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Abstract 

A study to better understand the shallow conduit processes and eruptive manifestations of 

Strombolian-style volcanism was conducted at Mt Yasur, on Tanna Island, Vanuatu. It 

comprised an 11-week, multi-component monitoring deployment that utilized seismometers, 

gas spectrometry, thermal-IR imagery and visual observations. From this, explosion 

parameters were quantified and related to global analogues. Strombolian-style explosions 

occurred at rates of 30 to 129 per hour, reaching heights of 30-520 m, and ranging in style 

from Types 1, 2a, 2b, and a new style defined as Type 3. Cycles of 10 to 20 days were observed 

to indicate changes in magma and volatile flux across the whole volcano. Other ~5-day 

fluctuations at individual vent zones reflected changes in magma and degassing percolation 

within each upper conduit branch. An overall decline in the strength of activity during the 

observation period signified a longer cycle only partly observed. Statistical modelling revealed 

that the two main craters (South and North) are separated deeply, but above the level of the 

magma reservoir. Two vent zones within South Crater (A and B) are closely connected and 

display alternating activity with some periods of simultaneous paired explosions. This 

indicated only shallow separation of conduits above the point of gas-slug formation. The most 

powerful volcanism occurred during periods of increased background activity and SO2 flux, 

associated with hot conduit pathways filled with mobile magma. Lower power and low 

frequency, ash-rich eruptions occurred (Type 2b) if cooling and stagnant magma was present 

within the conduit. A new explosion type, Type 3, occurred when vents were deeply buried by 

surface debris and with no background degassing. Precursory low-frequency seismic signals 

indicate that gas is trapped beneath the surface, and that gas-rupture mechanics for Type 3 

differ from other explosion types. Overall proximal hazards are primarily from ejection of lava 

bombs. Mean explosion heights of 150 m and ~250 m are required to reach the rim and outer-

flanks (and car park), respectively. On 31% of days, bombs landed on the rim and on 2% of 

days, they reached the car park. The outcomes of this study included linking the variation in 

explosion types at steady-state Strombolian-style volcanic activity to the upper conduit magma 

state and identifying new hazard warning/mitigation strategies. 
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1.1. Project Overview 

Mt Yasur, located on the SE of Tanna Island, is one of the most active volcanoes of the Vanuatu 

archipelago (Bani et al., 2013). It is one of at least 10 open-vent, basaltic to basaltic andesitic 

volcanoes across the world that are in a state of perpetual activity, many with visible lava lakes 

or repeated incandescent Strombolian-style explosive eruptions. Other famous examples of 

persistently active volcanoes include; Etna and Stromboli (Italy), Piton de la Fournaise 

(Reunion Island), Masaya (Nicaragua), Erebus (Antarctica), Villarica (Chile), Pacaya 

(Guatemala), Kilauea (Hawai’i), Erta Ale (Ethiopia), Ambrym (Vanuatu) and Whakaari /White 

Island (New Zealand). These highly active, but comparatively weak volcanoes often attract 

high numbers of tourists that are able to gain very close access to the erupting vents. Sudden, 

unheralded increases in eruption power sporadically occur, and in recent years have resulted in 

several deadly events, including those in 2019 at Stromboli and Whakaari /White Island. 

Yasur has existed in a near-perpetual state of eruption for the last ~800 years, with current 

activity consisting of regular, small, Strombolian explosions (Firth et al., 2014; Nairn et al., 

1988; Oppenheimer et al., 2006). Explosions occur tens of seconds to minutes apart and are 

caused by volatile exsolution at depth and bursting of pressurized gas slugs - similar processes 

to those at Stromboli, Italy (Kremers et al., 2013; Nabyl et al., 1997). The Strombolian-style 

activity at Yasur has built up a succession of remarkably uniform tephra deposits comprised of 

a homogeneous basalt-trachyandesitic magma (Eissen et al., 1991; Firth et al., 2014; Métrich 

et al., 2011). Minor differences in tephra layers represent small fluctuations in eruption activity, 

which are caused by slight variations in magma chemistry (e.g. volatile flux) (Firth et al., 2014). 

