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Abstract Axial Seamount is the most volcanically active site of the northeast Pacific, and it has been
monitored with a growing set of observations and sensors during the last two decades. Accurate imaging
of the internal structure of volcanic systems is critical to better understand magma storage processes and to
quantify mass and energy transport mechanisms in the crust. To improve the three-dimensional velocity
structure of Axial Seamount, we combined 469,891 new traveltime arrivals, from 12 downward extrapolated
seismic profiles, with 3,962 existing ocean-bottom-seismometers traveltime arrivals, into a joint tomographic
inversion. Our approach reveals two elongated magma reservoirs, with melt fraction up to 65%, representing an
unusually large volume of melt (26-60 km?), which is likely the result of enhanced magma supply from the
juxtaposition of the Cobb hot spot plume (0.26-0.53 m>/s) and the Axial spreading segment (0.79-1.06 m/s).
The tomographic model also resolves a subsided caldera floor that provides an effective trap for ponding lava
flows, via a “trapdoor” mechanism. Our model also shows that Axial’s extrusive section is thinnest beneath
the elevated volcano, where anomalously thick (11 km) oceanic crust is present. We therefore suggest that
focused and enhanced melt supply predominantly thickens the crust beneath Axial Seamount through
diking accretion and gabbro crystallization. Lastly, we demonstrate that our three-dimensional velocity
model provides a more realistic starting point for relocating the local seismicity, better resolving a network of
conjugate outward and inward dipping faults beneath the caldera walls.

1. Introduction

Separation of oceanic plates along the 65,000-km-long mid-ocean ridge (MOR) spreading system pulls man-
tle upward and induces decompression melting accounting for ~75% of Earth’s magmatic budget, producing
~21 km® of magma each year (Crisp, 1984). Beneath MORs, the rate of magma supply strongly determines the
thermal structure of the oceanic crust, which, in turn, influences rheology, crystallization, tectonic processes,
ridge morphology, and hydrothermal circulation (Coogan, 2014). Spreading rate is a dominant factor control-
ling the rate of magma supply at MORs; therefore, it is a critical variable in models for the formation and struc-
ture of the oceanic crust (e.g., Chen & Lin, 2004; Phipps Morgan & Chen, 1993; Purdy et al., 1992; Sinton &
Detrick, 1992; Sleep, 1975). Nevertheless, other parameters controlling magma supply exist, including mantle
temperature and composition, or magma focusing in both space and time (e.g., at segment centers). There is
a wide range of spreading rates for the global MOR system, forming three main categories: slow (<40 mm/
year), intermediate (40 to 80 mm/year) and fast (>80 mm/ywar) spreading ridges. Axial magma chambers
(AMCQ) are generally steady state and well-imaged features at intermediate and fast spreading ridges (e.g.,
Blacic et al.,, 2004; Carbotte et al., 2008; Harding et al., 1989; Kent et al., 2000) but often absent (e.g., Detrick
et al,, 1990) or short-lived, small, and deep features at slow spreading ridges (e.g., Calvert, 1995; Singh
et al,, 2006). Additionally, there is a general shoaling of the AMC horizon with increasing spreading rate, with
the most significant depth variations observed at intermediate rates.

On the other hand, hot spots are generally thought to arise from buoyant upwelling of anomalously hot con-
vection plumes originating in the deep mantle (Morgan, 1971) and produce 2-4 km® of magma each year
worldwide (Crisp, 1984). Among the ~50 identified present-day hot spots, ~20 appear to be interacting with
the MOR system (Ito et al., 2003), resulting in altered magmatic, geochemical, and hydrothermal systems. On
the intermediate spreading Juan de Fuca Ridge (JAFR), Axial Seamount is the most volcanically active site in
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the northeast Pacific due to the merging of the JAFR and Cobb hot spot magmatic systems. Axial Seamount
has been monitored through two eruption cycles with an increasing number of seafloor instruments, culmi-
nating in the deployment of a long-term, real-time, wired-to-shore, seafloor observatory in 2014 (Kelley et al.,
2014). Axial Seamount is therefore an ideal site to study MOR-plume interaction processes and evaluate the
influence of excess magma supply onto rheological, volcanic, tectonic, and hydrothermal processes.

Seismic imaging of subsurface magmatic systems is critical to our understanding of melt storage and melt
migration in active volcanoes, yet high-resolution tomographic imaging of magma bodies has remained dif-
ficult, mainly because of the combination of incomplete spatial data coverage and the assumptions under-
pinning ray-based tomography (Lees, 2007). On land, obtaining good coverage with active source
seismology is challenging because of the often complex terrain and the high cost of experiments (e.g.,
Beachly et al., 2012; Heath et al.,, 2015; Zandomeneghi et al., 2013). In the oceans, obtaining dense, evenly
distributed, wide-angle, wide-azimuth, and broadband frequency controlled-source data is achievable with
modern marine seismic acquisition methods and so high-resolution imaging of magma bodies is at least
theoretically within the community’s reach (e.g., Arnulf, Harding, Kent, Carbotte, et al,, 2014; Kent et al.,
2000; Paulatto et al., 2012).

Historically, three-dimensional (3-D) marine tomographic investigations of mid-ocean spreading centers
have relied solely on sparsely instrumented arrays of ocean bottom seismographs (OBSs; e.g., Dunn et al.,
2000; Seher et al., 2010; Toomey et al.,, 1990; West et al., 2001). Even today, the spacing of OBSs is often on
the order of 5 km or more, and tomographic models are strongly smoothed to compensate for the inade-
quate horizontal sampling of structures by crossing raypaths.

Streamer tomography using surface multichannel (MCS) data is an alternative to OBS tomography that can
improve the horizontal sampling of crustal structures by providing source and receiver spacings of tens of
meters (Canales et al., 2008; Zelt et al., 2004). However, because both the source and receiver are now located
at the sea surface, far from the seafloor, critical velocity information carried by refracted arrivals is
typically masked behind strong scattered energy from the seafloor, preventing a tomographic approach.
Fortunately, Arnulf et al. (2011) and Arnulf, Harding, Kent, Singh, et al. (2014) showed that by using a down-
ward continuation methodology both source and receiver wavefields from the MCS data can be propagated
down to the seafloor, simulating a Synthetic Ocean Bottom Experiment (SOBE). In a SOBE deployment, crustal
refracted arrivals become first arrivals that can be used for tomographic imaging. This approach has been
used to study the crustal structure beneath several MORs (Arnulf, Harding, Kent, Carbotte, et al., 2014;
Arnulf et al., 2011; Harding et al., 2016; Henig et al., 2012; Marjanovic et al., 2017). However, because of the
limited streamer lengths (<6 km) available for those studies, the refraction arrivals sampled only the upper
1-1.5 km of crust. With a 15-km-long state-of-the-art streamer, over 4 km of crust below the seafloor (bsf)
can be accurately sampled. Ghosal et al. (2014) demonstrated this for the northwest Sumatra subduction sys-
tem using industry data, while more recently Kardell et al. (2016) obtained similar coverage of the oceanic
crust using academic data collected by the R/V Langseth.

In this study, we use historical seismic data sets to generate a high-resolution 3-D tomographic image of the
magmatic systems beneath Axial Seamount. The MCS data set at this location were collected with a 6-km-
long streamer (Carbotte et al., 2008) again limiting refractions to the upper 1-1.5 km. Since the magmatic sys-
tem extends below this depth, we combine traveltimes extracted from the MCS data using the SOBE method
with traveltimes from an earlier OBS experiment (West et al., 2001). We also include a priori geometrical con-
straints on the shape of the main magma reservoir (MMR) obtained from existing high-quality depth-
migrated images obtained from the MCS data (Arnulf, Harding, Kent, Carbotte, et al., 2014).

This paper provides a more complete view of the upper crustal structure of Axial Seamount than the earlier
investigations of West et al. (2001) and Arnulf, Harding, Kent, Carbotte, et al. (2014). We use these new
results to characterize the distribution, geometry, and melt content of the magmatic system, from which
we infer the relative importance of the Cobb hot spot plume and JdFR in terms of crustal production rate
and magma volumetric flux. We investigate the effect of enhanced and localized magma volumetric flux
on the characteristics of the MMR. Additionally, we examine the distribution and thickness of extrusives
over the volcano, which is used to understand accretionary processes. Finally, this paper uses the new 3-D
tomographic velocity structure to obtain improved local earthquakes hypocentral locations to understand
caldera dynamics.
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Figure 1. Shaded bathymetric map of Axial Seamount on the JdFR. The thick dashed gray rectangle marks the outline of
the OBS-tomographic volume of West et al. (2001, 2003). The thick solid gray rectangle marks the outline of our new 3-D
tomographic volume, centered on 45.91792°N/—129.99305°W and rotated 12.9°N. We combined traveltime picks from 12
downward extrapolated seismic lines (solid thin black lines labeled with line number), with all seismic shots (thin dotted
lines) to five OBSs (white stars) from the West et al. (2001, 2003) experiment, into a joint tomographic inversion. OBS 9 from
the West et al. (2001, 2003) survey is presented in Figure 3 and labeled in white. The red contours are the outlines of the
main and secondary magma reservoir (MMR and SMR). The yellow lines mark spreading center axes and outline the
U-shaped caldera. The colored areas mark the extent of the 1998, 2011, and 2015 eruption flows (data are from Clague et al.,
2018a, 2018b). The yellow circle denotes the centroid of the prolate-spheroid deformation model from the 2015 eruption
(Nooner & Chadwick, 2016). The magenta dots are hydrothermal vents from the four recognized fields (ID: International
District, AS: Ashes, CA: Casm, and ND: New Dymond). The blue stars mark the locations of OOl's seismometers. NRZ, SRZ,
and SWRZ are the north, south, and southwest rift zones. Inset map shows the location of Axial spreading segment relative
to other segments of the JAFR.

2, Background
2.1. Regional Setting

The JdFR is a 480-km-long series of intermediate-rate spreading centers (56 mm/a; Wilson, 1993), located
~400 km off the coast of northwestern United States and Canada between 44°20’'N and 48°50'N (Figure 1).
The JJFR extends from the Sovanco transform fault in the north to the Blanco transform fault in the south
and comprises seven spreading segments: West Valley, Endeavor, Northern Symmetric, Coaxial, Axial,
Vance, and Cleft. The entire ridge system is migrating to the northwest relative to the absolute reference
frame at an angle and rate that varies from —32°N and 32 mm/a at its southern end to —21°N and
28 mm/a at its northern end (Small & Danyushevsky, 2003).

