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Abstract A model of crustal thickness and lower crustal velocities is obtained for crustal ages of 0.1-1.2 Ma on
the Endeavour Segment of the Juan de Fuca Ridge by inverting travel times of crustal paths and non-ridge-crossing
wide-angle Moho reflections obtained from a three-dimensional tomographic experiment. The crust is thicker
by 0.5-1 km beneath a 200 m high plateau that extends across the segment center. This feature is consistent
with the influence of the proposed Heckle melt anomaly on the spreading center. The history of ridge
propagation on the Cobb overlapping spreading center may also have influenced the formation of the plateau.
The sharp boundaries of the plateau and crustal thickness anomaly suggest that melt transport is
predominantly upward in the crust. Lower crustal velocities are lower at the ends of the segment, likely due to
increased hydrothermal alteration in regions influenced by overlapping spreading centers, and possibly
increased magmatic differentiation.

1. Introduction

At mid-ocean ridges, measurements of crustal thickness are an important tool for understanding the
magmatic and volcanic processes that form oceanic crust. Among the geophysical tools available to estimate
crustal thickness and structure, seismic tomography using crustal arrivals and Moho reflections (Pg and PmP
phases, respectively) is well suited to distinguish variations in crustal thickness from variations in the seismic
velocities of the lower crust. As such this method provides reliable constraints on magma flux from the
mantle to crust, the composition and temperature of the lower crust, and by inference patterns of magma
redistribution within the crust.

At the slow spreading Mid-Atlantic Ridge (MAR), both seismic [Hooft et al., 2000; Tolstoy et al., 1993; Dunn
et al, 2005] and gravity [Lin et al., 1990; Detrick et al, 1995] studies show that magmatic and volcanic
accretion is spatially variable with the thickest crust found near the center of each ridge segment coinci-
dent with the shallowest bathymetry. The seismic images further show that crustal thickness variations
result primarily from differences in lower crustal thickness [Hooft et al, 2000; Mutter and Mutter, 1993;
Tolstoy et al., 1993]. These patterns are consistent with competing accretionary models, where either buoy-
ant mantle flow [Lin and Phipps Morgan, 1992] or melt migration processes [Magde and Sparks, 1997] focus
mantle-derived melt toward the segment center. Previous seismic studies also infer that some melt
supplied to the segment centers is redistributed along axis in the upper crust by brittle diking events;
however, to what degree the upper and lower crust at segment ends are formed by along-axis transport
of magma, versus vertical delivery from the mantle, remains an open question [Hooft et al., 2000; Dunn
et al., 2005; Magde et al., 2000].

Along the fast spreading East Pacific Rise (EPR) at 8-10°N, melt delivery from the mantle to the crust is
effectively continuous throughout tectonically defined ridge segments [Toomey et al, 2007]. At the
segment scale, the primary feature in crustal thickness maps is a broad band of thickened crust that
forms behind the wake of the 9°03' overlapping spreading center (OSC) [Canales et al., 2003]. Between
tectonic offsets, centers of melt delivery from the mantle to the crust are spaced at intervals of
~25km [Toomey et al, 2007], effectively defining volcanic or third-order segmentation of the ridge.
Seismic studies of the mantle, lower crust, and midcrustal axial magma chamber all conclude that
along-axis transport of melt at mantle or crustal depths is unlikely at the scale of a tectonically defined
ridge segment. To what degree melt is redistributed at the scale of third-order or volcanic-scale segmen-
tation is unknown, although detailed studies of the AMC reflector near 9°50'N suggest that vertical
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Figure 1. Bathymetric map of the Endeavour Segment of the Juan de Fuca Ridge showing the configuration of the tomography
experiment with shots shown as small open circles and OBSs as large circles labeled with the site number and colored red for
OBSs used in this study, white for OBS not used, and grey for OBSs that did not return data. The dashed box shows the bounds of
the X-Y grid used for the inversions. The locations of plate boundaries (solid lines), a relict propagating rift of the Cobb OSC
(dashed line) and five numbered boxes that bound areas used to calculate average crustal velocities in Figure 2, are also shown.
Areas 1 and 2 cover off-axis portions of central Endeavour plateau on the Pacific and Juan de Fuca plates, respectively, area 3
overlies an area impacted by the Cobb OSC, and areas 4 and 5 are representative areas of crust off the plateau on the Pacific
and Juan de Fuca plates, respectively. The inset figure shows the location of the study area in relation to the coast of the Pacific
Northwest and plate boundaries with labels as follows: JAFR, Juan de Fuca Ridge, ES, Endeavour Segment.

