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Key Points:
e Repeat magnetic surveys at active submarine volcanos image temporal change in thermal
structure related to geologic and volcanic processes
e High resolution magnetic data can be used for low-cost volcano monitoring in the marine

environment over relevant timescales

Abstract

Axial Seamount in the northeast Pacific erupted in 2015, 2011, and 1998. Although monitored
by the Regional Cabled Array of the Ocean Observatory Initiative, few magnetic surveys have
been conducted over the region. This study uses high-resolution magnetic data over the seamount
collected by autonomous underwater vehicle Sentry during three years (2015, 2017, 2020). The
goal is to investigate whether there are temporal changes in the near-surface magnetic field
observable over the time scale of one volcanic cycle. We compare magnetic maps from repeated
tracklines from each year. We find maps of the yearly difference in magnetization show coherent
patterns that are not random. The central region of the caldera has become more magnetic during
recent years, suggesting cooling of the surficial lava flows since 2015. Sentry data are more
sensitive to shallow crustal structure compared to sea surface data which show longer

wavelength anomalies extending deeper into the crust.
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Plain Language Summary

Axial Seamount is an active underwater volcano located off the coast of Oregon that has
recently erupted in 2015, 2011, and 1998. Though Axial is monitored by many seafloor
instruments, the magnetism of the region and how it changes with time has not been studied.
However, we believe studying the magnetics of Axial can provide powerful insights into the
internal structure of the volcano. Specifically, volcanic rocks contain magnetic minerals called
magnetite. Above a certain temperature, called the Curie temperature, these minerals become
non-magnetic. Thus, magnetism may be able to detect changes in the high temperature areas of
the volcano between eruptions, such as the magma chamber or young lava flows. Here, we
perform the first study analyzing three separate years of high-resolution magnetic data collected
using an autonomous underwater vehicle over Axial seamount. We create magnetic maps using
repeated vehicle tracklines to highlight differences between each year and compare our findings
with broader surveys of the region. Our results indicate the central region of Axial has become
more magnetic during recent years, suggesting cooling of the lavas erupted in 2015 and their

associated subsurface feeder zones.
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1 Introduction

Axial Seamount is the most active underwater volcano in the northeast Pacific located
~480 km off the coast of Oregon (45°56'N, 130°00"W). It is situated on the diverging midocean
ridge boundary of the Juan de Fuca and Pacific plates, which has an intermediate spreading rate
of 5-6 cm/yr (Wilson, 1988; Fig. 1). It is also the location of the world’s first underwater volcano
observatory NeMO (New Millennium Observatory) and since 2014 has been the location of the
National Science Foundation’s Ocean Observatory Initiative (OOI) Regional Cabled Array
(RCA), which records real-time data from a network of monitoring instruments (Kelley et al.,
2014; Embley and Baker, 1999). The volcano rises to a depth of about 1,400 m and has a distinct
3 x 8 km horseshoe-shaped caldera present at its summit (Fig. 1). The caldera walls rise about
100 m above the caldera floor. The caldera floor is comprised of unsedimented basaltic lava

flows and active hydrothermal vent systems are found along the caldera margin faults.

Axial Seamount is very active and erupted most recently in 2015, as well as in 2011 and
1998 (Caress et al., 2012; Chadwick et al., 2013, 2016). Based on current inflation rates of the
area measured geodetically, it is forecast to erupt again between 2025-2030 but is being
continuously monitored in order to adjust this forecast window as rates change
(https://www.pmel.noaa.gov/eoi/axial blog.html). Since the 2015 eruption, Axial has re-inflated
to ~90% of its pre-eruption level and the continuous inflation since the last eruption implies
ongoing replenishment of the magma reservoir (Chadwick et al., 2022), which could cause a
noticeable warming of the subcrustal region beneath the seamount. However, the rate of inflation

has noticeably slowed in recent years prompting a widening of the eruption forecast window

(Chadwick et al., 2022).

