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Key Points:

e Axial has re-inflated to 85-90% of its pre-2015-eruption level but inflation has slowed
and the next eruption still appears to be years away

e The rate of inflation has varied with time and the last two eruptions appear to be linked to
a surge in magma supply that is now waning

e The rate of seismicity is depenent on both the level and rate of inflation consistent with a
physical model of inter-eruption behavior
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Abstract

Axial Seamount is a basaltic hot spot volcano with a summit caldera at a depth of ~1500 m
below sea level, superimposed on the Juan de Fuca spreading ridge, giving it a robust and
continuous magma supply. Axial erupted in 1998, 2011, and 2015, and is monitored by a cabled
network of instruments including bottom pressure recorders and seismometers. Since its last
eruption, Axial has re-inflated to 85-90% of its pre-eruption level. During that time, we have
identified eight discrete, short-term deflation events of 1-4 cm over 1-3 weeks that occurred
quasi-periodically, about every 4-6 months between August 2016 and May 2019. During each
short-term deflation event, the rate of earthquakes dropped abruptly to low levels, and then did
not return to higher levels until reinflation had resumed and returned near its previous high. The
long-term geodetic monitoring record suggests that the rate of magma supply has varied by an
order of magnitude over decadal time scales. There was a surge in magma supply between 2011-
2015, causing those two eruptions to be closely spaced in time and the supply rate has been
waning since then. This waning supply has implications for eruption forecasting and the next
eruption at Axial still appears to be 4-9 years away. We also show that the number of
earthquakes per unit of uplift has increased exponentially with total uplift since the 2015
eruption, a pattern consistent with a mechanical model of cumulative rock damage leading to
bulk failure during magma accumulation between eruptions.

Plain Language Summary

Axial Seamount is an underwater volcano located offshore Oregon, USA, that is frequently
active and an ideal site for studying volcanic eruptions, hydrothermal vents, and deep-sea
ecosystems. Axial is monitored by a network of seafloor instruments connected to shore by a
fiber-optic cable, which is part of the Ocean Observatories Initiative, supported by the National
Science Foundation. Monitoring of vertical movements of the seafloor at Axial have shown that
it has a repeatable pattern of inflation and deflation that can be used for eruption forecasting.
Since its last eruption in 2015, Axial has re-inflated almost to the level of its previous high, but
we believe the next eruption is still some years away because the rate of inflation is currently
quite low. The monitoring data also show that the rates of earthquakes and uplift are evolving in
a predictable way with time, because they are both related to the on-going magma accumulation,
which causes the uplift, stresses the crust, and generates earthquakes. Eventually that increasing
stress will open a pathway for magma, which will lead to an eruption. This work seeks to
understand these processes so that we can better predict the behavior of Axial Seamount and
other active volcanoes.

1. Introduction

Axial Seamount is an active submarine volcano with a summit caldera at ~1500 m depth
and a base at ~2400 m, located about 500 km offshore Oregon, USA (Fig. 1). It is a basaltic
shield with a magma supply fed by the Cobb hotspot superimposed on the Juan de Fuca
spreading ridge (Embley et al., 1990; Chadwick et al., 2005). It has erupted three times in the
last 23 years: in 1998, 2011, and 2015 (Embley et al., 1999; Caress et al., 2012; Chadwick et al.,
2013; Chadwick et al., 2016; Clague et al., 2017; Clague et al., 2018) and is currently building to
its next eruption. It has by far the longest record of geodetic monitoring of any submarine
volcano, dating back to the early 1980s (Fox, 1990; 1993; Fox, 1999; Chadwick et al., 2006b;
Nooner and Chadwick, 2009; Chadwick et al., 2012; Nooner and Chadwick, 2016). This
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monitoring has been accomplished with various kinds of bottom pressure recorders (BPRs; also
known as absolute pressure gauges, or APGSs) that can be used as a proxy for depth to monitor
vertical movements of the seafloor.

The early years of monitoring at Axial were performed by autonomous, battery-powered
BPR instruments that were repeatedly deployed for 1-3 years at the time and then recovered.
Since 2000, campaign-style measurements have also been made every few years with a Mobile
Pressure Recorder (MPR) at an array of seafloor benchmarks with a remotely operated vehicle
(ROV) (Chadwick et al., 2006b; Nooner and Chadwick, 2009; Chadwick et al., 2012). Then in
late 2014, the Ocean Observatories Initiative’s (OOI) Regional Cabled Array (RCA) came on-
line, which provides power and bandwidth to a network of seafloor monitoring instruments at
Axial Seamount via a fiber-optic cable connected to shore, including 4 BPR/tilt instruments and
7 seismometers (Kelley et al., 2014). This enables continuous long-term monitoring with real-
time data from a diverse set of instrumentation. For example, the cabled observatory was in
place during the April 2015 eruption, providing an extraordinary inter-disciplinary dataset that
has been used to interpret that event in rich detail (Nooner and Chadwick, 2016; Wilcock et al.,
2016; Caplan-Auerbach et al., 2017; Clague et al., 2017; Clague et al., 2018; Levy et al., 2018;
Xu et al., 2018; Baillard et al., 2019; Hefner et al., 2020; Le Saout et al., 2020; Waldhauser et al.,
2020). Other datasets that provide valuable information on the crustal structure and magma
storage system beneath Axial Seamount were collected by a seismic tomography study (West et
al., 2001) and two multi-channel seismic reflection surveys, one 2-D survey performed in 2002
(Arnulf et al., 2014; Arnulf et al., 2018) and a 3-D survey in 2019 (Arnulf et al., 2019; Arnulf et
al., 2020), which have revealed the location and geometry of a large shallow magma reservoir
1.5-2.5 km below the caldera, and a series of deeper stacked sills from 2.5-4.5 km depth below
the southern caldera (Carbotte et al., 2020).

The geodetic monitoring has shown that the pattern of co-eruption deflation and inter-
eruption re-inflation at Axial Seamount appears to be fairly repeatable, which was used to
successfully forecast the 2015 eruption within a 1-year time window, seven months in advance
(Nooner and Chadwick, 2016; Cabaniss et al., 2020). Today, continuous geodetic monitoring at
Axial uses a combination of the 4 OOI-BPR/tilt instruments, 4 uncabled autonomous BPR
moorings, and 8 additional mini-BPRs that are deployed and recovered by an ROV on the MPR
benchmarks, in addition to the campaign-style MPR measurements every 2 years. In addition,
repeated bathymetric surveys by autonomous underwater vehicles (AUVs) have been used since
2011 to detect depth changes at lower resolution but over a larger area (Caress et al., 2015;
Caress et al., 2016; Nooner et al., 2017; Caress et al., 2020; Hefner et al., 2021).

