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Abstract

Syn- and post-eruptive erosion of volcanic cones plays an important role in mass
redistribution of tephra over short periods. Descriptions of the early stages of erosion of
tephra from monogenetic volcanic cones are rare, particularly those with awell-constrained
timing of events. In spite of thislack of data, cone morphologies and erosion features are
commonly used for long-term erosion rate calculations and rel ative age determinations in
volcanic fields. This paper offers new observations which suggest differing constraints on the
timing of erosion of atephraring may be operating than those conventionally cited. In 1913 a
tephraring was formed as part of an eruption in west Ambrym Island, Vanuatu and is now
exposed along a continuous 2.5 km long coasta section. The ring surrounds an oval shaped
depression filled by water. It is composed of a succession of a phreatomagmeatic fall and base
surge beds, interbedded with thin scoriaceous lapilli units. Toward the outer edges of the ring,
base-surge beds are gradually replaced in the succession by fine-ash dominated debris-flows
and hyperconcentrated-flow deposits. The inter-fingering of phreatomagmatic deposits with
syn-volcanic reworked volcaniclastic sediments indicates that an ongoing remobilisation of
freshly deposited tephra was aready occurring during the eruption. Gullies cut into the un-
weathered tephra are up to 4 m deep and commonly have c. 1 m of debris-flow deposit fill in
their bases. There is no indication of weathering, vegetation fragments or soil development
between the gully bases and the basal debrisflow fills. Gully walls are steep and superficial
fans of collapsed sediment are common. Most gullies are heavily vegetated although some
active (ephemeral) channels occur. These observations suggest that the majority of the erosion
of such tephraringsin tropical climates takes place directly during eruption and possibly for
only aperiod of days to weeks afterward. After establishment of the gully network, tephra

remobilisation is concentrated only within them. Therefore the shape of the erosion-modified



volcanic landform is predominantly developed shortly after the eruption ceases. This
observation indicates that gully erosion morphology may not necessarily relate to age of such
alandform. Different intensities of erosion during eruption (related to water supply or
rainfall) are probably the major influence on gully spacing, modal depth and form. Longer-
term post-eruption processes that could be indicators of relative age may include internal
gully deepening (below basal debris-flow fill sediments) and possibly widening and side-

slope lowering due to undercutting and side-collapse.
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1. Introduction

Tuff rings or cones are acommon feature of basaltic volcanic fields. They are constructed via
explosive magma-water interactions, known as phreatomagmeatic eruptions (Zimanowski,
1998). Tuff cones/rings are typically comprised of well-bedded tephralayers of highly
variable and contrasting sorting and particle-size characteristics (Rosi, 1992). These units are
mostly deposited in a semi-saturated state and particularly the fine-ash dominated beds can
form compact, cement-like, poorly permeable layers (Rosi, 1992). The entire coneis
typically rapidly lithified through processes such as pal agonitisation, hence their definition as
“tuff”. In some conditions, and when freshly erupted, such deposits are not lithified; in this
case they are known as tephra cones/rings (ref). Even in anon-lithofied state, the contrastsin
bed characteristics and the high component of poorly sorted and fine-ash rich layersin tephra
rings gives them very different erosive properties compared to typically well-sorted and

highly permeable scoria cones.

Volcaniclastic sedimentary successions within and around the margins of tuff rings are
common and may result from either syn- or post-eruptive erosion (Sohn and Chough, 1989;
Chough and Sohn, 1990). Immediate post-eruptive erosion is thought to be dominated by
gully formation (Ollier and Brown, 1971), which apparently plays the most important role in
mass redistribution of tephrafrom primary cones. Despite these features being widely
recognised, the description of short-lived erosion processes from tephra cones with good
constraints on the timing of eventsisrelatively rare (Ollier and Brown, 1971). By contrast the
erosion of scoria conesis better documented (Wood, 1980b; Wood, 1980a; Hooper and
Sheridan, 1998), although even for these, the role of primary eruptive processes in the

morphological development of scoria cones has only recently been addressed (Németh, 2004).



In spite of the lack of data on the syn-eruptive erosion or initial state of tephra cones or rings,
their erosional morphologies are commonly used for relative-age dating in volcanic fields
(e.g. Cronin and Neall, 2000) and also long-term erosion-rate calcul ations (Németh and

Martin, 1999).

