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[1] NW Rota-1 is an active submarine volcano in the Mariana Arc with a summit depth
of 517 m and an explosively erupting volcanic vent southwest of the summit at a
depth of 530–560 m. During a period of ongoing explosive eruptions, particle plumes
surrounded the volcano and at least 3.3 � 107 m3 of volcaniclastic material was deposited
on the southern flank. Particle plumes over the summit were magmatic-hydrothermal
in origin characterized by 3He enrichment, hydrothermal precipitates, and low pH values.
Plumes at multiple depths below the summit surrounded the volcano and were
composed overwhelmingly of fresh, glassy shards of basalt. Rare anhydrite particles
were present, but there was a complete absence of other hydrothermal components in
the deep plume samples. These short-lived anhydrite particles indicate the source of
the deep plumes is from within or very near the eruptive vent, and the mechanism
for transport down the flanks of the volcano must be far faster than settling of individual
particles. The deep plumes most likely originated from sediment gravity flows
generated by explosive eruptions or slope failure and landslides of unstable materials
that had accumulated near the eruptive vent. Suspended sediments detach from
the volcano slopes at multiple depths and are transported laterally up to tens of kilometers
where they contribute to fall-out deposits in distal sediments. These observations link
mechanisms for the transport of volcanic ash in the submarine environment to the types
of deposits common in volcaniclastic aprons and fine ash layers in distal sediments.
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1. Introduction

[2] Opportunities to directly observe explosive subma-
rine volcanism and the syneruptive transport and deposi-
tion of its products are rare, so models of eruption
dynamics are typically based on studies of volcaniclastic
deposits. The characteristics of stratification, bed grading,
clast morphology and boundaries between layers are used
to infer eruptive styles, transport mechanisms and deposi-
tional environments [White, 2000; Head and Wilson, 2003;
White et al., 2003, and references therein]. Volcaniclastic
deposits are common on the flanks of island and intraoceanic
arc volcanoes and within sediments surrounding convergent
plate margins [e.g., Draut and Clift, 2006; Clift and Lee,
1998; Lee et al., 1995]. Some are fall-out deposits while

others provide evidence for dispersal and deposition of
eruptive products by sediment gravity flows. Turbidites
result from gravity flows of fine sediments. Other sequences
indicate sediment gravity flows cover a wide range of flow
types and are important for building the volcaniclastic
aprons surrounding many submarine volcanic edifices.
Examples include volcaniclastic debris flows initiated by
large-scale eruption-fed or mass wasting events [Chadwick
et al., 2005; Wright, 1996; White, 2000], pyroclastic flows
that enter the ocean during subaerial eruptions [Mandeville
et al., 1996; Chadwick et al., 2005; Sigurdsson et al., 2006],
and vertical density currents that form when dense concen-
trations of airborne ash accumulate at the ocean surface
[Manville and Wilson, 2004; Carey, 1997; Fiske et al.,
1998]. The terminology for gravity flows, also called density
flows or currents, is neither well established nor consis-
tently used in the geological literature (see Appendix A)
[e.g.,Middleton and Hampton, 1976;Mulder and Alexander,
2001]. In this paper, we use the term ‘‘sediment gravity
flows,’’ as it is the most general term that encompasses the
broad range of mass transport events, including turbidity
currents. We follow the criteria of Cas and Wright [1991]
that the term pyroclastic flow should be reserved for
describing hot, gas-supported flows.

JOURNAL OF GEOPHYSICAL RESEARCH, VOL. 113, B08S11, doi:10.1029/2007JB005441, 2008
Click
Here

for

Full
Article

1Pacific Marine Environmental Laboratory, NOAA, Seattle,
Washington, USA.

2Joint Institute for the Study of the Atmosphere and Ocean, University
of Washington, Seattle, Washington, USA.

3Cooperative Institute for Marine Resources Studies, Oregon State
University, Newport, Oregon, USA.

4Pacific Marine Environmental Laboratory, NOAA, Newport, Oregon,
USA.

Copyright 2008 by the American Geophysical Union.
0148-0227/08/2007JB005441$09.00

B08S11 1 of 14

http://dx.doi.org/10.1029/2007JB005441


[3] A variety of processes can initiate sediment gravity
flows at submarine arc volcanoes: the collapse of eruption
columns, explosive destruction of lava domes, destabiliza-
tion and remobilization of eruption products that have
accumulated on steep slopes, and slope failure due to erup-
tion-related seismic activity resulting in slides, slumps and
flows on the flanks of volcanoes [Kokelaar and Busby, 1992;
Fryer et al., 1997; Head and Wilson, 2003; Wright et al.,
2008]. Materials transported by sediment gravity flows
during volcanic eruptions can originate as juvenile eruptive
products, previously deposited clasts and hemipelagic sedi-
ments, or a combination of primary and reworked sources.
Radial patterns, braided channels, hummocks, ripples and
sediment waves seen in the acoustic imagery of volcaniclastic
aprons surrounding active submarine volcanoes indicate that,
at the largest scales, sediment gravity flows are significant
transport mechanisms for volcaniclastic products and can
deposit these materials distally to tens of kilometers around
the edifices [Chadwick et al., 2005; Embley et al., 2006b;
Fiske et al., 1998; Wright, 1996; Draut and Clift, 2006].
[4] Until now, studies of active submarine explosive

