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ABSTRACT

Ocean-bottom seismic and seafloor pressure data from the Ocean Observatories Initia-
tive’s Cabled Array were used to study fault reactivation within Axial Seamount (offshore
Oregon, USA). Microearthquakes that occurred during 2015-2016 were located on portions
of an outward-dipping ring fault system that was reactivated in response to the inflation
and deflation of the underlying magma chamber. Prior to an eruption in April 2015, focal
mechanisms showed a pattern of normal slip consistent with the differential vertical uplift
of the caldera floor relative to the rim. During the eruption, seismic activity remained local-
ized along these outward-dipping structures; however, the slip direction was reversed as the
caldera floor subsided. After the eruption, as the volcano reinflated and the caldera floor
uplifted, these faults exhibited sparser seismicity with a more heterogeneous pattern of slip.
Monitoring the evolution of ring fault behavior through time may have utility as a metric in

future eruption forecasts.

INTRODUCTION

At active volcanoes, as magma is withdrawn
from a chamber during an eruption, faults com-
monly form in response to the subsidence and
collapse of the overlying material—developing
as either inward-dipping (normal) or outward-
dipping (reverse) structures, depending on the
amount of subsidence, geometry of the magma
chamber, and tectonic setting (Cole et al., 2005;
Holohan et al., 2005; Acocella, 2007; Marti et
al., 2008). These collapse structures often exhibit
a circular to elliptical pattern in plan view and
are commonly referred to as ring faults. Reac-
tivation of ring faults has been documented in
regional earthquakes studies (e.g., Nettles and
Ekstrom, 1998; Shuler et al., 2013; Gudmunds-
son et al., 2016); however, the mechanical role
of these structures during different phases of the
volcanic cycle remains poorly understood.

Axial Seamount is a basaltic shield volcano
located at the intersection of the Cobb-Eickelberg
hotspot and Juan de Fuca Ridge (offshore Ore-
gon, USA; intermediate spreading rate of 55-60
mm/yr). The summit hosts a caldera at 1500 m
below sea level (bsl) that is an elongate depres-
sion ~3 km wide and 8.5 km long, with walls
up to ~150 m high that are buried by younger
lavas to the south (Fig. 1). Multichannel seismic
reflection studies have imaged a 3-km-wide by
14-km-long magma chamber offset slightly to
the east of the caldera at a depth of 1.1-2.3 km
beneath the caldera floor (Arnulf et al., 2014).

Volume-predictable eruptive behavior
has been proposed based on bottom-pressure
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recorder (BPR) studies that have tracked the
inflation and deflation of Axial Seamount for
nearly two decades, capturing diking events
in 1998, 2011, and 2015 (Chadwick al., 2012;
Nooner and Chadwick, 2016). Seismicity asso-
ciated with the 1998 and 2011 eruptions was
recorded by regional hydrophone arrays (Dziak
and Fox, 1999) and by ocean bottom hydro-
phones (Dziak et al., 2012), respectively. Follow-
ing the 1998 eruption, temporary arrays of 4-10
ocean bottom seismometers (OBSs) monitored
local seismicity for 15 mo (Sohn et al., 2004).
During the 1998 and 2011 eruptions, point-
source elastic deformation models indicate that
the volume of the magma reservoir decreased by
~0.21 km?® and ~0.15 km’, as dikes propagated 55
km and 33 km, respectively, along the southern
rift zone (Chadwick et al., 2012).

The most recent eruption at Axial Seamount
began on 24 April 2015 and was recorded by a
seven-station network of three-component OBSs
installed within the caldera as part of the Ocean
Observatories Initiative (OOI; http://oceanobser-
vatories.org; Kelley et al., 2014). A dike propa-
gated northward from the eastern margin of the
magma chamber, erupting a series of lava flows
extending from the northeast caldera floor along
the north rift zone up to ~14 km north of the cal-
dera (Chadwick et al., 2016). Seafloor explosions
associated with the emplacement of these flows
indicate that the 2015 eruption persisted over a
period of ~26 d (Wilcock et al., 2016), during
which time the volume of the magma reservoir
(modeled as a prolate spheroid) decreased by

© 2018 Geological Society of America. For permission to copy, contact editing@geosociety.org.
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Figure 1. Bathymetry of Axial Seamount
(offshore Oregon, USA) with earthquake loca-
tions (gray dots), seismic stations (triangles),
and collocated bottom pressure record-
ers (yellow triangles, AXCC1 and AXEC2).
Boundary of 2015 lava flows is outlined in
red (Chadwick et al., 2016), along with mar-
gins of seismically imaged magma chamber
(dashed; Arnulf et al., 2014). Profile A-A’ indi-
cates cross section shown on Figure 2. Inset
shows regional location.

