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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, volcanic, 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 narrow, 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 (JdFR), 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 (vertical) 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 cooling. Such along‐axis variations in melt transport could have signiﬁcant implications for the observed segmentation 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 upwelling and plate spreading. At shallow mantle depths, results from the EPR (Toomey et al., 2007; Toomey &
Hooft, 2008) and Endeavour segment of the JdFR (VanderBeek et al., 2016) suggest that skew, or misalignment 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 redistribution 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 variations 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 implications of our results on (i) the magma plumbing system beneath the Endeavour segment, (ii) the relationship 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 JdFR (Figure 1). It lies at the southern edge of the diffuse
ARNOUX ET AL.
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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
ARNOUX ET AL.
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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 segments 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 hydrophone) ocean bottom seismometers deployed at 64 unique sites that recorded ~5,500 air gun shots from
the 36 element, 6,600‐in3 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 crustal structure and along‐axis variation of the crustal magmatic system, composed of 19 shot lines spaced 1 km
apart within a 20‐by‐60‐km2 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 hydrothermal vents, consisting of the densest shot‐receiver distribution within the Endeavour tomography experiment 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
ARNOUX ET AL.
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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 slowness 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 linearized 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
ARNOUX ET AL.
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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 (χ2 = 1.02), 16
(χ2 = 0.87), and 11.2 ms (χ2 = 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 dimension. 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 anisotropic 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 parameterized assuming a hexagonal symmetry system on the slowness grid:
h
i
b ¼
b uiso ðr Þ; aðr Þ; S
u r; R;

u ðr Þ
h iso
i
1 þ κ að2r Þ cosð2θÞ

(1)

where uiso(r) is the isotropic velocity deﬁned at nodal position r, κ is a scalar that determines the symmetry
system, deﬁned as ±1 (positive and negative for fast and slow symmetry axis in the horizontal plane, respecb and
tively), a(r) is the fraction of anisotropy, deﬁned as (vmax‐vmin)/vaverage, where v is the P wave velocity, S
b
b
b
R are unit vectors along the symmetry axis and raypath, respectively, and θ is the angle between S and R,
b
b
such that cos(θ) = S·R. The modiﬁcation to this equation, κ, 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 HTI 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 parallel to the direction of maximum shear and thus tracks the mantle divergence direction (e.g., VanderBeek
et al., 2016). In this HTI medium, there are two slow axes oriented subparallel to the ridge axis and vertical.
We therefore deﬁne κ 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 isotropic slowness, anisotropy, and Moho depth. The perturbational models for isotropic and anisotropic slowness 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 κ 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
ARNOUX ET AL.
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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.
ARNOUX ET AL.
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Figure 4. Comparison of bathymetry, velocity structure, and crustal thickness. (a) Bathymetry map of the Endeavour segment showing vent ﬁelds (green stars),
axial magma chamber reﬂector (red line segments; Carbotte et al., 2012; Van Ark et al., 2007), and traces of the ridge segments (solid black lines) with West
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 (JdF) 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 beneath the central Endeavour segment (Figure 4g). The cross‐axis offset of
the MLVZ minima with respect to the ridge axis, or skew, varies along the segment. The two southern
anomalies roughly align with the ridge axis, though the southernmost anomaly is slightly offset ~2 km to
the east. Conversely, the northern minimum is offset to the west of the ridge axis by ~10 km. Of note is
ARNOUX ET AL.
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Figure 5. Vertical slices through the preferred velocity model at locations indicated in Figure 4h. (a) Vertical section showing average velocity perturbations within
400 m of the Endeavour ridge axis. The axial magma lens reﬂector (black line) and vent ﬁelds (green stars) are shown. Vertical black lines show the location of
the cross sections shown in (b)–(d). (b–d) Vertical sections crossing the ridge axis at (b) Y = 6 km where the mantle magmatic system is offset relative to the
ridge axis, (c) Y = −4 km where the mantle magmatic system is aligned with the ridge axis, and (d) Y = −19 km where the magmatic system is slightly offset with
respect to the ridge axis. Perspective views of the overlying bathymetry are provided and vertically exaggerated by approximately 35 times. Sections show the
Moho (bold black line), hypocenters for earthquakes recorded between 2003 and 2004 (Wilcock et al., 2009; white circles), and are masked where the derivative
weight sum is less than 10 (see supporting information). Vertical black lines in (b)–(d) show the location of the ridge axis. Velocity perturbations are relative to the
off‐axis one‐dimensional velocity model shown in Figure 3b (orange line).

