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Abstract Axial Seamount is a prominent volcano located at the intersection of the Juan de Fuca Ridge
and the Cobb-Eickelberg hot spot in the northeast Pacific Ocean that has erupted in 1998, 2011, and 2015.
The 2015 eruption was recorded by a seven-station seismic network in the southern part of the summit
caldera that forms part of the Ocean Observatories Initiative Cabled Array. We utilize a data set of ~3,900
well-recorded earthquakes from January 2015 to February 2017 and a three-dimensional P wave velocity
model obtained previously from active source data to conduct a joint inversion for three-dimensional P and S
wave velocities and hypocentral parameters. The resulting velocity models are used to relocate >76,000
earthquakes with >10 arrival times. The velocity models reveal a low-velocity anomaly in the center of the
southern caldera at depths less than ~2 km, which corresponds to the top of the magma chamber and is
interpreted as a region that is intensely fractured by the cyclical deformation of the caldera. High velocities
around the caldera rim are likely due to consolidated undeformed lava flows. Low Vp/Vy in the southern
caldera is consistent with the presence of hydrothermal vapor. Low S wave velocities and high Vp/Vs in the
northern caldera may indicate a region dominated by thin cracks caused by dike injection. The relocated
earthquakes delineate outward-dipping ring faults more clearly than previous studies and image a
subvertical inward-dipping fault within the network that connects to the east caldera wall and

eruptive fissures.

Plain Language Summary Axial Seamount is a volcano in the northeast Pacific Ocean that
haserupted in 1998, 2011, and 2015. The 2015 eruption was recorded by a small seismic network that is part of
a cabled observatory that connects scientific instruments on the volcano to shore. We analyzed the recordings
of 3,900 small earthquakes to determine how the speed of compressional and shear seismic waves varies
spatially within the volcano. We use the results to locate 76,000 earthquakes that occurred under the volcano
over 2 years. The speed of seismic waves is low beneath the southern part of the caldera. This region is heavily
fractured because the volcano repeatedly inflates and deflates as magma enters the magma chamber and
then erupts. The relative speed of seismic compressional and shear waves beneath the southern caldera is
consistent with the presence of boiling water in the subsurface beneath several sites of hydrothermal venting
on the seafloor. The earthquakes are mostly located on a buried fault that wraps all around the caldera and
slopes outwards with some others located on a near vertical fault that forms the caldera wall.

1. Introduction

Mid-ocean ridges (MORs) extend 60,000 km across the seafloor and are the locus of creation of the oceanic
crust that covers two-thirds of the Earth's surface and accounts for about 75% of the Earth's volcanism (Crisp,
1984; German et al., 2004). MORs are of interest to scientists not only because of their importance to plate
tectonics but also because they are settings where geological, hydrothermal, biological, and oceanographic
processes interact. Active and passive seismic experiments play a prominent role in understanding MORs
because images of subsurface seismic properties can be used to infer geological structure, porosity and crack
distributions, and regions of elevated temperature and partial melt, and earthquakes are sensitive to the
stress distributions and deformation.

Over the past few decades, the structure of MORs has been constrained by active source reflection and refrac-
tion studies, based primarily on P wave recordings. A low-velocity upper layer, termed Layer 2A, is
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interpreted as a layer of high porosity although there is some controversy as to whether the reflective low-
velocity gradient at its base marks a transition to the sheeted dike layer or an alteration front (Christeson
et al., 2007). The thickness of Layer 2A varies along axis from a few hundred meters to nearly a kilometer
(Christeson et al., 2010) and is believed to be controlled by the pressure in the magma chamber rather than
magma supply (Buck et al., 1997; Carbotte et al., 1998). Furthermore, Layer 2A thickness on fast and inter-
mediate spreading ridges increases with distance from the ridge axis (Harding et al., 1993). This is believed to
be because younger lava buries the initially shallow top of the sheeted dike complex. Below Layer 2A, velo-
cities in the upper crust (Layer 2B) increase progressively with depth because of the effects of crack closure
(e.g., Carlson, 2014; Spudich & Orcutt, 1980). Within the lower crust gabbros (Layer 3), velocity gradients are
low and influenced primarily by composition (Sinton & Detrick, 1992).

Multichannel reflection studies show that a steady-state lens-shaped axial magma chamber is present at
midcrustal depths along faster spreading MORs (Carbotte et al., 2006; Detrick et al., 1987, 1993) and that
its depth tends to decrease with increased spreading rate and increased magma supply (Chen & Lin, 2004;
Chen & Morgan, 1996). Reflection data have been widely used to infer along axis variations in the presence
and properties of the axial magma chamber (e.g., Canales et al., 2006; Combier et al., 2015; Singh et al., 1998;
Xu et al., 2014). Tomographic studies on the East Pacific Rise (Dunn et al., 2000) and Juan de Fuca Ridge
(JdFR; Arnoux et al., 2019) show that the axial magma chamber is underlain in the lower crust by a steep-
sided region of elevated temperatures and partial melt that broadens in the mantle. Reflection and tomo-
graphic imaging play a key role in studies to understand the nature and origins of along axis volcanic and
tectonic segmentation of MORs (e.g., Arnoux et al., 2019; Carbotte et al., 2006, 2013; Magde et al., 2000;
Toomey et al., 2007).

Microearthquake studies on MORs complement seismic imaging. They provide a direct means to observe
tectonic deformation (Parnell-Turner et al., 2017; Toomey et al., 1985; Wilcock et al., 2002). For hydrother-
mal systems, they have been used to determine the patterns of hydrothermal cooling (Crawford et al.,
2013; Golden et al., 2003; Sohn et al., 1999; Tolstoy et al., 2008), and microearthquakes are also an indica-
tor of reaction driven fracturing (Pontbriand & Sohn, 2014) and hydrofracturing (Gudmundsson et al.,
2002). For magmatic systems, microearthquakes are linked to magma chamber inflation (Levy et al.,
2018; Wilcock et al., 2009; Wilcock et al., 2016) and local seismic networks complement hydroacoustic
monitoring (Dziak et al., 2012) to observe diking-eruptive events (Tan et al., 2016; Tolstoy et al., 2006;
Wilcock et al., 2016).

The earthquake locations for most MOR microearthquake studies are derived using 1-D velocity models.
While the relative locations of nearby earthquakes can be constrained using techniques such as the
double-difference method (Waldhauser & Ellsworth, 2000), absolute locations are likely to have consid-
erable biases because the velocity structure of MORs is strongly heterogeneous. Improved earthquake
locations would enhance interpretations that depend upon linking earthquake distributions to magmatic
and tectonic features. At some MOR sites, 3-D active-source tomographic images of P wave velocities
(Vp) are available to locate earthquakes (e.g., Sohn et al., 1998), but accurate earthquake locations also
require good knowledge of S wave velocities (Vs; Gomberg, 1990). In addition, knowledge of the S wave
structure contributes to structural interpretations because Vs has different sensitivities than Vp to prop-
erties of geological interest. In particular, for the upper crust, Vg is important for understanding crack
distributions. High Vp/Vg ratios can indicate either a high porosity of fluid filled, connected pores, as
would be the case for breccia, talus, and rubble (Hyndman, 1979) or the presence of thin (small aspect
ratio) cracks that decrease Vg proportionately more than Vp (Kim et al., 2018; Sanders et al., 1995;
Shearer, 1988).

