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Abstract Quantifying eruption dynamics in submarine environments is challenging. During the 2015
eruption of Axial Seamount, the formation of hummocky mounds along the north rift was accompanied
by tens of thousands of impulsive acoustic signals generated by the interaction of lava and seawater. A
catalog of these sounds was integrated with detailed seafloor mapping to better understand eruptive
processes in time and space. Mounds grew over a period of 28 days with average extrusion rates of 22 to 45
m3 s−1. The most distant mounds, ~9.5 to 15.5 km down rift from the caldera, grew primarily over the first
few days of the eruption. The focus of eruptive activity then retreated ~5 km toward the caldera where it
was sustained. Mounds are constructed as a series of superimposed lobes formed through alternating periods
of flow inflation, generating up to 30‐m‐thick hummocks, and periods of flow advancement, with
<0.02 m s−1 average speeds typically observed.

Plain Language Summary In 2015, a deep sea volcanic eruption occurred at Axial Seamount. It
is challenging to determine parameters such as eruption timing, volume of lava erupted on the seafloor, or
speed of emplacement without direct observations. To study these eruption processes, we used 1‐m
resolution bathymetric maps acquired after the eruption, which provided information on the volume and
shape of the lava flows, and hydroacoustic data that tracked the sounds generated as hot lava interacted with
cold seawater. We found that on the north rift of Axial Seamount, the eruption lasted 28 days. It was not
continuous but had periods of emplacement of new lava flows and periods of inflation of those preexisting
flows into mounds of lava up to 30 m high. These variations in eruption style produce the complex flow
morphology observed at Axial Seamount.

1. Introduction

Despitemid‐ocean ridges being themost extensive volcanic systemonEarth, the lack of direct eruption obser-
vations limits our knowledge about the dynamics of those eruptions. Lavaflowmorphologies have commonly
been used as a proxy for eruptive processes (Gregg&Fink, 1995; Griffiths&Fink, 1992;Meyer&White, 2007).
However, eruptions are complex and produce flows not limited to a uniform morphology. Different
approaches have been used to get a better constraint on the eruption dynamic, like numerical modeling of
diffusion‐controlled bubble growth or the measurements of dissolved volatiles and distribution and size of
vesicle within the basalt (Jones et al., 2018; Soule et al., 2012). Monitoring of active submarine volcanoes with
repeated autonomous underwater vehicle (AUV) surveys and in situ geophysical sensors can also provide
better constraints on eruption timing and effusion rates, which influence flow dimensions and morphology
(e.g., Clague et al., 2017; Dziak&Fox, 1999; Nooner &Chadwick, 2016; Soule et al., 2007; Tolstoy et al., 2006).

Axial Seamount erupted in 1998, 2011, and 2015 (Caress et al., 2012; Chadwick et al., 2013, 2016). The latest
eruption was monitored in situ by seismic stations, hydrophones, tiltmeters, and pressure sensors deployed
near the volcano's summit as part of the OOI Cabled Array (Figure 1; Kelley et al., 2014). These geophysical
records have enabled the determination of the eruption timing, and repeated AUV surveys have defined
eruptive volumes and flow morphologies (e.g., Clague et al., 2017; Wilcock et al., 2016). On 24 April 2015,
an increase in seismicity began at ~04:20 UTC (Wilcock et al., 2016), followed by rapid deflation and tilting
of the caldera floor at ~06:00 UTC when the volcanic eruption began (Nooner & Chadwick, 2016). Lava
began to flow on the eastern side of the caldera and the dike rapidly propagated to the north rift at a speed
of 0.7 m s−1 over a distance of 20 km (Chadwick et al., 2016; Wilcock et al., 2016, 2018). The total area of
11.5 × 106 m2 and volume of 155.2 × 106 m3 of lava erupted on the seafloor was calculated from the
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difference between pre‐eruption and post‐eruption bathymetry
(Chadwick et al., 2016; Clague et al., 2017), although only the flows within
and near the summit were located where pre‐eruption high‐resolution
AUV surveys had been completed.

