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Evolution of West Rota Volcano, an extinct submarine volcano in the
southern Mariana Arc: Evidence from sea floor morphology, remotely
operated vehicle observations and 40Ar–39Ar geochronological studies
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Abstract West Rota Volcano (WRV) is a recently discovered extinct submarine volcano in
the southern Mariana Arc. It is large (25 km diameter base), shallow (up to 300 m below
sealevel), and contains a large caldera (6 ¥ 10 km, with up to 1 km relief). The WRV lies
near the northern termination of a major NNE-trending normal fault. This and a second,
parallel fault just west of the volcano separate uplifted, thick frontal arc crust to the east
from subsiding, thin back-arc basin crust to the west. The WRV is distinct from other
Mariana Arc volcanoes: (i) it consists of a lower, predominantly andesite section overlain by
a bimodal rhyolite-basalt layered sequence; (ii) andesitic rocks are locally intensely altered
and mineralized; (iii) it has a large caldera; and (iv) WRV is built on a major fault.
Submarine felsic calderas are common in the Izu and Kermadec Arcs but are otherwise
unknown from the Marianas and other primitive, intraoceanic arcs. 40Ar–39Ar dating indi-
cates that andesitic volcanism comprising the lower volcanic section occurred 0.33–0.55 my
ago, whereas eruption of the upper rhyolites and basalts occurred 37–51 thousand years
ago. Four sequences of rhyolite pyroclastics each are 20–75 m thick, unwelded and show
reverse grading, indicating submarine eruption. The youngest unit consists of 1–2 m diam-
eter spheroids of rhyolite pumice, interpreted as magmatic balloons, formed by relatively
quiet effusion and inflation of rhyolite into the overlying seawater. Geochemical studies
indicate that felsic magmas were generated by anatexis of amphibolite-facies meta-
andesites, perhaps in the middle arc crust. The presence of a large felsic volcano and caldera
in the southern Marianas might indicate interaction of large normal faults with a mid-crustal
magma body at depth, providing a way for viscous felsic melts to reach the surface.

Key words: bimodal magmatism, hydrothermal mineralization, Mariana Arc, pumice,
Quaternary volcano, submarine caldera.

INTRODUCTION

The 3000-km long Izu–Bonin–Mariana (IBM) Arc
system is an outstanding example of a juvenile,
intraoceanic convergent plate margin, which has

become the particular focus of US and Japanese
efforts to understand the operation of the ‘Subduc-
tion Factory’ (Tatsumi & Stern 2006). West Rota
Volcano (WRV) is an extinct (or long dormant) sub-
marine volcano in the southern part of the Mariana
Arc, located approximately 40 km WNW of Rota
Island, Commonwealth of the Northern Mariana
Islands (Fig. 1). It and Esmeralda Bank to the

*Correspondence.

Received 8 September 2006; accepted for publication 12 August 2007.

Island Arc (2008) 17, 70–89

© 2007 The Authors
Journal compilation © 2007 Blackwell Publishing Asia Pty Ltd

doi:10.1111/j.1440-1738.2007.00600.x

mailto:rjstern@utdallas.edu


north (Fig. 1) are the largest volcanoes in the
Mariana Southern Seamount Province (Bloomer
et al. 1989).

Compared to other Mariana Arc volcanoes,
WRV is remarkable for several reasons: (i) it con-
sists of a lower section of predominantly andesite
overlain by a layered bimodal rhyolite-basalt
sequence; (ii) andesitic rocks are locally intensely
altered and mineralized; (iii) it has a large caldera;
and (iv) it is built on a major fault. Large calderas
are commonly associated with volcanoes that erupt
voluminous felsic lava, typically >60 wt% SiO2

(WRV rhyolite pumice contains ca 72 wt% SiO2).

Such volcanoes are common both along the Izu
(Fiske et al. 2001) and Kermadec (Wright et al.
2006) arcs but are otherwise unknown from the
Mariana Arc and are not reported from other
intraoceanic arcs. The WRV’s caldera is large com-
pared with Izu and Kermadec felsic calderas –
although Macauley Caldera in the Kermadecs is
the same size (Wright et al. 2006). The WRV
caldera dimensions are similar to those of more
famous calderas, such as Krakatoa in Indonesia
and Crater Lake in the Cascades (Fig. 2).

Calderas are natural targets of volcanological
study because the steep caldera walls often expose

Fig. 1 Locality map for the Southern
Seamount Province (SSP) of the Mariana
Arc (Mercator projection, 500 m contour
interval). Anatahan is the southernmost
volcano of the Central Island Province,
SSP extends from Diamante cross-chain
south at least to Seamount X. Data
sources: NOAA Vents EM300 and
SeaBeam 2000 multibeam bathymetry,
Cook 6 & 7 HMR1 bathymetry, and
bathymetry based on inversion of satel-
lite altimetry (Smith & Sandwell 1997).
Back-arc spreading center axis positions
provided by Fernando Martinez. Bathy-
metry data are 200 m grid cell size. Sat-
ellite data subsampled to 200 m from
3500 m cell size. Island names are itali-
cized. Inset shows location of figure in
Western Pacific.
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a significant part of the volcanic stratigraphy. Even
though submarine calderas require ships and thus
are relatively expensive to study, they have some
advantages over subaerial calderas, the walls of
which are quickly degraded by erosion and have
steep and unstable slopes that are often dangerous
to climb. In contrast, submarine caldera walls are
easily studied using a remotely operated vehicle
(ROV), which is connected to the research vessel
and can rise through the water column, inspecting
and sampling layers as it ascends.

Here we present multibeam swathmapping and
backscatter imagery of WRV and ROV sea floor
examination of it, emphasizing its history. The
current report summarizes our present under-
standing of WRV and is intended to be a progress
report, as well as provide a sound basis for future
research. To provide temporal context for the vol-
cano’s evolution, we also report the results of Ar–Ar
dating on igneous rock samples. This work also
provides context for ongoing petrological studies.

