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Abstract we invert Pg, PmP, and Pn traveltimes from an active-source, multiscale tomography
experiment to constrain the three-dimensional isotropic and anisotropic P wave velocity structure of the
topmost oceanic mantle and crust and crustal thickness variations beneath the entire Endeavour segment of
the Juan de Fuca Ridge. The isotropic velocity structure is characterized by a semicontinuous, narrow
(5-km-wide) crustal low-velocity volume that tracks the sinuous ridge axis. Across the Moho, the
low-velocity volume abruptly broadens to approximately 20 km in width and displays a north-south linear
trend that connects the two overlapping spreading centers bounding the segment. From the seismic results,
we estimate the thermal structure and melt distribution beneath the Endeavour segment. The thermal
structure indicates that the observed skew, or lateral offset, between the crustal and mantle magmatic systems
is a consequence of differences in mechanisms of heat transfer at crustal and mantle depths, with the crust
and mantle dominated by advection and conduction, respectively. Melt volume estimates exhibit significant
along-axis variations that coincide with the observed skew between the mantle and crustal magmatic systems,
with sites of enhanced crustal melt volumes and vigorous hydrothermal activity corresponding to regions
where the mantle and crustal magmatic systems are vertically aligned. These results contradict models of
ridge segmentation that predict enhanced and reduced melt supply beneath the segment center and ends,
respectively. Our results instead support a model in which segment-scale skew between the crustal and
mantle magmatic systems governs magmatic and hydrothermal processes at mid-ocean ridges.

1. Introduction

The global mid-ocean ridge system accounts for ~75% of Earth's annual magma budget (Crisp, 1984).
Magmatic systems beneath spreading centers drive high- and low-temperature hydrothermal activity that
modulates the long-term chemistry of the ocean, hydrates the crust and mantle, supports novel ecosystems,
and deposits valuable mineral resources. The fundamental unit of the global mid-ocean ridge system is
referred to as a ridge segment. Within a single ridge segment there are systematic variations in tectonic, vol-
canic, and hydrothermal processes (Kent et al., 2000; Langmuir et al., 1986; Macdonald et al., 1988).
Understanding how mass and energy are transferred within a ridge segment requires mapping mantle
and crustal magmatic systems and their relationship to hydrothermal and tectonic processes. Maps of the
three-dimensional seismic structure can constrain the size, shape, and location of magma reservoirs, the
connections between magmatic and hydrothermal processes, and be used to infer the thermal structure
(Carbotte et al., 2012, 2013; Detrick et al., 1987; Dunn et al., 2000, 2013; Kent et al., 1993, 2000; Seher
et al., 2010; West et al., 2001).

Much of what we know regarding mid-ocean ridge crustal magmatic systems is derived from seismic studies
of the fast-spreading East Pacific Rise (EPR; Carbotte et al., 2013; Dunn et al., 2000; Goss et al., 2010). In the
cross-axis direction, EPR magmatic systems consist of a steep-sided mush zone that is often capped by a nar-
row, thin melt lens (Dunn et al., 2000). In the rise-parallel direction, EPR crustal magmatic systems are to
first-order, two-dimensional features with predominantly vertical flow, though there are subtle structures
that vary along-axis at a variety of scales (e.g., Carbotte et al., 2013; Hooft et al., 1997; Kent et al., 1993,
2000; Toomey et al., 1990; Wilcock et al., 1993). To what degree crustal magmatic systems at other spreading
rate ridges resemble their fast-spreading counterparts is not well known.
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At the intermediate-spreading, back-arc Eastern Lau Spreading Center, a narrow, seismic low-velocity
volume (LVV) is imaged into the mid-crust beneath all surveyed ridge segments (Dunn et al., 2013). At
the intermediate-spreading Juan de Fuca Ridge (JAFR), an axial magma lens (AML) reflector underlies most
ridge segments, though it is less laterally continuous and its along-axis depth variation is more pronounced
than that at the EPR (Carbotte et al., 2006, 2008; Van Ark et al., 2007). This reflector may overlie a lower
crustal mush zone that is comparable to the EPR, with steep sides that are consistent with rapid convective
cooling at lower crustal depths (e.g., Hasenclever et al., 2014; Henstock et al., 1993), and with a mush zone
that extends to the Moho and varies slowly along axis, as one might expect for largely two-dimensional (ver-
tical) melt transport through the lower crust (Carbotte et al., 2013; Sinton & Detrick, 1992; Toomey et al.,
1990). Alternatively, the lower crustal mush zone at intermediate-spreading ridges may be more three-
dimensional, with more along-axis heterogeneities, and consistent with focused melt transport through
the lower crust, along-axis transport of magma at midcrustal depths, and uneven rates of hydrothermal cool-
ing. Such along-axis variations in melt transport could have significant implications for the observed seg-
mentation of mid-ocean ridges, defined by systematic along-axis variations in tectonic and
magmatic processes.