eruptions have been limited to shallow volcanoes where
eruptions have breached the surface or have affected surface
waters sufficiently (i.e., discolored water or floating pum-
ice) to indicate activity [e.g., Fiske et al., 1998; Chiminée et
al., 1991; Baker et al., 2002]. Close observations of an
exploding volcano are normally impossible due to safety
concerns [Fiske et al., 1998]. Baker et al. [2002] measured
the distribution and sampled tephra in the water column
surrounding actively erupting Kavachi volcano in the
Solomon Islands in May 2000. They found layers of fine-
grained particles extending to depths greater than 1200 m, at
distances at least 5 km from the shallow (2–5 m) summit.
These layers were predominantly composed of shattered,
�3 mm mean diameter, unvesiculated glass particles with
limited evidence (in only 2 of 22 samples) of dissolved or
precipitated hydrothermal species (e.g., Fe or Mn) or mag-
matic gasses (e.g., 3He or CO2), a contrast to event plumes
sampled after mid-ocean ridge eruptions [Baker et al., 1989;
Butterfield et al., 1997; Feely et al., 1999; Resing et al.,
1999] or the observations at Macdonald seamount, an
actively erupting hot spot volcano [Chiminée et al., 1991].
Baker et al. [2002] concluded that most of the hydrothermal
fluids and magmatic volatiles discharged during the Kavachi
eruption were released directly to the atmosphere. Particle
layers shallower than 250m appeared to be directly emplaced
by summit explosions and related base surges with highly
directional dispersal controlled by local currents. The layers
deeper than 250 m were more widespread, with particle
concentrations near the seafloor often greater than in the
shallower plumes. It was suggested that these particle layers
could be the result of resuspension of previously deposited
pyroclasts off the flanks of the volcano due to seismic energy
[Baker et al., 2002; Fiske et al., 1998].
[5] In this paper, we describe only the second investigation

of the production and dispersal of volcaniclastic materials at
an actively erupting submarine volcano. NW Rota-1, on the
Mariana Arc, differs importantly from Kavachi in several
ways. First, a summit depth of �550 m insures that the
erupting material and its dispersal are confined completely to
the submarine environment. Second, the hydrostatic pressure
at that water depth is sufficient to suppress the energy of the

eruption and allow close and prolonged visual inspection of
the vent. Third, multiple and extended visits to NW Rota-1
over a 4-year period allow unprecedented long-term meas-
urements of the production and dispersal of volcanic ash in
the deep marine environment due to a continuing eruption. In
addition, an area of volcaniclastic deposition on the flanks of
NW Rota-1 was identified by repeat bathymetric surveys in
2003 and 2006.

2. Geological Setting

[6] The Mariana Arc lies west of the convergent margin
between the Pacific and Philippine Sea plates in the western
Pacific [Stern et al., 2003] (Figure 1). Of the 52 submarine
volcanic centers along the arc, at least 20 are hydrothermally
active [Baker et al., 2008]. NW Rota-1 is located about
60 km northwest of the island of Rota, Commonwealth of
the Northern Mariana Islands. Hydrothermal activity on NW
Rota-1 was discovered during the first NOAA Mariana
Submarine Ring of Fire expedition in 2003 [Embley et al.,
2004]. Dives during subsequent expeditions with remotely
operated vehicles (ROV; ROPOS in March/April 2004,
Hyper-Dolfin in October 2005, and Jason II in April/May
2006) have provided an unprecedented opportunity for direct
observations of explosive eruptive activity at a volcanic vent
near the summit of the volcano [Chadwick et al., 2008;
Embley et al., 2006a; Deardorff et al., 2006].
[7] The volcanic edifice is steep-sided (with slope angles

of 31� to water depths >1000 m), conical, basaltic to
basaltic-andesite with a summit depth of 517 m (ROV depth
sensor), and a basal diameter of about 16 km at 2700 m
[Embley et al., 2006a; Chadwick et al., 2008]. Unstable
deposits of volcaniclastic debris, sand, and talus cover the
upper flanks of the volcano where evidence of large-scale
mass wasting on the steep slopes is common.
[8] Brimstone Pit is the name of an active volcanic vent

located approximately 45 m SW of the summit at a water
depth of 530–560 m [Embley et al., 2006a; Chadwick et
al., 2008]. Extensive ROV observations indicate that
Brimstone Pit is the only source of high-temperature,
particle-rich discharge on the summit, though smaller, dif-
fuse, lower-temperature vents were found along the summit
ridge [Embley et al., 2006a] (videos available online at http://
www.oceanexplorer.noaa.gov/explorations/04fire). Only
mobile fauna have been found thriving near the summit at
NW Rota-1 [Limén et al., 2006], evidence of a rapidly
changing and unstable seafloor environment.
[9] Brimstone Pit is a dynamic site under constant

change [Chadwick et al., 2008], including the loss of a
significant portion of the crater rim between the 2004 and
2006 observations. Accumulation and collapse of eruption
products in the immediate vicinity of the vent and other areas
near the summit were observed during ROV dives in 2006.
Sand-sized material on the steep slopes was easily disturbed
by ROVoperations, causing small, localized grain flows.
[10] The eruptive activity at Brimstone Pit observed in

2004 was characterized by a highly variable, sometimes
surging plume with droplets of molten sulfur and basaltic
ash, lapilli, and occasional bombs (>15 cm) falling from the
plume after being ejected from the pit [Embley et al., 2006a].
In 2006, activity varied from quiet emission of gas bubbles,
to large sulfur-rich clouds billowing from the eruptive pit, to
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vigorous pulsating bursts of exploding gasses and red hot
blocks of lava. Activity fluctuated between intense and
quiescent phases on the scale of minutes to tens of minutes,
and eruption rates were low (1–100 m3 h�1) [Deardorff et
al., 2006; Chadwick et al., 2008]. The broader impacts of
this eruptive activity were documented by repeated water
column measurements and bathymetric (sonar) surveys
around the volcano.

