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ABSTRACT
The traditional view that volcanoes are underlain by a single, melt-dominated magma 

chamber has recently evolved into the idea that subsurface melt is heterogeneously distributed 
in a larger magma domain. While seismic imaging of small melt bodies beneath subaerial 
volcanoes remains difficult, melt bodies located several kilometers from mid-ocean ridge axes 
and submarine volcanic edifices have been identified. Nevertheless, the connectivity of these 
melt bodies within the magma domain and their role during eruptions remain unclear. We 
analyzed continuous ocean-bottom seismic data recorded in 2015–2025 CE that detected 415 
volcanic tremor episodes that emerged ∼60 h before, and continued during, the 2015 Axial
Seamount eruption. The volcanic tremors initiated ∼19 km southeast of the caldera before
migrating into it and showed spatial overlap with funnel-shaped axial melt lenses and/or 
lithosphere-asthenosphere boundaries. Our results suggest that these volcanic tremors reflect 
the activation of or transport through distributed melt bodies over 10 km from the caldera, 
which provided enhanced magma supply for Axial Seamount’s eruption and highlight a 
broader interconnected active magma plumbing system where melt can be mobilized within 
a matter of days for an eruption.

INTRODUCTION
Axial Seamount is the most prominent vol-

canic feature on the Juan de Fuca mid-ocean 
ridge formed at the intersection with the Cobb-
Eickelberg hot spot (northeast Pacific Ocean; 
Embley et al., 1990; Chadwick et al., 2005). 
It has experienced three eruptions in the past 
three decades: in 1998, 2011, and 2015 (Chad-
wick et al., 2016; Wilcock et al., 2018). It was 
previously thought that Axial Seamount is 
underlain by a 14-km-long by 3-km-wide low-
seismic-velocity zone at a depth of ∼1.5 km 
below the seafloor (bsf) inferred to represent 
the main magma reservoir (MMR), with a sec-
ond low-velocity region inferred to represent 
a secondary magma reservoir (SMR) located 
∼5 km to the east based on seismic reflection
studies (Fig. 1A) (Arnulf et al., 2014, 2018).
More recently, a three-dimensional seismic
reflection survey conducted in 2019 over the
extended bathymetric plateau of the volcano

summit revealed a more accurate estimate of the 
spatial coverage of the complex magma domain 
that included funnel-shaped axial melt lenses 
and/or lithosphere-asthenosphere boundaries 
(AML|LAB) extending from ∼16 km south-
east of the caldera, with a maximum depth of 
∼5–6 km bsf, to ∼5 km north of the caldera
wall, where the shallowest depth is ∼1.1 km
bsf (Fig. 1A) (Kent et al., 2025). This structure
was inferred to represent a thermally controlled 
magma assimilation front that focuses magma-
tism from the off-axis region toward the caldera 
(Kent et al., 2025). Off-axis melt bodies have
also been observed along other mid-ocean ridges 
such as the East Pacific Rise, the western Galá-
pagos Spreading Center, and Guaymas basin
within the Gulf of California through seismic
reflection investigations (Lizarralde et al., 2011; 
Canales et al., 2012; Boddupalli and Canales,
2019). However, it remains unclear how these
bodies interconnect to provide melt to the cal-
dera or along the rift zones and whether they
actively supply melt during eruptions.

Tremors that occur in volcanic regions are 
often associated with volcanic unrest and have 

been used as an important signal for tracking 
the dynamic processes of magma movement and 
forecasting volcanic eruptions (Aki and Koy-
anagi, 1981; Li et al., 2022). The 2015 Axial 
eruption started at 08:00 UTC on 24 April 2015 
and lasted until 21 May 2015 (Nooner and Chad-
wick Jr., 2016; Caplan-Auerbach et al., 2017). 
Using the seven Ocean Observatories Initia-
tive (OOI, https://oceanobservatories​.org; Kel-
ley et al., 2014) cabled network ocean bottom 
seismometer (OBS) stations around the south-
ern half of the caldera, Wilcock et al. (2016) 
manually identified bursts of seismic tremor 
with strong 7–10 Hz energy in the 6 h before 
the eruption, but did not locate these events or 
search for them outside this period. In addition, 
there have been no further studies of volcanic 
tremor around Axial Seamount. We systemati-
cally detected, located, and characterized vol-
canic tremors in 2015–2025, which revealed the 
activation of a broader interconnected magma 
plumbing system (Sigmundsson, 2016) within 
a matter of days of the eruption, which presum-
ably provided enhanced magma supply for Axial 
Seamount’s 2015 eruption.

