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ABSTRACT

NW Rota-1 is a submarine volcano in the Mariana volcanic arc that is notable as the site
where underwater explosive eruptions were first witnessed in A.D. 2004. After years of con-
tinuous low-level eruptive activity, a major landslide occurred at NW Rota-1 in August 2009,
triggered by an unusually large eruption that produced 10 times the acoustic energy of the
background level of activity. An anomalous earthquake swarm preceded the eruption, sug-
gesting that the sequence started with a magmatic intrusion and associated faulting beneath
the volcano. We quantify the size and extent of the landslide using bathymetric resurveys and
interpret the timing of events using data from an in situ hydrophone. This is the first instru-
mental documentation of an earthquake-eruption-landslide sequence at a submarine volcano,
and illustrates the close interaction between magmatic activity and mass wasting events in the

growth of undersea arc volcanoes.

INTRODUCTION

NW Rota-1 volcano is a symmetrical cone
of basaltic andesite composition with a sum-
mit depth of 517 m, located in the Mariana
arc ~100 km north of Guam, and is the first
site where submarine eruptions were directly
observed in 2004 (Embley et al., 2006). Even
more remarkable is that it has remained per-
sistently active since, a conclusion supported
by nearly annual visits with remotely operated
vehicles (Embley et al., 2007; Chadwick et al.,

2008a, 2009, 2010) and two years of continuous
hydrophone monitoring at the volcano between
2008 and 2010 (Dziak et al., 2009).

Dive observations since 2004 have shown
that the volcano’s nearly continuous Strombo-
lian eruptive activity is characterized by explo-
sive bursts with a low mass eruption rate every
few minutes, bursts that are primarily driven
by magmatic gases (Chadwick et al., 2008a).
The eruptive vent is located just south of the
summit on a steep and unstable south-facing

slope, which leads to cyclic buildup and col-
lapse of fragmental lava and pyroclasts over the
vent (Deardorff et al., 2011). Deep ash-laden
turbidity plumes were found repeatedly above
the lower flanks of the volcano, apparently
formed by these frequent small collapse events
(Walker et al., 2008). However, the landslide
that occurred in 2009 was at least an order of
magnitude larger than these earlier events.

LANDSLIDE

We have quantified the cumulative impact of
both constructional and destructive processes
over time at NW Rota-1 by repeated mapping
of the volcano with multibeam sonar following
the methods of Chadwick et al. (2008b). Depth
changes between bathymetric surveys col-
lected in February 2003 and April 2009 (before
the landslide) show the cumulative deposition
from the low-level Strombolian eruptions at
the summit and remobilization of that material
downslope (Fig. 1A). Over this 6 yr period, the
thickness of these deposits was as much as 47 m,
they extended downslope 4 km from the vent to

Figure 1. Maps of NW A
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depth changes between

bathymetric surveys (inset

shows location). A: Febru- 12
ary 2003-April 2009, dur- 5y
ing a period of volcanic
construction (both surveys
collected with R/V Thomp-
son’s EM300 multibeam so-
nar). B: April 2009-March
2010, including the land-
slide in August 2009 (the
March 2010 survey used
RNV Kilo Moana’s EM122
sonar system). Red areas
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depths of at least 2200 m, and their cumulative
volume was 34 x 10 m?.

To investigate how these small collapse events
were related to eruptive activity, we deployed
four instrumental moorings in early 2009 to
monitor the volcano’s activity over the next year
(Fig. 1B). These included a hydrophone and a
fluid sampler moored above the summit, and
two moorings with turbidity, temperature, and
current sensors located downslope of the erup-
tive vent. However, when we returned in March
2010, we discovered that a major landslide had
occurred and three of the four moorings had
been destroyed. Of those three, the only thing
that survived was the acoustic release from the
deepest mooring, which had been moved 1 km
downslope and was buried in sediment (Fig. 1B).
Only the hydrophone mooring survived, because
it was located above the slide headwall.