It is believed that the multiple summit vents have a common feeder system (at depth) where 

homogeneous magma is generated (Kremers et al., 2012). 

Yasur is a global exemplar of steady-state volcanism, occurring when a volcano's magma 

reservoir is tapped and replenished at an equal rate, which typically results in a constant volume 

of erupted material (Albarede 1985; O’Hara 1977). Variation in eruption style and intensity of 

steady-state volcanoes is generally narrow, as is the composition of the magma erupted. Steady-

state volcanoes are generally long-lived and can sustain eruptions over periods of tens to 

thousands of years (Albarede 1985; O’Hara 1977; Taddeucci et al., 2012). The prevalence and 

longevity of these steady-state systems makes them a substantial contributor of sulphur and 

other volcanic gases to the atmosphere (Allibone et al., 2012, Bani et al., 2009). Yasur emits 

an estimated ∼15,000 t of gas daily that primarily consists of H2O, SO2 and CO2 (Métrich et 
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al., 2011). It is one of the largest sources of volcanic SO2 on the globe, and appears in the top 

ten of a list of forty-nine continuous volcanic SO2 emitters (Andres and Kasgnoc, 1998; Bani 

and Lardy, 2007). 

Many of the processes that operate at Yasur and the similar persistently active basaltic 

volcanoes around the world are still not deeply understood. A strong scientific interest in these 

volcanoes has arisen because they provide a direct window into magmatic systems deep within 

the Earth. The geochemistry and eruption dynamics are very consistent in steady-state systems, 

however, the processes that sustain such regular scales, types and compositions of volcanism 

over such long timescales remain unresolved in detail (Auippa et al., 2010; Métrich et al., 2010, 

2011; Firth et al., 2014). Further, little is known about how variable the range of activity styles, 

magnitudes and hazards can be while a volcano is in a steady-state. There is, for instance, great 

variability in the height and size of Strombolian explosions, which imparts different hazards 

on the surrounding communities (Patrick et al., 2007; Houghton et al., 2016; Gaudin et al., 

2017b). The mechanisms that drive these highly frequent small-scale eruptions, and control 

changes in magnitude are not yet fully understood. The constant magmatic degassing displayed 

at Yasur, combined with frequent and regular eruptions, make it possible to study the volcanic 

processes operating over time periods of months, weeks, days, and even hours. Yasur is thus 

an ideal place for the study of steady-state volcanism and how internal (magmatic) and 

external/environmental influences drive variations in hazard state. 

The highly active volcanic landscape of Tanna poses a number of hazards to the local 

population of ~30,000. The inhabitants rely on the agricultural economy of the island, which 

is greatly affected by volcanic ash and gasses that destroy buildings, poison crops and 

contaminate water sources. Another significant source of wealth on Tanna is tourism, for which 

Yasur is a major attraction. The current hazard management plan for controlling risk to human 

safety on the volcano is reactive and restricts access to viewing areas and car parks in response 

to the intensity of the eruptions. Access is more restricted during, and after, periods of higher 

explosivity. The ability to recognise cycles and/or signals before highly explosive phases could 

potentially save lives and improve the ability of the local authorities to manage the risks 

associated with the volcano. 

Yasur has only been sporadically investigated in the past, mostly involving hours to days-long 

monitoring to test geophysical methods (Oppenheimer et al., 2007, Kremers et al., 2013; Jolly 

et al., 2017; Mandon et al., 2018). This is primarily due to the isolation of Vanuatu and the 
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poor infrastructure development of Tanna Island. Previous researchers have noted different 

levels of activity (e.g. Bani et al., 2013; Meier et al., 2015), but there is little understanding of 

the ranges of eruption magnitude and style, the rates of any changes in these behaviours, and 

the processes that are driving these changes within the steady-state system. Further, many 

steady-state volcanoes are complicated because they erupt from multiple vents, with little being 

known about their relationships to one another or to the magma chamber feeding them; for 

example, Stromboli (e.g. Salvatore et al., 2018) and Ambrym Marum and Benbow lava lakes 

(Nemeth and Cronin, 2008). Investigation of the relationships between the commonly observed 

multiple vents at Yasur has never been addressed in past studies. 

