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Segmentation of mid-ocean ridges attributed to
oblique mantle divergence

Brandon P. VanderBeek', Douglas R. Toomey', Emilie E. E. Hooft' and William S. D. Wilcock?

The origin of mid-ocean ridge segmentation—the systematic along-axis variation in tectonic and magmatic processes—
remains controversial. It is commonly assumed that mantle flow is a passive response to plate divergence and that between
transform faults magma supply controls segmentation. Using seismic tomography, we constrain the geometry of mantle flow
and the distribution of mantle melt beneath the intermediate-spreading Endeavour segment of the Juan de Fuca Ridge. Our
results, in combination with prior studies, establish a systematic skew between the mantle-divergence and plate-spreading
directions. In all three cases studied, mantle divergence is advanced with respect to recent changes in the plate-spreading
direction and the extent to which the flow field is advanced increases with decreasing spreading rate. Furthermore, seismic
images show that large-offset, non-transform discontinuities are regions of enhanced mantle melt retention. We propose
that oblique mantle flow beneath mid-ocean ridges is a driving force for the reorientation of spreading segments and the
formation of ridge-axis discontinuities. The resulting tectonic discontinuities decrease the efficiency of upward melt transport,
thus defining segment-scale variations in magmatic processes. We predict that across spreading rates mid-ocean ridge

segmentation is controlled by evolving patterns in asthenospheric flow and the dynamics of lithospheric rifting.

divided into segments'~ a wealth of observations have shown

that there are systematic, along-axis variations in tectonic and
magmatic processes>*. Between transform faults, the boundaries
of ridge segments are defined by long-lived, non-transform tectonic
offsets or second-order ridge crest discontinuities>® (Fig. 1) that
often occur at axial depth maxima and that migrate along the plate
boundary. These second-order discontinuities include overlapping
spreading centres (OSCs) at fast- and intermediate-spreading rates,
and oblique shear zones at slow-spreading rates. The origin of
non-transform tectonic offsets and their relations to segment-scale
magmatic processes remains actively debated">*>.

The prevailing hypothesis for segmentation of spreading centres
attributes second-order offsets to variations in magma supply from
the upwelling mantle. In this view, segment centres overlie sites
of increased melt supply and magma is redistributed along axis at
crustal or mantle depths toward magma-starved segment ends">*'°.
Alternatively, competing hypotheses suggest that changes in the
plate-spreading direction are related to the formation of tectonic
offsets” and to a misalignment between sub-ridge mantle and
crustal processes’. Here, we seismically image the geometry of
mantle flow and the distribution of shallow mantle melt beneath
the intermediate-spreading Endeavour segment of the Juan de
Fuca Ridge (JdFR). We synthesize our results with observations
from other spreading environments to identify the mechanisms
responsible for tectonic and magmatic segmentation of the mid-
ocean ridge system.

E ; ince the discovery that Earth’s mid-ocean ridge system is

Experiment geometry and tomographic imaging

Figure 2 shows the location of seismic sources and receivers used
to construct our tomographic model of the shallow mantle beneath
the Endeavour segment of the JdAFR. We use arrival times of seismic
energy refracted beneath the Mohorovicill (Moho) discontinuity

(Pn arrivals) to image the upper 4km of the mantle within an
area extending 20km by 100km in the cross- and along-axis
directions, respectively. Over 5,000 Pn arrivals provide excellent
sampling of mantle structure and previous studies'""? provide a
three-dimensional (3D) starting model of crustal velocity and
thickness (see Methods).

The Pn delay times plotted by azimuth show a cos 20-pattern,
which is indicative of azimuthal seismic anisotropy (Fig. 3).
The azimuth of the fast axis of mantle anisotropy is 122° £ I°
and the magnitude is 4.7 & 0.4% (see Methods). The azimuth
of anisotropy is rotated 12° clockwise from the predicted plate-
spreading direction'’. Examination of subsets of Pn data do not
show evidence for along-axis variations in anisotropic structure
(see Methods).

Our preferred tomographic solution is shown in Fig. 2b; the
Methods section discusses model resolution, sensitivity and trade-
offs. The isotropic component of mantle velocity is anomalously
low along the entire length of the Endeavour segment. However,
the trend of the mantle low-velocity zone (MLVZ) does not follow
the Endeavour Ridge axis, nor is it rotated clockwise with respect
the ridge segment (that is, perpendicular to the fast axis of mantle
anisotropy), but instead connects the OSCs. Remarkably, both the
cross-axis width and amplitude of the MLVZ are largest beneath
the segment-bounding Cobb and Endeavour OSCs. Beneath
the Cobb OSC the MLVZ is ~30km in diameter, centred west
of the eastern spreading limb, and the lowest mantle velocities
(~7.1kms™") are beneath the eastern rift. At the Endeavour OSC,
a 30-km-wide MLVZ extends across both spreading limbs with the
lowest velocities (~7.1kms™') concentrated beneath the western
rift. By contrast, the MLVZ beneath the main Endeavour Ridge,
where a nearly continuous crustal axial magma lens has been
identified, is a narrower (~15km), more linear feature
characterized by slightly higher velocities (~7.4 km s™'). Three local
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Figure 1| Tectonic segmentation of fast-, intermediate- and slow-spreading ridges. a-c, Bathymetric maps of the EPR (a), the Endeavour region of the
JdFR (b) and the MAR (c). The dashed lines show plate boundaries. Transform faults (TF), overlapping spreading centres (OSC) and non-transform offsets
(NTO) are labelled; numbers indicate order of a tectonic discontinuity?. The white arrows show the spreading direction and full-spreading rate'. The green
arrows indicate the azimuth of seismic anisotropy for the EPR?, JAFR (this study) and MAR?'. Recent rotations in the Euler pole of each plate system?2-24

are indicated. d, Map showing regional location of ridge segments (red stars).

