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Abstract

New multibeam mapping and whole-rock geochemistry establish the first order definition of the modern submarine
Kermadec arc between 30° and 35° S. Twenty-two volcanoes with basal diameters >5 km are newly discovered or fully-
mapped for the first time; Giggenbach, Macauley, Havre, Haungaroa, Kuiwai, Ngatoroirangi, Sonne, Kibblewhite and
Yokosuka. For each large volcano, edifice morphology and structure, surficial deposits, lava fields, distribution of sector
collapses, and lava compositions are determined. Macauley and Havre are large silicic intra-oceanic caldera complexes. For
both, concentric ridges on the outer flanks are interpreted as recording mega-bedforms associated with pyroclastic density flows
and edifice foundering. Other stratovolcanoes reveal complex histories, with repeated cycles of tectonically controlled
construction and sector collapse, extensive basaltic flow fields, and the development of summit craters and/or small nested
calderas.

Combined with existing data for the southernmost arc segment, we provide an overview of the spatial distribution and
magmatic heterogeneity along ~780 km of the Kermadec arc at 30°-36°30' S. Coincident changes in arc elevation and lava
composition define three volcano—tectonic segments. A central deeper segment at 32°20'—-34°10" S has basement elevations of
>3200 m water-depth, and relatively simple stratovolcanoes dominated by low-K series, basalt—basaltic andesite. In contrast,
the adjoining arc segments have higher basement elevations (typically <2500 m water-depth), multi-vent volcanic centres
including caldera complexes, and erupt sub-equal proportions of dacite and basalt—basaltic andesite. The association of silicic
magmas with higher basement elevations (and hence thicker crust), coupled with significant inter- and intra-volcano hetero-
geneity of the silicic lavas, but not the mafic lavas, is interpreted as evidence for dehydration melting of the sub-arc crust.
Conversely, the crust beneath the deeper arc segments is thinner, initially cooler, and has not yet reached the thermal
requirements for anatexis. Silicic calderas with diameters >3 km coincide with the shallower arc segments. The dominant
mode of large caldera formation is interpreted as mass-discharge pyroclastic eruption with syn-eruptive collapse. Hence, the
shallower arc segments are characterized by both the generation of volatile-enriched magmas from crustal melting and a
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reduced hydrostatic load, allowing magma vesiculation and fragmentation to initiate and sustain pyroclastic eruptions. Proposed
initiation parameters for submarine pyroclastic eruptions are water-depths <1000 m, magmas with 5-6 wt.% water and >70

wt.% SiO,, and a high discharge rate.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Volcanic arcs have complex magmatic histories that
feature elemental recycling from the subducting slab,
generation of volatile-rich magmas, and both the ther-
mal evolution and growth of arc crust. Understanding
these processes requires, at the very minimum, knowl-
edge of the spatial distribution of volcanism, eruption
modes, and compositional heterogeneity of the erupted
magma. Although the Kermadec arc has been long
recognised as an archetypal intra-oceanic arc—back-arc
system (Karig, 1970; Ewart et al., 1977; Cole, 1986),
the arc has remained poorly documented primarily due
to its submarine character for ~1260 km between
25°54" and 36°24’ S (Fig. 1). Only between 29°14/
and 31°15 S is the arc emergent, where the summits
and associated eroded stacks of the Raoul, Macauley,
Curtis, and L’Esperance volcanoes comprise an area of
<35 km? (e.g. Lloyd and Nathan, 1981; Smith et al.,
1988; Lloyd et al., 1996; Worthington et al., 1999;
Smith et al., 2003a). The ~200-km long sector imme-
diately adjacent to New Zealand and south of 35° S is
relatively well known, consisting of at least 13 edi-
fices, including basaltic—andesitic stratovolcanoes and
silicic calderas (Fig. 2A; Gamble and Wright, 1995;
Wright and Gamble, 1999). However, elsewhere only
reconnaissance ship-track data (e.g. Ballance et al.,
1999; Delteil et al., 2002) and satellite gravity inver-
sions (Ramillien and Wright, 2000) provide any clue
to the nature and location of the modern arc.

Using EM300 multibeam data, seafloor photogra-
phy, and rock dredging, we provide the first defini-
tion of Quaternary Kermadec arc volcanism between
30° and 35° S. A total of 22 volcanoes with basal
diameters >5 km are mapped, with the thirteen
largest described in detail. These data, together
with those from south of 35° S, give an overview
of the spatial distribution and magmatic heterogene-
ity along ~780 km of the Kermadec arc at 30°-

36°30" S. Coincident changes in tectonic structure
and geochemistry are identified along the arc. We
show that silicic volcanism, including caldera forma-
tion, is a significant component of Kermadec arc

T L S —_— =]

\» ¢ = Z =
) Z;F”I R
North Fiji W R ’
B <
Basin /7ol ST i

w L
G South Fiji
., Basin

Fig. 1. Regional setting of the Kermadec subduction system and the
contiguous Tonga—New Zealand sectors to the north and south,
respectively.
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of the arc front. Dashed lines show location of the subduction and extensional plate boundaries, east and west of the Kermadec microplate,
respectively, with grey arrows showing estimated relative PA-KE and KE-AU plate motion in millimeters per annum. (B) Location of southern

Fig. 2. (A) Regional setting of the southern and central Kermadec subduction system, including newly discovered volcanoes (closed triangles)
and central Kermadec arc volcanoes relative to earthquake seismicity (from USGS catalogue, January 1973—April 2003).
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volcanism and is spatially related to the more ele-
vated arc segments.

2. Regional setting
2.1. Kermadec subduction system

The contiguous Tonga—Kermadec subduction sys-
tem primarily involves Pacific (PA)—Australian (AU)
plate convergence (Fig. 1), but includes the Niuafo’ou
(NF), Tonga (TO) and Kermadec (KE) microplates
that accommodate back-arc spreading and rifting in
the Lau Basin and Havre Trough (Pelletier and Louat,
1989; Zellmer and Taylor, 2001; Bird, 2003; Ruellan
et al., 2003). Along the Kermadec sector, both relative
AU-KE and KE-PA motions increase northward (Fig.
2A). The latter is dominant and increases from ~50
mm yr ' at 36° S to 67 mm yr ' at 25° S. Like most
other western Pacific subduction zones, the Kermadec
system is characterized by subduction of cold and old
lithosphere (being >80 Ma at the Kermadec Trench).

Along strike, the Kermadec subduction system
(including the trench, volcanic arc, and back-arc region)
varies north and south of ~32°30' S (Pelletier and
Dupont, 1990; Ballance et al., 1999). To the north, the
remnant Colville Ridge (capped by an extinct Miocene
arc) and frontal Kermadec Ridge are wide, the active
volcanic arc partially surmounts the frontal ridge, and
the Havre Trough back-arc comprises a relatively sim-
ple, shallow, and thickly sedimented region (Delteil et
al., 2002). To the south, the remnant and frontal ridges
are narrower, with the active arc front displaced west of
the latter (Wright, 1997), and back-arc comprising a
deep and structurally complex region of rifting (Wright
et al., 1996). These changes, coupled with the shal-
lower inclination of the subducting slab in the south
(Reyners, 1989), progressively increase the trench—arc
distance from ~180 km at 30° S to ~220 km at 37° S.

Extension within the back-arc is distributed across
the Havre Trough, but includes a series of semi-con-
tiguous, “axial” rift grabens (Caress, 1991; Parson and
Wright, 1996; Wright et al., 1996; Delteil et al., 2002).
Back-arc rifted fabrics are consistently oblique to the
bounding remnant and frontal ridges, and increasingly
so to the south (Delteil et al., 2002). Further, the rifted
back-arc fabric extends eastward to at least the pre-
sent-day volcanic arc.

2.2. Kermadec Island volcanism

The volcanic islands of Raoul (Lloyd and Nathan,
1981; Worthington et al., 1999), Macauley (Brothers
and Martin, 1970; Lloyd et al., 1996; Smith et al.,
2003a), Curtis (Smith et al., 1988) and L’Esperance
comprise the emergent summits of large, complex stra-
tovolcanoes formed by coalesced strombolian and
phreatomagmatic eruption centres. Strongly porphyri-
tic and vesicular basaltic—andesitic lavas form most of
Raoul, Macauley and L’Esperance, whereas Curtis is
composed of dacitic pumice. However, dacitic pumice
is also widespread on Raoul and Macauley, where
recent episodes of voluminous silicic volcanism are
associated with caldera formation, pyroclastic flows,
and Plinian eruptions with tephra volumes possibly
>50 km® (Lloyd et al., 1996; Worthington et al.,
1999; Smith et al., 2003a). Historical eruptions are
recorded only at Raoul, though active fumaroles and
hot springs are present on Raoul and Curtis Islands and
the submarine flanks of Raoul and Macauley.

Magma genesis varies along the arc. Mafic Kerma-
dec lavas, north of 30° S (and Tonga) require a
strongly depleted mantle source fluxed by a hydrous
fluid derived mainly from the subducting oceanic crust
(Ewart and Hawkesworth, 1987). In contrast, lavas to
the south have a less depleted mantle source and an
additional contribution from a melt of subducting sedi-
ment (Gamble et al., 1996; Turner et al., 1997; Ewart et
al., 1998; Haase et al., 2002). Trace element modelling
and isotopic homogeneity are broadly consistent with
the derivation of silicic magmas by fractional crystal-
lisation of mafic parent bodies (Ewart et al., 1973,
1977), whereas arguments based on relative magma
volumes, petrography, changes in silicic magma com-
position with time at individual volcanoes, and thermal
modelling favour a dominant role for crustal anatexis
driven by underplating and intrusion of mafic magma
(Worthington, 1998; Smith et al., 2003a,b).