Phreatomagmatism, producing tuff/tephra rings and cones is an important eruption
style of many historic eruptions on ocean islands (Cole et al., 1999) such as Ambrym in
Vanuatu. At the western edge of Ambrym (Fig. 1), a phreatomagmatic volcanic field was
formed in 1913 during aflank eruption (Gregory, 1917; McCall et a., 1969). This series of
events produced seven tuff and scoria cones to cover an area of 25 km? (Gregory, 1917). One
of these centresis particularly well exposed by coastal erosion and this together with eruption
descriptions, enables inferences to be made of the syn- and immediate post-volcanic erosion
processes of this tephraring. Through sedimentological study of the tephraring in relation to
its vent geometry semi-quantitative constraints can be developed for the timing of the main

phases of erosion of tuff rings/cones.

2. Tephra cone erosion forms and processes

Very little information is available on the erosion of tephra beds associated with
phreatomagmatic volcanoes especially in tropical climates with high rainfall. Hence
information from other environments must be considered. Wave-cut erosion has been well
described around newly formed sub-lacustrine or shallow marine tuff cones including:
Barcena, Mexico (Richards, 1959), Capelinhos, Portugal (Machado et al., 1962), or Lake
Karymskoye, Kamchatka (Belousov and Belousova, 2001). These sub-aqueous structures can

be very short lived, such as that of Graham Island/Ferdinadea which formed about 40 km



from the southern coast of Sicily in 1831 (Calanchi et al., 1989; Caracausi et a., 2005; Rotolo
et a., 2006). The island grew c. 50 metres above the sealevel in 8 days, but it was eroded

away 19 days later.

Tuff cones and scoria conesin arid and intracontinental settings show evidence for very little
immediate tephra redistribution (Keller, 1973, White, 1991, Hooper and Sheridan, 1998). On
flanks of conesin the San Francisco Volcanic Field, Arizona Hooper (1999) showed that
scoria particles moved about 16 crm/a (Hooper, 1999). At the Paricutin scoria cone (Mexico)
only 5.3% of deposits were redistributed in the 62 years from the onset of the eruption
(Hooper, 2004). Some of this redistribution may be due to wind erosion, which is able to

move fine basaltic tephra easily in arid climates (Arnalds et a., 2001).

Studies on newly exposed and tephra covered volcanic flanks following the 1980 eruption of
Mount St Helens showed that infiltration was strongly reduced on the altered landscape
(Major and Y amakoshi, 2005). Thick tephra mantles were shown to reduce infiltration
initially as much as 50-fold. After 20 years the revegetated area has improved infiltration, but
it remains the pre-eruptive levels. Due to this, high-magnitude, low-frequency storms and

unusually rapid snowmelt still induces excessive overland flow.

3. Geological Setting and Mor phology of the Tephra Cones

Ambrym is one of the most voluminous active volcanoes in the Vanuatu arc (Fig. 1). Itisa
triangular 35 x 50 km island, formed around an active E-W-oriented fissure zone, which is
covered by many scoria cones and fissure fed lava flows (McCall et a., 1969; Carney et al.,

1985). The northern part of the volcano is considered to be oldest and it is inferred to be part



of an old shield volcano cross-cut with fissure vents (McCall et al., 1969). The central part
comprises a 12 km-wide caldera, at between 600-800 m above seal level. Present day activity
is concentrated at two active vent complexes Marum and Benbow (Fig. 1). These systems
regularly produce small-volume Strombolian style events, phreatomagmatic explosions and
more rarely sub-Plinian, and Vulcanian style eruptions (Wiart, 1995). Tephrafrom these
frequently active centres along with periodic (including historic) intra-caldera lava flows have
formed alargeflat ash-plain in the caldera as well as severa sediment-choked fluvial systems
leading out from the caldera and down to the coast. The calderaformation is currently under
debate, with a passive collapse mechanism (McCall et al., 1969) appearing more reasonable
than atheory proposed later which involves a cataclysmic phreastomagmatic eruption (Robin
et a., 1993). Thefirst mechanism is supported by the typical nature of historic eruptions
which have involved the passage of degassed basaltic magmas along lateral dykes down the E

and W rift arms to feed flank eruptions (Wiart, 1995).

