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Abstract

North Su is a double-peaked active andesite submarine volcano located in the eastern
Manus Basin of the Bismarck Sea that reaches a depth of 1154 m. It hosts a vigorous
and varied hydrothermal system with black and white smoker vents along with several
areas of diffuse venting and deposits of native sulfur. Geologic mapping based on ROV
observations from 2006 and 2011 combined with morphologic features identified from
repeated bathymetric surveys in 2002 and 2011 document the emplacement of a
volcanic cryptodome between 2006 and 2011. We use our observations and rock
analyses to interpret an eruption scenario where highly viscous, crystal-rich andesitic
magma erupted slowly into the water-saturated, gravel-dominated slope of North Su. An
intense fragmentation process produced abundant blocky clasts of a heterogeneous
magma (olivine crystals within a rhyolitic groundmass) that only rarely breached through
the clastic cover onto the seafloor. Phreatic and phreatomagmatic explosions beneath
the seafloor cause mixing of juvenile and pre-existing lithic clasts and produce a
volcaniclastic deposit. This volcaniclastic deposit consists of blocky, non-altered clasts
next, variably (1-100 %) altered clasts, hydrothermal precipitates and crystal fragments.
The usually applied parameters to identify juvenile subaqueous lava fragments, i.e.
fluidal shape or chilled margin, were not applicable to distinguish between pre-existing
non-altered clasts and juvenile clasts. This deposit is updomed during further injection of
magma and mechanical disruption. Gas-propelled turbulent clast-recycling causes clasts
to develop variably rounded shapes. An abundance of blocky clasts and the lack of
clasts typical for the contact of liquid lava with water is interpreted to be the result of a
cooled, high-viscosity, crystal-rich magma that failed as a brittle solid upon stress. The

high viscosity allows the lava to form blocky and short lobes. The pervasive
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volcaniclastic cover on North Su is partly cemented by hydrothermal precipitates. These
hydrothermally-cemented breccias, crusts and single pillars show that hydrothermal
circulation through a thick layer of volcaniclastic deposits can temporarily increase slope

stability through precipitation and cementation.

1. Introduction

More than 32,000 seamounts worldwide rise >750 meters above the regional seafloor
that have been identified by satellite altimetry and ship-based bathymetry. Most of which
are believed to be of volcanic origin (Wessel, 2001; Hillier and Watts, 2007). Despite the
enormous number of seamounts, only a few have been studied in detail and little is
known about their formation. Over the past decade, technological advances in seafloor
imaging and in situ observations, in concert with a number of dedicated research
cruises, have increased our knowledge of, and perspective on, submarine volcanism
and the architecture of submarine volcanoes (e.g. Wright et al., 2003; Embley et al.,
2006; Carey and Sigurdsson, 2007; Chadwick Jr. et al., 2008; Allen and McPhie, 2009;
Leat et al., 2010; Schipper et al., 2010; Clague et al., 2011; Deardorff et al., 2011,
Resing et al., 2011). Seafloor exploration, particularly, by remotely operated vehicles
(ROV) and repeated bathymetric surveys has allowed detailed documentation of the
temporal changes in seafloor morphology and associated volcanic activity (e.g. Wright et
al., 2003; Embley et al., 2006; Carey and Sigurdsson, 2007; Chadwick Jr. et al., 2008;

Clague et al., 2011; Watts et al., 2012).

In contrast to mid ocean ridges, volcanic activity in arc settings is clearly highly diverse

in space, time and composition and featuring variable eruption styles from explosive to
3



effusive dome emplacement (e.g. Embley et al., 2006; Carey and Sigurdsson, 2007,
Allen et al., 2010; Resing et al., 2011). As an example, volcanoes along the Tonga-
Kermadec-arc have been important in understanding the eruption products of arc-related
submarine volcanism and the architecture of such volcanoes (de Ronde et al., 2006;
Chadwick et al., 2008; Clague et al., 2011; Watts et al., 2012). In particular, Brothers
volcano in the Kermadec arc has been studied in detail and provides an especially
important example of the surface expressions formed by volcanic eruptions, along with
processes associated with extensive hydrothermal activity and slope collapse (de Ronde

et al., 2011).

This paper presents a broad systematic analysis of seafloor structures of the active
andesite North Su submarine volcano, the central edifice of the SuSu Knolls, based on
two geologic mapping campaigns and sets the stage for future in-depth volcanology
studies. The SuSu knolls formed in a back-arc-volcanic system in the eastern Manus
Basin of the Bismarck Sea. The associated hydrothermal setting is the submarine
equivalent of terrestrial high-sulfidation Cu-Au mineralization deposits (Binns et al.,
1997; Moss and Scott, 2001; Yeats et al., 2008). The North Su volcano hosts an active
multi-component hydrothermal system which is a potential analog for the highly
prospective volcanic hosted massive sulfide deposits (Hedenquist and Lowenstern,
1994; de Ronde et al., 2003, 2011; Hannington et al., 2005). The host rock composition
combined with the entrainment of volatile species from the magmatic system facilitates
the enrichment of economically important metals such as copper, gold and zinc (e.qg.
Sangster, 1980; Herzig, 1999; lizasa, 1999; Hannington et al., 2005, 2011; Mosier et al.,

2009). The bathymetry and geological observations of North Su volcano collected from
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three cruises in 2002, 2006 and 2011, combined with a Geographical Information
Systems (GIS) database of AUV-based micro-bathymetry as well as video recordings,
rock analyses and temperature measurements are used to understand the recent

volcanic and hydrothermal activity of North Su volcano.

2. Regional Geology

The Manus Basin is a rapidly opening back-arc basin in the southeastern Bismarck Sea
that is associated with the northward subduction of the Solomon Sea plate at the New
Britain Trench (Taylor, 1979; Taylor et al., 1994; Martinez and Taylor, 1996, 2003) (Fig.
1). A band of active seismicity called the Bismarck Sea Seismic Lineation (BSSL)
effectively divides the basin into the North and South Bismarck Plates (Tregoning et al.,
1998). The BSSL is defined by left-lateral transform faults and small spreading
segments including the Manus Spreading Center (Fig. 1). Rapid clockwise rotation (~ 8°
Ma™) of the South Bismarck Plate (Tregoning et al., 1999) results in an asymmetric
spreading of the North and South Bismarck Plate, which causes an eastward

propagation of the BSSL.

In the central Manus Basin, MORB-like lava at the Manus Spreading Center (MSC,
Fig.1) indicates true seafloor spreading (Martinez and Taylor, 1996; Sinton et al., 2003).
In contrast, remnant mid-Cenozoic island arc crust (Coleman and Packham, 1976;
Falvey and Pritchard, 1982; Kroenke and Rodda, 1984) is rifted in the eastern part of the
basin creating a series of sigmoidal neovolcanic ridges (the South East Ridges; SER)
and solitary volcanoes with lava compositions ranging from basalt to rhyodacite (Binns

and Scott, 1993; Sinton et al., 2003). The ~70 km long SER volcanic zone is situated at
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the easternmost tip of the BSSL and, due to the asymmetric spreading, exhibit the
highest spreading rates in the Manus Basin (up to 137.5 mm a*; (Tregoning et al., 1998,

1999; Tregoning, 2002)).

Two left-lateral transform faults (the Djaul and Weitin transforms, Fig. 1 and 2) border
the SER (Martinez and Taylor, 1996) and create an intra-transform configuration that
produces a stepwise en-echelon alignment of volcanic ridges and seamounts. Several
hydrothermal vent areas, including PACManus, Desmos and SuSu Knolls have been
discovered at the SER (Binns and Scott, 1993; Auzende et al., 1996, 2000; Gamo et al.,
1997; Hashimoto et al., 1999; Tivey et al., 2006; Bach et al., 2011; Thal et al., 2014).
The accumulation of polymetallic sulfides in these areas has been considered a modern
analog of ancient Volcanic Massive Sulfide (VMS) deposits mined on land (e.g. Binns

and Scott, 1993; Petersen et al., 2003; Yeats et al., 2014).

The SuSu Knolls area comprises three volcanic edifices (South Su, North Su and
Suzette, Fig. 3 and 4) situated on the NNW striking Tumai Ridge (Moss and Scott,
2001). In 1993, the PACMANUS Il cruise detected a strong water column plume
anomaly over the SuSu Knolls area (Binns and Parr, 1993) and several subsequent
cruises including the 1996 PACMANUS llI, 1997 PACMANUS 1V, and 2000 Binatang
cruises went on to document the SuSu Knolls hydrothermal district using video sled and
dredge surveys (Binns et al., 1997; Yeats et al., 2014). More recently, the area has been
visited by several expeditions for commercial economic exploration (e.g. Crowhurst and

Lowe, 2011) as well as by international research cruises that focused on the



hydrothermal fluid chemistry, mineral deposition, biology and geology (Auzende et al.,

2000; Tivey et al., 2006; Bach et al., 2011).