transport of melt in the lower crust likely resupplies the upper crustal magma chamber [Aghaei et al., 2014;
Carbotte et al., 2013].

In this paper, we use seismic tomography to examine the variations in off-axis crustal thickness and lower
crustal velocity at the Endeavour segment of the Juan de Fuca Ridge (Figure 1). This is an intermediate
spreading-rate ridge which has some characteristics of both slow and fast spreading ridges. The central por-
tion of the ridge is underlain by a midcrustal magma chamber similar to that seen at the EPR [Van Ark et al.,
2007]. Somewhat like the MAR although more muted, there are variations in elevation along the spreading
axis; the segment center comprises a plateau which extends out to crustal ages of ~0.71 Ma and is elevated
~200 m relative to adjacent regions [Carbotte et al., 2008]. The segment is bounded by OSCs that are similar to
those seen on the EPR. Althoug there is a considerable amount of melt stored at mantle depths beneath the
OSCs [VanderBeek et al., 2016], the limbs are not in most places underlain by a crustal magma chamber
[Carbotte et al., 2006; Van Ark et al., 2007]. Along-axis variations in upper crustal structure show similarities
to both the MAR and EPR [Weekly et al., 2014]. The Endeavour, thus, represents a good site to further inves-
tigate the roles of axial magmatic systems and ridge segmentation in shaping the volcanic structure of
oceanic crust.
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Figure 2. (a) Vertical velocity profiles for the middle to lower crust showing the minimum and maximum velocities in the
starting model (bold red dashed and solid lines, respectively) and horizontal averaged velocity in the preferred model for
areas 1 (black solid), 2 (green dashed), 3 (faint black dashed), 4 (blue solid with dots), and 5 (magenta solid with dots) (see
Figure 1). These profiles have gradients that are pretty typical for normal oceanic crust. Mean crustal thickness in each area
which are 7.2 km for area 1, 7.5 km for area 2, 7.1 km for area 3, 6.4 km for area 4 and 6.7 km for area 5 are also shown by
terminal dots. (b) Average velocity over the lower 2 km of crust plotted versus crustal thickness for the Pacific plate (dots)
and Juan de Fuca plate (pluses). Averages were obtained for 5 km by 5 km grid squares and are limited to regions with ray
coverage >10 km from the spreading axis. There is a noticeable positive correlation between lower crustal velocities and
crustal thickness (black line, R?= 0.4).

2, Experiment and Method

In 2009 we conducted a seismic tomography experiment on the Endeavour segment of the Juan de Fuca
Ridge using 64 ocean bottom seismographs (OBSs) to record ~5500 air gun shots from the 36-element,
108154.6 cm® array of the R/V Marcus G. Langseth (Figure 1). Weekly et al. [2014] inverted 93,000 crustal P wave
(Pg) arrivals for the segment-scale isotropic and anisotropic velocity structure of the upper oceanic crust. The
models are characterized by low velocities at the segment ends relative to the segment center that were
interpreted in terms of increased fracturing in the upper crust created near the OSCs and possibly less hydro-
thermal infilling of porosity. More recently Morgan et al. [2016] have used full-waveform inversions to
improve the resolution of shallow upper crustal structure in the central portion of the experiment footprint.