Axial has been the focus of many geophysical studies due to its frequent activity,
including geodetic, seismic, and gravity surveys (e.g. Arnulf et al., 2014; 2018; Caratori-Tontini
etal., 2016; Carbotte et al., 2020; Hefner et al., 2020; Hildebrand et al., 1990; Nooner and
Chadwick, 2009; 2016; Waldhauser et al., 2020; West et al., 2001; 2003; Wilcock et al., 2016;
2018). However, to date, few magnetic studies have been undertaken over the region. In 1990,
sea surface magnetic data were compiled from several cruises to investigate the magnetic
structure of the seamount (Tivey and Johnson, 1990). Tivey and Johnson (1990) discovered

negative anomalies at the summit, and through modeling, determined that the anomalies could be
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explained by a drastically thinned (<700 m) magnetic source layer. The conclusion was that
Axial displayed the thermal effects of a shallow magma chamber. More recent seismic imaging
of Axial confirms the presence of an elongate magma chamber (MMR in Fig. 1) beneath the
summit caldera of Axial (Arnulf et al., 2014; 2018; Carbotte et al., 2020) and a smaller
secondary reservoir to the east (SMR in Fig. 1). The thermal signature of the main magma
chamber, the internal lava feeder system, and the slow re-inflation of the summit since 2015 may
be detectable using magnetic fields (Biasi et al., this issue). Here, we present the first study of
temporal magnetic imaging using repeat surveys of high-resolution, near-bottom magnetic data
gathered over the summit of Axial Seamount since 2015 with the autonomous underwater
vehicle (AUV) Sentry. The aim of this study is to determine if there are observable temporal
changes in the magnetic signature of Axial following the last eruption, and what such variations

imply about the internal structure of the volcano.

The basaltic volcanic rocks of Axial Seamount, which contain magnetite, become non-
magnetic above the Curie temperature of magnetite of 580°C. Alteration and titanium
substitution within magnetite can lower the Curie temperature (Dunlop & Ozdemir, 1997) to
between 150° and 400°C (Gee and Kent, 2007). We note that this study investigates the
difference in magnetism and while we don’t know the absolute Curie temperature of the crust, it
is unlikely to have changed significantly due to alteration over such a short 5-year period.
Therefore, regions of high temperature above the Curie temperature surrounding and including
the magma chamber should appear as non-magnetic anomalies within the data. This thermally
demagnetized zone may grow prior to an impending eruption due to the inflation of the magma
chamber that is known to occur prior to eruptions (Chadwick et al., 2022; Nooner and Chadwick,
2016). If true, we may be able to measure magnetic changes in this zone as it enlarges (Biasi et
al., this issue). However, it is also possible that seawater circulation within the shallow fractured
crust overlying the magma chamber would keep the crust cool creating a cold lid that would
restrict the extent of the thermal zone to some depth and may only change once lava has erupted
to the surface. In this case, immediately following an eruption we may see a cooling and an
increase in magnetism locally. Our data analysis may help determine which of these thermal
zone hypotheses is supported by evidence. Furthermore, if successful, magnetic surveys may

provide a low-cost and efficient method for gathering frequent temporal data in comparison to
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other forms of geophysical surveys (Biasi et al., this issue), and could provide valuable insights

into the internal workings of Axial Seamount.

2 Methods

Several recent expeditions have collected repeated bathymetric lines at Axial Seamount
for geodetic purposes using the AUV Sentry operated by the National Deep Submergence
Facility (NDSF) at Woods Hole Oceanographic Institution (WHOI) (Caress et al., 2020; Hefner
et al., 2021). Three separate Applied Physics Systems model-1540 3-axis digital vector
magnetometers are mounted on Sentry with one on top, and one on each of the starboard and port
sides of the vehicle. The housings are made of non-magnetic titanium and collect continuous
three-component magnetic field measurements. Data gathered from the top magnetometer are
used for interpretation as the other two are heavily affected by the internal equipment of the
vehicle as it moves. During the repeat bathymetric surveys in 2015, 2017, and 2020 (during
cruises TN327, RR1712, and TN383), Sentry typically flew at an altitude of ~65 m above the
bottom and collected magnetic field data along the tracklines covering much of the summit

region (Fig. 2).

The magnetometer sensors used on Sentry are not absolute field measuring devices.
Therefore, the data must be calibrated to remove the permanent and induced effects of the
vehicle on the magnetic field response. Sentry is programmed to carry out calibration spins at
the beginning or end of each dive. Three magnetic field components (X, Y, and Z) are recorded.
During the calibration turns, the vehicle spins and although individual components change, the
total magnetic field (vector sum of the components) should not change since Sentry remains in
essentially one location. By examining the total magnetic field during the calibration spins, any
field offsets resulting from the local field of the vehicle or any induced field effects can be

measured. If any offsets are detected, they are corrected for prior to processing.