Susu Knolls lies at the intersection of the Tumai Ridge with Bugave Ridge, a NE-
trending extensional rift structure that overshoots the Weitin transform (Fig. 3). Both
ridges are comprised of lavas with compositions ranging from basaltic to dacitic (Binns
and Scott, 1993; Moss, 2000). The SuSu Knolls hydrothermal area hosts three
hydrothermal fields named equivalent to the volcanic structures: Suzette, North Su and
South Su. Suzette is the northernmost edifice of SuSu Knolls that hosts an active
hydrothermal field along with a deposit of sulfide mineralization that is now the subject of
commercial interest by Nautilus Minerals Inc. (Solwara-1 prospect: Golder Associates
Pty Ltd, 2012). North Su, the central edifice of SuSu Knolls, is a conical-shaped volcanic
edifice rising from 1600 m to 1154 m water depth with slopes generally ranging from 25°
to 30° (Fig. 4). The seafloor to the NE and SW of North Su appears to be a graben
structure (Fig. 3). The North Su hydrothermal field hosts a range of hydrothermal vent
sites ranging from high temperature black smoker chimneys at the summit to diffuse and
distributed venting on the slopes including sulfur fields. South Su, 1 km south of North
Su, is a more degraded conical constructional volcanic edifice that has an arcuate
remnant of a summit region, possibly the result of sector collapse to the northeast. South
Su summit reaches only 1320 m water depth and its hydrothermal field hosts a few high
temperature hydrothermal vent sites, but mostly diffuse/shimmering hydrothermal
activity along with inactive sulfides and sulfide debris from collapsed chimneys (Tivey et

al., 2006).



3. Methods

The initial surveys of North Su between 1997 and 2000 were restricted to low resolution
photo sled surveys and dredges (Binns et al., 1997; Yeats et al., 2014). In 2006, the
Woods Hole Oceanographic Institution (WHOI) commenced the Magellan-06 research
expedition in collaboration with Nautilus Minerals. This provided more detailed
information about the geologic setting and hydrothermal system of the SuSu Knolls
region (Tivey et al., 2006). High-resolution bathymetry recorded by the autonomous
underwater vehicle (AUV) ABE was supplemented by detailed rock and fluid sampling
by the remotely-operated vehicle (ROV) Jason-2. The high-resolution ABE bathymetry
from Magellan-06 combined with video recordings from three ROV Jason-2 dives (#221,
223, 227) allow us to document the first detailed, georeferenced mapping of the volcanic

and hydrothermal structures at North Su.

In 2011, a follow-up cruise (RV Sonne cruise SO216; Bach et al.,, 2011) focused on
detailed sampling of hydrothermal fluids and biota at SuSu Knolls. An additional twelve
ROV dives, using the ROV MARUM Quest4000, were completed over the North Su
summit area, allowing us to confirm the meter-scale reliability of the AUV ABE maps
generated during the Magellan-06 expedition. The dense data coverage generated by
the 12 ROV dives over an area of ~140,000 m2 expanded the mapping from 2006 and
allowed us to create a comprehensive dataset of the spatial distribution of volcanic and
hydrothermal structures at North Su.

Because high resolution AUV bathymetry was not conducted in 2011, a detailed, area-
wide comparison of changes in seafloor morphology was not straightforward. Only areas

covered by ROV observation can be compared against the seafloor topography five
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years earlier. As shown in the map of 2011 data (Fig. 5b), the areal extent of some
lithologies are better constrained and some new structures were mapped. Slight
differences between the contours of mapped lithologies (Fig. 5a, b) are also caused by
small uncertainties in ROV navigation. Overall, however, ROV MARUM Quest4000
depth values were found to be consistent with 2006 ROV Jason-2 data as well as with
the AUV ABE bathymetry from 2006.

Additionally, ship-based swath bathymetry from the SO-166 cruise (Herzig et al., 2002)
was used to track morphologic changes on a regional scale. Examples of seafloor
structures mapped in this study are shown in Figures 6 and 7. Sample SO-216-51-ROV-
10 (Fig. 6 j) from the South Peak cryptodome summit was taken with an ROV-mounted
shovel that could be closed after sampling. The lithologic terms used in this study are
mainly descriptive and we have tried to avoid terms with genetic connotations. The
lithologic terms used in this study are aligned to the terminology of volcaniclastic
deposits by McPhie et al. (1993). We describe deposits consisting of any fragmental
volcanic material of any origin up to pebble size (4 mm) as volcaniclastic deposits or
debris only, with size, shape and particle description where possible. Bigger clasts are
either named according to the chosen terminology or described with a metric size. We
mapped all intrusive or extrusive volcanic outcrops as coherent volcanic rocks (e.g. Fig.

5 and 6).

4. Results
During the 2011 cruise (SO-216) it was clear, both from ship-based multibeam surveys
and near bottom observations, that an eruption had taken place at North Su, which had

significantly changed the morphology, i.e. partial updoming, of the North Su volcano.
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Below we first discuss the detailed observations of the northern part of North Su that
remained unchanged between 2006 and 2011 and then the subsequent observations of

the southern part of North Su that changed dramatically.

4.1 Unchanged volcanic morphology and hydrothermal activity in 2006 and 2011

North Su volcano rises about 450 m above the surrounding seafloor reaching a summit
at 1154 m and exhibits a conical edifice in the ship-based bathymetry (Fig. 3). The mean
slope calculated from ship-based bathymetry is between 25° and 30° (Fig. 4 b). This
shape is consistent with the AUV bathymetry data below 1350 m, but at shallower water
depths the edifice is more complex with slopes exceeding 30° in many places, including
vertical cliffs near the summit. Geologic mapping of North Su is generally limited to the

uppermost ~140 m of the volcano where hydrothermal vents are present.

The 2006 AUV bathymetry (Fig. 4 and 5a) reveal that the summit of North Su is double-
peaked with the main summit North Peak, reaching 1154 mbsl, and a South Peak to the
south, reaching 1225 mbsl and resembling a crater in 2006. The area of South Peak has
changed between 2006 and 2011 and is therefore described in the next chapter. North
Peak has a crescent-shaped crest, which opens southward and hosts active black
smoker vent sites (#1 and #2, Fig. 5a) only along the N-S trending western site of the
crest. At vent site #1, the active chimneys reached 314°C in 2011 and are located on top
of a broad convex shield of sulfide-cemented flange-like material that has warm fluid
(Tmax. 68°C, 2006) leaking out from under it. Site #2 is a cluster of chimneys (up to 11
m high with Tmax. 302°C in 2006) with beehives and multiple orifices. A few inactive

chimneys were mapped between sites #1 and #2. Shimmering water emanating from the
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seafloor along the crest indicated diffuse venting. . Besides the sulfide chimneys, the
seafloor of North Peak is covered by a unconsolidated fine volcaniclastic deposit and
scattered >10 cm volcanic clasts. The fine volcaniclastic deposit is a mixture of highly to
non-altered volcanic rocks and fractured crystals with a dominant grain size of —<4 mm.
In places the volcaniclastic deposit is cemented by hydrothermal barite-sphalerite
cement that forms slabs. Pyrite and other hydrothermal precipitates occur as well (Yeats
et al., 2014). No quenched (i.e. fresh) glass shards or pumice fragments were found.
Vent site #3 is located just below the crest on the western slope at 1220 m water depth
in very steep terrain consisting of volcaniclastic material that forms near-vertical cliffs
and pillars. Black-smoker fluids discharge through these steep walls with temperatures
up to 325°C, and show visual evidence (pulse-like fluid discharge and flashing at the

vent orifices) of phase separation.

Outcrops of coherent volcanic rocks on North Peak are limited to the northern and
northeastern slope (Fig. 5). Northeast of the summit, a vertical volcanic spine (Fig. 6, d)
protrudes out of the ridgeline that is covered by volcaniclastic deposits. On the ridge-line
downslope towards vent site #4 outcrops expose strongly fissured, stubby and blocky
plagioclase-olivine phyric andesitic lava (e.g. Fig. 6 a, b) surrounded by sharp-edged,
blocky gravel. Vent site #4 (Tmax: 32°C) is diffuse with macro fauna and clear fluids

seeping through the gravel and discharge through fissures in the lava.

The slope between vent site #4 and site #5 is mainly covered by gravel and fine
volcaniclastic deposits. At vent site #5, grey colored fluids with temperatures <240°C

vent through a hydrothermally cemented ledge of altered volcanic clasts. Upslope and
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south from vent site #5, a cliff face cut by erosional gullies shows that the slope here
consists of volcaniclastic deposits, similar to the cliffs at vent site #3, but with native
sulfur flanges protruding from in between the clasts. Vertical edifices, up to 16m high,
constructed of clastic material often show signs of hydrothermal activity in the form of
white staining, void-fills of native sulfur, and/or bacterial mats. These structures exist
around North Peak except for the northeastern part, where coherent volcanic rocks
outcrop (Fig. 5a; 7h, i).