At the western and eastern extremities of Ambrym, many phreatomagmeatic eruption centres
developed near sealevel as aresult of interaction of fissure-fed magma and near surface

water and/or water saturated sediments. The resulting tephra rings/cones typically have 1000
m diameter craters and low (<100 m) rims. The most recent eruptions took place in 1894 and

1913 at the western edge of Ambrym (Purey-Cust, 1896; Frater, 1917; Gregory, 1917).

One of the 1913 ringsis cut by a coastal cliff, exposing a 15 m-thick phreatomagmeatic tephra
sequence. This tephraring surrounds an oval-shaped depression (1200x600 m) containing a
shallow lake (Fig. 2). Thereisapartial opening in the NW side, where sea water inundation
occurs during cyclone storm surges. The ring crest reaches 85 m in the north (Fig. 3) and its

outer flanks have gentle slopes (5-10°) over alatera distance of c. 600 m. At its eastern side



the tephralayers of the ring mantle older lava flows scoria cones (Fig. 3). On its western side,
the ring grades into alow volcaniclastic debrisfan. Thisring is similar in broad geometry to
other young tephra/tuff rings worldwide, having wide craters with relatively low crater rims.
Tephra deposits extend approximately 1 km outward of the crater rim. There are no
characteristic erosion scars or gullies visible on the upper outer flanks of the ring; they
become prominent only by c. 700 m away from its rim.The feature was reported as new land
(Frater, 1917), indicating that the eruption was initially seated in shallow subaqueous
conditions, probably on a coral reef. Hence coral fragments are common throughout the
deposits, with some horizons being particularly rich. The entire structure is uniformly covered
by dense forest of casurinawith trunk diameters up to 40 cm, along with various shrub

Species.

4. Climate of study site

Vanuatu has atropical maritime climate with uniform temperatures and high humidity (>80%
average). A dry season occurs between May to October, with awet (and warmer) season
between November and April. The warmest month is February and the coolest is August. In
the coastal |ocations, daily temperatures average 26 °C (wet season) and 24 °C (dry) with

extremes between 33 °C and a night-time minimum of 13 °C (Anon, 1994).

Rainfall averages c. 2300 mm/a over the archipelago, but is highly variable depending on
location and season. In the wet season, the Inter Tropical Convergence Zoneis one of the
main rainfall producing systems, particularly for the northernislands. In LaNinayears, the
South Pacific Convergence Zone aso generates greater rainfall. For larger islands, such as
Ambrym, orographic effects generate higher rainfall in the SE parts, with significantly drier

conditions (particularly during dry season) in the W and NW regions — such as the study site.



By comparison, on the island of Efate (to the south), rainfall varies between 2400-3000 mm/a
on the windward side, with 1000-1500 mm/a on the dry side and >4000 mm/ain elevated

areas (Anon, 1994).

The SE trade winds are typically constant at 10 knots during the dry season (ranging up to 25
knots), however, the study siteis sheltered from these. Winds of the wet season are light and
variable, but cyclones are common. Vanuatu is affected by about 20 to 30 cyclones per
decade, with 3 to 5 causing severe vegetation and landscape damage through strong winds
and heavy rainfalls. Ambrym has been strongly affected on at |least 6 occasions since 1847
but has also experienced the fringe effects of many of the other events (VMS, 1994). Cyclone
Ivy in 2004 was the latest to directly affect Ambrym and it caused widespread flooding and

landslides, along with strong coastal erosion at the study site.

5. Tephraring succession

Near the western tip of Ambrym, a near continuous coastal cliff section exposes an up
to 15 m thick succession of volcaniclastic units, dominantly phreatomagmatic tephras. This
section cuts through a tuff ring around the northernmost of the 1913 vents (Fig. 3). The
succession can be subdivided into 4 major lithostratigraphic units (Fig. 4):

1. PH1formsabasa succession of lapilli and ash beds composed of weakly to moderately
bedded, poorly sorted, cross-bedded to dune bedded tephra up to 10 min thickness (Fig.
5a). These deposits contain abundant coral fragments, indicating that the fragmentation
level of magma-water interaction must have been in acoral reef or coral-rich gravel near
the pre-eruption shoreline. Proximal base-surge beds are volumetrically dominant in this

unit (Fig. 5b), interbedded with explosion-breccia horizons associated with more



vigorous vent-clearing phases of the eruption (c.f., Houghton and Schmincke, 1989;
Houghton et a., 1996). Overall, PH1 has a lensoid geometry in three dimensions,
forming the foundations of a prominent tephraring.