3. Methods

[11] Particle plumes in the water column around NW
Rota-1 were mapped and sampled in 2003, 2004, and 2006
(Figure 1b) with conductivity-temperature-depth-optical
(CTDO) vertical casts and ‘‘tow-yos’’ in accordance with
the methods and equipment described by Baker et al.
[1995]. Optical backscatter data are reported as DNTU,
dimensionless nephelometric turbidity units [American
Public Health Association, 1985] above the regional back-
ground, which is correlated to suspended particulate mass
concentration. The slope of the least squares regression
between suspended particulate mass concentration and NTU
is affected by mean particle size and composition and
ranges from �0.11 L mg�1 for aluminosilicates with a mean
diameter of 29 mm to �2.5 L mg�1 for hydrothermal iron
oxyhydroxide precipitates, and greater for particle popula-
tions dominated by particulate sulfur [Baker et al., 2001;
Feely et al., 1999]. Water samples for chemical analysis were
collected with 19-L Niskin-type bottles while monitoring the
real-time display of DNTU. Samples were analyzed for
helium isotopes (3He and 4He [Lupton and Craig, 1975]),
pH (a proxy for CO2 and other acidic magmatic volatiles
[Resing et al., 1999]), particulate elemental composition

[Feely et al., 1999], and the morphology of individual
particles by scanning electron microscopy (SEM). Short-
term temporal changes were observed by repeat tows
separated by 3–6 days in 2004 and 2006.
[12] Depth differences at NW Rota-1 were determined

by repeat multibeam sonar bathymetry surveys conducted
in February 2003 and April 2006. The 2003 survey was
collected with the 30 kHz EM300 system on the R/V
Thompson, the 2006 survey with the 12 kHz Seabeam2000
system on the R/V Melville. Both surveys were navigated
by DGPS and corrected for sound velocity calculated from
concurrent CTD data. Quantitative comparison of the two
surveys generally followed the method described by Fox et
al. [1992] and Wright et al. [2008]. Each survey was
gridded separately with a 30 m cell size and the grids
subtracted to generate a raw difference grid. Raw differ-
ence grids contain false differences due to slope-dependent
errors in position and depth and the lower quality of the
Seabeam2000 data. To distinguish signal from noise,
significant depth differences were determined as those
above an empirical threshold after weighting raw differ-
ences as a function of slope.

4. Depth Changes Between 2003 and 2006

[13] Comparison of the two multibeam bathymetry
surveys (Figure 2) from 2003 and 2006 shows significant
depth differences up to 40 m located immediately down-
slope of the eruptive vent, Brimstone Pit. The raw differ-
ence grid is somewhat noisy (Figure 2c), but includes a
swath of positive depth change on the south flank of the
volcano and generally negative depth changes elsewhere.
After applying the slope-dependent weighting factor and

Figure 1. (a) Location and tectonic setting of NW Rota-1 (yellow star) and other hydrothermally
active submarine volcanoes (red stars) along the Mariana volcanic arc. Red lines show location of
back-arc spreading axis. (b) Track lines of CTDO tow-yos (lines) and vertical cast positions (circles) at NW
Rota-1 in 2003 (CTD tow T03A-06), 2004 (CTD tows labeled ‘‘T04B-xx’’ and vertical casts labeled
‘‘V04B-xx,’’ and 2006 (CTD tows labeled ‘‘T06A-xx’’ and vertical casts labeled ‘‘V06A-xx’’).
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empirical threshold, the positive swath was interpreted to be
the only significant area of depth change, as shown in the
final cleaned difference grid (Figure 2d). The positive swath
extends to at least the 2000 m bathymetric contour (a
horizontal distance of 4 km from the summit). Its lateral
extent is constrained within a low-relief chute formed by
two inward facing normal faults that are oriented NE-SW
and cut across the summit of the volcano. The area and
volume of depth change in the cleaned difference grid are
2.0 � 106 m2 and 3.3 � 107 m3, respectively.
[14] The area of positive depth change is interpreted to be

volcaniclastic material deposited downslope from Brimstone
Pit between 2003 and 2006 as the result of eruptive activity
at the vent. The volume of the deposit is consistent with the
volcano being more or less continuously active between
2003 and 2006 at about the same rate that was observed in
2006 (1–100 m3 h�1) [Chadwick et al., 2008], however, the
emplacement of volcaniclastic deposits below Brimstone Pit
is probably episodic.
[15] The location of the deposit is consistent with

emplacement by sediment gravity flows, most likely gen-

erated by landsliding when the cone of accumulated ejecta
surrounding the active vent becomes unstable and period-
ically collapses [Chadwick et al., 2008]. Recent ejecta
(bombs, lapilli and ash) and distinct slide chutes were
observed on the slope tens of meters below Brimstone Pit
during dives with the ROV in 2006 [Chadwick et al., 2008].
Additionally, a sediment gravity flow due to eruption column
collapse was observed during ROVoperations after a sudden
explosion at the vent. The flow was a fast moving (0.3 m s�1)
cloud hugging the seafloor as it moved toward the ROV
(Figure 3) [see also Chadwick et al. [2008, Movie 7].

5. Plume Distributions

[16] NW Rota-1 is unusual compared with other hydro-
thermally active arc volcanoes because particle plumes
occur here in two spatially and chemically distinct environ-
ments. As at other hydrothermally active volcanoes, the
summit discharge creates a plume layer with a rich chemical
burden that rises buoyantly and spreads laterally within a
narrow depth interval. In addition, deep-water particle

Figure 2. Depth changes between multibeam surveys at NW Rota-1. (a) EM300 survey from R/V
Thompson in 2003. (b) Seabeam2000 survey from R/V Melville in 2006. (c) Raw depth differences
between the two surveys. (d) Cleaned depth differences with 10-m contours. Star indicates location of
Brimstone Pit eruptive vent. Positive depth differences reflect the accumulation of volcaniclastic materials.
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layers were found at multiple depths below the summit and
surrounding the flanks of this volcano to depths >2500 m in
2004 and 2006. These layers extend for several kilometers
beyond the volcano and lack the chemical characteristics of
hydrothermal plumes. Deep plumes are composed primarily
of volcanic ash, suggesting they are emplaced by sediment
gravity flows concurrent with the volcanic eruption, thereby
transporting fine ash both downslope along the volcano
flanks and supplying a source of ash to the water column
where it is subject to transport via regional currents and
deposition in distal fall-out deposits.