MARINE GEOLOGICAL AND
GEOPHYSICAL INVESTIGATIONS

Table 1 summarizes dredge and ROV investiga-
tions of WRV. The WRV was first identified and
sampled in 1979 during the Scripps Institution of
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Fig. 2 Comparison of the size of West Rota Caldera with that of other
felsic calderas using profiles to approximate caldera diameter: Krakatau
(Indonesia), Crater Lake (Oregon, USA), Sumisu (Izu, Japan) and West
Rota. The vertical lines indicate the caldera rims. No vertical exaggeration.
Krakatau and Crater Lake profiles are modified from Fiske et al. (2001).
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Oceanography MARIANA expedition. One dredge
(D47, Fig. 3) near the summit recovered andesite
and abundant rhyolite pumice (Dixon & Stern
1983), but the caldera was not known until Hawaii
MR-1 swathmapping during Leg 7 of the 2001
Cook expedition.

Sea floor bathymetry and sonar backscatter data
was obtained during 2001 Cook 7, several NOAA
cruises and JAMSTEC NT05-17. Hawaii MR1 is a
shallow-towed sidescan sonar system that also
provides relatively low resolution bathymetry
(Edwards 2007). Bathymetry collected by NOAA

expeditions used a Simrad EM300 multibeam sonar
system mounted on the hull of the R/V Thomas G.
Thompson. Different regions mapped by these
expeditions are shown in Appendix Figure A1.

Four dredge samplings of WRV occurred during
Cook 7 (D63-66, Fig. 3). D63 from the eastern
caldera wall recovered 250 kg of diverse litholo-
gies, including hydrothermally altered rocks,
abundant dacite pumice and large blocks of fresh
basalt. D64 and D65 sampled two parasitic cones
on the volcano’s southeast flank and recovered
abundant basalt and pumice from both. D66 from

Fig. 3 Morphological features of the
southern Mariana Arc. Interpretation
based on bathymetry, sidescan sonar,
and sea floor sampling; mapping cover-
age is shown in inset. Multibeam data
includes 30 kHz EM300 system on R/V T.
G. Thompson, 50 kHz SeaBat system on
R.V. Natsushima & SeaBeam 2000 on
R/V Melville. Most of the area was also
surveyed by HMR1 sea floor imaging
system (Rognstad 1992), which output
both acoustic backscatter (in sidescan
mode) and phased array bathymetry. The
lower precision HMR1 bathymetry was
only used in the absence of the multi-
beam coverage. These data were over-
layed in the ESRI Arcmap program for
interpretation. WRF, West Rota Fault;
NWGF, Northwest Guam Fault; WRV,
West Rota Volcano; NWGV, Northwest
Guam Volcano; EsmV, Esmeralda
Volcano.
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the caldera wall just south of D63 recovered only
abundant pumice.

The first ROV dive was carried out using ROPOS
(Shepherd 2007) during TT167 in April 2004
(R-785), followed by four dives with Hyper-
Dolphin (Kato 2007) aboard the R/V Natsushima
during NT05-17 in October 2005 (HD-482, 483, 484
and 489). Four of the five ROV dives examined
stratigraphy exposed in the eastern caldera wall,
and the last dive (HD-489) traversed two parasitic
cones on the volcano’s southeast flank.

TECTONIC SETTING OF THE SOUTHERN
MARIANA ARC

Regional swath-mapping shows that WRV lies on
a major NNE-trending normal fault, named here
the West Rota Fault (WRF; Fig. 3). A few km
southwest of WRV, the WRF has approximately

1200 m of apparent vertical offset, diminishing to a
few hundred meters at WRV itself, suggesting that
the most important WRF offsets pre-date caldera
formation. This interpretation is tempered be-
cause the fault cannot be identified northeast of
WRV. The WRF is greatly subdued where it
transects WRV, but its location might be mani-
fested by bathymetric re-entrants (Fig. 4) and
perhaps a fault observed on the caldera floor
during dive HD-484, although this fault trends
NNW.

Another, more northerly trending normal fault
lies ca 20 km west of the WRF and has ca 1 km of
relief; this is called the Northwest Guam Fault
(NWGF; Fig. 3). The WRF and NWGF reactivate
a fundamental crustal boundary: uplifted, thick
crust and lithosphere beneath the frontal arc to
the east and subsiding, thin back-arc basin crust
and lithosphere to the west. The two faults are
interpreted to be associated with recent uplift of

Fig. 4 Bathymetry and surface inter-
pretation of West Rota Volcano, based on
25 m grid of EM300 multibeam sonar,
sidelit from northwest. Diagonal stripes
mark areas of high sonar backscatter
probably indicating steep crop outs;
other surfaces show low sonar backscat-
ter and are probably covered with
pumice. Orange lines approximate
inferred radial dykes. Dashed black line
labeled ‘WRF’ is the inferred West Rota
Fault Zone. Dark shaded areas are high
backscatter lava cones. White lines mark
remotely operated vehicle (ROV) bottom
tracks.
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the southern Mariana frontal arc. This neotec-
tonism is also associated with rapid sea floor
spreading in the southern Mariana Trough (Mar-
tinez et al. 2000; Kato et al. 2003) and rapid trench
rollback along the Challenger Deep segment of the
Mariana Trench (Fryer et al. 2003; Gvirtzman &
Stern 2004). A three-component magnetometer
survey during Cook 7 identified back-arc basin
crust along the eastern margin of the Mariana
Trough that was magnetized during the Gauss
normal-polarity chron (2.60–3.58 Ma; Ishihara
et al. 2001). This provides an upper age limit for
the WRF and WRV, which was built on or near this
crust.