Impulsive hydroacoustic signals recorded by hydrophones on the caldera
floor, thought to be caused by lava‐water interactions, were sourced from
flows within the caldera and along the north rift (Caplan‐Auerbach
et al., 2017; Wilcock et al., 2016; Figure S1 in the supporting information).
They began at about 08:00 UTC, soon after onset of the seismic crisis, on
24 April and continued until 21 May, when lava extrusion is inferred to
have ended, and the subsidence of the caldera floor stopped (Wilcock
et al., 2016). Waveform similarity extending to high frequencies (50–
100 Hz) indicates a repetitive source process with groups of up to 25 multi-
plets originating from source areas that are only a few meters in diameter
(Caplan‐Auerbach et al., 2017). Chadwick et al. (2016) and Clague
et al. (2017) attributed the sounds in and near the caldera to small steam
explosions occurring when rapidly advancing channelized flows
entrapped seawater underneath, which heated and expanded to steam.
These small explosions create craters of meter to several meter scale sur-
rounded by shattered lava fragments. These are most commonly observed
within several meters of flow margins but occur throughout the flow.
Similar acoustic signals recorded along the East‐Pacific Rise at 9°50′N
(Tan et al., 2016) and on the Gakkel ridge (Schlindwein et al., 2005;
Schlindwein & Riedel, 2010) suggest that these types of impulsive sounds
may be common during mid‐ocean ridge eruptions independently of the

spreading rate. Acoustic recordings during the 2015 Axial eruption also include a series of diffuse broadband
sounds lasting from ~2 min to an hour. Caplan‐Auerbach et al. (2017) attribute this signal to Hawaiian‐style
fountains that produced pyroclastic ash recovered near the center of the caldera (Chadwick et al., 2016;
Clague et al., 2018).

In this study, we present a detailed analysis of the emplacement of three edifices on the north rift of Axial
Seamount during the 2015 eruption (Figure 1). The edifices selected have well defined boundaries and show
variation in dimension, morphology of their summit, and duration of the impulsive sound. Combining the
spatial and temporal distribution of impulsive signals with 1‐m resolution bathymetry, we investigate small
variations in the flow front velocity and determine the location of multiple extrusion sources within a single
flow in order to analyze the dynamics of the eruption.

2. Data and Methods
2.1. Data

This study is primarily based on two set of data: AUV‐bathymetry and the seismo‐acoustic data. AUV bathy-
metric data were collected during multiple AUV surveys, before and after the 2015 eruption. All the new lava
flows formed during the 2015 eruption were mapped with the Woods Hole Oceanographic Institution
(WHOI) AUV Sentry andMBARIMapping AUVs (Chadwick et al., 2016; Clague et al., 2017), which produce
data with 1‐m lateral resolution. Acoustic and seismic data were collected by the OOI network (Figure 1).
The OOI network consists of seven ocean bottom stations along the caldera floor and rim. Two (AXCC1
and AXEC2) are instrumented with three‐component broadband seismometers and low‐frequency acoustic
receivers (hydrophones), and five have short‐period three‐component seismometers. All seismic and acous-
tic data are sampled at a rate of 200 Hz. The data were analyzed for earthquake and impulsive signals
(Caplan‐Auerbach et al., 2017; Mann et al., 2016; Wilcock et al., 2016; Figure S1).

2.2. Hydroacoustic Processing

In the catalog used here, high‐frequency (50–100 Hz) impulsive acoustic events were identified on station
AXEC2 by matching waveforms against a suite of 817 waveform templates chosen from isolated arrivals,
with high signal to noise, that span the eruptive period. Template matching using three‐component