that where the MLVZ is axis centered, the crustal low‐velocity zone is more pronounced, as is ridge
topography (Figure 4).
5.2. Crustal Velocity Structure
Average velocity‐depth proﬁles (Figure 3) show signiﬁcant variability in crustal structure. Off‐axis regions
near the segment center possess the highest average crustal velocities in the study area, increasing from
6.6 km/s at a depth of 2 km to 7.2 km/s at 6.5‐ to 7‐km depth (blue lines, Figure 3b). These regions correlate
with a broad axis‐centered plateau characterized by thickened crust (Carbotte et al., 2008; Soule et al., 2016).
Average, off‐axis lower crustal velocities are up to 0.2 km/s slower than the ridge ﬂanks (orange line,
Figure 3b). Upper crustal (<3 km depth) velocities beneath the West Valley, Middle Valley, and North
Symmetric propagating tips are slower than the model average with Middle Valley the slowest of the three
(Figure 3c); low velocities in the upper‐to‐middle crust beneath Middle Valley have previously been attributed to thick, low‐velocity sediment and an associated insulation effect that increases the temperature of the
subsurface and depresses velocities (Weekly et al., 2014). Lower crustal velocities beneath these regions,
however, are uniformly faster than the model average. The lowest velocities in the study area are located
directly beneath the Endeavour segment (Figure 3d), with the segment center exhibiting velocities of
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~6.4 km/s at 4‐km depth. This slow region is capped by higher middle to upper crustal velocities that are
similar to the model average, a trend not observed elsewhere on the segment. Compared to the crustal isotropic model of Soule et al. (2016), our lower crustal velocities in the off‐axis regions (Figure 3b) are up to
0.3 km/s higher owing to the inclusion of anisotropy, whereas velocities beneath the rise axis (solid red line,
Figure 3d) are up to 0.3 km/s lower due to the inclusion of rise‐crossing PmP that constrain this portion of
the crust. Consequently, our estimate of crustal thickness is greater than that of Soule et al. (2016), with the
Middle Valley region representing the largest (~0.3 km) increase.
The segment‐scale velocity structure reveals a continuous midcrustal LVV that tightly conforms to, and
spans the entire length of, the ridge axis (Figure 4). The width of the LVV is approximately 5 km and relatively constant along axis. Conversely, the velocity reduction of the midcrustal anomaly varies along axis
and is greatest (ΔVp = −1.2 km/s) beneath the segment center (47°55′N to 47°58′N), correlating with the
location of the hydrothermal vent ﬁelds, AML reﬂector (Carbotte et al., 2008; Van Ark et al., 2007), and seismicity associated with magma injection (Wilcock et al., 2009; Figure 5). Beneath the E‐WV OSC, the midcrustal LVV becomes more dispersed and the average velocity increases (Figures 4b–4f). The lowest
crustal velocities in this region, however, still conform to the Endeavour ridge axis (Figure 4). While coverage beneath the Cobb OSC is limited, there appears to be a similar trend, though the lowest velocities deviate
from the ridge axis.
The along‐axis continuity of the LVV diminishes with depth, such that the LVV within the lower crust is
bifurcated. From approximately 5.2‐km depth to the base of the crust (average depth of 6.8 km), the LVV
has higher velocities between 48°02′N and 48°05′N (Figure 5; Y = 1 to 15 km in Figure 5a). Interestingly, this
higher‐velocity region within the lower crustal LVV coincides with a 10 km westward offset of the MLVZ
with respect to the ridge axis (Figure 5b). The southern lower crustal LVV largely tracks the ridge axis to
the Cobb OSC and is continuous from the mantle to upper crust (Figures 5c and 5d). Conversely, the northern lower crustal LVV, which extends from 48°08′N to 48°13′N, is offset 2 km to the east of the ridge axis and
coincides with the location of the inferred diking event that initiated the 2005 seismic swarm (Figure 4;
Hooft et al., 2010). Resolution tests indicate the geometry of features on the order of 6 × 6 × 2 km3 is resolvable in this region of the lower crust (Figure S2), though the magnitude is underrecovered (see Text S1). We
note that the 2002 multichannel seismic (MCS) survey did not detect an AML beneath this section of the
ridge (Carbotte et al., 2008, 2012; Van Ark et al., 2007), which may be due to the eastward offset of the crustal
LVV relative to the track of the MCS line.
5.3. Crustal Thickness Variations
Propagating limbs of the OSCs coincide with the thinnest crust within the study area (Figure 4h). The
Northern Symmetric, West Valley, and Middle Valley limbs have an average crustal thickness of ~6.6 km,
0.2 km thinner than the model average, with Middle Valley limb underlain by the thinnest crust (6.4 km;
Figures 3c and 4h). The thinned crust beneath North Symmetric and West Valley extend north and south
of the limb tips, respectively, forming a north‐south swath that projects onto the ridge axis at approximately
47°57′N, coinciding with the northern extent of the axis‐centered MLVZ minima (Figure 4g). Similarly,
thinned crust beneath the Middle Valley limb extends farther south than the limb tip.
Signiﬁcant along‐axis variability in crustal thickness epitomizes the Endeavour segment. The thinnest crust
(~6.7 km) is located beneath the central portion of the segment and is 0.2 and 0.4 km thinner than at the
southern and northern ends of the segment, respectively (Figure 4h). Crustal thickness beneath the southern
portion of the segment is similarly variable, though it is thinner than the northern section of the segment,
which displays the thickest crust beneath the ridge axis (~7.2 km). The thickened crust beneath the northern
section of the Endeavour ridge extends toward the segment center to approximately 48°00′N, roughly correlating with the 10 km westward cross‐axis offset of the MLVZ and associated gap in the lower crustal magmatic system (Figure 4). Within this section of the segment, the crust rapidly thickens with distance from the
ridge, with a more pronounced gradient to the east of the ridge axis. This thickening gives way to the thickest
crust in the study area located ~15 km off‐axis.
Thickened crust is observed beneath the ﬂanks of the segment center, coincident with the axis‐centered
bathymetric plateau (Figure 4h). The width and depth of the thickened crust is asymmetric about the axis,
reaching a maximum thickness of 7.6 km beneath the JdF plate, compared to a maximum of 7.4 km
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beneath the Paciﬁc plate. Beneath the Paciﬁc plate, the region of thickened crust is 3 km wider than that
beneath the JdF plate, coinciding with a similar asymmetry in the Brunhes/Matuyama magnetic anomaly
thought to be related to the recent eastward jump of the ridge ~0.1 Ma (Carbotte et al., 2008). The region
of thickened crust (i.e., crustal thickness > 7.1 km) beneath the Paciﬁc plate is also more conﬁned, extending
from approximately 10 to 23 km off‐axis, compared to the 0 to 20 km off‐axis extent of thickened crust
beneath the JdF plate (Figure 4h). Moreover, the thickened crust beneath the Paciﬁc plate is located farther
north, centered southwest of West Valley segment. This observed asymmetry in crustal thickness is roughly
coincident with the increasing westward offset of the MLVZ relative to the ridge axis to the north (Figure 4).
Speciﬁcally, the MLVZ underlies the thinner crust separating the Paciﬁc Plate crustal thickness anomaly and
the ridge axis (48°01′N, −129°08′W).
We note the discrepancy between our estimate of off‐axis crustal thickness with those from other studies,
including estimates from MCS data (Carbotte et al., 2008; Marjanović et al., 2011) and a previous study using
the ETOMO refraction data set (Soule et al., 2016). Compared to the MCS results, our maximum estimate of
crustal thickness is ~1 km thicker; we attribute this disparity to enhanced velocity control in the present
study relative to that of Marjanović et al. (2011), which utilized a constant crustal velocity to estimate crustal
thickness. While our estimate of off‐axis crustal thickness is more comparable to that of Soule et al. (2016), it
is up to 0.1 to 0.3 km thicker. We attribute this increased crustal thickness to the inﬂuence of crustal anisotropy on PmP traveltimes. The crustal HTI medium, deﬁned by fast directions oriented in the ridge‐parallel
and vertical directions, effectively decreases PmP traveltimes relative to the isotropic case, as PmP waves predominately propagate in the vertical dimension. Consequently, accounting for upper crustal crack‐induced
anisotropy yields systematically larger crustal thickness estimates. Thus, incorporation of anisotropy in our
analysis could account for the increased crustal thickness in our study compared to the isotropic results of
Soule et al. (2016).