VOLCANIC TREMOR DETECTION, 
LOCATION, AND FREQUENCY 
CONTENT CHARACTERIZATION

We first manually checked the 5–30 Hz 
spectrograms of continuous seismic waveforms 
recorded by eight OOI stations (seven in the 
southern half of the caldera, and one southeast 
of the study area; Fig. 1A) from January to June 
in 2015 and observed tremor signals with strong 
energy in 7–15 Hz occurring in the 60 h before 
and during the 2015 Axial Seamount eruption 
(Fig. 1B). The tremors were classified into two 
types: (1) discrete pulsed tremors with multiple 
individual energy bursts of 8–10 s (Fig. 1C), and 
(2) continuous tremors with overlapping bursts
lasting tens to hundreds of seconds (Fig. 1C).
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Similar tremors have also been reported at other 
volcanoes, such as Whakaari (New Zealand), 
Fogo (Cape Verde), Tungurahua (Ecuador), and 
Ruapehu (New Zealand) (Heleno et al., 2006; 
Bell et al., 2017; Steinke et al., 2024; Bramwell 
et al., 2025). Thus, we hypothesize that these 
manually identified seismic tremors are volcanic 
tremors related to subsurface processes of the 
magmatic system.

Further analysis was conducted on more 
than a decade of seismic data recorded by the 
OOI network (2015–2025) and a temporary 
OBS deployment (2022–2024) (Fig. 1A; Fig. 
S1 in the Supplemental Material1) to perform 
detection, location, and frequency content char-
acterization of volcanic tremors around Axial 
Seamount based on the source characteristics 

of the manually identified volcanic tremors. The 
detection and location procedure consisted of 
three main steps:

1. Obtain a preliminary event catalog of 
1 min coherent tremor signals and other types 
of sources using the waveform envelope cor-
relation and clustering (WECC) method (Wech 
and Creager, 2008).

2. Remove non-volcanic-tremor sources such 
as regular earthquakes, mix-frequency earth-
quakes (MFE), impulsive lava-related seafloor 
events, T-phase events, air-gun shots, ship noise, 
and whale calls based on existing catalogs (Le 
Saout et al., 2020; Wang et al., 2024a, 2024b) 
and differences in source duration, frequency 
content, prominent burst peak, and inter-event 
intervals.

3. Refine the locations of resulting volcanic 
tremors using a waveform cross-correlation–
based method (Obara, 2002) (Text S1). The 
dominant frequency content of the tremors was 
defined as the median frequency of the 1 min 
signal window whose spectral amplitude is sus-

tained at or above 1/3 of the maximum spec-
tral amplitude in 5–30 Hz, averaged across all 
stations.

CHARACTERISTICS OF THE 
VOLCANIC TREMORS

A total of 415 1-min volcanic tremor epi-
sodes were detected and located around the 
Axial Seamount. The tremor episodes occur in 
three different phases, with 146 episodes last-
ing over 5 h from 20:11 UTC, 2015–04–21, to 
01:40 UTC, 2015–04–22 (phase 1); 167 epi-
sodes lasting over 14 h from 14:40 UTC, 2015–
04–23, to 05:00 UTC, 2015–04–24 (phase 2); 
and 102 episodes lasting over 14 h from 16:40 
UTC, 2015–05–13, to 07:00 UTC, 2015–05–14 
(phase 3) (Fig. 2).

Starting ∼60 h before the onset of eruption, 
phase 1 volcanic tremors appeared ∼19 km to 
the southeast of the caldera and migrated north-
west toward AML|LAB funnels C and D (Kent 
et al., 2025; Fig. 3A) with a propagation veloc-
ity of ∼1.8 km/h (Fig. 3B), which is similar to 

1Supplemental Material. Volcanic tremor detec-
tion and location procedures and uncertainty esti-
mation. Please visit https://doi​.org​/10​.1130​/GEOL​
.S​.31434943 to access the supplemental material; 
contact editing@geosociety​.org with any questions.

Figure 1.  (A) Tectonic set-
ting of Axial Seamount 
(northeast Pacific Ocean). 
Black triangles represent 
eight Ocean Observa-
tories Initiative (https://
oceanobservatories​.org) 
ocean bottom seismom-
eter stations, and gray 
filled regions show axial 
melt lenses and/or lith-
osphere-asthenosphere 
boundary (AML|LAB) fun-
nels imaged by Kent et al. 
(2025). Red dashed poly-
gons represent the main 
magma reservoir (MMR) 
and secondary magma 
reservoir (SMR) imaged 
by Arnulf et  al. (2018). 
The black line depicts 
the Axial Seamount cal-
dera rim. Light-blue and 
purple filled regions 
represent erupted lava 
flows, and blue and 
dark-purple dashed 
lines represent erup-
tive fissures (Chadwick 
et al., 2016). Background 
color shows bathym-
etry (Caress et al., 2012). 
Inset shows the loca-
tion of Axial Seamount 
(red star) relative to plate 
boundaries (black lines) 
and land (black shading) 
in the northeast Pacific 
Ocean. (B) Three exam-
ples of 1000 s velocity 
seismograms (top) and 
associated spectrograms 
(bottom) of tremors at sta-

