=Re½UðxÞ�Þ þ 2np

;

where UðxÞ is the cross-correlation function of the two seismo-
grams at frequency x;Re½UðxÞ� and Im½UðxÞ� are the real and imag-
inary components of UðxÞ respectively, D1 and D2 the epicentral
distances, and the indices 1 and 2 refer to the two stations. Because
of the 2p-ambiguity of the arctan function, the phase velocity is
estimated from an array of curves for different values of n, where
n is an integer.

Following the approach of Meier et al. (2004), we measured
phase velocities of fundamental mode Rayleigh (or Love) waves
by cross-correlating vertical (or transverse) component displace-
ment seismograms from two stations. The displacement fields
are excited by events located up to 7� from the great circle between
the two stations. A 7� difference corresponds to a 1% difference in
phase velocity, which is generally smaller than the uncertainty
caused by scattering, multipathing, off-great circle propagation,
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i.e. various types of finite frequency effects. The method involves
frequency-dependent filtering and weighting, and the phase veloc-
ity curve is interactively selected in the frequency domain. Only
the best (parts of the) phase velocity curves were selected and
inconsistent measurements were discarded. More details about
the approach can be found in Meier et al. (2004) and Zhang et al.
(2007, 2009). For each path, the final phase velocity curve was ob-
tained as the average of at least eight individual curves with a min-
imum of four measurements per period. However, in most cases
we had more than 20 phase velocity curves per path. The uncer-
tainty was taken as ±1 standard deviation from the average of
the ensemble of curves.

The Love wave data set consists of 2077 transverse component
seismograms excited by 461 earthquakes with moment magni-
tudes larger than 5. In total, we obtained 92 interstation phase-
velocity dispersion curves of the fundamental mode Love wave.
Fig. 2 shows the distribution of the events as well as the locations
of the stations and path distribution. The Rayleigh wave dispersion
curves for the same paths were taken from Zhang et al. (2009). The
Rayleigh wave data set includes 5292 vertical component wave-
forms of 858 earthquakes with a moment magnitude larger than
5. Fig. 3 shows the number of paths at different periods of the
interstation phase velocity measurements. Although the same
paths were selected for the two data sets, the path distribution
of the Love and Rayleigh wave measurements varies for the differ-
ent periods. At longer periods there are more Rayleigh than Love
wave measurements. This is due to the greater difficulty in mea-
suring Love waves at long periods and the higher noise level on
the transverse component seismograms. The reduced Love-wave
path coverage at long periods limits the resolution of the shear-
wave velocity model at larger depths.

2.2. Love and Rayleigh phase velocity maps

In the second stage, the two sets of 92 interstation phase veloc-
ity measurements are inverted for Love and Rayleigh phase veloc-
ity maps that include azimuthal anisotropy. The inversion of a set
of interstation phase velocity dispersion curves to phase velocity
maps at individual periods can be solved as a linear problem. At
a given period, the interstation phase velocity perturbation d for
path i with an azimuth w is

di ¼
Xm

j¼1

KijdCj ¼
Xm

j¼1

KijðdCðisoÞj þ dAð2wÞj cos 2wþ dBð2wÞj sin 2w

þ dAð4wÞj cos 4wþ dBð4wÞj sin 4wÞ;

where Kij is the weight of grid point j to path i, determined by the
relative position between the grid point and the path (Lebedev
and van der Hilst, 2008), and m is the number of grid points on
the phase velocity map. The five coefficients dCðisoÞj; dAð2wÞj; dBð2wÞj;

dAð4wÞj and dBð4wÞj describe the phase velocity perturbations dCj at
each geographical grid point, obtained as a first-order approxima-
tion for a plane layered medium with weak general anisotropy
(Smith and Dahlen, 1973): the coefficient dCðisoÞj is the isotropic
phase velocity perturbation; dAð2wÞj, dBð2wÞj, dAð4wÞj and dBð4wÞj param-
eterize azimuthal anisotropy. In this study we adopted a similar ap-
proach to that of Lebedev and van der Hilst (2008) to solve this
linear inverse problem. The five phase velocity perturbation coeffi-
cients, at the knots of a triangular grid with a nearly-uniform spac-
ing of 100 km, were inverted by using LSQR (Paige and Saunders,
1982) with smoothing and slight norm damping.