The eastern slope is dominated by steep but continuous ridges made up of angular,
volcanic gravel (several cm to dm diameter) covered by fine volcaniclastic deposits and
a few, small vertical outcrops. Turtle shell cracks on these outcrops and jigsaw-fit clasts

on the ridges indicate cooling fractures.

The western slopes of South Crater were generally covered with fine volcaniclastic
deposits and littered with clasts up to several 10’s of cm in diameter. The south and east

slopes of South Crater were not investigated in 2006.

4.2 Changes in volcanic morphology and hydrothermal activity between 2006 and
2011

The repeat 2011 survey of North Peak over its northern, western and eastern slopes
showed the same lithology and morphology as mapped in 2006. However, the area of
South Peak changed dramatically between 2006 and 2011 that also affected the

southern slope of North Peak.
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The southern edge of the North Peak summit is defined by a 14-m high cliff, south of
vent site #2 (Fig. 5), made up of cemented volcaniclastic deposits (Fig. 7 f) that
remained the same in 2006 and 2011, although the abundance of hydrothermal staining
and putative microbial mats had increased in 2011. In both years no black smoker vents
were observed south of that cliff. In 2006, from the base of this cliff, a moderate slope
(25°), covered with fine volcaniclastic debris and fewer gravel, extends downslope
southwards into the South Peak crater (Fig. 5a). The slope was bordered to the east and
west by cliffs, pillars or ridges, all made up of cemented volcaniclastic debris. On the
ridge bordering the moderate slope to the east, white smoker vents were mapped in
2006, but not sampled. In 2011, the hydrothermal activity along this ridge had ceased
and the ridge itself resembled an en-echelon alignment of pillars (Fig. 7 h) rather than a
continuous ridge, as observed in 2006. In 2011 further inspections of these pillars
confirmed a robust buildup of volcaniclastic debris and the absence of coherent volcanic
rocks. The clasts are 1 mm to several cm’s in diameter and dominantly blocky. Flanges
of solidified native sulfur appear to have oozed between the clasts, similar to what was
observed on the north slope of North Peak.

In 2011, the moderate slope between North and South Peak hosts white smoker vent
sites #7 and #8. Vent site #7 was a small site with a maximum venting temperature of
71°C in 2006 and not further inspected. In 2011, this site has grown and was named
Sulfur Candle (#7, Fig. 7 a; Fig. 5 b) because of copious amounts of sulfur that had
formed small chimneys or had accumulated in meter-sized knolls. The release of
bubbles of liquid CO, was common and CO,-clathrate formation could be confirmed

visually by an improvised bubble-catching device.
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White smoker vent site #8 (Fig. 5b) extends towards the west and marks the boundary
of North and South Peak. Very poor visibility inside the white smoker vent site limited the
video mapping abilities, but zones of extensive altered rocks could be identified. This
extensive white smoker vent site did not exist in 2006, although scattered white smoker
activity was observed in this area (vent site #6) in 2006. Vent site #6 was a cluster of
white smoker vents in 2006 where fluids discharged through the gravel-covered slope
(Fig. 5a). The sampled fluids were exceptionally acidic, ranging from pH-values as low
as 0.87 (Seewald et al., 2015). Fluid temperatures of up to 284°C were measured, but
the most acidic fluid was 220°C. The temperature-probe, after sticking it into the gravel
next to the vent site, was covered with native sulfur, indicating that the gravel-covered
slope around the vents is saturated with liquid sulfur. In 2006, close to vent site #6, a
massive NNE-trending volcanic outcrop featured remarkable flanges of native sulfur that
appeared to have oozed out of the massive rock. In 2011 the area of vent site #6 was

covered by >50 m of volcanic material.

During the two weeks of survey work in 2011 white smoker hydrothermal activity was
highly variable and shifting between vent site #8 and Sulfur Candle changing between
being practically inactive at #8 with vigorously venting boiling sulfur at Sulfur Candle
and vice versa 12 days later (Fig. 9). These fluctuations in activity are not expressed
across the entire North Su hydrothermal area. Rather, they appear to reflect shifts in the
locations of vigorous discharge.

At the southern edge of Sulfur Candle, remnants of the South Peak crater rim still exists
with the same morphology as observed in 2006 (Fig. 5 b). The South Peak crater in

2006 had a diameter of ~80 m with a max. depth of 13 m and a rim that terminates into
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the southern moderate slope of North Peak. The crater rim was visited only once in
2006, when loose, fine volcaniclastic debris with thin, broken hydrothermal crusts and
widespread occurrence of white bacterial mats were observed. In 2011, the rim is still
covered by fine volcaniclastic deposits, but in some areas the rim is broken and the
interior shows abundant blocky volcanic clasts up to several cm in size within native
sulfur deposits (Fig. 6 f). However, no bacterial mats existed anymore along the
remnants of the 2006 crater rim in 2011. Following the remnant crater rim to the south,
increasing numbers of native sulfur flows appear on the outside rim and protrude out
from the slope (Fig. 7 g). In some parts, the sulfur flow structures are still preserved. The
eastern and southern slopes below the sulfur flows are littered with broken sulfur slab
scree as well as gravel of fresh and altered volcanic rocks lying on top of a bed of fine
volcaniclastic deposits (in 2011).

Between 2006 and 2011 a major change in volcanic morphology occurred in the area of
the 2006 South Peak crater. In 2011, a new volcanic crypto dome, hereinafter referred to
as South Peak cryptodome (Fig. 6 ¢, e, g, h, i, j, and 7 c), with its crest ~50 m west of
the 2006 South Peak crater center, covers most of the crater and its western slope with
the white smoker vent site #6, which is buried under > 50 m of volcanic material (Fig. 5
b).

The slopes of recently erupted South Peak cryptodome expose predominantly
unconsolidated, variably blocky clasts up to > 10 cm in diameter (Fig. 6 e; 7 c), similar to
the clasts sizes at North Peak. The upper 20 m of the new cryptodome are dominated by
volcanic sand- and granules (Fig. 6 g, h, i) with minor pebbles and cobbles. Only
occasionally are clasts up to several tens of centimeters in diameter. On the west and

southwest slopes, below the uppermost 20 m of South Peak cryptodome fresh volcanic
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rocks occasionally crop out of the mainly gravel-covered slope. These outcrops are
blocky, stubby, fissured and similar to outcrops on the northeastern slope of North Peak.
One volcanic outcrop revealed columnar joints (Fig. 6 c). Another was a lava lobe with a
rounded surface (Fig. 6 e). White staining occurs mainly on the southwestern slope,
whereas the western slope is almost entirely covered by an unidentified orange coating,
likely a Fe-oxyhydroxide. Two zones of diffuse fluid discharge, elongated in shape and
oriented radially with the center of South Peak, were observed - the larger one is shown
on the map in Figure 5 b (Fig. 7 c). The hydrothermal fluids deposit native sulfur and

other unidentified phases as a matrix between the loose rocks.

The South Peak cryptodome crest can be divided into two zones based on the
morphology: a plateau (Fig. 6 g) and a crater group. A smooth plateau, which is a littered
with clasts dominantly <1 cm in diameter (Fig. 6 j), begins north of the crater group and
ends at the vent site #8. On the plateau, the seafloor shows surficial white staining with
ripple textures created by bottom currents and occasional native sulfur crusts. Area-wide
diffuse shimmering water seepage was also identified. The crater group is located at the
southern end of South Peak crest (Fig. 5 a, red dotted circle). This group features
several small (max. 10 m diameter) and shallow (<3 m) craters (Fig. 6 i). The seafloor
around the craters is littered with unsorted clasts of variable sizes. The dominant clast
size is <10 cm, but outsized blocks in the range of 10’s of cm were also observed.
Diffuse venting of clear fluids was noticeable, with native sulfur crusts at some crater

rims. No fluidal clasts or pyroclastic deposits were observed.
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In the southwestern corner of the overall edifice (Figure 5a) is a NE-striking knife-like
ridge that was visited in 2011. An ROV Quest dive observed outcrops of coherent
volcanic rock on the ridge. The ROV-based bathymetry was identical to the AUV
bathymetry from 2006, suggesting that the emplacement of the lava forming this ridge
took place before 2006 and that it was not affected by the cryptodome emplacement at
South Peak. The area north of the ridge, however, was filled with material from the

2006-2011 South Peak cryptodome eruption.