2.3. Southernmost Kermadec arc (35°-36°30" S)

The southernmost arc segment comprises 13 edi-
fices consisting of both basaltic—andesitic stratovolca-
noes and silicic caldera complexes (Wright et al., 1996;
Wright, 1997; Wright and Gamble, 1999). Of these
volcanoes, most basaltic edifices shoal to water-depths
<1000 m (and three to <500 m). They record a general
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Table 1
Synopsis of location and physical size of southern Kermadec volcanoes south of 30° S, including those between 35° and 36°27" S for
completeness
Volcano Type Latitude (°S)  Longitude Basal Summit Basal Volcano Constructional
(°E/°W) diameter water-depth ~ water-depth  relief (m) volume (km®)
(km) (m) (m)
Giggenbach Stratovolcano/ 30°02.148' S 178°42.752 W 1218 65 1250 11.71185 355
summit crater
GI1 Satellite cone 30°01.118' S 178°38.657 W 4-5 600 1500 900 3.7
GI2 Satellite cone 30°05.935 S 178°44.672 W ~8 550 ~1400 850 10.3
Macauley Silicic caldera/  30°12.0000 S 178°29.0000 W 23-30 400 1700 1300 269
basalt dome-
shield
Satellite cone 31°02.850° S 178°54.3000 W 5-8 800 1600 800 6.3
Havre Silicic caldera 31°06.500" S 179°02.450 W ~25 720 1750 1030 91
Oliver Satellite cone 32°23.5000 S 179°40.2500 W 7.4 2200 3000 800 7.2
Speight Satellite cone 32°23.289" S 179°35457 W 5.5 1840 2620 780 13.7
Haungaroa Stratovolcano/ 32°37.0000 S 179°37.422 W ~31 660 ~3100 2440 240.6
summit caldera
Kuiwai Stratovolcano/ 33°09.537 S 179°57.398 W ~23 560 ~3100 2540 157.6
summit craters
KU1 Satellite cone 33°09.940° S 179°59.232" E 3-5 1120 ~2100 980 20.9
Satellite cone 33°24.570' S 179°52.294 E 6-12 1100 2750 1650 13.2
Ngatoroirangi  Stratovolcano 33°43.716' S 179°49.634 E 25 340 2500 2160 216.6
Sonne Stratovolcano/ 34°04.625' S 179°34.532 E 21 995 3000 2005 156
summit calderas
SO1 Satellite cone 34°07.054' S 179°25.830' E 7 1640 3000 1360 10.5
Kibblewhite Stratovolcano 34°34.576¢' S 179°15.727 E 13 1000 2000 1000 47.8
KI1 Satellite cone 34°29.308' S 179°14.182" E 6 1060 2000 940 7.2
KI2 Satellite cone 34°27.651" S 179°14.071" E 35 1380 2250 870 2.3
KI3 Satellite cone 34°34.571" S 179°20.694 E 5 1800 ~2500 700 4.8
K14 Satellite cone 34°41.058" S 179°18.116¢' E 6 1550 2500 950 8.9
Yokosuka Stratovolcano 34°42.544°'S  178°32.717 E 12 1060 2500 1440 52.4
Rapuhia Stratovolcano 34°46.571" S 178°30.319 E 8 650 2250 1600 48.6
Giljanes Stratovolcano 34°46.491" S 178°34.723 E 7 700 1800 900 39.9
Brothers Silicic caldera 34°52.491"' S 179°04.523 E  13-14 1350 2300 950 345
Healy Silicic caldera 35°00.221" S 178°58.357 E  13-18 1100 2200 1100 68.9
Cotton Satellite cone 35°02.691" S 178°58.509" E 4.8 980 1500 520 11.7
C2 Satellite cone 35°05.000" S 178°57.700' E 2.5 1600 2000 400 1.4
Silent II Stratovolcano 35°10.118' S 178°54.128' E  14-17 780 2200 1420 86.8
Silent II (W)  Stratovolcano 35°12.600" S 178°58.700' E 9 1250 2100 850 15.4
Thompson Stratovolcano 35°17.100" S 178°51.750' E 89 1250 2250 1000 14.9
Rumble Stratovolcano/ 35°21.200° S 178°31.6000 E  17-22 1200 3000 1800 150.2
I (W) summit caldera
Rumble Stratovolcano 35°25.1000 S 178°39.1000 E  12-17 1150 300 1850 78.9
11 (E)
Rumble IIT Stratovolcano 35°44.377'S  178°29.839 E  22-26 220 3000 2780 261.9
Lillie Satellite cone 35°51.217' S 178°26.214 E 9-11 1280 2120 840 42.0
Rumble IV Stratovolcano 36°04.750' S 178°00.750' E  18-20 500 2550 2050 100.4
Rumble V Stratovolcano 36°08.500" S 178°11.750 E ~ 19-23 550 2600 2050 97.1
Tangaroa Stratovolcano 36°19.252" S 178°01.704 E  16-18 600 2500 1900 74.2
Clark Stratovolcano 36°26.780° S 177°50.335 E 1315 860 2500 1640 92.0
36°27.117 S 177°50.195 E 860
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transition from effusive pillow lavas, massive and sheet
flows, and pillow and talus breccias to fragmental and
scoriaceous hyaloclastite—pyroclastic deposits within
water-depths of ~500-700 m (Wright, 1996; Wright
et al., 2002). Basalts and andesites containing 47-58
wt.% SiO, are generally porphyritic and vesicular
(Smith and Brothers, 1988; Gamble et al., 1993a,
1995). Rhyodacitic eruptions from the Healy caldera
are interpreted to have been pyroclastic within water-
depths of 500-900 m (Wright et al., 2003). Present-day
hydrothermal venting (de Ronde et al., 2001; Baker et
al., 2003) and/or associated sulfide mineralisation
(Wright et al., 1998; de Ronde et al., 2003) are recorded
from seven of the 13 volcanoes.

3. Data acquisition and analysis

Volcano mapping was undertaken using RV Tan-
garoa’s Simrad EM300 multibeam system that com-
prises 135 beams, with real-time beam steering
compensating for ship motion. Motion sensing and
positional navigation have accuracies of <0.02° and
+5 m, respectively (Kleiner et al., 2001). Multibeam
back-scatter and bathymetry data were edited and
gridded at 25 m cell-size, with the latter having a
vertical resolution of ~1-2 m within 2000 m water-
depth. Seafloor photography from targeted 0.5- to 2-
km-long tracks was completed at tow speeds of <1
knt. Similarly, rock sampling for each volcano was
completed using both targeted and random dredging
from 0.5- to 1-km long tracks. Edifice volumes were
calculated from terrain models above curved basal
surfaces defined for each volcano.

A total of 54 lavas were selected for whole-rock
major element analysis. Despite the marine setting,
very few glass crusts were recovered. Therefore,
fresh cores were cut from lava blocks, coarse crushed,
washed thoroughly in deionized water to remove pos-
sible sea-water salts, and then fine crushed in an agate
mill. Dried powders were mixed with lithium tetrabo-
rate and ammonium nitrate, fused to a homogeneous
glass bead, and analysed using the Philips 1400 XRF
spectrometer at the University of Kiel calibrated
against international rock standards. Loss on ignition
was determined by weight loss of 3 g of powder heated
to 1000 °C for 4 h in a silica crucible. Sample locations
and a synoptic petrography are given in Appendix A.

4. Kermadec Arc (30°-35° S)
4.1. General

Twenty-two volcanoes with basal diameters >5 km
are newly mapped (of which two are silicic calderas),
with location, type of edifice, and synoptic physical
dimensions given in Table 1 (including volcanoes
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Fig. 3. Plots of edifice dimensions for Kermadec arc volcanoes at
30°-36°30" S, showing generally consistent relationships of edifice
relief and volume and crestal water-depth with volcano diameter.
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south of 35° S). All volcanoes have consistent rela-
tionships of edifice relief, basal diameter, construc-
tional volume, and summit water-depth (Fig. 3),
though the silicic calderas have lower aspect ratios.
The thirteen largest volcanoes are named and
described here.

Following Lipman (1997), and previous Kermadec
studies (Wright and Gamble, 1999), we use caldera
(without reference to size or magma composition)
for syn-eruptive collapse overlying a discharging
magma chamber. Crater is used where volcanic
ejecta form constructional collars surrounding the
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Fig. 4. Bathymetry and synoptic volcanic geology of Giggenbach volcano.
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vent. In practice, the distinction can be difficult
based solely on seafloor morphology (especially
where the structure is overprinted or dismembered).
However, where the structure is flat-floored we
interpret it to be a caldera, and where the seafloor
forms an inverted cone or paraboloid we interpret it
as a crater.

4.2. Giggenbach volcano

Giggenbach volcano is elongate with an irregular
morphology dominated by sector collapse (Fig. 4),
and a prominent linear fissure dyke, orientated 037°,
across the entire edifice. The edifice flanks comprise
lavas (Fig. 5A) and volcaniclastic talus, with at least
six separate phases of collapse/large-scale slumping.
The flat summit, at a 120-100-m water-depth, is dis-
rupted by a central, circular 700-m wide crater (par-
tially breached to the north), in which a ~120-m wide
cone shoals to 65 m. The youngest lavas from this

cone, comprising aphyric dacite, are confined within
the crater.

Satellite volcanoes occur east and south of Giggen-
bach volcano, with a further series of smaller aligned
cones lying to the west. The eastern satellite volcano
(GI1) is ~4.5 km in diameter and shoals to 600 m.
Plagioclase basalt was recovered from the crest. Mul-
tiple sector collapses are observed on all flanks, with
recent lava flows emitted only on the lowermost
southeastern slope. The youngest collapse deposits
from Giggenbach abut and post-date collapse deposits
from GI1. The southern, ~8-km wide satellite cone
(GI2) has a breached crater with large sector collapse
on the northern flank, from which coherent blocks are
distributed onto the lowermost southern flank of Gig-
genbach. Back-scatter imagery reveal recent lavas,
emitted from southwestern flank fissures of GI2, has
flowed around an older parasitic vent.