Although it has long been inferred that Mariana
Arc volcanoes are situated on or near the eastern-
most bounding faults of the back-arc basin
(Bloomer et al. 1989), WRV is the only Mariana
Arc volcano where this can be demonstrated. It is
likely that the abundance of felsic eruptive prod-
ucts and large formation of the caldera, unique for
the Mariana Arc, is related to the WRF, as dis-
cussed below.

The WRV lies just south of another important
tectonic boundary, the 14°40′N slab discontinuity
(Miller et al. 2006). The discontinuity controls the
location of an unusual volcanic cross-chain (Figs 1,
4), which includes the active northwest Rota-1
volcano (Embley et al. 2006) and Chaife Seamount,
which erupts unusually magnesian lavas (Kohut
et al. 2006).

MORPHOTECTONICS OF WEST ROTA VOLCANO

The most striking feature of WRV is its large
caldera (Fig. 4). This is elliptical in map view,
6–10 km across with the long axis oriented NNW–
SSE. The featureless caldera floor lies at a
maximum depth of 1500 m below sealevel (BSL).
Simple extrapolation of the volcanic slopes upward
suggests that WRV might have once been an
island, with a summit that could have stood several
hundreds of meters above sealevel.

Fly-through movies showing sonar backscatter
draped on bathymetry for the entire Mariana
Arc and for WRV can be downloaded from
the NOAA Ocean Exploration website: (Merle &
Carothers 2007).

The WRF exerts important controls on WRV.
The caldera is built above the WRF near its appar-
ent northeast termination. WRF trends NNE up
the southwest slope, where bathymetric contours
are deflected ca 2 km towards the caldera, but it

cannot be confidently traced northeast of the
volcano. The fact that the southeast rim reaches
within 304 m of the sea surface, whereas the shal-
lowest part of the western rim is ca 1000 m BSL
suggests that the WRF uplifted the eastern WRV
relative to the western WRV. The fault trend
divides WRV outer slopes into an eastern half
with complex relief and a much smoother western
half (Fig. 4); these lie on either side of the WRF.
This difference in morphology does not reflect
the different sonar systems used to map the
volcano, because the morphotectonic subdivisions
do not correspond to regions mapped by different
systems (compare Fig. 4 and Appendix Fig. A1).
The ruggedness of the eastern WRV is principally
caused by numerous parasitic cones along the
southeast neovolcanic zone and by a structural
bulwark as shallow as 800 m BSL in the northeast.
The northeast high might manifest parts of the
volcano that were relatively uplifted along the
WRF, or it might represent the preserved flank of
an older caldera. There is also extensive medium-
scale (ca 200 m wavelength) roughness on the
volcano flank east of 144°52′E that is not seen
in the west (Fig. 4); we have no idea what caused
this.

Interpretation of sonar backscatter images
(Fig. 4) indicates that the eastern caldera wall
has more outcrops of precaldera rocks, whereas
the western caldera wall appears ‘backscatter-
smooth’, suggesting thick pumice cover. These
observations might indicate that the climactic
eruption was largely directed towards the lower,
western sector of the volcano.

Caldera bathymetry suggests formation by
piston-like, coherent subsidence (Lipman 1997).
The subdued caldera floor relief suggests it might
be underlain by a thick section of intracaldera tuff
and slide breccia (see fig. 3 of Lipman 1997). The
ROV observations during TT167 dive R-785 indi-
cate that most of the caldera floor is composed of
loose pumice, consistent with this interpretation.

PETROLOGICAL SYNOPSIS

The magmatic evolution of WRV is currently the
focus of ongoing study; however, a summary of the
composition of its lavas is instructive for under-
standing the evolution of the volcano.

Low-K suites characterize the Izu segment of
the IBM Arc system, whereas medium-K suites
typify the Mariana segment, with a high-K ‘shos-
honitic’ suite characterizing the Izu–Bonin to
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Mariana transition (Stern et al. 2003). This sys-
tematic difference is shown in Figure 5a, which
shows K2O versus SiO2 in volcanic rocks from West
Rota and NW Rota-1 (Embley et al. 2006) in the
Mariana Arc, and Sumisu and Torishima in the Izu
Arc. The lavas from WRV define a medium-K suite
that is typical of Mariana Arc lavas. Figure 5b
shows MgO versus SiO2 in lavas from West Rota
and Sumisu. Both caldera volcanoes have similar
MgO contents for a given SiO2 and interestingly,
both volcanoes have a SiO2 gap between andesite
(ca 60 wt% SiO2) and dacite (>65 wt% SiO2). This
suggests that models which explain rhyolite

genesis in Sumisu might be applicable for West
Rota, and vice versa, encouraging further develop-
ment of a general model for the generation of IBM
felsic magmas.

The WRV lavas and tuffs comprise two
sequences: a lower sequence of dominantly andes-
itic lavas and breccia (I in Fig. 5a), and an upper
bimodal sequence comprising basalts and basaltic
andesites (IIa in Fig. 5a), along with dacites and
rhyolites (IIb in Fig. 5a). The two sequences show
transitional relationships; andesitic lavas were
found high in the sequence (as shallow as 600 m
during dive HD-482) and thin felsic tuffs were
found low in the section (as deep as 940 m during
dive HD-484). Mafic and felsic effusives in the
upper sequence are intimately related, both spa-
tially and stratigraphically. Felsic samples are
mostly pumiceous, pervasively hydrated, friable
and weakly consolidated and thus are difficult to
representatively sample and analyze. Locally, the
lower andesitic sequence has been intensely altered
by hydrothermal fluids, including development of
stockwork sulphide mineralization and intense
potassic metasomatism (Fig. 5a, right). Most
basalts are fractionated but some are quite primi-
tive, with 7–9 wt% MgO. The thick pyroclastic
sequences of rhyolite, with 72–74 wt% SiO2 (Fig. 5),
of West Rota are very unusual for the Mariana Arc.
Mafic and felsic magmatism was intimately related,
as is typical for other felsic volcanoes, such as
Sumisu in the Izu Arc (Shukuno et al. 2006).