We used two primary methods of calibration: full-vector calibration and compass-swing
(Tivey et al., 2014; Xu and Tivey, 2016). The compass-swing method first corrects for the local
field effect of the vehicle, and then corrects for the induced field effects assuming the vehicle is

only spinning in the horizontal plane. This results in a calibrated total magnetic field (See
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supplemental material, Fig. S1). However, the compass-swing method does not account for the
magnetic effects of pitch and roll changes of the vehicle (though these typically are not
significant) and is used in situations where attitude information is lacking. We can only use the
vector summed total field from this calibration. For this project, compass-swing calibration was
used for the 2015 and 2017 dive data. The full-vector calibration technique (Tivey et al., 2014)
involves using measured attitude data to correct for the full effects of the vehicle motion on the
magnetic measurements and results in all three components being corrected and usable. This
method was used for the 2020 dive data as full attitude information was provided with this data
set, unlike those for 2015 and 2017 (See supplemental material, Fig. S2). Detrending is used for
both methods if a long-term trend is present. Generally during a calibration spin, the permanent
magnetic field effect of Sentry is on the order of 500 nT and the International Geomagnetic
Reference Field (IGRF) model allows us to estimate total field intensity for the date and location
of the survey to successfully correct the data. These calibration methods were performed
separately on all dives for each survey year (six dives in 2015, five dives in 2017, and seven
dives in 2020). We obtained error bars typically less than 100 nT (with an average of 59 + 24 nT
between all the dives) for the local and induced field effects (Table-1 Supplementary material),
allowing us to have great confidence in our results, since magnetic field anomalies over Axial

caldera are typically a few thousand nanotesla.

After calibration, the data are ready to be processed. The first step of processing involved
interpolation onto a grid by resampling to equally spaced points to ensure comparable resolution
between different surveys as well as to allow for further processing. To create grids for each
year, tracklines were matched to include only those that were repeated between each of the three
years to ensure the resolution between the yearly maps was the same (Fig. 2 g,h,i). We used a
continuous minimum curvature algorithm for the gridding at a node spacing of 0.25 min/~460 m

(Wessel and Smith, 1991).

After the data were interpolated onto grids they were upward continued to a level, horizontal
plane above the topography (at 1.4 km depth). This was done using an iterative Fast Fourier
Transform method to reduce magnetic measurements made on an uneven plane which is
necessary to minimize the effects of topography as well as prepare the data for further

transformations such as reduction to the pole or frequency-domain inversion (Guspi, 1987). In
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order to minimize edge effects, the Sentry data grids were embedded within a broader regional
grid of magnetic anomalies downward continued from the sea surface. The resultant Sentry
upward continued field grids (Fig. 2a,b,c) were then used along with bathymetry to invert for
crustal magnetization (Fig. 2d,e,f) for a source layer of constant thickness of 1 km and a time-
averaged direction of magnetization based on the Geocentric Axial Dipole hypothesis
(Inclination 66° and Declination 0°). We used a Fast Fourier Transform technique, which
removes the topographic effect from the magnetic field to determine source magnetization
(Parker and Huestis, 1974). A nominal constant thickness of 1 km was used in the absence of any
detailed knowledge about the thickness of the source layer, although seismic data indicates a
volcanic lid of 1+ km thickness above the magma chamber (Arnulf et al. 2014; 2018). We note
that considering the altitude of the survey above the seafloor of less than 100 m the inversion

result is more sensitive to shallow structure than the overall layer thickness.

Given that Axial is a young feature it should be of normal polarity (i.e. northward
directed magnetization within the present-day normal polarity Brunhes chron). The
magnetization inversion solution is always zero-meaned and so shows both apparent normal and
reversed polarities. To correct for this we compute an annihilator, which is a magnetization
which when convolved with bathymetry produces a zero magnetic field (see Parker and Huestis,
1974 for details of annihilator computation). We then add the annihilator multiplied by a scalar
value to the inversion such that the zero level is adjusted so that the magnetization is all normal
(i.e. positive) polarity. Typically, this has little effect on the relative shape and magnitude of the
calculated anomalies. For all of the maps we added 10 times the annihilator to the inversion

solutions. Once this final step is complete, the data are ready for interpretation.

3 Results and Discussion

To provide greater regional context for the Sentry magnetic field data, we first combined
sea surface data from a recent R/V Langseth ship-based survey in 2019 (MGL2019) with other
existing ship magnetic data coverage from the Marine Geoscience Data System (MGDS). Since
the data are gathered over a larger region that is further away from the seafloor than the near
bottom data (and ~2.5 km away from the magma chamber), the ship data are therefore capable of

imaging longer wavelength signals that originate deeper beneath the seafloor. The gridded and
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reduced-to-the-pole sea surface anomaly (Fig. 3) shows a narrow magnetic anomaly low crossing
the summit caldera region as previously reported in the 1990 study (Tivey and Johnson, 1990).
Magnetic highs extend northwards along the North Rift Zone and south along the upper South
Rift Zone. The western Brunhes-Matuyama reversal boundary is located just north and west of
the seamount (Fig. 3). The low magnetic anomaly over the caldera aligns with the seismically
detected main magma chamber (MMR) but the secondary SMR region does not have a similar
magnetic low (Fig. 3). Unfortunately, there is not sufficient sea surface coverage collected on a
temporal basis to resolve any changes with time and so we can only resolve the static magnetic

contrasts with these data.