In this study, the goal is characterize lower crustal structure and thickness off axis using wide-angle, Moho-
reflected P wave arrivals (PmP); future work will expand these models to the ridge axis where axial crustal
magma bodies complicate the analysis. Approximately 19,000 PmP arrival times were iteratively handpicked
for non-ridge-crossing paths with reflection points at crustal ages of 0.1-1.2 Ma. Uncertainties were visually
estimated on the basis of the signal-to-noise ratio and trace-to-trace coherency. In Text S1 and Figures
S1-S3 in the supporting information, we provide details of our process for picking PmP arrivals and show
examples of record sections with PmP picks.

The starting velocity model for our inversion is a three-dimensional isotropic model obtained by inverting the
Pg data set of Weekly et al. [2014]; to obtain this starting model we used an inversion strategy similar to theirs,
except that we do not include the effects of upper crustal anisotropy and we use a creeping strategy as
opposed to jumping [Shaw and Orcutt, 1985]. The results of this creeping inversion yield an upper crustal
model, in which all signal that can be attributed to upper crustal structure has been accounted for prior to
inverting for lower crustal structure. Velocities in this model at 5.6 km depth, the largest depth sampled
anywhere by Pg in the model of Weekly et al. [2014], are extended downward to create a starting model
for the PmP inversion (Figure 2a). A Moho interface is draped from a smoothed version of the seafloor at
6.8 km depth. The Pg and PmP arrivals were then inverted jointly using the method of Dunn et al. [2005]
and a jumping strategy [Shaw and Orcutt, 1985]. Including the Pg arrival times ensures that the inversion
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Figure 3. Contour plots showing (a) crustal thickness and crustal velocity at (b) 3.5 km, (c) 5km, and (D) 6.5 km depth for
the preferred inversion with masking in regions with no ray coverage. The plate boundaries (solid black lines), the relict
propagator (dashed black line), the locations of OBSs (filled black circles) and shots (dots), and the five areas used to
calculate the averaged vertical profiles shown in Figure 2 (numbered boxes) are also shown.

retains the upper crustal structure required by the Pg data, while the PmP arrival times constrain the lower
crustal velocity and crustal thickness

The inverse method [Dunn et al., 2005] iteratively solves for perturbations to the starting crustal isotropic
slowness and crustal thickness model by minimizing the variance of the travel time misfit and imposing
smoothing and dampening terms with user-defined weights. We used perturbational nodes for slowness
of 1km and 0.25 km in the horizontal and vertical directions, respectively, and 2.5 km on the Moho interface.
We systematically explored different choices of smoothing parameters to find the smoothest model with an
acceptable fit to the travel time data and employed inversions of synthetic data to demonstrate that the
primary features are well resolved. Our preferred model fits the data to its uncertainties (see Figure S4)
and is insensitive to the starting model (see Figure S5).

3. Results

Figure 3 shows maps of crustal thickness and lower crustal velocity anomalies obtained from tomographic
inversion of Pg and PmP data. The mean crustal thickness in resolved regions is 6.8 km, and the range is
5.9km-7.7 km. The most prominent feature of the model is a region of thicker crust beneath the central
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Endeavour that coincides with the bathymetric plateau (Figure 3a, areas 1 and 2). In addition, crust is thicker
in smaller regions to the southeast of the plateau (area 3) and to the north just west of the Endeavour Ridge.

The boundaries of the thicker crust, in the center of the segment, correspond closely with edges of the bathy-
metric plateau; while wide-angle reflections do not have good horizontal resolution, modeling that tested the
sensitivity of the inversion to the sharpness of the transition suggest that the data are consistent with a sharp
transition in crustal thickness at the edges of the plateau (see Figures S6-S8). Well off-axis, the average crustal
thickness beneath the plateau (areas 1 and 2 on Figure 2a) is ~0.5-1 km greater than adjacent sites away from
the plateau (areas 4 and 5). Crustal thickness beneath the plateau is asymmetric; the thickness on the Juan de
Fuca plate is about 0.3 km greater than on the Pacific plate. In addition, there appears to be a decrease in crus-
tal thickness beneath the plateau toward the ridge axis.