Ar–Ar GEOCHRONOLOGY

Six fresh volcanic samples were selected for 40Ar–
39Ar age determinations. Four samples of upper
sequence basalt and dacite were analyzed at the
Geological Survey of Japan/AIST (Uto et al. 1997),
and two samples of fresh andesite from the lower
part of the volcanic sequence were analyzed at
Oregon State University. Analytical procedures at
GSJ/AIST are reported in Ishizuka et al. (2003).
Samples were treated ultrasonically in 3 N HCl
and then 4 N HNO3 for 10–15 min to remove pos-
sible secondary phases (e.g. carbonates, hydrated
glass) before irradiation of 13–14 mg groundmass
aliquots. Sanidine from the Fish Canyon Tuff
(FC3) was used as flux monitor and assigned an
age of 27.5 Ma (Uto et al. 1997; Lanphere & Baads-
gaard 2001). Correction for interfering isotopes
was achieved by analyses of CaFeSi2O6 and
KFeSiO4 glasses irradiated with the samples.
Step-heating was accomplished with a laser. The
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GSJ/AIST system blank was 7.5 ¥ 10-14 mL stand-
ard temperature and pressure (STP) for 36Ar,
2.5 ¥ 10-13 mL STP for 37Ar, 2.5 ¥ 10-13 mL STP for
38Ar, 1.0 ¥ 10-12 mL STP for 39Ar and 2.5 ¥ 10-12 mL
STP for 40Ar. A blank analysis was done every time
after two or three analyses. All errors for 40Ar–
39Ar results are reported at one standard deviation
and include analytical uncertainties for isotopic
analysis, correction for interfering isotopes and
J-value estimation. An error of 0.5% was assigned
to J-values as a pooled estimate for the present
study. Age plateaus were determined following the
definition by Fleck et al. (1977). Inverse isochrons
were calculated using York’s least-squares fit,
which accommodates errors in both ratios and cor-
relations of errors (Fleck et al. 1977). Results are
summarized in Table 2 and plotted in Figure 6.

The andesite sample that gave the best age
(R785-5; plateau age = 347 � 14 Ka, isochron
age = 344 � 65 Ka) was recovered as float on the
caldera floor near the caldera wall. Another
sample, a clast in an andesitic volcaniclastic flow
taken from exposures near the base of the caldera
wall (R785-9; plateau and isochron ages of 527 �
117 and 496 � 255 Ka) gave a poorer and older
age. Both samples gave (40Ar–36Ar)0 ~ atmospheric,
so excess Ar is not a concern. We conclude that
andesitic volcanism of the lower sequence was
active ca 350 000 years ago and perhaps several
hundred thousand years earlier. These ages also
constrain caldera formation to younger than
350 000 years ago.

Three felsic dyke samples were dated: HD-
483R20 (hornblende–pyroxene rhyolite dyke from
southeast caldera wall), HD-489R5 (hornblende
rhyolite dyke from southeast slope of WRV) and
HD-483R2 (rhyolite dyke from inner caldera wall).
HD-483R2 gave a very disturbed Ar release spec-
trum, which is not used or discussed further.
HD-489R5 did not form a plateau in a strict sense,
but the last four steps gave consistent ages, com-

prising 46% of released gas (Fig. 6a). The age
from these steps is 51 000 � 3000 years, whereas
the isochron age calculated from all steps is
59 000 � 15 000 years old. The best result came
from HD-483R20, which gave a plateau age of
37 000 � 6000 years; this is indistinguishable from
an isochron age of 34 000 � 7000 years (Fig. 6b).
These samples also gave (40Ar–36Ar)0 ~ atmo-
spheric, so excess Ar is probably not a problem for
these young lavas. Because felsic dykes are com-
positionally related to upper sequence pumiceous
deposits, we conclude that felsic igneous activity
on West Rota occurred 37–51 Ka ago; because
the HD-483R20 dyke exposed in the inner trench
wall must have been emplaced and cooled before
being exposed as a result of caldera collapse;
caldera collapse could not have occurred before its
emplacement. We tentatively conclude that caldera
formation occurred no earlier than 37–51 Ka.

HD-489 traversed parasitic cones on the south-
east WRV, and two samples were dated. Seven
consecutive steps in the mid-temperature range
for hornblende rhyolite HD-489R19 released 56%
of the gas, forming a plateau with an age of
0.47 � 0.06 Ma. This is consistent with the inverse
isochron age of 0.45 � 0.13 Ma having (40Ar–36Ar)0

intercept of 296 � 4. Thus, 0.47 Ma approximates
when this dacite erupted. Basalt sample HD-
489R20 contains very little radiogenic 40Ar and
gave a disturbed age spectrum indicating that it is
younger than ca 0.21 Ma. The older ages obtained
for HD-489 samples compared to ca 37–51 Ka best
estimate for the age of the caldera-forming event
suggests that parasitic cones on the south WRV
were active well before caldera collapse.