The repeated Sentry surveys for each year are able to resolve shorter wavelength features
which reflect variations of the shallower crustal layers of the summit magnetism (see Sentry
tracklines of Fig. 2g,h,i). The upward continued Sentry magnetic field maps (at the 1.4 km depth
level) show a broad anomaly low over the caldera but with shorter wavelength anomalies within
the caldera (Fig. 2a,b,c). Magnetic highs can be seen to the north and south of caldera along the
rift zones, as in the ship-based results. The amplitude of the anomalies is on the order of a few
thousand nanotesla, meaning the anomalies we see are significant as they are well beyond the
uncertainties of sensor calibration. Inversion results, adjusted by the annihilator, indicate
magnetization values ranging from 0-30 A/m. The magnetization maps also show variability
over the caldera region from year to year (Fig. 2 d,e,f). Specifically, it appears the northern
caldera region has become more magnetic over time, possibly indicating that it has cooled down
so that more of the crust has become magnetic. The magnetization maps are based on a 1 km
thick layer so any increase in magnetization likely indicates thickening of the magnetized source
region (i.e. an increase in the volume of magnetized rock) rather than an increase in
magnetization intensity of the rocks themselves. While secondary magnetization as a result of
alteration is possible, given the short 5-year timeframe of the study, it is unlikely that alteration
processes could rapidly change magnetization on this timescale. Differences between the 2015 to
2017, 2017 to 2020, and 2015 to 2020 magnetic maps show that this variation appears to be
consistent over time, becoming more magnetic as time progresses (Fig. 4). There is a large
almost 8 A/m increase in magnetization between 2015 and 2017 and then relatively little increase
after that between 2017 and 2020 (Fig. 4). This change seems to be limited to within the caldera

region, indicating that the signal is spatially coherent and not random. The volcano last erupted

9



242
243
244
245
246
247
248
249
250
251
252
253
254
255

256
257
258
259
260
261
262
263

264

265

266
267
268
269
270
271

in 2015 with thin (<10 m) lava flows in the NE part of the caldera and on the NE rim, and thicker
flows (>100 m) further north on the rift zone (Chadwick et al., 2016; Clague et al., 2017).
Therefore, we interpret these anomalies between successive years as being a cooling and
magnetizing effect of the emplacement of the 2015 lava sequences. We suggest that the lava
flows and internal lava feeder system of the eruption may have still been warm when Sentry
surveyed the region in 2015 only four months after the eruption, but since then the lavas flows
and underlying crust have cooled and become magnetized, consequently causing the observed
increase in magnetism over the following two years. This is consistent with independent
geophysical data (Chadwick et al., 2022) which shows that Axial, while it has inflated to ~90%
of its pre-eruption level, has a magma supply rate that has been waning since the last eruption in
2015, so that any future eruption is still years away. Furthermore, magnetic modeling of Axial
Seamount (Biasi et al., this issue) shows that while a thermal zone extends beyond the magma
body itself, the northern part of the caldera needed extensive cooling to replicate the results

reported here.

The Sentry results show that these high-resolution near-bottom magnetic grids are more
sensitive to shallow crustal features, primarily because of the limited spatial extent of the surveys
limiting long-wavelength sensitivity but with an ability to sample shorter wavelengths. In
contrast, the sea surface surveys, or at least those of broader regional coverage, are able to detect
longer wavelength signals coming from deeper structures, such as the magma chamber thermal
zone located 1-2 km below the ocean floor. The sea surface results (Fig. 3) show the narrow
magnetic anomaly low over the summit caldera region (Tivey and Johnson, 1990) aligned with

the seismic imaging of the sub-caldera magma chamber (Arnulf et al., 2014; 2018).

4. Conclusions

We examined the magnetic field differences between AUV surveys at Axial Seamount in
2015, 2017 and 2020, and conclude that the magnetic patterns are coherent and not random
relative to caldera structure, and that the differences in magnetic field are above the noise level
of the calibrations. The results indicate that seafloor magnetic field measurements from near-
bottom AUV surveys can be used to image temporal changes in shallow thermal structure and

that the anomalies relate to geologic structure. Specifically, we found that the central region of

10
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the caldera appears to be getting more magnetic over the past few years following the eruption in
2015, apparently related to the cooling of surficial lava flows. On the other hand, we note that
more regional ship-based results show longer wavelength anomalies that reflect deeper structure
within Axial Seamount, such as a low magnetization zone surrounding the sub-caldera magma

reservoir.