Figure 1. Bathymetric map of the caldera and north rift of Axial Seamount.
The 2015 lava flows are outlined in white and eruptive fissures in brown.
The three hummocky flows studied in this paper are colored in blue. Black
triangles indicate stations in the cabled array of the Ocean Observatories
Initiatives (OOI). Inset locates Axial Seamount (in red) off the west coast of
the United States on the boundary between the Pacific and Juan de
Fuca tectonic plates (black line).
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(HDH, HHZ, and HHN) waveforms returned a set of >37,000 detections (correlation coefficient >0.7). For
each detection on AXEC2, the vertical (HHZ) channel waveform was cross correlated against the other six
OOI stations within the caldera to precisely determine the time of the first (sea surface reflected) and second
(sea surface and seafloor reflected) arriving phases across the network. Locations were determined using a
grid search with a 25 × 25 m spatial resolution. Travel times for both phases were computed, assuming a pla-
nar sloping seafloor between the source and each receiver with a constant sound velocity of 1,485 m s−1. The
final catalog contains locations for ~22,000 impulsive sounds constrained using at least seven arriving
phases, with an average root mean square error of 0.022 s. The mean location uncertainty is ~140 m (χ2 −
misfit at 68% confidence); however, there are additional range‐dependent location biases related to anoma-
lies in the water column velocity structure and unmodeled bathymetric effects, which influence the travel
times of the sea surface and seafloor bouncing arrivals recorded in the caldera. These biases are quantified
bymanually aligning the contoured impulsive sound density maps with the flow boundaries, as documented
in Figure S2. All data presented consider the signal locations after bias correction. Potential misalignment of
the acoustic events does not impact the determination of flow front velocity, as this bias is quantified for indi-
vidual mounds and not individual events. The peak amplitude of each arrival was measured and corrected
for geometric spreading loss to estimate the source level (units of dB re 1 μPa at 1 m).

The diffuse, longer duration, broadband signals recorded from 1 May until 20 May were small in amplitude
and their arrivals emergent in character, so not easily located (Caplan‐Auerbach et al., 2017). Therefore, no
catalog of these signals was produced, and only the time frame of their activity is used in our interpretation.

2.3. Lava Flow Delineation and Volume Determination

Lava flows emplaced during the 2015 eruption were delineated using the difference between maps of
pre‐eruption and post‐eruption bathymetry. At the summit of Axial Seamount, AUV mapping at 1‐m lateral
resolution before (Clague et al., 2013) and after (Chadwick et al., 2016) allowed precise flow boundary
determination and volume calculation of the thin new flows within the caldera and on the upper north rift
(Chadwick et al., 2016). The distal north rift zone of the volcano had not been mapped with AUVs prior to
the eruption, so ship‐collected multibeam bathymetry (Chadwick et al., 2016) served as the pre‐eruption
map to compare with the MBARI AUV‐bathymetry collected post‐eruption for the 2015 flows deeper than
~1,600 m (Clague et al., 2017). Flow volumes, therefore, are not as well defined for the distal flows, although
the greater flow thickness minimizes errors in volume estimates. Lava flow boundary identification and area
calculations improved following examination of the 1‐m resolution bathymetry and observations on dives
J2‐826 of the WHOI ROV Jason and D879 of the MBARI ROV Doc Ricketts (Chadwick et al., 2016; Clague
et al., 2017). The AUV bathymetry, supported by ROV dive observations, is used to analyze flow texture
and delimit individual lobes, channels, and collapses, and tumuli within the flows.

2.4. Estimation of Flow Front Velocity

The morphology and distribution of acoustic events were analyzed for three mounds between 46°4.5′N and
46°7.8′N. Other edifices were built during the 2015 eruption; however, they formed coalesced structures with
poorly defined boundaries between mounds, especially for the acoustic events. The analyses of the distribu-
tion of the acoustic events were primarily done using the ArcGIS point profile interactive tool. When looking
at the mound scale, acoustic events were selected for an entire mound projected on a line perpendicular to
the eruptive fissure. For individual clusters, the acoustic data were projected in multiple directions. Flow
front velocity was determined along those profiles between the first acoustic event at the beginning of the
cluster and the first acoustic event at the end of the cluster (Figure S3). The axis showing the fastest flow
front velocity is considered to represent the lava flow axis (Figure S3). When no flow front velocity was deter-
mined, the acoustic data are plot along the axis of the lobe below.

To constrain the uncertainty in flow front velocity due to the uncertainty in the location of the acoustic
events, a series of simulations were conducted for each flow. The location of each acoustic event was shifted
by a randomGaussian error, with a standard deviation of 140m, and a new estimate of the flow front velocity
was calculated using the simulated locations. This procedure was repeated 1,000 times for each flow, and the
standard deviation of these estimates was taken to represent the uncertainty (68% confidence) in the esti-
mated front velocity.
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3. Results

During the 2015 eruption, the thickest flows were emplaced on the north rift of Axial Seamount between
46°4.5′N and 46°7.8′N, and the three discussed here are referred to as edifices H1, H2, and H3 for
Hummocky Mounds 1, 2, and 3 (Figures 1 and 2). The three edifices are inflated hummocky flows
(Clague et al., 2017), which mainly consist of pillow lava as indicated by the mapped flow texture and con-
firmed by ROV dive observations (Chadwick et al., 2016; Clague et al., 2017). Although their flow type is
similar, the three mounds have different geometries and lava structures on their summits.