STRATIGRAPHY OF WEST ROTA VOLCANO

Four ROV dives looked at near-vertical sections
along a 6 km sector of the eastern caldera wall; two

Table 2 40Ar–39Ar geochronology results

Sample no. Lithology Latitude
(N)

Longitude
(E)

Depth
(m)

Plateau
age (Ka)

Isochron
age (Ka)

Initial
40Ar/36Ar

Lab

R-785–5 Andesite 14°20.01′ 144°51.15′ 1144 347 � 14 344 � 65 297 � 48 OSU
R-785–9 Andesite 14°19.88′ 144°51.64′ 779 527 � 117 496 � 255 296 � 4 OSU
HD-483R20 Hb-pyx rhyolite dyke 14°17.67′ 144°51.68′ 678 37 � 6 34 � 7 300 � 5 AIST
HD-489R5 Hb rhyolite dyke 14°16.25′ 144°53.64′ 1148 51 � 30 59 � 15* 297 � 2 AIST
HD-489-R19 Hb rhyolite 14°16.79′ 144°52.47′ 819 470 � 60 450 � 130 296 � 4 AIST
HD-489-R20 Pl-phyric basalt 14°16.81′ 144°52.41′ 768 110 � 100 – 305 � 4 AIST

40Ar–39Ar age spectra and inverse isochron plots are shown in Figure 6. *isochron data using all steps, which is regarded as the best
estimate for this analysis. AIST, Japan National Institute of Advanced Industrial Science and Technology; OSU, Oregon State University.
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Fig. 6 40Ar–39Ar age spectra (left) and
inverse isochron plots (right) for ground-
mass samples of lavas from West Rota
Volcano. Solid symbols in the inverse
isochron plots are plateau forming steps.
(a) HD483-R20. Southeast caldera wall
at a depth of 678 m. Hb rhyolite dyke
with 73.4 wt% SiO2. (b) HD-489R5.
Southeast flank of volcano near basaltic
parasite cone at a depth of 1148 m. Hb
rhyolite dyke with 72 wt% SiO2. (c)
HD489R19. Hb dacite with 71.7% SiO2.
Parasitic cone on southeast slope of
West Rota at 810 m depth. (d)
HD489R20. Parasitic cone on southeast
slope of West Rota at 769 m depth.
Pl-phyric basalt with 51.5% SiO2 (e)
R785-5. Float from east caldera floor at
a depth of 1144 m. Pl-CPX andesite
with 58% SiO2. (f) R785-9. Base of east
caldera wall at a depth of 779 m. Pl-CPX
andesite with 60.9% SiO2
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parasitic cones on the southeast upper flank were
examined during one dive (Fig. 7). Each caldera
wall dive encountered different stratigraphic sec-
tions; we conclude that WRV stratigraphy is
complex and the picture we have of the volcanic
succession is incomplete. The ROV observations
were controlled with navigation and bathymetry,
allowing stratigraphic sections for each of the
transects to be constructed. These sections are
summarized in Figure 8, and representative pho-
tographs are shown in Figures 9 and 10. Detailed
stratigraphy of the pyroclastic section is shown in
Figure 11.

Up to 900 m of volcanic stratigraphy is exposed
in the steep eastern walls, allowing the latter part
of the volcano’s evolution to be studied. The lower
part of this succession is dominated by andesites,

0.33–0.55 my old (Fig. 9), whereas the upper part is
dominated by rhyolite and basalt, 37–51 thousand
years old (Fig. 10). We did not observe an obvious
erosional unconformity or soil horizon in any of the
sections. The identification of rounded cobbles at
ca 700 m depth during dive R785 (Fig. 10c) sup-
ports the inference that WRV was a small island at
times. These cobbles might have formed by wave
action on a WRV beach before caldera collapse and
thermal subsidence of the extinct volcano.

West Rota’s large caldera formed in association
with a major eruption of felsic magma. Assuming
the volcano originally rose to 300 m above sealevel,
a conservative estimate based on linear extrapola-
tion of the slopes, the volcano lost approximately
40 km3 during caldera collapse. If this is equivalent
to the volume of magma erupted in a single

Fig. 7 Location of four remotely
operated vehicle (ROV) transects on
eastern caldera wall and 1 ROV transect
on southeast flank of volcano. One dive
(R785) was conducted using R/V
Melville and ROPOS in 2004 and four
dives (HD-482–484; HD-489) were
carried out using R/V Natsushima and
Hyper-Dolphin in 2005.
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episode, it implies a very explosive eruption, with
Volcanic Explosivity Index ca 6 + (Newhall & Self
1982). The WRV Caldera floor shows no evidence
of postcollapse magmatic activity in the form of
resurgent domes or cones. Tow-Yo surveys with a
CTD (conductivity, temperature, depth) instru-
ment package found a weak hydrothermal plume
within the caldera (Embley et al. 2003), and a small
area of low temperature diffuse venting was dis-
covered on dive HD-483a near the base of the
southeastern caldera wall (Figs 7,9b). The lack of
an active high-temperature hydrothermal system
and the geochronological results reported above
indicate that WRV is an extinct or long-dormant
volcano.

LOWER ANDESITE AND HYDROTHERMAL ALTERATION

The lower part of the volcanic section exposed in
the caldera walls comprises fresh and altered
andesites along the three northern dives and
bimodal dyke swarms in the southeast dive
(Fig. 7). Exposures of hydrothermally altered