The origin of mid-ocean ridge segmentation is commonly attributed to three-dimensional mantle upwelling
(Macdonald et al., 1988, 1991; Schouten et al., 1985). In this view, the supply of magma from the mantle is
enhanced beneath intrasegment highs (Francheteau & Ballard, 1983; Macdonald et al., 1988; Whitehead
et al., 1984). This model would thus predict thickened crust beneath axial depth minima or segment-scale
redistribution of magma. Crustal thickness at the 9°N segment of the EPR, however, does not correlate with
ridge-crest depth (Barth & Mutter, 1996; Canales et al., 2003; Toomey & Hooft, 2008). The thickest crust is
located in the wake of the 9°03’N overlapping spreading center (OSC), whereas thinner crust underlies
the segment near 10°N where the ridge crest is shallower (Barth & Mutter, 1996; Canales et al., 2003).
Additional observations of segment-scale variations in crustal thickness are required to further assess
this hypothesis.

An alternative model for the origin of ridge segmentation is that of skew between the axes of mantle upwel-
ling and plate spreading. At shallow mantle depths, results from the EPR (Toomey et al., 2007; Toomey &
Hooft, 2008) and Endeavour segment of the JAFR (VanderBeek et al., 2016) suggest that skew, or misalign-
ment between tectonic rifting, mantle divergence, and segment-scale delivery of mantle melt to the crust,
governs along-axis variations in ridge-crest volcanic, hydrothermal, and tectonic activity. In this model,
axis-parallel variations in ridge processes are not simply a function of magma supply or the along-axis redis-
tribution of magma away from a mantle source beneath the center of the ridge segment, as is predicted by the
magma supply model (Bell & Buck, 1992; Macdonald et al., 1988, 1991). Rather, the cross-axis offset between
the locus of mantle melt supply and the ridge axis governs along-axis variations in ridge crest processes
(Toomey et al., 2007; VanderBeek et al., 2016). This model predicts frequent magma injection into the rift,
frequent extrusive volcanism, and more vigorous hydrothermal venting that would shape a narrow, robust
crustal magmatic system in sites of axis-centered mantle melt delivery. In contrast, sites of off-axis mantle
melt delivery would have less frequent magma injection and extrusive volcanism, less intense hydrothermal
activity, comparatively higher degrees of magmatic differentiation, and a weaker crustal magmatic system.
To date, however, no studies have imaged the segment-scale structure of the magmatic system in its entirety,
from the shallow mantle to upper crust, in regions where skewed mantle melt delivery is observed.

In this study, we utilize seismic tomographic methods to constrain the three-dimensional segment-scale var-
iations in the isotropic and anisotropic velocity structure of the topmost mantle and crust beneath an entire
ridge segment. Our results provide new insight into the thermal and magmatic structure beneath the
Endeavour segment, in addition to crustal thickness variations beneath the ridge axis. We discuss the impli-
cations of our results on (i) the magma plumbing system beneath the Endeavour segment, (ii) the relation-
ship between skewed delivery of mantle melt and the structure of the crustal magmatic system, and (iii) the
relationship between crustal thickness, magma supply, and the tectonic evolution of the Endeavour segment.

2. Background

The Endeavour segment is a 90-km-long intermediate-rate spreading center (57 mm/year; DeMets et al.,
2010) located on the northern end of the JAFR (Figure 1). It lies at the southern edge of the diffuse
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Figure 1. Bathymetric map of the Endeavour region of the Juan de Fuca Ridge showing the major tectonic features. Solid
black lines demarcate plate boundaries, with transform faults (TF) and overlapping spreading centers (OSCs) labeled. The
white arrows show spreading direction and full-spreading rate (Gripp & Gordon, 2002). The red arrows point to the
boundaries of the axis-centered plateau discussed in text. Green stars show the location of high-temperature vent fields.
Red lines indicate propagator wakes and the gray box outlines the Cartesian coordinate system, in kilometers, for the areas
shown in Figures 5, 6, S7, and S8. Recent rotation in the Euler pole of the Juan de Fuca-Pacific plate system is indicated
(Wilson, 1988). Top left inset, modified from Byrnes et al. (2017), shows the tectonic context of the Endeavour segment.
Shown are spreading centers (double lines), transform faults (black lines), direction of ridge migration (thin arrow), the
Cascadia megathrust (black line with triangles), and the diffuse Explorer plate boundary (streaked area; Dziak, 2006).