Lower crustal velocities are not imaged directly beneath the ridge axis but are depressed in a band that
extends about 3-5km to either side (Figures 3b-3d). As for the upper crust [Weekly et al., 2014], velocities
in the lower crust are elevated in the segment center in an area that includes the bathymetric plateau and
extends about 10 km to the south. Average velocities in the segment center (areas 1 and 2 on Figure 2a)
are ~0.15 km/s higher than those found near the segment ends (area 4). This leads to a noticeable correlation
between lower crustal velocities and crustal thickness (Figure 2b). Lower crustal velocities are also slightly
asymmetric across the central Endeavour with average velocities ~0.1 km/s higher on the Juan de Fuca plate.
The correlation between crustal thickness and lower crustal velocity beneath the plateau is the opposite of
what would be expected if the inversion mapped some of the increased PmP travel times from thicker crust
into velocity; synthetic inversions confirm that there is little trade-off between crustal thickness and velocity
in this region (see Figures S6-S8).

4, Discussion

The observation of thicker crust beneath the plateau is consistent with the results of Carbotte et al. [2008],
who estimated a similar crustal thickness increase beneath the plateau from the analysis of vertically incident
Moho reflections in a multichannel seismic profile. However, unlike this earlier study, we see no evidence for
thicker crust extending beyond the western limit of the plateau toward the Heckle seamount chain. As
reported by Carbotte et al. [2008], the crustal thicknesses are consistent with the central plateau being isosta-
tically supported by a thicker crust. For example, assuming a lower crustal density of 2950 kg m~3 [Carlson
and Miller, 2004] and a mantle density of 3300 kg m ™~ [McKenzie et al., 2005], the ~200 m high plateau would
be isostatically compensated by an increase in lower crustal thickness of ~1.1 km [e.g., Turcotte and Schubert,
2002]. This is a reasonable match to the upper limit of the observed crustal thickening but given the uncer-
tainties in parameters, the seismic data cannot rule out an isostatic contribution from crustal density changes
[e.g., Toomey and Hooft, 2008].

Carbotte et al. [2008] attribute the thicker crust beneath the plateau to enhanced mantle melt production
resulting from the Juan de Fuca Ridge overriding the melting anomaly that created the Heckle Seamount chain.
They note that the onset of thicker crust at 0.71 Ma coincided with a lengthening of the Endeavour segment
and a temporary reversal of the long-term northward propagation of the Cobb OSC. The sharp western and
eastern boundaries of the plateau and the absence of thicker crust west of the plateau imply that the
Heckle melt anomaly transitioned quickly from supporting the growth of off-axis seamounts to feeding the
spreading center.

If the plateau is the result of a Heckle melting anomaly, our data suggest that the influence of the anomaly is
waning because crustal thickness beneath the plateau decreases substantially toward the ridge axis. Our inver-
sion excludes PmP travel times for ridge crossing paths, which reduces the number of Moho reflections near the
ridge axis, but synthetic inversions with the same ray geometry and travel times based on a uniform thickness
crust beneath the plateau, show only a small decrease in apparent crustal thickness toward the ridge axis
(Figure S8a) suggesting that the observed crustal thinning is not an artifact of uneven ray coverage. Carbotte
et al. [2008] suggest that renewed northward propagation of the Cobb OSC in the past 100,000 years as the
Northern Symmetric Segment lengthens [Johnson et al., 1983; Shoberg et al., 1991] is consistent with a waning
influence of the Heckle melt anomaly. In addition, the chemistry of basalts along the Endeavour has been inter-
preted in terms of a failing rift that is underlain by diminishing mantle melting [Karsten et al., 1986]. Our results
are consistent with these interpretations, but other interpretations are possible, as discussed below.
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It is difficult to explain the across-axis asymmetry in crustal thickness beneath the plateau in terms of the
migration of the Heckle melt anomaly. The westward migration of the spreading axis toward a mantle hetero-
geneity is predicted to produce increased melting beneath the Pacific plate [Davis and Karsten, 1986].
Carbotte et al. [2008] identify a small recent eastward jump of the Endeavour spreading axis based on
across-axis asymmetry in the width of the Brunhes magnetic anomaly, which they interpret as evidence that
the Heckle melt anomaly has moved east of the ridge axis. However, this is a recent event and the asymmetry
in crustal thickness is most pronounced on the outer flanks of the plateau.