6. Discussion
We constrain the three‐dimensional segment‐scale structure of the topmost mantle and crust beneath an
active oceanic spreading center. Our results allow us to estimate the physical properties of the axial region.
The observed LVV extending from the mantle to the midcrust cannot be entirely explained by variations in
subsolidus temperature and requires the presence of partial melt. We infer that this LVV reﬂects the geometry of the axial magmatic system. Thus, our results provide novel insights into the magma plumbing system
beneath an entire ridge segment, the inﬂuence of skewed delivery of mantle melt on along‐axis variability in
magmatic and hydrothermal processes, and the relationship between crustal thickness, magma supply, and
the tectonic evolution of a ridge segment. We discuss each of these topics in turn.
6.1. Estimates of Physical Properties
To estimate the temperature and melt fraction variations consistent with the tomographic results, we apply
the method of Dunn et al. (2000). This process involves two steps: (i) estimating the velocity reduction that
can be attributed to a thermal anomaly and (ii) interpreting the remaining velocity reduction in terms of
melt fraction. The former attempts to explain the sensitivity of seismic velocity to the anharmonic and anelastic effects of temperature (Karato, 1993):

∂ lnVp
∂ lnVp
Qðf ; T Þ−1 H *
¼
−F ðαÞ
(2)

∂T
∂T anharmonic
π
RT
where Vp is the compressional wave velocity, T is temperature, F(α) has a value near 1, α is the frequency
dependence of Q, Q is the quality factor, f is frequency, H* is an activation enthalpy, and R is the universal
gas constant. The ﬁrst term on the right‐hand side of equation (2) represents the temperature derivative
due to anharmonic effects, which do not involve seismic energy loss and are independent of frequency.
The second term represents the temperature derivative due to anelastic effects, which are associated with
intrinsic attenuation and are frequency dependent. The anelastic term is spatially variable owing to the spatial dependence of Q, H*, and T. In regions where Q is large (>500), the anelastic term is negligible.
Conversely, where Q is small (<100), the anelastic term is signiﬁcant. We deﬁne the reference Q structure
to be the average off‐axis Q structure for the EPR (Wilcock et al., 1995). The axial Q structure is subsequently
modiﬁed based upon the anharmonic thermal structure, discussed below. We deﬁne two values of H* for the
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Table 1
Scaling Relations and Constants
Relation

Value

*
H crust
*
H mantle



276 kJ/mol
500 kJ/mol
−5 −1
−8.1 × 10 K



−6.2 × 10







∂ lnVp
crust, anharmonic
∂T
∂ lnVp
mantle, anharmonic
∂T

−5

Reference

K

−1

Caristan (1982)
Jackson et al. (1992)
Christensen and Salisbury (1979)
Isaak (1992)



−0.76

Canales et al. (2014) and Mavko (1980)



−0.86

Canales et al. (2014) and Mavko (1980)



−3

∂ lnVp
gabbro, melt in tubules
∂ϕ
∂ lnVp
peridotite, melt in tubules
∂ϕ
∂ lnVp
melt in ﬁlms
∂ϕ