Explorer plate boundary, a deformation zone that extends to the Cobb OSC and bounds the southern end of
the Endeavour segment (Figure 1; Dziak, 2006). To the north, the Endeavour segment is bounded by the
Endeavour-West Valley (E-WV) OSC. The tectonic history of the Endeavour segment is dominated by a
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series of ridge propagation events. The Cobb OSC, which separates the Endeavour and Northern Symmetric
segments by >30 km, propagated northward ~4.5 Ma (Wilson, 1993). The Endeavour segment propagated
southward ~0.8 Ma, forcing retreat of the Cobb OSC to approximately 47°35'N (Shoberg et al., 1991).
Propagation again reversed within the past 0.1 Ma, with the northern end of Northern Symmetric segment
currently located at 47°46’'N. The E-WV OSC to the north separates the Endeavour and West Valley seg-
ments by 15 km and formed within the past 0.2 Ma when the spreading center jumped from the Middle
Valley segment to West Valley segment (Figure 1; Davis & Lister, 1977; Davis & Villinger, 1992).

The central portion of the Endeavour segment hosts five large hydrothermal vent fields that are spaced
2-3 km apart along the ridge axis (Figure 1; Kelley et al., 2002). These vent fields mine heat from a crustal
magmatic system capped by an AML that is located 2.1-3.3 km below the seafloor and extends ~20 km along
axis (Van Ark et al., 2007). The vent fields exhibit significant along-axis variability in chemistry, temperature
(Butterfield et al., 1994; Kelley et al., 2002, 2012), and heat flux (Kellogg, 2011). Along-axis gradients in heat
flux correlate with concentrations of seismicity related to recent magma chamber inflation (Wilcock et al.,
2009) and imaged variations in low velocities above and beneath the AML (Arnoux et al., 2017), with the
most intense seismicity and lowest velocities occurring beneath the High Rise and Main Endeavour vent
fields, the vent fields with the highest heat fluxes (Kellogg, 2011).

A 6-year-long, noneruptive spreading event ruptured the Endeavour from 1999 to 2005 (Weekly et al., 2013).
The initiation and termination of the spreading episode were defined by large seismic swarms linked to
intrusive volcanism and lateral dike propagation (Bohnenstiehl et al., 2004; Hooft et al., 2010). During the
1999 swarm, the initial pulse of seismicity was distributed along-axis in the region of the imaged AML
and subsequently migrated ~12 km south along the Endeavour segment (Bohnenstiehl et al., 2004). The
2005 seismic sequence, marking the termination of the spreading episode, initiated at the northern end of
the Endeavour segment near the E-WV OSC and progressed 20 km south toward the segment center over
the course of 5 days (Hooft et al., 2010). Smaller dike intrusions on the propagating tip of the West Valley
segment were also detected during the 2005 swarm (Hooft et al., 2010; Weekly et al., 2013).

The axial high at Endeavour is located within a 40-km-wide plateau that is elevated 300 m relative to the rest
of the segment (Figure 1; Carbotte et al., 2008). The plateau is underlain by thickened crust, on the order
0.5-1 km thicker than average flank crust (Carbotte et al., 2008; Soule et al., 2016). It has been postulated
that the plateau is the result of enhanced crustal production due to the interaction of the Endeavour segment
with a shallow mantle thermal anomaly related to the Heckle Seamount chain (Carbotte et al., 2008).
Alternatively, the plateau may be the product of the propagation history of the Cobb OSC, in which the
southward migration of the Endeavour segment 0.71 Ma generated thicker crust by tapping melt pooled
beneath the Cobb OSC (Soule et al., 2016).