It is possible that the asymmetry reflects across axis differences in the structure of the Moho. If the Moho tran-
sition zone is thicker beneath the Pacific Plate and first-arriving PmP picks tend to be for reflection near the
top of the transition zone then the crustal thicknesses may be biased shallower beneath the Pacific plate. The
PmP arrivals are harder to pick for paths on the Pacific Plate, and the RMS travel time residuals for the inver-
sion are markedly larger for paths traversing area 1 than area 2 (23.5 ms versus 18.2 ms; Figures S4f and S4h).
This might indicate that the Moho structure is more complex beneath the Pacific side of the plateau.

Alternatively, the propagation history of the Cobb OSC may have led to the formation of an asymmetric pla-
teau. VanderBeek et al. [2016] argue that the advancing limb of an OSC taps melt that ponds beneath the
overlap basin, leading to thickened crust in its wake. At the Endeavour, the onset time and position of the
plateau coincide with the northernmost advance of the North Symmetric segment prior to the Brunhes-
Matuyama reversal [Carbotte et al., 2008] (Figure 1). According to this model the subsequent southward
growth of the Endeavour segment would have generated thicker crust in the vicinity of the plateau by tap-
ping mantle melt that was asymmetrically concentrated beneath the Juan de Fuca Plate. This mechanism
could have acted in concert with the capture of the Heckle melt anomaly. However, we note that Dziak
[2006] argue that the seamount chains to the west of the Endeavour coincide with strike-slip faults associated
with southward reorganization of the Juan-de-Fuca/Pacific/North American triple junction, an explanation
that does not require that the Heckle seamount chain results from a small melting anomaly fixed within
the mantle reference frame. Thus, it is possible to produce chains of seamounts and a near-axis bathymetric
plateau without invoking a mantle melt anomaly.

The characteristics of the plateau support a model in which along-axis melt transport is inefficient in the
lower crust. The axial magma chamber that is present at the segment center can presumably feed diking
events that propagate to the segment ends [Van Ark et al., 2007], and there is evidence of recent diking
events on the northern Endeavour propagating southward, presumably in the upper to midcrust, from a melt
source near Endeavour Seamount [Hooft et al., 2010; Weekly et al., 2013]. However, the sharp northern and
southern edges of the plateau and of the crustal thickness variations that appear to support it isostatically
suggest the temperatures of the lower crust away from the plateau are insufficient for ductile flow to transfer
lower crustal material to the segment ends. On the basis of our results, we infer that melt transport at lower
crustal levels is predominantly in the vertical direction. Similar inferences have been made for both the
Mid-Atlantic Ridge [Hooft et al., 2000] and the East Pacific Rise [Carbotte et al., 2013].

The near- and off-axis lower crustal velocity model is consistent with the results from the EPR, which show
that the axial magmatic system in the lower crust solidifies and cools within a few kilometers of the ridge axis
[Dunn et al., 2000]. Although our velocity model does not extend to the ridge axis, velocities generally
decrease toward the ridge by about 0.2 km/s, relative to velocities at a distance of ~5 km off-axis. This imaged
velocity anomaly can be explained by a temperature change of ~200°C [Christensen, 1979], relative to lower
crustal temperatures well off axis. Thus, while we have not imaged the axial magmatic system, we can infer
that its cross-axis width is less than 10 km.