At MORs, models of Vg are harder to obtain from refraction studies than V» models because, with the excep-
tion a few studies that have used a source on the seafloor (e.g., Christeson et al., 1994), they are dependent
upon the generation of coherent P to S converted phases at the seafloor or Layer 2A boundary. These must be
picked as secondary phases on horizontal seismometer channels that are often noisier and less well coupled
than the vertical seismometer and hydrophones channels used to pick P waves. Refraction data have been
used to infer 1-D models of Vg structure on the Mid-Atlantic Ridge (MAR; Fowler, 1976) and East Pacific
Rise (Bratt & Solomon, 1984; Vera et al., 1990), but only one 3-D tomographic Vs model has been obtained
on an MOR (Kim et al., 2018). Kim et al. (2018) show that Vp/Vs in the sheeted dike layer in the Endeavour
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Segment of the JAFR increases off-axis and interpret this in terms of the existence of thick cracks on-axis that
promote hydrothermal circulation and focus vent fields at the seafloor.

An alternative approach is to invert earthquake arrival time data to simultaneously constrain the 3-D velo-
city structure and hypocenters. Such joint inversions are challenging because of the trade-off between hypo-
centers and velocity structure (e.g., Pavlis & Booker, 1980), but they are commonly used to study volcanoes
on land (Lees, 2007). Some studies utilize only P wave arrivals to solve only for Vp and hypocenters (e.g.,
Molina et al., 2005; Prono et al., 2009), but there are numerous examples of successful inversions using both
P and S wave arrival data. For example, at Toba volcano, Northern Sumatra (Koulakov et al., 2009), and
Krakatau volcano, Indonesia (Jaxybulatov et al., 2011), low Vp and Vg anomalies with high V/V ratios have
been used to infer the presence of multiple levels of magma chambers in the crust at 5 km depth and down to
a depth of 12 km. At Kluchevskoy volcanoes, Kamchatka, an inferred region of partial melt with high V»/Vg
near the base of the crust, is overlaid by intense seismicity that is interpreted in terms of high stresses due to
magma ascent, water release, and phase transitions (Koulakov et al., 2011). At Redoubt volcano, Alaska
(Benz et al., 1996) and Toba volcano (Koulakov et al., 2009), pipe-shaped structures with relatively low velo-
cities and intense seismic activity, are observed above the magma chambers and are interpreted in terms of
fluid migration in magmatic conduits. At Yellowstone, a region of low Vp and low Vp/Vg overlying an earth-
quake swarm is interpreted as a gas-filled region being fed from below by migrating fluids (Husen
et al., 2004).

On MORs, joint inversions for earthquake locations and velocity structure are less common.
Microearthquake data sets on the MAR have been inverted for 2-D Vp models (Kong, 1990; Toomey et al.,
1988). At 23°N on the MAR, earthquake locations are consistent with normal faults subparallel to the
Axial valley, and Vp beneath the central valley is lower by several percent, consistent with the presence of
fractured material resulting from recent local magmatic injection and rapid hydrothermal quenching
(Toomey et al., 1988). There have been only two joint inversions that solved for both Vp and Vi (Barclay
et al., 2001; Barclay & Wilcock, 2004) and both only solved for 1-D structure. At 35°N on the MAR,
Barclay et al. (2001) observed a decrease of Vp/Vg with depth and interpreted this in terms of a decreasing
contribution from thin cracks to porosity. On the Endeavour segment of the JAFR, an inversion of a small
number of explosive shots and microearthquakes that were mostly located at mid-crustal depths showed a
poorly resolved trade-off between the vertical Vp and Vg structure and changes in average earthquake depth
(Barclay & Wilcock, 2004).

In this paper, we use P and S wave arrival times from ~3,900 well-recorded earthquakes from the Ocean
Observatories Initiative Cabled Array (OOI-CA; Wilcock et al., 2016) and a starting 3-D Vp model
derived from active source P wave first-arrivals (Arnulf et al., 2018) to obtain 3-D Vp and Vg models
beneath the caldera of Axial Seamount. This is the first 3-D crustal Vs model obtained by passive tomo-
graphy on a MOR. We use the resulting 3-D velocity models to relocate a catalog of >76,000 earthquakes
with a minimum of 10 arrival times using a nonlinear location algorithm. We interpret these results in
terms of the structure of the caldera, the impacts of deformation due to the 2015 eruption, and the effect
of hydrothermal processes.

2. Geological Background

Axial seamount is an active volcano in the northeast Pacific Ocean located at the intersection of two mag-
matic systems, the JAFR oceanic spreading center and the Cobb-Eickelberg hotspot (130.00°W, 45.95°E,
Figure 1). It is the most prominent volcano on the JAFR with a summit that rises ~1000 m above the
seafloor to 1400 m below sea level. The summit is characterized by a horseshoe-shaped caldera measuring
9 km by 3 km that is elongated in the N-S direction and open at its southern end. Three high temperature
hydrothermal vent fields are located within the caldera, CASM at the north end, ASHES at the southwes-
tern caldera wall, and international district (ID) at the south end, and there are several sites of diffuse vent-
ing near the southeastern caldera wall (Figure 1).

Axial Seamount has been intensively studied for over 30 years (Hammond et al., 2015; Johnson & Embley,
1990; Wilcock et al., 2018), during which time three eruptions have been observed in 1998, 2011, and 2015
(Caress et al., 2012; Chadwick et al., 2012, 2016; Dziak et al., 2012; Dziak & Fox, 1999; Fox, 1999; Nooner
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Figure 1. Bathymetric map showing the location of the 3,894 earthquakes
(dots) selected for tomographic inversion. Locations are obtained using
LOTOS and the 1-D Vp and Vs models used by Wilcock et al. (2016). The
main active vent fields are shown as labelled pink stars (CA: CASM; AS:
ASHES; ID: International District) and diffuse vents as unlabeled stars. The
seven ocean bottom seismometers are shown as white triangles that are
labeled with the station name (two symbols are partially obscured by the
ASHES and International District vent fields). The outline of the axial
magma chamber is shown by a red line (Arnulf et al., 2014, 2018). The lava
flows for the 2015 eruption are shown by blue lines and the fissures for the
2011 and 2015 eruptions by yellow lines (Chadwick et al., 2016). The

black square shows the area of the velocity models for our inversions, which
has origin at 130.1°W/45.9°N and depth of 1.525 km below sea surface.
Labelled black lines show the locations of cross-sections 4 and 11 in Figure 2.

& Chadwick, 2016; Wilcock et al., 2018; Wilcock et al., 2016). Since late
2014, Axial seamount has been continuously monitored with the deploy-
ment of the OOI-CA, a wired-to-shore real time regional observatory that
includes oceanographic, geophysical, and hydrothermal instruments
(Kelley et al., 2014). At the summit of Axial seamount, the OOI-CA spans
the southern half of the caldera and supports a network of five short-
period and two broadband three component seismometers sampling at
200 Hz (station names and locations are shown Figure 1), geodetic sensors
to measure bottom pressure and tilt, and hydrothermal sensors in the
ASHES and ID vent fields.

The OOI-CA network provided a remarkable opportunity to monitor the
24 April 2015 eruption. Prior to the eruption, the caldera inflated at a near
constant rate of 61 cm/year (Nooner & Chadwick, 2016), which was
accompanied by intense and increasing seismic activity, with the rate of
earthquakes reaching ~2,000 per day a month before the eruption
(Wilcock et al., 2016). The distribution of earthquakes before, during,
and after the eruption revealed an outward-dipping ring fault (dipping
at 52°-70°) that partially accommodates the inflation and deflation of
the magma chamber (Levy et al., 2018; Nooner & Chadwick, 2016;
Wilcock et al., 2016). The majority of earthquakes occur under the eastern
wall of the caldera with most of the remaining earthquakes occurred
along the western wall. Levy et al. (2018) relocated 19,049 earthquakes
using the hypoDD algorithm (Waldhauser & Ellsworth, 2000) and com-
puted composite focal mechanisms from first motion polarities and S/P
amplitude data using the HASH algorithm (Hardebeck et al., 2008).
Focal mechanisms revealed a pattern of normal slip on the ring faults
prior to the eruption and reverse slip during the eruption consistent verti-
cal uplift and subsidence of the caldera floor along the outward-
dipping faults.