Dunn et al. (2000) and Schmeling (1985)

crust and mantle and set those values within the model to the appropriate value in Table 1. There is
signiﬁcant uncertainty in the values that control the anelastic term. We therefore assume the maximum
possible contribution of the anelastic term by setting F(α) = 1 and substitute the appropriate values in
Table 1 into equation (2).
We derive a thermal model for the preferred velocity structure that considers both anharmonic and anelastic
effects (Figure 6a). To estimate the thermal structure, the velocity perturbation model is used to calculate
temperature perturbations relative to a reference, 10 km off‐axis, one‐dimensional temperature proﬁle characteristic of oceanic crust (Dunn et al., 2000; Figure S6). Since subaxial temperatures are not expected to
exceed 1150 °C (Sinton & Detrick, 1992), we prevent perturbations that exceed this temperature so as to
explain as much of the velocity reduction as possible in terms of a thermal anomaly; if we did not do so, temperatures in excess of 3000 °C would be required to explain the observed velocity reduction in terms of anelastic temperature alone. We ﬁrst calculate an anharmonic thermal model using only the ﬁrst term of
equation (2), which serves as the initial thermal structure for subsequent calculation of the anelastic thermal
model and is used to modify the Q structure (Figure S7a). Speciﬁcally, we set Q = 100, the average Q value of
the lower crust in the axial region of the EPR (Wilcock et al., 1995), where the anharmonic temperature estimate is above the temperature cutoff of 1150 °C. To construct the anelastic thermal model, we used the
appropriate values in Table 1 and the anharmonic T and Q models. Because the temperature derivative is
itself temperature dependent, we ran several iterations of equation (2) to derive the anelastic temperature.
Beginning with the anharmonic thermal structure, we calculated a new temperature derivative and thermal
structure for each iteration. The resultant thermal structure was then used as the new temperature model for
the subsequent iteration. Iteration was ended once the maximum difference between the current and previous iteration was everywhere less than 10 °C.
As at the EPR, the predicted cross‐axis thermal structure beneath the Endeavour segment is steep sided
(Figures 6a and S7a; Dunn et al., 2000). Moreover, our thermal model shows that anomalously high crustal
temperatures are restricted to a narrow region within ~5 km of the ridge axis, similar to results from the EPR
(Dunn et al., 2000). Off‐axis isotherms, however, are not completely horizontal as at the EPR and instead
have depressions that coincide with the edges of the MLVZ (X = −6 and 8 km, Figure 6a), a feature that
is asymmetric about the rise axis. To the west of the ridge axis, the isotherms are largely horizontal, with
the exception of a small depressed zone located approximately 5 to 8 km off‐axis. A more pronounced zone
of depressed isotherms is located 6 to 10 km to the east of the ridge axis. Both of these zones coincide with the
location of prominent elongate abyssal hills on the seaﬂoor, inferred to be the former ridge axis (Carbotte
et al., 2008). These depressions could therefore be indicative of enhanced hydrothermal circulation further
off‐axis or alternatively, the result of patterns of melt delivery, which we discuss in section 6.2.
Temperature alone cannot fully explain the magnitude of the velocity anomaly, and melt must be present to
explain a signiﬁcant portion of the LVV. The thermal contribution to the observed velocity reduction is 46%
and 57% for the anharmonic and anharmonic plus anelastic case, respectively. An estimate of the melt
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fraction within a LVV depends upon the melt distribution within the rock
matrix (Mavko, 1980; Schmeling, 1985). Here, we estimate melt content
using the residual velocity anomalies (i.e., with thermal effects removed)
for two possible cases of melt distribution: ﬁlms and tubules. We use the
Vp dependence on melt fraction for relaxed ﬁlms reported by Dunn
et al. (2000), using the formulation of Schmeling (1985; Table 1). For
tubules, we implement the Vp dependence on melt fraction for crustal
and mantle rocks derived by Canales et al. (2014) using the formulation
of Mavko (1980; Table 1). These values provide lower and upper bounds
for the melt fraction in regions where temperature alone cannot account
for observed velocity anomalies. For the anharmonic case, we get maximum melt percentage of 3% and 12% for melt residing in ﬁlms and
tubules, respectively (Figures S7b and S7c). We get a maximum melt percentage of 1% and 7% for ﬁlms and tubules in the case where anelasticity is
important (Figures 6b and 6c). On the basis of these results, we infer the
LVV that persists from the topmost mantle to mid‐crust to be the magmatic system.

Figure 6. Temperature and melt fraction models computed from the cross‐
axis section in Figure 5c. Temperature and melt fraction are contoured at
100 °C and 1%, respectively. (a) Temperature model assuming anharmonic
and anelastic effects. (b) Melt fractions calculated assuming anharmonic
plus anelastic effects for which melt resides in thin ﬁlms. (c) As for (b),
except for melt residing in tubules. Large velocity reductions above 2‐km
depth (e.g., Figure 5) are attributed to porosity variations and are therefore
removed from the temperature and melt fraction calculations.

Computing temperatures and melt fractions from velocity is complicated
by large sources of uncertainty. Principle among these are the (i) reference
thermal structure used to compute the temperatures within the LVV, (ii)
Q structure and frequency effects, (iii) geometry of the interstitial melt distribution, and (iv) underresolution of velocity anomalies. Consequently, a
suite of feasible choices of parameters exist that give rise to substantially
different estimates of these physical parameters. For instance, choosing
a colder reference thermal structure (Figure S6) produces a thermal model
that requires less melt and a narrower melt‐containing region at midcrustal depths (Figure S8). Conversely, our study underestimates the amplitude of velocity anomalies by approximately 50%, though it does provide
a good indication of spatial variations in velocity and hence, relative melt
content (Figure S2). Our analysis therefore provides a ﬁrst‐order estimate
of the thermal structure and melt distribution beneath the
Endeavour segment.
6.2. Melt Distribution Within the Mantle and Crustal
Magmatic Systems

