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ABSTRACT

Domes of the Sumisu volcanic complex (western Pacific), having summits at ocean depths
of 1100, 600, 245, and 95 m, are mantled with compositionally identical rhyolitic pumice
that has similar vesicularity, but that varies systematically in distribution, size, and surface
texture—suggesting that facies and morphology can serve as useful indicators of eruption
depth. At depths >500 m, the pumice formed a thick carapace on dense rhyolite and dis-
integrated by quench fracture and mechanical failure into a jumble of giant (meters to
tens of meters) polyhedral blocks with smooth curviplanar surfaces that display a single
quenched margin. Vesiculation was arrested on eruption in seawater in all but the inte-
rior of the thickest carapace. At <500 m depths, the pumice occurs as an apron of blocky
giant and smaller rough-textured clasts enclosed by quenched margins and pockmarked
by coarse (cm) vesicles. No carapace pumice occurs, and the summit is composed of craggy
dense dome rock. These shallower water pumice clasts resemble those spalled from historic
submarine dome-forming eruptions that buoyed to the sea surface. We interpret spalling to
result from vent-derived, weak volatile-driven explosions that take place at water depths
<500 m. Our study shows that an increase in hydrostatic pressures over a range of 12 MPa
reduces volatile-driven explosivity for subaqueous, rhyolitic, dome-forming eruptions, but
does not affect vesicularity. We conclude that meter-size, highly vesicular pumice is diagnos-
tic of subaqueous dome eruptions in water depths of at least 1300 m, and its morphology can

be used to distinguish between explosive and effusive origins.

INTRODUCTION

At 1 atm, rhyolitic dome-forming eruptions
typically begin explosively ejecting highly
vesicular pumice lapilli and bubble-wall shards
as a result of volatile overpressures in water-
rich magmas (e.g., Eichelberger and Westrich,
1981; Fink et al., 1992; Eichelberger et al.,
1986). Similar pumice has formed on the mod-
ern seafloor during phreatomagmatic erup-
tions in very shallow (less than a few tens of
meters) water (e.g., the 1953-1957 Tuluman
eruption—Reynolds et al., 1980; the 1934—
1935 Showa Iwo-Jima eruption—Kano, 2003;
the 2006 Home Reef eruption—Smithsonian
Institution, 2006) and occurs in ancient vol-
canic successions (e.g., dome-tuff volcanoes;
Cas et al., 1990). Eruptions from somewhat
deeper vents were witnessed during the early
phases of the 1934-1935 Showa Iwo-Jima and
1953-1957 Tuluman eruptions. Spalled giant
pumice clasts rose to the sea surface hissing
with steam (e.g., Reynolds et al., 1980; Kano,
2003). Spalled giant pumice clasts have also
been produced during sublacustrine dome
eruptions (e.g., Taupo eruption—Wilson and
Walker, 1985; Sierra La Primavera—Mahood,
1980; Clough et al., 1981), and some examples
occur in uplifted submarine arc successions
(e.g., Allen and McPhie, 2000). Depth con-
straints and eruption mechanisms of spalling,
however, are unknown.

Magmatic  volatile-driven  explosivity is
controlled by the initial volatile content of
the magma and the rate of decompression
(McBirney, 1963; Wilson et al., 1980). Magmas
erupted under water do not fully decompress
because they are affected by the confining pres-
sure of the overlying water column. Magmatic
volatile exsolution is reduced with increasing
water depth as a function of Henry’s law. Hence,
(1) explosivity tends to decrease as fewer vola-
tiles are exsolved, and the volumetric expansion
of steam is much lower at higher pressures, and
(2) volatiles are retained in the melt, reducing its
viscosity (McBirney, 1963; Mueller and White,
1992; White et al., 2003; Kano, 2003; Busby,
2005). Deeper eruptions are therefore thought
to result in less vesicular pyroclasts and/or effu-
sive, rather than explosive, eruptions (Busby,
2005), although deep-water explosions may be
possible due to second-boiling induced by crys-
tallization (e.g., Burnham, 1983; Downey and
Lentz, 2006). In submarine settings, additional
hydrovolcanic fragmentation processes oper-
ate, such as phreatomagmatic explosions in very
shallow water and quench fragmentation in deep
water (e.g., Pichler, 1965; Yamagishi, 1987).