5.1. Buoyant Hydrothermal-Magmatic Plumes

[17] Particle plumes over the summit of NW Rota-1 were
optically intense (maximum DNTU values near the upper
limit of the optical sensor) within a limited depth range
(20–30 m thick) centered at 460 m water depth in 2003,
485 m in 2004, and 505–530 m in 2006 (Figures 4, 5, and 6).
The particles were composed predominantly of hydrothermal
precipitates including iron oxyhydroxides, Al sulfates, and
elemental sulfur [Lebon et al., 2004; Resing et al., 2007]
(Figure 7). These plumes were also enriched in 3He and had
anomalously low pH due to the addition of magmatic CO2

and acid (Figure 7) [Resing et al., 2007]. The presence of
particulate natroalunite [Lebon et al., 2004; Resing et al.,
2007], which forms in high-temperature acidic fluids, is
additional evidence of strong magmatic contribution [de
Ronde et al., 2005] to this hydrothermal system.
[18] A lower Fe/Si ratio in 2004 compared to 2003 and

2006 (Figure 8) is due to a greater fraction of rock
fragments and reprecipitated Si in this particle population
[Lebon et al., 2004]. Rock fragments were highly corroded
and depleted in Na, Mg, K, and Ca, with some dissolution
of Al, Si, and Fe leaving unusually high Ti/Si ratios [Lebon et
al., 2004]. The presence of these types of particles in 2004,
but not 2003 nor 2006, along with a more extreme pH
anomaly (��1.5 pH units in 2004 compared to ��0.7 in
2003 and 2006), suggests 2004 might have been a period of
increased magmatic gas influx, and perhaps marks the
beginning of an explosive eruption phase that perturbed
the hydrothermal system. Magma-derived acids accelerate
the alteration of host rocks and the onset of explosive
eruptive activity may have contributed to shattering the
altered rock lining the hydrothermal pathways causing these
particles to be ejected into the summit plume.

5.2. Deep-Water Ash Plumes

[19] Deep plumes were absent in 2003 when hydrother-
mal activity was first discovered on NW Rota-1 but were
present in 2004 and 2006. A deep water column survey was
not conducted in 2005 so the presence or extent of deep
plumes at that time is unknown. The plumes in 2004 and
2006 consisted of extensive particle layers at multiple
depths greater than at least 600 m in all directions around
the flanks of the volcano and were detectable as far as 18 km
from the summit (Figures 5 and 6). Particle concentrations
were often most intense near the seafloor. Intermediate
layers appeared to originate at the flanks, spreading laterally
on isopycnal surfaces at several depths. Repeat tows along
a SW-NE transect (Figures 5 and 6; 2004 tows T04B-01
and T04B-03; 2006 tows T06A-01/02 and T06A-06)
showed significant decreases in particle concentrations
and a deepening of the upper limits of the deep plumes
on the scale of 3–6 days, implying rapid settling and/or
advection of the suspended particulates in these layers, and
episodic emplacement.

Figure 3. A fast moving plume during vigorous explosive eruptions at Brimstone Pit observed
overflowing the rim and moving downslope as a sediment gravity flow (frames are from video at 10-s
intervals) (video available at http://www.oceanexplorer.noaa.gov/explorations/06fire/logs/april25/media/
nwrota_brimstone6.html or Movie 7 of Chadwick et al. [2008]).

Figure 4. Particle plume distributions at NW Rota-1 in
2003. The saw-toothed tow path of the CTD during tow-yos
is shown (light gray lines). Potential density contours are
labeled solid and dashed black lines (contour intervals are
variable).
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[20] The deep plumes were composed overwhelmingly
of fresh, shards of basalt glass, with occasional anhydrite
crystals (Figures 8 and 9). Many of the individual glass
particles examined were highly vesiculated or were bubble
wall fragments (Figures 9a and 9b), indicating that lava-
seawater interactions or rapid expansion and exsolution of
magmatic gasses played a role in the fragmentation of
these particles [Clague et al., 2000, 2003]. Hydrothermal
indicators such as 3He, Fe, and Mn oxyhydroxides and
elemental sulfur were not present in deep plume samples
(Figures 7 and 8) and rule out hydrothermal vents on the

flanks of the volcano as possible sources. Bulk chemistry
and SEM photos reveal that the deep plume particle
samples are remarkably similar from all depths, implying
a common source and little sorting during transport.

6. Origin of the Deep Plumes

[21] More than 100 arc volcanoes have been surveyed for
hydrothermal activity [e.g., de Ronde et al., 2003, 2007;
Baker et al., 2008] and deep plumes have been observed
only around two: Kavachi, in the Solomon arc [Baker et al.,
2002], and NW Rota-1. These are also the only two known
to be erupting while being surveyed. This shared charac-
teristic implies that deep plumes are not simply the product
of resuspension up and down the volcano flanks, but
instead represent an ash transport mechanism initiated by
the eruption process itself. In addition to the lack of
hydrothermal particulates in the plumes, another clue pro-
vides evidence that this mechanism is not simply individual
particles settling from the buoyant plume above the summit.
At least two deep plume samples (as deep as 2065 m and as
far as 4 km from the summit) contained individual anhy-
drite particles (Figure 9f). Anhydrite precipitates from
seawater within a temperature range of �150–300�C
[Bowers et al., 1985; Kuhn et al., 2003] and dissolves
rapidly in ambient seawater: a particle with a minimum
linear dimension of �50 mm (as in Figure 9f) will com-
pletely dissolve in about 9 days in 2.0�C seawater (taking
into account that in situ dissolution rates are about an order
of magnitude slower than laboratory rates [Feely et al.,
1987]). But all the anhydrite particles we sampled showed
sharp edges, angular joints, and smooth surfaces, evidence
that little dissolution had yet occurred.
[22] The only source for anhydrite at NW Rota-1 is

precipitation in high-temperature hydrothermal fluids or as
a result of lava-seawater interaction, both occurring only at
the summit of the volcano. Anhydrite particles with an
equivalent spherical diameter of 50 mm (as in Figure 9f)
require approximately 10 days to settle from the depth of
origin (�550 m) to the sample depth (2065 m) via Stokes
settling alone (settling velocity calculated by Stokes Law is
Vs = (2/9)(a2(s � r)g/h, where a is particle radius (m), g is