The west flank of the JAFR is characterized by several seamount chains oriented approximately to the north-
west (Delaney et al., 1981; Desonie & Duncan, 1990; Karsten & Delaney, 1989). The most prominent one,
known as the Cobb-Eickelberg seamount chain, is a 1,800-km long discontinuous trail of seamounts extend-
ing from the ~30-Ma-old Patton-Murray seamounts all the way to the JdFR.
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Axial Seamount on the JdFR is the most recent seamount from the Cobb-Eickelberg seamount chain, and it is
the current locus of volcanic activity associated with the Cobb hot spot (Figure 1). Axial Seamount, located at
46°N, 130°W, is the most prominent and shallowest feature (summit at <1,500 m depth) of the JdFR. Early
bathymetric and side scan sonar surveys (Embley et al., 1990; Johnson & Embley, 1990) revealed a wide
(15-25 km in diameter), dome-shaped volcano rising ~700 m above the adjacent ridge axis. The summit of
the volcano hosts an 8.6-km-long, 3.3-km-wide, horseshoe-shaped caldera that opens to the southeast,
where hydrothermal vent communities are located adjacent to recent volcanic flows (Caress et al., 2012;
Chadwick et al., 2013; Embley et al., 1990). Two ~50-km-long major rift zones extend from the summit caldera
to the north and south and overlap the neighboring Vance and Coaxial ridge segments over more than 30 km
(labeled south and north rift zones: SRZ and NRZ in Figure 1).

2.2. Geophysical Studies

Axial Seamount is one of the best-studied volcanoes on the global MOR system, and its structure and activity
have been investigated for over three decades. It became the site of National Oceanic and Atmospheric
Administration’s NeMO (New Millennium Observatory) seafloor observatory shortly before the 1998 eruption,
and since 2014, it has been a site on the Cabled Array, real-time observatory that is part of National Science
Foundation’s Ocean Observatories Initiative (OOI; Kelley et al., 2014).

Analysis of magnetic and bathymetric data suggests that volcanic activity at Axial segment initiated within
the Brunhes anomaly at ~0.5 Ma with a 20-km westward jump of the ridge to override the Cobb hot
spot (Delaney et al., 1981). Using gravity data, Hooft and Detrick (1995) inferred a warmer mantle regime
(+30-40 °C) and a ~30% increase in crustal production at Axial Seamount as well as 0.5-2 km of additional
oceanic crustal thickness over a 100-km-long section of the ridge. A narrow (20-40 km in diameter) crustal
root up to 11 km thick was later imaged beneath Axial Seamount using active seismic data (West et al.,
2003). The influence of the Cobb hot spot on melt production and crustal thickness along the JdFR was
confirmed by bathymetric, seismic, and geochemistry data. Chadwick et al. (2005) showed that most lava
samples along the Axial segment contained between 20 and 40% of the Cobb hot spot geochemical compo-
nent, with some extreme values reaching 60%, but were dominated by the mid-ocean ridge basalt (MORB)
end-member. Carbotte et al. (2008) showed that an AMC reflector is present beneath only the central
~19% of the Axial segment, where the JJFR intersects with the Cobb-Eickelberg seamount chain. Using
refraction data from active seismic shots to six OBSs, West et al. (2001) successfully imaged the large-scale
geometry of an anomalously large (250 km?), and shallow (1.5 km bsf) crustal magma reservoir beneath
the summit caldera. Later, Arnulf, Harding, Kent, Carbotte, et al. (2014) refined the image using four MCS seis-
mic lines and wavefield-based imaging methods. They found that this complex magma reservoir has an elon-
gated geometry and imaged a network of upper crustal fractures.

The most recent eruptions at Axial Seamount occurred in 1998, 2011, and 2015. The 1998 eruption produced
lava flows along 11 km of the upper SRZ (Chadwick et al., 2013). An intense swarm of earthquakes lasted
11 days and was later linked to a diking event, which migrated all the way to the southern extremity of
the SRZ, ~50 km away from the center of the summit caldera (Dziak & Fox, 1999). After years of volcanic infla-
tion following the 1998 eruption (Chadwick et al., 2012; Nooner & Chadwick, 2009), the volcano erupted again
on 6 April 2011 (Dziak et al., 2012). Near the volcano summit, the extent of the lava flows reached nearly 3 km
across the caldera and 10 km in length along the upper SRZ (Caress et al., 2012; Clague et al.,, 2017; Figure 1);
however, the thickest flows (up to 137 m) were found ~23 km south of the caldera along the SRZ. Most
recently, on 24 April 2015, the OOl monitoring network captured a volcanic eruption (Caplan-Auerbach
et al, 2017; Levy et al.,, 2018; Nooner & Chadwick, 2016; Wilcock, Tolstoy, et al., 2016; Wilcock et al., 2018).
Inflation before the eruption and deflation during it was accommodated by the reactivation of an outward
dipping caldera ring fault, which likely provided a pathway for a dike that propagated both southward and
northward beneath the east wall of the caldera (Wilcock, Tolstoy, et al., 2016). Then, the eruption stepped
westward and a dike propagated ~15 km along the NRZ (Chadwick et al, 2016; Clague et al, 2017;
Wilcock, Tolstoy, et al., 2016; Figure 1). Based on bathymetric remapping data, 13 distinct flows erupted on
the seafloor (Chadwick et al,, 2016; Clague et al., 2017). The most mafic flows were found in the NE caldera
(MgO up to 8.3%), while flows on the NRZ were gradually more evolved (MgO down to 7.1%). The northern-
most three flows were up to 67-128 m thick and represented ~92% of the erupted volume (Chadwick et al.,
2016; Figure 1). Additional information about these three eruptions can be found in Table 1.
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Table 1

Maximum Caldera Deflation and Volumes of Lava Flows and Magmatic Intrusions for the Three Most Recent Eruptions at Axial Seamount (Caress et al.,, 2012; Chadwick
et al, 1999, 2012, 2013, 2016; Clague et al,, 2017; Embley et al., 1999; Fox, 1999; Nooner & Chadwick, 2009, 2016)

Volume of seafloor lava Volume of magma Total volume of magma
Maximum Caldera deflation (m) flows (km3) intrusion (km3) extracted from the reservoir (km3)
1998 3.2 (Fox, 1999; Nooner & 0.031 (Chadwick et al., 2013; 0.1-0.15 (Chadwick et al., 1999) 0.131-0.181
Chadwick, 2009) Embley et al., 1999)
2011 2.43 (Chadwick et al., 2012) 0.094 (Caress et al.,, 2012; 0.048 0.147 (Chadwick et al., 2012)
Clague et al., 2017)
2015 2.45 (Nooner & Chadwick, 2016) 0.1552 (Chadwick et al., 2016; 0.14 0.288 (Nooner & Chadwick, 2016)

Clague et al., 2017)

3. Tomography Data and Methods

The attraction of OBS profiling is that it can record refracted energy between sources and receivers at very
large offsets (tens to hundreds kilometers), well beyond the maximum range of current streamers (up to
~15 km long), and therefore provide useful velocity constraints toward the deepest parts of the oceanic litho-
sphere. Conversely, the main weakness of OBS profiling is the limited number of deployed instruments, even
for the largest and most recent surveys (Kamei et al.,, 2012; Watremez et al., 2015), which precludes detailed
imaging of the shallowest part of the oceanic crust (<600 m). Fortunately, MCS profiling with its much denser
source and receiver coverage can, in principle, bridge this shallow-crust resolution gap. Therefore, when
available, imaging of oceanic targets can strongly benefit from joint inverse modeling of OBS and MCS
refracted data.

3.1. Controlled-Source Seismic Data

In this study, we combined controlled-source seismic data from two existing experiments: (1) the 1999 Axial
Seamount air gun-to-OBS survey (West et al.,, 2001) and (2) the 2002 JAFR MCS survey (Carbotte et al., 2008),
both conducted with the R/V Maurice Ewing.

The objective of the April 1999 air gun and OBS experiment was to study the large-scale crustal structure of
Axial Seamount as a rift volcano and to study the effects of the superposition of the JAFR and Cobb hot spot
(West et al,, 2001, 2003). The seven-day cruise collected 1,226 km of shot lines over an area spanning Axial
Seamount. A total of 5,025 air gun shots were fired at intervals of 60 to 120 s to an array of six OBSs, and
8,210 crustal Pg-phases were used to constrain a 50 km x 50 km tomographic model (West et al., 2001).

In July-August 2002, an extensive MCS survey was carried out over the JAFR and its flanks, between the Cleft
and Endeavour segments. For this survey, a 480-channel, 6-km-long Syntron digital streamer with receiver
groups spaced at 12.5 m was towed at a nominal depth of 10 m. The source was a tuned, 10-element air
gun array with a volume of ~49.2 L (3,005 in®), towed at a nominal depth of 7.5 m, with shots fired every
37.5 m along track. A total of 10,265 MCS shots were fired above Axial Seamount, and data were recorded
at a sampling rate of 2 ms for 10.24-s-long records. Streamer depth and feathering were derived from 13
depth controlling and 11 compass-enhanced DigiCourse birds, and a tail buoy GPS receiver. The Axial
segment was investigated over a 12-day period, and a dense survey comprising 12 two-dimensional MCS
profiles was collected over the volcano (Figure 1). Over Axial Seamount, the spacing between the MCS pro-
files was typically on the order of ~3.5 km.

3.2. SOBE Downward Continuation of MCS Data

For deep-sea environments, the reason that refraction arrivals are secondary arrivals on surface MCS data is
that water depths are large relative to the target depths beneath the seafloor. For a shot gather recorded at
the surface, the shallowest portion of the oceanic crust, that is, the majority of seismic layer 2A forms a “hid-
den layer” for which no first arrivals are recorded. For an example shot gather 616 from Line 48 (Figure 2a),
which covers the summit caldera of the volcano, only refractions turning >800 m beneath the seafloor
are first arrivals in the original data. However, by employing a two-step downward continuation process
(or redatuming; see Berryhill, 1979), we first simulate moving the receivers in individual shot gathers to the
seafloor and then the sources in common receiver gathers. The resulting data set is a synthetic on-bottom
experiment (SOBE; Arnulf et al., 2011; Harding et al.,, 2007) with refractions turning just bsf appearing as
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Figure 2. lllustration of Synthetic Ocean Bottom Experiment (SOBE) method. (a) Representative shot gather 616 from seis-
mic line 48 recorded on the sea surface with the corresponding arrivals and raypaths. (b) Same shot gather after downward
extrapolation to an irregular horizon 75 m above the seafloor. The origin of the distance axis is the intersection between
seismic lines 48 and 61 (see Figure 1). The red lines and dashed black lines indicate the first arrival crustal refraction.

first arrivals (Figure 2b). First arrivals are both easier to pick reliably and easier for most tomography
algorithms to handle, since by default the ray tracers in these codes compute only first arrival times. We
performed the downward continuation using a Kirchhoff implementation in the time domain (Shtivelman
& Canning, 1988). The advantage of a Kirchhoff approach is that it can flexibly handle uneven input and
output geometries (e.g., Arnulf et al, 2012, 2013; Ghosal et al, 2014; Harding et al.,, 2016; Henig et al.,
2012). On the input side, this allows us to handle unevenly spaced sources and to mitigate the negative
effects of streamer feathering. On output, it allows us to downward continue the data to an arbitrary
horizon, which can be the seafloor for traveltime inversion. This output flexibility is particularly valuable in
settings such as MORs or submarine volcanoes where there can be steep topographic variations and
restricting downward continuation to a horizontal output level would strand some sources and receivers
well away from the seafloor.