Edifice H1 is a complex feature 1.5 km wide, 1.7 km long, and 60 m high (Figure 2a). The bathymetric dif-
ference map indicates a volume of 51 × 106 m3, about a third of the total volume of lava erupted in 2015
(Clague et al., 2017). The edifice consists of an intricate network of lobes, at least fifteen lobes, up to
500 m wide and 1,100 m long (Figures 2a and 2b; Clague et al., 2017). The lobes are distributed around four
centers of extrusion located 230 to 820 m from the eruptive fissure (Figure 2a). Each center of extrusion cor-
responds to a tumulus, while collapses and inflated sheet flows characterize the axis of each lobe (Figures 2a
and 2b). Margins and ends of hummocky lobes consist of pillow lava.

Edifices H2 and H3 formed above the eruptive fissures (Clague et al., 2017). Edifice H2 is a broad, flat‐topped
cone ringed by pillow lavas. It is 1 km in diameter and 68 m high for a volume of 22.8 × 106 m3 (Figure 2c).
No lobes are distinguishable, but its summit consists of a lava pond that overflowed to form levees and then
partly drained to form shallow depressions (Clague et al., 2017). Edifice H3 is a hummocky mound 460 m in
diameter and 73 m high for a volume of 5 × 106 m3 (Figure 2c). No lobes or sheet flows are observed, but
there is a tumulus 46 m long, 15 m wide, and 2 m high with a collapse pit 35 m wide and 10 m deep slightly
NE of the summit center (Figure 2d).

Edifice H1 was the locus of more than 7,100 impulsive sounds over 28 days (Figure 2e). Edifice H2 experi-
enced at least 1,240 impulsive sounds in 6 days (Figure 2f) and Edifice H3, 50 in 46 hr (Figure 2g).
Impulsive sounds are used as a proxy for the duration of the eruptive activity, giving average lava extrusion
rates of 22, 45, and 30 m3 s−1 for Edifices H1, H2, and H3, respectively.

The acoustic signals migrated to the north at a speed of 0.3 m s−1 between 46°4.8′N (H1) and 46°7.8′N (H3),
tracking the onset of eruptive activity fed by the dike propagating along the north rift (Figure 3a). The north-
ern lava flows, including Edifices H2 and H3, were constructed during the first few days of activity.
Approximately 40 hr after the onset of the eruption, the focus of activity began to regress toward H1, as
the average source level of these sounds also decreased (Figure 3a). During the next 4 days, activity became
increasingly localized near H1, where it was sustained as the construction of the mound continued over the
next 3 weeks.

The progression of acoustic events at each hummock with distance from the eruptive fissure is shown in
Figures 3b–3d. At Edifice H1, the acoustic signal was discontinuous and distributed in dense clusters, or
bursts (Figure 3b). The first burst occurred only 8 hr after the beginning of the eruption in the caldera
(Figure 4 and Table 1). The sounds propagated from the eruptive fissure over a distance of 629 m. The flow
front velocity estimated on a straight line perpendicular to the fissure reached 0.039m s−1 with the density of
impulsive sounds higher at the flow front (Figure 4a). Successive bursts of impulsive sounds initiated from
four different extrusion centers located 250 to 800 m from the eruptive fissure and were often associated with
the highest impulsive sound densities (Figures 3b and 4). Those extrusion centers coincide with tumuli iden-
tified from the AUV bathymetry (Figure 2a). Only major off‐axis extrusion centers have been identified.
They consist in large tumuli probably located at the vertical of major lava tubes and mark the point of origin
of several lava flow.