The eruption was marked by 2.45 m of deflation and a 10-hr seismic
“crisis” followed by a rapid drop in the rate of seismicity over several

weeks to <10 per day. The network did not record earthquakes from the northward propagation of a dike,
but impulsive acoustic signals located on the seafloor (Wilcock et al., 2016) recorded the position of
numerous lava flows identified in the northern caldera and up to 15 km along the north rift (Figure 1;

Clague et al., 2017).

The Vp structure under Axial Seamount has been studied by active-source experiments. West et al. (2001)
inverted P wave arrival times for 5,025 airgun shots recorded on six ocean bottom seismometers (OBSs) to
obtain the first 3-D Vp model under Axial Seamount. Their study revealed the presence of a large low-
velocity magma chamber beneath the caldera at 2.5-3.5 km depth. Arnulf et al. (2014) analyzed four multi-
channel seismic (MCS) lines from an experiment that extended along the JAFR (Carbotte et al., 2008) and
applied full waveform inversion to constrain a detailed 2-D Vp model beneath each line. They inferred that
the magma chamber is 3-km-wide by 14-km-long, at a depth of 1.1 to 2.3 km, with a thickness of ~1 km and a
volume of melt of 8-30 km>. Arnulf et al. (2018) combined the OBS data of West et al. (2001) with data from
12 MCS profiles into a joint tomographic inversion to obtain a more detailed 3-D Vp model under Axial
Seamount. In addition to the magma chamber beneath the caldera, they inferred the existence of a secondary
magma reservoir east of the caldera.

Imaging the shallow structure between the seafloor and the magma chamber is challenging in deep-water
environments due to the absence of turning rays at shallow depths. Arnulf et al. (2018) simulated a synthetic
on bottom experiment (Arnulf et al., 2011; Harding et al., 2007) by artificially moving receivers and sources
of the MCS data set onto the seafloor. The resulting data set reveals refraction rays turning just below the
seafloor and appearing as first arrivals. Arnulf et al. (2014) imaged a network of upper crustal fractures inter-
preted as pathways for molten material from the magma reservoir to the surface. Arnulf et al. (2018) showed
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Arnulf et al. (2018) also relocated the seismicity recorded by the OOI-CA
network by applying a grid search method to the arrival times of Wilcock
et al. (2016) and Wilcock et al. (2017) assuming the 3-D Vp» model and a
simple transfer function relating Vp to Vg and calculating ray paths using
a shortest-path method (Moser, 1991). The catalog suggests that the wes-
tern and eastern outward-dipping fault dip at 42° and 60°, respectively,
compared to dips of 52° and 70° inferred by (Wilcock et al., 2016) and
68° and 67° inferred by Levy et al. (2018). Beneath the northern part of
the caldera and just to the north of the network, the relocated earthquakes
define inward-dipping faults extending from the east and west caldera
walls and dipping at 40°-47°. These faults were not observed in the
other studies.

3. Data

3.1. Seismic Catalog

We use data from January 2015 to February 2017 from the near real-time
X [km] automated earthquake catalog of Wilcock et al. (2018), Wilcock et al.
Figure 2. Orthogonal cross-sections along the profiles labelled 4 and 11 on (2916) and Wilcock et. al. (2017). The catalog CO.ntalns 107430 eve.nts
Figure 1 showing the projected location of earthquakes (dots) used in the with 601,816 P wave picks and 584,150 S wave picks determined using
inversions and OBSs (white triangles) that are within 0.8 km of the profile ~ a Kurtosis picking algorithm (Baillard et al., 2014). In this catalog, earth-
(dots) and the density of rays per 0.1 km X 0.1 km X 0.1 km bin obtained quakes were located using a linearized inverse method (HYPOINVERSE,
from ray tracing with the LOTOS algorithm (red color scale). Profile num-  g1aip (2002)) and 1-D Vp and Vs models. The Vp model used to locate the
bers are chosen to be consistent between figures. The top of the axial magma . .
chamber is plotted as a dotted line with a gray scale indicative of the distance earthquakes was obtained by averaging the structure of Arnulf et al.
to the nearest MCS lines (dashed lines on Figure 1) used to constrain the (2014, 2018) within and near the caldera to obtain a 40-layer 1-D velocity
roof of the magma chamber in the 3-D Vp model (Arnulfet al., 2018; black: 0  model, while the Vg structure was based on the assumptions that the
km separation; white >0.5 km). Inverted black triangles are projections of depth-dependent variation of Vp/Vg is similar to that inferred from
the caldera walls. microearthquake data at the endeavor segment of the JAFR (Barclay &
Wilcock, 2004; Wilcock et al., 2002).

In order to maximize the robustness of the joint inversion for hypocenters and velocity, we use a subset of the
catalog that comprises the best-recorded earthquakes located within or near the network. To be selected,
earthquakes must (1) have a root-mean squared travel time residual of <0.1 s, (2) have >5 P wave picks each
with a weight >0.5 (P wave weights range from 0 to 1, weights are based on signal over noise ratios), (3) have
>5 S wave picks each with a weight >0.2 (S wave weights range from 0 to 0.33), and (4) be located between
130.1°E and 129.9°E and between 45.9°N to 46.0°N. These criteria yield a data set of 3,894 earthquakes with
24,265 P picks (average weight of 0.92) and 20,065 S picks (average weight of 0.29; Figures 1 and 2). We
assume an a priori picking error of 0.02 s for fully weighted arrivals with errors inversely proportional to
the weight.

3.2. Starting 3-D Vp Model

We use the 3-D Vp model of Arnulf et al. (2018) as the starting model for our inversions. This 3-D V» model
covers a 40 km long by 30 km wide area centered on Axial Seamount and images the velocity structure to an
estimated depth of ~4.5 km. It is discretized on a 100 m X 100 m X 50 m (X X Y X Z) grid. As most of the
earthquakes of our subcatalog are located beneath the caldera, we extracted a smaller volume that is 15 X
15X 4 km (X X Y X Z) and discretized uniformly at 0.1 km.

BAILLARD ET AL. 13,001



Journal of Geophysical Research: Solid Earth 10.1029/2019JB017970

Table 1
LOTOS Parameters (Koulakov, 2009) Used in the Joint Inversion to Obtain the Final 3-D Vp and Vg Models
Parameter Preferred
name value Description
max_bend 1 km Maximum deviation from a straight ray.
min_segm 0.2 km Minimum length of subdivided segments along the ray
num_LSQR 80 Number of iterations in the LSQR process
reg_p/reg_s 0/0 Regularization parameters. Limits the variations of P/S velocities through successive iterations. 0 means no regularization.
smooth_p/ 0.3/0.4 Level of smoothing to be applied to the velocity models. Limits amplitude variations between neighboring cells. 0 means no
smooth_s smoothing.
W_Vp/W_Vs 1/1 Weights to be applied to the P/S velocity models. Equal weights insure that both models will have similar influence on the
residuals. 0 means no weighting
w_sta_p/ 0.001/0.001 Weights to be applied to P/S station corrections. 0 means station correction will remain small.
w_sta_s
w_hyp 5 Weight to be applied to hypocenter shifts.
w_time 1 Weight to be applied to origin time.