Ridge-parallel velocity variations in the lower crust well off-axis may be related to variations in hydrothermal
alteration. Weekly et al. [2014] interpreted lower velocities in the upper and middle crust at the segment ends
in terms of increased porosity due to enhanced fracturing associated with deformation in the overlapping
spreading centers. It is unlikely that porosity can explain the lower crustal velocity variations; a porosity
change approaching 1% is required generate the observed velocity variation of 0.15 km/s but the overburden
pressure in the lower crust likely limits maximum porosities to <0.5% [Carlson and Herrick, 1990; Iturrino et al.,
1991]. A more likely explanation is that the presence or absence of talc and/or serpentine in the microcracks
of olivine crystals has a substantial effect on the elastic properties of Gabbro [Carlson et al., 2009]. Thus, the
lower velocities at the segment ends are likely a result of enhanced hydrothermal alteration promoted by
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increased fracturing of the upper crust. Likewise, at the segment center the velocities we observe are higher
than 7 km/s, which may indicate that alteration is less than typical for lower crustal gabbros [Carlson and
Miller, 2004].

An alternative explanation for the higher lower crustal velocities near the segment center is that they are
related to compositional variations [Toomey and Hooft, 2008]. If the lower crust near the segment center
has undergone less differentiation than at the segment ends it will have higher velocities [/turrino et al.,
1991]. It will also have lower densities that might contribute to the isostatic compensation of the plateau.
We note that at the Lau back arc basin, Arai and Dunn [2014] also observe a positive correlation between
lower crustal velocity and crustal thickness which they attribute to variable influences of water released from
the subducting slab. However, the slope of their fit is larger from ours (~0.4s~" versus ~0.155~"), which
supports a different causative mechanism.

Two smaller areas of thicker crust are also present within our model. The first connects to the southeast cor-
ner of the plateau and coincides with a region of disturbed topography that formed during the northward
propagation of the Northern Symmetric segment prior the Brunhes-Matuyama reversal [Carbotte et al.,
2008]. It may thus be a region of crustal thickening that formed behind the tip of the propagator [Canales
et al., 2003; Marjanovic et al., 2011; VanderBeek et al., 2016]. Crustal velocities in this region are relatively
low, which is consistent with a region of differentiated magmas as is often observed near propagating ridge
tips [e.g., Sempere et al., 1984].

The second smaller area of thicker crust lies within the overlap basin of the West-Valley Endeavour OSC and is
immediately north of a region of thin crust near the spreading axis that cuts into the plateau. The thin crust
coincides with a region of intense ongoing seismicity that is interpreted as a region of extension at the
southernmost limit of the West Valley propagator [Weekly et al., 2013]. The thicker crust to the north is harder
to explain—it is beneath the advancing part of the overlap basin rather than behind it as the OSC models
predict [Marjanovic et al., 2011; VanderBeek et al., 2016] and is south of the region of enhanced mantle melt
concentrations imaged beneath the center of the OSC [VanderBeek et al., 2016].

5. Conclusions

We present the results of a tomographic inversion for crustal thickness and lower crustal velocities on the
Endeavour segment of the Juan de Fuca Ridge using Moho reflections for paths that do not cross the ridge
axis. Our results confirm that a 200 m high bathymetric plateau extending out to crustal ages of 0.71 Ma is
underlain by a region of crust that is thicker by 0.5-1.0 km with higher apparent thicknesses on the east flank.
The crustal thickness increases may be sufficient to support the plateau isostatically but the seismic data can-
not rule out a contribution from crustal density variations. The symmetric component of crustal thickness
beneath the plateau can be explained by the spreading center overriding the Heckle melting anomaly
[Carbotte et al., 2008]. Alternatively, the asymmetry and perhaps some of the symmetric component may
result from the history of ridge propagation in the Cobb OSC [VanderBeek et al., 2016]. The sharp boundaries
of the plateau suggest that the lower crust is too cool near the segment ends for ductile flow to even out
crustal thickness and that melt transport within the crust is primarily vertical as previously inferred at the
Mid-Atlantic Ridge and East Pacific Rise. Gradients in crustal velocity near the ridge axis suggest that the axial
magmatic system cools within a few kilometers of the ridge axis as is observed at the EPR [Dunn et al., 2000].
Depressed lower crustal velocities in crust created at the ends of the segment are most likely a result of a
combination of enhanced hydrothermal alteration and compositions that are more differentiated.
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