Eight periods of the eruption with bursts of impulsive sounds are shown in Figure 4. Individual bursts
occurred over distances of 170 to 629 m during periods of a few to a hundred hours (Table 1). Some acoustic
bursts had a time‐distance correlation that allows the determination of the advancement rate, while others
occurred at the same time along the lobe (Figures 4 and S4). Estimated flow‐front advancement rates range
from 0.004 to 0.038 m s−1 (Table 1). Each burst of impulsive sounds can be associated with the growth of one
or two lobes around a single extrusion center. The lobes emplaced at the same time are characterized by
similar flow front velocity (Figure 4 and Table 1). However, there is no evidence that two or more bursts
of impulsive sounds started at the same time from different extrusion centers, but acoustic signals often
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continued along one axis while another burst started. From the extrusion centers, impulsive sounds
migrated in all directions, in agreement with observations from the map data showing the distribution of
the lobes emanating from each extrusion center. There is no clear relationship between the flow front
velocity and the flow direction.

Similar spatial analyses of the distribution of impulsive sounds for Edifices H2 and H3 are shown in
Figures 3c and 3d. Neither of those edifices is as complex as edifice H1, morphologically or acoustically.
The activity at edifice H2 started about 11 hr after the beginning of the eruption and continued for about
113 hr (Table 1). Flow front propagation is only evident perpendicular to the fissure. The lava flows ema-
nated simultaneously on the west and east flanks of the fissure (Figure 3c) at rates estimated to be 0.018
and 0.024 m s−1, respectively (Table 1). During that period, most of the impulsive sounds occurred near
the single extrusion center, where the growth of the edifice is associated with a second burst of impulsive
events, while at the edges of the edifice, the number of impulsive sounds remained relatively constant

Figure 2. (a, c) Bathymetric map showing edifices H1 (a), H2, and H3 (c) outlined in red. White lines indicate eruptive fissures, and blue stars major off‐axis
extrusion centers on Edifice H1. The notation is similar in Figure 3 and Table 1. (b) Close‐up of the complex structure of Edifice H1 located by a gray box in
(a). (d) Close‐up of the summit structure of edifice H3 located by a gray box in (c). (e–g) Map of the density of impulsive sounds in 25 × 25 m cell size represented
by number of events per m2, with a log10 color scale, shifted to fit the bathymetry (as documented in Figure S2). Edifices H1 (e), H2 (f), and H3 (g) are
outlined in red.
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through the duration of hummock growth. Only a few impulsive sounds were recorded at Hummock H3.
Their source is more difficult to define, so the values are uncertain (which is why they are not listed in
Table 1), and no propagation rate can be estimated (Figure 3d).

4. Discussion

During the 2015 eruption, the flows emplaced on the north rift of Axial Seamount are thicker than those
emplaced within or near the caldera (>60 m vs. <15 m, respectively; Chadwick et al., 2016). They are also
characterized by more complex morphology, especially Edifice H1, where elongated collapses and extrusion
sources, distant from the initial eruptive fissure, indicate the existence of an elaborate underlying tube sys-
tem that connects the extrusion centers back to the eruptive fissure (Figure 2a; Clague et al., 2017; Yeo
et al., 2013). Those hummocks are also the locations of higher impulsive sound densities and are associated
with longer emplacement duration (Figures 3 and 4).

There is a direct relationship between the distribution of impulsive acoustic signals and the overall morphol-
ogy of the edifices. Construction of H1 began with somewhat higher density sound signals as the surface flow
emanated from the fissure and evolved with a succession of explosive bursts originating frommultiple points
within the flow (Figure 3b). The propagation length and direction of these bursts of acoustic signals coincide
with the length and direction of individual channelized lobes identified on the AUV bathymetry (Figure 2a).
At H2, the acoustic signals record distinct events that occurred during construction of the edifice such as the
emplacement and inflation of sheet flows at its center. Furthermore, for H1 and H2, space‐time patterns of