Overlying PH1 is a metre-thick, clast-supported, scoriafall deposit MF (Fig. 5¢). Its
clasts are flat, angular, and highly vesicular, with irregular shape vesicles, all suggesting
amagmatic degassing-driven fragmentation of the uprising melt (c.f., Houghton et al.,
1996; Houghton et a., 1999). The unit can be subdivided into at least five (0.1-0.5m
thick) sets of coarse-medium lapilli, each overlain by few cm-thick, laminated fine ash.
The beds are non-graded, moderately sorted with weak stratification. The unit mantles
PH1 with afairly uniform thickness, suggesting its air fall origin (c.f., Wilson and
Houghton, 2000).

PH2 (Fig. 5d) is a 10 m sequence of tephrathat overlies MF. It can be subdivided into 3
major sub-units, each containing a coarse accidental lithic breccia-bearing ash to lapilli
horizon (Fig. 5d). The accidental lithic fragments are predominantly coherent lavarocks
from pre-eruptive mafic lava units as well as indurated phreatomagmatic lapilli tuff
fragments. Some of the blocks up to 1.5 m in diameter with impact sags of 20-40 cm are
ballistic bombs. These 0.5-1.5 m thick accidental-lithic-rich beds are overlain by a
metre-thick succession of cross-bedded to dune-bedded ash and lapilli beds, interpreted
to be high-to-low particle concentration base surge deposited units (after Waters and
Fisher, 1971; Chough and Sohn, 1990; Bull and Cas, 2000) (Fig. 5d). Accretionary
lapilli are common in the finer-grained units of this succession.

The TR unit issimilar, but greater in thickness to MF (Fig. 6). The contact between PH2
and TR is gradational with a broad (about 1 m-wide) transition zone, indicating that the
formation of these two units closely linked (Fig. 6). Abundant coral fragments and

scorialapilli are the main constituents of this unit, which has the mantling and sorting
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characteristics of afall unit (Fig. 6). TR isinterpreted to be alocalized scoriaceous

tephraring that was covered by the tephra deposits of PH2.

The tephraring succession isinterpreted to be deposited predominantly from pyroclastic
density currents (surges and pycroclastic flows) and deposited as the currents gradually lost
energy, as well when tephrafell into the passing base surge currents (Dellino et al., 2004a).
The interbedded 1 m thick scoriaceous fall (MF) isinterpreted to be aresult from an
intermittent change in eruptive style, where water availability to fuel magma-water interaction
was suppressed (Houghton et al., 1999). The tephraring isin semi-consolidated state today,
with a stable upper surface. Wave-induced erosion causes frequent collapse of shoreline
cliffs, especially during storm surges associated with cyclone events. These cliffsform
excellent vertical exposures through the tuff ring at a sub-perpendicular orientation to radial

gullies on the tephraring.

6. Syn-eruptive rewor ked deposits

Inlaterally distal sections (several 300-500 m away from the rim) the primary base-surge
dominated succession of PH2 is progressively replaced by a succession of 0.2-0.5 m thick
beds of reworked tephra (Fig. 7). These deposits intercal ate with the primary units and were
obviously deposited during syn-volcanic reworking of fine ash from the tuff ring sides. This
reworked tephra quickly formed debris flows and/or hyperconcentrated mass flows (Chough

and Sohn, 1990; Lajoie et al., 1992).
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The reworked units comprise 0.2-to-1 m scale beds, lying sub-horizontal, commonly with
sharp and flat-lying contacts (Fig. 7). There are no impact sags or accretionary lapilli in this
part of the succession. The beds are laterally continuous over tens of metres and bed thickness
is commonly uniform over 20-30 m of lateral exposure. At sites 200-300 m from the rim crest
(Fig. 7) massive, boulder-rich debris flow deposits occur and can be c. 1 m thick. Moving
farther away, beds are on the order of 0.2-0.4 m in thickness, and are massive to weakly
stratified, matrix supported, gravely sands (Fig. 8A). Tabular cross-bedding is occasionally
visible, indicating that some of the flows became in some cases more dilute with distance to
form watery run-out flows from the origina hyperconcentrated mass-flows (c.f. Cronin et al.,

2000).