These results show that magnetic surveys can yield valuable information about crustal
structure on several spatial scales related to magmatic activity and should be considered for
future expeditions at active submarine volcanoes such as Axial Seamount, especially since they
can be piggybacked on other surveys, as in this study. It remains to be tested whether near
bottom magnetic field surveys that are spatially broader in scope could detect longer wavelength
magnetic anomalies related to the sub-caldera magma chamber thermal region. In the future, we
hope to examine whether such variations may be detectable in other ways, such as by wider
range AUV surveys or repeated ship-based magnetic surveys, and believe that more magnetic
surveys should be completed at Axial in upcoming years to search for other insightful temporal

changes.
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Figure 1. Bathymetry map of Axial Seamount showing the location of the caldera, magma bodies
(main magma reservoir (MMR), secondary magma reservoir (SMR)), and lava flows with an inset map
showing tectonic context (Adapted from Arnulf et al., 2018 and Waldhauser et al., 2020). Gray shaded
areas are 2015 flows, magenta areas are 2011 flows and green areas are 1998 flows (largely buried by
2011 lava). NRZ is North Rift Zone and SRZ is South Rift Zone.
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Figure 2. Processed magnetic results of AUV Sentry dives gathered over Axial Seamount in 2015,
2017, and 2020 with the caldera region (purple line) and MMR (bold black line) indicated. a), b), ¢)
Sentry magnetic field (cont. level 500 nT). d), e), ) Crustal magnetization, cont. level 2 A/m). g), h),
i) Repeat Sentry tracklines (red) over bathymetry map (Cont. level 100 m), excluding some lines that
were only in the 2020 survey.
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Figure 3. a) Reduced-to-the-pole sea surface magnetic anomaly over Axial Seamount from a
compilation of 2019 magnetic data (MGL2019) and older existing sea surface coverage from the NCEI
database. Contour interval is 200 nT. Black lines indicate outlines of MMR (west) and SMR (east) and
purple line is outline of the caldera as noted in Figure 1. Black dashed line indicates the western edge
of normal polarity Brunhes chron and beginning of the reversed Matuyama chron (M/B). b)
Multibeam bathymetry of the Axial Seamount, contour interval is 200 m. Red lines indicate sea
surface magnetic data coverage.
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Figure 4. Differences in inversion results between different years (a) 2020 — 2015, (b) 2020 —2017,
and (c) 2017 — 2015 highlighting the increase in magnetization within the caldera over time. Contour
interval is 2 A/m. Caldera region (purple) and MMR (black) indicated. d) Bathymetry with lava flow
eruptions color coded by year : green (1998), magenta (2011), gray (2015). Bold black lines indicate
the subcrustal magma anomalies MMR and SMR regions as noted in Figure 1.
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452 Supplemental Material

SENTRY 336 Calibration
536 Minimization of Total Field Induced field effect fit
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Supplemental Figure S1. Example of compass-swing calibration summary for calibration spins of
Sentry Dive 336 showing a) observed total field (red) and total field corrected for permanent field
effect (blue) b) field corrected for permanent field effect ¢) fit for induced field component (green) vs.
observed data (blue) and d) final corrected field (green) compared with observed uncorrected field
(red). Final variation level was 72 nT.
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SENTRY 568 Calibration
a)  Observed vs. Predicted Magnetic Field ©) Corrected Components
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Supplemental Figure S2. Example of vector calibration summary for calibration spins of Dive 568
showing a) observed magnetic field (blue) and predicted magnetic field (red) using information about
the vehicle’s attitude and the IGRF value for the given location, b) corrected (blue) and predicted (red)
magnetic field, ¢) corrected components of the magnetic field, and d) total corrected field (red)
compared to raw field (blue). Final variation level was 89 nT.

455
456

457  Supplemental Table 1. Summary of calibration results for Sentry Dives showing original total

458  field variation versus the final corrected total field variation.

Dive Original Total Field Corrected Total Field
Number Variation Variation
(nT) (nT)
336 204 72
337 362 88
338 247 42
339 268 73
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459

460

340 488 50
341 354 32
442 118 27
443 561 77
444 135 67
445 105 38
446 221 36
562 275 120
563 151 44
564 143 46
565 109 44
566 101 55
567 143 60
568 211 89
Average 233+134 59+24
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