andesite were observed during dives HD-484
(>1200 m BSL) and HD-482 (>750 m BSL). The
basal andesitic section was affected by intense
hydrothermal alteration and sulphide stockwork
mineralization, which – because the overlying
basalt-rhyolite section is not altered or mineral-
ized – seems to pre-date caldera collapse. This was
the root zone of a robust hydrothermal system, the
sea floor expression of which has not been found
(and might not exist if hydrothermal activity
occurred while WRV was an island). After Cook 7
dredging, we suspected that hydrothermally
altered rocks were exposed in the eastern caldera
wall because these were abundant in Cook 7
Dredge 63. We did not find these exposures during
the single TT-167 dive but encountered them
during the Hyper-Dolphin dives. Studies of these
dredge samples indicate that alteration was caused
by intense flow of high-temperature water, which
circulated between the sea floor and a shallow
magma reservoir. Fluid circulation reflects very
high ratios of water to rock that removed Na2O and
introduced K2O into the affected rocks (Fig. 5a,
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right panel), similar to ‘porphyry copper-type’
alteration observed at Manzi Seamount farther
north in the IBM Arc (Ishizuka et al. 2002).
Altered samples from Dredge 63 also have dis-
seminated sulphide mineralization. Hydrother-
mally altered exposures observed during dives
HD-484 and HD-482 appear as pervasive bleach-
ing of volcanic rocks. The clay-rich parts are weak,
but silicified portions are resistant and stand out
as a network of irregular, cross-cutting veins
(Fig. 9c). A distinctive horizon observed during
dive HD-482 at ca 750 m BSL consists of rocks
with concentric alteration zones, which appear
to preserve original pillow structures (Fig. 9f).
These hydrothermally altered pillow basalts are
similar to those observed on the Galapagos Ridge
(Embley et al. 1988). Exposures of hydrothermally
altered rocks examined during dive HD-484

include resistant, rust-brown colored ribs that are
rich in sulphides (Fig. 9c–e).

CALDERA-FORMING ERUPTION(S)

The upper ca 150 m traversed during dive HD-
482 is subdivided into four units distinguished on
the basis of orange-colored alteration zones on
underlying units (Fig. 11). These alteration zones
might reflect baking of the underlying material by
the overlying pyroclastic flow. Alternatively, the
alteration could be iron oxidation of a former sea
floor surface or enhanced microbial iron oxidation
induced by hydrothermal cooling of the lower flow.
In any case, these alteration zones appear to mark
surfaces that have been exposed on the sea floor
for some time and thus provide a way to subdivide
the stratigraphy into four units.

Fig. 9 Photographs taken of lower
section observed in eastern caldera wall
exposures. (a) Base of vertical caldera
wall, white pumice in caldera floor
against dark andesites at base of wall
(R785, 800 m water depth). (b) Gray
mound of fine sediments associated with
weak hydrothermal vent at southeast
base of caldera wall. Note hydrothermal
crusts above the mound to the right (HD-
483, 1150 m water depth). (c) Outcrops
of hydrothermally altered andesites
(bleached white) and resistant ribs
of sulphide mineralization (red-brown;
HD-484, 1260 m water depth). (d) Sam-
pling 484R6 from sulphide mineralized
rib, same location as c. (e) Photograph of
cut slab of HD-484R6 taken at d. Note
pyrite and chalcopyrite lining vug. (f)
Spheroidally altered pillowed andesite
(HD-482, 759 m water depth). (g) Dacitic
dykes near base of southeast caldera wall
(HD-483, 1050 m water depth).
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The uppermost unit, Unit D, is an excellent
example. This ca 75 m thick unit shows overall
inverse grading and coarse intervals contain little
ash. Rhyolite pumice clasts are angular and as
large as ca 0.5 m near the top of the unit. Faint
bedding was observed near the base. Bedding is
sometimes expressed by ca 1 m thick layers of
pumice sandwiched between thinner (<10 cm)
horizons dominated by mafic clasts. Underlying
units B and C are well-bedded but also show
well-developed reverse grading, with fine pumice
showing well-defined bedding at the base grading
upwards into increasingly coarse and massive
pumice at the top.

Upward coarsening of pumice clasts in each
layer (Fig. 10d) is typically produced by sub-

aqueous pyroclastic eruptions (Kano et al. 1996).
Multiple units can be produced by intermittent
eruption-column collapses. This stratigraphy
suggests that violent eruptions accompanying
caldera formation did not occur as a single
episode, as also reflected by the lowermost thick
felsic bed observed during dive R785, ca 765 m
BSL, which is pervasively affected by numerous
penecontemporaneous normal faults (Fig. 10a).
There might have been a long period of develop-
ment of one caldera or perhaps formation of mul-
tiple calderas.

All four units in Figure 11 are Type 1 subaque-
ous pumice deposits according to the classification
of Kano (2003). Type 1 deposits are thought to
form by submarine plinian or flow-generating

Fig. 10 Photographs of upper section
observed in eastern caldera wall, summit
rim and southeast parasitic cones. (a)
Rhyolitic volcaniclastics overlying basal-
tic volcaniclastics, R785 724 mbsl. (b)
Palagonite-rich basaltic volcaniclastic
overlying coarse rhyolite pumice flow,
R785 544 m below sealevel (BSL). (c)
Possible beach cobble embedded with
other cobbles in volcaniclastic layered
sands, R785 700 m BSL. (d) Upward-
coarsening layered rhyolitic volcaniclas-
tics, thick orange horizon near top of
photo subdivide the stratigraphy,
HD-482, 555 m BSL. (e) Coarse pumice
flow, R785 472 m BSL. (f) Large pieces
of rhyolite pumice ‘balloons’, HD-489,
667 m BSL. (g) Two rhyolite balloons
(right) and exploded columns from a
broken balloon (left) HD-489, 749 m
BSL. (h) Section of balloon showing
radial columnar structure and crinoid,
R785.
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eruptions at water pressures low enough to allow
violent vesiculation, corresponding to depths from
a few hundred meters down to one thousand
meters depending on the magma water content.
Because Unit D is very thick (75 m at dive
HD-482) and is the youngest Type 1 deposit of
WRV, eruption of Unit D was probably associated
with formation of the present caldera. Despite
its great thickness, it is not welded; welding was
not observed in any of the felsic units on WRV,
further supporting an interpretation of submarine
eruption.

We have not identified the vents responsible for
these eruptions. Because the pyroclastic sections
seem to thicken northwards (Fig. 8), the vents
might lie in the northern part of WRV, perhaps
along the WRF. Where the caldera-forming

rhyolitic pyroclastic succession is observed
(Fig. 11), mafic and felsic components are inter-
bedded everywhere except at the very top of the
section (Fig. 10a,b). This suggests that injections
of mafic magma stimulated felsic eruptions.