To the west of Giggenbach volcano, a 6—7-km
wide zone of extensive and recent andesitic—dacitic

Fig. 5. Southern Kermadec volcano lava flows and volcaniclastic deposits. (A) Lavas on northwestern flank of Giggenbach volcano; TAN0205-
69; (B) Volcaniclastic, including pumice clasts on lower Macauley caldera wall, TAN0205-61; (C) Lava breccia of Macauley cone, TAN0205-
59; (D) Hydrothermal cone on Macauley caldera wall with Bathyaustriella vent biota, TAN0205-79. Freshly erupted pillow lavas (E) and sheet
flows (F) on upper northeastern flanks of Haungaroa volcano, TAN0205-83. Field of view in all images is ~1-1.5 m.
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lava flows (and extensional faulting) is bounded by
eight vent cones (GI4-11) aligned east-west. Each
cone is 0.7-1.5 km in diameter and 200-300 m
high. The lower flanks of a further large edifice are
imaged at the northern edge of the survey area.

4.3. Macauley volcano

Macauley volcano (Brothers and Martin, 1970;
Lloyd et al., 1996; Smith et al., 2003a) is a large
volcanic complex (at least 35 km in diameter) com-
prising (as exposed on Macauley Island) a sequence
of basaltic shield lavas and phreatomagmatic deposits,
the distinctive dacitic Sandy Bay Tephra Formation,

=
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At
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A

-

and a cap of basaltic lavas. The Sandy Bay Tephra,
sourced from the now submerged Macauley caldera
(Figs. 6 and 7A), is dated at 6310 + 190 '*C yr (Lloyd
et al.,, 1996). Multibeam data (though mostly of the
western submarine flanks) shows the island represents
<5% of the otherwise submerged volcanic complex.

The Macauley caldera, elongate along a strike of
~055°, is ~10.8 km long and ~8.2 km wide. The
general structure of the caldera is a funnel, though
both an inner linear fault (parallel to regional tectonic
fabric) and an outer topographic rim form the south-
eastern margin of the caldera. Pumice pervasively
covers the caldera floor and lower wall (Fig. 5B).
The topographic rim is generally between 500 and

Fig. 6. Bathymetry and synoptic volcanic geology of Macauley complex including Macauley cone (MC) and caldera, and Lloyd dome.

Interpretative key is given in Fig. 4.
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Macauley cone

Macauley
caldera

/ Macauley Islana

lava flows

Fig. 7. EM300 back-scatter imagery draped over bathymetry terrain grids (cell size 25 m) for Macauley caldera volcano and associated Lloyd
dome. Areas of high acoustic reflectivity (back-scatter) are shown as black/dark grey and are interpreted as recent lava flows, whereas areas of

light grey are interpreted as sediment.

600 m in water-depth, but deepens to a rim depth of
750 m in the southeast, and conversely shallows to
<100 m as the eastern wall ascends to the shoreline of
Macauley Island. The topographic rim is capped by
>30 vent cones along the western and southern rims
that emit lavas both into the caldera and down the
outer rim flanks. Sampled lavas from northern and
southeast rim vents comprise aphyric and weakly
porphyritic plagioclase dacite. A 700-m wide and
300-m high post-caldera cone coalesces with the
inner eastern caldera wall, sited within 1.5 km of the
island shoreline. The cone is young (as shown from
back-scatter imagery, Fig 7A), and comprises aphyric
dacite (Fig. 5C). It is an active hydrothermal site with
a vent biota (Fig 5D). Partial collapse of the western
caldera wall post-dates rim cone volcanism.

The western flanks of the complex mostly com-
prise a series of concentric ridges with relief of 100—
110 m proximal to the crater rim, which progressively
decrease in height to <10 m at distances of ~20 km.
Seismic reflection data show these ridges as acousti-
cally transparent units, interpreted as the correlative of
the Sandy Bay Tephra, that thins laterally away from
the caldera. The ridges have an internal hummocky
structure, with minor vertical displacement, and are
interpreted as mega bed-forms associated with erup-
tive Sandy Bay density flows and some penecontem-

poraneous edifice foundering. Onshore at least thirty
individual Sandy Bay density flows are recognized
(Lloyd et al., 1996).

To the northwest lies the elongate ~9 km long and
6 km wide Lloyd dome (Figs. 6 and 7A). The dome,
with its crest at 300-500 m water-depth, is capped
with a lineament of small cones that locally shoal to
~80 m water-depth. Basalt has been recovered from
both the dome crest and capping cones, and dredged
samples also included scoriaceous blocks, bedded
fine-coarse ash blocks, finely laminated fine ash,
bedded lapilli, and weathered pumice. A splay of
small radiating vent cones forms the northwestern
end of the dome.

4.4. Havre volcano

Havre volcano, ~25 km northwest of Havre Rock
and L’Esperance, is a silicic caldera capping a 1-km
high edifice (Fig. 8). The volcano flanks comprise a
series of concentric escarpments and terraces, with
small vent cones and fissure ridges emitting young
lava flows. The concentric escarpments typically have
relief of 100—-150 m and, by analogy to the Macauley
volcano, are interpreted as recording pyroclastic den-
sity flow mega-bedforms and syn-eruptive edifice
foundering. Fissure ridges are orientated either
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Fig. 8. Bathymetry and synoptic volcanic geology of Havre volcano. Interpretative key is given in Fig. 4.

radially or parallel with the back-arc rift fabric, and
where combined form en echelon ridge structures.

The outer volcano flanks are predominantly
mantled by “weathered” pumice, but include a lesser
proportion of aphyric to plagioclase-bearing dacite
and basalt lavas that form presumed pre-caldera lava
sequences. Sector collapse is observed on the mid-
upper outer flanks. Back-arc rifting extends into and
dissects the lowermost western flanks, and in part
post-dates the concentric structures. The southeastern

flanks of the volcano merge with the western flanks
of Kermadec Ridge and the subaerial Havre and
L’Esperance volcanic stacks, with the latter com-
posed of basalt (Gamble et al., 1990; Turner et al.,
1997).

The caldera has an asymmetric morphology with
the northern rim comprising mostly a single inner
topographic wall, though in part it is segmented
with arcuate and overlapping rims capped with post-
collapse vent cones. In contrast, the southern rim
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comprises both an outer topographic rim and inner
wall separated by a 1.1-1.4-km wide terrace. Smaller
craters occur on this terrace. Post-collapse vent cones
cap the outer rim and uppermost outer flanks, with the
youngest lavas flowing predominantly on the outer
flanks. The largest post-collapse cone has three ~100—
200-m wide craters.

The inner wall descends over 540 m to a flat 2.4—
3-km wide caldera floor at a water-depth of 1520 m.
The caldera walls are extensively modified by
slumps up to ~1 km wide, with the associated toe
deposits distributed on the caldera floor. Elsewhere,
an elongate 700-m long fissure cone, with recent
flows, extends onto the caldera floor. Rocks from
the caldera wall include aphyric and plagioclase-
bearing basalt-andesite, aphyric and plagioclase-
and pyroxene-bearing dacite, gabbro, diorite, and
pumice, all of which (except the last) are interpreted

as a pre-caldera, stacked lava succession with intru-
sives. On the northern caldera wall this flow succes-
sion includes locally chloritised, hematised, and
silicified lavas indicating past hydrothermal activity.
Back-scatter imagery and seafloor photography show
the caldera floor to comprise fine-grained volcani-
clastic sediment, but include small pebbles of deeply
altered pumice and aphyric plagioclase-bearing ande-
site, with the latter interpreted as shed from the
caldera wall.

4.5. Oliver and Speight volcanoes

Oliver and Speight are satellite volcanoes ~7.5 and
5 km in diameter and shallow to water-depths of 2200
and 1840 m (Fig. 9). Both volcanoes sit on a larger arc
massif enclosed by the ~3100 m isobath. They are
elongate (particularly Oliver), dissected by exten-

% —32°15'S

Fig. 9. Bathymetry and synoptic volcanic geology of Oliver and Speight volcanoes. Interpretative key is given in Fig. 4.
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sional faults and 1-2-km long fissure ridges orientated
050°-055°, with the former bounding small pull-apart
basins and flank rifts on the lower volcano flanks.
High back-scatter from both cones is consistent with
the recovery of fresh aphyric and plagioclase—pyrox-
ene-bearing basaltic andesite. Immediately north of
the arc massif, the back-arc region comprises exten-
sional rift faulting and associated elongate fissure
ridge volcanic cones, variably orientated between
015° and 073°.

4.6. Haungaroa volcano

Haungaroa volcano, with a summit crater, is a large
stratovolcano rising over 2400 m in relief to a caldera
rim water-depth of ~660 m (Fig. 10). The lower-mid
flanks are a complex distribution of volcaniclastic
talus (including pumiceous clasts), lava flows, and
fissure ridges (Le Gonidec et al., 2003). The summit
crater is elongate (trending 134°) and surrounded by a
discontinuous and segmented 50-100-m high wall.

|
Haungaroa
Lvolcano

=
(@]
<
o

D
~
T

— 179°30'W

Fig. 10. Bathymetry and synoptic volcanic geology of Haungaroa volcano. Interpretative key is given in Fig. 4.
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Aphyric basaltic andesite and weathered plagioclase—
pyroxene basalt were recovered from the inner wes-
tern wall. The crater rim is studded with younger
cones with lavas flowing both into the crater and
down the outer flanks. The largest, a 300-m high
cone, coalesces with and buries the southwest wall,
partially infilling the crater.

Extensive lava flows (Fig. 11) comprising aphyric
and sparsely plagioclase phyric basaltic andesite,
sourced from vents on both the crater rim and the
northern flanks, have “resurfaced” ~30% of the edi-
fice. These pristine flow fields include both pillow
lavas and tubes (Fig. 5E), and localized sheet flows
indicative of higher rates of magma discharge (Fig.
5F). The flow fields post-date a significant phase of
sector collapse of the northern flank. Older, plagio-
clase pyroxene basalt and basaltic andesite from the
northern flank, partially buried by the sparsely phyric
basaltic andesite lavas, record an earlier phase of
edifice construction.

Sector collapse is observed on much of the vol-
cano, but is most pronounced on the western and
southern flanks, where “resurfacing” by basaltic
andesite flows is confined to the uppermost flanks.
These latter flows are, in turn, disrupted by surficial
sliding and slumping. Sector collapse has partially

ship track

Haungaroa volcano

exposed radial fissure dike ridges on the lower
southwest flanks. On the northwestern flank, a 2-
km wide rift trending 132° extends to the edifice
summit.