Here, we present BPR time-series data during the re-inflation of the volcano since its
2015 eruption, focusing mainly on its temporal evolution and its relation to seismicity. The BPR
data show a slowing rate of inflation with time, and superimposed on that we identify 8 repeated
short-term deflation events between 2016-2019 that were co-incident with a sharp reduction in
the rate of seismicity (Natalie et al., 2018). The decrease in inflation rate reflects changes in the
magma supply to the volcano, which in turn have implications for eruption forecasting. Finally,
we show that the deformation and seismicity are tightly linked and are evolving with time as
predicted by a physical model of the changing proportion of elastic and inelastic deformation
during inter-eruption magma accumulation.
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2. Methods

The continuously-recording BPRs that we have used at Axial Seamount use pressure
sensors made by Paroscientific, Inc., and record every 15 or 100 sec in the uncabled instruments,
and at a rate of 20 Hz in the cabled instruments. For seafloor geodesy, the pressure data are first
converted to equivalent depth and are de-tided. To remove the tides, we subtract a predicted tide
model (Pawlowicz et al., 2002), which retains high-frequency information in the records that
may be of interest. The remaining signal has several non-geophysical sources of noise that have
to be accounted for: instrumental drift (up to ~20 cm/yr) (Polster et al., 2009), tidal residuals of
+5 cm at tidal frequencies, and non-tidal oceanographic signals (due to winds, atmospheric
pressure changes, ocean circulation, etc) of £5 cm at periods of days to weeks (Inazu et al., 2012;
Dobashi and Inazu, 2021).

Drift is not a significant problem for detecting short-term events (over days-weeks), such
as co-eruption deflation, but it is a major concern for measuring long-term inflation, because drift
can be of the same magnitude. To address the drift issue, we have used the ROV-based MPR
measurements to make surveys at an array of 10 seafloor benchmarks every 1-3 years, by using
one benchmark located 10 km south of the center of the caldera as a reference site (AX-105 in
Fig. 1, assumed to be stable) and computing the relative depths of the other benchmarks in or
near the caldera with a repeatability of £ 1 cm (Chadwick et al., 2006b; Nooner and Chadwick,
2009; Chadwick et al., 2012; Nooner and Chadwick, 2016). The MPR measurements can also
constrain the drift of any BPRs that are co-located at the benchmarks. For example, the MPR
data from 2015-2020 have shown that the OOI BPRs all have negligible drift rates (< 0.5 cm/yr).
All the BPR data presented in this paper are either drift-corrected or did not need correcting.
Other more recent approaches to quantifying BPR drift use modified sensors with a known
reference pressure to compare with the ambient pressure over time (Sasagawa et al., 2016; Cook
et al., 2019; Manalang et al., 2019; Sasagawa and Zumberge, 2021; Wilcock et al., 2021), some
of which are being tested at Axial, but we do not employ these methods here. However, these
self-calibrating BPRs could be used as a reference site for MPR measurements in the future.

The de-tided and drift-corrected BPR data are still overprinted with tidal residuals and
non-tidal oceanographic noise. In other settings, two approaches have been used to remove the
latter by either subtracting pressure variation predicted by a global ocean model (Inazu et al.,
2012; Muramoto et al., 2019; Dobashi and Inazu, 2021) or by subtracting the record of a nearby
BPR that is outside the zone of deformation but experiences nearly the same oceanographic noise
(Wallace et al., 2016; Fredrickson et al., 2019). For the BPR data from Axial, we have chosen to
subtract data from a reference BPR in one of two ways. For the OOI cabled BPR data, we
subtract data from the BPR with the smallest deformation signal (MJO3E) located on the east rim
of the caldera, from the BPR with the largest deformation signal (MJO3F) located at the center of
the caldera (Figs. 1 & 2). For non-cabled BPR data recorded on the MPR benchmarks, we use
data from benchmark AX-105 (farthest from the caldera) as a reference (Fig. 1). In either case,
this has the desired effect of removing most of the tidal and non-tidal oceanographic signals that
are common to both instruments, since they are located at similar depths only a few km apart.
This reduces the noise level from +5 to +1 cm and yields a differential BPR record that is a much
clearer representation of the geophysical signal in which we are interested (Fig. 2). Throughout
the rest of this paper, we will differentiate between differential BPR data, and data from a single-
station BPR. Both are valuable since the single-station BPR data provide information on
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seafloor deformation at specific sites, how it varies spatially, and can be modeled or used to
calculate magma supply rates, whereas the differential BPR data provide a clearer view of
temporal trends and changes in uplift rates. Experience has shown that the MJO3F-MJO3E
differential BPR uplift (the caldera center relative to the eastern caldera reference) is about 60%
of the single-station uplift measured at the caldera center BPR. Therefore multiplying the
MJO3F-MJO03E differential BPR data by 1.67 approximates the true uplift at the caldera center
(and without most of the oceanographic noise). Near-real-time data from single-station OOI
BPRs, and the MJO3F-MJO3E differential BPR time-series, are displayed at this web site:
https://www.pmel.noaa.gov/eoi/rsn/.

Below, we compare the BPR data since the 2015 eruption to the temporal and spatial
variations of earthquakes at Axial Seamount to gain insight into the magma supply and storage
system. The seismic data from the OOI seismometers are processed automatically to yield
histograms of the number of “volcano-tectonic” (VT) earthquakes with time and maps of their
epicenters (Wilcock et al., 2016; Wilcock et al., 2017; Wilcock et al., 2018). A near-real-time
catalog of the earthquake detections at Axial Seamount is available at this web site:
http://axial.ocean.washington.edu/.

3. Results

Figure 3 is a long-term plot of the single-station BPR record of inflation and deflation at
the center of Axial caldera. The plot shows co-eruption deflation of 2.5 to 3.2 m during the three
eruptions, and inter-eruption re-inflation at a rate that has varied significantly with time (10-100
cm/yr). It also shows that the deformation cycle is fairly repeatable, in that eruptions appear to
be triggered at a similar inflation threshold, but it is not exact. For example, the inflation
threshold reached before the 2015 eruption was 30 cm higher than the one reached in 2011.
Also, the exact relationship between the 1998 and 2011 inflation thresholds is unknown because
of the data gap between 1998-2000, but nevertheless this pattern can be used as an empirical
basis for forecasting the timing of future eruptions based simply on pattern recognition (Nooner
and Chadwick, 2016). Physics-based modeling in hindsight suggests that the repeatable pattern
may be due to a critical threshold of internal pressure required to cause magma reservoir failure
(Cabaniss et al., 2020).

We know from previous studies of the seismicity at Axial that the number of earthquakes
is very low immediately after an eruption for months to years, and it gradually increases with
time leading up to the next eruption (Dziak and Fox, 1999; Sohn et al., 1999; Sohn et al., 2004;
Dziak et al., 2012; Wilcock et al., 2016; Wilcock et al., 2018). For example, the peak earthquake
rate increased from several hundred to several thousand per day during the final 4 months before
the 2015 eruption, but then dropped to only a few tens per day after the eruption (Wilcock et al.,
2016). Most earthquakes at Axial are between magnitudes 0-2 (the magnitude of completeness
is ~0), and their mean moments do not change significantly with time between eruptions
(Wilcock et al., 2016; Wilcock et al., 2017; Tan et al., 2019), so we focus here on earthquake
counts vs. time. Most detected earthquakes occur within outwardly dipping fault zones beneath
the eastern and western sides of the caldera at depths of >2 km between the shallow magma
reservoir and the surface (Wilcock et al., 2016; Wilcock et al., 2018; Waldhauser et al., 2020).
Remarkably, the same faults appear to slip, but in different directions, during inflation (normal
slip) and deflation (reverse slip) (Levy et al., 2018). A few earthquakes also occur on the
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inwardly-dipping faults that define the caldera rim at the surface (Arnulf et al., 2018; Baillard et
al., 2019; Waldhauser et al., 2020), but these faults are largely aseismic presumably due to their
shallow depth. The overall geometry of the inwardly- and outwardly-dipping faults resembles
orientations found in analog experiments of caldera collapse (Roche et al., 2000; Acocella,
2007).