3. Experiment Geometry and Data

The seismic data were collected in 2009 during the Endeavour seismic tomography (ETOMO) experiment.
The seismic experiment was comprised of 68 four-component (three orthogonal geophones and a hydro-
phone) ocean bottom seismometers deployed at 64 unique sites that recorded ~5,500 air gun shots from
the 36 element, 6,600-in® air gun array of the R/V Marcus G. Langseth (Figure 2a). The objective of the
experiment was to image the crustal and mantle structure from the segment to vent field scales (Arnoux
et al., 2017; Soule et al., 2016; VanderBeek et al., 2016; Weekly et al., 2014). To accomplish this, a nested
source receiver geometry was used to record data that densely sampled the crust and topmost mantle within
a 90-km-by-50-km area centered on the ridge segment (Figure 2a). This nested geometry consisted of three
grids: (i) the segment-scale undershoot grid designed to image the topmost mantle structure using six rise-
parallel 105-km-long lines shot within 30 km of the ridge axis and two rise-perpendicular lines shot on
the northern and southern margins of the experiment; (ii) the crustal grid devised to image the off-axis crus-
tal structure and along-axis variation of the crustal magmatic system, composed of 19 shot lines spaced 1 km
apart within a 20-by-60-km? area centered on the central plateau of the segment; and (iii) the fine-scale
hydrothermal grid designed to image the detailed structure of the shallow crust beneath and near the hydro-
thermal vents, consisting of the densest shot-receiver distribution within the Endeavour tomography experi-
ment with ten 20-km-long shot lines embedded within the center of the crustal grid for a net spacing of
500 m. Shot spacing along all lines was 450 m. The data have been used to constrain the isotropic and
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Figure 2. Geometry of the Endeavour tomography (ETOMO) experiment and example record sections. (a) Configuration of the ETOMO experiment, consisting of
68 four-component ocean bottom seismometers (white circles) that recorded ~5,500 air gun shots (black dots). Two ocean bottom seismometers did not record
useable data (gray circles). The black, blue, and red circles and lines show the locations of the receivers and sources shown in (b)—-(d), respectively. (b) Record section
for ridge-parallel raypaths with Pg arrivals marked by blue lines (Weekly et al., 2014). (c and d) Record sections for ridge-crossing raypaths. Record sections show
PmP traveltime picks (red lines) and assigned picking errors (red dashes). Traces are aligned by range of shots in kilometers. Record sections are plotted after
applying a 5- to 20-Hz band-pass filter, and times are zeroed at the predicted Pg arrival time for the preferred model to remove complex bathymetric effects.

anisotropic P wave velocity structure of the upper crust (Arnoux et al., 2017; Morgan et al., 2016; Weekly
et al., 2014), near-axis crustal velocity structure and thickness (Soule et al., 2016), mantle velocity and
anisotropy structure (VanderBeek et al., 2016), and upper crustal Vp/Vs structure (Kim et al., 2019). Until
now, the data have not been used to image the lower crustal velocity structure and crustal thickness
beneath the rise axis.

Our tomographic analysis includes traveltimes from 96,155 primary crustal arrivals (Pg), 105,000 Moho-
(PmP), and 12,000 mantle-turning (Pn) arrivals. Of the PmP picks included, 55,000 are ridge parallel
(Figure 2b) and 50,000 are ridge crossing (Figures 2c and 2d); we detail the process of picking PmP arrivals
in Text S1 in the supporting information and provide additional data sections in Figure S1. The root-mean-
square (RMS) picking uncertainty for the entire PmP data set is 18.7 ms. Previous tomography studies have
modeled Pg (Weekly et al., 2014) and Pn arrivals (VanderBeek et al., 2016) and 40% of the ridge-parallel PmP
(Soule et al., 2016). No previous work has incorporated ridge-crossing PmP arrivals.

4. Tomographic Method

We used a three-dimensional tomographic technique to invert traveltime data to constrain isotropic slow-
ness and seismic anisotropy within the crust and topmost mantle, in addition to Moho depth (Dunn et al.,
2005; Toomey et al., 1994). The inverse technique involves computing three-dimensional seismic raypaths
between sources and receivers to calculate traveltimes through a starting model. The inverse problem is lin-
earized about this starting model to obtain a set of equations mapping model perturbations into traveltime
residuals. User-prescribed values for model smoothness and variance are included via additional equations.
The model is then updated with a correction calculated via a least squares procedure utilizing either a
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creeping or jumping inversion strategy (Shaw & Orcutt, 1985), and subsequent iterations are performed until
the RMS traveltime residuals converged. Our preferred model converged to a RMS of 11 (¥* = 1.02), 16
(* = 0.87), and 11.2 ms (* = 1.2) for Pg, PmP, and Pn, respectively. A detailed description of the inversion
approach is presented in Text S2.