4.3 Estimating the size of the South Peak eruption

We compared ship-based bathymetry datasets from two RV Sonne cruises in 2002
(S0166) and 2011 (S0O216) to track the volcanic evolution of North Su and to support
our ROV observations. By using the same sonar system on the same ship (and leaving
out the 2006 Revelle survey due to low data coverage) we seek to minimize any
possible differences in the imaging sonar systems and resolution that could result in
artifacts. We note here that the 2002 RV Sonne bathymetry correlates well with the
observed bathymetry in 2006. We used the depth differences between the two RV
Sonne datasets to measure the volume of erupted material (Figure 10). If we use +/-10
m cut-off (Fig. 10 a), the total area of positive changes is 7.2 x 10° m? with a total
volume of 12.6 x 10° m®. However, this cut-off yields small negative changes on the
northern slope of 6 x 10° m? with a volume of -7.2 x 10* m®. We interpret these areas of
volume loss to result from precision system uncertainties that likely includes: the grid
interpolation process, the accuracy of navigation, and roll and pitch corrections. These
uncertainties and the patchy distribution of values with a +/-10 m cut-off suggest that

only changes > +/-20 m represent robust results.
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Using this conservative +/-20 m cut-off results in a calculated volume of 5.8 x 10° m® that
covers an area of 2.1 x 10° m? and no negative values. The maximum depth change due
to the eruption is +63 m (Fig. 10). Our analyses suggest that the total erupted volume of
South Peak is approximately 6 x 10° m®. For comparison, following the Plinian eruption
of Mt. St. Helens in 1980, an episode of dome-growth between 1980 - 1986 produced 74
x 10® m® of lava (Swanson and Holcomb, 1990) and the 2004 — 2008 dome-volume
totaled 93 x 10° m® (Major et al., 2009).The total volume of North Su volcano is 265 x
10° m®, assuming the geometry of an ideal cone with a radius of 750 m at its base and a
height of 450 m. It would require on the order of 44 South Peak eruptions to build up

North Su volcano.

4.4 Rock samples

4.4.1 Unaltered Lava

Whole rock analyses by XRF (appendix, Table Al; sample positions in Fig. 5) from
North Su samples from 2006 reveal that unaltered rocks plot inside the andesite field
inside the TAS diagram (Appendix Fig. 1; TAS = Total Alkali vs. Silica, Le Bas et al.,
1986) with SiO, contents in the range from 60 to 62.5 wt.% SiO,. The SiO, content of
glass varies between 68 — 73 wt.% SiO,for samples from 2006 (e.g. Beier et al., 2015).
The texture is porphyritic with moderate vesicularity and phenocrysts of clinopyroxene,
orthopyroxene, Ca-rich plagioclase, olivine and Fe-Ti oxides in a dacitic to rhyolitic
matrix. Electron microprobe analyses of unaltered rock samples from the new South
Peak cryptodome eruption (2006 - 2011) and from previous eruptions (pre 2006)

showed the same crystal content, composition and rock texture. Glass measurements
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were difficult to establish due to the vast abundance of plagioclase microliths within all

samples (Fig. 8 i).

4.4.2 Volcaniclastic deposit

Sample SO-216-51-ROV-10 (Fig. 6 j) originates from the recently erupted South Peak
cryptodome summit and contains a wide range of different clasts that have a relatively
angular to rounded shape (Fig. 8 e). The clasts range from non-altered glassy fragments
and non-altered crystals to completely altered clasts with advanced argillic alteration and
including minor hydrothermal precipitates (gypsum, pyrite, sulfur). The rare glassy clasts
host abundant plagioclase microliths (Fig. 8 i). Free crystal fragments comprise clino-
and orthopyroxene, plagioclase, olivine, and Fe-Ti oxides. Incorporated accessory lithic
clasts (highly altered volcanic rocks of the same volcano) inside non-altered volcanic
clasts are rare. Sieving and weighting revealed that 87 wt. % of sample SO-216-51-
ROV-10 are clasts being <4mm.

We refrain from applying statistical methods on the volcaniclastic deposit and transfer
the findings onto the entire eruption as we have only one sample from the new
cryptodome. Therefore we concentrate on qualitative information only.

It was impossible to distinguish juvenile from non-altered accessory lithic clasts of
previous eruptions, similar to what Pardo et al. (2014) discussed. Non-altered volcanic
clasts are porphyritic and blocky and showed the same shape under microscope as
manually broken pieces of the same volcanic rock. Furthermore, we couldn’t find any
bubble wall fragments, pumices or fluidal shaped clasts that would indicate that liquid
magma was explosively ejected into the ocean. Therefore, we distinguish between non-

altered and altered clasts only. Samples of volcaniclastic deposits from the older North
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Peak summit share the same characteristic (crystal fragments, dominant grain size
<4mm, variably altered volcanic clasts) with the deposit from the new South Peak
cryptodome but are dominated by hydrothermal precipitates and completely altered
clasts. We conclude that such volcaniclastic deposit is typical for volcanic eruptions at
North Su and that the different proportions of altered and non-altered volcanic clasts are
linked to the prolonged exposure to hydrothermal fluids for deposits on the older North

Peak compared to the relatively fresh deposit on the South Peak cryptodome.

4.4.3 Hydrothermal breccias

The summits of North and South Peak consist mainly of loose volcanic pebbles and
sand. The recently formed South Peak cryptodome does not have any steep scarps to
reveal the internal structure of the deposits so we can only interpret South Peak’s
geology based on its surface structures. In contrast, the older North Peak exposes its
interior in cliff faces and pillars where poorly sorted clastic units of clasts with a thickness
up to 16 m are exposed. These exposures indicate that the volcaniclastic deposit at the
summit region of North Su can be several meters thick and partly consolidated to form
breccias. Breccias were sampled directly from cliff faces (Fig. 12 a) and picked up from
scree at the cliff base. These breccias are poorly sorted, dominantly matrix supported,
and show a range of angular to sub-rounded clasts that are moderately to highly altered.
The clasts range from cobble to sand size and represent a mixture of fractured bulk rock
and phenocryst fragments. Electron Microprobe and X-ray diffraction analyses reveal
that the clasts are partly altered to cristobalite and pyrophyllite, with variable alunite.
Hydrothermal precipitates comprise alunite and jarosite, as well as cristobalite, pyrite,

sulfur, and anhydrite that fills void space in between clasts and form vein networks within
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the breccias. Raster electron microscopy and element mapping shows compositional
variations between the clasts and matrix (Figure 12 c-e). The element map of Si (Fig. 12
d) clearly defines the volcanic clasts whereas the element map of S (Fig. 12 e) highlights
the hydrothermal cement in the void space between clasts.

In general, we distinguish three different morphologies formed by hydrothermal activity
that appears to have increased slope stability at North Su: 1) fine volcaniclastic deposits
cemented by various hydrothermal precipitates (Fig. 7 e and f); 2) excavated round
pillars with a larger variety of clasts and clast-sizes (Fig. 7 h); 3) hydrothermal crusts that
cover clastic material (Fig. 7 ¢ and d). The first type of morphology is exhibited by
vertical cliffs of fine volcaniclastic deposits on North Peak. Breccia samples have been
taken out of these cliff faces. Petrographic inspection of several breccia samples in thin
section and raster electron microscopy, and electron microprobe analyses indicates that
volcanic clasts are commonly cemented by hydrothermal precipitates (Fig. 12). The
bonding between the clasts can be accomplished by coalescence of these coatings,
interstitial growth of individual crystals large enough to connect clasts, or complete infill
of void space by polycrystalline cements, which often includes pyrite (Yeats et al., 2014).
The occurrence of native sulfur in some of these breccias suggests that liquid sulfur
impregnated the unconsolidated rubble and led to cementation upon cooling and
solidification. Thin sections of breccia samples show that the clasts and crystal
fragments reflect a similar clast composition as observed in sample SO-216-51-ROV-10,
which originates from the summit of South Peak. Clasts of such cemented breccia
samples are variably altered, but alteration of the breccia is never pervasive. Moreover,
clay minerals are minor phases and never form interconnected networks in the rock,

which would lower its shear strength. Cristobalite is perhaps the most abundant
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secondary mineral, partially replacing clasts and filing cracks and void space. In
summary, the non-pervasive nature of alteration, the scarcity of clay minerals, the
abundance of cristobalite and the varied styles of cementation all contribute to increase
the shear strength relative to the unconsolidated precursor material of the cemented

breccias.

The second morphology formed by hydrothermal cementation is presented by a
sphalerite-barite crust (Fig. 7 d). This crust occurs on North Peak northwest slope at
vent site #5 (Fig. 5). We hypothesize that this is a result of a prolonged discharge of
hydrothermal fluid into the gravel covered slope and precipitation of hydrothermal
phases. On South Peak, the formation of such crust was observed (Fig. 7 c) where

hydrothermal precipitates start to bury volcanic gravel.