Figure 4a compares the record of re-inflation to the seismicity observed since the 2015
eruption. The plot shows that the seismicity at Axial remained at a very low level (~10 per day)
for several years, despite a relatively high rate of re-inflation right after the eruption (>100
cm/yr). Then in 2017 or early-2018, the rate of seismicity began to gradually increase, after the
volcano had recovered ~60% of the subsidence that occurred during the 2015 eruption. The rate
of seismicity rose to peaks of a few hundred events per day by mid-2019, but has been quite
variable since then (Fig. 4a).

We have identified eight “short-term deflation events” in the differential re-inflation data,
characterized by 1-4 cm of deflation over 1-3 weeks (Fig. 4b and Table 1). These occurred from
mid-2016 to mid-2019 and appeared to be quasi-periodic, occurring about every 4-6 months.
During each short-term deflation event, the level of seismicity dropped to low levels for about a
month. The close linkage between the rates of deformation and seismicity is most obvious in the
later deflation events when overall seismicity rates were higher. Figure 5a shows differential
BPR data over 3 months during the June 2018 deflation event (2.7 cm over 18 days), and Figure
5b is a histogram of earthquakes per day over the same time period, showing that the number of
earthquakes dropped to low levels during the deflation event and did not return to higher levels
until the volcano had re-inflated near the level it was at when the deflation event began. All the
other short-term deflation events display a similar pattern (see Supporting Information), except
the last one in May 2019. Figures 5¢ and 5d show differential BPR data and a histogram of
seismicity for that event (2.4 cm of deflation over 16 days), which was different in that it was
followed by 2 months of no inflation in the differential BPR record while the level of seismicity
remained low. When re-inflation resumed it was at a distinctly slower rate than before the event.

4. Discussion

4.1. Possible causes of the short-term deflation events

We consider two possible mechanisms to explain the short-term deflation events. The
multichannel-seismic reflection data show that the magma storage system at Axial Seamount
consists of a shallow magma reservoir about 1.5-2.5 km beneath the seafloor, underlain by a
series of stacked sills that apparently feed magma upward (Arnulf et al., 2014; Arnulf et al.,
2018; Carbotte et al., 2020). Specifically, Carbotte et al. (2020) infer that melt ascends through
the stacked sills by porous flow and that the melt-rich layers form by mush compaction in a
viscoelastic matrix. Building on the conceptual model developed by Nooner and Chadwick
(2009), Figure 6a depicts an interpretive cross-section in which inter-eruption inflation is
occurring as magma is supplied upward through the sill complex to the shallow magma
reservoir. This increases the pressure in the shallow reservoir, which causes inflation, increases
the stress in the overlying crust, and generates earthquakes on the caldera-related faults.
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One hypothesis for the short-term deflation events is that they could be caused by magma
moving laterally out of the shallow magma reservoir beneath the caldera, either into one of the
rift zones or perhaps into a satellite reservoir (Fig. 6b) such as the one imaged seismically ~8 km
to the east of the caldera (Arnulf et al., 2014; Arnulf et al., 2018). This would reduce the
pressure in the main reservoir, cause deflation, and effectively turn off the earthquakes in the
caldera. If this were happening we might see some evidence of where the magma was moving,
such as inflation occurring somewhere outside the caldera or possibly earthquakes along the
magma path or surrounding the satellite reservoir (Fig. 6b).

Expanding on the work of Sawyer et al. (2019; 2020), we examine data recorded by 9
cabled and non-cabled BPR instruments throughout the caldera during the June 2018 short-term
deflation event, using a 10th BPR record from the southern-most MPR benchmark (AX-105) as a
reference to create differential BPR records that better isolate the geodetic signal (Fig. 7a).

These data show that all the BPRs recorded subsidence during the short-term deflation event,
confirming that its spatial extent covered the entire caldera (Figs. 1 and 7b). Modeling the
subsidence following Sawyer et al. (2019; 2020), gives a best-fit solution (Figs. 7b, c) similar to
the deformation model of Nooner and Chadwick (2016), a steeply dipping prolate spheroid
located near the eastern rim of the caldera (the latter based on the much larger co-eruption
deflation measured between 2013-2015). This shows that the deformation source during the
June 2018 short-term deflation event was similar to that observed at other times (during both
inflation and deflation), suggesting that the deflation events are not due to local redistribution of
magma within the subcaldera reservoir. There is no evidence for inflation occurring outside the
caldera during the short-term deflation events, although we have few observations there and none
over the eastern satellite body.

The spatial pattern of seismicity does not change markedly during the short-term
deflation events. Figure 8a is a map of earthquake epicenters from the catalog of Wilcock et al.
(2017) during the 3 weeks before the June 2018 deflation event, and Figure 8b is a similar map
during the following 3-weeks of deflation. Comparing the two shows that the seismicity is in
essentially the same pattern, but there are just fewer earthquakes during the deflation event.
Similarly, Figure 8c shows the earthquakes during the following month after the deflation event
had ended and the volcano was re-inflatingl, and Figure 8d shows the pattern of earthquakes after
the volcano had re-inflated beyond the previous level and a higher level of seismicity had
resumed. Again, the spatial distribution of earthquakes is similar during the two time periods.
The pattern of seismicity during the other short-term deflation events is similar (see Supporting
Information). These observations do not support or refute the hypothesis of lateral magma
movement out of the subcaldera reservoir, but require that it occurs aseismically if it is
happening.

An alternative hypothesis is that the supply of magma to the shallow reservoir is
temporarily interrupted during these short-term deflation events (Fig. 6¢). During the time that
the supply stops, the viscoelastic region surrounding the reservoir relaxes, outwardly directed
porous flow from the shallow reservoir reduces its internal pressure, which leads to deflation and
a drop in the stresses driving the seismicity. This idea perhaps seems more likely during a period
when the rate of inflation (and magma supply) are decreasing, whereas the first hypothesis might
be more likely during a period of increasing inflation and magma supply rate. However, the
observed rate of subsidence during the short-term deflation events (~50 cm/yr) seems higher than
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one might expect for a viscoelastic relaxation mechanism, and it does not appear to decrease
exponentially which also might be expected. Therefore, we do not have enough clear evidence
to favor one hypothesis over the other, and conclude that more observational data and perhaps
viscoelastic modeling is needed to resolve this question. Similar short-term deflation events
were observed at Kilauea volcano, Hawaii, between at least 2000-2013 and are interpreted as
pressure transients in a shallow magma reservoir (Anderson et al., 2015), but their underlying
cause is ambiguous (Anderson et al., 2020).