minima punctuate the central MLVZ at intervals of ~15km. The
southern- and northern-most of these minima are located ~5km
off axis.

Mantle flow and melt distribution at Endeavour

The anisotropic component of our model constrains the segment-
scale geometry of uppermost mantle flow. This is because seismic
anisotropy in the mantle is dominated by the lattice-preferred
orientation of olivine crystals”®. In response to strain induced
by gradients in the mantle flow field, the crystallographic a axis
of olivine (the fast axis of P-wave propagation) aligns parallel
to the direction of maximum shear'. As mantle divergence
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generates large shear strains’, we infer that the azimuth of
seismic anisotropy parallels the mantle-divergence direction, which
is skewed 12° clockwise from the plate-spreading direction.
Furthermore, the observed cos 26-pattern (Fig. 3) is consistent
with a 2D flow field and does not suggest segment-scale, 3D flow
consistent with diapiric upwelling'®.

The isotropic component of our model constrains the thermal
structure and distribution of melt beneath the Endeavour seg-
ment. To explain the magnitude of the MLVZ with thermal per-
turbations alone requires unrealistically large temperature anoma-
lies (see Supplementary Information). The seismic velocity reduc-
tion unaccounted for by a likely thermal anomaly is consistent
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Figure 2 | Location and geometry of the ETOMO experiment and tomographic image of the mantle velocity structure. a, Bathymetric map of the
Endeavour Ridge. Black dots and white circles show the location of seismic sources and receivers, respectively (see Methods). The white arrows indicate
the plate-spreading direction'. The location of the crustal axial magma lens is shown in red™. b, Tomographic image of the mantle P-wave velocity
structure at 7.8 km depth beneath the seafloor; contour interval is 0.1km s~1. The green arrows indicate the azimuth of seismic anisotropy. The dashed lines

identify the plate boundary.

with <2% partial melt beneath the segment centre and 1 to 5%
beneath the OSCs (see Supplementary Information). Given the
seismic wavelength of Pn, the partially molten regions must ex-
tend several kilometres beneath the Moho, although the details of
melt geometry are not constrained by our data. We infer that the
MLVZ defines the segment-scale geometry of the shallow mantle
magmatic system.

Our results indicate that the greatest volumes of mantle melt
are currently beneath the second-order tectonic discontinuities. The
observed seismic velocities are consistent with as much as 90 km® of
melt within the upper 4 km of the mantle beneath each OSC (see
Supplementary Information). In comparison, we estimate that up
to 40km’ of melt is present within the upper 4km of the mantle
beneath the non-overlapping portion of the Endeavour Ridge or less
than half that present beneath either OSC. Several studies suggest
that the inferred segment-scale melt distribution is not related
to nearby seamount chains (see Supplementary Information). In
contrast to the estimated melt volumes, crustal thickness along the
Endeavour segment, which constrains the time-integrated magma
supply, is greatest at the segment centre'>". To reconcile the current
distribution of mantle melt with the time-averaged supply, we
infer that mantle melt is efficiently extracted beneath the segment
centre and that greater amounts of melt are stored within the
mantle beneath tectonic offsets. Additional evidence supporting this
inference is discussed below.

We note that the MLVZ does not align with the Endeavour Ridge
axis, nor is it perpendicular to the mantle-divergence direction as
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Figure 3 | Mean Pn delay times versus azimuth. Delays are calculated
relative to an isotropic mantle (7.6 kms™"), binned at 10° intervals, and
corrected to 40 km range (see Methods). The error bars show the 95%
confidence interval in the mean delay time as determined by a Student's
t-test. The solid line is the best-fit cos 26-curve. The azimuth of seismic
anisotropy is 122° £1° (solid vertical line), which is rotated 12° clockwise
from the plate-spreading direction' (vertical dashed line). The anisotropic
magnitude is 4.7 £+ 0.4%.

is the case for the fast-spreading East Pacific Rise (EPR)’. Instead,
the MLVZ lies sub-parallel to the regional, north-south trend of
the northern JdFR, a result consistent with the focusing of shallow
mantle melt beneath the youngest and thinnest lithosphere®.
Indeed, as discussed below, cross- and along-axis variations in
thermal structure appear to be the primary factor influencing
the segment-scale distribution of magma at both sub-Moho and
crustal depths.
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Tectonic segmentation of mid-ocean ridges