In this study, a multi-component dataset was collected from a steady-state active volcano with 

the aim of quantifying day-to-month-long variability in explosive power, gas and magma 

output. The study integrates visual observations, with gas, seismic and thermal infrared data to 

interpret the processes behind changes in eruption behaviour at Yasur, as well as the processes 

that control magma supply to the multiple, interconnected vent zones. These data are used to 

contribute new ideas to models of the shallow magmatic processes at persistently active 

volcanoes, as well as new hazard-mitigation strategies that could be applicable both locally and 

to steady-state volcanoes worldwide. 

 

1.2. Research Aims 

1. To extend the global understanding of the range in expression of Strombolian-style 

eruptions through detailed observations at Yasur volcano, Vanuatu, in the context of other 

similar volcanoes around the world. 

2. To investigate the link between variations in the surface expression and style of 

volcanism at a steady-state volcano in relation to vent, shallow conduit, and shallow magma 

reservoir processes. 

3. To explore whether there is any systematic daily to monthly variability of the Yasur 

steady-state volcano (e.g. in eruptive frequency, eruption height, vent location, eruption style, 

ash generation, gas output) that can be related to shallow magmatic processes. 

4. To understand the dynamics of vent shifting, vent formation and closure displayed at 

multi-vent Strombolian-style volcanoes. 
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5. To understand the combination of magmatic and environmental factors that combine to 

generate the volcanic hazards at Yasur volcano, including any periodicity, the maximum-

hazard potential (local and distal), and any influence of weather patterns (e.g. rain/drought) on 

explosion styles and hazards. 

 

 

Figure 1.1. Geographic location of Tanna Island within the Vanuatu arc. The arc results from the 

eastwards subduction of the Indo-Australian plate beneath the Pacific plate. Adapted from Merle et al., 

(2013). 
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1.3. Geologic Setting 

Yasur is a simple, small scoria cone located on the SE of Tanna Island which lies in the southern 

end of the Vanuatu Archipelago (Figure 1.1). The 361m high cone began to form at ~1400 

years BP and has existed in a near-perpetual state of eruption for the last ~800 years (Firth et 

al., 2014). Current volcanic activity at Yasur consists of regular Strombolian to Vulcanian-

style explosions from three separate crater zones (each with distinct activity cycles) (Firth et 

al., 2014; Jolly et al., 2017). Typical explosions generally last a few seconds, and can occur 1-

3 times per minute, with as long as ten minutes between explosions (Spina et al., 2015; Meier 

et al., 2015). During explosions, pyroclastic ejecta are expelled at great speeds (100s of m s-1) 

to heights of tens to hundreds of metres vertically above the crater rim, and most commonly 

fall within the confines of the inner crater (Gaudin et al., 2014a). The period between 

explosions is dominated by a near-continuous emission of a plume of gas and fine tephra 

(Oppenheimer et al., 2006). 

1.3.1 Tanna Island, Vanuatu 

Tanna Island (~550 km2) has been built from successive phases of Pliocene to recent basaltic 

volcanic activity as the result of the eastward subduction of the Australian plate beneath the 

Pacific plate (Auzende et al., 1995; Louat et al., 1998). Yasur is the youngest of a group of 

Holocene volcanic centres constructed over the down-dropped flank of the Pleistocene 

Tukosmeru composite volcano in the SE part of Tanna Island (Carney and MacFarlane, 1979). 

The volcanic deposits that have built the island are divided into three major groups: The Green 

Hill Group (Pliocene to Pleistocene); The Tukosmeru Group (Pleistocene); and the Siwi Group 

(late Pleistocene to recent) (Carney & MacFarlane, 1979; Nairn et al., 1988; Firth et al., 2014). 