Figure 3. (a) Time distribution of the impulsive sounds as a function of latitude and colored depending on acoustic source level (dB re 1 μPa at 1 m). The location
of the three edifices is indicated by a light purple background. Interpretations of dike propagation and flow regression as the eruption proceeded are shown by red
arrows. (b–d) Time distribution of the impulsive sounds as a function of the distance from the fissure for edifice H1 (b), H2 (c), and H3 (d). Impulsive sound
density is represented by the color code as a percent of the maximum density. The eruptive fissure is indicated by vertical red lines. Off‐axis extrusion centers
observed at edifice H1 are indicated by the bold orange lines numbered as in Figure 2a. On the profile Extrusion Center 4 appears closer to the fissure than
Center 3, but analysis of the bathymetric data evidences the presence of a pressure ridge between the two extrusion centers suggests that Extrusion Center 4 was
fed by a tube system passing under Extrusion Center 3. Initial flow propagation from H1 and H2 is indicated with red dashed lines. The impulsive sound time
is represented in hours from the beginning of the acoustic activity at 8:01 UTC on 24 April. The average uncertainty in the location of the impulsive sounds
is 140 m, with 68% confidence, plus a shift of 990 m toward the south for H1, and a shift of 540 and 123 m toward the east for H2 and H3 (Figure S2).
Uncertainties on the flow velocity are reported in Table 1.
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acoustic signal bursts record how the flow lobes grew. Some acoustic signals bursts show a time‐distance
correlation (Figure 4) tracking the advance of the lava flow front away from the extrusion source. These
bursts are associated with the emplacement of individual lobes of the hummocks over 8 to 100 hr. Other
explosive bursts do not show a time‐distance correlation and appear to occur along an entire lobe in areas
where migrating bursts had occurred (Figures 3 and 4). The distribution and location along the axis of
individual lobes indicate that these bursts are likely associated with the inflation of preexisting lobes
(Table 1).

The origin of these impulsive acoustic signals has been the subject of discussion in the last decade. Two pri-
mary sources have been proposed. First, the acoustic signal could result from venting of magmatic gases
(Chadwick et al., 2008; Schlindwein & Riedel, 2010; Tan et al., 2016). Direct observations of the NW
Rota‐1 volcano eruption in 2006 (Mariana Arc) (Chadwick et al., 2008) and the presence of pyroclastic depos-
its on the Gakkel ridge during the 1999–2001 volcanic activity (Schlindwein & Riedel, 2010; Sohn et al., 2008)
indicate that the seismoacoustic bursts may result from the release of gas from slowly rising magma. The
acoustic signal could also result from the interaction of lava with seawater (Caplan‐Auerbach et al., 2017;
Tan et al., 2016; Wilcock et al., 2016). Perfit et al. (2003) proposed that even at greater depth than at Axial,

Figure 4. Illustration of the time‐space evolution of the acoustic signal recorded at hummock H1 during the 2015 eruption. The eight maps show different periods
of time during the eruption. The time period concerned is indicated in the upper left corner of each map in hours from the beginning of the acoustic activity at 8:01
UTC on 24 April. Flow boundaries determined from the bathymetric map are indicated in red and the eruptive fissure by a black line. Acoustic signals are
represented by dots colored as a function of time from yellow to dark blue. The location uncertainty of the events estimated at ~140 m is represented by 1 σ on the
map. The main extrusion centers are indicated by a white star as in Figure 2a. Plots of time versus distance from the extrusion center color by density of events
similar to Figures 3b–3d. Each plot shows the propagation of the acoustic events along a profile during the corresponding time period of the map above it.
Uncertainties on the flow velocity are reported Table 1. Extrusive centers are shown by vertical red lines, and flow front velocities are shown by the dashed
projection lines. The bounds of the selected data and axes of the profiles are indicated on the maps by dashed frames.
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bubbles of vaporized sea water that rise through the base of the flow up to the upper‐crust may contribute to
the seismo‐acoustic signals recorded during eruptions.

Although pyroclastic deposits have been found during the 2015 eruption of Axial Seamount, the distribution
of ash observed on seafloor benchmarks within the caldera and the composition of the pyroclasts suggests
that pyroclastic eruptions occurred only during the earliest stage of the eruption (Chadwick et al., 2016;
Clague et al., 2018; Xu et al., 2018) whereas the acoustic signals are observed for the duration of the eruption.
We propose that the impulsive acoustic signals recorded at Axial Seamount were steam explosions resulting
from the infiltration of seawater under the crust of channelized flows, or into cracks during flow inflation.
The highest density of the acoustic signals seems to have occurred during tumulus growth and reached a
maximum for larger tumuli (e.g., Extrusion Center 4 at H1). The development of tumuli, associated with
the formation of numerous cracks, support the hypothesis that impulsive signals were steam explosions,
while low numbers of explosions after hummock growth indicates that they do not result from crust collapse
after lava drains back into the fissure. The variations of the explosion pattern seem to be an indication of flow
type, with these sounds being generated infrequently during the emplacement of mounds of pillow lavas
(e.g., H3), more frequently in association with channelized flows, and at the highest density during inflation
of hummocky flows.