We used the same damping and smoothing factors in this step
as in Zhang et al. (2009)), a relatively strong smoothing and only
slight norm damping, to obtain robust albeit rather smooth phase
velocity maps. The same regularization was used for all periods to
avoid lateral variations in the phase velocity maps caused by vari-
ations in damping and smoothing. The resolution matrices were
calculated and various resolution tests were carried out to analyze
the robustness of the results. An example of a resolution matrix is
shown in Supplementary material. Fig. 4 gives an indication of the
resolution in the final phase velocity maps. The colour at each grid
point marks the resolution of the isotropic term by the value of the
diagonal element in the resolution matrix. The directional distribu-
tion represents the azimuthal path coverage. We found that the
isotropic components were much better resolved than the aniso-
tropic components, and the resolution length for the isotropic
structure is estimated to be 150–200 km in the best resolved area,
i.e. in the gulf. Figures showing the lateral resolution for two grid
points in the gulf can be found in Supplementary material. The
anisotropic components have a relatively poor resolution; espe-
cially the anisotropic terms of the Love waves at longer periods
were poorly resolved due to the reduced azimuthal coverage. As
one of the tests, we calculated resolution matrices for inversions with
and without the anisotropic terms. We found that the isotropic terms
were scarcely affected by the inclusion of the anisotropic terms.

The Love and Rayleigh phase-velocity maps of the inversion at
various periods are shown in Fig. 5 with an indication of the region
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of good resolution, which is defined as having a value larger than
0.1 for the diagonal element of the isotropic term of the resolution
matrix. All v2 misfits were less than 1, with most values ranging
between 0.6 and 0.7, which means that the data were fitted within
their uncertainty.

2.3. Depth inversion

In the third and last stage of the inversion, the isotropic parts of
the phase velocity models were used to construct a radially aniso-
tropic shear-velocity structure. For this, the local Love- and Ray-
leigh-wave phase velocity curves at all grid points were inverted
for 1-D radially anisotropic shear-velocity models, which were
then combined to form the 3-D shear-velocity structure.

A transversely isotropic medium with a vertical axis of symme-
try, is described by density q and the five Love coefficients (A, C, F, L
and N) (Love, 1927). However, from horizontally travelling Love
waves we can only reliably estimate the horizontally polarized
shear wave velocity ðVSH ¼

ffiffiffiffiffiffiffiffiffiffi
N=q

p
Þ, and from Rayleigh waves, the

vertically polarized shear wave velocity ðVSV ¼
ffiffiffiffiffiffiffiffi
L=q

p
Þ.

Taking the isotropic terms of the phase velocities from the sec-
ond stage, we performed a point-by-point depth inversion to con-
strain the radially anisotropic shear wave velocity structure. For
each geographical grid point, we inverted Love- and Rayleigh-wave
dispersion curves simultaneously for the average shear wave
velocity, VS ¼ ðVSH þ VSV Þ=2, and the amount of radial anisotropy,
VSH–VSV. The inversion is performed by the Levenberg-Marquardt
algorithm where at each iteration the Love and Rayleigh wave
phase velocities are recomputed from the perturbed shear-wave
velocity model. The compressional velocity VP was assumed to be
isotropic with its perturbation coupled to VS as dlnVS=dlnVP

¼ 1:7. The density was kept constant in the inversion.
It is important to have a good starting model in the inversion,

especially of the Moho depth, because an incorrect Moho depth
can bias the crustal and uppermost mantle structure and result
in improper estimates of radial anisotropy (Levshin and Ratnikova,
1984; Bozdag�and Trampert, 2008; Ferreira et al., 2010). We used
the crustal model of Zhang et al. (2009) which was constructed
from a local velocity model in southern California (Süss and Shaw,
2003), seismic refraction lines in the gulf (González-Fernández
et al., 2005; Lizarralde et al., 2007), receiver functions (Lewis
et al., 2001; Persaud et al., 2007), and crustal model CRUST2.0 (Bas-
sin et al., 2000). For more details about the crustal starting model
see Zhang et al. (2009). This 3-D a priori crustal model for the Gulf
of California region was combined with the mantle velocity struc-
ture of model AK135 (Kennett et al., 1995) to form 1-D isotropic
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starting models for all 63 grid points. In the inversions, the Moho
depth was allowed to vary, as well as the 410 and 660-km discon-
tinuities. The shear wave velocity perturbations to a depth of
1000 km were expanded using 12 basis functions. Of these, one
is boxcar in shape spanning the crust, and 11 triangular basis func-
tions were used to parameterize the mantle structure with denser
sampling at shallower depths.