Seismic studies from fast-’, intermediate- (this study), and slow-
spreading” centres reveal a remarkable characteristic of the
mid-ocean ridge system: a systematic skew between the plate-
and mantle-divergence directions, where the magnitude of skew
increases as spreading rate decreases (Fig. 4). Furthermore,
for each region studied, the skew of mantle divergence is in
the same direction as, and ahead of, recent changes in the
spreading direction (Fig. 1). Along both the 9°N EPR and 35°N
Mid-Atlantic Ridge (MAR) segments, the mantle flow field is
rotated in an anticlockwise sense and the associated Euler poles
have progressed anticlockwise over the last several million years®>?.
Similarly, we find that mantle flow beneath the Endeavour is skewed
clockwise and the Pacific-]JdF plate boundary has been reorganizing
clockwise over the last ~10Myr (ref. 24). These observations
indicate that sub-ridge mantle dynamics are not solely a passive
response to overlying plate motion. On the basis of these results, we
assume that current plate-spreading directions are lagging behind
a more rapidly evolving asthenospheric flow field, and that this lag
increases with decreasing spreading rate (Fig. 4).

We propose that skew between asthenospheric flow and plate
motions generates a drag force on the base of oceanic lithosphere
that contributes to changes in spreading direction and the formation
of second-order tectonic discontinuities. Basal shear stresses may be
small, but they can amount to a significant force when integrated
over a substantial area (~10"' N assuming strain rates of 107> s7*,
asthenosphere viscosity of 10" Pas, and plate area of 10'°7'2 m?).
In support of this view, shear wave splitting observations made
at sites throughout the JdF plate are consistent with a clockwise
rotation of asthenospheric flow relative to absolute plate motion®.
A skewed mantle flow field would generate transtensional stresses
at the ridge. We thus suggest that ridge segments and second-order
tectonic offsets are analogous to the formation of transtensional
cracks. In a transtensional stress regime, left- or right-stepping
offsets will form in right- or left-lateral shear, respectively®®. For
numerous second-order discontinuities across a range of spreading
rates—including the sections of the EPR, JdFR and MAR discussed
here—the formation and geometry of segment offsets correlate
with recent changes in spreading direction”’. We hypothesize
that these changes in spreading direction are in part a response
to skew between plate motions and mantle flow and that the
work required to reorient transpressive oceanic transform faults
limits the rate at which spreading directions can change’. For a
given spreading rate, a range of skew magnitudes may be present
depending on the tectonic history and geometry of bounding first-
order discontinuities. However, since transform faults occur more
frequently along more slowly spreading regions of the mid-ocean
ridge system, we predict that the magnitude of skew will, on average,
increase with decreasing spreading rate.

Magmatic segmentation of mid-ocean ridges

Tomographic imaging of the topmost mantle from fast- and
intermediate-spreading ridges reveals a second remarkable
characteristic of the mid-ocean ridge system: second-order tectonic
offsets are sites of increased storage of shallow mantle melt over
relatively broad areas. At the Endeavour segment both the cross-
axis width and magnitude of the MLVZ are greatest beneath the
segment-bounding OSCs (Fig. 2b). Similarly, tomographic results
from the EPR reveal a MLVZ that is both more pronounced and
laterally extensive beneath the 9°03' N OSC’. These observations
cannot be attributed to an increase in magma supply. This is
because geophysical studies show that second-order offsets along
the EPR*®% and the JdFR'>* are regions of normal or decreased
crustal thickness. In addition, isotopic variations in axial basalts
from the 9° 03’ N OSC show no evidence for variations in extents of
melting near the discontinuity’'.
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Figure 4 | Skew of mantle anisotropy by spreading rate. The magnitude of
the skew between mantle anisotropy and the predicted plate-spreading
direction' is plotted by spreading rate; uncertainties are defined by the
standard error in the weighted least-squares fit to Pn travel-time residuals
from each experiment. Observations from the EPR and MAR are taken from
refs 9,11, respectively.

We propose a model for the magmatic segmentation of fast-
and intermediate-spreading centres based on the hypothesis that
the segment-scale characteristics of the shallow mantle and crustal
magmatic systems are governed by the pattern of rifting and
resulting near-axis thermal structure (Fig. 5); the implications of
our model for slow-spreading ridges are discussed below. Away
from the influence of hot spots, we assume that the production
of mantle melt is uniform at the scale of second-order ridge
segments™, including their non-transform discontinuities, and that
melt ascends toward the base of young lithosphere, where it
is focused by sloping isotherms®. In between tectonic offsets—
where plate separation is accommodated by a single rift—mantle
melts are focused toward a discrete, well-defined plate boundary
(Fig. 5a,b). Here, magma is more frequently injected into the
rift and hydrothermal processes shape a narrow crustal magmatic
system'®, the depth of which depends on spreading rate and the
efficiency of advective heat removal®. In contrast, near second-
order tectonic offsets (Fig. 5a,c) the available mantle-derived melts
are distributed between overlapping spreading limbs. This dispersal
of a fixed amount of heat results in a deeper crustal magmatic
system and a broader region of elevated temperatures at both
lower crustal and shallow mantle depths. We assert that these
conditions result in less efficient delivery of melt to mid-crustal
reservoirs and the preferential retention of melt for longer periods
of time at mantle depths. The consequences of longer magma
residence times beneath second-order discontinuities are several,
including increased magmatic differentiation at higher pressures,
decreased crustal thickness beneath tectonic discontinuities, and the
generation of a denser crustal unit** (Fig. 5a). Such trends are well
documented along the mid-ocean ridge system™'22$-313435,