Figure 5. Particle plume distributions at NW Rota-1 in
2004. The saw-toothed tow path of the CTD during tow-yos
is shown (light gray lines). Potential density contours are
labeled solid and dashed black lines (contour intervals are
variable). Tow T04B-03 repeated the path of and was
conducted 3 days later than tow T04B-01. Tow T04B-02 is
oriented orthogonal to the track lines of T04B-01 and
T04B-03 (see Figure 1). The vertical distance spanned by
the depth range of the particle plumes (�400 m to >2000 m
water depth) resulted in wider horizontal spacing of up-
down cycles along the flanks and closer spacing over the
summit. Note that what appear to be particle-free regions at
some depths below 1000 m are probably artifacts of the
gridding and contouring parameters that were used for
interpolation between data points. The most intense particle
concentrations are usually nearest the seafloor, so particle
clouds along the slope are probably more continuous than
shown here.
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gravity (9.81 m s�2); r is fluid density; s is particle density
(specific gravity of anhydrite is 2.97); and h is dynamic
viscosity (for seawater �1.5 � 10�3 N s m�2 at 5�C)), an
estimate that does not include the unknown period of time
required for horizontal advection away from the volcano.
The combined settling and advection time for anhydrite
particles observed in these samples should have been
sufficient for extensive, if not complete, dissolution. The
observation of particles showing no signs of extensive
dissolution demonstrates they were subject to a transport

mechanism far faster than simple advection and Stokes
settling.
[23] Sediment gravity flow events initiated by the erup-

tions at Brimstone Pit are the best candidate for the required
transport mechanism. Most of our water column observa-
tions are probably limited to the more diffuse, outer limits
(in both space and time) of a sediment gravity flow, but at
least three criteria suggest some of our observations may
have been made shortly after the onset of such events:
maximum particle concentrations mostly occurred near the

Figure 6. Particle plume distributions at NW Rota-1 in 2006. The saw-toothed tow path of the CTD
during tow-yos is shown (light gray lines). Potential density contours are labeled solid and dashed black
lines (contour intervals are variable). Stars locate the SEM samples shown in Figure 9. Tow T06A-06
repeated the path of and was conducted 6 days later than tow T06A-01/02. Some particle-free regions at
depths below 1000 m are probably artifacts due to the wider horizontal spacing of up-down cycles along
the flanks (as in Figure 5). The most intense particle concentrations are usually nearest the seafloor, so
particle clouds along the slope are probably more continuous than shown here.
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seafloor; anhydrite particles showing signs of only slight
modification or dissolution were present in deep plume
samples; and there was a decrease in near-bottom density
for at least one tow-yo excursion, which could indicate
shallower water being drawn downslope (Figure 10) by a
sediment gravity flow.
[24] Gravitational collapse of eruption columns, failure

of unstable deposits accumulating on the steep slopes near
the vent, and explosive destruction of lava plugs and
nearby deposits are possible mechanisms for initiating
gravity flows during the eruptions at Brimstone Pit. The
upper slopes of NW Rota-1 are quite steep (31� from the
summit to about 1000 m) and eruptive products accumu-
lating in the vicinity of Brimstone Pit have been observed
to exceed the angle of repose [Chadwick et al., 2008]. The
finer fractions of these deposits are composed of volcani-
clastic ash and sands with noticeable amounts of elemental
sulfur spherules [Chadwick et al., 2008]. Changes of the
crater rim depth between 2004 and 2006 (with buildup of
�20 m between 2004 and 2005, then loss of �30 m by the
2006 observations) demonstrate the dynamic accumulation
and loss of these deposits. Landsliding of these deposits is
another type of sediment gravity flow.
[25] Slope failures from deeper on the flanks of the

volcano or generalized resuspension due to seismic energy
are considered less likely sources because of the presence of
short-lived anhydrite crystals in the deep plumes. These
particles strongly suggest the source materials for these
plumes must come from the summit at, or very near,
Brimstone Pit where anhydrite can form and might persist
for a short time. It is probably impossible to distinguish ash
that enters a sediment gravity flow due to slope failure of
near-vent material from ash particles entrained in the
collapse of an eruption column or created by an intense
explosion at the mouth of the vent.
[26] It is interesting to note the complete absence of

elemental sulfur in deep plume samples despite its prom-
inence in the buoyant, yellow-white plume rising from

Brimstone Pit, in the plumes over the summit, and in the
fine materials deposited on the seafloor near the vent and
elsewhere around the summit of NW Rota-1 [Chadwick et
al., 2008]. Elemental sulfur might be absent from the deep

Figure 7. Profiles of (a) helium (as percent increase in the value for 3He/4He above that in air;
d3(He)% = 100[(R/RA) – 1], where R is the 3He/4He value of the sample and RA is the ratio in air),
(b) total particulate sulfur, and (c) pH for all NW Rota-1 samples from 2003, 2004, and 2006. Background
profiles (lines) for d3(He)% and pH are from samples unaffected by particle plumes.