Minimal processing of the data was done prior to downward extrapolation. Three consistently bad channels
were replaced by sinc-function interpolation from the neighboring traces and trace rebalancing was applied,
maintaining crucial data continuity between traces. A predictive deconvolution filter was applied to the data
to minimize the bubble pulse effect. To minimize edge effects, the first 72 traces and last 12 traces were
tapered using a sinusoidal weighting operator. An average water velocity of 1.485 km/s was computed
from oceanographic data (temperature, depth, and salinity) and used for data redatuming. A sixth-order
Butterworth band-pass filter with corner frequencies of 5 and 20 Hz was applied at both stages of the down-
ward extrapolation to exclude noise and enhance usable frequencies of the refraction data.

3.3. Joint OBS-MCS Traveltime Tomography

The traveltimes of first-arrival P wave crustal refractions (Pg phases) for the OBSs were taken from West et al.
(2001) (Figure 3b). However, to minimize the size of the three-dimensional tomographic model, we trimmed
the initial data set by ~50%, keeping only 3,962 OBS Pg-phases that were near the 12 MCS lines (i.e., within
the thick black box in Figure 1). This data trimming removed predominantly large offsets shot-receiver pairs
resulting in a loss of coverage at depths >4.5 km. The number of rays turning in shallower portions of the
volcano remained nearly unchanged, offering similar velocity constraints at depths <4.5 km. A pick uncer-
tainty of 30-80 ms was assigned to all OBS phases, depending on the offset, lower than the final 89 ms
root-mean-square (RMS) traveltime misfit observed in the final tomographic inversion of West et al. (2001).
By doing so, we slightly increased the relative importance of OBS phases in the joint inversion.
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highlight all offsets showed in seismic-gather figures (b-d). (b) Measured and (c) synthetic receiver gathers for OBS 9.
Observed picks (green dots) for all air gun shots to OBSs are the same as West et al. (2001). (d) SOBE shot gather 616 from
seismic line 48. The green lines and green dots mark the observed traveltimes. The red lines and red dots mark the modeled
traveltimes using our final 3-D tomographic structure. Distribution of the (e) traveltime residuals and (f) of chi-square for the
starting (blue bars) and final (red bars) 3-D models. Residual traveltimes for all 469,891 SOBE pairs, predicted by the (g)
initial and (h) final 3-D velocity models displayed as a function of shot number and source-receiver number. Receiver 1 is at
6 km and Receiver 480 at 0.0125 km offset.

Up to ~4.93 million source-receiver pairs were recorded during the 2002 R/V M. Ewing MCS survey over Axial
Seamount. To optimize the trade-off between spatial resolution of the tomographic model and computa-
tional cost associated with picking and inverting more arrivals, our picking strategy was set to select at least
one shot falling within the first Fresnel zone at the seafloor (~200 m). Traveltimes of MCS first arrival P wave
refractions were thus picked along each seismic line, for every fifth SOBE shot gather with full fold coverage
(480 traces), representing a total of 1,646 shots, or ~16% of the available shots. Overall, the SOBE shot gathers
exhibit a clear and continuous first refracted arrival with high signal-to-noise ratio (Figure 3d) and picking was
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possible over a wide range of offsets (Figures 3d and 3g and 3h). To speed up and increase the accuracy and
consistency of picking, we used a semiautomatic tool that combined waveform cross-correlation and cluster
analysis (Sigloch & Nolet, 2006). Ultimately, 469,891 SOBE source-receiver pairs (~9.5% of all available MCS
pairs) were picked (Figures 3g and 3h) and we assigned a picking uncertainty of 12 ms to all SOBE phases,
as suggested by the results of Arnulf, Harding, Kent, Singh, et al. (2014) for a similar setting.

As a starting point, an initial 3-D velocity volume was created from a 1-D velocity model attached beneath a
2-D seafloor. The input 1-D velocity structure was a smooth average of the 2-D velocity model of Arnulf,
Harding, Kent, Carbotte, et al. (2014) for the upper ~1.2 km of crust and the 3-D velocity model of West et al.
(2001) below that horizon. The velocity volume was centered at —129°59'34.98"W, 45°55’04.51"N, oriented
12.9° from north, and it was 40 km long by 30 km wide by 9 km deep, discretized on a 100 m (horizontal)
by 50 m (vertical) rectangular grid.

We then performed 3-D linearized tomographic inversions of the combined 473,853 crustal OBS and SOBE
Pg-phases following the methodology of Arnulf, Harding, Kent, Singh, et al. (2014), specific to SOBE MCS data,
which was adapted from the Van Avendonk et al. (2004) approach for OBS data. The forward model was cal-
culated using a shortest path method (Moser, 1991) with additional corrections to reduce traveltime errors
associated with the discretization of the seafloor bathymetry. The inversion sought to obtain the smoothest
velocity model that fits the data within the pick uncertainties. Models were iteratively updated by minimizing
a least squares cost function that penalizes a combination of data misfit and model roughness. We chose a
roughness operator that penalized the first and second derivatives (gradient and curvature) of the velocity
structure. Horizontal derivatives were given a weight 4 times larger than vertical derivatives to account for
the fact that the final seismic velocity structure is expected to be rougher in the vertical direction. The good-
ness of the fit between observed (picked, Tops) and synthetically calculated (Tsy,) traveltimes was measured
by the y* value:

)

i Tobs i Tsyn 1)2

Oerr,i

Z I

where c,,, is a pick uncertainty and N is the total number of picks. At each iteration, we tracked the overall x*
value (traveltime fit), as well as the regional distribution of misfit across the entire data set (Figures 3e-3h).

We treated all picked arrivals as first arrivals, and the subsurface velocity volume was composed of a single
crustal layer. We carried out 12 initial iterations of the linearized 3-D inversion to constrain the velocity
structure above the magma reservoir. Starting at iteration nine, far-offset OBS raypaths largely incompatible
with the first-arrival tomographic structure, that is, presenting extreme RMS misfit, were iteratively removed
from the observed pick file. Once the velocity structure above the magma reservoir was recovered accu-
rately, we introduced a second crustal layer to the tomographic model to better fit the far-offset secondary
arrivals that we initially trimmed out from the pick file. We imposed additional constraints on the shape and
physical state of the magma reservoir using high-quality depth-migrated images and velocity models of the
reservoir (Arnulf, Harding, Kent, Carbotte, et al., 2014). Migration images along all seven profiles spanning
the MMR were used to constrain the 2-D geometry of its roof and floor, and between profiles we used
spline interpolation. The shape of the MMR roof was maintained for an additional four iterations. An aver-
age velocity of 4 km/s for the MMR was also inferred from previous full waveform inversion modeling
(Arnulf, Harding, Kent, Carbotte, et al., 2014) and assigned to all nodes within the reservoir. No smoothing
was imposed across the magma chamber roof (the bottom of crustal layer 2). After four additional itera-
tions, the model converged to an average % value of 1.01 and all but a few far-offset OBS arrivals were
fit within their estimated picking uncertainties (Figures 3e-3h). The reason far-offset picked OBS arrivals
from West et al. (2001) (green dots with offsets >15 km; Figure 3b) were not correctly fit is that these arri-
vals do not correspond to paths of absolute minimum traveltime. In fact, Figures 3a and 3b show that in the
presence of a low-velocity crustal anomaly, paths diffracting above and below the magma reservoir (blue
lines on Figure 3a) may exist and travel faster than the body wave phases, as previously described by
Wilcock et al. (1995). Full waveform elastic simulation of OBS #9 through our final velocity structure
(Figure 3c) further demonstrates that the faster paths may carry very little energy in the high-frequency
limit and could be mistakenly ignored in ray theory, although they may transmit substantial energy at finite
frequencies (see Wielandt, 1987).
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Figure 4. Velocity probability distribution for the entire final 3-D velocity volume computed at each depth below the sea-
floor (colormap). (a) The black line is the average 1-D velocity model through our entire final 3-D velocity structure. The blue
line is our average 1-D velocity model computed in the vicinity of the caldera. The gray line is the average 1-D velocity
model from West et al. (2001) OBS-tomographic structure. The purple line is the average 1-D velocity model in the vicinity
of the caldera in West et al. (2001) OBS-tomographic model. (b) Other colored lines are average 1-D velocity models
computed in their respective colored regions (see inset map of Axial Seamount). The blue area covers the summit caldera.
The dark-green area marks an ~2.5-km-wide region wrapping around the caldera. The cyan area is located above the MMR,
but only to the southeast of the caldera. The pink area is above the central part of the SMR. The light-green area is located
above the eastern shoulder of Axial Seamount between the volcano summit and Helium basin. The solid black line on inset
map marks the 1.8 km depth contour.

4. Tomography Results

The final 3-D tomographic model images the velocity structure beneath Axial Seamount to a depth of
~4.5 km. Here we discuss the inversion statistics, the 3-D velocity distribution, and the total velocity gradient
magnitude, which highlights changes in the slope of the velocity model. Finally, we estimate values of melt
fraction and total melt volume, using a differential effective medium theory.

4.1. Inversion Statistics

Overall, the 3-D inversion reduces RMS traveltime residuals from ~46 to ~12 ms (Figure 3e). Traveltime resi-
duals for the OBS phases alone show a reduction from ~216 ms to a final value of ~90 ms, comparable to the
RMS traveltime misfit attained by West et al. (2001) final tomographic model (89 ms). Similarly, traveltime resi-
duals of the SOBE MCS data (Figures 3g and 3h) uniformly have a significantly lower misfit (~11 ms) in the
final velocity structure, which given the dominant scales of heterogeneity along the SOBE lines and spacing
of the lines indicate that our preferred model has captured significant portions of the 3-D upper crustal struc-
tural variability. Our final velocity structure is compatible not only with existing observed OBS traveltime picks
but also with 469,891 additional SOBE MCS traveltime picks and geometrical constraints provided by the
depth-migrated images.

4.2, Seismic Velocity Structure

Figure 4 presents the P wave velocity distribution within the final 3-D tomographic model (Arnulf, Harding,
& Kent, 2018). Upper crustal velocities range between ~1.6 and 7.5 km/s and overall seismic velocities
increase rapidly within the first ~900 m bsf and more gradually afterwards. However, a velocity variability
of ~1.5 km/s near the seafloor and up to ~3.5 km/s at greater depths is observed and required by the inver-
sion to adequately fit the traveltime data. These variations in velocity give clues to the subsurface structure of
the volcano.

The largest lateral velocity heterogeneities occur in a region surrounding the horseshoe-shaped caldera and
beneath the eastern shoulder of the volcano (Figure 5). At shallow depths, between 0.2 and 0.9 km bsf, an
~167 km?, ring-shaped region of high-velocity wraps around the caldera walls with maximal extents of
~10 and ~5 km to the southeast and to the north, respectively (Figures 4b and 5), and minimal extents of
~2 km to the northeast and to the southwest. Velocities within this ring are on average 0.5 km/s higher
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Figure 5. Seismic P wave velocity structure of Axial Seamount (data from Arnulf, Harding, & Kent, 2018). Horizontal velocity
slices at depths of (a) 650 m and (b) 2000 m below the seafloor (bsf) with important features of the seafloor (see Figure 1).
The solid black line marks the 1.8 km depth contour. The thin black lines mark 25 m depth contour intervals. Thick gray lines
mark the contour of the three different basins surrounding the volcano. The dashed black ellipse marks our estimated
contour of the Cobb hot spot plume. The green and red arrows mark the position of vertical velocity slices from Figures 7a
and 7b, respectively. (c) Vertical velocity slices along all across-caldera MCS seismic lines, from north to south (top to
bottom) JF49, JF51, JF48, JF63, JF64, and JF62. (d) Vertical velocity slices along all along-caldera MCS seismic lines, from east
to west (top to bottom) JF44, JF46, JF61, JF51, and JF45. The inset map shows the extent of all seismic lines. Acronyms are
main and secondary magma reservoirs (MMR and SMR, respectively), caldera (C), Helium basin (HB), coaxial spreading
segment (CoA), southwest Axial basin (SWAB), south Helium basin (SHB).
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than those within the caldera with the contrast reaching ~1.25 km/s at ~0.65 km bsf (Figures 4b and 5a). A
separate low-velocity region exists beneath the steep northeast shoulder of the volcano, between the caldera
and Helium Basin, and velocities within the first kilometer of crust are ~1 km/s slower than average
(Figures 4b and 5).