The size and extent of the landslide are
revealed by depth changes between bathy-
metric surveys in April 2009 and March 2010
(Fig. 1B). The landslide removed material from
the summit and upper slope to a distance of
3.5 km from the summit and deposited it on the
lower flanks of the volcano, out to a distance of
8 km and to depths of at least 2800 m. The maxi-
mum negative depth change was —90 m near the
slide headwall where the former summit ridge
retreated ~100 m northward. The maximum

Figure 2. Data from in 250
situ hydrophone at NW
Rota-1. A: A year-long
spectrogram showing
sound amplitude (col-
ors) in decibels (relative
to, re uPa*Hz) as func-
tion of frequency versus
time, from February 2009
to March 2010. Vertical
stripes are more or less
continuous low-level
Strombolian eruptive ac-
tivity. Note the unusually
large signal in middle of
record (expanded in B).
B: Detail of large acous- 100 120
tic signal in August 2009,
interpreted as unusu-
ally large eruption last-
ing nearly 4 days, that
triggered the landslide
(high-amplitude pulses
near the center of record,
expanded in C). C: De-
tail of landslide pulses
showing unusually large
amplitudes at frequen-
cies <1 Hz. D: Frequency
power spectral density
curves comparing rela-
tive amplitudes of vari-
ous acoustic signals in
decibels. Each curve is
~20 dB (or roughly 10
times) louder than the
one below. All plots cor-
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thickness of the slide deposit is 42 m and its vol-
ume is 53 x 10° m®. Figure 1 shows that the zone
where material accumulated before the slide is
similar to the area where material was removed
during the 2009 landslide, although the volume
removed is 50% larger.

We can put the NW Rota-1 landslide into
context by comparing it with others documented
at Monowai, another persistently active sub-
marine volcano in the Kermadec volcanic arc.
Repeated mapping there documented two major
landslides over a 9 yr period (Chadwick et al.,
2008b; Wright et al., 2008). The thicknesses and
volumes of the landslides at Monowai (48—70 m
and 40-85 x 10° m®) are very similar to those
from NW Rota-1, suggesting that this size of
event may be typical at young active subma-
rine arc volcanoes. This conclusion is supported
by analogue experiments conducted to inves-
tigate the modes of sector collapse on volca-
noes, showing that shallow, narrow collapses
are a common mode of failure from fragmen-
tal loading at the summit of steep-sided cones
(Acocella, 2005). Thus, this type of event may
be characteristic of how pyroclastic materials
that are deposited by submarine eruptions are
periodically redistributed to the lower flanks of
the volcano. This also suggests that the rates of
eruptive output and collapse events at submarine
arc volcanoes are intimately linked.

b

Sep Oct Nov Dec Jan Feb 2010

13 Aug.

TRIGGERING ERUPTION

The in situ hydrophone that survived the
landslide at NW Rota-1 recorded the event,
and thus provides detailed information about
its character and timing. The acoustic record
between February 2009 and March 2010 shows
that the cyclic, low-level Strombolian eruptive
activity that had been seen previously at the
volcano (Chadwick et al., 2008a, 2009, 2010;
Dziak et al., 2009) was more or less continuous
throughout the year (vertical stripes in Fig. 2A).
However, an unusually large signal in mid-
August that lasted for nearly 4 days stands out in
the record (Fig. 2B); this broadband signal starts
with an abrupt onset at 23:25 on 12 August (all
Greenwich Mean Time), gradually builds in
amplitude over the first 12 h, and continues until
18:30 on 16 August, when it ends with a rapid
decrease in amplitude over 2-3 h. The 4 day sig-
nal is remarkably continuous and sustained with
the highest energy density at frequencies below
10 Hz and peak amplitudes >155 dB (relative to,
re 1uPa*Hz) below 1 Hz (50 dB above ambient
in Fig. 2D). Embedded in the middle of this 4
day signal are two distinct pulses of even larger
amplitude, each lasting 2—4 h over a 10 h period
between 10:27 and 20:10 on 14 August. These
pulses are distinguished by their unusually high
amplitudes (>200 dB) at very low frequencies
(>0.5 Hz) (Fig. 20C).