4.1. Forward Problem

The velocity model is parameterized in terms of slowness with nodes defined on a regular grid aligned with
the trend of the ridge axis. Nodes are spaced every 200 m in the x and y dimensions and 250 m in the z dimen-
sion. The model extends 90 km in the cross-axis direction, 120 km in the rise-parallel direction, and 11 km
beneath the seafloor. The forward problem utilizes a shortest-path ray tracing method that accounts for ani-
sotropic structure (Barclay et al., 1998) and incorporates seafloor topography by vertically shearing columns
within the velocity model to follow local seafloor relief (Toomey et al., 1994). Anisotropic slowness is para-
meterized assuming a hexagonal symmetry system on the slowness grid:

Uiso (r)

u['ﬁﬁ{uiw(r)’a(r)’g] w

ey

where u;s(r) is the isotropic velocity defined at nodal position r, « is a scalar that determines the symmetry
system, defined as +1 (positive and negative for fast and slow symmetry axis in the horizontal plane, respec-
tlvely) a(r) is the fraction of anisotropy, defined as (Vimax-Vmin)/Vaverages Where v is the P wave Veloc1ty, Sand
R are unit vectors along the symmetry axis and raypath, respectively, and 6 is the angle between Sand R,
such that cos(8) = S-R. The modification to this equation, x, allows for the inclusion of two distinct symmetry
systems of horizontal transverse isotropy (HTI) within the model space that approximate (i) fluid-filled
cracks (slow symmetry axis), defined by one slow and two fast axes, and (ii) olivine-dominated peridotite
(fast symmetry axis), defined by one fast and two slow axes. Crustal anisotropy is often caused by the
alignment of fluid-filled cracks perpendicular to the minimum compressive stress direction, resulting in a
horizontal axis of symmetry (slow direction of P wave propagation) that is oriented subperpendicular to
the ridge axis. In this HTT medium, there are two fast axes oriented sub-parallel to the ridge axis and vertical
(e.g., Barclay & Toomey, 2003). Mantle anisotropy is the result of lattice-preferred orientation of olivine
crystals, in which the crystallographic a axis of olivine (the fast direction of P wave propagation) aligns par-
allel to the direction of maximum shear and thus tracks the mantle divergence direction (e.g., VanderBeek
et al., 2016). In this HTT medium, there are two slow axes oriented subparallel to the ridge axis and vertical.
We therefore define x as a grid with the same dimensions as the slowness model with all crustal and mantle
values set to —1 and +1, respectively. We note that the crustal HTI medium effectively decreases PmP
traveltimes relative to either the isotropic or fast symmetry axis case, as PmP waves predominately propagate
in the vertical dimension. As a result, accounting for upper crustal crack-induced anisotropy will yield
systematically larger crustal thickness estimates.

The Moho reflection surface is defined on a separate gridded surface with the same x and y dimensions as the
slowness grid, but for which the z grid points vary independently of the slowness grid (Dunn et al., 2005). If
the Moho is raised or lowered within the model space during the inversion, values on the velocity grid are
modified to maintain any velocity contrast associated with the interface, which is initially defined by the user
and can vary during the inversion.

4.2. Inverse Problem

The inverse problem is regularized with damping and smoothing constraints requiring user-defined a priori
model uncertainties and smoothing parameters that operate on perturbational models parameterized for iso-
tropic slowness, anisotropy, and Moho depth. The perturbational models for isotropic and anisotropic slow-
ness were composed of rectilinear grids with a horizontal spacing of 0.5 km within 10 km of the ridge, to
reflect the greater number of raypaths, and 1 km elsewhere in the model space. Vertical node spacing varied
to account for the decrease in raypath density with depth, with a minimum spacing of 500 m in the upper
3 km of crust and 1 km spacing below. Perturbational nodes for the Moho were spaced every 3 km to allow
the Moho to smoothly vary. The inverse problem is parameterized as in Dunn et al. (2005), with the addition
of x to their equations A17 and A19, as in equation (1), to account for the two anisotropy symmetry axes. We
note that this parametrization is an approximation of equation (1) because it only addresses azimuthal
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Figure 3. One-dimensional P wave velocity profiles. (a) Bathymetric map with regions for which average one-
dimensional profiles are calculated (colored boxes); labels correspond to those shown in (b)—-(d). The traces of the