4.7. Kuiwai volcano

Kuiwai volcano is a semi-circular stratovolcano
rising to a summit water-depth of 560 m, and includes
the satellite KU1 cone on its western flanks (Fig. 12).
The main edifice is surfaced with massive and bul-
bous lavas, lava breccias (Fig. 13A), and block to tuff-
sized volcaniclastic sediments. The summit is inter-
preted to comprise two dismembered craters. The
older, and only partially remnant, crater is ~700 m
wide with 40-80 m high walls. The younger crater,
overprinting much of the older vent, is 800—850 m in
diameter with a breach on the northern rim. The latter
forms the head of a large sector collapse on the north-
ern flank. Over 20 small elongate and aligned vent
cones stud the northern flanks. They, and associated
fissure ridges, trend 033°-050°. Likewise, a ~3 km
wide-curvilinear fissure ridge trends 033°, extending
over 9 km from the lower northwest flank.

Significant sector collapse, observed on the both
northern and southwestern edifice flanks, has partially

Fig. 11. EM300 back-scatter imagery draped over bathymetry terrain grids (cell size 25 m) for Haungaroa volcanoes. Areas of high acoustic
reflectivity (back-scatter) are shown as black/dark grey and are interpreted as recent lava flows, whereas areas of light grey are interpreted as

sediment.
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Fig. 12. Bathymetry and synoptic volcanic geology of Kuiwai volcano. Interpretative key is given in Fig. 4.

exposed radial and tectonic-aligned fissure feeder
dikes. Localized sliding and slumping is also observed
on the western flank, including a >8-km wide flank
rift. Less prominent slumps, including toe deposits,
are interpreted as older failures partially “fused” with
subsequent volcaniclastic apron deposition.

The elongate satellite KU1 volcano, rising to 1120
m summit water-depth, post-dates much of the sector
collapse and slumping of the main southern flank. The
western flank of KU1, in turn, shows evidence of
collapse and slumping over almost its full relief.
Elongation of the KU1 edifice trends 045°, forming
a prominent vent lineament with smaller cones of the
main edifice.

Lavas from the main Kuiwai summit comprise
moderately “weathered” plagioclase basaltic andesite,
with more “weathered” plagioclase basalts recovered
from the edifice flanks. In addition, gabbros were
recovered from a sector collapse headscarp on the
southwest flank. Consistent with high back-scatter
imagery, is fresh plagioclase pyroxene basalt from
the KU1 cone.

4.8. Ngatoroirangi volcano
Ngatoroirangi volcano is a semi-circular stratovol-

cano rising to crestal water-depth of 340 m (Fig. 14).
The edifice flanks comprise volcaniclastic deposits
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Fig. 13. Southern Kermadec volcano lava flows and volcaniclastic deposits. (A) Massive lavas on crater rim of Kuiwai volcano, TAN0205-84;
Massive lavas (B) and volcaniclastic deposits (C) on upper northwest flank of Ngatoroirangi volcano, TAN0205-87; (D) Freshly erupted pillow
lavas from satellite SO1 volcano, TAN0205-93; ?Hydrothermally altered lavas and coarse volcaniclastic deposits (E) and lava breccias (F) on
upper southern flank of Kibblewhite, TAN0205-103. Field of view in all images is ~1-1.5 m.

and lava flows dissected by various sector collapses.
Volcaniclastic deposits are dominantly granule lapilli-
sized clasts, but include coarser blocks and breccias
(Fig. 13B and C). Back-scatter imagery reveals both
volcaniclastic deposits and lavas form radial and dis-
tributary aprons and flows sourced mostly from the
summit. Individual flows are massive and lack
obvious flow fabric. Sampled lavas from the summit
crater are both fresh and hydrothermally altered pla-
gioclase phyric basalt and basaltic andesite. Strongly
plagioclase phyric basalt and basaltic andesite also
occur on the northeastern and southwest flanks.
More recent flows extend >4-5 km down the northern
and southeast flanks.

At least five separate sector collapses, some with
multiple phases of slumping, occur along the western
and southern flanks of the edifice. In most cases the
collapse extends over the full relief of the edifice, with
the headscarp extending to the uppermost flanks and

crest, though individual slide volumes are typically
<1 km®. Most slumping on the southern and north-
eastern flanks is aligned and/or controlled by faults
striking 042°-048°.

4.9. Sonne volcano

Sonne (Haase et al., 2002) is a large stratovolcano
with summit calderas and a series of four prominent
radiating ridges, including the connection to the satel-
lite SO1 volcano (Fig. 15). The edifice flanks com-
prise effusive lavas and associated coarse breccias,
plus extensive deposits of granule-sand sized volcani-
clastic sediments. Lavas from the mid-upper flanks
are heterogeneous, and include plagioclase basaltic
andesite, aphyric andesite and dacite, pumice, and
olivine plagioclase basalt, together with diorite on
the NE mid-flank. Extensional faulting, especially in
the southeast (striking typically 035-045 °), and sec-
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Fig. 14. Bathymetry and synoptic volcanic geology of Ngatoroirangi volcano. Interpretative key is given in Fig. 4.

tor collapse extensively dissect the radiating ridges
and upper volcano flanks. At least 10 separate sector
collapses are identified, principally along the southern
flank. A further volcano (only partially mapped), ris-
ing at least 600 m in relief and coalescing with the
lowermost northwest flank, is similarly dissected by
rift faults.

At the summit, three nested calderas are identified
(Fig. 15). The outer (and oldest) and intermediate
calderas have diameters of 2.3-2.6 and 1.6-2 km,
respectively, with walls coalescing in the north and
rising to a maximum 100-120 m above the 1120-m
deep crater floor. A 500-600-m wide cone coalesces
with the southern intermediate caldera wall. Sector
collapse has removed part of the outer caldera rim,

which we interpret to pre-date formation of the inter-
mediate caldera since the corresponding section of the
latter rim is intact. The innermost crater is 0.8—1 km
wide, has a 60-100-m high wall, and a central 100—
130-m wide cone. Fresh aphyric and plagioclase-bear-
ing dacite, including some pumiceous forms and more
“weathered” equivalents, were recovered from the
summit. Back-scatter imagery reveals recent eruptions
from the inner crater which are distributed to both the
intermediate caldera and uppermost slopes of the east-
ern sector collapse. A breached caldera is also sited on
the mid-upper northwestern flank at the margins of
another large sector collapse, though any temporal
link between caldera eruption and sector collapse is
presently speculative. That caldera has a topographic
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Fig. 15. Bathymetry and synoptic volcanic geology of Sonne volcano. Interpretative key is given in Fig. 4.

width of ~850-900 m, with the 120-m high walls
rising to a water-depth of 1200—1240 m at the rim.
Other small dismembered calderas are interpreted on
the upper southern flanks within water-depths of
~1400 m.

On the lower southwest flank, the elongate satellite
SO1 volcano is linked to the main edifice via a 2-km
long, 300-m high, linear fissure ridge (orientated
048°) that narrows to ~160 m width at its crest. SO1
lavas (Fig. 13D) are plagioclase—pyroxene basalt and
basaltic andesite, and the back-scatter imagery sug-
gests they are younger than most Sonne flank lavas.
Deeply weathered pyroxene basalt was recovered
from the saddle of the ridge linking Sonne with the
SO1 volcano.

4.10. Kibblewhite volcano

Kibblewhite volcano (Fig. 16) is a composite edi-
fice rising to a summit at 1000 m water-depth, and is
surrounded by a cluster of four satellite cones. The
main cone is elongate (trending 138°), linking two
fissure ridges that protrude northeast and southwest
for ~9 km along broad trends at 045°. In detail though,
both ridges have sigmoidal configurations. At the
crest, three <500-m wide, partially coalesced, craters
are aligned and controlled by a tectonic lineament
parallel to the edifice elongation. On the southern
flank, sector collapse headscarps have partially
destroyed two of the summit craters. Dacite with
devitrification banding, basaltic andesite pillow
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Fig. 16. Bathymetry and synoptic volcanic geology of Kibblewhite volcano and satellite cones. Interpretative key is given in Fig. 4.

lavas, hydrothermal alteration (Fig. 13E), and lava
breccias (Fig. 13F) are recorded from the volcano
crest and upper flanks.

To the north, the satellite KI1 and KI2 cones are
younger vents. The KI1 edifice is strongly elongate,
with fissure ridges extending both northeast and
southwest in a sigmoidal arrangement. Plagioclase
basalt was recovered from the KI1 cone. Further
west, a pervasive sigmoidal fabric of extensional
faulting, elongate vent cones, and fissure ridges

extends over at least 30 km. In the east, the KI3
satellite cone on the main edifice mid-flanks is simi-
larly elongate, with minor sector collapse on its north-
west flank. Pumice has been recovered from the crest.
In the south the KI4 satellite cone rises to ~1550 m
water-depth and includes a ~500-m wide crater at its
crest. The edifice lies <10 km from the frontal Ker-
madec Ridge, and is extensively dissected by normal
faults. Weathered olivine—pyroxene basalt was recov-
ered from the cone crest.
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4.11. Rapuhia, Yokosuka, and Giljanes volcanoes

Rapuhia, Yokosuka, and Giljanes volcanoes (Fig.
17) form a cluster of composite cones atop an ele-
vated, but pervasively rifted massif block, ~45 km
behind the active arc front. Yokosuka, shoals to 1060
m water-depth and is a degraded cone with an array of
vent alignments and extensive sector collapse. Indivi-
dual vent cones are typically <500 m wide and 200 m
high. On its northwestern flank, the largest sector
collapse extends over almost the full relief of the
edifice, with the associated debris avalanche extend-
ing to water-depths of ~2800 m. Post-collapse cones
(the largest being ~2 km wide and 300 m high) are
aligned 125° and have formed both within the col-
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lapse amphitheatre and through and atop the debris
avalanche deposit. Strongly weathered dacite, plagio-
clase andesite, and pumice were recorded from the
cone summit.