For each grid point, there are many radially anisotropic shear
wave velocity models which fit the Love and Rayleigh dispersion
data within the 0.5% estimated uncertainty. The model obtained
from the inversion, i.e. the size of the average shear-velocity anom-
aly and the amount of radial anisotropy, depends strongly on the
damping. We tested different amounts of damping, and the final
model presented here is very conservative on radial anisotropy:
the amount of radial anisotropy, VSH–VSV, is damped stronger to
zero than the average shear-velocity perturbation. The amount of
radial anisotropy was therefore forced to be small.

3. Radially anisotropic shear-wave velocity structure

The radially anisotropic shear-wave velocity structure as ob-
tained from the inversion is presented in Figs. 6 and 7. Since the
period range of the Love wave phase velocity data (see Fig. 3) is
limited, providing a sensitivity mainly above 200 km, we only
show the upper 200 km of the model. It should also be noted that
the shear velocity structure is less well constrained at the edges of
the model due to larger uncertainties in the phase velocity maps.
We therefore focus our interpretation on the Gulf of California.

Fig. 6 shows the shear wave velocity anomalies at various
depths as percentage of the average velocity at that depth. The
shear wave velocity structure (VS) shows many similarities to the
VSV-structure inferred from Rayleigh waves for the extended area
of Zhang et al. (2009) and the Rayleigh wave study of Wang et al.
(2009). All studies, including the one by Zhang et al. (2007), indi-
cate that the Gulf of California is characterized by low velocities
compared to the global average to depths of at least 200 km. In
the uppermost mantle (40–50 km) the low velocities are mainly
confined to the gulf area. The low velocities in the 40–100 km
depth range probably require, at least locally, the presence of melt
(Stixrude and Lithgow-Bertelloni, 2005; Afonso et al., 2008). Wang
et al. (2009) found three distinct low-velocity anomalies beneath
the northern and central gulf in the 40–90 km depth range which
they interpret as regions of dynamic upwelling by partial melting.
We also find low-velocity anomalies at more or less similar loca-
tions, but found that their magnitude, and lateral and depth extend
depend on the regularization and parameterization of the inver-
sion. Our approach in constructing the phase velocity maps and
the subsequent shear-velocity inversion is more conservative to
avoid overinterpretation of the results.

Our results show a high velocity anomaly beneath the central
part of the gulf (�27�N, �111�W) at depths roughly between 80
and 160 km. This anomaly was first imaged by Zhang et al.
(2009) and was interpreted as a detached slab remnant beneath
central Baja California. The presence of such a slab fragment had al-
ready been suggested based on tectonic modelling (Bohannon and
Parsons, 1995), volcanic evidence (e.g., Benoit et al., 2002, 2004,
2005, 2007), and bathymetric and magnetic data offshore Baja Cal-
ifornia (Michaud et al., 2006), although interpretations about the
process of slab detachment vary. The high velocities beneath the
southern Baja California peninsula (south of 26�N), at depths be-
tween 60 and 100 km, may be linked to the Magdalena microplate
offshore.

In contrast to the central gulf, the shear-wave velocities be-
neath the northern gulf remain very low to depths of at least
100 km, certainly when compared to the global average. The north-
ern Gulf of California is a region with a suggested slab window
(Dickinson and Snyder, 1979; Severinghaus and Atwater, 1990;
Dickinson, 1997). This is a slabless region beneath the continent
that forms within a subduction zone after the arrival of a ridge seg-
ment at the trench.

The new aspect of the current study is the determination of ra-
dial anisotropy from the combination of Love and Rayleigh wave
phase velocity data. Fig. 7 shows the radial anisotropy, (VSH–VSV)/
VS, as obtained from the inversion. Note that it is a conservative
model due to the strong damping that is applied to the anisotropy.
The pattern is therefore more meaningful than the amplitude of
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the anomalies. Furthermore, the maps of radial anisotropy are
more uncertain for depths larger than 100 km because of the
unbalance of Love and Rayleigh wave data at greater depths (less
Love wave data at longer periods) and differences in their sensitiv-
ity kernels. We therefore refrain from interpreting the radial
anisotropy below 100 km.