Exposures of the lower caldera wall examined
during HD-483 are dominated by nearly vertical
mafic and felsic dykes (Fig. 9g). These comprise a
northwest–southeast-trending dyke swarm, which
might be related to several small basaltic parasitic
cones on the southeast flank of WRV (Figs 3,7).
The similarity of northwest–southeast directional
trend, stratigraphic position and composition of
the basalts indicates that the southeast caldera
wall dykes and south–east-trending chain of basal-
tic parasitic cones (HD-489 followed northwest–
southeast-trending basaltic dykes ca 1150 m BSL)

Fig. 11 Detail of upper pyroclastic
succession observed during HD-482,
stratigraphic position shown by dashed
line in Figure 8. Four units are identified,
separated by what might be bake zones
(see text for further discussion). Note the
general reverse grading of units, particu-
larly unit D.
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marks an important locus of late magmatic activity
for WRV. A culminating progression from felsic to
mafic magmatism with time could be also reflected
in the fact that all three mafic (51–53 wt% SiO2)
dykes were sampled <900 m deep, whereas the
felsic (73–77 wt% SiO2) dykes are all from >850 m
deep (Fig. 8). The southeast base of caldera wall is
also where a low-temperature hydrothermal seep
was found (Fig. 9b). This southeast sector of WRV
does not seem to be the locus of voluminous rhyo-
lite eruptions associated with caldera formation,
because the volcanic sequence as shallow as 350 m
is dominated by mafic volcaniclastics and breccias
(Fig. 8).

The parasitic cones on the upper southeast slope
of the volcano, which were sampled by Cook 7 D64
and 65 and NT05-17 HD-489 (Figs 3,7), are also
dominantly basaltic (ca 51 wt% SiO2), with subor-
dinate felsic material. The parasitic cones on the
southeast flank of WRV are only covered by large
rhyolite pumice ‘balloons’, the youngest, post-
caldera and quiet WRV eruptive products, as dis-
cussed below. Basaltic volcanism is not recognized
on the caldera floor; this combined with the ca
0.47 Ma age for a dacite (HD-489R19) recovered
from one of the southeast cones indicates that the
northwest–southeast volcanic zone was active
before the caldera collapse. The absence of thick
pumice pyroclastic deposits (Units A–D, discussed
above) in the southeast volcanic zone further sug-
gests that WRV caldera-forming pyroclastic erup-
tions were directed westward.

RHYOLITE PUMICE ‘BALLOONS’

Above the coarse pumice flows, 1–2 m diameter
rhyolite balloon-like pumices define the top of the
volcanic section (Fig. 10f–h). In contrast to the
underlying thick rhyolitic units, the balloons were
not erupted violently and thus are thought to
reflect relatively quiet eruption of gas-rich rhyo-
lite magma at the final stage of caldera collapse.
The pumice balloons have very low density, as
shown by the fact that they move significantly
when the ROV gently bumped into them, reflect-
ing their vesicular, pumiceous nature. The pumice
balloons erupted and cooled in this shape because
they often have interior cooling structures –
radial columns – that indicate the rounded exte-
rior of the balloons was established while the
inside of the balloon was still partially molten
(Fig. 10g,h; schematically represented in Fig. 12).
These pumice spheres were clearly erupted dif-
ferently than the older felsic pyroclastics, which

are obviously fragmental, broken into angular
blocks during eruption and subaqueous transport;
these fragments are also much smaller than the
‘balloons’.

The large pumices might have formed as a result
of quiet extrusion of vesicular rhyolite magma (70
wt% SiO2) into water (e.g. Allen & McPhie 2000).
Explosive fragmentation of such partially degassed
hydrous felsic magmas might have been arrested
because of hydrostatic pressure at several hundred
meters water depth. They are similar in size and
internal structure to the ‘Giant pumice’ of Sierra la
Primavera, Mexico (Clough et al. 1981). Similar
giant pumices were observed to rise to the surface
during the 1934–1935 eruption at Kikai Caldera and
then slowly sink again (Matumoto 1943). Observa-
tions made using Shinkai 2000 manned submersible
found pumice blocks that were probably from this
eruption, some 12 m long, resting unbroken on the
Kikai Caldera floor (Nakamura et al. 1986). Hydro-
static pressure must have been great enough that
exsolution of water vapor within the extruded
magma was not violent, allowing steady inflation of
a coherent rhyolitic magma to the point that its bulk
density decreased sufficiently to rise into the water
column, but could not be so great that vesiculation
was impeded. Fiske et al. (2001) suggested an
optimal depth of ca 300 m BSL, corresponding to
a pressure of ca 30 atmospheres, for the formation
of giant rhyolite ‘floaters’ in the caldera-forming
eruption of the Myojin-knoll caldera of the Izu Arc.
After the balloons detached from the submarine
vent, they floated to the surface, cooling sufficiently
slowly to produce radial columnar jointing
(Fig. 10g,h). Whitham and Sparks (1986) and Kano
et al. (1996) infer that the buoyancy of large pumice
floaters was short-lived, however, as rapid cool-
ing and condensation of steam created partial

1. Quiet eruption of dacitic magma 
    from submarine vent ~400m depth

4. Vesicular rhyodacite balloon cools,
    forming radial columnar jointing 

6. W
ater-saturated balloon

        sinks to bottom
5. Balloons drift with current; steam escapes 
    and vesicles slowly fill with water

2. Exsolution of volatiles inflates 
    balloon,  lifting it away from vent3.
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Fig. 12 Summary diagram for the formation of giant rhyolite balloons
shown in Figure 10f–h.
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vacuums in vesicles, drawing in seawater, gradually
increasing floater bulk density until they sank. Our
idea for how the rhyolite balloons formed and
were distributed around the volcano, is based on
figure 13 of Allen and McPhie (2000) and is sum-
marized in Figure 12.