Signiﬁcant variations in melt volume are observed beneath the nonoverlapping portion of the Endeavour segment (Figure 7). Mantle melt volume in the nonoverlapping domain
displays three prominent maxima (labeled I, II, and III in Figure 7), with the two southern maxima roughly
correlating with elevated crustal melt volumes and the along‐axis extent of the AML (47°52′N to 48°02′N)
imaged beneath the Endeavour (Carbotte et al., 2012; Van Ark et al., 2007). Crustal melt volumes within this
section of ridge diminish northward, coincident with the increasing westward offset of the melt‐containing
region in the mantle (Figure 7). The minimum crustal melt volumes observed along the entirety of the
Endeavour segment are associated with the maximum (10 km) offset of the mantle magmatic system with
respect to the ridge axis (48°02′N to 48°05′N; Figure 7d); within this portion of the segment, the lower crust
has little to no melt present (Figure 7b). Interestingly, the southern (48°02′N) extent of this low‐melt zone is
coincident with a deviation from axial linearity (Karsten et al., 1990), or deval, and the northernmost extent
of the AML. Similarly, the northern (48°05′N) extent of this zone coincides with an abrupt discontinuity in
tectonic fabric (Karsten et al., 1986). Another deval, located at 47°55′N (Karsten et al., 1990), correlates with
the southern extent of the prominent, midcrustal melt anomaly (Figure 7a). These results suggest a signiﬁcant link between the skew of the mantle and crustal magmatic systems, the efﬁciency of melt transport
from the mantle to the crust, and tectonic structure of the ridge.
Coincidence between along‐axis variations in melt content beneath the Endeavour and seaﬂoor features are
similar to results from the EPR, suggesting that variations in mantle melt delivery induce tectonic and
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Figure 7. Along‐axis variations in melt content. (a–c) Map view sections are taken at (a) 3.6‐km depth, (b) 5.8‐km depth, and (c) 7.8‐km depth, corresponding to the
midcrustal, lower crustal, and mantle portions of the magmatic system, respectively. Sections are for the model in Figure 6c. (d) Along‐axis melt volume per
kilometer of crust (dashed black line) and mantle (solid black line). The along‐axis extent of the axial magma lens reﬂector is also shown (Van Ark et al., 2007). Solid
black arrows denote devals (Karsten et al., 1990), the dashed arrow indicates an abrupt discontinuity in the tectonic fabric (Karsten et al., 1986), and green
stars show vent ﬁeld locations. Calculated melt fractions assume anharmonic and anelastic effects with melt residing in tubules. Regions with a derivative weight
sum <10 do not contribute to the estimation, nor do regions in the model space with >4% anisotropy. E‐WV = Endeavour‐West Valley; OSC = overlapping
spreading center.