4.2. The May 2019 short-term deflation event and changes in inflation rate

Compared with previous short-term deflation events, the May 2019 episode was different
in that it was followed by 2 months of no inflation while the seismicity remained low (Figs. 5¢ &
d). This time period without inflation or deflation could be interpreted as either a period of no
magma supply, or a period when the magma supply had resumed but at such a low rate that it
approximately counterbalanced the rate of viscoelastic relaxation or porous flow out of the
magma reservoir into the surrounding crystal mush (Fig. 6). In any case, the May 2019 event
also marked a distinct decrease in the long-term rate of inflation. This is shown in Figure 9 in
which the average rate of corrected differential uplift is calculated for each interval between the
8 short-term deflation events, and also for two (somewhat arbitrary) time periods before and after
them. A case can be made that the average rate of uplift also changed to a lesser extent between
some of the other short-term deflation events. Another major decrease in uplift rate occurred
around August-September 2020 when there was no obvious deflation event but there was a
distinct decrease in the rate of seismicity (Fig. 4a).

Figure 9 shows that right after the 2015 eruption, the rate of re-inflation was relatively
high, an average of 103 cm/yr between May 2015 and January 2016, but was already decreasing.
The rate continued to decrease between January 2016 and May 2019, when the average rate was
between 35-55 cm/yr. Then after May 2019, the rate decreased further by about half to 19 cm/yr,
and it decreased by more than half again to only 7 cm/yr between August 2020 and August 2021.

We interpret that the decreasing rate of uplift reflects a sharply waning magma supply,
and the short-term deflation events observed between 2016-2020 may be a consequence of this
waning supply. Perhaps when the driving pressure that feeds magma upward through the
stacked sills to the shallow reservoir wanes, it can be temporarily insufficient to keep the
conduits open that transport magma upwards, such that they close until the driving pressure
builds again to re-open them and a new equilibrium supply rate is re-established. This idea is
more consistent with the second of the hypotheses presented in Section 4.1 above. If true, this
re-equilibration process occurred repeatedly during the time period when the deflation events
were occurring and the magma supply rate was waning.

Since May 2019, we have not identified any other obvious short-term deflation events in
the differential BPR record (Figs. 4a & 9). Why did they stop? Perhaps the magma supply rate
stabilized at a new lower level and so the temporary interruptions associated with the decreasing
rate of supply stopped. Another question is whether any short-term deflation events were
observed before 2015. None are obvious, but this could be because we did not have the
capability to create an effective differential BPR record before 2014 when the OOI-RCA was
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deployed, because all the non-cabled BPRs were located too close to one another to provide an
adequate reference (their rates of inflation were not different enough from each other).

4.3. The long-term inflation record and changes in magma supply with time

The long-term variation in uplift rate at the center of the caldera from 1997- 2021 is
shown in Figure 10, using both the corrected differential BPR record since 2014, and the single-
station BPR record extending back to 1997. Figure 10a shows the variation in the uplift rate
since the 2015 eruption, calculated from the corrected differential BPR record, averaged over
time windows of 1 month, 3 months, 6 months, and 1 year. Overall, it is clear that the rate of
uplift has been decreasing sharply since the 2015 eruption. The arrows in Figure 10a show the 8
identified short-term deflation events, which are visible as dips in the uplift rate in the 1-month
average curve. The 1-year average curve shows longer-term trends, including a rapid decrease in
uplift rate in the first 2 years after the 2015 eruption, followed by 2 years of a relatively steady
rate until May 2019, when the rate suddenly decreased and it has been on a downward trend
since then.

Figure 10b compares the uplift rate calculated using the corrected differential BPR record
vs. the single-station BPR data, both averaged over a 1-year moving time window, showing good
agreement between the two. This confirms that our correction factor for the differential rates
(multiplying by 1.67 to estimate true uplift at the caldera center) is valid and enables comparison
of rates derived from the longer single-station BPR record. We speculate that the apparently
higher uplift rates in the fall/winter of each year in the single-station curve in Figure 10b may be
seasonal oceanographic effects that are removed from the differential record. Among the
possible processes contributing to the seasonal signal in the single-station BPR data are stronger
wind-forced bottom currents flowing over the sensors in winter vs. summer (the Bernoulli effect)
(Thomson et al., 1990), dynamic air-pressure forcing by Rossby—Haurwitz surface waves that
may have seasonal amplitude cycles (Thomson and Fine, 2021), and pronounced seasonal shifts
in circulation and water masses of the California Current System (Hickey, 1979; Lynn and
Simpson, 1987; Hickey, 1989).

Figure 10c shows the longer-term variation in uplift rate from 1997-2022, derived from
the single-station BPR record, again averaged over a 1-year moving time window (blue curve).
Of course, the rates would be higher if averaged over a shorter time window. For example, the
large co-eruption deflations (which only last 1-4 weeks) effectively drown out higher rates of
inflation both before and after eruptions with a 1-year averaging window. Nevertheless, Figure
10c shows that the 1-year averaged uplift rate has varied from <10 to >80 cm/yr since 1997, with
the highest rates between the 2011 and 2015 eruptions.

Each centimeter of uplift can be associated with the addition of 1.3 x 10° m® of magma
into the shallow reservoir, based on the best-fit deformation model of Nooner and Chadwick
(2016) (see Supporting Information). While these calculated supply rates are highly dependent
on the deformation model, they provide a quantitative illustration of how much the supply has
changed with time. The red curve in Figure 10c shows that the magma supply rate was relatively
high after the 1998 eruption (30-60 x 10° m*/yr), it decreased until it reached a low in 2005 (<10
x 10° m®/yr), then it gradually increased again leading up to the 2011 eruption (20-30 x 10°
m3/yr). After the 2011 eruption, the rate was substantially higher (55-100 x 10° m®/yr) and even
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increased leading up to the 2015 eruption. Since then, the rate has decreased rapidly as
discussed above.

Looking at this long-term view, it becomes clear that there was a surge in the magma
supply rate to Axial between the 2011 and 2015 eruptions. This would explain why those two
eruptions were so close together in time (Chadwick et al., 2016), and shows that the eruption
recurrence interval at Axial depends strongly on the underlying rate of magma supply (Nooner
and Chadwick, 2016). Figure 10c also shows that the recent decrease in rates is similar to the
post-1998 eruption time period. The overall long-term pattern approximates a sinusoidal curve
of decreasing and increasing rates with a wavelength of about a decade, and a magma supply
amplitude that varies by about an order of magnitude (from <10 x 10° m*/yr to >100 x 10°
m?>/yr). This raises the possibility that the current relatively low magma supply rate will turn
around and start increasing again in the coming years.