The starting 3-D Vp model used by Arnulf et al. (2018) was derived from both a 1-D Vp model for depth
<1.2 km (Arnulf et al., 2014) and an earlier 3-D Vp» model at larger depths (West et al., 2001). Arnulf
et al. (2018) used MCS profiles to constrain the roof of the magma chamber in their inversion, so the
magma chamber is constrained based on a priori information about the location of the magma chamber.
To avoid possible biases in our inversion due to sharp velocity changes across the magma chamber roof,
we removed the low-velocity magma chamber obtained by Arnulf et al. (2018) and interpolated the velo-
cities from above using a 3-D nearest-neighbor algorithm. This has little effect on the location and ray
computation as most earthquakes are located above the magma chamber.

4. Methods
4.1. Tomography

We use a modified version of the LOTOS nonlinear algorithm for passive seismic tomography (see Koulakov
(2009) for details). LOTOS, in its original form, only allows the use of starting 1-D velocity profiles, but we
modified it in order to use the 3-D V» model of Arnulf et al. (2018) as the starting model. The algorithm per-
forms a simultaneous inversion for V and Vg structure, earthquake locations, origin times, and station cor-
rections. The 3-D ray tracing for the forward problem is based on a ray bending method (Um & Thurber,
1987), which utilizes Fermat's principle of time minimization, described in (Koulakov et al., 2009). The
bending of the rays is controlled by two key parameters, the maximum displacement of the ray from a
straight path (max_bend) and the minimum length of the subdivided segments along the ray (min_segm).
Our choice of parameters (Table 1) allows significant ray bending to account for the large velocity heteroge-
neities expected in the region.

The partial derivative matrix in the joint inversion for velocity and hypocenter is complemented by two sub-
matrices that affect the velocity perturbations, a regularization matrix and a smoothing matrix. The regular-
ization matrix has a diagonal structure with only one element in each row. The corresponding elements in
the data vector are zero. Increasing the weight (reg_p, reg_s) of this matrix reduces the amplitude of the
inverted Vp and Vg anomalies. The smoothing matrix contains in each row two nonzero elements of equal
magnitude and opposite sign that correspond to all combinations of neighboring nodes in the Vp and Vg
models. The corresponding elements in the data vector are also zero. Increasing the weight (smooth_p,
smooth_s) of this block reduces the difference between anomalies in neighboring nodes, hence smoothing
the resulting Vp and Vs models. Multiple checkerboard tests (see section 4.2) were applied to determine
and fine-tune these parameters (Table 1).

Weights for the velocity models (w_vp, w_vs) are required, and we used equal weights for both models.
Weights for hypocentral shift (w_hyp) and origin time (w_time) provide a mean to control the relative per-
turbations to hypocentral parameter and velocity and were defined based on Koulakov (2009). LOTOS also
allows for station correction (w_sta_p, w_sta_s) but because we wanted to map travel time variations into
velocity, we gave these a very small weight (Table 1). The inversion is performed using an LSQR method
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LOTOS cannot incorporate the individual weights that were assigned
H to P and S phases based on signal to noise ratio in the automated cat-
1 alog (Wilcock et al., 2016). This is a reason why we chose to invert a
subset of the catalog that comprised the best recorded earthquakes
with good quality picks. For each earthquake at each station, when
no S pick exists, the P pick residual is assigned a weight of 1. When
no P pick exists, the S pick residual is assigned a weight of 0.6 to
reflect the larger uncertainty of S picks. When P and S picks both exist
for a station, their differential residuals are assigned a weight of 1.
Assigning the same weight for the P residuals and S-P residuals
ensures good coherency between the Vp and the Vs models
(Koulakov, 2009).

- Final

The inversion requires a reasonable starting model for both Vp and Vi,
The starting three-dimensional Vp of Arnulf et al. (2018) is well con-
strained by active source data, but there are few constraints on V. We
explored three different approaches to obtain a suitable starting Vg
model. First, we considered 1-D Vg models. To create these, we con-
structed a 1-D Vp model (Figure 3) by averaging the three-dimensional
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Vp of Arnulf et al. (2018) and then obtained one-dimensional Vg models

Figure 3. Starting (black) and final (dashed red) mean 1-D velocity profiles. Dy applying a set of 17 plausible depth-dependent Vp/Vs models
Except for the starting Vs model, which is one-dimensional, these profiles ~ (Figure S1 in the supporting information). Second, we applied the same

were obtained by averaging the 3-D models at each depth inside the region
delimited by the circle drawn on Figure 7a. The starting 1-D Vp/V profile
was chosen after performing multiple 1-D tests and comparing the locations

set of depth-dependent Vp/Vs models to the 3-D Vp model to obtain a
set of 3-D Vg models in which Vp/Vg was a function of depth. Third, we

and the time residuals (Figure S1 shows all 17 profiles tested). combined the 1-D Vp model with each 1-D Vs models to define Vs as a

function of Vp and then applied these relationships to the 3-D Vp model
to obtain a set of 3-D Vg models in which Vp/Vg is dependent on Vp. We performed inversions using each
set of starting Vs models with Vp fixed during the inversions (Figure S2) by applying a large regularization
weight to the 3-D Vp model.

For the three types of starting Vs models, we were able to find Vg models that yielded to similar reduc-
tions in S wave arrival time RMS residuals (Figure S2). However, for the second and third types of mod-
els, the hypocenters on the western side of the caldera consistently aligned along an apparent fault zone
with a relatively small dip angle (~40°; Figures S2a and S2b). This dip angle is inconsistent with the
steeply dipping caldera faults (>60°) typical observed in lab experiments (Folch & Marti, 2004; Geyer
et al., 2006), on other volcanoes (e.g., Rabaul, Papoua New Guinea; Pinatubo, Philippines, Acocella,
2007) and with focal mechanisms nodal planes orientations for Axial Seamount (Levy et al., 2018). In
contrast, hypocenters resulting from the 1-D starting Vs model showed more reasonable dips (>50°).
Moreover, the hypocenters tend to be more clustered in this region for this inversion (Figure S2c),
and thus more consistent with earthquakes in narrow fault zones. The primary features of the final
Vp and Vs anomalies resulting from these tests are all very similar, suggesting that the starting Vg
model has only a small influence on the final variations. We selected the 1-D Vg model as best type
of starting model.

The selection of the preferred starting 1-D Vs model (Figures 3 and S1) was based on analyzing a large num-
ber of feasible models with decreasing Vp/V ratios with depth. Because there is a tendency for some earth-
quakes to locate below the roof of the magma chamber reported by Arnulf et al. (2014, 2018), we selected a
model with relatively low Vg since this would favor shallower focal depths. Using the preferred starting
model, we inverted the data to obtain our final both Vp and V variations by setting the regularization para-
meters to zero (Table 1). We tested other starting 1-D Vs models in such inversions and found that the inver-
sions converged to similar velocity models with similar RMS travel time residuals, and only small differences
in average focal depth.
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4.2. Checkerboard tests

We explored the spatial resolution of our models using checkerboard tests. These tests also allowed us to
determine the optimal regularization and smoothing parameters (Table 1). We considered checkerboards
with cubic anomalies with dimensions ranging from 0.5 km to 2 km, with alternating +10% variations
applied to the final Vp and Vg models. Synthetic travel times were then computed through these synthetic
models, and the data inverted using LOTOS after adding random Gaussian noise to both P and S travel times,
with a standard deviation of 0.03 and 0.05 s, respectively, to simulate the uncertainties inferred from the
RMS travel time residuals of the inversion.