Our model of magmatic segmentation, coupled with the
mechanics of OSC propagation, also explains the occurrence of
relatively thick, dense crust behind the wake of a propagating
discontinuity®*~*** (Fig. 5a). Previous studies indicate that OSC
propagation is not continuous, but occurs in discrete jumps, with
the propagating limb rapidly lengthening and curving inward
toward the basin while the failing limb is rafted off axis or
recedes>**. Thus, the advancing limb will tap an additional source
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Figure 5 | Proposed model of magmatic segmentation for fast- and intermediate-spreading ridges. a, Map view of second-order ridge segments and
predictions for the geometry of mantle flow, distribution of shallow mantle melt and patterns in crustal structure. The dashed lines show the cross-sections
in b and c. b, Rise-perpendicular section away from a second-order, tectonic discontinuity (modified from ref. 9). ¢, Rise-perpendicular section across a
second-order OSC; see text for discussion. The red stippling denotes regions of increased melt fraction. Seafloor relief and thickness of melt sills are

exaggerated.

of mantle melt, one that has been trapped between overlapping
spreading limbs and undergone greater amounts of differentiation
at sub-Moho pressures. As a result, relatively thick and dense crust
will be generated immediately behind the wake of a propagating
OSC (Fig. 5a).

A number of studies are consistent with our assertion that mantle
melt is preferentially stored and broadly distributed beneath second-
order discontinuities. Seismic imaging analyses of crustal structure
along the EPR* and Lau Spreading Centre® identify anomalously
broad axial magmatic systems spanning OSCs, similar to that
depicted in Fig. 5¢c. Multichannel seismic imaging experiments from
both the Lau Basin*® and the EPR® also reveal that widespread crustal
melt lenses are characteristic of these OSCs. In contrast, away from
tectonic discontinuities crustal magmatic systems are confined to
relatively narrow regions centred beneath the plate boundary'®*
and these systems are capped by relatively narrow axial magma
lenses** (see Fig. 5b). We attribute the observed increase in the
width of crustal magmatic systems near second-order offsets to
vertical transport of magma from laterally extensive regions of melt
accumulation at shallow mantle depths. The identification of frozen
sub-Moho magma lenses found in association with migrating offsets
on the JdFR* and the prevalence of Moho-depth melt sills near
the 9° 03’ N OSC on the EPR* further supports our interpretation
that second-order discontinuities are sites of enhanced mantle
melt storage. The maximum depth extent of the inferred region
of melt storage must extend for several kilometres given the
seismic wavelength of Pn phases. Deeper mantle imaging (10-30 km
sub-Moho) of multiple non-transform discontinuities along the
Lau Spreading Centre reveals that the melt production region is
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uninterrupted across multiple ridge offsets*!. Assuming these results
are characteristic of other spreading centres, we conclude that the
retention of mantle melt beneath second-order offsets occurs within
the top few kilometres of the mantle.

For slow-spreading ridges our model of magmatic segmentation
also predicts that the distribution of shallow mantle melt is
influenced by the geometry of tectonic segmentation. As the
spreading rate decreases, the morphologic expression of second-
order offsets changes from OSCs to oblique shear zones or non-
transform offsets (Fig. 1) and the near-axis thermal structure
will differ significantly. For example, the increased age offset at
the ends of slow-spreading segments results in a thicker axial
lithosphere and significant variations in the predicted along-axis
mantle temperature*. Thickened axial lithosphere will also inhibit
the extraction of mantle melts* and promote the migration of melt
towards segment centres where the lithosphere is predicted to be
thinnest"”. Consequently, along-axis variations in crustal thickness
are pronounced with the thickest crust located mid-segment**.

Between second-order tectonic discontinuities the results of seis-
mic studies show that as the spreading rate decreases the distribution
of shallow mantle melt is increasingly influenced by the segment-
scale thermal structure of newly formed lithosphere. At the fast-
spreading EPR, where cross- and along-axis variations in thermal
structure are least pronounced for the global ridge system, both the
azimuth of seismic anisotropy relative to the spreading direction
and the trend of the MLVZ with respect to the rise axis are skewed
coherently by similar amounts’. Furthermore, centres of mantle melt
delivery are spaced at intervals of ~25km (ref. 9) and frequently
occur midway between volcanic or third-order discontinuities>***.
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At the EPR, the cross-axis offset between a centre of mantle melt
delivery and the rise axis also correlates with the intensity of rise
crest volcanic, hydrothermal and tectonic activity’, and the distal
ends of third-order segments may be associated with a decrease in
the efficiency of mantle melt extraction®.