~0.29 km?® (Nooner and Chadwick, 2016). Dur-
ing the time period immediately surrounding the
eruption (January—September 2015), Wilcock et
al. (2016) identified two steeply dipping, out-
ward-facing planes of microearthquakes beneath
the southern portion of the caldera. These struc-
tures were interpreted to represent portions of a
ring fault system reactivated in response to the
inflation and deflation of the magma chamber.
In this study, we created an independent cata-
log of microearthquakes (median M ~1.0) for
a longer time period between January 2015 and
December 2016. These data confirmed the pro-
posed fault geometry and allowed us to track
changes in fault slip direction over a nearly 2 yr
period. OBS data were used to generate a time
series of composite focal mechanism solutions
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for ring fault earthquakes. This information was
used along with the uplift and subsidence history
of the caldera, as monitored by the BPRs, to char-
acterize the mechanical behavior of these faults
during different phases of the volcanic cycle.

DATA AND METHODS

Using the three-component seismic data from
the OOI Cabled Array, primary (P) and second-
ary (S) phase arrivals were detected automati-
cally using short-term to long-term amplitude
ratio and kurtosis metrics (e.g., Baillard et al.,
2014), and these were associated to form a set
of 41,522 earthquake origins (see the GSA Data
Repository'). Catalog phase data were then used
to relocate hypocenters relative to one another
using the hypoDD algorithm (http://www.ldeo.
columbia.edu/~felixw/hypoDD.html; Wald-
hauser and Ellsworth, 2000), yielding a set of
19,049 earthquakes with >9 defining phases (see
the Data Repository). Seismic moments were
estimated from the long-period spectral displace-
ment (Brune, 1970) and summed to constrain
the cumulative seismic slip using the scalar seis-
mic moment equation (see the Data Repository),
assuming a shear modulus for the upper volcanic

(D-Normal (N)  (D-Oblique-normal (ON)

Pre-Eruption

crust within the 1-4 GPa range (Gudmundsson
etal., 2016).

First-motion polarities and S/P amplitude
data were used to generate a total of 100 focal
mechanism solutions using the HASH software
program (https://earthquake.usgs.gov/research
/software/#HASH; Hardebeck and Shearer,
2003). Each solution was formed from a com-
posite of 3-9 events, selected based on the simi-
larity of their vertical channel waveform arrivals
(see the Data Repository). Focal mechanisms
were classified based on rake as normal (-90°
+ 30°), reverse (90° + 30°), strike-slip (0° or
180° + 30°), or oblique-normal/reverse. A bino-
mial test was used to determine if the number of
normal (or reverse) mechanisms within a given
time window was significantly different than
expected by a random model.

Data from three BPR stations deployed as
part of the OOI Cabled Array (Fig. 1) were pro-
cessed to remove tidal signals and then converted
to estimates of seafloor elevation (see the Data
Repository). The differential vertical motion
between BPR station AXCCI1, on the central
caldera floor, and station AXEC2, on the east-
ern caldera rim (Fig. 1), was calculated during

D -Reverse (R)  (D-Oblique-reverse (OR)

Syn-Eruption

each phase of the volcanic cycle and used to
constrain the direction and relative amount of
motion expected across the eastern ring fault.

RESULTS

Microearthquake hypocenters were located
primarily within the OOI array along the east-
ern and western margins of the south-central
caldera, with the majority of seismicity to the
east (Fig. 1). In cross section, relocated hypo-
centers defined two outward-dipping bands
that were fit by planes oriented 330° + 1°/67°
+ 1°E (strike/dip) and 342° + 1°/66° = 1°W,
respectively. These bands extended from near
the margins of the magma chamber at depth
and projected onto the seafloor inward of the
caldera rim (Figs. 1 and 2). The spatial distri-
bution of microearthquakes remained localized
within these outward-dipping structures before,
during, and after the 2015 eruption (Wilcock et
al., 2016); however, as discussed below, the rate
of seismicity and sense of slip changed between
these parts of the volcanic cycle.