The results show that the inversions are unable to resolve velocity anomalies with dimensions smaller than 1
km. Figures 4 and 5 show results for Vp and V5, respectively, for a checkerboard with 1 km? anomalies, with
aboundary at 0.5 km depth. The checkerboard patterns are resolved from the surface to a depth of 2 km. The
best lateral resolution is obtained beneath the southeastern part of the caldera where density of rays is high
(Figure 2). Amplitudes of Vs anomalies (Figure 5) are almost fully recovered (maximum recovery ~80%) for
the best resolved bins. Amplitudes of Vp anomalies (Figure 4) are less well recovered (maximum recovery
~50%). When the checkerboards bins were shifted by 0.5 km vertically (Figures S3 and S4), similar results
were obtained, with slightly better recovery for V» amplitudes. From these tests, we are confident that the
inversions can resolve long wavelength velocity anomalies above the magma chamber in the southern half
of the caldera.

Because the recovered amplitude of Vg anomalies tends to exceed that of Vp, there is a tendency for Vp/Vg to
increase in low-velocity regions and to decrease in low-velocity regions (Figure S5). However, in inversions
that start with a good 3-D P wave velocity model, the under recovery of Vs anomalies might lead to the
opposite effect.

4.3. Locations

To relocate the full catalog of 107,130 earthquakes with or final Vp and Vs models, we used the non-
linear location package (NLLoc; Lomax et al., 2000). We first computed travel time grids for each sta-
tions by solving the eikonal equation using finite differences (Podvin & Lecomte, 1991). We then
used the octree method from NLLoc to find the grid node associated with the highest probability. In
contrast to LOTOS and other standard location algorithms (e.g., Hypo71 (Lee & Lahr, 1975) or
HYPOINVERSE (Klein, 2002)), NLLoc performs a complete mapping of the earthquake location prob-
ability density function resulting in reliable error estimates. The smallest bin used in our grid search
isal2m x 12 m X 12 m cube (X X Y X Z). Unlike LOTOS, it is possible to assign weights to individual
picks in the forms of P and S arrival time uncertainties. We estimated an a posteriori error, o, for a fully
weighted arrival time according to

N M
o= \/ % sttt 3 (n-p). o

Jj=

where dt; and w; are the travel time misfits and weights, respectively, of the N arrival times used for all the
locations, n; are the number of arrival times for each of the M earthquakes located, and p is the number of
free parameters for each earthquake location and is set to 4.

5. Results
5.1. Residuals Improvements

Figure 6 shows the evolution of the P and S wave residuals during the joint inversion. The final 3-D velocity
models were obtained after four iterations with the travel time RMS residuals stable after two iterations
(Figure 6a). Eastern stations (except AXID1) have a bigger influence on the joint inversion than western sta-
tions because they are associated with more P and S picks (Figure 6b). The RMS residuals for the 3-D model
are substantially reduced from the 1-D model (Figures 6¢-6g), changing from 0.040 to 0.033 s for P waves (32
% variance reduction) and from 0.103 s to 0.049 s for S waves (77 % variance reduction). The 3-D inversion
leads to distribution of residuals that are approximately Gaussian with a zero mean and with far fewer large
S wave residuals than for the 1-D model (Figures 6f and 6g). The final residuals are similar on all the seven
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Figure 4. Results of the synthetic checkerboard test applied to the final 3-D Vp model. (a-c) The starting checkerboard
comprises 1 km® cubes with +10% variations applied. Random noise with a standard deviation of 0.03 s was added to
the synthetic P onset times. (d-f) Inversion results after four iterations using LOTOS. Bright areas in a-c indicate

the mask used based on ray-density (a threshold of two rays/bin). Earthquake locations shown as dots are those obtained
after four iterations (dots). Cross-sections (b and c¢) and (e and f) use a maximum projection distance of 0.5 km. The stations
and the top of the magma are shown using the same convention as in Figures 1 and 2.

stations with the reduction in S wave residuals particularly large for the stations located on the western side
(AXAS1 and AXAS2) and center of the caldera (AXCC1), which are fit poorly by the 1-D model (Figure 6c).
Earthquakes tend to be more clustered from one iteration to another and locations are stable after two
iterations (Figure S6)
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Figure 5. Results of the synthetic checkerboard test applied to the final 3-D Vg model plotted using the same convention
as in Figure 4. Random noise with a standard deviation of 0.05 s was added to the synthetic S onset times.

5.2. 3-D Velocity Models

Figure 7 shows the velocity perturbations from the average 1-D velocity profiles (shown in Figure 3) for the
starting Vp model and the final Vp and Vg models (Figure S7 shows the absolute velocities of all three models
for comparison). The inversion reveals a number of interesting features that the checkerboard test suggest
are well resolved (i.e., features that are > ~1 km?>).

The starting and final Vp models show similar broad scale variations, supporting the idea that the starting Vp
model, derived from active source data inversions, is a good approximation of the true velocity model
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Figure 6. Evolution of travel time RMS residuals associated with the LOTOS joint inversion procedure. (a) RMS residuals
for Pand S waves using the 1-D Vp and Vs models (from Wilcock et al., 2016) and evolution for the four iterations using the
3-D Vp and Vs models (solid and dashed lines, respectively). RMS residuals are stable after two iterations and fully con-
verge after four iterations. (b) Number of P and S observations per station (station names are shown in Figure 1). (c) RMS
residuals for P and S waves using the 1-D Vp and Vs models (blue) and using the final 3-D Vp and Vg models (red).

Distribution of P residuals (d) and S residuals (e) using the 1-D models. (f-g). As for (d-e) except for the final 3-D models.

(Figure S8). These similarities include a low-velocity anomaly in the middle of the imaged southern half
caldera and a low-velocity anomaly along the eastern wall of the caldera (Figures 7a-7h). The similarity is
particularly strong at shallow depths (Figures 7a and 7e) where the models are primarily constrained
immediately below the OBSs. At greater depths, the low-velocity along the eastern wall (B2 on Figures 7b
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Figure 7. 3-D velocity anomalies relative to the average 1-D profiles computed by averaging velocities horizontally inside the circle shown on (a). (a-d) AVp of the
starting model (Arnulf et al., 2018); (e-h) AVp of the final model after four iterations; (i-1) AV of the final model after four iterations. Depth sections are shown
at 0.2 km and 1 km depth. Cross-sections use a maximum projection distance of 0.2 km for earthquakes and are labelled 4 and 6 so that they correspond the same
numbered section in Figure 10. The color scale is centered on 0 and identical for Vp, Vg variations for better comparison. The mask applied is based on ray-density
(threshold at two rays/bin). The main anomalies are highlighted by dashed labeled contours and are labelled A1-A2, B1-B3, and C. Caldera walls, lava flows,
vent fields, seismic lines and top of the magma chamber are shown using the same conventions as in Figures 1 and 2. Stations are represented by black triangles for

clarity.
and 7f) is similar in both models with a maximum anomaly ~11% higher than the mean 1-D profile.
However, elsewhere at depth, the models differ significantly, and the final Vp model has larger anomalies.
The low-velocity anomaly sitting in the caldera (Al on Figures 7f-7h) is more pronounced in the final Vp
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model (~15% slower than the mean 1-D profile) than in the starting Vp model (Figures 7b-7d; ~6% slower)
and is characterized by a single minimum that sits between two minima in the starting model. In the final
model, the anomaly is ~2 km wide in the east-west direction and appears to be bounded by the outward-
dipping ring faults (Figures 7f and 7g). The north-south extent of this anomaly is less well constrained
due to ray coverage. However, the anomaly has a smaller north-south extent in the final V» model than in
the starting Vp model and is estimated to be ~3 km long. In the final model, the low velocities extend to
greater depths and appear to reach the magma chamber at 1.6 to 2 km depth (Figures 7g and 7h).
Another striking difference between the starting and final V» models is the low-velocity anomaly underlying
the western caldera wall (B1 on Figures 7f-7h). In the final model, this anomaly correlates well (both hor-
izontally and vertically) with the western outward-dipping ring fault drawn by hypocenters (Figure 7g) with
velocities ~8% higher than the mean 1-D profile. In contrast, this anomaly is discontinuous and much
weaker in the starting model (Figures 7b-7d; ~4% higher).