magmatic segmentation. At the EPR, away from tectonic discontinuities such as transform faults or OSCs,
the ridge is segmented at the scale of ~20–25 km, referred to as third‐order or volcanic segments
(Langmuir et al., 1986; Macdonald et al., 1988; Toomey et al., 2007; White et al., 2002). The centers of
those third‐order segments are associated with higher eruption effusion rates (White et al., 2002) and
their boundaries coincide with discontinuities in the AML (Carbotte et al., 2013; Marjanović et al., 2014),
giving rise to the notion that each third‐order segment is fed by a distinct crustal magmatic system
consisting of a central volcano and associated dikes and ﬁssures (White et al., 2000, 2002). Centers of
mantle melt delivery beneath the EPR are similarly spaced at intervals of ~25 km, suggesting the third‐
order segmentation and associated magmatic segmentation is governed by variations in mantle melt
delivery (Toomey et al., 2007). While third‐order segmentation has hitherto been poorly deﬁned at the
Endeavour segment, the coincidence between the imaged LVVs with seaﬂoor features suggest that it is
segmented at a scale of ~15 km (Figure 7). Similar to the EPR, third‐order segmentation of the Endeavour
appears to be related to mantle melt delivery.
The northernmost crustal melt anomaly beneath the Endeavour segment, extending from 48°08′N to 48°13′
N, is associated with a section of the ridge that overlaps the West Valley segment (Figure 7b). Here, the crustal melt anomaly is centered approximately 2 km to the east of the ridge axis and is vertically continuous
from lower to midcrustal depths. Of note is that this crustal anomaly does not directly overlie a mantle melt
anomaly, though it is centered approximately 10 km south of the broad region of enhanced melt beneath the
E‐WV OSC (Figures 7b and 7c). Resolution within this portion of the model space suggests that the northern
extent of the crustal melt anomaly is not well recovered within the lower crust (Figures S2b and S2c). We
therefore postulate that this feature is associated with the E‐WV mantle melt region.
The greatest volumes of mantle melt are located beneath the two second‐order discontinuities bounding the
Endeavour segment. By volume, the Cobb and E‐WV OSCs contain up to 70% and 60% more mantle melt
than the nonoverlapping region of the Endeavour segment, respectively (Figure 7d). This is consistent
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with previous results that suggest OSCs are regions of enhanced mantle melt retention (VanderBeek et al.,
2016). Enhanced crustal melt retention beneath OSCs has also been inferred from seismic imaging of crustal
structure along the EPR (Bazin et al., 2003) and Lau Spreading Center (Dunn et al., 2013; Turner et al., 1999),
which identify anomalously broad crustal magmatic systems spanning OSCs. Moreover, MCS imaging
experiments from both the EPR (Kent et al., 2000) and Lau Basin (Collier & Sinha, 1992) reveal that widespread crustal melt lenses are characteristic of OSCs. Our crustal resolution, however, is limited beneath
the OSCs such that we are unable to accurately estimate the volume of crustal melt in these regions
(Figure S2). Thus, while our results agree with previous studies that infer second‐order discontinuities are
sites of enhanced mantle melt retention, they cannot conﬁrm whether they are also sites of broad, enhanced
crustal melt retention owing to limited resolution.
6.3. Skew Between the Mantle and Crustal Magmatic Systems
We infer that the observed skew between the mantle and crustal magmatic systems is a direct result of
differences in mechanisms of heat transfer at crustal and mantle depths. At crustal depths we infer that
hydrothermal processes extend throughout the crust and efﬁciently transport heat, giving rise to a steep‐
sided, relatively narrow magmatic system conﬁned to the axis of tectonic rifting (Figures 6a). Asymmetry
in the thermal structure may indicate uneven rates of hydrothermal cooling, whereas depressed isotherms
up to 10 km off‐axis may further suggest a signiﬁcant component of off‐axis circulation, though this remains
speculative as we are unable to discern between compositional changes and thermal variations off‐axis,
which could also give rise to the observed velocity variations (Figure 5c). Pervasive crustal‐scale hydrothermal circulation has previously been inferred from in situ analysis of the Oman ophiolite (e.g., Gregory &
Taylor, 1981), the thermal structure of young oceanic crust (Dunn et al., 2000), and hydrothermal circulation
models (Hasenclever et al., 2014). While tectonic extension along the plate boundary deﬁnes the location of
magma intrusion, it is pervasive crustal‐scale hydrothermal circulation that controls the depth of the melt
lens (Chen & Morgan, 1996), determines the thermal structure of young oceanic crust (Hasenclever et al.,
2014), and controls the cross‐axis width of the crustal magmatic system (Dunn et al., 2000). On the basis
of our results and those from the EPR, we conclude that when a long‐lived, crustal melt lens is present at
fast‐ or intermediate‐spreading rates, the overall shape of the magmatic system is governed by a thermal
structure that results from the interplay among tectonic extension, magma injection, and crustal‐scale
hydrothermal circulation.
Our results, together with those of VanderBeek et al. (2016), strongly suggest that at mantle depths advective
heat removal is greatly diminished and conduction is the primary means of heat transport. This inference is
consistent with the abrupt increase in the width of magmatic system from 5‐ to 20‐km width (Figure 6a).
VanderBeek et al. (2016) suggest that shallow mantle melt distribution beneath mid‐ocean ridges is controlled by three‐dimensional variations in the thickness of near‐ridge lithosphere. In this case, mantle melt
accumulations would increase wherever the lithosphere is youngest and thinnest, owing to the topography
of the thermal boundary layer (Sparks & Parmentier, 1991). Indeed, the north‐south trend of the mantle
magmatic system is subparallel to the thinnest crust, and by inference, the hottest and thinnest lithosphere
(Figures 4g and 4h). We therefore conclude that the width and trend of the mantle magmatic system is determined by the regional‐scale, mantle thermal structure of the northern JdFR, which is in turn controlled by
the overlying rift geometry. Conductive heat loss is proportional to the thermal gradient and will be greater
where isotherms are shaped by hydrothermal circulation at crustal depths. Thus, the mantle magmatic system is narrow beneath the segment center where hydrothermal circulation is vigorous and broad beneath
the OSCs, where heat is less efﬁciently mined via advection.
We observe that crustal magmatic and hydrothermal activity correlate with along‐axis variability in skew
and are enhanced in regions where skew is minimal. Within the central portion of the Endeavour segment,
mantle melt delivery is axis centered, coincident with the presence of an AML, enhanced crustal melt
volume, and extensive hydrothermal activity consisting of >800 individual chimneys within a 15‐km
along‐axis span (Kelley et al., 2012, and references therein; Figures 4 and 7). This region was also a site of
intense seismicity associated with magma lens replenishment (Wilcock et al., 2009). Ridge topography in
the segment center, consisting of an axial high and prominent abyssal hills, indicate enhanced magmatic
activity within the recent geologic past (Clague et al., 2014). In contrast, where mantle melt delivery is predominantly off‐axis (to the north and south of the segment center), an AML is absent, crustal melt volumes
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Figure 8. Conceptual diagram illustrating how skew within the magmatic system inﬂuences magmatic and hydrothermal activity. (a) Map view section showing
the north–south structure of the mantle magmatic system. The axis (blue line) and direction (blue arrows) of mantle divergence are overlain. Yellow and red
contours in (a) demarcate regions containing low (~0%) and higher (3%) melt fractions, respectively (Figure 7c). (b) Map view section showing the ridge‐tracking
structure of the crustal magmatic system. Yellow and red contours show region with velocity reductions of −0.6 and −0.8 km/s, respectively (Figure 4c). The white
arrows show spreading direction and full‐spreading rate (Gripp & Gordon, 2002). Recent rotation in the Euler pole of the Juan de Fuca‐Paciﬁc plate system is
indicated (Wilson, 1988). The lines labeled as I and II in (a) and (b) correspond to the cross sections shown in (c) and (d), respectively. (c) If the mantle and crustal
magmatic systems are offset, melt transport from the mantle to the crust is inefﬁcient, resulting in less frequent crustal replenishment. Consequently, low degrees
of partial melt are present within the crust and hydrothermal clogging reduces crustal permeability, resulting in diffuse hydrothermal activity. (d) If the mantle
and crustal magmatic systems are aligned, melt transport from the mantle to the crust is focused and efﬁcient, such that enhanced partial melt is present at crustal
depths. The frequent crustal replenishment induces seismogenic cracking that locally enhances crustal permeability (Wilcock et al., 2009), facilitating vigorous
hydrothermal circulation. Panels (c) and (d) are modiﬁed from Toomey et al. (2007).