The third morphology indicating that hydrothermal activity has increased slope stability is
observed on the ridgeline next to Sulfur Candle. There, rounded pillars up to several
meters high and >1 m in diameter (Fig. 7 h) consist of blocky volcanic clasts within a fine
matrix. Native sulfur was pervasive and solidified tongues of sulfur were present on the
vertical pillar surfaces with thicker sulfur deposits on the top. Similar looking structures

have been observed at Brothers Volcano (de Ronde et al., 2011).

5. Discussion
The first discovery of North Su by video sled surveys and dredges in 1996 (Binns et al.,
1997; Yeats et al., 2014), led to the interpretation of a dacite dome with a volcanic spine

at its summit and associated black smoker chimneys. The entire volcanic edifice was
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interpreted to be covered by a thick “tuffite apron” (Binns et al., 1997). We verify the
existence of a volcanic spine, black smoker chimneys and the volcaniclastic deposit at
North Peak. “Tuffite” is a genetic term that includes pyroclasts and submarine pyroclast
formation is still a topic of some debate (e.g. White et al., 2003). Hence we describe this

lithology simply as volcaniclastic deposit.

Presence of mafic phenocrysts (olivine) in North Su rock samples was also found by
Yeats et al. (2014) and distinguishes these rocks from the nearby Suzette and South Su
rocks. Yeats et al. (2014) classify the South and North Su samples as porphyritic dacites
due to the amount of siliceous groundmass. Our whole rock analyses of unaltered
volcanic rocks from the crest of North Su range from 60 to 62.5 wt. % SiO, whereas
samples from Yeats et al. (2014) of fresh volcanic rocks from the crest of North Su range

from 62.5 to 62.8 wt. % SiO,. The North Su rocks are porphyritic andesites.

5.1 Deep submarine eruption of porphyritic andesitic lava

Emplacement of viscous lava in a submarine environment is typically envisioned as the
extrusion of a thick lobe or dome that is fragmented through quenching, cooling-
contraction granulation upon contact with seawater and autobrecciation. This results in a
massive or banded columnar jointed core that is covered by a monomictic carapace of
breccia from quench fracturing (hyaloclastites) and mechanical disintegration during
outflow (autobreccia) (e.g. Pichler, 1965; Yamagishi and Dimroth, 1985; McPhie et al.,
1993; Goto and McPhie, 1998; Scutter et al., 1998; Doyle and McPhie, 2000; De Rita et

al., 2001; Nemeth et al., 2008). For example, PACManus Hydrothermal Area, 50 km
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West of North Su, hosts several dacite domes showing these characteristics (Thal et al.,
2014).

On North Su, we observed several eruption products and volcanic morphologies
including different types of lavas such as short and thick flows, columnar joints,
autobrecciated blocky flows and spines (Fig. 6 a - €). These lava morphologies indicate
flow behavior consistent with high-viscosity lava. Craters, indicative of explosivity, are
also present, as well as the presence of abundant volcaniclastic deposits, which
suggests that North Su does not fit easily into common models of submarine volcanic

lava dome/cryptodome eruptions

On South Peak, no hyaloclastites or monomictic autobreccia deposits have been
identified. To understand the eruption products of North Su, it is essential to consider

eruption mechanisms that are related to porphyritic andesites.

A subaerial analog of a porphyritic andesite dome emplacement is the 1995 - 1999
eruption at Soufriere Hills Volcano, Montserrat (e.g. Robertson et al., 1998; Voight,
1999; Sparks et al., 2000; Clarke et al., 2002; Druitt and Kokelaar, 2002). This episode
of volcanic activity exhibited dome growth and collapse accompanied by short-lived
episodic sub-Plinian and Vulcanian explosions (Druitt et al., 2002; Sparks and Young,
2002), which are common on andesitic volcanoes (Morrissey and Mastin, 2000). The
crystal-rich, andesitic magma contained 35-45 vol.% phenocrysts and dome growth was
characterized by the extrusion of a hot crystalline solid that was unable to flow. Further
injection of magma into the dome pushed out lava lobes and spines. Rheological

stiffening of the lava also caused syn-eruptive cyclic plugging of the conduit, producing a
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pressure cap and leading to an over pressurized conduit that led to gas emissions, ash-
venting, dome collapse and explosions (Druitt et al., 2002). A dome collapse revealed
that the interior of the dome was heavily fractured with single fractures up to 50 m long.
Sparks (2000) suggests this brittle behavior indicates that the crystal-rich lava erupted in

a solid state.

The observations from Soufriere Hills Volcano are only partly transferrable to North Su
as the eruption style and previous degassing of the magma is strongly dependent on
atmospheric pressures and air as the coolant. However, the lava morphologies and
abundant clastic material produced during the eruption as well as the general physical
properties of highly crystalline andesitic magma and its behavior observed at Soufriere

Hills Volcano are useful analogs to North Su.

5.1.1 Lava fragmentation, explosions and formation of the clastic facies at North
Su

The volcaniclastic deposit on the new South Peak cryptodome summit is composed of
fresh and variably altered volcanic clasts, crystal fragments and only minor glassy clasts
and minor hydrothermal precipitates. These glassy clasts (Fig. 8 c) are not
distinguishable through microscopy from clasts of the same volcanic rock that we
produced through mechanical disintegration. We therefore interpret these glassy clasts
to be pieces of spattered bulk rock produced after solidification of lava rather than
disrupted liquid lava. This can be explained by the ability of crystal-rich magma to fail as
a brittle solid, similar to observation made on Soufriére Hills Volcano (e.g. Sparks et al.,

2000; Melnik and Sparks, 2002). Additionally, Yamagishi & Dimroth (1985) assume that
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a silica-rich magma with porphyritic texture would create blocky, stubby flows or domes
that grade into breccia composed predominantly of blocky material. The fact that non-
altered clasts are blocky and no fluidal clasts are observed within volcaniclastic deposits
on the new South Peak cryptodome, but also in no other sample from North Peak,
implies magma fragmentation in the brittle regime is common on North Su volcano. The
high crystal content can be explained by a strongly degassing magma while uprising or
by magma ponding prior to the eruption. Beier et al. (2015) deduce from their
investigations that magma genesis in the SER happens through closed system
fractionation in several small magma lenses coupled with low rates of basaltic recharge.
This could explain the occurrence of olivines inside the more evolved North Su lavas
and the high crystal content. Observed strong magmatic degassing in the aftermath of
the South Peak cryptodome eruption indicated a former gas-rich magma. Degassing
would cause a lowering of the liquidus and cause further crystallization and thus also

favor a brittle failure of the lava up on mechanical stress.

Theories of clast formation and explosivity due to water-magma interaction include
several thermo-hydraulic fracturing mechanisms that account for different clast sizes and
shapes (e.g. Sheridan and Wohletz, 1983; Wohletz, 1983; Kokelaar, 1986; Zimanowski
et al.,, 1991; White, 1996; Skilling et al., 2002; Head and Wilson, 2003; Thiéry and
Mercury, 2009). For lava that fails by brittle behavior, blocky clasts are mainly produced
through quenching (cooling-contraction granulation), mechanical stress (autobrecciation)
and hydromagmatic explosions (bulk interaction steam explosivity) (Kokelaar, 1986;

Skilling et al., 2002; Head and Wilson, 2003).
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This accounts for the abundance of blocky clasts and the thick volcaniclastic deposit on

the new South Peak cryptodome but does not explain the crater group.

The crater group comprises multiple, small, shallow and intersecting craters within the
volcaniclastic deposit at the new South Peak cryptodome summit. Bigger (>10cm)
blocks are limited to the closer area of the craters. A morphological analog from land for
multiple, shallow and intersecting craters is described by Thorarinsson (1953) for the
crater group on Iceland where lava emplacement onto a wet substrate caused rootless
explosions that created abundant small craters. We dismiss this scenario as lava at
North Su is not capable of forming widespread lava flows that could cover a reasonable

area of wet sediment.

A perhaps more similar analog are hydrothermal eruptions (Browne and Lawless, 2001)
that eject blocky to rounded lithic clasts from predominantly shallow and small craters.
Browne and Lawless (2001) consider the injection of magma into a deep hydrothermal
aquifer to cause a phreatomagmatic explosions without juvenile material reaching the
surface besides a hydrothermal explosion caused by expansion of a low-density, phase-
separated, hydrothermal fluid or steam (Browne and Lawless, 2001). In the latter case, a
crack taps into a subsurface reservoir of such a fluid and the related sudden pressure
drop causes catastrophic volume expansion and leading to an explosion. This
mechanism is unlikely to cause large explosions in the deep sea because the ambient

seafloor pressure (i.e., 115 bar at North Su) would prevent much of the gas expansion.
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Phreatomagmatic vent-derived explosions are also unlikely to occur at North Su given
the water depth of >1000m (Kokelaar, 1986; Head and Wilson, 2003). Therefore, it is
most likely that bulk-interaction steam explosivity is the only type of hydrovolcanic
explosion that occurs at North Su. We hypothesize that, intense fracturing,
hydrovolcanic explosions and magmatic degassing cause gas-jets that form the crater

group on South Peak.