In contrast, a coherent skew of both seismic anisotropy and the
MLVZ—and by inference the direction of mantle divergence and
the segment-scale shallow mantle magmatic system—is not present
beneath either the JdFR or the MAR?. Instead, in each instance
the mantle-divergence direction is skewed with respect to the plate-
spreading direction, but the segment-scale trend of the MLVZ is
either sub-parallel to that of the youngest and thinnest lithosphere
(JAFR) or preferentially localized beneath segment centres where
lithosphere is also predicted to be thinnest**>** (MAR). These
results suggest that 3D, segment-scale variations in the thickness
of near-ridge lithosphere govern the distribution of shallow mantle
melt. We note that third-order segmentation is poorly defined at
the Endeavour segment® and not identifiable along the MAR®. We
speculate that only in regions where along- and cross-axis variations
in near-ridge lithospheric structure are minimal (for example, EPR),
will there be a relation between centres of mantle magma supply and
third-order segmentation.

Detailed geophysical studies of individual spreading segments
support a new view of the mid-ocean ridge system in which skewed
asthenospheric flow contributes to plate boundary reorganization.
The resulting changes in relative plate motion are accommodated
through the formation and migration of tectonic offsets. These
tectonic discontinuities in turn perturb the axial thermal structure
thus defining shallow mantle and crustal magmatic segmentation.
This view stands in contrast to the long-standing hypothesis that
mid-ocean ridge morphology reflects variations in mantle magma
supply from a passively driven asthenosphere. Our results have
several implications for ridge dynamics. At the scale of individual
spreading segments, seismic images of the uppermost mantle
indicate that crustal production is not solely a function of melt
availability. Rather, the dynamics of lithospheric rifting ultimately
control the transfer of mass between Earth’s interior and the seafloor.
On the global scale, our results indicate that tectonic segmentation
across spreading rates shares a common origin related to evolving
patterns of asthenospheric flow. In this view, second-order tectonic
discontinuities result from the transmission of viscous stresses
from the asthenosphere to the lithosphere. We speculate that the
variability in the lengths of second-order ridge segments and
the geometry of their bounding offsets may reflect changes in
the strength of axial lithosphere as a function of spreading rate.
Furthermore, we attribute the origin of skewed asthenospheric flow
beneath ridges to the global mantle flow field, which is largely driven
by sinking of oceanic lithosphere at subduction zones.

Methods

Methods, including statements of data availability and any
associated accession codes and references, are available in the
online version of this paper.
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Methods

Data and starting model. We use the arrival times of mantle refractions (Pn) that
undershoot the ridge axis to tomographically image the uppermost mantle. These
data are picked on the outermost shot lines and ocean-bottom seismometers
(OBSs; each instrument is equipped with three orthogonal geophones and a
hydrophone) that make up the Endeavour Tomography (ETOMO) experiment
(Supplementary Fig. 1). The well-tuned airgun array of the RV Marcus G. Langseth
provided an impulsive seismic source that allows us to pick Pn travel-times with
low uncertainty. To further enhance data quality, we summed the vertical and
hydrophone channels where good quality data were recorded on both components.
A total of 5,528 handpicked Pn arrivals with a mean mean travel-time uncertainty
of 11 ms are included in our tomographic inversion. The uncertainties were
estimated visually on the basis of the impulsiveness of the Pn arrival and the
trace-to-trace coherency of waveforms. Additional sources of error affecting
travel-time picks include source and receiver location uncertainties, instrument
clock corrections, and uncertainties in bathymetry. These experimental errors are
typically smaller than the picking error'"*'. To ensure only mantle refractions are
included in our data set, we include only picks with source-receiver offsets greater
than 40 km. Supplementary Fig. 2 shows Pn arrivals and travel-time picks from the
shot line and OBS identified in Supplementary Fig. 1.

Previous tomographic analysis of 96,156 crustal refractions (Pg; ref. 11) and
22,577 Moho reflections (PmP; ref. 12) provides a 3D starting model of crustal
velocity and thickness. These studies incorporated data from both the outermost
experimental grid and a denser grid of airgun shots and OBSs centred along the
ridge axis (Supplementary Fig. 1). As a result, structure along the crustal legs of
Pn ray paths is well constrained (Supplementary Fig. 3) and variations in
Pn travel-times largely reflect mantle structure®.

Azimuthal anisotropy. We use azimuthal variations in Pn travel-time residuals to
identify the segment-scale anisotropic structure. Weak upper mantle anisotropy is
well approximated by a hexagonal symmetry system with an axis of symmetry (the
fast direction of P-wave propagation) oriented sub-parallel to the horizontal
plane®**. Under this approximation, P-wave velocity varies azimuthally as a
periodic function of 26 and 46 terms, where 6 is the source-receiver azimuth with
respect to the spreading direction®**. Assuming a homogeneous mantle
anisotropic structure, this gives rise to a sinusoidal pattern in arrival time delays
(At), which can be parameterized as follows:

At =ay+a, cos(20) +a, sin(20) + a5 cos(460) + a, sin(40)

where « is the mean delay and «;, «,, 3 and «, control the magnitude and
orientation of mantle anisotropy. The amplitude (A,) and phase () of the
20 (n=2) and 40 (n=4) terms are defined as follows:

A, =1/a)_ +a?
1//,,=atan< Gn >
Qpy

Standard errors (s,) in the amplitude and phase are estimated using the Gaussian
error propagation rule”’:

0z : 9z :
= ( da; Su‘) * (3012 s%)

where z is the amplitude or phase. In mantle rocks, the 46 terms are predicted to be
much smaller than the 20 terms®® and so we choose to set a3 and «, to zero. This
choice is justified by our data. Attempting to fit all five free parameters does not
significantly alter the magnitude or the fast-axis orientation relative to fitting only
20 terms. This is because the amplitudes of the best-fit 40 terms are an order of
magnitude smaller than the 20 terms. Furthermore, the standard errors in the 3
and «, parameters are of the same order as the parameter values themselves,
indicating that they are not required to fit our Pn data set.