As the magma chamber inflated leading up
to the eruption (January to 23 April 2015), the
seafloor rose at a rate of 61 cm/yr near the center

& -Strike-slip (SS)

Post-Eruption
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Figure 2. Composite focal
mechanism solutions and
seismicity (A) before, (B)
during, and (C) after 2015
eruption. Shading indi-
cates focal mechanism
type. Cross sections show
earthquake density (50 x
50 m bins) using hypocen-
ters within 1 km of line A-A’
(Fig. 1). Black ticks delin-
eate location of caldera
rim within bathymetry;

130°00'W 130°00'W 130°00'W red line delineates top of
N&ON=30;R&0R=7;S5=2 N&ON=1,R&0OR=21;S5=1 N&ON=15R&0OR=15;S5=8 magma chamber identified
A A 35 A A A A 5 by Arnulf et al. (2014).
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of the caldera (station AXCC1) and 21 cm/yr
along its eastern rim (AXEC2). During this time
period, on average, 398 microearthquakes were
located each day within our catalog. Composite
focal mechanisms were determined for 39 micro-
earthquake clusters. The outward-dipping nodal
planes for these mechanisms had an average
strike of 333° + 21° and an average dip of 67°
+ 4°. The majority (79%) of the mechanisms
showed normal (23) or oblique-normal (8) sense
of motion (Fig. 2A), with p < 0.01 (binomial test)
showing statistical significance. The remaining
eight focal mechanisms showed one strike-slip
and seven reverse/oblique-reverse motions.

Subsidence of the caldera floor began at
~06:00 h UTC on 24 April 2015, marking the
initiation of diking and the removal of magma
from the chamber (Nooner and Chadwick, 2016;
Wilcock et al., 2016). During the subsequent 26
d, maximum subsidence of ~2.5 m (Fig. 3) was
recorded at the center of the caldera (AXCC1),
with ~1.1 m observed along the eastern rim
(AXEC2). Most of this subsidence occurred dur-
ing the first day of the eruption and was accom-
panied by an intense period of microearthquake
activity (3662 per day) localized along the fault
structures (Fig. 2B). The outward-dipping nodal
planes for the 23 focal solutions obtained within
this 26 d time period had an average strike of
338°+ 16° and an average dip of 69° £ 5°, with a
predominantly (91%) reverse (18) and oblique-
reverse (3) sense of slip (p < 0.01).

After the end of eruptive activity, post-
eruption uplift of the caldera floor and rim began
on approximately 19 May 2015, with average
uplift rates of 92 cm/yr (AXCC1) and 29 cm/yr
(AXEC?2) observed over the next 7 mo (Fig. 3).
Beginning in December 2015, the uplift rates
decreased by ~50%. By the end of 2016, the
caldera-center station AXCCI had recovered 93
cm in elevation. Despite uplift rates that were
similar to those during the period leading up to
the eruption, the cataloged seismicity rate dur-
ing this time was very low (<2 earthquakes/d).
Composite focal mechanisms generated dur-
ing this 19 mo posteruptive period exhibited a
variable sense of slip, with 15 normal/oblique-
normal (p = 0.26), 15 reverse/oblique-reverse
(p = 0.26), and 8 strike-slip events (p = 0.07;
Fig. 2C). Outward-dipping nodal planes were
characterized by an average strike of 007° +27°
and an average dip of 75° + 4°.

DISCUSSION

The spatial pattern of hypocenters before,
during, and after the 2015 eruption is consistent
with activation of a preexisting outward-dipping
fault system formed earlier in the volcano’s his-
tory (e.g., Clague et al., 2013). Earthquakes
along the eastern side of the caldera accounted
for ~86% of the total seismic moment release. As
the completeness level of the seismic catalog is
similar (within 0.1-0.2 magnitude units) along
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Figure 3. Seafloor elevation changes measured at bottom pressure recorder stations AXCC1
(blue) and AXEC2 (green) overlain with plots of cumulative seismic moment release (black)
and focal mechanism solution type (symbols) displayed cumulatively: normal/oblique normal
(blue crosses), reverse/oblique-reverse (red circles), and strike-slip (green dots). Symbols show

sense of slip for each composite focal mechanism with respect to time.

the eastern and western margins of the array, this

is not likely to be due to OBS station placement.
Rather, this pattern may arise due to localized

magma replenishment and withdrawal, with

recent diking events in 1998, 2001, and 2015 all

sourced along the eastern margin of the cham-
ber (Chadwick et al., 2016)—near the modeled

source volume of the 2015 eruption (Nooner and

Chadwick, 2016), and where melt was observed

at shallow depths in multichannel seismic sur-
veys (Arnulf et al., 2014; see Figs. 2 and 4).