We propose that South Peak and its observed morphology was formed by the following
sequence of eruption mechanisms (illustrated in Figure 13), which form the primary

eruptive style at North Su:

i) Highly viscous, crystal-rich intermediate magma intrudes slowly into the water-
saturated slope of North Su and its hydrothermal system. The slope consists of coherent
lava and abundant clastic material, which is variably altered. Additional altered and lithic
material might be contributed by upward transportation of vent wall-rocks with the rising
magma. The cryptodome fails with brittle behavior upon contact with cold seawater due
to the induced dynamic stress and autobrecciation, cooling-contraction granulation and
bulk-interaction steam explosivity. Each new crack in the cryptodome enlarges the
contact surface to cold seawater what causes further cracking and thus creates a self-
amplifying fragmentation process. Additional rising magma occasionally pushes a
fraction of magma through the pile of syn-eruptive and pre-existing clasts onto the
seafloor in the form of lobes (Figure 13). These lobes, depending on their rheology
during emplacement, either form short and rugged flows or disintegrate upon contact

with sea water and remain as ragged outcrops without surficial signs of lava flow.
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i) In the course of the eruption, high pressures, caused by the degassing magma, can
develop within the dome or inside the conduit that is plugged by the dome itself and
cause gas-jets or relatively small explosions. We exclude a serious vent plugging and
subsequent serious explosion in this cryptodome eruption due the absence of a major
crater. The magmatic gas driven explosions as well as the bulk-interaction steam
explosivity fracture the lava and the surrounding country rock. The gas released by
these explosions and uprising gas-jets causes a turbulent mixing of blocky juvenile
fragments (i.e., fragmented intruding magma) and variably altered lithologies. This
mixture of clasts will also be uplifted in the course of further injection of magma.
Mechanical as well as gas-propelled turbulent reworking cause clasts to develop

variably rounded shapes.

iii) The numerous small intersecting craters are likely caused by gas-jets that transport
clasts of variable origin, shape, and size to the seafloor where they form a lithology that
mimics products of hydrothermal eruptions (Browne and Lawless, 2001). Strong currents
transport parts of the ejected material a few meters towards North Peak where they
deposit and build up the plateau of dominantly sand-sized clasts. Larger clasts remain
closer to the crater center or tumble further down slope and cause a fining-upward cycle

on the upper slopes of South Peak cryptodome.

These proximal volcanic lithology patterns share characteristics (i.e. rounded grains, fine
clast size, variably altered clasts) of deposits that would traditionally be interpreted in

facies reconstructions as distal or as reworked volcaniclastic deposits. Our results
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indicate that heterolithic breccias with variably rounded clasts may also form during the
course of the complex porphyritic magma-water interactions associated with a
cryptodome eruption at the summit of an andesitic volcano. Downey and Lentz (2006)
corroborate this hypothesis by modeling deep submarine explosive eruptions and by
stating that volcaniclastic sediments, which are common in both the hanging and
footwall of VMS deposits (Gibson et al., 1999), can be genetically connected to the
formation of the VMS deposit, although these volcanic sediments are often interpreted
as mass waste deposits. Examples are the Bald Mountain Cu-Zn deposit (Busby et al.,
2003; Foley, 2003) and the Brunswick No. 6 and No. 12 Pb-Zn deposits (Downey and

Lentz, 2006).

5.2 Evidence of violent explosive eruptions

In 2006, South Peak crater, 80 m wide and 13 m deep, was observed (Fig. 5 a, 11) on
the southern flank of North Su — this crater was filled by the South Peak cryptodome
eruption. The crater shape resembled the typical type of tuff ring or tuff cone that is
associated with phreatomagmatic eruptions. Given the hydrostatic pressure of ~115 bar
at North Su summit, a phreatomagmatic explosion is highly unlikely to have caused the
formation of this crater.

Based on dredge samples and photo-sled surveys during PACMANUS-III expedition in
1996, Binns (2004), Hrischeva et al. (2007) and Yeats et al. (2014) suggested that
violent hydrothermal eruptions at North Su and South Su generate the abundance of
volcaniclastic deposits and that such eruptions disperse these deposits for several km.
The terminology “hydrothermal eruption” describes a type of eruption that is defined as

not involving magma but is fueled only by steam expansion due to a sudden pressure
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drop (Browne and Lawless, 2001). At North Su, a large extent of steam expansion due
to a sudden pressure drop is unlikely given the hydrostatic pressure of >115 bar and any
additional but unknown lithostatic pressure at the hydrothermal aquifer. Although it is not
impossible to create a gas phase in an aquifer at a high pressure regime (e.g. Thiéry
and Mercury, 2009; Buttinelli et al., 2011), this mechanism requires particular
circumstances (i.e. assimilation of carbonates) and has never been described or

observed in a deep sea environment.

In 2011, magmatic degassing was vigorous at North Su, which is common for evolved
volatile-rich, arc-related magma systems (e.g. Carey and Sigurdsson, 2007). Following
the discussion about a plugged conduit and regarding the fact that Vulcanian explosions
are common on subaerial andesite volcanoes (Morrissey and Mastin, 2000), many
effusive eruptions follow an explosive vent clearing phase. We hypothesize that the
South Peak crater is a remnant of the vent clearing phase to the effusive eruption
episode that produced South Peak cryptodome and discard the violent hydrothermal

eruption theory.

Based on our analyses and observations we hypothesize that the South Peak
cryptodome eruption is common for eruptions at the North Su volcano. Following this
idea, North Peak presents the seafloor structures that will be present on South Peak

after several years of hydrothermal activity and mass wasting events.

5.3 Hydrothermally increased slope stability
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The upper slopes (shallower than ~1350 m water depth) of North Peak show a highly
irregular topography, with steep pillars and cliffs that are exclusively composed of
breccias. These observations suggest a vital role for cementation because any
unconsolidated pile of volcanic clasts would have low cohesive strength and could not

build steep walls and pillars.

Hydrothermal alteration processes are often considered a mechanism that decreases
slope stability (e.g. Merle and Lénat, 2003), because clay minerals and other alteration
phases commonly have lower shear strength than the primary phases they replace.
However, our observations of volcaniclastic cliffs, pillars and hydrothermal crusts point to
hydrothermal processes that lead to a precipitation of a cementing matrix that can lead

to stabilization of a weak substrate such as volcaniclastic deposits.

We conclude that these pillars at North Su represent former localized fluid upflow-zones.
Sulfur-laden fluids circulated through the volcaniclastic deposits prior to a sector
collapse and solidified in between the clasts. This process is indicated at hydrothermal
vent sites on South Peak where hydrothermal fluids start to bury loose rocks due to
precipitation of native sulfur. Additionally, when we retracted the Temperature-probe
after sticking it into the gravel next to a vent site, it was covered with native sulfur,
indicating that the gravel-covered slope around the vents is saturated with liquid sulfur.
Furthermore, we observed that the discharge of liquid sulfur is highly episodic (Fig. 9),
which could account for the non-pervasive alteration of volcanic clasts inside these

pillars as the fluid circulation is not necessarily continuous. We hypothesize this to be a
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cyclic pattern that accompanies volcanic eruptions on North Su as abundant
volcaniclastic deposits are produced during lava emplacement, followed by hydrothermal
discharge through the volcaniclastic pile leading to localized cemented structures that
protrude from the slope after sector collapse events have led to the removal of less

stable portions of the slope.

6. Summary and Conclusion

Our analyses show that North Su is now a double-peaked (North Peak and South Peak)
active andesite volcano with a vigorous and varied hydrothermal system. Black and
white smoker fluids discharge less than 100 m lateral distance from each other
indicating a complex subsurface interconnected hydrothermal plumbing system. CO,-
release is ubiquitous at “pulsating” white smoker vents and these vents apparently vary
significantly in activity over a two-week observation period. A new vent site “Sulfur
Candle” consisting of chimneys of native sulfur was documented following the 2011
observations. The pervasive volcaniclastic cover on North Su is partly cemented by
hydrothermal processes and strongly influences the seafloor morphology of North Su —
North Peak. Hydrothermally-cemented breccias, crusts and single pillars show that
hydrothermal circulation through a thick layer of volcaniclastic deposits can temporarily

increase slope stability through precipitation and cementation.