Less is known about the longer‐duration broadband signals that were also recorded between 1 and 20 May.
Due to their diffuse character, they cannot be well located. Caplan‐Auerbach et al. (2017) have proposed that
they are the result of pyroclastic, ash‐producing fire fountains. However, pyroclasts were only formed at the
beginning of the 2015 eruption (Chadwick et al., 2016; Clague et al., 2018; Xu et al., 2018). Longer‐duration
broadband signals started to be recorded after the focus of eruptive activity began to regress back toward the
caldera (Figure 3a) and continued until the end of the eruption. Therefore, an alternative hypothesis is that
these prolonged diffuse signals are associated with the drainage of lava back into open fissures, as linear
depressions with drainback features are evident within some of the flows (Chadwick et al., 2016; Clague
et al., 2017).

The flow morphology of the hummocks, especially the large quantity of lava pillows preserved on the hum-
mock surfaces, indicates that the eruption rate was already decreasing when the hummocks began to grow at

Table 1
Duration, Length, and Flow‐Front Velocity Extracted From Hydroacoustic Events for Edifices H1 and H2a

Burst initiation
Extrusion
sourcec

Profile
orientation (°N)

Flow
direction

Lobe
length (m)

Flow‐front
velocityd (m s−1)

Emplacement
duratione (hr)

In hours from 08:01 UTC
on the 4/24/2015b

Edifice H1
6.8 Fissure 110 E 629 0.039 ± 0.009 20.1
56.09 Ex2 109 E 184 0.006 ± 0.002 38.4
56.09 Ex2 109 W 473 0.004 ± 0.002 49.1
106.3 Ex3 144 SW 512 0.012 ± 0.003 19.6
106.3 Ex3 144 NE 173 0.009 ± 0.002 8.9
137.6 Ex4 139 inflation 469 — 25.9
201 Ex2 120 inflation 214 — 44.8
289 Ex1 137 inflation 300 — 13
289 Ex1 33 inflation 231 — 14
358 Ex2 137 inflation 314 — 5
370 Ex3 147 NE 430 0.009 ± 0.007 19.4
417 Ex4 44 SW 330 0.014 ± 0.007 18.6
417 Ex4 44 NE 250 0.016 ± 0.010 18.6
450 Ex1 145 W 183 0.013 ± 0.008 29.8
Edifice H2
11.0 Fissure 127 NW 284.9 0.018 83
11.0 Fissure 127 SE 312.6 0.024 113
94 Fissure 127 inflation — 5

aThe method of calculation of flow propagation from the hydroacoustic data is described in Figure S3. bHydroacoustic activity indicative of lava flows began on
24 April 2015 at 08:01 UTC (Wilcock et al., 2016). cThe extrusion source names are referenced in Figure 2. dUncertainties in velocity represent 68% confi-
dence. eThe emplacement duration is measured from the beginning of propagation from the extrusion center to the end of the acoustic activity along the entire
lobe.
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the distal end of the dike as it propagated northward. This is confirmed from the acoustic records, which sug-
gest the dike propagation rate is ~0.3 m s−1 between 46°4.8′N and 46°7.8′N, about half the 0.7 m s−1 rate at
which it propagated from the caldera to the north rift (Chadwick et al., 2016; Wilcock et al., 2016, 2018). A
similar decrease of the dike propagation rate was observed in the 1998 eruption from seismic records (Dziak
& Fox, 1999). Northward dike propagation ended 15 to 20 hr after the beginning of the eruption and was
rapidly followed by the regression of eruptive activity back toward the caldera while Edifices H1, H2, and
H3 were still being constructed (Figure 3a). These changes of dike pressure and extrusion rate are consistent
with the evolution of extrusion rate and flow‐front advancementmeasured at H1 andH2.While the dike was
propagating, flow‐front velocities are estimated to have been 0.018 to 0.039 m s−1, whereas they dropped
mostly below 0.016 m s−1 during the regression of the eruption (Figure 3a; Table 1). These rates are signifi-
cantly higher than what would have been inferred as a time‐averaged advance rate. Indeed, only brief per-
iods of the eruption are associated with flow advancement, and most of the volume erupted contribute to the
vertical growth of those mounds via inflation. However, these flow advancement rates are slower than were
measured for channelized flows emplace during 2005–2006 eruption of the EPR and 2011 eruption of Axial
Seamount and determined using similar methods (0.03 to 0.31 m s−1; Tan et al., 2016) or numerical modeling
of diffusion‐controlled bubble growth (0.02 to 0.7 m s−1; Jones et al., 2018; Soule et al., 2012). Similar to the
advancement rates, the average extrusion rates estimated for the three inflated hummocks of 22 to 53 m3 s−1