At depths greater than ~1.1 km bsf, most of the lateral velocity heterogeneity is concentrated within two
NNW-SSE elongated low-velocity regions. The main low-velocity region (or MMR; Figures 4 and 5) underlies
the horseshoe-shaped caldera and extends toward the southeastern flank of the volcano, ~5 km outside of
the throat of the caldera. The outline of this low-velocity region was constrained in the tomographic
model using migrated sections (Arnulf, Harding, Kent, Carbotte, et al., 2014). The velocity contrast with the
surrounding material is high (>1 km/s). Velocities within the MMR are as low as ~3.5 km/s but are on average
4.5-5 km/s (Figures 4b and 5). As expected by the ray theory approach, velocities within the MMR are largely
constrained by rays deflecting around the low-velocity anomaly (Figure 3a). Therefore, it is worth noting that
our velocity estimates for the MMR represent maximum velocities. To improve velocity estimates within the
MMR and to recover the full extent of the low-velocity anomalies, more elaborated techniques making use of
more information from the waveform data would need to be employed (e.g., wave-equation tomography of
Wang et al., 2014, or full waveform inversion of Jian et al., 2016). A second low-velocity region (secondary
magma reservoir, SMR; Figure 5) lies beneath the eastern shoulder of the volcano. No specific constraint
regarding the shape of this low-velocity anomaly was provided during the inversion process due to a lack
of migration constraints in this region. The resulting low-velocity region is therefore spatially smoothed
and extends between 1 and 2.5 km bsf (Figures 4b and 5) with minimum velocities as low as ~4.7 km/s.

4.3. Layer 2A Thickness

Arnulf et al. (2011) and Arnulf, Harding, Kent, Singh, et al. (2014) showed that the combination of a SOBE
method and 3-D traveltime tomography enables proper imaging of the high-velocity gradient region at
the base of layer 2A. The layer 2A thickness map of Figure 6a represents a smoothed surface corresponding
to a velocity gradient of ~3/s and was created from picks on crossing vertical profiles extracted from the
tomographic structure (solid blue lines in Figures 6¢c and 6d). The smoothing filter was a 2-D Gaussian
(1.5 km radius) convolved with the average thickness measurement map. The map was built from picks less
than 2.75 km from a SOBE line.

Although layer 2A thickness is heterogeneous across the study area, with values ranging from 0.4 to 1.4 km,
major variations are well correlated with the dominant central volcanic features and delimit three main
domains (Figure 6): a domain of relatively thin layer 2A (0.4 to 0.75 km), which broadly corresponds to the
elevated volcano; a domain of slightly thicker layer 2A (0.75 to 0.95 km) located beneath the central caldera;
and a third domain, located beneath the shoulders of the volcano, where layer 2A is the thickest (>0.95 km).
Sharp variations in layer 2A thickness occur across the caldera bounding faults with vertical throws of
0.25-0.5 km (Figures 6a and 6¢: x-Slice —2.5 km and d: y-Slice 5.25 km). Similar layer 2A thickness variations
exist across the eastern and southern shoulders of the volcano (Figures 6a and 6c: x-Slice 5 km and d: y-Slice
5.25 and 11 km). Layer 2A is the thickest (>1 km) beneath Helium Basin and differs from a relatively thin layer
2A (0.6-0.8 km thick) observed underneath the southernmost tip of Coaxial spreading segment (Figure 6a).
Additionally, Figure 6 shows that layer 2A thickness is largest to the north rather than just beneath South
Helium Basin and Southwest Axial Basin.

It appears that the thinnest layer 2A region, observed beneath the southeast shoulder of the volcano, is
located over a narrow and deep crustal root where West et al. (2003) reported oceanic crust up to 11 km thick
(Figure 6b). This deep crustal root was interpreted as a region of focused magma oversupply from the Cobb
hot spot, and it overlaps part of the two low-velocity regions previously recognized on Figure 5b (MMR and
SMR). The contour of this region characterized by a thick crustal root, low crustal velocities (magma reser-
voirs), and thin upper layer 2A can be approximated by a ~120 km? elliptical region centered on the south-
east shoulder of Axial Seamount (dashed black ellipse, Figures 6a and 6b).

4.4, Melt Fraction Estimate

The effect of melt on seismic properties depends on the composition and microstructure of melt pockets and
crystals (Taylor & Singh, 2002). We used different melt inclusion geometries and orientations to estimate
minimum and maximum values of melt fraction and total melt volume, using a differential effective
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Figure 6. (a) Extrusive layer thickness map with important features of the seafloor (see Figure 1). Layer 2A thickness mea-
surements were derived from the total velocity gradient magnitude volume by picking a horizon with gradient value of
~3 m/s on all xand y direction slices (c and d). The final layer 2A thickness map is a smoothed average of all x and y direction
measurements. The red and green arrows mark the positions of all vertical sections from (c) and (d), respectively. The thick
gray lines mark the contour of the three different basins surrounding the volcano. (b) Crustal thickness map from West et al.
(2003). The dashed black ellipse marks our estimated location of the Cobb hot spot plume. Vertical cross sections showing the
absolute vertical velocity gradient in (c) the x direction and (d) the y direction. The solid and dashed blue lines mark the
bottom of layer 2A in all areas within <2.5 km and >2.5 of a MCS seismic line, respectively. Acronyms are as in to Figure 5.
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Figure 7. Melt fraction estimates using a differential effective medium theory. (a) P wave velocity variations with melt
fraction for inclusions of aspect ratio r = 1 (spherical); r = 0.5, r = 0.1, and r = 0.02 (elliptical). In our modeling, we
assumed a two-phase medium consisting of basalt (Vp=64 km/s, Vs = 3.5 km/s, density = 2,971 kg/m3) and basaltic melt
(Vp=2.35 km/s, Vs =0 km/s, density = 2,700 kg/ms). The solid and dashed lines correspond respectively to vertically aligned
and randomly aligned elliptical inclusions. Vertical P wave velocity slices at (b) y = 2 km and (c) x = —2.5 km (the positions
are indicated by green and red arrows on Figures 5a and 5b). Melt fraction within layer 2B using a differential effective
medium theory (Taylor & Singh, 2002) and vertically aligned elliptical melt inclusions with an aspect ratio r = 0.1 at (d)

y =2 km and (e) x = —2.5 km. The blue lines mark the bottom of layer 2A. Acronyms are as in Figure 5.

medium theory (Berryman et al,, 2002; Taylor & Singh, 2002; Figure 7 and Table 2). In our modeling,
we assumed a two-phase medium consisting of solid basalt (V, = 64 km/s, Vi = 35 km/s,
density = 2,971 kg/m®; Johnston & Christensen, 1997) and basaltic melt (V, = 2.35 km/s, V; = 0 km/s,
density = 2,700 kg/m3; Mainprice, 1997). We computed the melt fraction as a function of velocity for a
range of aspect ratios r = 1, 0.5, 0.1, and 0.02 (the ratio of the short to long axis of a given melt inclusion;
Figure 7a). We restricted the computation of the melt fraction to the two main velocity anomalies within
layer 2B (beneath the layer 2A high-velocity gradient region) and their surroundings (Figures 7b-7e).
Spherical inclusions (aspect ratio 1; Figure 7a: solid black line; Table 2) lead to the largest inferred volume
of melt in the system ~87 km?>, with melt fractions up to ~65%. Randomly oriented elliptical melt
inclusions (Figure 7a, dashed lines, and Table 2) yield similar melt fraction estimates for P wave velocities
<4 km/s, but noticeably lower estimates for P wave velocities >4 km/s when aspect ratios are <0.1.
However, because the P wave velocity within the two low-velocity regions is on average 4.5-5 km/s
(Figures 4 and 7), the effect of randomly oriented elliptical melt inclusions is potentially rather significant.
The estimated total volume of melt is reduced to 40.3-83.7 km? if the aspect ratio is between 0.02 and 0.5,
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Table 2

Estimated Total Volume of Melt and Maximum Melt Fraction in Axial Seamount’s
Magmatic System Using a Differential Effective Medium Theory With Several

Melt Inclusions

although the maximum melt fraction remains unchanged at ~65%.
On the other hand, the presence of vertically aligned elliptical melt
inclusions would strongly impact our melt fraction estimates, with

Total melt volume (km3) Maximum melt fraction (%)

maximum effect for aspect ratios <0.1 (but very little change for
smaller aspect ratios). Fully aligned elliptical inclusions lead to a total

Spherical inclusion:

r=1 86.8

Randomly oriented:

r=0.5 83.7

r=0.1 60

r=0.02 403

Vertically aligned-anisotropy (slow direction):
r=0.5 62.8

r=0.1 33.2

r=0.02 26.7

volume of melt of 26.7-62.8 km®> and maximum melt fraction

65.2 between 39 and 56% (Figure 7a, solid lines, and Table 2).

65.3 . .

65.8 5. Location of Earthquakes With Our New 3-D
66.5 Velocity Structure and a Grid-Search Algorithm

Wilcock, Tolstoy, et al. (2016) provided the first locations for the earth-

56.3
421 quakes associated with the 2015 eruption of Axial Seamount using
386 one-dimensional P and S wave velocity models and the Hypoinverse

algorithm. Wilcock, Tolstoy, et al. (2016) also relocated selected events

using a double-difference algorithm (hypoDD). The complex velocity
structure near Axial caldera and the limited aperture of the permanent OBS array on the volcano summit
means that hypocenter locations are sensitive to the velocity model used. Here we investigate the effect
on hypocenter locations of using our 3-D velocity model rather than an average 1-D model.

5.1. Data and Methods

We applied a 3-D grid-search algorithm (e.g., Sohn et al.,, 2004) to the earthquake catalog from Wilcock,
Tolstoy, et al. (2016) and Wilcock, Waldhauser, et al. (2016), extending from 22 January to 30 November
2015, with a minimum of 10 arrival times including at least three S wave times, for a total of 51,197 events.
Theoretical P wave traveltime volumes were calculated for each of the seven Cabled Array seismic stations
on the summit of Axial to every grid node in our tomographic model using a shortest path ray tracer
(Moser, 1991). Theoretical S wave traveltime volumes were calculated after applying an empirical V,,/V; ratio
transfer function to our 3-D P wave velocity structure. Our transfer function is a modification of that used by
Wilcock, Tolstoy, et al. (2016), which we found reduces the final RMS traveltime residuals. V,,/V; changes lin-
early with P wave velocity from 2.2 at V, = 2.0 km/s to 1.72 at V, = 5.0 km/s and V,,/V; ratio remains constant at
1.72 for V,, > 5.0 km/s.