Repeated bathymetric surveys reveal that South Peak cryptodome was emplaced
between 2006 and 2011 on the southwestern slope of North Su volcano. Volcanic
material with an estimated volume of 5.8 x 10° m*® was deposited over an area of 2.1 x

10° m? with a maximum depth change between the surveys of +63 m. Comprehensive
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pre- and post-eruption mapping allow us to develop an eruption scenario where highly
viscous, crystal-rich intermediate magma intrudes into the water-saturated, gravel-
dominated slope of North Su and its hydrothermal system. Intense, fragmentation of the
magma upon contact with cold seawater produces abundant blocky juvenile clasts. At
North Su the abundance of blocky clasts and the lack of fluidal clasts indicative for
guenched liquid lava is interpreted as a result of a cooled, high-viscosity, crystal-rich
magma that fails as a brittle solid upon stress. The high viscosity allowed the lava to
form dominantly blocky and short lava lobes. Magmatic degassing and bulk-interaction
steam explosivity cause relatively small explosions which further fracture the lava and
the surrounding country rock. These explosions and the consequently released gas as
well as the updoming during further injection of magma cause a mixing of juvenile and
pre-existing lithic clasts and variably rounded shapes. Gas jets produced by the
explosions transport such mixed volcaniclastic deposit to the seafloor where they form
numerous small intersecting craters, mimicking the lithology and morphology of

hydrothermal eruptions.

Our observations provide further insight into the volcanologic framework of a developing
Cu-Au ore deposit (Yeats et al., 2014) and can help geologists with facies interpretation.
Proximal volcanic lithologies on North Su share characteristics (i.e. rounded grains, fine
clast size, varied composition) with deposits that would traditionally be interpreted in
facies reconstructions as distal or as redeposited lithologies. Our results indicate that
such mixed volcaniclastic deposit with variably rounded clasts may also form in the
course of the complex porphyritic magma-water interactions associated with a lava

cryptodome eruption at the summit of an andesitic volcano.
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Fig. 1: Tectonic setting of the Bismarck Sea. Plate boundaries from (Bird, 2003). WIT: Willaumez
Transform; MSC: Manus Spreading Center; MMP: Manus Microplate; DT: Djaul Transform; WT: Weitin
Transform. (Thal et al., 2014)
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Fig.2: Bathymetry of the South East Ridges (SER) in the eastern Manus Basin from research cruise
BAMBUS S0O-216 (2011) with 200 m contours. Beachballs originate from the global cmt project
(Dziewonski et al., 1981; Ekstrom et al., 2012) and mark the locations of earthquakes between 2006 &
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2011 with a magnitude >5. The movement depicted by beachballs represents the stepwise intra-
transform, extensional stress regime. DT: Djaul Transform; WT: Weitin Transform. Red circle: North Su.
(Modified after Thal et al., 2014).
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Fig.3: a) Ship-based bathymetry of SuSu Knolls with regional structures. Contour interval: 50 m. Estimated
position of Weitin Transform. b) Total coverage of AUV ABE bathymetry of North Su and South Su. 5 m
grid. Contour interval 50 m.
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Fig. 4: SuSu Knolls morphology. a) 2006 — Slopemap of North Su with South Peak crater. It illustrates the
cluster of cliffs on the southern slope of North Peak. AUV ABE 1 m grid; b) 2011 - Slopemap of SuSu
Knolls revealing the mean slope on North Su to be 25-30° with steeper slope around the summit areas.
Filtered ship-based bathymetry, 32 m grid. Black rectangle marks position of a).
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Fig. 6: Observed volcanic morphologies, lithologies and features. Picture widths of structures in the
foreground are given in brackets. a) Fissured, jig-saw-fit outcrop. The broken pieces are still in place,
NE North Peak (-1 m); b) Downward looking perspective on a vertical lava outcrop, fissured and
blocky, NE North Peak (~ 3 m); ¢) Short (< 5m), columnar, fractured lava flow, SW South Peak
cryptodome (2-3 m); d) Lava spine, North Peak (~2 m); e) Lava lobe breaching through the scree
covered slope, SW South Peak cryptodome (2-3 m); f) View towards NE along the crater rim of South
Peak crater in 2011. The crater centre is to the left (~1 m); g) Plateau on South Peak with stream
ripples (~1.5 m); h) A crater of crater group on South Peak cryptodome. The crater diameter is about
4-5m and <1 m deep.
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Fig. 7: Hydrothermal features and hydrothermal cemented structures. Picture widths of structures in
the foreground are given in brackets. a) Sulfur chimneys, white smoker with CO, release at Sulfur
Candle, vent #7 (~1.5 m); b) Black smoker chimneys, vent #1, North Peak (~2 m); c) Hydrothermal
fluids discharge with abundant native sulfur that starts to bury scree, S South Peak cryptodome (~1.5
m); d) Hydrothermal cemented crust with hybrid vents, vent#5, NW North Peak (~ 1 m); e) CIiff of
cemented fine volcaniclastics, slope parallel view, SW North Peak (~2 m); f) Downward looking
perspective of the southern cliff (~14 m high) on North Peak summit (~1.5 m); g) Solidified native
sulfur flows, SE of South Peak cryptodome (~1.5 m); h) Pillar with broken top, built-up by
volcaniclastics with native sulfur ocozed out of the sites and ontop, next to Sulfur Candle (~ 2 m); i) 16
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m high pillar structure with columnar features at the lowest fifth. The lower half of the pillar is
connected to the slope, the top half is free standing, E North Peak.

Fig.8 Volcaniclastic deposit from the summit of the new South Peak cryptodome,
2011, sample SO-216-51-ROV. a) Agglomerate of volcaniclastic debris; b) Fresh,
non-altered lava; c) Glassy clasts; d) Sieved and washed 90-180 um fraction of the
mixed volcaniclastic deposit. The rock-crystal proportion changes with smaller
grainsize towards an abundance of crystals; e) Sieved and washed 600-710 pm
fraction of the mixed volcaniclastic deposit; f) Volcanic clast with alteration halo; g)
EPMA backscatter image of a typical glassy, non-altered clast; h) Zoom of g; i) Zoom
of h; abundant plagioclase microliths might affect glass measurements.
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Fig. 9: A white smoker chimney on a) 27.06.2011 and b) 12 days later on 09.07.2011 depicting the
pulsating nature of the white smoker hydrothermal system.
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Fig. 10: Results from SO-166 (2002) and SO-216 (2011) ship-based bathymetry comparison. Contours
are from SO-216 bathymetry with interval of 20 m. Red color indicates positive depth change and blue
indicates negative. a) Depth differences > 10 m b) Depth differences >20 m. Dotted rectangle indicates
extend of maps in Figure 7.
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a
South Peak crater North Peak m South Peak cryptodome North Peak

Fig. 11: Oblique perspectives on North Su from NE. a) AUV ABE bathymetry showing North Peak and
South Peak crater in 2006; b) Same perspective view as a) with additional ROV Quest bathymetry (2011)
depicting the growth of South Peak by the cryptodome emplacement.
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Figure 12: Hydrothermally cemented breccias temporarily increase the local slope stability. These
breccias form pillars, ridgelines and cliffs when the surrounding slope collapses. a) Oblique perspective
from South-East on the southern slope of North Peak. The red star in a indicates sample location for b.
Black circle marks the position of Sulfur Candle site. b) Thinsection of a cemented breccia taken from a
cliff. Single clasts are clearly visible within a greyish matrix. Picture width is 3.5 cm. Sample J2-223-6-R1.
¢ - e) Raster electron microscopy images of the thinsection shown in b. Lithic clasts are highlighted with
white outlines. c) Secondary electron image. d) Element map of Si depicting the shape of volcanic clasts.
e) Element map of S illustrates the hydrothermal cement filling void space between clasts.
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Fig. 13: Simplified sketch explaining the observed morphologic and volcanic features at the South Peak
cryptodome eruption. a) High viscous magma intrudes into the water-saturated volcaniclastic governed
slope of North Su. Non-explosive fragmentation, explosive degassing and hydrovolcanic explosions
disrupt the pre-existend material and the erupting lava which fails as a brittle solid due to its high crystal
content and semi-solid state, causing dominantly blocky clasts that mix with the pre-existing material of
North Su. b) The magma erupts as single lobes that occasionally breach through that clastic cover which
than suffer from further fragmentation resulting in blocky outcrops. Explosions accompany the eruption
produce clast-laden steam jets that thrust through the clastic cover and emit mixed volcaniclastic material
onto the seafloor. This process creates a group of small, randomly scattered, shallow craters. Due to
updoming and enhanced by several explosion, clasts are reworked which is expressed by a relatively
rounded shape.
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Appendix