Figure 8. Fe/Si ratio of plume particles in the magmatic-
hydrothermal plumes over the summit of NW Rota-1
(shallow samples) compared to those of deep plume samples
in 2003, 2004, and 2006. The predominant form of iron in the
summit plumes is as Fe oxyhydroxide, a hydrothermal
precipitate. Silica is a relatively stable component of basalt
rocks, so the average Fe/Si ratio of the bulk particulate
samples is useful for characterizing plume particulates as
predominantly hydrothermal or basaltic. The Fe/Si ratio of
magmatic-hydrothermal plume particles in 2004 was anom-
alous due to a greater percentage of highly corroded rock
particles in that population compared to 2003 or 2006.
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plume samples for a number of reasons. First, the finer
sulfur particles appear to be formed in the heat-driven,
buoyantly rising magmatic-hydrothermal fluids and carried
upward to the plumes over the summit, which are highly
enriched in elemental sulfur (Figure 7). Second, while it is
insoluble in water, elemental sulfur might be subject to
chemical or microbial oxidation. Third, the absence of
elemental sulfur in the deep plumes may be a result of
sampling limitations. It is difficult to sample much closer
than about 20 m above the seafloor when conducting CTD
tow-yos over steeply shoaling or deepening terrain. There is
no quantitative information about the size distribution of
sulfur spherules in the loose deposits near Brimstone Pit and
elsewhere near the summit, but they may be large enough to
avoid suspension to the distance above the seafloor sampled
during the tows, even in a vigorous sediment gravity flow.
Additionally, elemental sulfur particles may be present, but
in such a proportionally low quantity relative to the ash that
their detection by SEM may be hindered by the rapid
sublimation of elemental sulfur under the high vacuum
during imaging. There is also the possibility that the absence
of elemental sulfur in the deep plumes might be an indication
that the plumes originated by collapse of an eruption column,
as base surges due to explosions, or another presently
unrecognized process that mechanically separates volcani-
clasts from other products during the eruption.

[27] Results from NW Rota-1 can be compared to the
style and circumstances of ash production and dispersal at
the shallow submarine Myojinsho eruption of 1952–1953
[Fiske et al., 1998] and as predicted by various models.
The Myojinsho eruption was very near the ocean surface
and its subaerial features were extensively observed. Later
studies combined the detailed information about the erup-
tion with new bathymetry and side-scan sonar imagery to
infer the submarine modes of ash transport [Fiske et al.,
1998]. NW Rota-1 shares some common characteristics
with Myojinsho: both are symmetrical, steep-sided, cone-
shaped edifices with volcaniclastic aprons that display linear
patterns in side-scan sonar images. Fiske et al. [1998]
interpret the lineations along the flanks of Myojinsho as
channels and levees formed by the repeated passage of
sediment gravity flows. They concluded sediment gravity
flows were likely initiated during the 1952–1953 eruption
by several mechanisms: vertical density currents that formed
when air fall ash became highly concentrated in the surface
layer around the summit, explosive destruction of lava
domes that repeatedly formed and disappeared during the
12.5 month eruption, and tsunami energy that may have
been strong enough to remobilize fine deposits on the steep
flanks of the volcano.
[28] Head and Wilson [2003] model several eruption

styles to infer how various volcanic deposits are formed.

Figure 9. SEM micrographs of representative glassy basalt shards from deep plumes (sample
locations indicated by stars in Figure 6). The particles consisted of (a and b) highly vesiculated
particles, (c) bubble wall fragments, (d and e) blocky shards with smooth conchoidal (curved) fracture
surfaces, and (f) occasional anhydrite particles with sharp edges, angular joints, and smooth surfaces
indicating only minimal dissolution.
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They find that Strombolian and Hawaiian eruptions account
for pyroclastic deposits in many deep sea settings. They
suggest that Strombolian eruptions will be intermittent,
have low effusion rates, and are unlikely to have a volume
density of particles in eruption columns that will produce
extensive sediment gravity flows. Hawaiian and modified
Hawaiian style eruptions are more continuous eruptions of
high gas content magma and will produce eruption
columns dense enough to generate sediment gravity
flows that spread laterally up to �1 km (without taking
into account the slope of the seafloor). Chadwick et al.
[2008] describe the eruptive activity at NW Rota-1 as
Strombolian. Evidently, the prolonged duration of the
eruption and presence of deep plumes suggest sediment
gravity flows are more likely with this eruption style and
distribute volcaniclastic materials farther than predicted
by Head and Wilson [2003].

7. Fate of Ash in Deep Plumes

[29] After detaching from the flanks of NW Rota-1, the
deep particle plumes transport ash horizontally making it
available for deposition in distal sediments by settling of
individual particles or aggregates. These particle layers are
found throughout the water column deeper than about 600 m
in all directions around NW Rota-1 and are consistent with

the dispersal of sediment clouds after run-out or lift-off of
sediment gravity flows (see Appendix A). Multiple plume
layers may indicate multiple gravity flow events each with
different source volumes, concentrations, and momentum, or
may result from the progressive disintegration of a single
flow. The lack of a strong directional distribution for the
deep plumes suggests the sediment gravity flows spread
radially as they progress down the flanks of the volcano
without prominent bathymetric features to channel them in
specific directions [Dade and Huppert, 1995; Fiske et al.,
1998]. Regional currents may not be strong enough to
redirect the plumes in the short term, or mean flow may be
altered and trapped into circumferential patterns around the
volcano as at other seamounts [Lavelle et al., 2003; Codiga,
1993; Eriksen, 1991].
[30] The distribution of these plumes can also be com-

pared to patterns of intermediate nepheloid layers (INLs)
common on continental slopes and in submarine canyons
[e.g., Cacchione and Drake, 1986; Hickey et al., 1986;
Kineke et al., 2000; Xu et al., 2002]. INLs are often
observed at the depth of the continental slope break or
other topographic lift-off points, equivalent to mesopycnal
flows in the classification system of Mulder and Alexander
[2001]. However, other mechanisms have been considered
for the formation of INLs along continental shelves, and
these processes may also act to remove ash from downslope
transport at NW Rota-1.
[31] Several studies have observed that INLs are often