tions AXBA1 (upper), and AXCC1 (middle and bottom). The two red horizontal lines mark the 60 s windows of pulsed and continuous tremors 
with the enlarged waveforms shown in C). MFE—mix-frequency earthquake; Vel.—velocity; Freq.—frequency; Norm.—normalized. (C) Zoomed-
in 60 s velocity seismograms of pulsed tremors in phase 1 (upper) and continuous tremors in phase 2 (bottom).
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tremor migration velocities during magma intru-
sions preceding Sierra Negra (Galápagos) and 
Etna (Italy) eruptions (Saccorotti et al., 2004; 
Li et al., 2022). During this period, the volcanic 
tremors overlapped with parts of AML|LAB fun-
nels (Fig. 3A). The volcanic tremor episodes’ 
clear relative arrival time differences between 
stations (Fig. 3C), and similar spatial migration 
characteristics when assuming different wave 
propagation velocities and using different grid 
search schemes (Text S2; Figs. S12 and S13), 
suggest that the observed migration pattern is 
well-constrained. Additionally, phase 1 volcanic 
tremors exhibited similar frequency content as 
MFEs previously documented inside Axial cal-
dera and inferred to be associated with influx of 
magma or volatiles (Wang et al., 2024b), rather 
than regular earthquakes, which are associated 
with slip along the caldera ring fault (Wilcock 
et  al., 2016; Wang et  al., 2024b) (Fig. 2A); 
hence, these tremors are likely linked to magma 
intrusion processes. At ∼54 h before the onset of 
eruption, phase 1 volcanic tremors stopped at the 
southernmost footprint of the AML|LAB funnel 
C, ∼12 km southeast of the caldera (Fig. 3A), 
and the quiescence lasted for ∼37 h. Hours of 
seismic quiescence have also been observed at 
other volcanoes before eruptions, e.g., Telica 
(Nicaragua) and Sierra Negra, and are linked 
to the sealing of magma conduits due to min-
eral deposits, low-porosity magma transport, or 
crystallization during magma intrusion (Roman 
et al., 2016; Li et al., 2022).

After the ∼37 h of quiescence, phase 2 vol-
canic tremors emerged ∼17 h before the onset 
of eruption at the same locations as where 
phase 1 ended (Figs. 2B and 3A). They contin-
ued migrating northwest along the southeastern 
extent of AML|LAB funnels B and C toward 
the eastern side of the caldera, with a migration 
velocity of ∼1.1 km/h (Figs. 3A and 3B). When 
the volcanic tremors reached the Axial caldera, 
they remained around the eastern caldera with 
a maximum latitude of 45.98°N, showing no 
further migration northward (Fig. 3A). Addi-
tionally, the tremors exhibited similar frequency 
contents as those in phase 1; hence, are likely 
indicative of similar magma intrusion processes 
(Figs. 2A and 2B). At ∼3 h before the onset of 
eruption, the volcanic tremors ended at the east-
ern side of the Axial caldera. Notably, despite 
analyzing 10 years of continuous seismic data 
starting over four months before the eruption, 
we only detected phase 1 and 2 volcanic tremors 
starting ∼60 h before the eruption.

At ∼19 days after the onset of eruption, 
phase 3 volcanic tremors were concentrated 
around the central caldera on 13–14 May, which 
is toward the end of the eruption period, during 
which there were numerous diffusive events pre-
viously interpreted as a type of Hawaiian erup-
tion in the central Axial caldera (Figs. S14a 
and S14c) (Caplan-Auerbach et al., 2017). The 

A

B
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Figure 2.  Comparisons of the dominant source frequency of volcanic tremors, mix-frequency 
earthquakes (MFEs) and regular earthquakes (EQ) in phases 1 (A), 2 (B), and 3 (C) of the 2015 
Axial Seamount eruption. Note that the definition used for the dominant source frequency 
content for each MFE and regular earthquake is the same as for volcanic tremors but with 
0.5-s-long waveforms starting from the S-wave arrivals. Volcanic tremors are shown in red, 
MFEs in blue, and regular earthquakes in green. Lines are the cumulative number (Cumul. 
num.) of detections (left axis), open circles show the dominant source frequencies, and gray 
vertical bars represent the standard deviations of the dominant frequency (right axis). Histo-
grams show the dominant frequency of events, with the same color code as in the main figure.