4.4. Implications for eruption forecasting

The waning magma supply has implications for eruption forecasting (based solely on
pattern recognition and the assumption of a critical level of inflation/pressure). Because the
eruptions at Axial Seamount appear to be “inflation-predictable” (Nooner and Chadwick, 2016)
and there are no negative consequences for false alarms since no humans live nearby, we have
been experimenting with various methods for extrapolating the rate of inflation into the future to
aid in eruption forecasting. The method that currently seems the most robust is to use the
differential OOI-BPR uplift rate averaged over the previous 6 months to extrapolate into the
future (Fig. 11a). From that, we calculate the date that the volcano will reach the 2015 inflation
threshold, and the date for a level of inflation 20 cm higher (since the 2015 eruption was
triggered at a single-station level 30 cm higher than the 2011 eruption, and the differential
inflation values are about 2/3 of the single-station values). Using continuous real-time data from
the OOI cabled observatory, we make these extrapolations once a day, so they vary with time,
depending on the recent inflation rate. Figure 11b shows a histogram of the predicted dates that
Axial would reach the 2015 inflation threshold, made daily since the 2015 eruption, color-coded
as a function of time. This shows that as the rate of inflation slowed with time, the predicted
date when the volcano would reach the 2015 inflation threshold has moved farther into the
future. Another way of showing this is in Figure 11c, in which the predicted date of reaching the
2015 threshold (on the y-axis) is plotted against the date that the prediction was made (on the x-
axis). The blue curve is for the 2015 threshold and the purple curve is for an inflation level 20
cm higher. Both Figures 11b and 11c show that the predicted dates were earlier than 2020 from
the end of 2015 until mid-2016 when the rate of re-inflation was high. Then as the rate of re-
inflation stabilized at a lower level, the predicted dates moved into the 2020-2022 range from
mid-2016 to mid-2019. The undulations in the curves in Figure 11c during this interval are due
to the short-term deflation events, each of which temporarily moved the predicted dates forward
in time. The May 2019 short-term deflation event caused a major perturbation, moving the
predicted dates far into the future temporarily (shown by the spike in predicted dates in Fig. 11c),
when the inflation rate approached zero. Afterwards, the predicted dates settled down in the
2022-2024 range between mid-2019 to late-2020, due to the lower inflation rate after May 2019.
Then after August 2020, the predicted dates moved sharply into the future again as the inflation
rate slowed further. Similar plots are updated daily with the latest OOI-BPR data at this URL.:
https://www.pmel.noaa.gov/eoi/rsn/Forecasts4.html.
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We have used this information to make subjective eruption forecast windows that are
periodically revised based on the latest data. A blog of our eruption forecast efforts is kept at
this URL: https://www.pmel.noaa.gov/eoi/axial_blog.html. In addition, we might expect the
next eruption to require a somewhat higher inflation threshold (and magmatic pressure), because
the historical eruptions at Axial have intruded dikes in both rift zones, and it may take some time
for plate spreading to increase the extensional stresses along the rifts again. In any case, because
of the real-time geodetic and seismic data available from the OOI-RCA, we can continually
adjust the eruption forecast outlook, as rates of inflation and seismicity change. For now, the
next eruption appears to be at least 4 years away, consistent with the current relatively low rates
of seismicity (Fig. 12a), compared to the rates observed just before the 2015 eruption (Fig. 12b).
Therefore, the interval between the 2015 eruption and the next one will likely be more like the
13-year interval between the 1998-2011 eruptions, than the 4-year interval between the 2011-
2015 eruptions.

4.5. Changes in magma supply at other basaltic volcanoes

The reason that the shallow magma supply at Axial Seamount has varied with time
presumably reflects changes in the deep supply from the mantle source region. Similar volcanic
settings where continuous inflation data over several decades can be used to quantify a varying
magma supply rate are somewhat rare. Kilauea volcano, Hawalii, is one example where Poland
et al. (2012) showed that the rate of magma supply approximately doubled between 2003-2007,
from 0.11 to at least 0.19 km*/yr, during a time when the volcano was erupting continuously.
They interpreted that the surge originated in the mantle and showed how it was manifested at the
surface by changes in eruption rate, gas emission, seismicity, and deformation. While the pre-
surge magma supply rate at Axial is about an order of magnitude lower than at Kilauea, the
relative magnitude of the surge at Axial was greater than at Kilauea (~10 times larger vs. ~2
times larger), and during Axial’s recent surge the magma supply approached Kilauea’s
background rate.

Another basaltic hotspot volcano with a well-documented long-term inflation record and
demonstrated variations in magma supply is Sierra Negra volcano in the Galapagos. Here,
deformation monitoring since 1992 by InSAR, campaign-GPS, and continuous-GPS shows that
inflation rates have varied considerably over several decades. After 8 years of inflation between
1992-1999, several years of little or no inflation followed in 1999-2003, which gave way to a
period of rapidly accelerating uplift that led up to the 2005 eruption, eventually amounting to ~5
m of uplift since 1992 (Chadwick et al., 2006a; Geist et al., 2008). Following 5.4 m of co-
eruption deflation in 2005 (Yun et al., 2007), Sierra Negra re-inflated more than 6.5 m before its
next eruption in 2018 (Vasconez et al., 2018; Bell et al., 2021a; Bell et al., 2021b). This time,
the inter-eruption period included five distinct time periods with varying rates of inflation or
minor deflation (Bell et al., 2021a; Bell et al., 2021b). The surface deformation at Sierra Negra
is best fit by increased pressure in a sill-like shallow magma reservoir 2 km below the caldera
floor (Amelung et al., 2000; Chadwick et al., 2006a; Yun et al., 2006; Jonsson, 2009). However,
geobarometric analyses from the 2018 lavas suggest there is a second reservoir at 7.5 km depth
(Bell et al., 2021a). Thus, the varying rates of inflation can be interpreted as variations in
pressure (and supply) between the shallow and deeper reservoirs (Bell et al., 2021b).
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Piton de la Fournaise is another intraplate basaltic hotspot volcano on the island of
Reunion in the Indian Ocean where long-term inflation/deflation has been observed over
multiple eruption cycles. Peltier et al. (2008) presented monitoring data from a very active period
in 2004-2006 that included 6 eruptions. The volcano inflated between some of these eruptions,
but at varying rates, and some inflation episodes were separated by periods of minor deflation.
The source of the deformation was modeled as a single source at a depth of ~2.3 km below the
summit (Peltier et al., 2008). They interpreted these as cycles of magma supply into and out of
the shallow reservoir from a deeper reservoir below, with a quasi-continuous (but varying)
magma supply. Over a longer time period, a review of monitoring data since 1972 by Peltier et
al. (2009) suggests that the magma supply from the mantle has been more intermittent with
periods of no significant inflation separating periods of active recharge with multiple eruption
cycles, and a more regular supply since 2000.

These examples show that magma supply at oceanic basaltic volcanoes influenced by
hotspots can change significantly over time periods of months to years and that such changes
(both increases and decreases) are common. With this perspective, the variations we have
documented at Axial Seamount are not unusual, and we should perhaps expect to see the magma
supply rate increase again before its next eruption.