We determine the coefficients o, o, and o, using a weighted least-squares fit to
the Pn travel-time residuals. Delays are calculated with respect to an isotropic,
homogeneous (7.6 km s™') mantle and corrected to a common range (40 km) based
on the mantle path length. To reduce the effects of isotropic heterogeneity in our
estimate of anisotropy, we bin the Pn delays and fit the mean delay in each bin.
Errors in the mean delay of each bin are estimated using a Student’s t-test with a
95% confidence interval. These errors are used to weight the least-squares fit.

We made many estimates of anisotropy across a range of bin sizes and data
subsets, all of which indicate clockwise rotation in the fast direction of mantle
anisotropy with respect to the plate-spreading direction (110°; ref. 13). We present
two anisotropic models in Supplementary Fig. 4a,b. The first model includes all
5,528 Pn delays binned at 10° (Supplementary Fig. 4a) and has a best-fit fast-axis
orientation of 127° 4 1° and a magnitude of 3.9 + 0.5%; relative to the
plate-spreading direction, the fast axis is skewed clockwise by 17°. To remove
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potential complexities associated with the OSCs, where isotropic heterogeneity is
particularly pronounced (Fig. 2b), a second model is presented (Fig. 3 and
Supplementary Fig. 4b) in which we removed all Pn delays associated with ray
paths that pass beneath overlapping portions of the ridge (a total of 1,232 delays are
removed). This second anisotropic model has a best-fit orientation of 122° +1° and
magnitude of 4.7 £ 0.4%; relative to the plate-spreading direction, the fast axis is
skewed clockwise by 12°. We note that a homogeneous anisotropic structure alone
explains greater than 40% of the data variance, indicating that seismic anisotropy is
arobust signal in our data. In addition to estimating mantle anisotropy by
analysing travel-time delays, we also performed grid-search inversions over various
anisotropic models (see the Model sensitivity section). These results are consistent
with the anisotropic structure interpreted from azimuthal variations in Pn delays,
in particular, the subset of Pn data that does not include paths beneath the OSCs.
On the basis of these analyses, we imposed the anisotropic structure presented in
Fig. 3 and Supplementary Fig. 4b to construct our preferred tomographic solution.
We also verified that our estimate of anisotropy is not an artefact of the Pn ray
geometry or likely heterogeneity in the isotropic structure. To do this we created
synthetic Pn travel-times for a model that included our preferred mantle isotropic
structure (Fig. 2b) and 4% mantle anisotropy with the fast-axis oriented parallel to
the plate-spreading direction (110°; ref. 13). Random noise with a standard
deviation of 11 ms was added to the synthetic travel-times. We then determined the
best-fit anisotropic model following the methods described above. Fitting all
synthetic Pn delays, including those that sample the overlapping ridges, the best-fit
anisotropic model has a fast-axis orientation of 112° 4 1° and a magnitude of
3.6 & 0.4% (Supplementary Fig. 4c). The fast-axis orientation is slightly
overestimated in the clockwise direction and the magnitude of anisotropy is within
the standard error. Fitting only those synthetic Pn delays that travel beneath the
non-overlapping sections of the Endeavour segment results in a best-fit fast-axis
orientation of 110° 4 1° and magnitude of 5.2 & 0.4% (Supplementary Fig. 4d).
This subset of Pn delays accurately determines the fast-axis orientation but over
predicts the magnitude by ~1%. We conclude from these tests that the anisotropic
models predicted from fitting Pn travel-time residuals are not significantly
influenced by likely heterogeneity in isotropic structure or ray path coverage.

Tomographic procedure. We use an iterative tomographic technique in which
travel-time residuals are inverted for 3D slowness (that is, inverse of velocity)
perturbations®"*®. Ray paths and travel-times are predicted using a shortest path
algorithm®. Ray tracing is performed on a 3D grid parameterized in terms of
anisotropic slowness®' and includes seafloor topography®. Anisotropic slowness
(u) is parameterized assuming a hexagonal symmetry system and is defined as:

Uieo (1)
14 A(r)cos[26(r)] + B(r) sin[26 (r)]

u(r)=

where u;, is the isotropic slowness at position r, 6 is the ray azimuth measured
from the x axis, and A and B are scale terms that control the magnitude
and orientation of the fast axis of seismic anisotropy defined as 2+/A% + B? and
0.5atan(B/A), respectively. For the forward problem, we use a grid spacing of
200 m in the x-, y- and z-directions. The inversion volume extends 90 km in the
cross-axis direction, 120 km in the ridge-parallel direction, and 11 km beneath the
seafloor (Supplementary Fig. 1).