Overall, the model has positive radial anisotropy, VSH > VSV ,
with the radial anisotropy increasing (becoming more positive)
from 40 to 100 km depth for the area within gulf. In addition, the
radial anisotropy is smaller beneath the northern and southern gulf
than beneath the central gulf. In spite of the strong damping ap-
plied on the anisotropic term, the model even has negative radial
anisotropy ðVSH < VSV Þ in northern gulf in the 40–60 km depth
range for latitudes between 28� and 31�N. An inversion with less
damping shows the anomaly much more clearly with an amplitude
of up to 5%. The model is obviously non-unique, and the robustness
of the anomaly in the northern gulf was therefore further investi-
gated. Several Monte Carlo searches were carried out for two se-
lected grid points, one in the northern and one in the central-
southern gulf (see Fig. 7). VSH and VSV were allowed to vary within
5% from the average VS model obtained for each grid point and dif-
ferent mantle parameterizations were used in different Monte Car-
lo tests. Because the crustal structure has a strong effect on the
inferred upper mantle radial anisotropy, we not only allowed the
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average crustal velocity structure to vary by ±5% but also the Moho
depth by ±3 km. The accepted models fitted the Love and Rayleigh
wave phase velocity curves everywhere within boundaries of ±1%.
At least 65% of the accepted models per Monte Carlo test had
VSH < VSV in the �40–60 km depth range for the northern grid
point, whereas for other depths VSH > VSV for the majority of the
models. For the other grid point such a distinction is not clear.
The results of one such a set of Monte Carlo tests are shown in Sup-
plementary material. The accepted models further showed that
there is an overall tendency for VSH > VSV although this is hardly
constrained for depths larger than 100 km. This larger uncertainty
at larger depths is due to the reduced data coverage of Love waves
at long periods, and we therefore do not interpret these results.
4. Interpretation and discussion

Seismic anisotropy in the upper mantle is believed to be pre-
dominantly an effect of the lattice preferred orientation (LPO) of
mantle minerals and mainly olivine (e.g., Estey and Douglas,
1986; Karato, 1989; Montagner, 1998). Therefore, it has often been
used to infer the deformation geometry of the Earth’s upper mantle
(e.g., Montagner, 2002; Marone et al., 2007; Visser et al., 2008). Un-
der the assumption that the fast axis of olivine aligns with the flow
direction for A-type of olivine fabric (Nicolas and Christensen,
1987), radial anisotropy with VSH > VSV is often interpreted as evi-
dence of horizontal flow, whereas VSH < VSV is generally related to
vertical flow.

However, recent studies on mineral physics and petrological
observations have revealed that other types of olivine fabric can
exist in the upper mantle. Therefore, the relationship between seis-
mic anisotropy and LPO is more complex and depends on the pres-
ence of water, as well as on stress, temperature and pressure
conditions (e.g., Jung and Karato, 2001; Mainprice et al., 2005;
Karato, 2008; Jung et al., 2009). These studies show that the A-type
fabric is only present in depleted water-poor regions like the lith-
osphere, except in local high-stress regions where the D-type fabric
will develop. In undepleted regions with a moderate to high water
content, such as subduction zones, plumes or deep asthenosphere,
other types of olivine fabrics (B-, C-, or E-type) may exist. With
these, the relationship between anisotropy and the flow direction
can be different from those of A-type. For an overview of the
olivine fabrics and their relation to flow see Karato et al. (2008).

Our results suggest that the percentage of radial anisotropy in-
creases with depth in the upper 100 km of the mantle beneath the
gulf. If only A-type LPO of olivine is present, this means that the
horizontal alignment of the minerals would increase with depth.
This could be explained by a gradual change in the flow direction
with a larger component of horizontal flow at larger depth, or, sta-
ted differently, a larger component of vertical flow in the more
shallow upper mantle.

The amount of anisotropy also changes along the strike of the
gulf. (VSH–VSV)/VS is negative or small beneath the northern gulf
and at the mouth of the gulf, whereas it is positive in the central
gulf, right above the high VS anomaly. If we only consider A-type
LPO of olivine, this would imply that there is stronger vertical flow
in the 40–60 km depth range of the northern gulf, i.e. in the region
of the slab window, than in the mantle above the slab fragment. If
other olivine fabrics exist in the upper mantle beneath the Gulf of
California, the interpretation could be different. However, B- or E-
type fabrics would produce VSH > VSV for horizontal flow as well,
with E-type giving a smaller amplitude. Therefore, the presence
of B- and/or E-type fabrics would lead to the same interpretation
as above. The C-type would lead to a different interpretation, but
this fabric needs a high water content and low stress environment
(Karato et al., 2008). A high water content might exist in the upper
mantle above the slab remnant in the central gulf as a result of slab
dehydration. It would then give VSV > VSH in case of horizontal
flow, which is not observed, or only weak VSH > VSV in case of ver-
tical cylindrical flow (Karato et al., 2008).