For each earthquake, we run an exhaustive search through the 3-D structure to identify the grid node with
minimum weighted-residual. Discretization was 100 m horizontally and 50 m vertically, identical to our final
tomographic structure. The solution was then refined using a 10-m grid centered on this node to find the final
hypocentral estimate. For this process we defined the weighted-residual as the sum of the weighted least
squares (L2) residuals:

[Wi(nobs, - 77-calc,» )} 2

N
=1

1

where W;is the weight given to each traveltime in the Hypoinverse solution of Wilcock, Tolstoy, et al. (2016) (a
value between 0 = worst and 1 = best for P wave arrivals, and 0 and 0.33 for S wave arrivals) and TT s, and
TT cal; are, respectively, the observed and synthetically calculated traveltimes between the hypocentral loca-
tion and a given station. However, since TTs, is unknown in the earthquake location problem, it was esti-
mated from the following equation:

7Tobs,» = Tobs, - TO:

where Topis the observed arrival time at a given station and Ty is the origin time of the seismic event. A value
for Ty was estimated for each grid node using the equation

=

Wi(Tobs, - 7Tcalc,v)

1
To="

M=

Wi
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Figure 8. Locations of earthquake hypocenters recorded between November 2014 and September 2015 (data from Arnulf, Harding, Kent, & Wilcock, 2018). The grid
projection is centered on OOI OBS instrument AXCC1: 45.9547°N/—130.0089°W and rotated —25°N. (a) Map view of the distribution of 51,197 hypocenters located
with at least 10 arrival times and a 3-D grid-search algorithm. Seismic events are colored by date (before, on, and after 24 April 2015: gray, orange and blue,
respectively). The caldera rim and both rift zones (yellow lines), eruptive fissures (black ticks), lava flows from the 2015 eruption (green contour lines), OOl OBSs (blue
stars), and the main magma chamber (shaded colored volume) are also shown. (b) Vertical cross section along the caldera showing all seismic events beneath
the east caldera wall (x > 0 km). (c) As in (b) but for all seismic events beneath the west caldera wall (x < 0 km). (d) Vertical cross section across the caldera showing all
seismic events beneath the south central caldera (y > —2 km and y < 0 km). (e) As in (d) but for all seismic events beneath the north central caldera (y > 0 km and
y < 2 km). The inverted black triangles show the edges of the caldera.

Last, the goodness of the fit between observed and synthetically calculated traveltimes was measured by the
RMS residual:

. 2
z% [(TrObSi - -n—calc,-)]

i=

RMS =

N

The residual vector for our final locations has a RMS misfit of 22.5 ms, which represents an ~12% reduction
compared to the Hypoinverse RMS misfit of 25.5 ms from Wilcock, Tolstoy, et al. (2016) using 1-D
velocity models.

5.2. Three-Dimensional Earthquake Re-location Results

Figure 8 presents our improved hypocenters for the 51,197 local earthquakes in the vicinity of the Axial
Seamount MMR originally located by Wilcock, Tolstoy, et al. (2016) using 1-D velocity models (see Figure S1
for comparison). The large-scale features noted by Wilcock, Tolstoy, et al. (2016) are still present: in map view,
the earthquake hypocenters define a figure eight pattern beneath the caldera, with the highest concentra-
tion of events beneath the east and west caldera walls. However, the distribution of earthquakes differs in
a number of details. Beneath the northern end of the caldera, our results show a less diffuse band of shallow
seismicity associated with the northern ring of the figure eight distribution (Figure 8a). Additionally, looking
at all vertical sections (Figures 8b-8e) we observe that our relocated seismicity is mapped to slightly shal-
lower depths. In across caldera sections, the outward dipping fault zones defined by the seismicity extend
from near the seafloor to 3-3.25 km depth and they dip at 42° to 60° (Figure 8d), compared to a maximum
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Figure 9. Comparison of earthquake location results using our 3-D grid-search method (data from Arnulf, Harding, Kent, &
Wilcock, 2018) versus the 1-D approach from Wilcock, Tolstoy, et al. (2016) (data from Wilcock, Waldhauser, et al., 2016).
(a) Map projection of the best 26,574 relocated hypocenters, using Wilcock, Tolstoy, et al. (2016) positions, with colors
highlighting the absolute Euclidean distance between hypocentral estimates (3-D versus 1-D) for a given event. A black
filled circle (x = 0.57 km and y = —2.1878 km) marks the location of the OOl OBS array centroid. The dashed black circles are
centered on the OBS array centroid with radius of 2.4, 4.8, and 7.2 km. All other features are as in Figure 9. (b) Density
plot showing the Euclidean distance difference between both 1-D and 3-D as a function of the distance from the 2-D OBS
array centroid. The dashed black lines correspond to the dashed black circles from (a).

depth of 3.5 km and dips of 52° to 70° in Wilcock, Tolstoy, et al. (2016) (see Figure S1) and dips of 67° £+ 4° in
Levy et al. (2018). Additionally, beneath the northern half of the caldera, our revised locations reveal a new set
of conjugate inward dipping faults extending from the seafloor to ~2.25 km depth and dipping at 40° to 47°
(Figure 8e). These two inward dipping bands of seismicity were absent in previous location estimates (i.e.,
Wilcock, Tolstoy, et al., 2016 and Levy et al.,, 2018) and are the result of using a 3-D velocity structure in our
relocation algorithm. In along caldera sections, our seismicity distribution beneath the east and west walls
of the caldera is spatially complex and differs from the mostly conic distribution observed by Wilcock,
Tolstoy, et al. (2016) (see Figures S1b and S1c). Beneath the east wall (Figure 8b), a large number of
hypocenters form an ~6 km-long band of high-seismicity located between ~2.5 km and 3 km depth. In
addition, two distinct branches of focused seismicity connect the top of the high-seismicity band to the
seafloor along southward dipping zones and correspond to the inward and outward dipping faults
recognized in across caldera sections (Figures 8d and 8e). Beneath the west wall (Figure 8c), most
hypocenters are located in the central caldera and form a broad region of seismicity that is inclined to the
south. North of this region, two diffuse bands of seismicity form the inward dipping fault zone recognized
on cross caldera sections (Figure 8e).

Figure 9 shows the offsets between the revised locations and the HypoDD locations from Wilcock, Tolstoy,
et al. (2016). We show a map projection of the best 26,574 hypocenters from Wilcock, Tolstoy, et al. (2016)
with colors highlighting the absolute distance between hypocentral estimates (3-D versus 1-D models) for
a given event. To first order, the difference in locations is a function of the distance from the OBS array cen-
troid (black dot in Figure 9a). The mean and median difference in hypocentral location for all events situated
within 2.4 km of the OBS array centroid (inner black dashed circle in Figure 9a) are 300 and 245 m, respec-
tively (Figure 9b). These parameters increase rapidly with distance from the OBS array centroid, reaching
740 and 600 m, and 1,890 and 1,880 m, for all events located within 2.4-4.8 km and 4.8-7.2 km of the network
centroid, respectively (Figure 9b). Therefore, the benefit of using a 3-D velocity model for earthquake reloca-
tions is most pronounced away from the OBS array centroid.
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6. Discussion
6.1. Comparison With an Earlier OBS-Tomography Experiment

The integration of traveltime arrivals from OBS and SOBE data with a priori structural constraints derived from
depth-migrated images reveals the 3-D characteristics of Axial Seamount’s internal structure with a level of
detail unobtainable for the individual data sets.

West et al. (2001, 2003) analyzed the tomographic data from the 1999 Axial Seamount air gun and OBSs sur-
vey. Their velocity field was parameterized on an irregular tetrahedral grid, with variable horizontal node spa-
cing of at best 2 km x 2 km and vertical spacing of at best 0.4 km. The velocity grid was vertically sheared to
conform to the bathymetry. P wave velocities at the seafloor and at 0.4 km bsf were fixed during the inversion
with values of 1.5 and 3 km/s, respectively. Therefore, velocity updates were calculated only at depths greater
than 0.8 km bsf, as demonstrated by all the 1-D vertical profiles extracted from their velocity cube (Figure S2,
dashed gray lines).

Figure 10 compares the OBS-tomographic model of West et al. (2001) with our final, joint SOBE-OBS, tomo-
graphic inversion. To illustrate the resolution gain of the joint inversion approach, we resampled the West
etal. (2001) OBS-model on two 0.1 km (horizontal) by 0.05 km (vertical) rectangular grids using different inter-
polation operators: (1) a nearest-neighbor interpolation function that reflects the discretization of their
inverted velocity structure (top panels in Figures 10b and 10c) and (2) a linear interpolation function similar
to West et al. (2001) (middle panels in Figures 10b and 10c). Examining the differences between the two
resampled OBS models (Figure 10), there are several important observations that can be made. First, in the
OBS-only model, 3-D velocity heterogeneities of a given target are often described by a limited number of
grid nodes and linear interpolation is commonly used to densify the velocity model prior to ray tracing or
illustration (West et al., 2001). However, Miyazawa and Kato (2004) raised concerns about the use of linear
interpolation functions, which do not retain the reciprocal relationship between velocity and slowness (tra-
veltime) fields. Second, because linear interpolation acts as a low-pass filter, smoothing out velocity values
within the model space, the resulting reinterpolated velocity field can give a false sense of structural resolu-
tion in regions poorly constrained by the inversion, such as the upper crust (see fixed velocity values within
the first two-shallowest nodes beneath the seafloor; Figure 4 and in the top panels in Figures 10b and 10c).

However, we would argue that the fixed shallow velocities used by West et al. (2001) were justified given that
the OBS data set does not constrain the upper oceanic crust due to the absence of turning rays from depths
<600 m. It is known from other experiments (e.g., Hussenoeder et al., 2002) that for zero age crust, the top of
layer 2A should be ~2 km/s. By fixing upper crustal velocities, West et al. (2001) ended up with a more realistic
looking upper crust then if they had let the tomographic inversion set those velocities (e.g., Canales et al.,
1998; Hooft et al., 2000; Hosford et al.,, 2001; Seher et al., 2010). This is confirmed by the close similarity
between the average upper crustal velocity structure of West et al. (2001) and the one recovered by our joint
SOBE-OBS inversion, which does have maximum sensitivity in the upper crust (Figure 4a).

Looking at Figure 10, the broad scale features noted by West et al. (2001) are present in our final tomographic
structure, including the low velocities of the MMR, and the high-velocity ring wrapped around the MMR.
However, because of the fixed upper crustal velocities in the West et al. (2001) model, all the traveltime delays
generated by the heterogeneous upper crust (subsiding caldera, layer 2A thickness variations; see Figure 4)
are mapped to greater depths, leading to inaccurate velocity estimates in the underlying model. The most
significant effect is observed beneath the central caldera where a spurious vertical pipe of lower velocity con-
nects the upper crust with the MMR (Figure 10). The inclusion of many more shallowly turning rays in the joint
SOBE-OBS inversion in addition to structural constraints derived from migrated reflection profiles leads not
only to better vertical resolution in the upper kilometer bsf (Figure 6) but also to improved horizontal and
vertical resolution everywhere (e.g., velocity variations associated to the main and SMRs). Last, it should be
noted that the SOBE model is, as it should be, compatible with the surface MCS traveltimes (Figure 2a), since
the surface data are effectively just a subset of the SOBE data set.