The pattern of final velocity anomalies for Vg differs in many ways from that for V. The Vg model includes a
circular low-velocity anomaly in the center of the southern part of the caldera (A2 on Figures 7j and 71). This
anomaly has a diameter of ~1 km, falling within the resolution of our model, and connects to the top of the
magma chamber. Contrary to the V» model, this low-velocity anomaly appears to be completely surrounded
by alow-velocity anomaly (B3 on Figures 7j-71; ~21 % higher than the mean 1-D profile), although the north-
ern part of this anomaly, crossing the caldera from east to west, is <1 km wide and may not be well resolved.
Towards the north of the caldera, we observe a large low Vs anomaly (C on Figure 7j; ~20% slower), extend-
ing across the caldera and beneath the eastern caldera wall. The southernmost portion of this anomaly is
well resolved and extends to a depth of ~2 km. This anomaly has no counterpart in the Vp» model.

Vp/Vs ratios (Figure 8) show large horizontal variations, especially at shallow depths. At 0.2 km depth
Vp/Vs ranges from 1.5 to 3.2 and is particularly low under the westernmost station which coincides with
the ASHES vent field (Figure 8a). At depths > ~0.5 km (Figure 8b), the southern caldera is underlain by
an extensive region of low Vp/Vs. In the ring corresponding to high Vg (B3 on Figures 7j-71), Vp/Vy is
particularly low and here Vp/Vs < 1.9 extends to greater depth than in the center of the anomaly
(Figure 8d). This region of deeper low Vp/Vg coincides with the location of hypocenters defining the
outward-dipping faults (Figures 8c and 8d). Vp/Vs is markedly higher to the north (Figure 8b) in the
region corresponding to low Vg (C on Figure 7j). The transition between low and high Vp/Vs to the north
is quite sharp (Figure 8b), particularly on the east side of the caldera, and corresponds to the southern
extend of the 2015 lava flows.

5.3. Locations Comparisons

The joint inversion yields a velocity model that can be used to relocate all the seismicity, but this is done with
a different algorithm. In order to understand the effects of using 3-D instead of 1-D velocity models for loca-
tions and using NLLoc instead of LOTOS, we quantitatively compared locations of the earthquake data set
used in the inversion. Figure 9 shows the residual distributions for P and S waves and cross-sections of
hypocenter locations for different sets of models and algorithms. Using the final 3-D models instead of the
1-D models and LOTOS (Figures 9a and 9b and 6d-6g) considerably reduces the residuals, from 0.040 to
0.033 s for P waves and from 0.103 to 0.049 s for S waves. In cross-section, it can be seen that going from
1-D to 3-D has a substantial effect on locations, with shallower locations and more clearly defined faults.
Using the final 3-D models but using NLLoc instead of LOTOS (Figures 9b and 9c) ,we see that the residuals
are slightly smaller for P waves (0.029 versus 0.033 s) and larger for S waves (0.066 versus 0.049 s). This is
presumably a result of the different ray tracers used in the two algorithms and the more sophisticated
weighting scheme used in NLLoc that reduces the average weight and thus, the fit of S wave travel times.
In cross-section, locations are comparable, with earthquakes appearing more clustered and deep earth-
quakes slightly shifted upwards when using NLLoc instead of LOTOS. Using the final 3-D Vp model but
an averaged 1-D Vg model instead of a 3-D Vg model and NLLoc (Figures 9c and 9d), we see that the residuals
for P waves are similar (0.033 versus 0.029 s) but considerably larger for S waves (0.140 versus 0.066 s). In
cross-section, earthquakes appear clustered but the faults are not well defined. The shift in locations between
3-D and 1-D Vg models can exceed 0.5 km even within the network (Figure S9). This result shows the impor-
tance of using a 3-D Vg model instead of a 1-D Vg model.
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Figure 8. Final 3-D Vp/Vg model obtained after four iterations. Depth sections are at (a) 0.2 km and (b) 1 km depth and (c-
d) cross-sections use a maximum projection distance of 0.2 km for earthquakes. The main anomalies are highlighted by
dashed labeled contours. Stations, caldera walls, lava flows, vent fields, seismic lines, and top of the magma chamber are
shown using the same convention as in Figures 1 and 2.

5.4. Final Catalog

We relocated the 107,130 earthquakes in the HYPOINVERSE catalog using NLLoc and the final 3-D Vp
and Vg models. To eliminate unreliably located earthquakes, we only kept those that have 10 or more
weighted phase recordings, which resulted in a catalog of 76,512 earthquakes (Figure 10). The a poster-
iori error calculated using equation (1) is 0.029 s, and the median formal 1-c uncertainties for the loca-
tions are 0.16 km for longitude, 0.15 km for latitude, and 0.26 km for depth. Compared to the locations
obtained with HYPOINVERSE using 1-D velocity models (Figure S10; Wilcock et al., 2016), the newly
located earthquakes are shallower and delineate clusters that were only poorly defined in the initial
catalog (Figures S11 and S12). In Figure 10, we label six noticeable clusters, two to the West (W1-2),
three to the East (E1-3), and one to the South (S1). Figure 11 shows earthquake density on a
logarithmic scale.

Cluster W1 delineates the northern portion of the western outward-dipping ring fault. Its dip is estimated to
be ~50° on Profiles 3 and 4 (Figures 10 and 11). Cluster W2 delineates the southern part of the western ring
fault and includes more earthquakes than cluster W1 and. On Profiles 5 and 6, it shows a noticeable change
in fault dip from ~30° at depths shallower than ~0.5 km to ~45° at higher depths.

Cluster E1 forms the northern part of the eastern ring fault. Despite the relatively sparse distribution of
earthquakes, the cluster is consistent with a subvertical outward-dipping ring fault (~78°). This cluster fol-
lows the trend of 2015 eruptive fissures with shallower earthquakes closer to the eastern caldera wall to
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Figure 9. P and S time residuals and earthquake locations comparisons for different velocity sets and algorithms showing
results from (a) LOTOS and 1-D Vp and 1-D Vg models, (b) LOTOS and the final 3-D Vp and 3-D Vg models, (¢) NLLoc and
the final 3-D Vp and 3-D Vg models, and (d) NLLoc and the final 3-D Vp model and the averaged 1-D Vg model.
Earthquake locations are projected up to 0.8 km onto Profile 4 shown on Figure 1. The caldera walls and the top of the
magma chamber are shown using the same convention as in Figure 2.

the north. Cluster E2 includes the largest number of earthquakes and is mostly limited to <1 km depth. A
striking feature of this cluster is a change in the dominant dip direction from north to south, which is
particularly apparent on the earthquake density plots (Figure 11). On Profile 4, where it merges into
cluster E1, and Profile 5, the dip is ~50° to the east consistent with the outward-dipping ring fault while
on Profiles 6 and 7, the dip is ~80° to the west consistent with a steep inward-dipping fault that connects
to the eastern caldera wall, eruptive fissures, and hydrothermal vents. Clusters E1 and E2 are noticeably
broader than clusters W1 and W2. Cluster E3 underlies E2 and delineates the deeper portion of the
outward-dipping eastern ring fault in the southern caldera. Moving south, cluster E3 becomes denser
while the overlying cluster E2 progressively fades (Profiles 8 and 9).