4-day eruption signal
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rected for instrument response, but not for distance from vent (~400 m for all curves).
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We interpret that the large 4 day signal was
an intense continuous explosive eruption, and
the higher amplitude pulses in the middle of
this signal represent the landslide. The abrupt
start and end of the 4 day signal and its broad-
band frequency content are similar to the nor-
mal low-level Strombolian bursts observed in
previous years (Chadwick et al., 2008a, 2009,
2010; Dziak et al., 2009), except that the sig-
nal is much longer and about an order of mag-
nitude higher in acoustic amplitude (Fig. 2D).
Physical evidence for such an eruption includes
a deposit of fresh, frothy tephra with very low
crystallinity (consistent with rapid rise, degas-
sing, and explosive ejection) sampled from the
summit ridge of NW Rota-1 in March 2010, an
area beyond the reach of the normal low-level
Strombolian bursts (Deardorff and Cashman,
2010; Deardorff et al., 2011).

The acoustic signal produced by the land-
slide was as much as 10 times the amplitude of
the eruption signal (Fig. 2D). Its extreme low-
frequency component is the most diagnostic
of a landslide source, likely produced by the
failure of large landslide blocks (from massive
lava outcrops at the summit) and their subse-
quent movement and disintegration as they
avalanched downslope. This low-frequency
acoustic signal is especially remarkable because
the preamplifier on the hydrophone is designed
to strongly attenuate such signals (Fox et al.,
2001). This high energy at low frequencies is
similar to seismic signals observed during the
December 2002 submarine landslide at Strom-
boli volcano, Italy (La Rocca et al., 2004;
Pino et al., 2004), and smaller submarine col-
lapses documented on Kilauea Volcano, Hawaii
(Caplan-Auerbach et al., 2001). The durations
of the landslide signals at NW Rota-1 (minutes
to hours) are also consistent with the recordings
at Stromboli and Kilauea (Caplan-Auerbach et
al., 2001; La Rocca et al., 2004). However, the
multiple pulses and their long overall duration
indicate that the NW Rota-1 landslide was not
a single event, but instead involved an extended
sequence of retrogressive failures.

Knowing the time that the landslide occurred
on 14 August 2009, we have looked for any
associated tsunami signals in tide gauge data
from the island of Guam (a distance of 129 km),
and from nearby tsunami buoys (at distances
of 800-1400 km; Meinig et al., 2005), but no
unusual waves were detected. In contrast, the
2002 landslide at Stromboli generated a destruc-
tive tsunami, even though its volume (10-20 x
10° m?) was less than half that of the landslide at
NW Rota-1. This is apparently because the slide
at Stromboli initiated at very shallow depths
(0-350 m) on the flank of the island, and was
more impulsive, with a duration of only 20 min
(Bonaccorso et al., 2003; La Rocca et al., 2004;
Chiocci et al., 2008). Landslide-generated tsu-
namis tend to have limited far-field effects since
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they have relatively small source areas, faster
radial dissipation, and may take place as mul-
tiple failures over time instead of single large
events (Okal and Synolakis, 2004; Masson et
al., 2000).

These eruption and landslide signals were by
far the largest acoustic events recorded during
the two years of continuous hydrophone moni-
toring at NW Rota-1 (Dziak et al., 2009). The
timing of the two signals strongly suggests that
the eruption triggered the landslide, probably
from the rapid deposition and oversteepening of
pyroclastic debris on the unstable and already
heavily loaded upper south slope of the volcano.

PRE-ERUPTION EARTHQUAKE
SWARM

An unusually large sequence of earthquakes
was detected near NW Rota-1 volcano by the
global seismic network (International Seismo-
logical Centre, 2011) starting on 17 April 2009
(Fig. 3A). This swarm consisted of 58 events in
4 days (53 within the first 24 h) all with similar
magnitudes ranging from m, 3.3 to 4.5 and at
depths of 0—40 km (International Seismological
Centre, 2011), much shallower than typical for
this location over the Mariana subduction zone
(commonly >150 km; Stern et al., 2003). The
temporal clustering of these events was also
highly unusual as it was the highest monthly
total of earthquakes in the vicinity of NW Rota-1
since at least 2003 (58 versus <10; International
Seismological Centre, 2011). Over the next 4
months, 11 more globally detected earthquakes
(m, 3.6-4.5) occurred, the last on 5 August, just
a week before the eruption and landslide. These
characteristics, and the fact that the swarm
did not follow a mainshock-aftershock pattern
(Fig. 3B), suggest that the earthquakes were
likely caused by magmatic intrusion rather than
tectonic faulting.