In the most distal exposures (Fig. 8A), ¢ 500 m from the tephra ring crest, massive matrix-
supported fine gravely sands dominate the section, deposits characteristic of sandy
hyperconcentrated flows (Cronin et al., 1999). Intercalated few cm-thick, poorly sorted,
undulating, matrix supported ash deposits represent the distal ends of primary
phreatomagmeatic base-surge deposits (Fig. 8A). Mud drapes of afew mm-cm cover each of
the tabular hyperconcentrated flow beds, indicating that the depositional system was water-
saturated and post-emplacement settling and elutriation of fines occurred between successive
flows (Fig. 8B). Mud drapes formed by such settling processes were observed to take 1-2
hours to form as hyperconcentrated deposits of similar particle size distribution settled post-

emplacement (e.g. Cronin et al., 2000).

The inter-fingering of phreatomagmatic deposits with syn-volcanic reworked volcaniclastic

sediments indicates an ongoing remobilisation of freshly deposited tephra, especially during

the latter stages of the eruption.
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7. Tephra-ring erosion and gully formation

The northern shoreline of the 1913 tephraring in Ambrym follows the semicircular
architecture of the tephraring. Until recently, the succession was covered by heavy
vegetation, but two recent tropical cyclones caused strong coastal erosion, creating continuous
vertical cliff exposures. This section effectively provides a2 km-long lateral cross section
sub-normal to the flow direction of base-surges and pyroclastic density currents. The
exposures show gully forms and tuff ring sequences between c. 500 m and 1500 m from the
inferred elongated vent system within the Lake Fantang area (Fig. 1). They range between

<100 and 800 m outside the rim of the tuff ring.

Early and mid eruption erosion processes
Whilst the distal deposits described above clearly show evidence of significant syn-eruptive
deposition, the primary deposits of the tuff cone sequence, especially PH1, MF and the lower
parts of PH2 show very little obvious evidence for erosion within or between units. Beds are
continuous over lateral exposures of >400 m, with contacts being often sharp and even.
Minor undulations and erosion, mostly forming irregularities on the scale of <0.3m is
evident where base-surges or pyroclastic density current scoured still-saturated substrates
during passage. Deposits of these units often aso contain rip-up clasts of underlying beds.
However the processes feeding sediment into mostly fine-grained debris and
hyperconcentrated flows into the distal areas appears to be:

1. Condensation of primary surges/pyroclastic density currentsinto wet lahars (c.f.

Croninet a., 1997);
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2. and/or, sheet erosion of lower tuff-cone slopes between deposition events by syn-

eruptive rainfall or liquefaction and remobilisation of saturated primary deposits.

The mud flows and debris flowsin the distal areas form tabular beds 0.2-0.5 m in thickness,
mantled by predominantly base-surge generated tephra deposits. These syn-eruptive
processes were very important in sediment redistribution from the tuff ring as well as
significantly changing the surrounding landscape (by creating a broader apron in places
around the tephraring). However, it isimportant to note that during most of the cone/ring-
forming eruptions that large-scale gullying and erosional-scar formation within the tephraring

was not occurring.

Late and post-eruption erosion processes
The most significant difference in the depositional record of the lower tuff ring and that of the

upper part is the presence of magor gullies cut into the tephra sequence of TR and PH2.

In the 2 km long section, at least 26 >1 m deep gullies occur, including 11 >3 min depth. The
deepest is6 m, and is cut into aimost the entire primary tephra succession. The gullies are
typically immature forms with 80% of them having width/depth rations between 2 to 3. The
gullies are cut into predominantly flat-lying beds and typically without primary tephra
deposits draping their sides. In two examples, minor primary draping and infilling deposits
(e.g. Fig. 9B and 10A) occur on gully sides implying ongoing eruption at least during
initiation of gully erosion. Thereisno soil horizon or evidence of weathering on the top of the
tephra units at the gully bases, suggesting no significant time break between gully formation

and partia infilling. This, together with the lack of primary deposit drapesin most gullies

14



implies either that gully deepening was significant post eruption and thus removed any

draping primary deposits, or that at least some of the gullies were started post-eruption.

There are two types of gully cross-sectional forms found in proximal exposures (100-300 m
laterally outside the tephraring-crest); 1) broad and relatively shallow U-shaped gullies (Fig.
9A); and a 2) steep, narrow gullies also with a basal U-shape (Fig. 9B). The broadest gully
exposed is 15 m wide, in contrast to the more-common narrow gullies that are on the order of
2-5 mwide. Inthe distal exposures of the tephraring, >500 m from the ring-crest, gullies are
of only one type. They are shallower, commonly forming only a small and smooth depression

over the tephra succession (Fig. 9C).