In the 3 mo leading up to the 2015 erup-
tion, there was 0.16 m of relative uplift between
the caldera center (AXCC1) and eastern rim
(AXEC2), which may have been due to some
combination of elastic and inelastic deformation.
This motion was associated with a period of nor-
mal and oblique-normal slip (31 of 39 solutions)
along the outward-dipping fault system, with a
cumulative dip-slip movement of 0.08-0.30 m
(Fig. 4A) along the eastern fault (XM = 1.66
x 10 N-m was used to solve for slip; see the
Data Repository). During dike emplacement and
eruption, the caldera center moved downward
1.43 m relative to the eastern rim (Fig. 4B). Focal

mechanisms show a dominant pattern of reverse
and oblique-reverse motion (21 of 23 solutions)
along the fault systems, with a cumulative dip-
slip movement of 0.44—1.75 m along the east-
ern fault (XM_ = 9.1 x 10" N-m). The seismic
strain and the sense of slip are therefore tightly
coupled with the pattern of uplift and subsid-
ence in the months before and during the erup-
tion. Because fault movements can significantly
impact volcano deformation models (Folch and
Gottsmann, 2006), future efforts to constrain
the inflation and deflation of the magma cham-
ber (e.g., Nooner and Chadwick, 2016) should
incorporate seismic estimates of fault slip.
During the 19 mo period following the erup-
tion, the caldera center moved upward 0.61 m
relative to the eastern rim, with a rate of infla-
tion comparable to that observed prior to eruption.
The posteruption seismicity, however, showed a
heterogeneous sense of slip and accounted for
<0.005 m of motion along the eastern ring fault
(ZM,_ =1.40 x 10" N-m; Fig. 4C). A similarly low
rate of moment release was reported during the 15
mo period following the 1998 eruption (Sohn et
al., 2004). This implies either that the ring faults

Pre Syn Post
25¢cm t 9cm f 252cm | 109 cm l 93 cm 32 cmT
AXCC1A AXEC2‘\A AXCC1 A AXECZ(A AXCC1A AXEC%A

Ccum.Slip % Cum. Slip *. Cum.Slip %
8-30 cm \\‘ 44-175 cm \ <0.5cm
(Norm. mech.) (Rev. mech.) \ (Mixed mech.)

A) 24 Jan 2015 - 24 Apr 2015

B) 24 Apr-20 May 2015

C) 20 May 2015 - Dec 2016

Figure 4. Cartoon showing differential uplift across eastern ring fault and cumulative (Cum.)
fault slip during (A) inflation, (B) deflation, and (C) reinflation of magma chamber. Black tri-
angles represent bottom pressure recorder stations. Drawings are not to scale. Norm.—normal;

Rev.—reverse.
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were able to slide aseismically during these early
reinflationary phases, or that these structures
remained locked due to a net increase in fault-
normal stress associated with the co-eruptive
deflation. The latter interpretation is consistent
with the sensitivity of ring fault microearthquakes
to ocean tidal loading (Tolstoy et al., 2002; Wil-
cock et al., 2016), which implies they are friction-
ally strong. These faults, however, are expected
to transition to a more seismically active phase as
reinflation continues leading up to the next erup-
tion. Single-event (noncomposite) focal mecha-
nisms after the 1998 eruption indicate 15 normal
and 6 reverse-slip events (Sohn et al., 2004), sug-
gesting a somewhat more homogeneous pattern
of stress compared to the 2015-2016 posterup-
tion period. Such differences could indicate vari-
ability in the spatial pattern of magma recharge
and/or differences in the residual dike-related
thermal and mechanical stresses acting on the
structurally complex ring fault system.

CONCLUSIONS

At Axial Seamount, seismic strain is tightly
coupled to the volcanic cycle during the later
stages of inflation, when portions of the out-
ward-dipping ring fault system are activated
with a normal sense of slip, and during deflation,
when the motion on these same faults is reversed.
Following an eruption, even as uplift rates rival
those observed in the later stages of inflation, lit-
tle to no seismic slip is observed for a period of
months to years. Leading up to the next eruption,
the cyclic pattern of volcanic deformation will
eventually lead to increased seismic moment
release (e.g., Tolstoy et al., 2002; Dziak et al.,
2012; Wilcock et al., 2016) as the ring fault is
again activated with a predominantly normal
sense of motion. With the installation of the OOI
Cabled Array, the mechanical behavior of the
ring faults can be tracked in near real time, and
this behavior may provide an additional metric
for forecasting future eruptions.
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