The inverse problem is regularized with smoothing and damping constraints
requiring the user to specify a priori smoothing parameters and model
uncertainties. We chose to minimize a function of the form:

£ = ALCT At+ 4, (mo+ Am) C; (my+ Am)
+A,(my+ Am)' C; ' (my+ Am) + A, (my + Am)' C,, ' (my+ Am)

where At is a vector containing the differences between observed and predicted
travel-times; C; is a diagonal matrix containing the data variance defined by the
squared travel-time uncertainties; m, is a vector of the cumulative perturbation to
the isotropic and anisotropic model parameters from previous iterations; Am is the
model perturbation for the current iteration; C,, is a diagonal matrix containing the
a priori model variance; C, and G, are matrices that apply vertical and horizontal
nearest-neighbour smoothing, respectively, to each model parameter; and A, A,
and A, are weighting parameters that set the relative importance of damping,
vertical smoothing and horizontal smoothing constraints, respectively. The
perturbational model for isotropic slowness is gridded at 1 km intervals in the x, y
and z directions. With nearest-neighbour smoothing constraints, this grid spacing
results in slowness perturbations that are smoothed over a volume comparable to
that of the first mantle Pn Fresnel volume, which defines the theoretical limit of our
spatial resolution®?. We assess the model fit to the observed travel-times and
compare alternative solutions using the following metric:

1L A
£EN o}

i=1 !
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where N is the number of travel-time residuals and At; and o; are the

travel-time residual and pick error for the ith observation, respectively. Values of
x* <1 suggest that the model is overfitting the data and values of x> > 1 suggest
that the model is underfitting the data. We seek solutions that are spatially smooth,
limit the norm of the perturbational model vector, and attain a x* reasonably close
to unity.

Our preferred model was obtained with A, =1, =200, 4, =1, and
depth-dependent slowness uncertainties increasing from 1% in the upper crust to
50% in the mantle. Crustal uncertainties are taken to be small since the 3D crustal
structure and thickness is constrained by previous work'"'?. The Pn ray paths
sample a depth range between 6.5 and 8 km beneath the seafloor and because their
Fresnel zone is approximately 2 km in the vertical dimension we cannot resolve
vertical variations in structure beneath the Moho. Therefore, we chose a vertical
smoothing value such that model perturbations do not vary significantly with
depth beneath the Moho (Supplementary Fig. 5). We display our preferred
solution at 7.8 km beneath the seafloor (Fig. 2b), which is the shallowest
seafloor-conformable depth that is entirely within the mantle (Supplementary
Fig. 5a,b). A map view section that is conformable to the Moho surface is
effectively identical (Supplementary Fig. 5¢). We searched over various
horizontal smoothing values and chose that which provided a smooth
solution that fit the data well. Travel-time calculations and inversion for model
parameters were performed until the root mean square (r.m.s.) travel-time residual
converged (typically 4-5 iterations). Our preferred model converged to a x*-misfit
of 1.06 and r.m.s. travel-time residual of 11 ms after 4 iterations
(Supplementary Fig. 6).

Model sensitivity. We performed numerous inversions to test the stability of our
result with respect to inversion parameters, perturbational grid size, and the
starting mantle and crustal velocity models. In general, decreased smoothing and
damping constraints and finer perturbation grids result in higher magnitude,
shorter wavelength perturbations while increased smoothing and damping
constraints, and coarser perturbation grids result in lower magnitude and
smoother perturbations. Changes to the initial isotropic mantle velocity produced
effectively identical mantle images. The main features of our preferred model,
anomalously broad and high-magnitude MLVZs beneath the OSCs and a narrower
region of low velocities beneath the segment centre, were consistently observed in
all of our tomographic solutions.

To examine the trade-off between isotropic and anisotropic structure we
performed a series of grid-search inversions over starting models with fixed
anisotropy orientations. A clear minimum in the x?-misfit is observed when the
fast-axis orientation matches that fit to the Pn travel-time residuals
(Supplementary Fig. 7), which is rotated 12° clockwise from the plate-spreading
direction. The grid-search results presented in Supplementary Fig. 7 were
performed with a magnitude of anisotropy of 4.7% (that is, the best-fit magnitude
determined from travel-time residuals). Similar curves are obtained when
imposing a magnitude of anisotropy of 3.5% and 6% (Supplementary Fig. 7).
However, at these magnitudes the model misfit is systematically greater compared
with the best-fit magnitude. Imposing an isotropic mantle resulted in a significantly
increased y*-misfit (1.62) substantiating the presence of mantle anisotropy.
Limited azimuthal coverage and strong isotropic heterogeneity prevented a robust
interpretation of mantle anisotropy beneath overlapping portions of the Endeavour
from travel-time residuals alone. To determine whether anisotropic structure is
required beneath the segment ends, we inverted our Pn data set assuming only the
mantle beneath the central, non-overlapping, portion of the Endeavour is
seismically anisotropic. This resulted in an increased x*-misfit (1.14), suggesting
that the mantle beneath the entire length of the Endeavour is
seismically anisotropic.