Distal exposure gullies are typically fully covered by a vegetation mat of at least 20 cmin
thickness (Fig. 9C). Proximal gullies are a'so mostly heavily vegetated and stable in form
(Fig. 9D). In most gullies, up to 1 m thick debris-flow and hyperconcentrated mass-flow
depositsfill the basal parts of the gully (Fig. 10A). Some of the debris flow deposits contain
clasts up to 1 m size; these are volcanic bombs, and blocks of semi-consolidated tephra beds
from the tephraring (Fig. 10A). In steep gullies, wall-collapses are common (Fig. 10B).
These appear to have formed soon after gully deepening, since the collapsed walls are
commonly preserved by vegetation growth of the same age and form as un-collapsed walls.
The fill sediments, collapsed debris from walls and intact gully sides are @l overlain by athin
humic soil layer and vegetation mat. Similarly interfluves and flanks of the tephraring are
vegetated in the same fashion, including trees with trunk diameters of up to 50 cm. The tephra
ring is completely and evenly vegetated from its rim to the distal lower flanks. Many of the
gully floors probably act as ephemeral channels during heavy rainfall events, despite being

fully vegetated.

15



The vegetation and erosion pattern suggests that the tephra remobilisation and gully formation
must have been intense for a short period, but has now effectively stopped. From the
sedimentological evidence of intercalating hyperconcentrated flow deposits and primary
eruptives at the edges of thering, it appears that the erosion was intense near the end of the
eruption and immediately following it. The lack of significant younger reworking and even
remobilisation of the hyperconcentrated deposits shows that the rapid colonisation of the land
by vegetation very quickly led to stabilisation of the tephraring. Hence, even under the humid
tropical climate conditions, and with frequent cyclones, the gully forms are essentially the

same as their immediate post-eruption state.

Major and Y amakoshi’s (2005) study at Mt St Helens highlighted the fact that thick tephra
cover could initiate intense surface runoff and intensify gully erosion over the bare tephra
covered landscape. This processis likely to be particularly important at Ambrym where
rainfall intensities are high and cyclone events common. Rain storms during the latter stages
of the eruption, or soon afterward could have generated the conditions for overland flow and
initial carving of the gullies. These storms may have even been eruption-related since several
observed ash-eruptions have induced instability in the immediate atmosphere, often

precipitating local electrical storms and heavy rain falls (Blong, 1984).

From a comparabl e environment, the Ilchulbong tuff cone of Cheju Island, Korea shows two
major lithofacies associations identified with mass wasting (Sohn and Chough, 1992).
Lenticular and hummocky beds of massive stacked deposits intercalated between crudely to
thinly stratified lapilli tuffs mark the base of slope. These beds were interpreted to represent

occasional resedimentation of tephra by debris flows and slides during the eruption (Sohn and
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Chough, 1992), in asimilar fashion to the coarse brecciainterbeds identified in the succession
described here at Ambrym. In distal areas at Ilchulbong, massive, inversely graded and cross-
bedded gravelly sandstones are inferred to represent post-eruptive reworking of tephra by
debris and stream flows (Sohn and Chough, 1992). These beds have avery similar
architecture to the distal reworked volcaniclastic units described at the Ambrym tuff ring.
However, here the different facies are interpreted to represent proximal-distal transitionsin
flow character of coeval flows (dilution in sediment content with distance) rather than

different periods of deposition.

Few quantitative data delimit the immediate erosional forces acting immediately after the
formation of tuff cones and rings. At Barcenatephra conein Mexico, 10 m deep, dry valleys
formed just few months alter the eruption under around half the average annual rainfall as
Ambrym (Richards, 1965; White, 1991). The Rininahue maar in Chile underwent significant
fluvial erosion weeks after its eruption (Miller and Veyl, 1956), although since then the
remains of the ring are stable, dissected by gullies and covered by scrub vegetation. It appears
that harder inter-beds in the phreatomagmatic tephra successions (Rosi, 1992), immediately
form hard surface crusts over large surface areas which can stabilise the volcanic landform
relatively quickly and alow time for deeper drainage and tephra compaction and alteration.
Acting against this, however, would be the event of torrential rain falls while the tephra beds
are still in asemi-saturated state, i.e., immediately after deposition. A recent example of this,
under an extremely high-rainfall climate, isasmall tuff cone developed within a crater |ake at
c. 1200 m elevation on Ambae volcano (Vanuatu). This developed during early-mid
December 2005 in the middle of the wet-season, and several rainstorms accompanied and
followed the main period of activity (Németh et al., 2006). Aside from the wave-cut erosion,

small gully systems had developed on the outer flanks of this cone within days of the
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cessation of eruption along with coalescing fans of eroded tephra built up around the cone
(Fig. 11). The sizes and spacing of gullies are significantly smaller than the west Ambrym
cone studied here, but then the Ambae cone is significantly smaller and its slope angle higher