4.6. Relationship between deformation and seismicity

Building on the work of Voight (1988), Kilburn (2012; 2018) developed a rock-
mechanics based physical model to explain how surface uplift and elevated seismicity co-vary
with time between eruptions at closed-system caldera-volcanoes. In the model, seismicity and
uplift are viewed as proxies for the inelastic and total deformation of a crust, respectively, and
the inelastic deformation is accommodated on a dispersed population of small faults. The model
predicts that the rate of seismicity depends on both the uplift rate and the total uplift during an
eruption cycle, as a volcano evolves through elastic, quasi-elastic, and inelastic deformation
regimes (Kilburn, 2018; Bell et al., 2021b). In the elastic and early quasi-elastic regimes at the
beginning of a cycle, the rate of seismicity is low even though the rate of uplift can be high,
because the cumulative deformation and crustal stress state are low (after stress relaxation during
the previous eruption). As the total uplift accumulates during re-inflation and differential
stresses increase, the model predicts that the number of earthquakes per unit of uplift should
increase exponentially with total uplift in the quasi-elastic regime, as small fault patches become
progressively stressed and begin to accommodate some of the deformation. The seismicity
represents the small but growing component of inelastic deformation and damage accumulation
in the crust. Once a critical stress threshold is reached, the deformation enters an inelastic
regime in which most of the deformation is accommodated by brittle failure and fault slip, and
both the rate of earthquakes and deformation may increase hyperbolically, leading to failure in
the shallow crust between the magma reservoir and the surface, producing an eruption.
However, in some cases, a period of constant-rate seismicity and deformation occurs before, or
instead of, the hyperbolic phase in the inelastic regime (Kilburn, 2018; Bell et al., 2021b).

This elastic-to-brittle physical model has been successfully applied to explain inter-
eruption monitoring data at a variety of basaltic caldera volcanoes, including Kilauea, Hawaii
(Bell and Kilburn, 2012) and Sierra Negra, Galapagos (Bell et al., 2021b), as well as at silicic
calderas with long and complex periods of unrest, such as Rabaul, Papua New Guinea
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(Robertson and Kilburn, 2016) and Campi Flegrei, Italy (Kilburn et al., 2017). As seen in the
previous section, the behavior of Sierra Negra in particular (Bell et al., 2021b) has many parallels
to Axial Seamount, and the elastic-to-brittle model appears to fit the observations at both
volcanoes quite well. At both volcanoes, there appears to be little or no elastic phase and instead
an eruption cycle starts right into the quasi-elastic phase with seismicity accompanying
deformation.

Figure 13a shows the cumulative number of earthquakes as a function of total uplift at
Axial Seamount since the 2015 eruption. In the first few years, the number of earthquakes per
unit uplift was low but it has gradually increased with time such that the cumulative earthquakes
to total uplift curve fits an exponential trend rather well (Figure 13a), as predicted by the quasi-
elastic phase of Kilburn (2018). The increasing number of earthquakes represent an increasing
proportion of the deformation being accommodated by inelastic deformation, although the bulk
of the deformation remains elastic and slip on the caldera faults is still a minor contributor to the
overall strain. Another way of showing this is a plot of the number of earthquakes per meter of
uplift since the 2015 eruption, which also follows an exponential relationship (Fig. 13b).
Seismicity rate is an effective proxy for inelastic strain at Axial because it is dominated by small-
magnitude earthquakes and larger events are rare.

At Sierra Negra volcano, Bell et al. (2021b) showed similar relationships between
seismicity and deformation between its 2005 and 2018 eruptions. However, in addition they
found that in the final 6 months before the 2018 eruption, the number of earthquakes per unit of
uplift stopped following an exponential trend and changed to a constant linear trend instead.
This was interpreted as the end of the quasi-elastic phase and the beginning of the steady-
inelastic phase of Kilburn (2018), when the differential stress reached a critical failure value.
We may see a similar pattern before the 2015 eruption at Axial Seamount, but it is less obvious.
Figures 13c and 13d show the cumulative number of earthquakes vs. total uplift in the final 5
months before the 2015 eruption (note that the totals only reflect the number of earthquakes and
the amount of uplift after 16 November 2014, when the seismometers on the OOI cabled
observatory became operational). It is ambiguous whether the curve follows an exponential
pattern all the way up to the eruption (Fig. 13c), or whether it is exponential until around 12
March 2015 and then becomes linear during the final 1.5 months before the eruption (Fig. 13d).
The data can be reasonably fit either way, perhaps because of the limited time period. Before the
next eruption at Axial, it may be more evident whether a shift from exponential to linear occurs,
because we will have monitoring data over an entire eruption cycle for the first time. Such a
transition may signal that the crust surrounding the magma reservoir is becoming critically
stressed and is approaching failure (Cabaniss et al., 2020).

The elastic-to-brittle physical model also provides another potential method for
forecasting the timing of the next eruption at Axial Seamount. The current rate of earthquakes
per meter of uplift is ~1.7 x 10> m™ (Fig. 13b), which is about 17% of the rate of ~10° m™ seen in
the 6 weeks prior to the 2015 eruption (Fig. 13d). Assuming a similar threshold for the rate of
earthquakes with uplift for the next eruption, the exponential model in Figure 13a would predict
that Axial will erupt again when the corrected differential uplift reaches ~2.8 m, or ~0.7 m above
its current level of ~2.1 m (Fig. 9). Since the 2015 eruption was triggered when the corrected
differential uplift was ~2.4 m, that inflation threshold would be ~0.4 m higher than for the 2015
eruption, similar to the 0.3 m higher threshold in 2015 compared to 2011. Given that the current
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rate of inflation is only ~7 cm/yr, this prediction is also consistent with the inference above that
the next eruption is still years away.

The model of Kilburn (2018) helps explain how a low rate of seismicity can accompany a
high rate of post-eruption uplift early in Axial’s inter-eruption cycle, and yet later in the cycle a
lower rate of uplift is associated with a higher rate of seismicity (because the total uplift,
accumulated strain, and differential stress are all higher). It also successfully predicts that the
number of earthquakes per unit of uplift during the inter-eruption period increases exponentially
with total uplift. Continued monitoring will show whether pattern recognition and a repeatable
critical inflation threshold continues to be an effective way to forecast eruptions at Axial
Seamount, or whether changes in the trends of earthquakes per unit of uplift may be a better way
to anticipate the timing of failure around the shallow magma reservoir as a precursor to eruption.