To the southwest, Rapuhia stratovolcano is a
younger and largely pristine edifice rising to a 650-
m summit water-depth. It is elongate along a trend of
065°, defined in part by a prominent fissure ridge and
vent alignment to the southwest and northeast, respec-
tively (Fig. 17). Back-scatter imagery show the former
is the site of extensive and recent volcanism. Minor
surficial slumping scars the northern flanks. Weath-
ered basaltic andesite and dacite were recovered from
the main edifice crest, but presumably do not repre-
sent the most recent volcanism. Lying due east, Gil-

88
F 34°40;S 2 g, s £ ) ‘. ’p
&z =z e ‘
o) = G a1
Yfok@suka 2 Sl
) /2 ‘
velcamnon & ¢
/ g~ ), f' KRG ® Y
' W SO SOk @
2 E o 2 ' ofFl
/ 7 = A P
& 5 ¢ o
2 G el
*ﬁgﬂ(anes 2497 S
; g e A GO
ZO~ U\Y‘@‘l»(:{a'n@»( Al ©
7 7 = ol ©7 q‘f
W LGOS s 2 J!
) 34050'8__
A
L \:U -
5 N
& © 0 6 km
: L

Fig. 17. Bathymetry and synoptic volcanic geology of Yokosuka, Rapuhia, and Giljanes volcanoes. Interpretative key is given in Fig. 4.
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janes volcano is a smaller equant, cone, rising to a
700-m summit water-depth. Weathered plagioclase
pyroxene andesite and a block of bedded manganese
oxides, inferred to represent a hydrothermal deposit,
were recovered from the crest. Small fissure ridges
protrude from the lower northeast flank, extending to
a more pervasive region of fissure ridges, elongate
cones, vent alignments, and rift tectonics.

5. Major element geochemistry

Fifty-four whole-rock major element analyses from
the 30° to 35° S sector of the Kermadec arc are given
in Table 2. Lavas erupted by the 30°-35° S volcanoes
form a distinctly bimodal distribution dominated by
basalt-basaltic andesite (typically 48-55 wt.% SiO,)
with subordinate dacite, consistent with previous
observations concerning Kermadec arc volcanism
(Fig. 18A). Dacite accounts for ~31% of the analysed
lavas, whereas less than 7% of the lavas have inter-
mediate compositions. Caldera complexes such as
Macauley and Havre (and Brothers and Healy further
to the south) are dominated by silicic lavas that
extend from the dacite field to transitional rhyolite
with ~72 wt.% SiO,, although lesser outcrops of
basalt and basaltic andesite may pre-date (Macauley,
Havre) or post-date (Healy) the youngest caldera-
forming event. Dacite, though, is not restricted to
the caldera complexes and lavas with >66 wt.%
Si0, were recovered from the Sonne, Giggenbach,
and Rapuhia stratovolcanoes (Table 2). Nevertheless,
dacite has not yet been recovered from the largest
stratovolcanoes dredged during this study (Ngatoroir-
angi, Kuiwai, Haungaroa).

Most Kermadec arc lavas can be classified as
members of the low-K series from a K,O vs. SiO,
plot, although some are transitional to the medium-K
series and a few are significantly enriched in K,O
(Fig. 18B). Mafic lavas from individual volcanoes on
the arc front form sub-parallel arrays on a K,O vs.
Si0; plot, with closely overlapping arrays at the low-
est K,O for Ngatoroirangi, Kuiwai, Haungaroa,
Speight and Raoul. Distinctly higher in K,O, but
still within the low-K series, are lavas from Kibble-
white, Havre and Macauley. Lavas from Giggenbach,
Giljanes, Rapuhia and Yokosuka form arrays plotting
within the medium-K series field, and it is notable that

these four stratovolcanoes are situated significantly
west of the arc front (up to 45 km). However, the
few high-K series lavas outcrop together with low-K
series lavas on stratovolcanoes at the arc front (SO1
volcano—this study; Clark—Gamble et al., 1997).
Greater intervolcano differences are shown by the
silicic lavas from the caldera complexes. Healy,
Havre, and Macauley dacite have higher K,O than
Raoul dacite, but all plot within the low-K series field.
In contrast, Brothers dacite plots within the medium-K
series field.

Considerable scatter about general trends on major
element variation diagrams reflects the strongly por-
phyritic character of mafic and intermediate Kerma-
dec lavas (Fig. 19). Although Mg-numbers (Mg#)
range from 23 to 79, lavas with Mg# >60 contain
>20% clinopyroxene phenocrysts together with >5%
olivine phenocrysts. Ubiquitous plagioclase pheno-
crysts range from trace quantities to >30% of the
mode, and impart much scatter to plots featuring
CaO and Al,Os. Nevertheless, an inflection in TiO,
vs. Mg# is attributed to the onset of Ti-magnetite
fractionation at Mg# ~40.

6. Discussion
6.1. Kermadec silicic volcanism

Silicic volcanism, including caldera-forming erup-
tions, is increasingly recognized as a significant and
important aspect of both the Kermadec arc (Worthing-
ton et al., 1999; Wright and Gamble, 1999; Smith et
al., 2003a,b), and intra-oceanic arc magmatism in
general (e.g., Tamura and Tatsumi, 2002; Leat et al.,
2003). A compilation of 199 whole-rock analyses
from 22 Quaternary edifices along the Kermadec arc
between 30° and 36°30’ S, including those presented
here, confirms the basic bimodal basalt-basaltic ande-
site vs. dacite character of Kermadec magmatism (Fig.
20A). Recognizing the caveats of under-sampling and
limitations of surficial rock-dredging, we take this
further by calculating volume-weighted histograms
for each lava type using the method of Aramaki and
Ui (1978) and the edifice volumes presented in Table
1 (Fig. 20B and C). These volume-weighted histo-
grams yield remarkably similar relative proportions
and total volumes for each lava type compared to



Table 2
‘Whole-rock major element geochemistry of arc volcanoes from the 30°-35° S sector of the Kermadec arc
Volcano Giggenbach Macauley Havre
Lat. 30°02.2" S 30°02.7 S 30°02.5' S 30°02.I’ S 30°02.1"’S 30°01.1'’S 30°12.8 S 30°09.9' S 30°14.6' S 30°10.8' S 30°10.0' S 31°04.8' S 31°05.1'’ S 31°05.I' S
Long. 178°42.9' W 178°42.1'’ W 178°50.5 W 178°48.3' W 178°43.0'/ W 178°38.8' W 178°27.0/ W 179°29.9' W 178°33.3' W 178°34.4 W 178°34.5 W 179°01.5' W 179°03.4 W 179°03.4° W
Depth 143 605 1061 979 153 783 492 694 1038 123 308 1027 941 941
(mbsl)
Sample  65-01 67-04 72-01 73-01 74-01 77-02 55-01 60-01 62-01 63-01 64-01 45-02 46-01 46-03
SiO, 65.82 50.96 65.80 60.50 64.74 47.51 66.83 63.03 63.64 45.37 48.06 70.33 69.84 51.88
TiO, 0.67 0.93 0.61 0.82 0.60 0.94 0.82 0.86 0.93 0.80 0.85 0.54 0.40 1.31
AlLOs 15.14 16.61 14.85 16.15 15.29 17.93 13.52 14.02 12.99 17.25 17.20 13.72 13.95 14.89
Fe,05 4.87 10.49 4.43 6.30 4.30 12.00 6.00 7.90 7.83 12.51 12.28 3.83 3.92 12.49
MnO 0.12 0.17 0.11 0.14 0.24 0.19 0.17 0.17 0.18 0.20 0.20 0.10 0.16 0.18
MgO 1.32 5.65 0.91 1.98 1.18 4.94 1.25 1.64 1.52 7.64 6.35 0.78 0.58 4.48
CaO 3.33 11.28 2.90 4.82 3.65 12.25 4.17 5.06 4.69 12.12 11.88 2.71 2.86 8.95
Na,O 4.71 2.57 4.71 4.40 4.67 2.00 4.26 4.35 4.10 1.82 1.99 4.92 4.83 3.03
K>,0 2.75 0.72 2.98 2.38 2.52 0.89 1.37 1.09 1.18 0.32 0.52 1.51 1.42 1.04
P,0s 0.19 0.14 0.18 0.37 0.18 0.23 0.27 0.25 0.30 0.12 0.14 0.11 0.11 0.25
LOI 0.29 —0.16 1.03 0.86 1.78 —0.24 0.57 0.59 1.44 1.12 0.10 0.11 1.36 1.20
Total 99.21 99.35 98.51 98.72 99.15 98.64 99.21 98.96 98.80 99.27 99.57 98.61 99.40 98.50
Mgt 358 52.6 29.7 393 36.1 459 29.9 30.0 28.6 55.7 51.6 29.6 232 42.5
Volcano Havre Oliver Haungaroa Kuiwai
Lat. 31°08.00 S 31°05.9 S 31°08.4' S 32°23.5 S 32°23.5 S 32°36.9 S 32°35.8 S 32°358 S 32°38.5 S 32°32.9'S 32°32.9'S 33°09.4' S 33°09.4' S 33°09.9 S
Long. 179°00.8" W 179°06.1" W 179°00.5 W 179°40.2" W 179°40.2" W 179°37.8' W 179°38.3' W 179°38.3' W 179°34.2" W 179°39.3 W 179°39.3' W 179°57.5" W 179°57.5 W 179°59.1" E
Depth 809 1260 956 2340 2340 815 1167 1167 2186 2135 2135 640 640 1264
(mbsl)
Sample  47-03 49-01 51-01 43-01 43-03 34-01 37-01 37-03 38-01 82-01 82-03 27-01 27-04 28-01
SiO, 67.19 70.59 70.08 53.97 53.28 55.74 55.70 51.48 56.27 51.51 54.17 58.23 54.11 52.58
TiO, 0.66 0.40 0.42 0.99 0.70 1.03 1.06 0.61 1.06 0.54 0.74 0.83 0.73 0.70
ALO; 14.65 14.13 13.49 16.29 16.94 14.73 14.70 17.91 14.12 18.30 18.00 16.16 16.64 16.27
Fe,04 4.51 3.87 2.86 9.11 8.81 11.70 11.55 9.71 11.77 8.69 8.75 7.88 9.12 10.01
MnO 0.16 0.15 0.11 0.16 0.15 0.18 0.18 0.16 0.18 0.15 0.15 0.15 0.16 0.17
MgO 1.06 0.60 0.66 5.30 5.56 3.74 3.44 5.53 3.15 5.68 3.40 3.46 5.20 5.89
CaO 3.57 2.90 2.63 9.84 10.77 8.19 7.96 11.45 7.84 12.08 10.01 7.71 10.21 10.60
Na,O 5.04 5.02 5.61 3.26 2.19 3.00 297 1.86 3.00 1.74 2.57 3.39 2.48 2.20
K,0 1.19 1.41 1.40 0.28 0.32 0.51 0.65 0.24 0.55 0.63 0.44 0.53 0.50 0.33
P,05 0.18 0.11 0.10 0.11 0.10 0.13 0.15 0.07 0.13 0.14 0.09 0.12 0.11 0.09
LOI 1.18 0.35 2.15 0.48 0.48 0.33 0.63 0.12 1.03 0.06 0.76 0.75 —0.19 —0.04
Total 98.21 99.18 97.36 99.79 99.30 99.28 98.99 99.14 99.10 99.52 99.08 99.21 99.26 98.84