To test the sensitivity of our preferred solution to the starting crustal thickness
model, we inverted the Pn arrival times under the assumption that crustal
thickness does not vary, which is a poor assumption given previous studies at
Endeavour'>"” and elsewhere along the JAFR'*" and EPR*?. We created a model
with uniform crustal thickness of 6.8 km (the mean value of the tomographically
determined crustal thickness model'?) and inverted our Pn data set for isotropic
perturbations. We assumed our preferred anisotropic model and followed the
inversion procedure outlined above. The recovered isotropic structure
(Supplementary Fig. 8a) is comparable to our preferred results (Fig. 2b and
Supplementary Fig. 5). In particular, the MLVZ is relatively narrow beneath the
central region of the Endeavour segment and anomalously wide beneath each OSC.
The primary effect of assuming constant crustal thickness is to decrease the
amplitude of the low-velocity anomalies beneath each OSC. This occurs because
the assumed crustal thickness (6.8 km) overestimates the thickness of the crust
beneath each OSC by 0.5-0.8 km. We also verified that the anisotropic structure
interpreted from Pn delays is insensitive to crustal thickness variations. We
calculated azimuthal variations in Pn travel-times relative to a model with constant
crustal thickness (6.8 km) and an isotropic, homogeneous (7.6 kms™') mantle
(Supplementary Fig. 8b). These residuals are processed and fit following the same
procedure used to construct our preferred anisotropic model. The best-fit fast-axis

orientation and magnitude is 125° +1° (15° clockwise from the plate-spreading
direction) and 4.7% = 0.4%, respectively. This result is nearly identical to our
preferred estimate of mantle anisotropy. We conclude that the mantle isotropic and
anisotropic structure is relatively insensitive to crustal thickness variations.

Model resolution. We identify the region in which our preferred model is well
resolved by analysing the spatial distribution of ray paths. Specifically, we use the
derivative weight sum (DWS) to measure the density of predicted ray paths that
influence each perturbational node in the inversion volume®. On the basis of
chequerboard resolution tests (discussed below), anomalies located within regions
of the model space with a DWS less than ~30 are poorly reconstructed. Therefore,
we mask regions of the model with a DWS below 30. The vast majority of mantle
perturbational nodes within 20 km of the plate boundary have a DWS value greater
than 1,000 (Supplementary Fig. 9a).

We assess the resolution of mantle isotropic structure using chequerboard tests.
We constructed synthetic models with an alternating sinusoidal pattern of positive
and negative isotropic velocity anomalies with a magnitude of 5% applied to a
homogeneous mantle with velocity of 7.6 km s™'. Each anomaly covered a 10 km by
10 km square region in the x—y plane and the polarity of the anomalies did not vary
with depth. No anomalies were placed within the crust and we imposed 4% mantle
anisotropy with a fast axis rotated 12° clockwise from the plate-spreading
direction. We calculated travel-times for Pn arrivals using the same data geometry
used to construct our preferred solution. Each travel-time was assigned an
uncertainty of 11 ms and random noise with a standard deviation of 11 ms was
added to the synthetic Pn data set. These travel-times were then inverted for
isotropic perturbations (the true anisotropic structure was assumed for the
starting model) following the same inversion procedure used in our preferred
solution. The results of this test are shown in Supplementary Fig. 9b. In general, the
distribution of recovered mantle perturbations accurately reflects the true
chequerboard model. The locations of low-velocity anomalies are well recovered
while the magnitudes are typically underestimated. Our chequerboard tests
indicate that mantle structure is well constrained within ~20km of the plate
boundary and beneath each OSC.

In addition to chequerboard tests, we assess our model resolution by
reconstructing more geologically plausible anomalies. We constructed a synthetic
model containing three circular low-velocity anomalies, 5km in diameter, along
the segment centre. We also placed two circular low-velocity anomalies, 10 km in
diameter, beneath either OSC. The magnitude of all five MLVZs is 5% with respect
toa 7.6 kms™" mantle and each anomaly extends from the Moho to the base of our
model. Synthetic arrival times were created, processed and inverted the same as for
the chequerboard test described above. The true and recovered models are shown
in Supplementary Fig. 9c. The locations of all five anomalies are accurately
recovered and, as is common in tomography, the magnitudes of the low-velocity
anomalies are underestimated by ~1-2%. As a consequence of the smoothing
constraints required to regularize the inverse problem, the spatial extent of each
anomaly is overestimated by at most a few kilometres. We conclude from this
resolution test that the broad MLVZs beneath the OSCs observed in our preferred
tomographic solution (Fig. 2b) are a robust feature and that velocity anomalies as
small as ~5 km in diameter are resolved by our Pn data set.

Code availability. The computer code associated with this paper is maintained by
D.R.T. at the University of Oregon (drt@uoregon.edu). Some components are
available on request.

Data availability. The ETOMO seismic data set is available on request through
the IRIS-DMC (report number 09-014; http://ds.iris.edu/ds/nodes/dmc). The
ETOMO cruise report can be accessed at http://pages.uoregon.edu/drt/
MGL0910_Science_Report.
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