decrease, and hydrothermal activity is diminished (Figure 7). The lowest crustal melt volumes present along
the Endeavour segment are found where the MLVZ is farthest from the rise axis (48°02′N to 48°05′N,
Figure 7d). These relations suggest axis‐centered delivery of mantle melt exerts a primary control on
magmatic and hydrothermal activity at mid‐ocean ridges.
Our results, combined with those of previous studies, provide a conceptual model of how skew between
mantle and crustal magmatic reservoirs governs along‐axis, segment‐scale variations in volcanic, magmatic,
and hydrothermal activity at mid‐ocean ridges (Figure 8). Beneath nonoverlapping ridge segments, mantle‐
derived melts are focused and efﬁciently transported from the mantle to the crust where the magma reservoirs are vertically aligned (Figures 8a, 8b, and 8d), resulting in a continuous magmatic system that extends
from the topmost mantle to the midcrust. We suggest that this efﬁcient melt transport results in more
frequent crustal magma injection and high degrees of partial melt at crustal depths. The frequency of magma
injection is thought to determine the permeability structure of the overlying crust (Wilcock et al., 2009) via
seismogenic cracking of the thermal boundary layer separating the magmatic and hydrothermal systems,
thereby maintaining permeable pathways and facilitating efﬁcient hydrothermal circulation (Arnoux
et al., 2017). Thus, where the cross‐axis offset between the mantle and crustal magmatic systems is minimal,
crustal magmatic and hydrothermal activity are enhanced. This is supported by the correlation between the
vertically aligned magmatic systems in the segment center with seismicity associated with magma injection
(Wilcock et al., 2009) and the presence of vigorous, high‐temperature hydrothermal venting (Figure 5).
Alternatively, where the locus of the mantle melt delivery is predominantly off‐axis and the mantle and
crustal magmatic systems are not vertically aligned, such as between 48°02′N and 48°05′N (Figure 7b), vertical melt transport is less efﬁcient (Figure 8c). Owing to this inefﬁcient melt delivery, magma injection is
less frequent, resulting in the closure of permeable pathways and diminished hydrothermal venting
(Figure 8c). It may be that in such sections of ridge, along‐axis transport of melt within the midcrustal
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reservoir plays a more prominent role in upper crustal accretion. The tectonic fabric may also be inﬂuenced
in cases of off‐axis delivery of mantle melt, such as the abrupt discontinuity observed at 48°05′N (Figure 7;
Karsten et al., 1986).
Our model predicts that magma entering the crustal system where the two magmatic systems are vertically
aligned will have undergone rapid ascent and relatively less differentiation. Extreme variability in lava
enrichment is observed in the center of the Endeavour segment, coincident with axis‐centered mantle melt
delivery. Such a breadth of enrichment suggests reduced magma mixing and more rapid magma ascent so as
to preserve distinct mantle signatures (Karsten et al., 1990). Lower crustal velocities near the segment center
are higher than elsewhere along the ridge (Figures 4 and 5c) and further support that it has undergone comparatively less differentiation (Soule et al., 2016). A progressive decrease in the level of lava enrichment
northward from the segment center is consistent with mixing of magmas or sources (Karsten et al., 1990).
Interestingly, this trend coincides with increasing off‐axis mantle melt delivery and a decrease in lower crustal velocities ﬂanking the magmatic system (e.g., Figure 5d), potentially indicating higher degrees of differentiation (Toomey & Hooft, 2008). In our model, the vertical alignment of the mantle and crustal magmatic
systems controls not only the frequency of crustal magma injection but also magma residence time
and differentiation.
6.4. Segment‐Scale Magma Transport
Along‐axis crustal thickness variations do not require centralized, focused magma supply. The segmentation
of mid‐ocean ridges has often been attributed to magma supply (Francheteau & Ballard, 1983; Macdonald
et al., 1988, 1991; Schouten et al., 1985; Whitehead et al., 1984), which predicts that the morphology of
the ridge axis reﬂects the local supply of magma, with enhanced magma supply and hence, the thickest crust,
at the center of ridge segments (Macdonald et al., 1988, 1991; Schouten et al., 1985). Conversely, segment
ends are predicted to be magma starved (i.e., reduced magma supply), resulting in thinner crust and greater
axial depth. We observe the opposite spatial relationship to these predictions at the Endeavour segment.
Within the central portion of the segment, where the mantle and crustal magmatic systems are aligned
and vigorous hydrothermal and magmatic activity persist, crustal thickness is 0.2–0.4 km thinner than the
segment ends (Figure 4h). A similar association between axis‐centered mantle melt supply and thin crust
has been inferred at the EPR from 9°40′N to 9°50′N (Barth & Mutter, 1996; Canales et al., 2003; Toomey
et al., 2007) and analysis of ﬂow structures in lower crustal and mantle rocks in the Oman ophiolite show
that localized upwelling zones underlie the thinnest crust and crustal thickness gradually increases away
from such zones (Nicolas et al., 1996). Furthermore, observations of diking events on the Endeavour provide
evidence for along‐axis melt transport not only from the segment center toward the segment end
(Bohnenstiehl et al., 2004) but also from the segment end to the segment center (Hooft et al., 2010). Our
results, in conjunction with these observations, are inconsistent with enhanced melt supply beneath the segment center that is redistributed toward segment ends. In agreement with previous studies (Barth & Mutter,
1996; Canales et al., 2003; Toomey & Hooft, 2008), we infer that the relationship between magma supply,
crustal thickness, and axial depth is not as straightforward as commonly assumed.
Correlation between the diking events and intrasegment velocity structure suggests that vertical melt transport is signiﬁcant and likely controls the observed along‐axis crustal thickness variations (Figure 4). During
the 1999 diking event, seismic activity initiated near the central portion of the segment, roughly coincident
with vertically aligned magmatic system and the location of a shallow AML (Carbotte et al., 2012; Van Ark
et al., 2007), and subsequently migrated ~12 km to the south along the southern end of the Endeavour segment (Bohnenstiehl et al., 2004). Contrary to the 1999 diking event, the 2005 diking event was initiated in the
northern end of the segment (48°10′N) and propagated ~20 km from segment end toward the segment center
(Hooft et al., 2010; Weekly et al., 2013). The initiation of the 2005 event correlates with the eastward offset of
the crustal LVV (Figure 4), though the connection of this crustal anomaly to the mantle is unclear. One possibility is that it is linked to the MLVZ beneath the E‐WV OSC. Our resolution, however, is insufﬁcient to
conﬁrm this. Of note is the 15‐km‐long zone of high velocities and low‐melt content within the lower crust
separating the two sites where the diking events initiated (Figures 5a and 7b), whose boundaries generally
coincide with changes in seaﬂoor fabric (Figure 7). On the basis of these observations, we suggest that melt
transport within the lower crust is predominantly vertical and fundamental to the genesis of oceanic crust at
the Endeavour segment.
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What gives rise to the highly heterogeneous nature of crustal thickness off‐axis is equivocal. For instance,
asymmetric, thickened crust beneath the broad axis‐centered plateau may be consistent with either
enhanced magmatism in the past relative to the rest of the segment (Carbotte et al., 2008) or the southward
propagation of the Endeavour segment 0.71 Ma and associated tapping of mantle melt pooled beneath the
Cobb OSC (Figure 4h; Soule et al., 2016; VanderBeek et al., 2016). Similarly, thinned crust associated with
the propagating limbs in the region may be consistent with tectonically driven ridge propagation or indicative of a reduction in magma supply, such as that inferred for parts of the Mid‐Atlantic Ridge (Kleinrock
et al., 1997). Thus, the signiﬁcant heterogeneity in off‐axis crustal thickness is an enigma stemming from
the complex tectonic reorganization of the Endeavour segment and, consequently, difﬁcult to explain with
simple models of mid‐ocean ridge segmentation.