(~ 20° versus < 5-10°).

8. Erosion styles and implications for geomor phic dating

This 1913 tephra ring architecture shows sheet-style deposition dominating in distal areas,
where tabular beds of primary (from surge and pyroclastic density current) and secondary
deposits (from sandy hyperconcentrated mass flow and debris flow) are interbedded. This
distal sequence was clearly formed by syn-eruptive reworking of sediment from higher parts
of the growing tuff ring. By contrast, in the proximal sites, no deposition of reworked
material occurs and little evidence for any erosion is evident in the primary surge and
pyroclastic density current deposits recording the main development of the tuff ring. Only in
the latest-formed deposits of thering are large-scale gullies evident. These are cut into the
upper parts of the primary deposit sequence, and were hence formed in the very latest stages
of the eruption and probably significantly deepened during a short period of intense gully

erosion immediately following eruption.

Once formed, this network of gullies clearly played an important role in channelling rainwater
down the flanks of the volcano. However, even under the conditions of this humid tropical
climate, once vegetated, the gullies have remained very stable in form. In the example we
document, there is no evidence for significant sheet or gully erosion on the flanks of the tuff
ring soon after vegetation cover was established. Tiny, cm-scale rock pillars under a

vegetation mat indicate that small-scale sheet erosion occurs, possibly during exceptionally
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heavy rainfall or cyclone events. These surficial processes appear, however, not to have

played asignificant role in the modification of the tephraring’ s original shape.

The gully network on this tuff ring is not as well developed as those described in other steeper
volcanic cones, such as Vulcan in Papua New Guinea (Ollier and Brown, 1971). This appears
due to the different textural characteristics of the deposits of Vulcan and the 1913 Ambrym
tephraring. Vulcan is a scoria cone, reportedly with very homogeneous and highly permeable
scorialapilli beds that form an amost perfectly shaped cone with slopes at the repose angle of
thelapilli (Ollier and Brown, 1971). This cone was quickly eroded, and a complex gully
network developed in the first decade of the volcano’s existence (Ollier and Brown, 1971). At
Ambrym, the tephraring is significantly lower, and mostly with only gentle slopes (< 10). In
addition, the tephra beds that make it up have very different sorting, particle size distribution,
compaction and permeability characteristics to bedded scoria. The aternation of highly
variable bed types can lead to features such as thin, compact fine-grained layers armouring
more readily-reworked units below. It may also lead to perching of water in sub-surface
horizons and even devel opment of high hydrostatic pressures to generated deeper failuresin
the cone deposits. Hence, the strong variability in grain size and textural characteristics of the

beds making up the ring also favoured the devel opment of an irregular erosional pattern.

The main deposit types in tuff rings include very poorly sorted coarse-block bearing tuff
horizons, firmly compacted fine ash beds and friable scorialapilli beds. Some of the finer-
grained, accretionary lapilli bearing tuffs form particularly hard beds up to 25 cm thick. These
very likely play an important role in controlling pore water movement through the volcanic
edifice aswell as being strongly resistant to surface runoff. This effect is particularly strong

following rapid diagenetic processes which harden the beds still further, stabilising the tuff-
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ring flanks. The poor sorting characteristics of the phreatomagmatic tuffs also hinder
effective infiltration and subsurface water flow, which also strongly controls how erosion may
start on the flanks. The importance of such textural variations in the erosion processes acting
on pyroclastic successions of phreatomagmatic volcanoes was al so pointed out during studies
of the long term erosional pattern of tuff ringsin subaerial settings (White, 1991). With much
older units studied by White (1991) it was concluded that the initial condition of the tephra
ring as well as the climate plays the most important role how erosion will continue in such
volcanoes. Our resultsindicate that it is the most important processes controlling
phreatomagmeatic volcano shape are erosion forms that occur during the very last stages of
eruption and immediately following it. Once vegetation is established, very little long term
change appearsto occur. Thisisnot only true for the 1913 cones, but nearby vents from an
1876 and other |ate Holocene eruptions on Ambae show similar cone morphologies to the
1913 events. These implications are important for studies where the morphology of conesis
used to establish patterns of relative age relationships in monogenetic volcanic fields (e.g.
Hasenaka and Carmichael, 1985; Cronin and Neall, 2001). Our findings suggest that it is the
immediate post-eruption erosion that is important and longer term processes are likely to only