Clarifying the effects of hydrostatic pressure
on explosivity depends critically on comparing
eruptions of similar magma composition and
eruption intensity over a range of water depths,
and this has not previously been attempted. We

studied the products of four relatively small-
volume, water-rich rhyolitic dome-forming erup-
tions in water depths spanning 1200 m. These
domes are compositionally identical and mantled
with highly vesicular pumice. We provide crite-
ria to discriminate between deep-water (>500 m)
and shallow-water (<500 m) dome-derived pum-
ice, and to distinguish between explosive and
effusive origins. Our study shows that volatile-
driven explosivity is reduced with increasing
hydrostatic pressures over a range of 12 MPa, but
this pressure range does not affect vesicularity.

Our results have the potential to further con-
strain eruption depths for submarine felsic dome
eruptions in ancient and uplifted successions
where the source is not preserved and/or in its
eruptive setting. Previously, studies of facies
associations have only allowed segregation into
shallow- or deep-water sources based on indica-
tors of storm-wave base, which lies within the
range of 50-100 m water depth (Johnson and
Baldwin, 1986).

GEOLOGICAL SETTING OF THE
SUMISU VOLCANIC COMPLEX

The Sumisu volcanic complex occurs in
the Izu-Bonin arc, immediately northeast of
the actively extending Sumisu rift (Fig. 1).
The complex is almost entirely submarine and
includes an 8-9-km-diameter, ~90-m-deep cal-
dera (Tani et al., 2008) and a cluster of rhyo-
litic domes that extend more than 25 km to
the west. We here report on the study of four
of these domes during research cruises under-
taken by the Japan Agency for Marine-Earth
Science and Technology (JAMSTEC) using
remotely operating vehicles (ROVs), camera
sleds (Deep-Tow), dredging, and multibeam
seafloor swath-mapping.

The domes (labeled A, shallowest, to C,
deepest) vary in size and summit ocean depths
(Fig. 1). Dome A is a central summit dome,
rising to 95 m below sea level (mbsl) on a
broad 6 km® edifice (Dai-ichi Sumisu knoll).
Dome Al is a smaller, 245-m-high edifice on
the southern part of Dai-ichi Sumisu knoll, ris-
ing from 490 to 245 mbsl. The lower parts of
both domes A and Al consist of steep (~40°)
scree slopes containing either abundant giant
(meter-sized) pumice clasts or small (<30 cm)
pumice clasts and centimeter-sized dense rhyo-
lite fragments, whereas the summits are craggy
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C) however, differ markedly from those on the
shallower-water (490-95 m) domes (A, Al).
Domes B and C are both mantled by pumiceous
carapace and a jumble of slabby giant pumice
clasts, whereas domes A and A1 are surrounded
by aprons of rough-textured, giant and smaller
pumice clasts.
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PUMICE CHARACTERISTICS

The intact pumice carapace of the deep-
water domes (B, C) has relatively smooth upper
quenched surfaces sporadically cut by meter-
deep cracks (bread-crust texture) that reveal an
internal hackly texture with curviplanar fracture
surfaces (Fig. 2A). The carapace on the small-
est, deepest dome (C) is ~2 m thick but is much
thicker (>>3 m) on dome B. The thickest cara-
pace is internally fractured with relatively regu-
lar decimeter-spaced columnar joints perpen-
dicular to the quenched margin. Joint surfaces
are curviplanar, and breakage along these joints
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Figure 1. Bathymetry of western part of Sumisu volcanic complex and associated Sumisu
back-arc rift, showing locations of four domes studied, deep-tow camera (yellow lines), re-
motely operated vehicle (ROV) traverses (red lines), and dredge sites (orange stars). Con-

tour interval is 10 m.

dense rhyolite. Pumice clasts cover the slopes
of dome A to a depth of at least 1020 mbsl.

forms slender prismatic columns (Fig. 2B).
Vesicles of the carapace pumice are elongate

TABLE 1. WATER CONTENTS IN MELT INCLUSIONS AND VESICULARITIES OF PUMICE AND

DOME ROCK

Dome B is the southeastern dome of a 3.5 km? Volcano  Depth H,O content H,O content Vesicles (vol%) (melt)
nested dome complex. It has a broad summit at (mbsly (wie)"