6.2. Upper Crustal Magma Distribution

Selected portions of the tomographic volume exhibit unusually low velocities (Figures 4 and 5). At depths of
~2.6-4.3 km below the sea surface (~1.1-2.8 km bsf), particularly low velocities (3.5-5 km/s) are present
within two NNW-SSE elongated regions located beneath the center and southeast shoulder of Axial

ARNULF ET AL.

4634



Ar |

ra\ 1% . .
100 Journal of Geophysical Research: Solid Earth 10.1029/2017JB015131
(a) % OBS nearest int. 2 hi ¢ 6.5
5 o0 | This study L
15 15 - _‘_‘. 5.5
10 10 - 5 _
=Y = 2
Es Es5 . 45 ¢
2 2 <
0 0 4 2
] ] v
w -5 B -5 350
o o (<
-10 -10 4 3 =
15 -15 .
-20 -20 =
-25 - ) SR —— 18
25 20 15 -10 -5 0 5 10 15 20 25 25 -20 15 10 -5 0 5 10 15 20 25
(b) Distance (km) (C) Distance (km)
L . R ‘
1.5 -
£
z z 7
= 525 g
£ £ s
& s 2
(%]
o
o
-
[ S
£ £ g
H g £
] 4 -
(%)
=]
o
>
o
= §
a
&
B o
i_
5 —

5 10 15 20 25 30 35 40 45 50 5 10 15_ 20 25 30
Distance (km) Distance (km)

Figure 10. Comparison between the air gun to OBS-only P wave velocity structure from West et al. (2001) (top left) and our
joint OBS and SOBE P wave velocity structure (top right). (a) Horizontal velocity slice at a depth of 2,000 m below the
seafloor (bsf). The air gun to OBS-only model (left) was oversampled using a nearest neighbor interpolation operator. The
white lines show the location of vertical velocity profiles shown in (b) and (c). The black lines are bathymetry depth
contours at 1,525 and 1,800 m. Top and middle plots on (b) and (c) were oversampled using a nearest neighbor and a linear
interpolation operator, respectively. Bottom plots in (b) and (c) are from joint OBS and SOBE tomography results. Acronyms
are as for Figure 5.

Seamount. Both low-velocity regions are reasonably interpreted to contain significant melt fractions from
shallow magma reservoirs (Sigmundsson, 2016), namely, the MMR and SMR (Figure 5). In addition, on the
basis of laboratory studies, which show that intergranular basaltic melt is distributed in thin elongated
inclusions with an aspect ratio r < 0.1 (Faul et al., 1994), lower and upper bounds for the total volume of
melt stored within Axial’s magmatic system are 26.7 km> (vertically aligned inclusions with r = 0.02) and
60 km? (randomly aligned inclusions with r = 0.1) respectively, and the maximum melt fraction is between
38.6 and 65.8% (Table 2). This range reflects uncertainties in the melt distribution but not uncertainties in
the velocities. Indeed, it is expected that our tomographic approach underestimates the magnitude of the
crustal low-velocity anomalies and thus the volume of melt beneath Axial Seamount. Nevertheless, our
estimates of total melt volume are larger than the initial estimates from West et al. (2001) based solely
on OBS data (5-21 km®) and more than 2 orders of magnitude larger than the size of recent (1998, 2011,
and 2015) magmatic events (0.13-0.3 km?; Table 1), confirming that each eruption only taps a small
percentage of the melt in the near-surface magma storage system.
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The distribution of melt (volume and depth of the reservoir) present beneath Axial can be put into context by
comparing it to some other magmatic systems worldwide. Magma at Axial Seamount is stored within a shal-
lower but larger reservoir than at the 9°N overlapping spreading center on the East Pacific Rise (3.6-5.3 km®,
depth 1.65-2.2 km; Arnulf, Singh, et al,, 2014), Newberry volcano in the Cascade Range (2.5-8 km?, depth
3-6 km; Heath et al,, 2015), or Soufriére Hills in the lesser Antilles volcanic arc (~4 km3, depth 5.5-7.5 km;
Paulatto et al., 2012), but the volume of melt stored beneath Axial is much smaller than at the Yellowstone
supervolcano magmatic system, where two overlapping magma reservoirs (~900 km* each, depth 7+ and
22+ km) with a combined volume of melt of ~1,820 km> have been imaged (Huang et al., 2015). In other
words, melt storage at Axial Seamount is large compared to typical estimates for plate boundary volcanoes,
but relatively modest compared to prominent active hot spot-dominated intraplate volcanoes.

Based only on our 3-D traveltime tomographic volume, we cannot determine whether or not the two large
elongated magma reservoirs are connected and therefore if eruptions at the summit of Axial Seamount
can tap the entire magmatic system. However, complementary analysis derived from full waveform inversion
and migrated sections has revealed possible magma conduits linking the two reservoirs (Arnulf, Harding,
Kent, Carbotte, et al., 2014). We also note that Sohn et al. (1999) relocated posteruption seismicity following
the 1998 eruption to a region encompassing both reservoirs. We could interpret this seismicity as evidence of
deformation associated with melt displacement between the two reservoirs. However, recent relocations of
the posteruption seismicity following the 2015 eruption does not show any particular connection between
the MMR and SMR reservoirs (Wilcock, Tolstoy, et al., 2016; Wilcock et al., 2018). To better understand magma
accumulation processes within the SMR and magma movement between the two reservoirs, more geophy-
sical instrumentation (i.e., seismometers and geodetic instruments) is needed over the southeast shoulder of
Axial Seamount.

6.3. Effects of the Cobb Hot Spot on the JdFR

It is of interest to quantify and evaluate the influence of excess magma supply from the Cobb hot spot onto
rheological, magmatic, tectonic, and hydrothermal processes along the Axial segment of the JdFR. There is
evidence that Axial's unusually large magmatic system, which is the current expression of the Cobb hot spot,
provides a large fraction of the melt erupting along the entire ~100-km-long Axial spreading segment (see
Figure 1). This evidence includes (1) the southward and northward propagation of dikes and the distribution
of recent lava flows along the SRZ and NRZ (Caress et al., 2012; Chadwick et al., 2013, 2016; Dziak & Fox, 1999;
Wilcock, Tolstoy, et al., 2016; Wilcock et al., 2018), (2) the presence of two large and shallow elongated magma
reservoirs at the center of the segment (Figure 5), (3) the presence of a thick and narrow crustal root beneath
the summital magma reservoirs (West et al., 2003), (4) the lack of a crustal axial melt lens reflector on seismic
data away from the segment center (Carbotte et al., 2008), and more generally (5) the absence of any sort of
mid-crustal, off-axis, or upper mantle melt lens reflectors similar to the ones recognized on nearby JdFR seg-
ments (Canales et al,, 2009; Nedimovic et al., 2005; Rohr et al., 1988) away from the segment center. However,
while the geophysical data suggest the Cobb hot spot strongly influences crustal production, geochemical
observations suggest a scenario in which hot spot and MORB magmas mix to varying degrees. Indeed,
Chadwick et al. (2005) showed that most hybrid lava samples along the Axial segment are dominated by a
MORB-type signature and contain only between 20 and 40% of the Cobb hot spot chemical component.
6.3.1. Relative Contributions of the Cobb Hotspot Plume and JdFR to Crustal Production

Based on the mixing ratios proposed by Chadwick et al. (2005), we consider two end-member models to
assess crustal production rates along the Axial segment of the JAFR. For our calculations, we use a 9-km-thick
oceanic crust over the central 50 km section of the Axial segment (averaging the excess crustal thickness of
West et al., 2003) and a 6-km-thick oceanic crust along the remaining north and south rift zones. For both
models, we assume that the total crustal production rate (~1.33 m*/s, i.e,, vertical section of the Axial segment
times spreading rate) is steady state and preserves the present-day crustal thickness (West et al., 2003) and
spreading rate along the Axial segment. Our first and second end-member models assume, respectively, that
the Cobb hot spot plume is responsible for 20% and 40% of the total crustal production along Axial segment
(Figure 11). In these two models, we estimate a crustal production rate (i.e,, magma flux) for the Cobb hot spot
of ~0.26-0.53 m°/s, respectively.

Our revised estimate of the crustal production rate from the Cobb hot spot is slightly smaller than earlier esti-
mates from West et al. (2003) of 0.3 to 0.8 m3/s, and comparable or slightly smaller than some other well-
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Figure 11. (a and b) Vertical schematic models (models 1, and 2 respectively) summarizing the relative contribution of the
Cobb hot spot plume and JdFR (MORB source) along the 100-km-long Axial spreading segment, in terms of crustal pro-
duction rate (m3/s). The relative contributions corresponding to both end-member models are derived from geochemical
analysis (Chadwick et al.,, 2005). Crustal thickness is derived from seismic and gravity data (Hooft & Detrick, 1995; West
et al,, 2003). (c) Schematic section in map view, highlighting the surface across which magma volumetric fluxes

(m3 s om2or m/s) for the MORB source (2 x 100 km gray rectangle) and for the Cobb plume (120 km? dashed red
ellipse) are computed. Beneath the MMR, the Cobb plume and the MORB source locally overlap leading to enhanced
volumetric flux (blue values). Values are for models 1 and 2, to the left and right, respectively.

studied magmatic hot spots worldwide (see White, 1993), such as the Canaries (~0.63 m>/s), Cape Verdes
(~0.95 m3/s), or La Reunion (~1.27 m3/s). However, crustal production rate from the Cobb hot spot remains
moderate compared to vigorous magmatic hotspots such as Galapagos (5.5 m>/s; Canales et al., 2002),
Iceland (7 m*/s; Ito et al., 1996), Hawaii (8 to >10 m*/s; Van Ark & Lin, 2004; Vidal & Bonneville, 2004),
Yellowstone (9.5 m?/s; Lowenstern & Hurwitz, 2008), and the Ninety East Ridge (2 to 15 m%/s; Sreejith &
Krishna, 2015). In addition, knowing that the total volume of recent magmatic events at Axial Seamount is
0.15-0.3 km?>, we can estimate a recurrence interval of 12-24 years between eruptions that would satisfy
the total magmatic crustal production rate along Axial segment (~1.33 m?>/s). For this calculation, we
assumed that eruptive-diking events only form the upper ~33% of the oceanic crust.