is also slightly lower than the 100 m3 s−1 estimates for the 2005–2006 eruption on the EPR (Tan et al., 2016).
However, this is consistent with the difference of lava flow morphology: sheet flows to lobate flows for
the EPR and lobate flows to pillow flows for the hummocks. The extrusion rates for the hummocky mounds
fall in the range of extrusion rates estimated from the duration of seismic swarms elsewhere along the
Juan de Fuca ridge and at Axial Seamount. It is 1 order of magnitude higher than the one estimated for
the production of pillow mounds (3.5 to 5.5 m3 s−1; Yeo et al., 2013), and 1 to 2 orders of magnitude lower
than extrusion rates estimated for channelized flows (500 to 2,400 m3 s−1; Chadwick et al., 2013).

The regression of the eruptive activity back toward the caldera appears to stall at Edifice H1 (Figure 3a).
However, the cessation of the eruption is seen in the summit morphology of H1. The collapses in the upper
parts of the lobes (Figure 2c) are consistent with a progressive decrease in the pressure in the underlying tube
system as supply decreased and lava drained toward the end of the eruption (e.g., Chadwick et al., 2013), and
the eruptive activity migrated from the off‐axis extrusion centers toward the fissure (Figure 3b). When the
pressure became insufficient to transport lava further off‐axis against a thickening lava crust, ephemeral
pulses of lava heaved up the tumuli over the extrusion centers on H1 and H3 (Figures 2a and 2g) and over-
flowed at the summit of H2 to build the levees (Figure 2d). These complex hummocks observed on the north
rift are not unique at Axial Seamount, as prehistoric examples are present on the north and south rifts as illu-
strated, but not described, in Clague et al. (2013, 2017). Their morphological similarity and their distal loca-
tion from the caldera could indicate that this type of edifice is constructed during long‐duration eruptions
near the end of a propagating dike.

5. Conclusions

The dynamics of the 2015 eruption along the north rift of Axial Seamount are elucidated by combining
detailed seafloor bathymetry of the newly formed flows with a record of the impulsive acoustic sounds
generated by the interaction of lava and seawater. Hummocky mounds were constructed ~9.5 to
15.5 km down rift from the caldera over time scales of 2 to 28 days. The northern‐most mounds were
formed over the first few days of the eruption, after which eruptive activity regressed back toward the cal-
dera, where a larger and more complex mound with multiple eruptive centers was formed over the next
3 weeks. There is no evidence that the volume erupted was correlated with the number of acoustic events
recorded. Instead, the amount of acoustic activity seems better correlated with the dynamics of the erup-
tion. Low eruption‐rate flows forming pillow lavas appear to have produced fewer sounds; therefore, these
signals may provide only a minimum duration of flow emplacement. Sounds were produced more com-
monly during the emplacement of surface channelized flows, and the highest density of signals was pro-
duced during flow inflation and expansion. The time‐space pattern of the impulsive sounds shows that
hummocks may result from the alternation between the emplacement of a new lobe and the inflation
of preexisting lobes.
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Data Availability Statement

The AUV bathymetric maps and flow contours are available through the IEDA database (https://doi.org/
10.26022/IEDA/329694 and 10.1594/IEDA/324417, respectively). Raw OOI seismic and hydrophone
data are available through the IRIS Data Management Center (http://ds.iris.edu/gmap/
#network¼OO&planet¼earth/). The impulsive event catalog is available through the IEDA database
(https://doi.org/10.26022/IEDA/329763).
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