The earthquake swarm at NW Rota-1 was
also recorded by the in situ hydrophone moored
at the summit of the volcano; the hydrophone

Seafloor
depth (m)
e o

144°30'E

145°00'E

Number of earthquakes per hour

detected ~10 times as many events (Fig. 3B).
Acoustic T waves from local earthquakes are
easily distinguished from eruption sounds and
distant regional earthquakes by their impulsive
onsets, short durations, rapid signal decay rate,
and higher frequency content (Dziak and Fox,
1999; Bohnenstiehl et al., 2002). The hydro-
phone recorded more than 513 local earthquakes
between 15 and 21 April; the peak event rate was
36/h on 17 April (Fig. 3B). During this peak, a
continuous broadband acoustic signal (<50 Hz)
appeared in the record and lasted for ~24 h; we
interpret that the signal was produced by a high
rate of small earthquakes, too numerous to be
picked out as discrete events. Similar continu-
ous low-level broadband seismoacoustic energy
has been observed during other magmatic intru-
sions in volcanic settings (Brandsdottir and Ein-
arsson, 1979; Dziak and Fox, 1999). The mean
location of the earthquake epicenters is ~25 km
northwest of NW Rota-1 (International Seismo-
logical Centre, 2011) (Fig. 3A). A similar earth-
quake swarm occurred near NW Rota-1 in 1997
that consisted of 64 events with magnitudes of
m, 3.7-4.9, ~64% of which occurred within the
first two days, also interpreted as having a mag-
matic source (Heeszel et al., 2008).

The interpretation that the 2009 earthquakes
were caused by magmatic intrusion centered
on or near the volcano is also consistent with
the fact that at least one of the earthquakes had
a highly non-double-couple focal mechanism
(Shuler et al., 2010) (Fig. 3A), similar to some
earthquakes documented at other active vol-
canoes (Ekstrom, 1994; Shuler and Ekstrom,
2009). A mechanism proposed to explain such
anomalous earthquakes is slip on curved ring
faults due to magma withdrawal from a deep
reservoir during upward intrusion (Shuler and
Ekstrom, 2009).

CONCLUSIONS
This is the first time that an intrusion-erup-
tion-landslide sequence of events has been doc-

40 T T T T

m Detected by hydrophone |
B ISC catalog earthquakes

16 Apr

17 Apr 18 Apr 19 Apr 20 Apr

Figure 3. Pre-eruption earthquake swarm. A: Bathymetric map showing NW Rota-1 volcano
and earthquake epicenters during 2009 (red dots), average swarm location and error (yellow
dot and ellipse), and a non-double-couple focal mechanism from International Seismologi-
cal Center (ISC) online bulletin (2011). B: Rate of earthquakes detected 16-21 April 2009 by
in situ hydrophone (blue) compared to ISC data (red).
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umented at a submarine volcano. The unusual
swarm of earthquakes that began in April 2009
was distinctly magmatic in character and was
apparently caused by faulting related to mag-
matic intrusion beneath or near the volcano. This
intrusion, in turn, led to an extraordinary erup-
tion that started on 12 August 2009 and lasted
nearly 4 days, with acoustic energy 10 times
larger than typical activity at the volcano. In the
middle of this eruption, a major landslide was
triggered on 14 August, probably from volcanic
loading. This slide moved lava and pyroclastic
material that had accumulated at the summit and
on the upper slopes of the volcano during the
previous decade down to the lower slopes in a
matter of hours, but did not create a detectable
tsunami. This sequence of events clearly shows
that the dynamics of eruptions and landslides
are closely linked in the growth and evolution of
submarine arc volcanoes.
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