5. Conclusions

As of mid-2021, Axial Seamount has re-inflated 85-90% of the deflation it experienced
during its last eruption in 2015. However, the long-term rate of inflation has been gradually
decreasing since 2015. By using differential BPR data (subtracting data from a reference station
to remove oceanographic noise and enhance the geodetic signal), we identified 8 repeated short-
term deflation events between August 2016 and May 2019, each associated with a simultaneous
drop in seismicity, and some with changes in the average inflation rate. We interpret these as
either small movements of magma out of the shallow reservoir or interruptions to the magma
supply that may be a consequence of a waning supply from the mantle since the 2015 eruption.
The long-term geodetic record suggests that variations in the magma supply rate of about an
order of magnitude occur at Axial over decadal time scales, and the current supply rate is ~10
times less than a surge that fed the closely-spaced 2011 and 2015 eruptions. This variation of
magma supply from depth over a period of years appears to be common at other basaltic hotspot-
influenced volcanoes, and we should anticipate further changes. The decrease in inflation rate
since the 2015 eruption has implications for eruption forecasting and our current forecast
window is wide and poorly constrained, between 2025-2030, but could change as the rate of
inflation continues to vary. This shows that the eruption recurrence interval at Axial strongly
depends on the magma supply rate, and that the interval between Axial’s last and next eruptions
is likely to be closer to the 13 years between 1998-2011, rather than the 4 years between 2011-
2015.

The rates of seismicity and deformation since the 2015 eruption at Axial show that they
are tightly linked and co-vary such that the cumulative number of earthquakes increases
exponentially with total uplift, due to the increase of differential stress in the crust overlying the
shallow magma reservoir caused by magma accumulation. The data are consistent with a
physical model of cumulative damage in the crust at volcanoes undergoing inter-eruption re-
inflation that increases the component of inelastic deformation with time (the seismicity relative
to the total uplift) until a critical overpressure threshold is reached that triggers tensile failure at
the margin of the reservoir, culminating in dike propagation and eruption at the surface.
Extrapolating the current earthquake rates based on the exponential relationship to total uplift
and comparison to the 2015 eruption provides another basis for eruption forecasting. Real-time
monitoring data from the OOI cabled observatory at Axial will allow us to compare the
effectiveness of eruption forecasts based on the repeating pattern of deformation alone, the
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exponential model of earthquake rates to total uplift, and recognizing a transition from
exponential to linear in the trend of earthquakes to total uplift that may signal imminent failure in
the crust between the shallow magma reservoir and the surface. In sum, Axial Seamount
continues to serve as an outstanding natural laboratory for better understanding the active
volcanic processes that lead to eruptions.
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Table 1. Axial Seamount short-term deflation events identified since the 2015 eruption

Differential
-BPR
Short-term Date reinflated  deflation Deflation
Deflation  Start of End of deflation to previous amplitude duration
Event ID deflation event event level (cm) (days)
Aug 2016  24-Aug-2016  14-Sep-2016 28-Sep-2016 1.0 21
Feb 2017  5-Feb-2017 12-Feb-2017 1-Mar-2017 1.2 7
Jul 2017 20-Jul-2017 25-Jul-2017 2-Aug-2017 0.7 5
Dec 2017  18-Dec-2017 5-Jan-2018 4-Feb-2018 2.3 18
Jun 2018 14-Jun-2018 2-Jul-2018 1-Aug-2018 2.7 18
Oct 2018  8-Oct-2018 20-Oct-2018 31-Oct-2018 0.7 12
Dec 2018  19-Dec-2018  4-Jan-2019 11-Jan-2019 0.7 26
May 2019 10-May-2019 26-May-2019* 5-Sep-2019 2.4 16

* Reinflation after the May 2019 deflation event didn’t start until 22-Jul-2019, ~2 months after
deflation stopped.
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Figure Captions

Figure 1. Bathymetric map of the summit caldera of Axial Seamount showing network of
Bottom Pressure Recorders (BPR) that were on the seafloor in June 2018 (colored dots). Red
dots are BPRs connected to the OOI Cabled Observatory, blue dots are moored-BPRs, and green
dots are mini-BPRs deployed on seafloor benchmarks (white dots) where campaign-style MPR
measurements are made. Differential BPR records are created by subtracting OOI-BPR MJ0O3E
(Eastern Caldera) from MJO3F (Central Caldera), or by subtracting the mini-BPR record at
benchmark AX-105 (the MPR reference station) from the others. Black and white outlines are
lava flows erupted in 2011 and 2015, respectively. Black squares are OOl seismometers.

Figure 2. Comparison of de-tided single-station BPR data with differential BPR data. (a) Three
months of de-tided data from OOI-BPR-MJO3F at the Central Caldera, overprinted with higher-
frequency tidal residuals and lower-frequency non-tidal oceanographic noise. (b) De-tided data
from OOI-BPR-MJO3E at the Eastern Caldera over the same time period, showing a similar
pattern of noise. (c) Differential BPR record over the same time period, created by subtracting
(b) from (a), which removes the common sources of noise and makes the geodetic signal much
clearer. All 3 plots have the same scale on the y-axis (20 cm). The OOI-BPRs at MJO3F and
MJO3E consistently have the largest and smallest vertical movements, respectively, so their
differential record best isolates the geodetic signal. Locations of BPRs are shown in Figure 1.

Figure 3. Long-term single-station BPR record from the Central Caldera (near MJO3F and AX-
101 in Figure 1) showing vertical movements of the seafloor over time. The blue curve is BPR
data from multiple non-cabled instruments before 2017 and from OOI-BPR MJO3F since 2017.
Purple dots are MPR data used to tie multiple records together and to remove drift from the BPR
data. Note that the relative displacement across the data gap between 1998-2000 is unknown.
Plot shows the major short-term deflation during eruptions in 1998, 2011, and 2015 and long-
term re-inflation between eruptions at variable rates. The overall deformation cycle appears to
be inflation-predictable, which can be used to forecast eruptions.

Figure 4. Plots of differential OOI-BPR data (blue curves) over histograms of the number of
earthquakes per day (black bars) showing how deformation and seismicity have co-varied. (a)
All data since the 2015 eruption. (b) Data between mid-2016 to 2020, with the start times of the
eight identified short-term deflation events shown by vertical red lines (June 2018 event, shown
in more detail in Figure 5, is labeled). Grey vertical stripes show times when no seismic data are
available from the Wilcock et al. (2017) catalog (including 3-week period of a multi-channel
seismic survey in August 2019). Differential BPR data are uncorrected.

Figure 5. Deformation and seismic data during the June 2018 and May 2019 short-term deflation
events. (a) Uncorrected differential BPR data over 3 months from 10 May to 10 August 2018.
Dark-blue curve is data sub-sampled to every 15 minutes; light-blue curve is data averaged over
1-day windows. Vertical red lines show the times when deflation started, ended, and when re-
inflation reached the previous level. (b) Histogram of the number of earthquakes per day over
the same time interval as in (a). Comparing the two plots shows that the seismicity sharply
decreased during the short-term deflation event and did not increase again until re-inflation
neared the previous level. (c) Uncorrected differential BPR data over 6 months from 10 April to
10 October in 2019. (d) Histogram of earthquakes during same time period as in (c). Grey bars
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show periods when seismic data are unavailable. Note period of 2 months following the end of
the May 2019 deflation event with no inflation or deflation when seismicity remained low.
Similar records for the other short-term deflation events are provided in the Supporting
Information.