Cluster S1 comprises three nearby subclusters in the southernmost part of the caldera. This cluster is diffuse
and does not show any clear dip on E-W or N-S profiles (Figures S13 and S14). There are also a significant
number of earthquakes outside the clusters. The densest concentration is a broad band of shallow earth-
quakes (<0.5 km) connecting the western and eastern clusters in the center of the southern half of the cal-
dera (Profiles 4-6).

6. Discussion
6.1. Velocity Anomalies

The joint inversion of earthquake arrival times for velocity and hypocenter parameters is a challenging pro-
blem because it is inherently non unique (Pavlis & Booker, 1980). For our problem, we had the advantage of a
good starting 3-D Vp model derived from inverting active source seismic data. Also in contrast to prior joint
inversions that solved for Vp and Vs on MORs (Barclay et al., 2001; Barclay & Wilcock, 2004), where most of
the earthquakes were located at a similar midcrustal depth in a single region that was relatively restricted
along axis, the earthquakes in our inversion are concentrated at a range of depths on two distinct faults.
This ensures a better distribution of crossing ray paths although with only seven OBSs, the distribution of
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Figure 10. Locations of 76,512 earthquakes having 10 or more phase recordings (71% of the total number of earthquakes in the HYPOINVERSE catalog (Wilcock
et al., 2017). Locations were obtained using NLLoc and the final 3-D Vp and Vg models. Cross-sections use a maximum projection distance of 0.2 km for earth-
quakes. Six clusters of earthquakes are clearly identified, two to the West (W1-2), three to the East (E1-3) and one to the South (S1). Stations, caldera walls, lava
flows, vent fields, and top of the magma chamber are shown using the same convention as in Figures 1 and 2.
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Figure 10. Depth-sections are given at depth 0.2, 0.6, 1, and 1.5 km, and cross-sections parameters are as for Figure 10. Stations, caldera walls, lava flows, vent

Figure 11. Depth-sections and cross-sections showing density per 0.1 km x 0.1 km X 0.1 km bin with a logarithmic color scale for the 76,512 earthquakes of
fields, and top of the magma chamber are shown using the same convention as in Figures 1 and 2.
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ray paths is still limited particularly in the uppermost crust. We proceeded by selecting an initial subset of
well-recorded earthquakes and showed that the final residuals and velocity models are insensitive to the
starting Vs model. Checkerboard tests showed that our final 3-D Vp and 3-D Vs models can resolve features
that have a dimension of 1 km and to a depth of ~2 km in the southern half of the caldera. LOTUS does not
provide capability to apply a penalty function or smoothing directly to V/Vg, so observed anomalies likely
deviate beyond realistic ranges. Nevertheless, considering the large spatial scale and high amplitude of the
primary Vp/Vs anomalies, these features are likely real and worthy of interpretation even if the absolute
values are incorrect.

The most prominent low-velocity anomaly is located in the middle of the caldera (Al and A2 on Figure 7)
that connects to the magma chamber at ~1.6 km depth. This low Vp and Vg anomaly requires that the pillow
basalts and sheeted dikes of Layer 2 are associated with high porosity and fracturing and possibly hydrother-
mal alteration. Intense fracturing in the southern caldera is likely to result from the repeated cycles of infla-
tion and deflation of the underlying magma chamber (Nooner & Chadwick, 2016). The magma chamber is
shallowest in this region, and the southern and particularly southeastern caldera is clearly a focus of mag-
matism and deformation as evidenced by the pattern of magma emplacement (Chadwick et al., 2013), the
inferred region of magma resupply (Nooner & Chadwick, 2016), and the rates of seismicity (Wilcock
et al., 2016).

The rim of the caldera is characterized by high Vp and V5 (B1, B2, and B3 on Figure 7). Similar anomalies are
observed in other calderas such as Campi Flegrei (Vanorio et al., 2005; Zollo et al., 2003) and Deception
Island (Zandomeneghi et al., 2009) where they are interpreted as consolidated/frozen lava flows that fed ear-
lier eruptions and that are less subject to inflation/deflation deformations. These relatively low-velocity
anomalies are also influenced by the variations in Layer 2 thickness due to subsidence of the caldera and
ponding of lavas within the caldera. Arnulf et al. (2018) report that Layer 2A thickens from 0.4-0.6 km on
the rim to 0.75-0.95 km inside the caldera.

At 1 km depth, the southern part of the velocity model is characterized by a broad region of low Vp/V that
extends across both the high and low-velocity anomalies. At this depth, values below 1.7 are observed
around the southern edge of the caldera and this extend to the surface at ASHES vent field. Low Vp/Vg
can be indicative of a medium that is cut by low aspect ratio (fat) cracks (e.g., Kim et al., 2018), but it is
not obvious why the crack geometry should be so different in this region. The low Vp/V values are also con-
sistent with the presence of vapor in the system that can drastically lower Vp while having little effect on Vg
(Toksoz, 1976). Butterfield et al. (1990) analyzed the fluids expelled at the ASHES hydrothermal vents and
estimated the boiling point to be around 370 °C, which corresponds to a pressure of 250 bar or ~1 km below
seafloor, consistent with the deeper limit of the low Vp/Vg anomaly observed (Figure 8d). We note that the
inferred region of vapor coincides overlies the southern portion of the magma chamber, which is inferred to
have the highest melt content (Arnulf et al., 2014) and is thus, consistent with a higher heat flux and higher
temperatures in the overlying crust.

The low Vp/Vg anomaly immediately beneath the ASHES vent field (Figure 8a) may also indicate the
presence of hydrothermal breccias. Vp/Vg as low as 1.55 was measured in the laboratory for microcores
of silicified and chloritized breccias at 100 m below seafloor sampled at the TAG hydrothermal vent
field (Ludwig et al., 1998). Breccias are characterized by a high concentration of large aspect ratio pore
spaces rather than a high concentration of thin cracks than can increase Vs and lower Vp/Vy (Kim
et al., 2018).

Another prominent feature is the low Vg anomaly and high Vp/Vg anomaly in the northern part of the
model (C on Figures 7 and 8). The region mostly outside the seismic network but extends to within
regions that the checkerboard tests suggest are at least partially resolved (compare Figure 7 with
Figures 4 and 5). This anomaly has no counterpart in the Vp model indicating a change in the pore
characteristics rather than a change in the type of fluids filling the medium (Sanders et al., 1995).
This anomaly has deep roots, and the lowest Vg values correlate well with the location of the lava flows
expelled during the 2015 eruption. Dike intrusion from the magma chamber to the surface may have
impacted the surrounding rocks by creating a crack population dominated by thin cracks with high
Vp/Vs (Kim et al., 2018) through the combined effects of fracturing during dike propagation and partial
crack closure as the dikes accommodate strain.

BAILLARD ET AL.

13,014



'AND SPACESCIENCE

Journal of Geophysical Research: Solid Earth 10.1029/2019JB017970

The very high Vp/Vy ratio observed in the shallow part of this anomaly (maximum of 3.2 at ~0.2 km
depth) may result from the combination of small aspect-ratio cracks and the fully saturated high poros-
ity nature of the surface basalts. We note that Vp/Vy ratios >3 have been observed on other spreading
centers (Christeson et al., 1997; Collier & Singh, 1998) and thus appear typical for Layer 2A in young
oceanic crust.