7. Conclusions
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1. We image a distinct difference between the trend of the crustal and mantle LVVs. The crustal LVV closely
tracks the ridge axis, whereas the mantle LVV trends north‐south, subparallel to the regional trend of the
northern JdF plate boundary, connecting the two OSCs bounding the segment.
2. We estimate, to ﬁrst order, the thermal structure and melt distribution beneath the Endeavour segment.
The steep‐sided, narrow structure of the crustal thermal anomaly indicates that it is shaped by pervasive
crustal‐scale hydrothermal circulation. An abrupt increase in width of the thermal anomaly across the
Moho suggests that advective heat removal is less efﬁcient than in the crust. We conclude that the width
and trend of the mantle magmatic system is instead determined by the regional‐scale, mantle thermal
structure of the northern JdFR.
3. Segment‐scale skew, or lateral offset, between the mantle and crustal magmatic systems induces
segment‐scale variations in magmatic and hydrothermal activity at mid‐ocean ridges. Previous studies
have proposed a model in which sites of axis‐centered melt delivery exhibit frequent crustal magma
replenishment, vigorous hydrothermal activity, and other ridge crest processes (Toomey et al., 2007;
VanderBeek et al., 2016). Conversely, infrequent crustal magma replenishment and decreased hydrothermal activity typify sites of off‐axis melt delivery. Ours is the ﬁrst study to image the segment‐scale structure of the magmatic system from the topmost mantle to upper crust and show such a link exists. The
crustal magmatic system is most prominent where mantle melt delivery is axis centered, coincident with
vigorous hydrothermal venting, the along‐axis extent of the imaged AML (Carbotte et al., 2012; Van Ark
et al., 2007), and recent magma chamber inﬂation (Wilcock et al., 2009). Conversely, where mantle melt
delivery is off‐axis, estimated crustal melt content is greatly reduced, hydrothermal activity is weak or
absent, and an AML is nonexistent.
4. Correlation between along‐axis variations in estimated melt content and transitions in seaﬂoor fabric
suggest tectonic and magmatic segmentation on the order of ~15 km.
5. Along‐axis crustal thickness variations do not require centralized magma supply. The magma supply
model predicts enhanced magma supply and thickened crust beneath segment centers, whereas segment
ends are magma starved with thinner crust (Macdonald et al., 1988, 1991; Schouten et al., 1985). We
observe the opposite spatial relationship to these predictions, in which the segment ends display thicker
(0.2–0.4 km) crust relative to the segment center. Moreover, dike propagation events along the
Endeavour (Bohnenstiehl et al., 2004; Hooft et al., 2010; Weekly et al., 2013) have propagated from
segment center to end, as well as segment end to center, indicating along‐axis melt transport initiates
from both the segment center and ends.
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