Figure 6. Cartoon illustrating two possible hypotheses to explain the short-term deflation events
at Axial Seamount. (a) Idealized cross-section showing shallow magma reservoir and underlying
stacked sills within a viscoelastic region of partial melt (modified from Nooner and Chadwick
(2009), and based on results from Arnulf et al. (2018), and Carbotte et al. (2020)). During re-
inflation, magma is supplied upward through the stacked sills to the shallow reservoir, where
increasing pressure causes uplift (elastic deformation) and earthquakes (inelastic deformation) in
the overlying crust. (b) One hypothesis for the short-term deflation events is that magma is
transferred laterally to a satellite reservoir, which would cause deflation and a reduction in
seismicity in the caldera, but might be expected to cause uplift and increased seismicity
elsewhere. (c) An alternative hypothesis is that the deep supply of magma is temporarily
interrupted and the deflation is due to viscoelastic relaxation and porous flow out of the shallow
magma reservoir into its surroundings. See text for discussion.

Figure 7. Differential BPR records from 9 sites during the June 2018 short-term deflation event,
created using the data from the mini-BPR at benchmark AX-105 as a reference (see Figure 1 for
locations). (a) Each BPR record has had a mean depth subtracted so they can be plotted together.
Avrbitrary offsets were added to aid visibility and the data smoothed with a running average. The
vertical dashed lines show the start and end of the short-term deflation event in the records. (b)
Comparison of vertical displacements from the best-fit deformation model (in blue) with data (in
red) in map view (black line is caldera outline; yellow dot is model centroid). (c) Comparison of
best-fit model (in blue) and data (in red) in plot of vertical displacement vs. radial distance from
the model centroid. Best-fit prolate spheroid deformation model (YYang et al., 1988; Battaglia et
al., 2013) for this event has a major axis dipping at 74° in the direction of 338°, with major and
minor axes of 650 m and 46 m, respectively, and a depth to center of 3.7 km, similar to the best-
fit source of Nooner and Chadwick (2016). The model reduced chi-squared is 1.7 and the
standard deviation of residuals is 1.82 mm.

Figure 8. Maps of earthquake epicenters detected before, during, and after the June 2018 short-
term deflation event, color-coded by depth (see legend), showing that the spatial pattern of
seismicity did not change during the event. (a) Earthquakes from the 24 days before the
deflation event (21 May-14 June). (b) Earthquakes from the 18 days during the deflation event
(14 June-02 July). (c) Earthquakes during the next 30 days of re-inflation (02 July-01 August).
(d) Earthquakes during the next 24 days after the level of re-inflation had returned to its previous
high and higher seismicity resumed (01-25 August). Arcuate outline is caldera rim, dashed
outline is deep stacked sills from Carbotte et al. (2020), “+” symbol is approximate center of
sills, X’s are centroids of best-fit deformation models of Nooner and Chadwick (2016) at right
and Hefner et al. (2020) at left, black squares are OOl seismometer locations, light- and dark-
grey areas are lava flows erupted in 2011 and 2015, respectively. Similar maps for the other
short-term deflation events are provided in the Supporting Information.

Figure 9. Plot of differential BPR data (OOI-BPR-MJ03F-E) from the 2015 eruption to the
present, corrected to approximate uplift at the single-station uplift at the caldera center by
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multiplying by 1.67. Dark-blue curve is data sub-sampled to every 15 minutes; light-blue curve
is data averaged over 1-day windows. Overlain in red are average rates of uplift between (not
including) each of the short-term deflation events (vertical red lines), and between other
somewhat arbitrary times of apparent rate changes (vertical dashed lines). Note minor changes
in rates between some short-term deflation events and major changes in rates in May 2019 and
around August 2020.

Figure 10. Variation of average rate of uplift at the caldera center and magma supply rate over
time. (a) Plot showing variation in uplift rate since the 2015 eruption, derived from the
differential BPR record (OOI-BPR-MJO3F-E), averaged over different time periods (1 month in
light-blue, 3 months in light-green, 6 months in red, and 1 year in blue). Differential BPR data
are corrected to approximate the single-station uplift at the caldera center by multiplying by 1.67.
Arrows show the 8 identified short-term deflation events visible as dips in the uplift rate in the 1-
month average curve (light-blue). (b) Plot comparing uplift rate averaged over a 1 year time
window using the corrected differential BPR record (in blue) to the single-station BPR data (in
red), showing good agreement. (c) Long-term plot showing variation in uplift rate from 1997-
2022, derived from the single-station BPR record at the center of the caldera, averaged over a 1-
year moving time window (blue curve, left y-axis) and magma supply rate calculated from the
averaged uplift rate and the best-fit deformation model of Nooner and Chadwick (2016) (red
curve, right y-axis). A surge in the magma supply occurred between the 2011-2015 eruptions.

Figure 11. Inflation threshold forecast plots. (a) Plot of differential BPR data (OOI-BPR-
MJO3F-E; black curve) showing re-inflation since the 2015 eruption. A blue dashed line
extrapolates into the future using the average rate of inflation from the previous 6 months; blue
dot is date when 2015 inflation threshold is reached (see legend). (b) Histogram of predicted
dates when inflation will reach the 2015 threshold, color coded by when the predicted date was
calculated, based on the average rate of reinflation from the previous 6 months, beginning in
June 2015. Predicted dates are binned in months. (c) Plot of predicted date that inflation will
reach the 2015 inflation threshold (Y-axis) vs. date on which the prediction was made (X-

axis). Blue dots are date to reach the 2015 inflation threshold; purple dots are for a threshold 20
cm higher. Note predicted dates were earliest when the rate of re-inflation was highest soon after
the 2015 eruption (left side of plot). Peaks in the curves show time periods when the average
rate of inflation slowed significantly (especially in mid-2019), which pushed the predicted dates
farther into the future.

Figure 12. Histograms of earthquakes per day (black bars) and cumulative number of
earthquakes (red curves) over time based on OOI data. (a) Seismicity since the 2015 eruption.
(b) Seismicity before the 2015 eruption. Arrows point to times of significant changes in the rate
of earthquakes.

Figure 13. Plots showing exponential relationship between rates of seismicity and deformation.
(a) Black curve is cumulative number of earthquakes vs. total uplift since the 2015 eruption
(May 1, 2015 to August 1, 2021). Red curve is best-fitting exponential equation. (b) Earthquake
rate per meter of uplift since the 2015 eruption (May 1, 2015 to August 1, 2021), showing that it
also follows an exponential relationship (red curve). (c) Cumulative number of earthquakes vs.
total uplift before the 2015 eruption, starting when the OOI cabled observatory became
operational (November 16, 2014 to April 23, 2015). In this plot the data (black curve) are
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compared to an exponential curve (red curve) over the entire period. (d) Same data as in (c) but
separated into two time periods before and after 12 March 2015 (vertical dashed line), and fit to
an exponential curve before (solid red line) and to a linear curve after (red dashed line), which
could indicate an increasing component of inelastic deformation precursory to the eruption. In
all plots, the X-axis is cumulative differential uplift (OOI-BPR-MJ03F-E), corrected to
approximate actual uplift at the caldera center by multiplying by 1.67.
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Figure 5.
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Figure 7.
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