exert avery minor influence on the morphology of phreatomagmatic cones and tuff rings.

9. Conclusion

On the basis of field observations of atephraring formed 1913 in West Ambrym, Vanuatu,
we have elucidated the timing and nature of erosion processes that give rise to the typical
morphological characteristics of phreatomagmatic cones and rings. The low slope angles of
the flank and the diameter of the ring in relationship with the crater diameter are very similar

to other tephra rings described in many different settings (Heiken, 1971; Fisher and
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Schmincke, 1984; Cas and Wright, 1988; Vespermann and Schmincke, 2000). Hence the
processes we describe here are like to be broadly applicable to many areas of
phreatomagmeatic volcanism. We conclude that while sheet erosion may be important
throughout the formation of such cones, gully erosion is only important in the very late stages
of eruptions and immediately following them. The variations in texture of tephra succession
in phreatomagmatic volcanoes include layers of poorly sorted or relatively firm fine-ash beds
which are resistant to surface erosion. Following rapid vegetation of such conesin tropical
areas, they become very stable, with even heavy rainfall events and cyclones not causing
deepening of gullies or significant changes in the tuff cone shape, at |east over the scale of
100’ s and perhaps afew thousand years. These observations together indicate that long-term

erosion patterns of tephra rings should be interpreted in relation to age with care.
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Fig. 1

A - Overview of the SW-Pacific.

B - Overview of Vanuatu volcanic arc.

C—D - Overview of Ambrym island

E - Enlargement of the 1913 eruption site. Thick grey line on coast represents the study site.
Black thick line marks the tephraring crater rim.

Fig. 2
Overview of the Lake Fantang maar lake from the east.

Fig. 3
Overview of the Lake Fantang maar from air from the north. Coastal section exposes about
2.5 km long distal succession of the phreatomagmatic tephraring.

Fig. 4
Overview of the pyroclastic succession with PH1, MF1, PH2 close to the small low bank of
the northern side of the Lake Fantang maar. Arrows point to gullies in cross section.

Fig.5

A —base surge beds (bs) overlain by breccia horizon (bh) rich in accidental volcanic lithic
bombs and blocksin PH1 unit. Hammer isin the circle.

B — pyroclastic breccia horizons in PH1 unit. Arrow points to the impact direction of a
ballisticly emplaced volcanic lithic block.

C — scoriaceous tephra (MF) separates PH1 and PH2. Arrows point to coral fragmentsin the
tephra beds (c). Hammer isin the circle.

D — overview of PH2 succession dominated by dune bedded base surge (db bs) beds. Arrow
points to the impact direction of the volcanic lithic clast in the centre of the picture. Hammer
isinthecircle.

Fig. 6
Overview of the pyroclastic succession of TR. Dashed line shows the broad transition zone
between PH2 and TR. Arrows point to small gullies cut into TR unit.

Fig. 7
Overview of reworked distal tephra section

Fig. 8

A —homogeneous, massive, grey volcaniclastic deposit in the distal section

B — aternating coarse grained sandy deposit with mud drapes (md — and arrows) indicative
for water-rich depositional environment.

Fig. 9

A —broad, shallow gully

B — deep, steep gully

C — vegetation mat over shallow gully in distal section
D — heavy vegetation cover in gully floor

Fig. 10
A —debrisflow deposit filling the gully floor
B — collapse texturesin gully wall
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Fig. 11

A —newly formed (December 2005) tephra cone in the Lake Vui calderalake (Ambae Island,
Vanuatu). Note the initial wave cut erosion marks on the shoreline of the new island.

B — aerial view of the newly formed (December 2005) Surtseyan tephraconein Lake V ui
(Ambae Island, Vanuatu) with straight immature gully network on its flank (arrows).
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