present at a depth coincident with topography on the slope
that is critical (where the slope of an internal wave is
identical to the slope of the boundary) for reflection of
semidiurnal (M2) internal tides [Thorpe and White, 1988;
McPhee-Shaw and Kunze, 2002; McPhee-Shaw, 2006].
Internal wave reflection causes boundary layer turbulence,
increasing the energy available for resuspending sediments,
mixing the local vertical density gradient, and leading to
horizontal advection (INL intrusion) as the fluids seek to
reestablish density stratification (gravitational collapse).
[32] The slopes at NW Rota-1 over the depth range where

the most prominent deep plumes extend away from the
flanks are far steeper than continental slope boundaries
(�30� compared to 1–3� at continental slopes) making
them critical for internal waves with frequencies on the
order of 1–6 h, much different than for M2 internal tides
(�12 h) [McPhee-Shaw, 2006]. While internal waves with
1–6 h frequencies may be present, energy from internal
wave reflection is not required to resuspend sediments or
create boundary layer instabilities here. Sediment gravity
flows are vertically unstable, with vigorous turbulent mix-
ing near the head of the flow (see Appendix A), thereby
providing a readily available source of energy and sus-
pended particles at the slope boundary. Horizontal intru-
sions can result from this vertical mixing and disturbance of
density stratification as the flow travels downslope without
relying on internal wave reflection, thereby spreading ash
away from the flanks of the volcano.
[33] Many fine ash layers in sediments around oceanic

arcs have been attributed to fall out of airborne tephra from
subaerial eruptions [e.g., Fujioka et al., 1992; Lee et al.,
1995; Clift and Lee, 1998]. Our study shows that ash from
an active submarine eruption can be transported through the
water column to enter distal sediments even in the absence

Figure 10. Potential density profiles from the downcast
portions of T06A-01 through deep plume layers. The density
profile for downcast 3 has lower density (similar to water
about 50 m shallower) between 900 and 970 m than the
density profiles for downcast 1 or downcast 2. This suggests
that water from higher in the water column has been drawn
downslope by entrainment in a sediment gravity flow.
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of a subaerial eruption. We can estimate the amount of ash
available for deposition via this route from these observa-
tions. The ash distribution changed little over a 6 week
period in 2004 [Embley et al., 2006a]. Concentrations were
lower in 2006 with a more rapid decrease over a 6-day
period. A critical unknown is the rate at which this
material is replenished. However, these eruptions appear
to continuously contribute to a persistent ash layering com-
pletely surrounding the volcano with a mean mass load of
�1–3 � 106 kg at any one time, based on the average
suspended mass concentrations derived from DNTU
measurements over the depth interval between 600 m
and the 2000 m bathymetric contour (a radial distance of
�4 km from the summit) during 2004 and 2006. Assuming
a wet density of 1.7 g cm�3 (a typical wet density of ash-
rich sediments near the Mariana volcanic arc [Shipboard
Scientific Party, 1981]), yields about 700–2000 m3 of ash.
[34] No long-term current meter measurements are avail-

able from the waters around NW Rota-1, but a transit line
of ADCP profiles was acquired in 1994 along 143�E
[Kaneko et al., 1998]. Currents at �700 m (near the depth
limit of the ADCP) between 10 and 15�N were dominantly
E-W with nominal speeds of �5 cm s�1 in the E-W
direction (no N-S component was given). Fiske et al.
[1998] report speeds of 20 cm s�1 at 773 m near Myojin
Knoll volcano in the Izu-Bonin arc at 32�N. Assuming
nominal current speeds of 1 to 5 cm s�1, an average
suspended ash concentration of 0.08 mg L�1, and a cross
section area of 2.8 � 106 m2 (4 km wide by 1400 m thick,
passing through the volcano axis), a yearly flux of 0.7 to
3.5 � 108 kg of ash could be made available for widespread
distribution to fall-out deposits, equivalent to 0.4 to 2.0 �
105 m3 a�1 of wet ash volume. This equals a flux rate of 5
to 22 m3 h�1, which is comparable to the estimated lava
effusion rate during eruptive phases of 1–100 m3 h�1 for
2006 [Chadwick et al., 2008]. Eruptive bursts observed at
Brimstone Pit in 2006 were cyclic and emplacement of
fine ash into the water column is also probably episodic
(coinciding with active eruptive phases). However, during
the 2003–2006 period, NW Rota-1 appears to have been
experiencing long-term, possibly near-continuous erup-
tions. Ash input of the magnitude seen here over the scale
of months to years during periods of eruptive activity
could account for millimeter-thick ash layers as recorded
in many sediment cores [e.g., Fujioka et al., 1992; Lee et
al., 1995; Clift and Lee, 1998]. Previous interpretations
that ash layers in sediment cores collected in the vicinity
of oceanic arcs are the result only of subaerial eruptions,
or that they delineate specific events, may need to be
reexamined. These results offer the possibility that fall-out
ash deposits might more commonly originate from the
submarine component of regional volcanism.