Sample #
J2-221- J2-223- J2-227-
15- | 16- 14- | 16-
wt%| 8R1 | Rl | Rl |16-R2 | 3-R1|5-R1|9-R2 | 10-R1 | R1 | Rl | 13-R1
Si02| 59.59 | 60.46 |61.39| 60.07 |61.21|61.34|60.86| 61.54 |62.16|62.52| 63.73
TiO2| 054 | 056 | 0.56 | 0.55 | 0.57 | 0.57 | 0.56 | 0.58 | 0.58 | 0.57 | 0.56
Al,O;| 13.95 | 14.69|14.69| 14.36 |14.90|14.69 | 14.83| 14.78 |14.97|14.85| 14.76
Fe,O;| 6.94 | 6.60 | 585 | 7.17 | 7.34 | 6.29 | 7.06 | 7.15 | 6.59 | 6.36 | 4.39
MnO| 0.130 |0.127|0.120| 0.138 |0.152|0.120|0.131| 0.132 |0.128|0.122| 0.086
MgO| 4.09 | 2.81 | 2.61 | 420 | 3.08 | 2.25 | 3.08 | 2.60 | 2.75 | 2.32 | 2.16
CaO| 6.48 | 596 | 581 | 7.05 | 6.44 | 578 | 6.43 | 590 | 6.12 | 550 | 5.21
Na,O| 2.94 | 360 | 269 | 3.40 | 3.73 | 4.41 | 365 | 3.82 | 3.77 | 3.90 | 3.95
K,O| 0.78 | 0.98 | 080 | 0.87 | 098 | 112|097 | 1.03 | 1.01 | 1.08 | 0.88
P,Os| 0.17 | 0.15| 0.13 | 0.17 | 0.21 | 0.19 | 0.19 | 0.20 | 0.19 | 0.19 | 0.09
H,O| 265 | 155|333 | 1.17 | 097 | 141|128 | 1.02 | 1.06 | 1.26 | 1.41
CO,| 0.02 | 0.03 | 0.04 | 0.02 | 0.03 | 0.04 | 0.06 | 0.06 | 0.03 | 0.03 | 0.03
Total | 98.35 | 97.60 | 98.10 | 99.17 | 99.62 | 98.20 | 99.10 | 98.80 | 99.35 | 98.70 | 97.33
Table Al: Results of whole rock XRF analyses. All iron measured as Fe,0s.
Sample #
J2-221- J2-223-
wt. % 8-r1 16-r1 5-R1 9-r2 10-R1 14-r1
SiO, 66,87 68,18 74,11 72,90 74,45 73,51
TiO, 0,61 0,62 0,56 0,49 0,49 0,56
Al20s 13,40 13,28 12,60 12,75 12,39 12,64
Crz0s 0,000 0,000 0,010 0,000 0,017 0,017
FeO 5,67 5,54 3,48 2,76 3,48 3,09
MnO 0,12 0,13 0,09 0,10 0,08 0,06
MgO 1,32 1,18 0,38 0,23 0,43 0,24
Cao 3,99 3,85 2,06 2,13 2,02 2,04
Na,O 3,53 3,65 4,35 3,64 4,41 4,43
K20 1,42 1,50 1,92 1,71 1,95 1,85
P20s 0,29 0,30 0,13 0,10 0,21 0,12
SO, 0,02 0,01 0,00 0,00 0,00 0,00
BaO 0,00 0,00 0,08 0,00 0,07 0,00
Cl 0,22 0,22 0,26 0,26 0,26 0,27
Total 97,46 98,46 99,93 97,06 100,17 98,82

Table A2: Glass analyses measured with EPMA.
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Vent # Fluid type Year | Water depth [m] | Temperature [°C] Lat Lon

1 Black Smoker 2006 1158 298 152.1009 -3.7999
2011 1154 314

2 Black Smoker 2006 1157 300 152.1009 -3.8002

3 Black Smoker 2006 1194 324 152.1004 -3.7999
2011 1192 332 152.1003 -3.7998

4 Diffuse venting 2006 1196 32 152.1014 -3.7993
2011 44

5 Hybrid vents 2006 1207 240 152.1008 -3.7991
2011 1228 169 152.1005 -3.799

6 White Smoker 2006 1263 284 152.1005 -3.8012

7 White Smoker 2006 1217 71 152.1015 -3.8006
2011 1220 104 152.1015 -3.8006

8 White Smoker 2011 1202 79 152.1005 -3.8006

Table A3: List of hydrothermal vents at North Su with positions of temperature measurements, year and
water depth.
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Fig. Al. TAS diagram of rock samples used in this study.
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Si0, wt%

Sample #

J2-221- J2-223- J2-227-

15- | 16- 14- | 16-
wt.%| 8-R1 R1 R1 | 16-R2 | 3-R1 | 5-R1 | 9-R2 | 10-R1 | R1 R1 | 13-R1
SiO2| 59.59 |60.46|61.39| 60.07 |61.21|61.34(60.86| 61.54 |62.16|62.52 | 63.73
TiO2| 054 | 056 | 0.56 | 0.55 | 0.57 | 0.57 | 0.56 | 0.58 | 0.58 | 0.57 | 0.56
Al,O3| 13.95 |14.69|14.69| 14.36 |14.90|14.69|14.83| 14.78 |14.97|14.85| 14.76
Fe,O;| 694 | 660 | 585 | 7.17 | 7.34 | 6.29 | 706 | 7.15 | 6.59 | 6.36 | 4.39
MnO| 0.130 |0.127|0.120| 0.138 |0.152|0.120|0.131| 0.132 | 0.128|0.122 | 0.086
MgO| 4.09 | 281 | 261 | 420 | 3.08 | 225|308 | 260 | 275|232 | 216
CaO| 648 | 596 | 581 | 705 |6.44 | 578|643 | 590 | 6.12 | 550 | 5.21
Na,O| 294 | 3.60 | 269 | 3.40 | 3.73 | 441 | 365 | 382 | 3.77 | 3.90 | 3.95
K,O| 0.78 | 098|080 | 087 | 098|112 | 097 | 1.03 |1.01| 1.08 | 0.88
P,Os| 0.17 | 0.15| 0.13 | 0.17 | 0.21 | 0.19 | 0.19 | 0.20 | 0.19 | 0.19 | 0.09
HO| 265 | 155|333 | 1.17 | 097 | 141|128 | 1.02 | 106 | 1.26 | 141
CO,| 0.02 | 003 |0.04| 002 | 0.03]0.04| 006 ]| 006 | 0.03]|0.03]| 0.03
Total | 98.35 | 97.60 | 98.10 | 99.17 | 99.62 | 98.20 | 99.10 | 98.80 | 99.35 | 98.70 | 97.33

Table Al: Results of whole rock XRF analyses. All iron measured as Fe,0s.
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Sample #
J2-221- J2-223-

wt. % 8-r1 16-r1 5-R1 9-r2 10-R1 14-r1
SiO; 66,87 68,18 74,11 72,90 74,45 73,51
TiO, 0,61 0,62 0,56 0,49 0,49 0,56
Al203 13,40 13,28 12,60 12,75 12,39 12,64
Crz0; 0,000 0,000 0,010 0,000 0,017 0,017
FeO 5,67 5,54 3,48 2,76 3,48 3,09
MnO 0,12 0,13 0,09 0,10 0,08 0,06
MgO 1,32 1,18 0,38 0,23 0,43 0,24
Cao 3,99 3,85 2,06 2,13 2,02 2,04
Na,O 3,53 3,65 4,35 3,64 4,41 4,43
K20 1,42 1,50 1,92 1,71 1,95 1,85
P20s 0,29 0,30 0,13 0,10 0,21 0,12
SO; 0,02 0,01 0,00 0,00 0,00 0,00
BaO 0,00 0,00 0,08 0,00 0,07 0,00

cl 0,22 0,22 0,26 0,26 0,26 0,27
Total 97,46 98,46 99,93 97,06 100,17 98,82

Table A2: Glass analyses measured with EPMA.

Vent # Fluid type Year | Water depth [m] | Temperature [°C] Lat Lon

1 Black Smoker 2006 1158 298 152.1009 -3.7999
2011 1154 314

2 Black Smoker 2006 1157 300 152.1009 -3.8002

Black Smoker 2006 1194 324 152.1004 -3.7999

2011 1192 332 152.1003 -3.7998

4 Diffuse venting 2006 1196 32 152.1014 -3.7993
2011 44

5 Hybrid vents 2006 1207 240 152.1008 -3.7991

2011 1228 169 152.1005 -3.799

6 White Smoker 2006 1263 284 152.1005 -3.8012

7 White Smoker 2006 1217 71 152.1015 -3.8006

2011 1220 104 152.1015 -3.8006

8 White Smoker 2011 1202 79 152.1005 -3.8006

Table A3: List of hydrothermal vents at North Su with positions of temperature measurements, year and
water depth.
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Highlights

Subaqueous andesitic volcanism at the SER, Manus Basin, Papua New Guinea
Subaqueous cryptodome eruption through a hydrothermal system

Deep subaqueous explosivity caused by a cryptodome emplacement

Sulfur Candles white smoker vent site with liquid CO2 discharge

White and black smoker hydrothermal vent site within 100m lateral distance
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