Mg# 32.6 242 322 54.5 56.5 39.7 38.0 54.0 355 57.4 44.5 475 54.0 54.8
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Volcano Kuiwai Ngatorirangi Sonne

Lat. 33°10.00' S 33°07.7 S 33°43.9'S  33°43.9' S 33°44.I' S 337423’ S 33°452' S 33°452' S 34°04.0' S 34°04.3 S 34°02.00 S 34°02.0' S 34°00.8' S 34°01.4' S
Long. 179°58.0) W 179°56.6/ W 179°49.8 E 179°49.8 E 179°49.8 E 179°51.0' E 179°48.3 E 179°48.3' E 179°35.2 E 179°35.2' E 179°36.6/ E 179°36.6' E 179°31.9 E 179°33.4 E
Depth 821 1806 446 446 555 1479 1500 1500 1040 1088 1976 1976 2013 1271
(mbsl)
Sample  32-01 33-01 19-01 19-02 20-02 21-01 24-04 24-08 09-01 10-01 11-01 11-03 14-01 88-01
SiO, 51.42 52.67 54.60 51.93 52.64 51.91 54.84 57.15 65.80 65.03 61.99 68.69 52.00 52.40
TiO, 0.78 0.75 1.12 0.84 0.90 0.86 0.79 0.70 0.78 0.79 0.82 0.60 0.77 0.99
AlLO5 16.88 16.79 14.78 18.84 16.12 17.37 18.44 16.53 14.49 14.32 14.86 14.41 17.17 16.94
Fe 05 10.35 10.63 12.26 9.85 11.08 10.71 8.49 7.73 6.06 6.12 7.02 4.77 10.09 12.47
MnO 0.17 0.18 0.19 0.1 0.17 0.17 0.14 0.15 0.16 0.16 0.16 0.13 0.17 0.19
MgO 5.18 4.89 4.09 3.86 4.90 4.41 3.16 4.33 1.31 1.43 2.64 0.98 4.76 4.06
CaO 11.11 10.49 8.66 10.99 10.29 10.76 9.86 9.19 4.80 4.80 6.49 4.11 10.48 9.95
Na,O 2.37 2.36 2.89 2.49 235 2.44 2.85 3.12 4.24 4.46 3.54 4.45 2.47 2.61
K,O 0.29 0.34 0.44 0.32 0.36 0.34 0.44 0.44 0.80 0.77 0.71 0.85 0.69 0.33
P,0s5 0.09 0.08 0.12 0.09 0.10 0.10 0.11 0.14 0.21 0.23 0.18 0.17 0.14 0.11
LOI 0.28 0.51 0.98 —0.31 —0.18 —0.48 —0.02 —0.18 0.53 1.38 0.92 —0.11 1.01 —0.10
Total 98.92 99.69 99.15 99.36 98.91 99.07 99.12 99.48 99.18 99.49 99.33 99.05 99.75 99.95
Mg# 50.8 48.7 40.7 44.7 47.7 459 43.4 53.6 30.8 32.5 43.7 29.7 493 40.1
Volcano Sonne Kibblewhite Yokosuka Rapuhia Giljanes

Lat. 34°04.7'S 34°07.00 S 34°07.0' S 34°343' S 34°34.3 S 34°204' S 34°41.2' S 34°42.5' S 34°42.5 S 34°46.6/ S 34°46.6' S 34°46.5 S 34°46.5 S
Long.  179°29.0' E 179°25.6' E 179°25.6' E 179°15.8" E 179°15.9 E 179°14.2" E 179°18.2" E 178°34.3' E 178°34.3' E 178°30.4' E 178°30.4' E 178°34.8' E 178°34.8' E

Depth 2405 1841 1841 1134 1174 1438 1642 1144 1144 798 798 790 790
(mbsl)

Sample 90-01 91-01 91-04 03-01 05-01 94-02 98-02 102-01 102-03 101-01 101-03 100-01 100-02
SiO, 49.54 54.72 51.12 55.50 65.42 50.42 49.96 64.34 62.72 53.57 65.28 0.70 59.08
TiO, 0.55 0.67 0.60 1.03 0.66 0.93 0.41 0.77 0.80 1.26 0.63 0.01 0.93
ALO;  14.02 16.79 14.57 16.62 14.80 17.99 9.31 15.32 16.05 16.36 15.36 0.08 16.06
Fe,O3 9.65 8.84 8.22 9.20 5.31 9.57 8.70 427 4.50 7.37 3.96 0.40 7.03
MnO 0.16 0.15 0.21 0.21 0.14 0.16 0.15 0.11 0.11 0.14 0.12 61.82 0.15
MgO 9.88 0.12 6.35 3.25 1.60 5.73 16.16 1.19 1.32 6.59 1.20 3.00 2.81
CaO 13.30 9.85 10.14 7.31 4.18 11.66 13.47 3.82 4.20 8.57 3.26 1.72 6.45
Na,O 1.61 2.28 1.75 3.81 4.44 2.58 1.11 4.40 4.44 3.75 5.19 2.34 4.00
K,O 0.34 0.46 2.36 0.97 1.74 0.33 0.20 222 1.97 1.01 2.12 1.50 1.59
P,05 0.09 0.09 0.32 0.25 0.16 0.13 0.05 0.21 0.22 0.29 0.19 0.07 0.26
LOI 0.20 0.74 3.53 1.61 1.09 0.04 0.11 2.90 2.87 0.38 1.55 22.22 0.65
Total 99.34 99.71 99.17 99.76 99.54 99.54 99.63 99.55 96.33 99.29 99.17 93.86 98.36
Mgt 67.8 54.4 61.4 42.1 383 55.2 79.3 36.5 37.7 64.8 38.4 - 452

All samples prefixed by TAN0205. Latitude, longitude and depth are mid-points of the dredge track. Analyses completed by XRF, and the loss on ignition (LOI), are reported in wt.%. Mg#=100*[Mg>" /
(Mg?" Fe*™ )] after setting Fe,03/Fe0=0.15.
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Fig. 18. (A) Total alkali vs. silica and (B) K,O vs. SiO, plots of
southern Kermadec arc lavas (whole-rock analyses, anhydrous nor-
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(1981), respectively.

those calculated for the Izu-Bonin arc (Tamura and
Tatsumi, 2002), although silicic lavas in the Kermadec
arc are predominantly dacite rather than rhyolite.
Dacite and rhyolite account for ~30% by volume of
Kermadec lavas, basalt-basaltic andesite total ~61%,
and intermediate lavas (57-63 wt.% SiO,) a mere
~9%.

The genesis of silicic magmas in intra-oceanic arcs
remains an outstanding petrogenetic issue. Modelling
has demonstrated that appropriate major and trace
element compositions can be generated by fractional
crystallization from a parental basaltic magma (e.g.
Ewart et al., 1973; Woodhead, 1988; Pearce et al.,

1995). However, similar compositions can also be
generated by dehydration melting of basaltic or ande-
sitic sub-arc crust (e.g. Beard, 1995; Rapp and Wat-
son, 1995; Tamura and Tatsumi, 2002). Key factors
that favour a major role for crustal anatexis in dacitic
magma generation beneath Raoul and Macauley vol-
canoes include the large volumetric proportion of
dacite relative to basalt—basaltic andesite, paucity of
intermediate lavas, the sparsely phyric to aphyric
nature of the dacite, and unique trace element ratios
for each dacite batch erupted at a single volcanic
centre that cannot be reconciled with a common
mafic parental magma or fractionating magma-—crystal
assemblage (Worthington, 1998; Smith et al.,
2003a,b). Our results reinforce and extend these
observations throughout the central and southern Ker-
madec arc (30°-36°30’ S). Sparsely phyric silicic
lavas represent ~30% by volume of the constructed
arc (Fig. 20). Dacite from different volcanoes exhibits
major yet random changes in composition with lati-
tude (e.g. by a factor of ~2 in K,O content between
the adjacent Brothers and Healy volcanoes), whereas
mafic lava compositions show no correlation with
latitude (Fig. 18B).

Silicic and bimodal volcanism along the mapped
~720 km section of arc front at 30°-36°30" S is
restricted to sectors where the base of the volcanic
constructs is shallower than 2700 m, and typically at
1500-2500 m (Fig. 21A). In contrast, except for
Sonne which is located on the border between shal-
low and deep arc sectors, only basalt and basaltic
andesite were recovered from the deeper central arc
segment where basal edifice water-depths are 3200—
3500 m. Variations in K,O content along the arc
front mimic those in SiO, (Fig. 21B), but provide
no evidence of any change in K,O content of the
most mafic lavas with latitude or depth (excluding
the higher K,O contents of those volcanoes located
behind the arc front). Thus, silicic magmatism is
evidently enabled in areas of higher standing, thick-
ened arc crust, and the process that generates silicic
magmas also leads to a broad spectrum of K,O
contents at high SiO, compositions.