6.3.2. Correlation Between the Main Magma Reservoir Depth, Magma Volumetric Flux, and

Seafloor Observations

AMC depth depends on the crustal thermal structure of the ridge axis, which is governed by the balance
between heat input through magma injection and advective heat removal through hydrothermal circulation
(Phipps Morgan & Chen, 1993). Moreover, this dependence is particularly acute within a narrow range of
intermediate spreading rates where AMC depth is very sensitive to changes in magma supply. At Axial
Seamount, the AMC depth of the top of the MMR (1.1-2.6 km bsf) is inconsistent with the spreading rate
dependence observed at other mid-ocean ridges (Figures 12b and 13). The AMC at Axial is shallower than
at any other intermediate-rate spreading segments such as the Southeast Indian Ridge, the Costa Rica Rift,
the central East Lau Basin spreading center, the Galapagos spreading center at 94°W, and all other segments
of the JAFR. However, the AMC at Axial Seamount is at comparable depths to fast spreading ridge segments
like the Northern East Pacific Rise, the Southern East Pacific Rise, or the hot spot-influenced section of the
Galapagos intermediate spreading center at 92°W (Figure 12b).

ARNULF ET AL.

4637



Ar |

a\4Yd . .
100 Journal of Geophysical Research: Solid Earth 10.1029/2017JB015131
(a)1 . }10_8 (b)o No lens
g 16f —
= £
i x 1 NEPR ___—T1—
t14F P = -
i 215 - -
=
3 £

é 1.2 S 2 - SEPR
LS o 1

1F @ 2.5 !
£ £ .
+ (=2} 1
T e ———— Q 3f . 3
§ 08 i Enhanced € 3 :%
'—'; | magma flux o 3.5 s '5
> 06¢F 1 £, g 19
A ! o < 15
g i MORB & 1 5
hmn 0.4 " : source : 0,5 I :°‘ Enhanced

| ' magma flux

< ) 1 1 ? 1
= 0.2 ! L | W 1.1 L 1 1 1 ] 5 Fi | L L 1 1 ]

40 60 80 100 120 140 160 180 40 MORB source gg 80 100 120 140 160 180

Full spreading rate (mm/yr) —-=- Cobb 20% + MORB 80% Full spreading rate (mm/yr)

= = Cobb 30% + MORB 70%
Cobb 40% + MORB 60%
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and their suggested spreading rate equivalence beneath the summit of Axial Seamount for three different contribution
models including the two end-member models from Figure 11. The gray lines are the corresponding magma volumetric
flux estimates and suggested spreading rate equivalence for the MORB component. (b) Observed and predicted AMC
depth as a function of spreading rate (Chen & Lin, 2004). The solid and dashed lines show numerical results from Chen and
Lin (2004) for a reference potential mantle temperature T,,, = 1350 °C, crustal thickness H. = 6 km, and values of the Nusselt
number Nu (the ratio of convective to conductive heat transfer in a hydrothermal convective system) or 8 and 10,
respectively. The magenta rectangle shows results from this study at Axial Seamount. Data from other spreading centers
are Southern East Pacific Rise (SEPR; e.g., Hussenoeder et al., 1996; Hooft et al., 1997; Tolstoy et al., 1997), Northern East
Pacific Rise (NEPR; e.g.; Arnulf, Singh, et al., 2014; Carbotte et al., 2013; Harding et al., 1989; Kent et al., 2000), Southeast
Indian Ridge (SEIR; Baran et al., 2005), Costa Rica Rift (CRR; Mutter, 1995), central East Lau Basin spreading center (LB; Jacobs
et al., 2007), Juan de Fuca Ridge (JAFR; Canales et al., 2005; Carbotte et al., 2008; Van Ark et al., 2007), and the Galapagos
spreading center at 94°W (GALA94°W; Blacic et al., 2004). The cyan rectangle corresponds to the Galapagos spreading
center at 92°W (GALA92°W; Blacic et al., 2004), another hot spot-influenced spreading segment. The red and green
rectangles are for fast and intermediate spreading ridges, respectively. The blue and gray arrows are, respectively, the
suggested AMC depth estimates given by our proposed magma volumetric flux at the summit of Axial Seamount as well as
along the rest of the Axial segment of the JAdFR.

Along intermediate to fast spreading MORs in general and along the JAFR in particular, the interaction
between magma injection and hydrothermal circulation shape a narrow crustal magmatic system where melt
replenishment occurs within +1 km of the ridge axis (Figure 11c). This is evidenced by the typical across-axis
width of AMC reflectors along neighborhood segments of the JAFR (Canales et al., 2005; Van Ark et al., 2007),
by the across-axis width of the submelt lens low-velocity region at the Endeavor segment of the JAFR (Arnoux
etal., 2017), by the 600 °C thermal isotherm in recent numerical models (Chen & Lin, 2004; Maclennan et al.,
2004, 2005), and from chemical, petrological, and geophysical observations at mid-ocean ridges and ophio-
lite sites (MacLeod & Yaouancq, 2000; Perfit & Chadwick, 1998; Zhang et al., 2014). Similarly, at Axial
Seamount, we suggest that melt replenishment associated to the Cobb hot spot plume occurs within an
~120 km? elliptical region localized beneath the center and southeast shoulder of Axial Seamount (see
Figures 5b and 6b), where two large magma reservoirs (MMR and SMR) and a narrow deep crustal root have
been imaged. With these assumptions, we can assess lower and upper bounds for the magma volumetric flux
(m3-s7"-m™2 or m/s) of MORB and Cobb hot spot sources at 3.95 x 10"°t0 5.3 x 10~° m/s and 2.15 x 10™°
to 4.4 x 1077 m/s, respectively (Figure 11c). Furthermore, we suggest that the Cobb hot spot plume and
MORB source partially overlap directly beneath and just to the southeast of the Axial summit caldera leading
to a locally enhanced magma volumetric flux of 7.45 x 10~ to 8.35 x 10~2 m/s (Figure 11c).

Under the same assumption that melt replenishment at intermediate to fast spreading ridges occurs within
+1 km of the ridge axis, one can predict the magma volumetric flux of a given MOR as a function of spreading
rate (Figure 12a). If we then compare our estimated value of enhanced magma volumetric flux at the summit
of Axial Seamount (7.45 x 10~ to 8.35 x 10~° m/s) with predicted values, we find that Axial’s magma supply
is locally comparable to MORs with a full spreading rate of 79-89 mm/year, in agreement with the similar

ARNULF ET AL.

4638



Journal of Geophysical Research: Solid Earth 10.1029/2017JB015131

centroid of the prolate- [ Syn-eruption: /
spheroid deformation: O

Hydrothermal vents: @ Melt propagation:/
0Ol seismometers: %
Eruptive fissures: _—/

+/- 1 km region:

Lavaflows: 1998
2011
2015

(b)

y-Distance (km)

x-Distance (km)

| ]
-10 L 4 g 4 125 15 175 2 225 25 275
-4 E 4 Magma reservoir depth (km)

x-Distance (km)

Figure 13. Correlation between the main magma chamber geometry and important features from the seafloor (see
Figure 1). (@) Map view of the AMC roof topography in depth below the seafloor (bsf). (b) Perspective view of main
magma reservoir with seismicity and fault mechanisms associated with the November 2014 to September 2015 Axial
Seamount earthquake sequence. S1, S2, S3, and S4 are the four main shallow topographic features from the MMR roof.

AMC depths observed between Axial Seamount and the NEPR (Figure 12b). Therefore, we suggest that (1)
enhanced magma supply from the Cobb hot spot is responsible for the presence of a shallow AMC
beneath Axial's summit and more importantly (2) that the total magma volumetric flux beneath MORs
controls AMC depth. Our models further suggest that Cobb plume contributions of >30% to crustal
production explain not only the shallow AMC beneath Axial Seamount but possibly the absence of an axial
melt lens along the north and south rift zones of Axial segment (Figure 12b). These refined contribution
estimates (20-40%) were derived from petrologically derived ratios (Chadwick et al., 2005) and are on par
with existing estimates from gravity data (~30%; Hooft & Detrick, 1995). Additionally, Chadwick et al.
(2005) showed that the most enriched basalts along Axial segment (up to 60% of the Cobb hot spot
component) were recovered at the summit of Axial Seamount, but those basalts were more depleted than
any recovered elsewhere on the Cobb-Eickelberg chain (see Figure 1). Chadwick et al. (2005) therefore
suggested that Axial Seamount’s basalts resulted from the entrainment of MORB mantle in the plume. This
observation is also in good agreement with our model where the effect of the Cobb plume on lava
composition is expected to be stronger at the center of the segment. Indeed, it is very likely that the Cobb
plume changes the thermal isotherms and therefore the magma flow pattern at the base of the
lithosphere, entraining more magma at the center of the segment (i.e, into the summit reservoir).
Additionally, it is possible that excess magma supply from the Cobb plume not only produces a thickened
oceanic crust at the Axial segment but also mitigates the contribution from the MORB source to normal
crustal production. The incremental decrease in Cobb hot spot component away from the segment center
also suggests that diking events from the summit of Axial along both rift zones are not responsible for the
entire segment-scale crustal production. Vertical melt upwelling from a MORB source is therefore
expected along the rest of the Axial segment. However, it is likely that the magma volumetric flux from
the MOR source is insufficient to provide the appropriate thermal conditions to sustain an axial melt lens.
We therefore suggest that melt supply from the MOR component is either episodic or diffuse along both
rift zones.

Figure 13a shows the location of known hydrothermal vents and the extent of recent lava flows and eruptive
fissures with respect to the MMR roof topography. The topography of the MMR roof reported by Arnulf,
Harding, Kent, Carbotte, et al. (2014), with depth variations between 1.1 and 2.6 km bsf, is correlated with
these seafloor features. We observe (1) that the MMR is slightly skewed toward the eastern wall of the

ARNULF ET AL.

4639



AAAAAAAAAAAAAA
'AND SPACE SCiENCE

Journal of Geophysical Research: Solid Earth 10.1029/2017JB015131

caldera and (2) that the eruptive fissures from the 1998, 2011 and 2015 eruptions (black lines on Figure 13a),
as well as the deformation source from the 2015 eruption are located within £1 km of the shallowest portions
of the MMR (< 1.6 km bsf). These observations suggest that recent eruptive fissures mark the current location
of the ridge axis, and they further support our model where enhanced magma supply occurs within a narrow
+1 km wide region where both MORB and Cobb hot spot plume sources overlap. Additionally, we observe a
good correlation between the areas covered by the different lava flows from the 1998, 2011, and 2015 erup-
tions and the area and height of shallow topographic features on the MMR roof. Indeed, the two shallowest
and largest topographic features on the MMR roof (S1 and S2 highs; Figure 13a) are located beneath the lar-
gest flows in the caldera, while the two narrower and slightly deeper topographic highs to the north (53 and
S4 highs; Figure 13a) are located just beneath or near smaller lava flows. There is also a strong correlation
between the location and density of hydrothermal vents on the seafloor and the area and magnitude of topo-
graphic highs on the MMR roof.