600 mbsl and 17°-24° margins that are man- o n exsolved (wt%)s Theoretical*  Measured
tled with a jumble of giant pumice clasts and A1 322 58 2 5 5.1 96 77.9
rare intact pumiceous carapace to a depth of 434 54 12 7 45 93 81.4
1150 mbsl; no dense rhyolite was encountered. B 876 51 08 7 3.9 85 77.5
Dome C is a small (0.2 km?), 200-m-high, free- c 1?16? :g gg 2 gg 2? :;é
standing edlﬁce that rises from' 1300 to 1100 1191 54 08 4 4 81 701
mbsl. It consists of dense rhyolite encased by 1058r 50 03 4 35 78 4.83

a thin pumiceous carapace. No obsidian was
observed at any of the three domes.

Major- and trace-element compositions of
pumice samples from domes A, Al, B, and C
are virtually indistinguishable; all are high-
Si rhyolites (76.0 = 0.4 wt% SiO,, 12.8 + 0.2
wt% AlO,, 1.21 £ 0.04 wt% K,O recalculated
anhydrous, 194 + 7 ppm Zr). Phenocrysts make
up 8 wt% and, in decreasing order of abun-
dance, are plagioclase, quartz, orthopyroxene,
and opaque minerals. H,O and CO, measured
by Fourier transform infrared spectroscopy
in silicate glass melt inclusions within quartz
crystals in pumice samples indicate that melt
was trapped with similarly high water contents
that ranged between 5.0 and 5.8 wt% and low
CO, (<20 ppm) contents at all domes (Table 1).
The GSA Data Repository! contains analytical
methods and data.

The morphology and distribution of pumice
at the two deep-water (1300-600 m) domes (B,

!GSA Data Repository item 2010110, methodol-
ogy and data, is available online at www.geosociety
.org/pubs/ft2010.htm, or on request from editing@
geosociety.org or Documents Secretary, GSA, P.O.
Box 9140, Boulder, CO 80301, USA.
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*Collection depth, which is the minimum source depth due to downslope transport in scree; r is
interior dome rock sample.

tDetermined by Fourier transform infrared spectroscopy; n = number of melt inclusions.

SBased on the sample depth. Calculated by Henry’s law, ns = kp? (Sparks, 1978), where k is the
saturation constant for rhyolite (~4.11 x 10 Pa="?), and p is pressure.

*Calculated from the wt% exsolved H,0.

Figure 2. Pumice clasts
and outcrops associated
with submarine rhyolite
domes. A: In situ pumi-
ceous carapace on dome
C at 1210 m; view is ~5 m
wide. B: Scree slope of
prismatic columns bro-
ken from carapace of
dome B at 932 m; lon-
gest columns are ~1 m.
C: Deep-water slabby
giant pumice clast (di-
ameter ~3 m) of dome
B at 960 m. Surfaces
show quenched wrinkled
(left) and hackly broken
(front, upper) surfaces.
D: Rough-textured, giant

(>2-m-diameter), shallower-water pumice clasts on dome A1 at 360 m. Yellow and white spots
are sponge exoskeletons. E: Small (5-30 cm) shallower-water pumice clasts on dome A1 at

430 m.
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parallel to the quenched margin. Some deep-
water carapace pumice has a “woody” appear-
ance (Kato, 1987) imparted by highly elongate
vesicles. Abundant coarse (0.5-2 cm) vesicles
are present in the interior of the thick columnar
jointed carapace, whereas vesicles in the outer,
2-5-cm-thick quenched margin are smaller and
less abundant. The carapace pumice is mostly
white but includes millimeter-thick gray, less
vesicular bands.

Deep-water giant pumice clasts are slabby,
polyhedral blocks. One or up to a few of their
margins are quenched and display roughly par-
allel, 2-5-cm-deep, centimeter-spaced wrinkle
cracks and/or deeper decimeter-spaced curvi-
planar polygonal cracks. Internally, these cracks
form normal joints (Fig. 2C). The remaining
surfaces are both smooth and curviplanar or
hackly. Edges and corners are angular to suban-
gular. Associated small pumice clasts are equant
and angular, and generally lack any quenched
margins. Vesicle textures are more or less uni-
form throughout the pumice interior. The largest
vesicles are generally <3 mm across.