We contend that these observations are most con-
sistent with dacite genesis by crustal anatexis. Re-
establishment of a stable volcanic arc front following
rifting of the former proto-Kermadec—Colville arc and
opening of the Havre Trough probably took place
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2). Data includes lavas from Macauley Island (Smith et al., 2003a).

within the last 1-2 Ma (Wright et al., 1996). At that
stage, both the eruption of mafic magmas to build arc
edifices and thermal conditioning of the sub-arc crust
through magmatic underplating and/or intrusion
would have commenced. The base of thick crust is
inherently at a higher initial temperature than that of
thin crust, and thick crust will also provide a greater

obstacle to ascending magmas (thus enhancing under-
plating and the stagnation of intruding magmas).
Therefore, the thermal evolution of thick crust should
proceed more rapidly than that of thin crust, leading
us to predict that silicic volcanism will occur first in
high-standing arc sectors such as those featuring
Brothers and Healy or Raoul and Macauley (Fig.
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21). In contrast, crustal anatexis will take longer to
commence in the arc sector with thinner crust between
32°20' and 34°10" S, where Sonne, Ngatoroirangi,
Kuiwai, Haungaroa, and Oliver volcanoes remain in
the youthful stage of arc construction and only basalt—
basaltic andesite has yet been erupted (Fig. 21). Simi-
lar models of spatial and temporal evolution for arc
magmatism on continental crust, at scales of 10° yr
and arc sectors a few hundred kilometers long, have
been proposed for the Taupo Volcanic Zone (Wilson
et al., 1995; Price et al., 2005).

6.2. Kermadec silicic caldera volcanism

Caldera-forming volcanism associated with the
silicic magmatism is also recognized increasingly
within intra-oceanic arcs (e.g. Yuasa et al., 1991;
Crawford et al., 1988; Fiske et al., 2001), including
the Tonga and Kermadec (Lloyd et al., 1996;
Worthington et al, 1999; Wright and Gamble,
1999) systems. For the southern Kermadec arc, the
distribution of calderas essentially mirrors the lateral
variation in arc topography and lava geochemistry.
The larger calderas (i.e. Raoul, Macauley, Havre,
Brothers, Healy with diameters >3 km) coincide
with the shallower and more silicic arc segments
(Fig. 21). The sole exception is Sonne, where three
nested calderas at the summit (the largest <2.6 km in
diameter; Fig. 15) are associated with pumiceous
dacite (Table 2, Appendix A). Although the genesis
of these silicic calderas is equivocal (e.g. incremental
collapse associated with episodic magma withdrawal
at Brothers—Wright and Gamble, 1999), the predo-
minant mode of formation is interpreted as mass dis-
charge, submarine pyroclastic eruptions with syn-
eruptive caldera collapse (e.g., Macauley and
Healy—Lloyd et al., 1996; Wright et al., 2003).
Hence, the shallower arc segments are zones where
both thickened crusts may melt to produce silicic
magma and the reduced hydrostatic load allows sub-
sequent magma vesiculation and fragmentation that
initiates and sustains pyroclastic eruptions and caldera
formation. The depth limit of pyroclastic eruptions at
Healy has been estimated at 900—1000 m, and ~1200
m for the more general case of a volatile-rich silicic
melt assuming 70% vesicularity to induce fragmenta-
tion (Wright et al., 2003).

Observational data for the central-southern Kerma-
dec arc are mostly consistent with this interpretation,
and reveal three distinct caldera/crater groupings (Fig.
22). Unequivocal calderas are associated with the
eruption of magma containing >70 wt.% SiO,, have
diameters of variable sizes that range up to at least ~11
km, and have post-eruptive rim water-depths of
~1200-1400 m (though the pre-eruption topography
was presumably shallower). A second group of more
equivocal “calderas”, including Brothers (Wright and
Gamble, 1999), is associated with lava compositions
in the range 60—70 wt.% SiO,, smaller rim diameters
that are mostly <2 km, and rim water-depths of
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mostly <1500-1400 m (Fig. 22). Some of these
“calderas” (e.g., Sonne and Kibblewhite) are probably
true syn-eruptive catastrophic collapses associated
with small dacitic eruptions at shallow to medium
water-depths. Conversely, other “calderas” (e.g.,
Yokosuka) are unlikely to have been syn-eruptive
catastrophic collapses as water-depths of >2000 m
are involved. Where the edifice is basaltic and the
water depth is > 1000 m (e.g. Haungaroa), then the
summit structures are possibly craters or explosion
pits. Nevertheless, the general parameters for sus-
tained submarine pyroclastic eruption hold where
water-depths are <1000 m and magmas have >70

wt.% SiO, combined with water contents of 5-6
wt.% (Wright et al., 2003).

6.3. Kermadec volcano sector collapse

Large-scale slope failure, but principally land-
slides and debris avalanches, are increasingly recog-
nized on the flanks of both fully and partially
submerged arc volcanoes (e.g., Deplus et al., 2001).
Various causal mechanisms have been proposed for
flank slope failure (Siebert, 1984; Thouret, 1999),
including hydrothermal alteration and rock weaken-
ing (Lopez and Willaims, 1993), formation of dip
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slopes with intercalating competent lavas and uncon-
solidated volcaniclastics, extensional rift zones and/or
dike swarms that parallel the local stress field, and
sub-volcanic basement flank “spreading” (Cecchi et
al., 2004), with the latter being either symmetric or
asymmetric.

For the Kermadec volcanoes, the imprint of exten-
sional back-arc tectonism on edifice structure (with
structural control of faults, dikes, and flank rifts)
dictates that initiated flank ‘spreading’ is asymmetric.
Asymmetric ‘spreading’ is more conducive to the
sector collapse (van Wyk de Vries and Francis,
1997) with the development of characteristic deep-
seated horse-shoe sector collapses that are preferen-
tially orientated parallel to the Havre Trough exten-
sion (e.g., Kuiwai, Sonne, and Kibblewhite volcanoes,
Figs. 12, 15, and 16)), though not exclusively so (e.g.,
Giggenbach and Haungaroa volcanoes, Figs. 4 and
10). Preliminary estimates show such collapse struc-
tures can vary up to at least ~4 km® in volume, though
these probably represent multiple failures rather than
single catastrophic events. Conversely, the high-reso-
lution 30 kHz data also image shallow failures, typi-

cally less than 50 m thick in relief, and possibly
represent syn-eruptive slip failures.

7. Conclusions

Integrated multibeam mapping, seafloor photogra-
phy, rock dredging, and whole-rock geochemistry
provide a first order definition of the present-day
submarine Kermadec arc at 30°-35° S. Twenty-two
volcanoes with diameters >5 km, were discovered or
completely mapped for the first time. Included are
Giggenbach, Macauley, Havre, Haungaroa, Kuiwali,
Ngatoroirangi, Sonne, Kibblewhite and Yokosuka
volcanoes which have basal diameters in the range
10-35 km. For each edifice, volcano morphology and
structure, surficial deposits, lava flow fields, distribu-
tion of sector collapses, and lava compositions were
determined. Havre and Macauley are significant cal-
dera volcanoes. For the latter, Macauley Island repre-
sents <5% of a large submerged volcanic complex.
Concentric outer flank ridges on both calderas are
interpreted as recording mega-bedforms associated
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with eruptive density flows and associated edifice
foundering. Likewise, the stratovolcanoes reveal com-
plex volcanic histories characterized by repeated
cycles of tectonically controlled construction and sec-
tor collapse, which can include small, crest-nested
calderas (e.g. on Sonne) and extensive basaltic flow
fields (e.g. on Haungaroa).

These new data, combined with existing data from
the southernmost part of the arc (e.g., Gamble et al.,
1996; Wright and Gamble, 1999) provide an overview
of the spatial distribution and magmatic heterogeneity
along ~780 km of the Kermadec arc. Coincident
changes in arc elevation and composition define
three volcano—tectonic segments. A central deeper
section is characterized by basement elevations of
>3200 m water-depth and relatively simple stratovol-
canoes that predominantly erupt low-K series basalt—
basaltic andesite. In contrast, the adjoining segments
have higher basement elevations (typically <2500 m
water-depth), multiple-vent volcanic centres, and
erupt sub-equal proportions of basaltic and dacitic
magma. The association of silicic magmas with higher
basement elevations (and hence interpreted thicker
crust), coupled with significant inter- and intra-vol-
cano heterogeneity of the silicic lavas but not the
basaltic lavas, is interpreted as evidence that dehydra-
tion melting of the Kermadec crust plays a significant
role in dacite magma genesis. Conversely, beneath the
deeper central arc segment the thermal requirements
for crustal anatexis of the thinner (initially cooler)
crust have not yet been met.