ridge segments are shown by black lines, axis-centered plateau boundaries by red arrows, and vent fields by green stars.
(b) One-dimensional vertical profiles for the western (solid blue) and eastern flanks of the segment center (dashed blue),
as well as for a region not associated with thickened ridge flank crust (solid orange). (c) Profiles for currently and
formerly propagating limbs: Middle Valley (solid green), West Valley (dashed green), and North Symmetric (dotted green).
(d) Profiles for the southern (dotted red), northern (dashed red), and central (solid red) portions of the Endeavour
segment. The horizontal average of the isotropic component of the preferred velocity model (solid black) are shown in
(b)-(d) for comparison.

anisotropy in the horizontal plane. While this approximation is exact for horizontally propagating waves, it
is less accurate for diving waves. It does, however, capture the correct sign and magnitude of the partial
derivatives for slowness structure, interface depth, and anisotropy, as they are controlled by the azimuth
of the raypath, which changes little from iteration to iteration. Thus, because we solve the inverse
problem using an iterative technique and correctly account for three-dimensional anisotropy in the
forward problem, this approximation in the inverse problem is negligible.

5. Results

Previous results constrain the isotropic and anisotropic structure of the upper crust (Weekly et al., 2014) and
topmost mantle (VanderBeek et al., 2016), as well as isotropic structure of off-axis lower crust and crustal
thickness (Soule et al., 2016). Our study is the first to synthesize these results and provides novel constraints
on the crustal velocity structure and thickness beneath and near the rise axis and the relationship between
crustal and upper mantle structures along an entire ridge segment. We describe the characteristic velocity
structure of different regions within the study area (Figure 3), depth variations in the velocity structure
(Figure 4), and along- and cross-axis velocity variations (Figure 5). We assess the resolution of the preferred
model by analyzing the spatial distribution of raypaths and conducting synthetic checkerboard tests in Text
S3 and Figure S2. Additional synthetic inversions demonstrate that there is little trade-off between crustal
thickness and crustal velocity (Figure S3). We also describe the mantle and crustal anisotropic structure of
our preferred model in Text S2; Figures S4 and S5 show the crustal anisotropic structure of the preferred
model and traveltime residuals versus azimuth for the different seismic phases, respectively.
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Valley (WV), Middle Valley (MV), and North Symmetric (NS) labeled. Magenta and brown contours outline regions of intense seismicity associated with the 1999
(Bohnenstiehl et al., 2004) and 2005 (Hooft et al., 2010) seismic swarms, respectively. (b—f) Map view sections through the crustal portion of the preferred velocity
model at (b) 3.0-km depth, (c) 3.6-km depth, (d) 4.2-km depth, (e) 5.2-km depth, and (f) 5.8-km depth. (g) Map view section of the topmost mantle structure at
7.8-km depth. White arrows show plate spreading direction and full-spreading rate (Gripp & Gordon, 2002), and blue arrow shows azimuth of seismic anisotropy.
Three-dimensional velocity perturbations are relative to the off-axis one-dimensional velocity model shown in Figure 3b (orange line). The contour interval is
0.2 km/s for (b)-(f) and 0.1 km/s for (g). (h) Segment-scale crustal thickness map. Sections (b)-(h) show plate boundaries (solid black lines) and are masked where
the density of raypaths, or the derivative weight sum (Toomey & Foulger, 1989), is less than 10 (see supporting information). Dashed lines in (h) indicate locations of
vertical tomographic slices shown in Figure 5. MLVZ = mantle low-velocity zone.

5.1. Mantle Velocity Structure

Velocities within the mantle are relatively low (<—0.1 km/s) along most of the Endeavour segment and
similar to those of VanderBeek et al. (2016; Figure 4g). The north-south trend of the mantle low-velocity
zone (MLVZ) connects the two OSCs bounding the segment and is rotated anticlockwise relative to the trend
of the Endeavour segment. The trend of MLVZ, however, is subparallel to the north-south trend of the
northern Juan de Fuca (JAdF) plate boundary. Moreover, the MLVZ is not perpendicular to the anisotropic
component of our model (blue arrow, Figure 4g), as is the case for the fast-spreading EPR (Toomey et al.,
2007). The magnitude of the MLVZ is greatest beneath the two OSCs, though three distinct low-velocity
minima punctuate the MLVZ beneat