The shallower-water giant and small pum-
ice clasts are blocky and subangular to sub-
rounded. Their surfaces are pitted with coarse
vesicles (Figs. 2D and 2E). Most or all the sur-
faces are wrinkle-cracked by quench fractures.
This coarsely vesicular surface texture occurs
on both the giant and small clasts; however,
quenched margins are less well developed as the
clast size decreases. Interiors of giant pumice
clasts have vesicle textures similar to the deep-
water giant pumice (vesicles <3 mm, uniform
distribution, and elongate). Interiors of smaller
pumice clasts, however, have spherical vesicles
and are coarsely vesicular.

Ranges of melt phase vesicularity in domes
A and A1 (71-92 vol%), B (67-93 vol%), and
C (70-83 vol%) are virtually identical, although
dome C pumice does not attain the high vesicu-
larities shown by domes A, A1, and B. Porosity
and permeability measurements reveal that all
pumice samples contain dominantly connected
vesicles (92%—99%) and are highly permeable
(gas permeabilities between 1 x 107! and 1 x
1078 m?; see the Data Repository). The dominant
pumice texture consists of small (60-140 pm)
vesicles with scattered medium (200-300 pm)
and large (1-4 mm) vesicles and thin (4 wm) to
thick (30 pum) vesicle walls. Vesicles have width-
to-length ratios of 1:1.5-3. Pumice samples with
the highest melt phase vesicularities (93 vol%)
came from the prismatic columns of the thick
carapace interior, as well as in some shallower-
water small clasts (92 vol%). The prismatic col-
umns are also dominated by medium (100400
wm) and coarse (0.5-2 cm) vesicles and contain
only <1 vol% isolated vesicles. Pumice samples
with the lowest vesicularities include higher pro-
portions of less vesicular gray bands.
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CLAST FORMATION AND ERUPTION
MECHANISMS

The deep-water slabby giant pumice clasts
and small clasts appear to be fragments of
pumiceous dome carapace. Their curviplanar
surfaces indicate fracturing once the pumice
had cooled below the glass transition tempera-
ture. Brittle fracture and mechanical failure of
the quenched carapace probably accompanied
dome growth, as documented for subaerial lavas
(e.g., Fink, 1983). As dome disintegration was
at depths well above the critical point of seawa-
ter (~3000 m; Bischoff and Rosenbauer, 1984),
carapace breakup was presumably aided by
formation of steam from seawater percolating
into the hot dome interior through deep quench
fractures (Fig. 3).

The evenly vesicular textures of the deep-
water giant pumice clasts compared with the
coarse vesicles within the carapace interior
(prismatic columns) indicate that cooling of the
broken carapace was rapid, and disintegration of
the carapace arrested any further bubble growth
and coalescence. Permeabilities and highly
connected porosities suggest that ingestion of
water would have been rapid once cooling com-
menced. Quenching causes the steam-filled
vesicles in hot pumice to condense, promoting
rapid water ingestion (Allen et al., 2008); there-
fore, these deep-water pumice clasts did not
float to the sea surface. The summits of domes
B (600 m) and C (1100 m) are the shallowest
depths from which the deep-water slabby giant
clasts could have originated. Similar in situ and
broken carapace pumice has been observed at
source depths up to 1600 m in the Okinawa
Trough (Kato, 1987) and 2100 m in the eastern
Manus Basin (Binns, 2003).

The morphology and vesicle textures of the
shallower-water pumice clasts resemble giant
and small spalled pumice clasts produced by
historical eruptions in water depths of 100—
500 m (e.g., 1924 Iriomote Island eruption,
1934-1935 Showa Iwo-Jima eruption; 1953—
1957 Tuluman eruption; 1984 Kaitoku eruption;
Kano, 2003). The enclosing quenched margins
indicate that cooling continued after clast for-
mation. The coarsely vesicular surfaces indicate
that vesicle coalescence and rupture contributed
to fragmentation. Hence, they are pyroclasts,
but the 0.95-5 MPa confining pressures resulted
in a bias toward production of very large pyro-
clasts (giant pumice) (Fig. 3). Fragmentation
was much less violent than would be the case at
atmospheric pressure.