Silicic calderas with diameters >3 km are restricted
to the shallower and more compositionally evolved
arc segments. The dominant mode of large caldera
formation is interpreted as mass-discharge pyroclastic
eruption with syn-eruptive collapse. Hence, beneath
the shallower arc segments the thicker crust may
undergo dehydration melting to produce volatile-
enriched silicic magmas and a reduced hydrostatic
load allows subsequent magma vesiculation and frag-
mentation to initiate and sustain pyroclastic eruptions.
The general parameters for submarine pyroclastic
eruption hold where water-depths are <1000 m and
erupting magmas have 5-6 wt.% water and >70 wt.%
Si0;.
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Appendix A. Sample locations and synoptic petrography

Abbreviations: tr—trace, phenos—phenocrysts, plag—plagioclase, pyx—pyroxene, vesics—vesicles

Giggenbach

TANO0205-65; central cone in summit crater; 182—103 m water-depth

65-01; blue-grey dacite; phenos—tr plag to 2 mm; 20% lighter devitrification zones to 2 mm; dense jointed flow

TANO0205-67; uppermost southeast flank; 795-414 m water-depth
67-04; blue-grey basalt; phenos—tr plag to 2 mm; 5% vesics

TANO0205-72; active east-west aligned volcanotectonic zone west of Giggenbach; 1161-960 m water-depth
72-01; black dacite; phenos—10% plag to 2 mm; 5% vesics flow stretched to 5 mm long; massive block

TANO0205-73; crest of GI4 cone; 1086—872 m water-depth

73-01; black andesite; phenos—tr plag to 1 mm; non-vesicular pillow sector
TANO0205-74; western upper flank of main edifice; 165-141 m water-depth
74-01; pale blue dacite; phenos—aphyric; 20% vesics both elongate and flow aligned to 3 mm
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TANO0205-77; edifice crest of satellite GI1 volcano; 883—682 m water-depth
77-02; black basalt; phenos—10% to 20% plag to 5 mm (banded); 10% vesics sub-mm to 5% at 5 mm
Macauley
TANO0205-55; summit of intra-caldera Macauley cone; 504-480 m water-depth
55-01; black dacite; phenos—tr plag to 2 mm, 20% vesics small to 3 mm elongate and flow aligned
TANO0205-60; post-caldera cone on outer northern caldera rim; 751-636 m water-depth
60-01; grey-black dacite; phenos—5% plag to 1 mm and tr pyx; flow aligned vesics; dense massive flow
TANO0205-62; post-caldera flow on outer mid-southwest caldera flank; 1096980 m water-depth
62-01; dark grey dacite; phenos—aphyric; 5% vesics up to elongate 5 mm; dense massive block
TANO0205-63; crestal cone atop Lloyd dome; 157-88 m water-depth
63-01; black basalt; phenos—aphyric; scoriaceous block with 50% vesics small to 1 mm
TANO0205-64; crest of Lloyd dome; 328-287 m water-depth
64-01; black basalt; phenos—aphyric; weakly scoriaceous block with abundant sub-mm vesics
Havre
TANO0205-45; inner northeast caldera rim; 1112-941 m water-depth
45-02; blue-grey dacite; phenos—10% plag and 10% pyx both to 2 mm; flow-banded non-vesicular block
TANO0205-46; inner northwest caldera rim; 947-934 m water-depth
46-01; black dacite; phenos—tr plag to 1 mm; 20% vesics to 1 mm and locally scoriaceous
46-03; grey basalt; phenos—5% plag to 3 mm (mostly <1 mm); 5-10% vesics to 2 mm
TANO0205-47; southeast caldera rim; 841-776 m water-depth
47-03; black dacite; phenos—10% plag to 2 mm; 10% vesics elongate to 1 cm; dense flow block
TANO0205-49; outer mid-northwestern flank; 1272—1248 m water-depth
49-01; blue-grey dacite; phenos—aphyric; few small vesics to <1 mm; dense jointed flow block
TANO0205-51; outer mid-southeast flank; 1144—768 m water-depth
51-01; blue dacite; phenos—aphyric; 5-10% vesics small to flow aligned 1 cm vugs; pumiceous with sub-mm devitrification banding
Oliver
TANO0205-43; edifice crest; 2363-2317 m water-depth
43-01; grey basaltic andesite; phenos—tr plag and pyx to 2 mm; 5% vesic <1 mm; ropey pillow with 2-3 mm glassy rind
43-03; black basaltic andesite; phenos—15% plag and tr pyx both to 2 mm; 15% vesics to 3 mm; glassy rind
Haungaroa
TANO0205-34; cone on western caldera rim; 888741 m water-depth
34-01; black basaltic andesite; phenos—aphyric; 5% vesics strongly flow aligned to 1 cm long; 2-3 mm glassy rind
TANO0205-37; mid-flank of northern ridge spur; 1366-968 m water-depth
37-01; black basaltic andesite; phenos—tr plag; 5% vesics small to flow aligned 2 cm long
37-03; blue-grey basalt; phenos—20% plag to 3 mm and 5% pyx to 3 mm; 5% vesics to 4 mm
TANO0205-38; lower southeast flank; 2327-2044 m water-depth
38-01; black basaltic andesite; phenos—=5% plag to 2 mm; 5% vesicles small to 2 mm, pillow with 1-5 mm glassy rind and 3.5 cm core
void
TANO0205-82; northern mid-flank on older lava field sequences; 2312—1958 m water-depth
82-01; black basalt; phenos—15% plag to 4 mm and tr pyx to 2 mm; inhomogeneous porphyritic texture; 15% vesics to 2 mm
82-03; black basaltic andesite; phenos—10% plag to 3 mm and tr pyx; 5% vesicles to 5 mm
Kuiwai
TANO0205-27; edifice crest; 667-613 m water-depth
27-01; blue-grey andesite; phenos—tr plag to 2 mm; pumiceous with 15% vesics small to 2 cm vugs; devitrification banding
27-04; black basaltic andesite; phenos—20% plag to 3 mm and tr pyx; 10% vesics small to 1 cm vugs
TANO0205-28; edifice crest of satellite KU1 cone; 1344-1183 m water-depth
28-01; black basalt; phenos—20% plag mostly to 1 mm but rarely to 2 mm and 5% pyx to 2 mm; 20% vesics small to 6 cm vugs
TANO0205-32; uppermost southwest flank to main edifice; 999-643 m water-depth
32-01; black basalt; phenos—10% plag to 2 mm; 10% vesics small to flow aligned 1 cm long
TANO0205-33; lower northeast flank; 20901522 m water-depth
33-01; blue-grey basalt; phenos—15% plag to 3 mm; 10% vesics elongate to 2 mm; pillow with 2 mm glassy rind
Ngatoroirangi
TANO0205-19; edifice crest; 420471 m water-depth
19-01; black basaltic andesite; phenos—tr plag to 3 mm; 10% vesics to 6 cm long vugs
19-02; black basalt; phenos—25% plag to 5 mm; 5% vesics to 5 mm
TANO0205-20; upper southeast flank; 490-619 m water-depth
20-02; black basalt; phenos—10% plag to 3 mm and tr pyx to 5 mm; 5% vesics to 2 cm
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TANO0205-21; mid-northeast flank; 1330-1627 m water-depth
21-01; black basalt; phenos—15% plag to 3 mm; 15% vesics small grading to 1.5 cm vugs
TANO0205-24; mid-southwest flank; 1600-1400 m water-depth
24-04; black basaltic andesite; phenos—20% plag to 2 mm and tr pyx; non-vesicular
24-08; grey andesite; phenos—10% plag to 2 mm and tr pyx; 10% elongated vesics; dense flow
Sonne
TANO0205-09; edifice crest; 1058—1022 m water-depth
09-01; black dacite; phenos—tr plag to 2 mm; non-vesicular
TANO0205-10; edifice crest; 1121-1055 m water-depth
10-01; grey dacite; phenos—tr plag to 1 mm; pumiceous with 10% vesics flow aligned to 1 cm
TANO0205-11; mid-northern flank; 2106—-1846 m water-depth
11-01; black andesite; phenos—5% plag to 3 mm and tr pyx; 10% vesics flow aligned to 1 cm
11-03; blue-grey dacite; phenos—tr plag; 5% small vesics
TANO0205-14; lower northwest flank; 2138—1887 m water-depth
14-01; grey basalt; phenos—20% plag to 2 mm, 5% olivine to 1 mm, 5% pyx to 2 mm; non-vesicular
TANO0205-88; outer rim of breached northwest caldera; 1327—-1214 m water-depth
88-01; black basalt; phenos—20% plag to 4 mm; 20% vesics small to spherical 3 mm but also flow aligned to 2.5 cm
TAN0205-90; mid-southwest flank; 2495-2314 m water-depth
90-01; blue-grey basalt; phenos—10% pyx to 2 mm; 25% vesics to 3 mm; pillow with 3 mm glassy rind
TANO0205-91; crest of satellite SO1 cone; 1885-1797 m water-depth
91-01; black basaltic andesite; phenos—10% plag to 2 mm and 5% pyx to 3 mm; 5% vesics to 1 cm
91-04; grey basalt; phenos—10% pyx to 4 mm and tr plag to 1 mm; 5% vesics to 8 mm
Kibblewhite
TANO0205-03; edifice crest; 1300-968 m water-depth
03-01; green basaltic andesite; phenos: 5% pyx rods to 1 mm; pillow with granular glass core with 20% void space
TANO0205-05; uppermost northern flank; 1344-1003 m water-depth
05-01; blue-grey dacite; phenos—5% plag to 2 mm and 2% pyx to 2 mm; 1-2 mm devitrification banding
TANO0205-94; edifice crest of satellite KI1 cone; 1537—1338 m water-depth
94-02; blue-grey basalt; phenos—15% plag to 2 mm; 20% vesics 3 mm at pillow core to <1 mm at crust
TANO0205-98; edifice crest of satellite KI4 cone; 1713—1570 m water-depth
98-02; black basalt; phenos—10% pyx to 1 cm and 5% olivine to 1 cm (30% pyx along base of pillow); 5% vesics; drained 3 cm vugs at
pillow core
Yokosuka
TANO0205-102; edifice crest; 1172—1115 m water-depth
102-01; pale blue dacite; phenos—tr plag to 2 mm and tr hornblende/pyx to 0.5 mm; 5% vesics
102-03; grey andesite; phenos—10% plag to 2 mm; 5% vesics to 3 mm
Rapuhia
TANO025-101; edifice crest; 825-771 m water-depth
101-01; black basaltic andesite; phenos—tr plag to 3 mm and tr pyx to 2 mm; 10% vesics to 5 mm
101-03; blue-grey dacite; phenos—10% hornblende to 2 mm, 5% plag to 3 mm and tr pyx to 2 mm; non-vesicular jointed block
Giljanes
TANO0205-100; edifice crest; 850—730 m water-depth
100-01; black to grey MnOx; bedded with 3 mm to 1 cm thick MnOx beds separated by volcaniclastic sands
100-02; black andesite; phenos—25% plag to 2 mm and 5% pyx to 2 mm; 5% vesics to 3 mm
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