Furthermore, we note a gradual decrease in surface area and a gradual increase in AMC depth for all four
topographic highs moving from south to north (S1 to S4; Figure 13). This trend could be explained by the
current location of the Cobb hot spot plume, which is skewed to the southeast of the summit caldera. The
enhanced magma volumetric flux is expected to be largest near the center of the Cobb hot spot plume, in
the vicinity of the S1 topographic high and should decrease toward the northern end of the caldera. This
is in good agreement with the MCS-imaged high-melt zone of the magma reservoir beneath the SE caldera
(Arnulf, Harding, Kent, Carbotte, et al., 2014), where the hottest and most mafic magma is stored (Clague et al.,
2013; Dreyer et al,, 2013), and is compatible with the spatial distribution of lava compositions from the 2015
eruption where the most mafic flows were found in the NE caldera (MgO up to 8.3%) while flows on the
NRZ were gradually more evolved (MgO down to 7.1%; Chadwick et al., 2016). It is also consistent with the
map projection of the deformation model of the 2015 eruption (Nooner & Chadwick, 2016), where a near-
vertical conduit with relatively high percentage of melt is present in the core of the MMR, with its top corre-
sponding to the S2 prominence on the roof of the MMR (Figure 13a). However, the vertical extent of the
deformation model, 1.75 to 6 km bsf, extends well below the bottom of the MMR (~2.1 km bsf) in the vicinity
of the S2 high.

We therefore suggest that the local magma volumetric flux not only exerts control on the AMC depth but
could also influence the location of eruptive fissures and the locations of hydrothermal vents and lava flows
on the seafloor (Figure 13). This is in good agreement with numerical models, which show that the local
stress field around a magma chamber depends on the general loading conditions, on the magma chamber
shape, and its depth below the Earth’s surface (Acocella, 2007; Gudmundsson, 2012). Indeed, it is very likely
that the shallowest and most pressurized portions of the MMR concentrate the highest local extensional
stress, producing eruptive fissures from which magmatic dikes can escape and bring magma toward the
seafloor. This generally agrees with our new 3-D location estimates of the seismicity associated with the
2015 Axial Seamount eruption, where a system of inward and outward dipping faults connects the shallow-
est portions of the magma chamber with the seafloor (Figure 13b). It is also worth noting that due to
the eastward shift of the MMR relative to the caldera position, the network of faults located beneath the
western wall of the caldera is not directly connected with the high-melt zone of the magma reservoir at
depth, which likely explains why all recent eruptions at Axial's summit occurred beneath the east wall of
the caldera.

6.4. Mechanism for Caldera Formation

Detailed analysis of upper crustal velocities reveals a subsiding caldera floor that appears to be a near per-
fect trap for the ponding of lava flows (Figures 5 and 6). Layer 2A thickness increases gradually to the north-
west reaching ~900 m beneath the northern half of the caldera (Figure 6a), indicating a trapdoor
mechanism for caldera formation as in some subaerial volcanoes. Analog models of caldera formation sug-
gest two possible causes of trapdoor collapse, preferred magma withdrawal from one side of the caldera
(Varga & Smith, 1984) or the existence of an asymmetric or tilted magma chamber (Acocella, 2007;
Acocella et al., 2000, 2001; Kennedy et al., 2004; Lipman, 1997). At Axial Seamount, we suggest that trap-
door collapse may be explained by the fact that the SE corner moves up and back down during the erup-
tive cycle with little elevation change while the NE corner primarily moves down during eruptions with little
posteruption uplift. This phenomenon leads to a tilted magma chamber roof, which itself exerts a positive
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feedback on trapdoor collapse. This model could be tested by deploying more geodetic instruments in the
northern caldera.

Our observations corroborate the experiment in Kennedy et al. (2004) where the greatest caldera subsidence
is above the most depressed area of the reservoir. Kennedy et al. (2004) further suggested that trapdoor col-
lapse would occur along predominantly linear faults producing a rectangular caldera, when the magma
chamber roof is strongly tilted and its lateral extent is large relative to its depth bsf. This is the case at
Axial Seamount where an ~8-km-long by ~3-km-wide rectangular caldera overlies a shallow, 14-km-long
magma chamber (MMR) characterized by rough roof topography (Figure 13). Similarly, the fault mechanisms
resolved by the new hypocentral location estimates are consistent with focal mechanisms (Levy et al., 2018)
and analog experiments (Acocella, 2007), which find that during an eruption the caldera floor moves rapidly
downward as a coherent piston between two outward dipping faults (Figures 8d and 13b). Then, continued
subsidence of the caldera floor can lead to the formation of inward dipping faults that define the rim of the
caldera (Figures 8e and 13b). Interestingly, looking at the distribution of seismicity from the 2015 eruption, we
observe that a system of outward dipping faults was imaged by the seismicity in the southern half of the cal-
dera while a system of inward dipping faults was imaged by the seismicity in the northern half (Figure 8).
While this pattern might seem unusual, it is also widely recognized that faults can move aseismically.
Indeed, it is possible that displacement occurred on both inward and outward dipping faults but that seismi-
city emanated from only one of the two faults in each given region. This observation should motivate future
investigations of seismic time series recorded by the OOI network to study if this pattern is persistent over
time. Nevertheless, here we have demonstrated that an accurate 3-D P wave velocity model coupled with
good seafloor instrumentation has led to the first geophysical evidence of a conjugate network of inward
and outward dipping faults being simultaneously seismically active beneath a caldera and that the seismicity
pattern could be more precisely located even outside of the station network. To further improve the seismi-
city distribution beneath Axial Seamount, future research should now focus on improving the shear wave
velocity structure within the volcano using a joint hypocenter and shear wave velocity inversion (e.g.,
Baillard et al., 2017) or seafloor compliance measurements (e.g., Crawford & Webb, 2002). Our work should
also help motivate deploying more cabled or temporary seismometers to the north and south of the current
OOl-network before the next eruption at Axial Seamount (see Wilcock et al., 2018). A broader network will not
only recover more of the distal seismicity which was masked by intense levels of proximal seismicity during
the 2015 eruption but would also permit the measurement of a broader range of P versus S wave phase
delays and angular apertures. Additionally, at the few locations where geophysical evidence of caldera col-
lapses along outward dipping faults have been provided (e.g., Bardarbunga volcano, Gudmundsson et al.,
2016; Rabaul caldera, Mori & McKee, 1987), our results should motivate the construction of high resolution
3-D tomographic models with the combined goals of better resolving complex subsurface structures and
improving patterns of local seismicity.

Abrupt vertical throws of >300 m beneath the northern caldera wall suggest faulting of a lithologically
defined layer 2A, that is, the lava-sheeted dike transition (Figure 6). Our estimate for the volume of extrusive
flows deposited within the subsiding caldera is 12.8 km?3. For this calculation, we included 100% of the
volume within the upper layer 2A and 50% of the volume within the ~200-m-thick high-velocity gradient
region. This volume is more than 2 orders of magnitude larger than the amount of melt extruded during
the most recent eruptions (0.03-0.15 km?) and more than 3 orders of magnitude larger than the volume of
the inner caldera flow emitted during the 2015 eruption (0.00765 km?; Caress et al., 2012; Chadwick et al.,
2013, 2016; Clague et al., 2017).

It is worth noting that except for the subsiding caldera, the extrusive thickness over the elevated volcano is
relatively thin compared to the surrounding volcano shoulders and north and south rift zones (Figure 6a).
This radial increase in extrusive thickness has several important implications for the long-term magmatic his-
tory of Axial Seamount. (1) It suggests that the unusually thick (~11 km) oceanic crust observed beneath Axial
Seamount is predominantly thickened through diking accretion and gabbro crystallization. (2) It suggests
that volcanic flows erupting along the Axial segment are predominantly emitted away from the volcano sum-
mit. This second statement is consistent with the observation of more voluminous flows along the NRZ dur-
ing the 2015 eruption (Chadwick et al., 2016; Clague et al., 2017) and along the south rift zone during the 2011
eruption (Caress et al., 2012). In both cases, distal lava flows were more than 50% of the total volume erupted
and reached >100 m thickness.
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7. Conclusions

In this paper we present a detailed seismic velocity model of the Axial Seamount magmatic system from
which we draw the following interpretations and conclusions:

1.

We show that the addition of ~470,000 first-arrival traveltime picks from 12 downward extrapolated MCS
seismic lines to an existing OBS-tomographic inversion greatly improves the spatial resolution of the crus-
tal P wave velocity structure. Furthermore, we show that the introduction of geometrical constraints of the
roof of the MMR leads to a final velocity model that is not only in agreement with OBS and MCS observed
traveltime picks, but also with existing high-fidelity, depth-migrated reflectivity images (Arnulf, Harding,
Kent, Carbotte, et al.,, 2014).

In the 3-D seismic velocity model, we report two elongated regions of low velocities at depths of
1.1-2.8 km bsf. Each of these two low-velocity regions can be explained by the presence of significant
melt fractions from shallow magma reservoirs (MMR and SMR). Using a differential effective medium the-
ory, we suggest that a total of 26-60 km? of melt is present within the entire magmatic system, with melt
fractions up to 65%.

We estimate the crustal production rates for the Cobb hot spot plume and for the Axial segment of the
JdFR as 0.26 to 0.53 m3/s and 0.79 to 1.06 m*/s, respectively. A ~120 km? elliptical region roughly outlines
both the newly imaged magma reservoirs and the narrow and deep (11 km) crustal root previously
reported by West et al. (2003). We suggest that melt replenishment associated to the Cobb hot spot
plume is focused within this region from which we estimate the magma volumetric fluxes of the Cobb
hot spot plume and of the Axial segment of the JdFR as 2.15 x 107° to 44 x 1072 ms~' and
3.95%x 107 °t053x 10 2 m/s, respectively. Where the Cobb hot spot plume and the JdFR overlap, magma
volumetric flux is locally enhanced (7.45 x 10~° to 8.35 x 1072 m/s).

At Axial Seamount, the depth to the top of the MMR (1.1-2.6 km bsf) is inconsistent with the spreading
rate dependence observed at other mid-ocean ridges. In fact, the AMC depth at Axial Seamount is similar
to observations at the NEPR, a fast spreading segment. However, our estimation of the magma volumetric
flux at the summit of Axial Seamount (7.45 x 1072 to 8.35 x 10~2 m/s) is comparable to predicted values
for MORs with a full spreading rate of 79-89 mm/year. Therefore, we suggest that the combination of the
Cobb plume and JdFR magma supply changes the thermal isotherms and therefore the magma flow pat-
tern at the base of the lithosphere, entraining more magma at the center of the segment and causing
Axial Seamount to behave like a fast spreading ridge.

. A strong correlation between the distribution of recent eruptive fissures, lava flows, and hydrothermal

vents on the seafloor with the geometry of the MMR roof at depth suggests that the local magma volu-
metric flux is strongly coupled with shallow magmatic, tectonic, and hydrothermal processes.

From the gradient of the velocity structure we also quantify the distribution of extrusive flows over the
volcano. We show that while the extrusive section is thick over the entire study area, it is thinnest at
the summit of the volcano, where an anomalously thick oceanic crust (11 km) has previously been
reported. We therefore suggest that focused and excessive magma supply from the Cobb hot spot predo-
minantly thickens the oceanic crust beneath Axial Seamount through diking accretion and gabbro
crystallization.

From the extrusive thickness map, we also show that the subsiding caldera floor provides a perfect trap
for the ponding of lava flows, supporting a trapdoor mechanism for caldera formation. Additionally, we
demonstrate that our three-dimensional model helps improve the location of local seismicity, better
resolving a network of conjugate outward and inward dipping faults beneath the caldera walls.
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