The wide distribution of the shallower-water
giant and small pumice clasts on domes A and A1
suggests that these clasts retained sufficient heat
after fragmentation to remain steam-charged
and rise buoyantly (e.g., Allen et al., 2008).
Even though the water-saturated giant pumice
clasts were internally fractured and weighed
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Figure 3. Contrasting eruption styles of wa-
ter-rich, dome-forming rhyolite in shallow
water (A) and deep water (B). A: Discrete,
weak, pyroclastic eruptions generate giant
and smaller pumice clasts that, once cooled,
settle through water column. B: Vesiculated
magma froths on the seafloor, generating a
pumiceous carapace that breaks apart during
dome growth. 1—Cooled giant pumice; 2—In
situ pumiceous carapace; 3—Giant pumice
slab; 4—Possible hydrovolcanic explosions.

tens to hundreds of kilograms, many remained
largely intact upon settling, as their water-satu-
rated densities would have been on average only
1.36x that of seawater. The volume of pumice
produced by the shallower-water eruptions was
also greater, forming thick aprons of pumice
with steep slopes to depths of 1000 m. Transport
by grain flows caused size segregation of giant
pumice clasts into lobe fronts. We predict that
these thick pumice aprons are internally bed-
ded and fines poor, and they resemble bedded,
well-sorted pumice observed in the caldera wall
at 500-900 mbsl at Myojin Knoll caldera (Fiske
et al., 2001), and >300-150 mbsl at Kolumbo
volcano (Carey et al., 2008), and in the uplifted
120-m-thick pumice succession at Yali (Allen
and McPhie, 2000).

Domes B and C erupted in 1300-600-m-deep
water. The high (5.0-5.8 wt%) water contents
of the Sumisu rhyolite magma allowed vesicula-
tion even in the deepest dome, despite the greater
confining pressure (Table 1). Their pumice is
highly vesicular (67-93 vol%), similar to the
shallower-water pumice from domes A and Al.
However, there was no progression to an explo-
sive eruption at domes C and B because the high
confining pressure (13—6 MPa) reduced bubble
overpressures to less than the tensile strength of
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the magma and/or reduced the magma rise rate.
Instead, the volatile-rich magma erupted effu-
sively as foaming lava. In comparison, eruption
of domes A and Al in shallower (490-95 m)
water at lower (5-0.95 MPa) confining pres-
sures allowed both vesiculation of the magma
and vent-derived magmatic volatile-driven
explosions. Most of the shallower-water pum-
ice was erupted as pyroclasts at this dome, so
the domes lack a pumiceous carapace. Hence,
highly vesicular pumice was erupted from vents
spanning 1200 m of water depth. In subaerial
settings, magmas with such high water contents
would normally explode.

Pumiceous carapaces on subaerial domes
result from eruption of a highly inflated mag-
matic foam (Eichelberger et al., 1986; Fink,
1983) or from posteruptive inflation in response
to volatile migration (Fink and Manley, 1987;
Fink et al., 1992). The magma erupted at the
Sumisu domes must have vesiculated prior to
eruption and erupted as foam because direct
contact with cold seawater quenched the exterior
and arrested vesiculation. Confining pressures
>(0.95 MPa were also far greater than the ~10 m
lithostatic pressure thought to control the depth
of vesiculation of the finely vesicular carapace
(Fink and Manley, 1987). Instead, our results
indicate that vesiculation of water-rich rhyolite
is affected by the confining pressure in which
it erupts. Reduced volatile exsolution in deeper
water reduces the volume of pumice produced
and thus may reduce ascent rates, allowing
degassing and eruption of dense dome interiors.

CONCLUSIONS

The Sumisu rhyolite magma was sufficiently
water rich to inflate and form highly vesicular
pumice at water depths down to at least 1300 m.
Magmatic volatile-driven eruptions, however,
were suppressed by hydrostatic pressure at
depths exceeding 500 m. Instead of exploding
in deep water, the vesiculating magma foamed
as it erupted and then quenched and partly dis-
integrated to form distinctive, 5-10 m slabs
of giant pumice. Similar water-rich rhyolite
that erupted in water depths <500 m exploded
weakly, forming spalled pyroclasts dominated
by giant pumice. We infer that confining pres-
sure controlled the eruption style (explosive ver-
sus effusive) and the mechanisms by which the
domes disintegrated. Our study shows that an
increase in hydrostatic pressures over a range of
12 MPa reduces volatile-driven explosivity for
rhyolitic dome-forming eruptions, but does not
affect vesicularity.
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