8. Summary

[35] Repeat bathymetric surveys and the distribution and
composition of particle plumes around NW Rota-1 provide
valuable evidence of how explosive eruptions contribute to
the construction of a submarine volcano and supply ash to
the surrounding environment. Magmatic-hydrothermal
emissions are separated buoyantly from explosively gener-
ated volcaniclastic products. This was seen by direct obser-

vation at the vent [Deardorff et al., 2006] and in the
dissolved and particulate composition of the plumes. Sed-
iment gravity flows transport volcaniclastic materials down
the flanks of the volcano. Between 2003 and 2006 a volume
of 3.3 � 107 m3 of new material was added to the southern
flank, downslope of the eruptive vent, in a deposit that
extended 4 km from the summit. Fine ash was carried
farther and was still suspended in near-bottom nepheloid
layers at distances up to tens of kilometers away.
[36] Ash was also dispersed to the midwater column in

all directions surrounding the volcano and illustrates a
different mode of transport than previously considered.
Particle-rich intrusions detach from the slopes of the
volcano as sediment gravity flows loose momentum
(run-out), loose bulk density (lift-off), or create horizontal
intrusions as vertical mixing causes gravitational collapse
in a stratified environment. These layers can be coherent
for several kilometers, with mass flux of ash through the
water similar to the amount of lava extruded by the
eruption and deposited proximally. This process can remove
a significant portion of the erupted material making it
available for deposit in more distal sediments.

Appendix A: Sediment Gravity Flow
Terminology

[37] The terminology for gravity flows, also called
density flows or currents, is neither well established nor
consistently used in the geological literature. Gravity flows
generally refer to a wide range of mass transport events,
occurring subaerially or subaqueously, where mixtures of
solid particles and fluid are subject to movement caused
by gravity acting on the grains within the mixture, and by
differences in bulk density between the mixture and
ambient fluid. Classification schemes generally define
sediment gravity flows as those where particle movement
drives movement of the interstitial fluid, and fluid gravity
flows as those where suspended solid transport is inciden-
tal to the gravity-driven movement of the fluid [e.g.,
Middleton and Hampton, 1976; Mulder and Alexander,
2001; Simpson, 1987].
[38] For the subaqueous environment, Middleton and

Hampton [1976] proposed a classification system based
on the mechanisms of suspension and interaction of the
solids within the mixture. They used the terms debris flow,
grain flow, fluidized sediment flow, and turbidity current to
encompass a wide range of conditions for grain size and
modes of support maintaining the grains in suspension.
They further distinguished sediment gravity flows from
slumps and slides, which have greater cohesion of the
sediments and little or no internal deformation of the
transported mass upon deposition. Mulder and Alexander
[2001] base their classification system on cohesivity of the
grains, flow duration, and sediment concentration in addi-
tion to mechanisms for particle suspension. They also
differentiate flows by their bulk density relative to the
density of the ambient fluid (i.e., homopycnal, mesopycnal,
hypopycnal, and hyperpycnal conditions). However, any
given sediment gravity flow event may have properties that
span entire classification systems across spatial dimensions
and with time [Fisher, 1983; Mulder and Alexander, 2001;
Amy et al., 2005] and may transform from one type of
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gravity flow to another [e.g., Hampton, 1972]; so as a
practical matter, distinctions can become blurred [Middleton
and Hampton, 1976].
[39] The term turbidity current, also called turbidity flows,

usually refers to more dilute flows with sediment concen-
trations supported in suspension by turbulence of the fluid,
and has been defined theoretically as flows with volume
concentrations <9% solids [Bagnold, 1962]. However, this
term is often used where volume concentrations are much
greater or without quantifying sediment concentrations. For
example, turbidity currents are considered responsible for
emplacement of turbidite sediment fans at the base of
continental slopes and submarine canyons and for mass
transport events that can travel at high speeds and have been
known to cause destruction to submarine cables and moor-
ings [e.g., Lowe, 1982; Paull et al., 2003; Garfield et al.,
1994; Khripounoff et al., 2003].
[40] Sediment gravity flows are generally composed of

head, body and tail regions that have well known character-
istics of turbulence and mixing over some thickness above a
boundary [Simpson, 1987; Middleton and Hampton, 1976],
and result in radial distribution patterns when not constrained
by channels or other boundary geometry [Dade and Huppert,
1995; Simpson, 1987]. Some fraction of fine-grained par-
ticles are lost to the overlying fluid in eddies and by diffusion
(elutriation), to be dispersed more widely by regional cur-
rents before entering distal deposits via settling of individual
particles (i.e., fall-out deposits). Solids can also be lost by
deposition directly from the flow. Erosion of sediments under
the head and body can cause previously deposited material to
be remobilized and transported with the flow. Run-out dis-
tances depend on several factors, but only slight slopes are
necessary to allow dilute concentrations of suspended sedi-
ments to propagate for tens of kilometers in the submarine
environment [Middleton and Hampton, 1976; Dade and
Huppert, 1995]. The combined effects of dissolution and
deposition act to diminish the bulk density of sediment
gravity flows. At some point, the flow will stop (run-out),
or as the flow progresses, portions of the more dilute cloud
surrounding the flow may become neutrally buoyant, or
positively buoyant if the density difference between inter-
stitial and ambient fluid is great enough, and detach, or ‘‘lift-
off,’’ from the seafloor to spread horizontally on isopycnal
surfaces that match the density of the separated cloud (i.e.,
the mesopycnal flows of Mulder and Alexander [2001] and
demonstrated experimentally by Sparks et al. [1993]).
[41] Subaerial pyroclastic flows are examples of sediment

gravity flows in which the interstitial fluid consists of hot
volcanic gasses and the ambient fluid is air. Using the term
pyroclastic flow in reference to subaqueous environments is
controversial. It has been proposed that the term should be
limited to flows of pyroclastic material that can be demon-
strated to have been emplaced under hot, gas-supported
conditions [Cas and Wright, 1991]. Other authors prefer to
use the term to emphasize the origin of a deposit as the
direct product of volcanic eruption regardless of thermal
conditions [Fiske et al., 1998; Busby, 2005].
[42] In this paper, we use the term sediment gravity flows,

as it is the most general term that encompasses the broad
range of mass transport events, including turbidity currents,
and follow the criteria of Cas and Wright [1991] that the

term pyroclastic flow should be reserved for describing hot,
gas-supported flows.
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