B

C
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Figure 3.  Migration of volcanic tremors before the 2015 Axial Seamount eruption. (A) Spatial 
distribution of volcanic tremor episodes in phases 1 (circles) and 2 (stars). The horizontal 
and vertical gray bars represent the uncertainty of volcanic tremor location. The white line 
represents the southeast-northwest profile shown in B. Other markers are the same as those 
in Figure 1A. Region inside the black dashed box is shown in the inset. (B) Temporal migra-
tion of volcanic tremors along the profile in A, with the dashed magenta lines depicting the 
migration velocities. (C) Relative arrival time differences between ocean bottom seismometer 
station pairs for volcanic tremors. Circles and stars in A–C use the same color code for time 
from eruption onset.
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tremors’ location in the caldera close to sta-
tion AXCC1 is well-constrained by the relative 
arrival times between the stations (Fig. S14b). 
The volcanic tremors in phase 3 exhibited domi-
nant frequencies of 14–22 Hz (Fig. 2C), in con-
trast to 7–15 Hz for the phase 1 and 2 volcanic 
tremors. Therefore, the phase 3 volcanic tremors 
are inferred to be associated with the Axial erup-
tion rather than magma intrusions.

DISCUSSION AND CONCLUSIONS
In the past decade, there has been a paradigm 

shift from the traditional view that volcanoes are 
underlain by a single, melt-dominated magma 
chamber to the understanding that subsurface 
melts are distributed more extensively and het-
erogeneously (Sigmundsson, 2016; Cashman 
et al., 2017). A high-quality database of volcanic 
tremors through time may provide insights into 
the formation, connectivity, and interaction of 
these distributed melt bodies with main magma 
reservoirs, as well as their roles during eruptions. 
At Axial Seamount, a high-quality 3-D seismic 
reflection survey collected in 2019 (Kent et al., 
2025) provided a detailed map of AML|LAB 

structure, including three AML|LAB funnels 
(B, C and D) extending ∼16 km southeast of 
the caldera (Fig. 1A). The volcanic tremors we 
detected show significant spatial overlap with 
the three AML|LAB funnels ∼12 km southeast 
of the caldera before the eruption (Fig. 3A). 
Considering the occurrence time, migration pat-
tern, and frequency content of the volcanic trem-
ors, as well as the previous documentation of 
high CO2 content in basaltic glasses from Axial 
Seamount (Figs. 2 and 3A) (Dixon et al., 1988), 
we infer that the volcanic tremors indicate acti-
vation of or transport through distributed melt 
bodies in the off-axis regions preceding the 
eruption, with the detected tremors potentially 
linked to CO2 slug releases during magma intru-
sions (Fig. 4) (Steinke et al., 2024; Bramwell 
et al., 2025). Our results not only support Kent 
et al.’s (2025) hypothesis that these distributed 
melt bodies provide enhanced magma supply 
for Axial’s eruption but also illuminate the sub-
caldera MMR’s connectivity with a wider net-
work of melt bodies that can feed the caldera 
within a matter of days (Figs. 3A and 4). This 
precursory activation of a broader, distributed 

magmatic system further suggests that magma 
overpressure was the dominant driver behind the 
2015 Axial Seamount eruption, which differs 
from non-hotspot–influenced mid-ocean ridges 
like the East Pacific Rise and the Endeavor seg-
ment where build-up of tectonic extensional 
stress serves as the primary driver of eruptions 
(Tan et al., 2016; Krauss et al., 2023).

Volcanic tremors have been reported in some 
volcanic regions, e.g., at Etna and Stromboli, 
in the days to hours before eruptions (Ripepe 
et al., 2009; Langer et al., 2022). Dramatic 
changes in seafloor deformation and increases 
in MFEs and regular earthquake activities were 
observed in the days to months before the 2015 
Axial eruption (Nooner and Chadwick Jr., 2016; 
Wilcock et al., 2016; Wang et al., 2024b). These 
changes could serve as valuable precursors for 
forecasting eruptions at Axial Seamount. How-
ever, forecasting on short time scales remains 
challenging for Axial’s eruption. For example, 
MFEs occurred in large numbers ∼15 h prior to 
the 2015 eruption, but low-level MFE activity 
is also observed in other time periods, with a 
steady increase in the months prior to the erup-
tion (Fig. 2) (Wang et al., 2024b). In compari-
son, when searching through OBS data across 
a 10-yr period, we identified volcanic tremors 
that only appeared ∼60 h before, and continued 
during, the eruption (Fig. 2). Therefore, these 
volcanic tremors have the potential to enhance 
short-term forecasting for future Axial erup-
tions assuming that eruptions at Axial are char-
acteristic. Additionally, the southeasternmost 
volcanic tremors do not fully overlap with the 
funnel-shaped AML|LAB structures, which 
could be due to location uncertainties of the 
tremors in the longitudinal direction (Fig. 3A) 
or the spatial limit and timing (∼4 years after 
the eruption) of the active source survey (Kent 
et  al., 2025). Extending the deployment of 
seismic stations to the southeast of the Axial 
caldera would help us better understand active 
processes related to the wider interconnected 
magma plumbing system.
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