DO WEST ROTA VOLCANO FELSIC MAGMAS COME
FROM THE MID-CRUSTAL FELSIC LAYER?

The origin of felsic magmas in juvenile, intraoce-
anic arcs is of great interest to the broad geologi-
cal community. Basu (2006) and Shukuno et al.

Fig. 13 Simplifed crustal structure of the Mariana Arc near 17°N along section A-A′ after Takahashi et al. (2007). Upper crust (UC): mostly mafic lavas
and dykes; middle crust: Tonalite, felsic plutons; lower crust: Gabbroic material (Kodaira et al. 2007). A mid-crustal felsic layer was inferred for the Mariana
Arc near 17°N by Takahashi et al. (2007). We can expect similar structure beneath West Rota. Bathymetric profile B-B′ (Takahashi pers. comm., 2007) shows
the location of the West Rota Volcano and West Rota Fault relative to the mid-crustal felsic layer. The fault might tap the felsic layer when mafic magma is
injected into the mid-crustal layer.
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(2006) concluded that WRV felsic magma was
generated by anatexis of andesitic material under
amphibolite-facies pressure–temperature (P–T)
conditions corresponding, as a result of heat sup-
plied by injection of basaltic magma. A similar
interpretation is generally accepted for the for-
mation of felsic magmas in the Izu Arc (Kawate &
Arima 1998; Tamura & Tatsumi 2002; Shukuno
et al. 2006) and the Kermadec Arc (Smith et al.
2003a,b). A mid-crustal felsic layer was inferred
for the Mariana Arc near 17°N by Takahashi et al.
(2007). Middle crust with the seismic velocity
measured and shown of Figure 13 will be com-
posed of silicic plutons containing more than 64
wt% high SiO2 (Kitamura et al. 2003; Kodaira
et al. 2007). This could be the ultimate source of
WRV felsic material.

The occurrence of a voluminous felsic eruption,
not found elsewhere in the Mariana Arc, might
reflect the fact that WRV is located on a major
normal fault (WRF), which allows magmas stored
in the mid-crustal felsic melt to easily move to the
surface. Figure 13 interprets and modifies the
seismic crustal structure of Takahashi et al. (2007)

to show the location of the WRV and WRF relative
to the mid-crustal felsic layer, and how the fault
might tap the felsic layer when mafic magma is
injected into it.

VOLCANIC HISTORY AND CONCLUSIONS

Our understanding of the volcanic history of WRV
is fragmentary and incomplete. Nevertheless,
the broad outlines of its evolution are clear, as
shown in Figure 14. Uplift of the southern Mariana
forearc associated with rapid rollback along the
Challenger Deep segment of the Mariana Trench
resulted in large offsets along the WRF. Mantle-
derived magma exploited this weakness, forming a
volcano near the fault’s northern terminus. Andes-
itic volcanism led to formation of a large subma-
rine volcano before ca 0.5 Ma, with growth of a
magma chamber where fractionation of basalt or
magnesian andesite to form andesite occurred.
The growing volcano eventually rose above sea-
level to form an island. A vigorous hydrothermal
system associated with sulphide mineralization

A) 347-550 Ka
West Rota Island

Basaltic magma

Hydrothermal 
Alteration Zone Small magma chamber; 

fractionation  of basalt 
to form andesite

Andesitic volcanism
Sealevel

B) Growth and differentiation  of magma chamber

Large magma chamber; 
injection of basalt fractionates  

Magmatic heat  melts altered 
andesites to generate rhyodacite

Bimodal mafic-felsic volcanism

C) 37-59 Ka  Felsic eruption and caldera collapse

Caldera dimensions and 
volume reflects that of 
collapsed magma chamber

Catastrophic eruption of rhyodacite 
magma and caldera collapse

D)  Quiet eruption of rhyodacite balloons

Basaltic flux stops and 
volcano becomes extinct

Rhyodacite balloons

Fig. 14 Schematic evolution of West Rota volcano, Late Pleistocene time. (a) Development of andesitic stratovolcano, probably forming small island.
Volcano had a magma reservoir where andesite formed by fractionation of basalt, either directly beneath the volcano or in the middle crust. Hydrothermal
system developed during this time. (b) Basaltic magma flux melts altered andesites to form rhyolite and larger magma reservoir system. (c) A series of
catastrophic eruptions of rhyolite magma caused collapse of magma reservoir system and formation of caldera. (d) The final stage of caldera-forming
magmatism produces parasitic basaltic cones on southeast slope of volcano. Large pumices form during last stages of felsic magmatism finishing caldera
formation.
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developed, pervasively altering parts of the andes-
itic succession. Anatexis of amphibolite-facies
andesitic rocks formed felsic melts, perhaps at mid-
crustal depths. A series of violent submarine felsic
pyroclastic eruptions accompanied formation of a
large caldera, triggered by a new influx of mafic
magma, renewed movements along the WRV fault,
or both. Vents for the culminating eruptions have
not been identified but might lie in the northern
part of the WRV. Igneous activity during and after
caldera collapse formed small parasitic cones along
a south–east-trending neovolcanic zone. The final
activity of WRV was relatively quiet, generating
giant rhyolite pumice balloons.
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APPENDIX 1: DATA SYSTEMS MAP
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Fig. A1 Same map area as Figure 4 showing the compilation of multi-
beam bathymetry data sources. EM300 data collected in 2003 and 2004
aboard the R/V Thomas G. Thompson were gridded together and stacked
on top of SeaBat data collected in 2005 aboard the R/V Natsushima. Data
grid cell size is 25 m.
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