6.2. Earthquakes Distribution

Some earthquakes locate below the top of the magma chamber in our final models, using either LOTOS
(Figure 9) or NLLoc (Figures 9-11). Most of these are part of cluster E3 on the east side of the caldera
(Figure 10, Profiles 4-9). In the LOTOS joint inversions, we tried to force these earthquakes shallower by
selecting a starting model with relatively low Vg (Figure S1). However, the final locations are relatively
insensitive to the starting velocity model. Thus, while earthquakes for the first iterations are mostly located
near or above the top of the magma chamber, they are progressively located at greater depth through succes-
sive iterations (Figure S6), as the inversion globally increases the Vg model (Figure 3) to a final velocity solu-
tion that is largely independent of the starting model.

Only ~10% of the earthquakes are located below the top of the magma chamber (Figure S15), and this can be
explained by two factors. First, the earthquake locations and the position of the top of the magma chamber
interpreted from MCS reflection profiles (spline interpolation applied between profiles) have errors that,
when combined, may be greater than the observed depth difference. Second, the magma chamber may be
discontinuous and parts of the reservoir can be associated with lower melt fractions (Arnulf et al., 2018)
allowing brittle failure thus generating earthquakes. Indeed, given that the deformation data require that
magma chamber inflation is confined to a localized portion of the magma chamber underlying the south-
eastern caldera (Nooner & Chadwick, 2016), it is clear that the magma chamber is not a continuous region
of well-connected melt.

As observed in previous studies that relocated earthquakes with 1-D velocity models (Levy et al., 2018;
Wilcock et al., 2016) and a 3-D Vp model (Arnulf et al., 2018), the distribution of earthquakes under Axial
Seamount defines, in map view, a figure eight pattern with high earthquake densities around the caldera
and across its center (Figure S16), this pattern is truncated to the north by low earthquake densities in the
northern caldera (Figure S16). However, our catalog differs in some significant ways. At the northern edge
of the network, Arnulf et al. (2018) reported conjugate inward-dipping faults connecting to the caldera walls
and dipping at ~40°-47°. We do not see inward-dipping faults in this region in our catalog (Figures 10, S13,
and S14) even when we plot cross sections using the same conventions. Instead, we observe outward-dipping
faults in this region (compare Profile 1 in Figures S13 and S14 with Figure 8e in Arnulf et al., 2018). Also,
Arnulf et al. (2018) report that earthquakes on the western wall are concentrated in a band that is inclined
to the south, but there is no similar pattern in our catalog (compare Profile 3 in Figures S13 and S14 with
Figure 8c in their paper). Some of these differences may arise from the location algorithm. Whereas
Arnulf et al. (2018) used a location algorithm based on shortest paths, we are using a more standard location
algorithm NLLoc, which solves for the eikonal equation. However, the differences likely primarily reflect the
use of a tomographic 3-D Vg model used here compared to a Vg model that is a scaled version of the 3-D Vp
model as used in Arnulf et al. (2018).

Within the network in the central part of the caldera, all studies observe conjugate outward-dipping faults
but with different dips than can be attributed to the different location algorithms and velocity models used
and also possibly to projection artifacts (i.e., projecting earthquakes relatively large distances onto planes
that are not quite orthogonal to the fault structures). In our catalog, the eastern clusters define an
outward-dipping fault (~50°) that changes to a subvertical inward-dipping fault (~80°) connecting to the cal-
dera wall and vent fields moving south (Profiles 4-7 in Figures 10 and 11). This inward-dipping fault is not
clearly observed in other studies but is consistent with some focal mechanisms having subvertical nodal
planes (Levy et al., 2018), and earthquakes could be linked to the pathways of hydrothermal fluid beneath
the easternmost vent fields. We note that the eastern clusters are also generally wider than the western clus-
ters even though these are more centrally located within the network and thus presumably better resolved.
We infer that the earthquakes beneath the eastern wall are indicative of multiple faults in a wide
damaged zone.
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Another interesting feature is the break in the slope observed on the southwesternmost cluster (W2 on
Figure 10), this change in slope is not clearly observed in other studies and may indicate the root of an aseis-
mic inward-dipping fault connecting to the west caldera wall. The generally lower fault dips observed on the
western wall in this (Figures 10 and 11) and prior studies (Arnulf et al., 2018; Wilcock et al., 2016) may also
reflect a ring fault system adjusting to movement of the magma chamber that is now offset to the east of the
caldera (Figure 1), presumably because of the eastward migration of the Cobb-Eickelberg hotspot relative to
the JAFR (Arnulf et al., 2018).

Finally, Cluster S1 coincides with the southern tip of the caldera and might indicate motion in a zone of
deformation that connect the outward-dipping faults on the east and west wall into a continuous ring fault
system. The caldera appears to be hinged in this region, which may explain the relatively low rates of seis-
micity (i.e., limited deformation) and the absence of a single fault structure with a clearly resolved dip.
Alternatively, since seismicity rates remained relatively high in this region following the 2015 eruption
(Wilcock et al., 2018), the earthquakes may be related to ongoing hydrothermal processes (Sohn et al., 2004).

7. Conclusion

We use data from the OOI Cabled Array seismic network that spans the southern portion of the Axial
Seamount caldera, for a joint inversion of ~3900 well recorded earthquakes for hypocentral parameters
and 3-D Vpand V. The velocity models are then used to relocate >76,000 earthquakes with at least 10 arrival
time observations. Although, joint hypocentral locations are often nonunique, the primary feature in the
final Vp and Vg models is insensitive to the starting model, and checkerboard tests suggest that the spatial
resolution within the network is ~ 1 km in all directions, allowing the interpretation of the structure under-
neath the caldera to the depth of the Axial Magma chamber at ~2 km depth. The final 3-D Vp model resulting
from our passive tomography differs only slightly from the starting 3-D V» model obtained by Arnulf et al.
(2018) from active source data. In contrast, the final 3-D Vs model differs significantly from the starting 1-
D Vs model and models obtained assuming Vg is a uniform function of Vp indicating that the Vg structure
is highly heterogeneous. The final 3-D velocity models reduce the variance of P wave and S wave arrivals
by 32 % and 77 % compared locations obtained with 1-D velocity models.

The velocity models resolve a number of interesting features. A prominent low Vp and Vg anomaly in the
center of the caldera is attributed to existence of porous rocks, fractured by repeated inflation/deflation
cycles of the magma chamber and possibly altered by hydrothermal circulation. High Vp and Vg around
the caldera rim is likely due to consolidated, undeformed lava. The southern end of the caldera is underlain
by a broad region of relatively low Vp/Vg that extends to 1 km depth and is consistent with the presence of
hydrothermal vapor. Low Vp/Vs at shallow depths below ASHES hydrothermal vent field may result from
vapor and/or hydrothermal breccias. A region of low Vg and high V»/Vy in the northern part of the caldera
lies mostly outside the seismic network and may indicated the presence of thins cracks in a region influenced
by diking.

The relocated earthquakes clearly image the outward-dipping ring faults, revealing shallow and well-defined
clusters. The inward-dipping ring faults reported by Arnulf et al. (2018) to the north of the network for loca-
tions obtained with the 3-D active source tomography P wave model and a simple Vi (Vp) function are not
observed when an independent 3-D S wave model is used. However, within the network, we observe a steep
inward-dipping fault connecting to the eastern caldera wall.

Our study included data from only seven cabled OBSs but shows the value of joint inversions for hypocentral
parameters and 3-D Vg and Vp at MOR sites where an active-source tomographic P wave model exists and
where the earthquake distributions lead to crossing ray paths. If the Axial cabled seismic network was
enhanced by data from a temporary deployment of autonomous OBSs during an interval of high seismicity,
we suggest that the spatial extent and resolution of the velocity models and the accuracy of earthquake loca-
tions could be further improved.
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