An alternative explanation is that the anisotropy is a result of
shape preferred orientation (SPO), such as fine layering or pre-
ferred alignment of melt inclusions. For instance, a stack of thin
horizontal layers produces an effective anisotropy with VSH > VSV ,
whereas vertically aligned melt sheets give VSV > VSH . The effects
of melt may be even more complicated as Holtzman et al. (2003)
showed that, under shear, small amounts of partial melt in mantle
rock may segregate to form networks of weak shear zones which
separate relatively melt-free bands containing olivine fabric. Thus
the effective anisotropy for a rock with partial melt is a combina-
tion of anisotropy due to LPO and the alignment of melt pockets
and melt rich bands. Recently, Holtzman and Kendall (2010) mod-
elled these combined and related effects to explain the differences
in observed anisotropy for different divergent plate boundary set-
tings. Their results require steeply dipping melt rich bands to ex-
plain VSV > VSH and more horizontally layered melt structures for
VSH > VSV . Assuming such melt segregation processes in the Gulf
of California, this would imply more steeply aligned melt struc-
tures for the northern gulf, and more horizontal layering in the
central gulf. In summary, whether due to LPO or SPO, the radial
anisotropy is most likely explained by upwelling in the northern
slab window, and more horizontal flow in the central gulf above
the slab remnant. This may imply that the slab acts as a barrier
to the vertical ascent of deeper mantle material.

Additional information on mantle flow can be obtained from
azimuthal anisotropy. The Rayleigh wave phase velocity maps of
(Zhang et al., 2009, see their Fig. 4) can be used for this purpose.
In the gulf region, at a period of 30 s, with a main sensitivity below
the crust, the 2w Rayleigh wave azimuthal anisotropy is smaller
than at periods of 50 and 80 s. This agrees with our interpretation
of increasing horizontal flow at larger mantle depths. Furthermore,
the long period (50–100 s) surface wave data and the SKS splitting
studies by Obrebski et al. (2006), van Benthem et al. (2008) and
Long (2010), show roughly E–W fast directions for the stations in
the North, whereas other Rayleigh wave fast directions and small
SKS delay times and null measurements are dominant in the cen-
tral and southern part of the peninsula. The change in pattern
seems related to the presence of the slab remnant and coincides
with the change in the radially anisotropic structure revealed in
our study. Indeed, van Benthem et al. (2008) and Long (2010) sug-
gested that their observations of low anisotropy may be caused by
subducted microplate fragments. The splitting data, however, do
not have much depth resolution (Sieminski et al., 2008).

Finally, the major change in style of rifting along the gulf is
found to be consistent with the variations in our 3-D model. The
northern gulf is characterized by diffuse continental deformation,
whereas the central and southern gulf are oceanic in character
with oceanic-type spreading centers and transform faults (Nagy
and Stock, 2000). Moreover, the crustal thickness varies from more
than 14 km below the northern gulf (González-Fernández et al.,
2005) to less than 10 km below the central-southern gulf (Lizarral-
de et al., 2007). We suggest that these variations may be related to
changes in melt composition and mantle flow pattern as a conse-
quence of the presence of a slab window in the north and a slab
fragment in the central-southern gulf.
5. Conclusion

This model of the upper mantle below the Gulf of California
shows lateral variations that can be related to the presence of a
slab window in the northern gulf and a remnant slab fragment in
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the central gulf. The northern gulf shows lower shear velocities in
the 40–80 km depth range than the already low averages for the
entire gulf area. Furthermore, there is a strong indication for
VSV > VSH that may be caused by vertical alignment of the olivine
a-axes (A-type LPO) or by vertically aligned melt bands. Both of
these mechanisms are suggestive of a dominant component of ver-
tical flow in the slab window. More to the south, in the central gulf,
the relatively high velocity anomaly at �80–160 km depth is asso-
ciated with the presence of a remnant slab fragment. This slab frag-
ment may act as a barrier to vertical flow from the deeper mantle,
which may explain why we do not find negative radial anisotropy
ðVSH � VSV < 0Þ in the shallow mantle above the slab fragment. In-
stead, the positive radial anisotropy may be caused by horizontal
alignment of olivine a-axes or fine horizontal layering, suggestive
of a more horizontal flow direction. The differences in the radially
anisotropic shear-wave velocity structure indicate small scale vari-
ations in flow pattern that are related to past subduction of Faral-
lon microplates. Simple models of passive rifting by lithospheric
extension or dynamic rifting by buoyant flow do not explain all as-
pects of the structure and evolution of the Gulf of California. From
this study we therefore infer that the recent subduction history
still plays a key role in the local geodynamics of the area.
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