The Siwi Group are basaltic andesite to andesite in composition and linked with two >1 km3 

caldera-forming eruptions that produced the Old Tanna Ignimbrite (~43 ka) and the Siwi 

Ignimbrite (~8-20 Ka) and formed the Yenkahe Caldera (Figure 1.2) (Robin et al., 1994; Allen, 

2005). Post- caldera volcanism was confined to the edges of the Yenkahe uplift dome (Figure 

1.2) (Robin et al., 1994; Merle et al., 2013). The system displays remarkable constancy in the 

composition of magmas erupted throughout the past >1,500 years (Métrich et al., 2011; Firth 

et al., 2014). 
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Figure 1.2. Annotated satellite image of The Yenkahe Caldera. The Yenkahe resurgent dome and the 

Yasur volcano are located within the Siwi caldera ring fracture. Yasur is located at the fault bounded 

edge of the Yenkahe dome, as is the older cone Ombus located on the southern side. Adapted from Google 

Earth. 

1.3.2 Persistently Active, Steady-state Volcanoes 

Yasur is classed as a persistently active and steady-state volcano (Francis et al., 1993; 

Stevenson and Blake, 1998; Oppenheimer et al., 2006; Métrich et al., 2011; Firth et al., 2014). 

While globally rare, several famous examples include Stromboli and Etna (Italy), Erebus 

(Antarctica), Massaya (Nicaragua), Erta Ale (Ethiopia), Ambrym and Yasur (Vanuatu). 

Persistent activity is unusual in that eruptions are sustained over periods of tens to thousands 

of years (Rosi et al., 2000; Oppenheimer et al., 2009).  

The processes required to sustain constant eruptions over such long timescales are different to 

those that drive a typical volcanic system - where periods of dormancy are interrupted by 

sudden, and mostly short-lived, eruptions. Steady-state volcanoes are defined by magmatic 

systems in which magma reservoirs are tapped and replenished at an approximately stable rate 

(O’Hara, 1977; Albarede, 1985; Métrich et al., 2011), typically resulting in a semi-constant 

volume of material erupted. To sustain magma and volatile fluxes, reservoirs must be very 

large and/or experience regular replenishment of new magma (e.g. Firth et al., 2014). Steady-

state volcanoes show limited variation in eruption style and intensity, and the composition of 

the magma erupted is generally narrow (Francis et al., 1993; Firth et al., 2014).  
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Persistent eruptive activity is usually accompanied by high rates of volcanic degassing with a 

characteristic discrepancy between the high volume of gas emitted and low volume of magma 

erupted (Stevenson and Blake 1998). Day-to-day and long-term fluctuations in SO2 flux at 

Yasur are apparent within the datasets of Bani and Lardy (2007), Bani et al., (2012) and Firth 

(2016), with average SO2 fluxes commonly exceeding 500-1000 tons day-1. Maintaining 

elevated volatile fluxes for prolonged periods requires an open system in which magma at depth 

is connected with the Earth’s surface, with regular magma renewal. This system is commonly 

thought of as a chamber in which convective overturn of magma occurs. Within the conduit, 

buoyant and volatile-rich magma ascends before volatile exsolution and crystallisation causes 

the density of the magma to increase, causing it to then sink back down (Burton et al., 2007a; 

Palma et al., 2011; Beckett et al., 2014). 

1.3.3 The Origin of Magma Feeding Yasur Volcanism 

Yasur magmas belong to the same magmatic evolution series as the Siwi Group (Firth et al., 

2014), the Old Tanna Ignimbrite (Robin et al., 1994), and the Tanna basalts that were erupted 

as long as 2.4 Myr ago (Carney and MacFarlane, 1979; Peate et al., 1997; Métrich et al., 2011). 

Since ~1270 A.D Yasur has had a relatively constant magma output rate of ~410-480 m3 day-

1 (Firth et al., 2014). Numerous authors have proposed a long-term, steady feeding of Tanna 

Island volcanism from a homogeneous arc basaltic magma (Nairn et al., 1988; Metrich et al., 

2011). Métrich et al., (2011) found that the Yasur basaltic trachyandesites are derived from 

~50% crystal fractionation of a parental basalt, moderately enriched in volatiles. The 

geochemical constancy of Yasur’s eruptives points to steady conditions of magma supply and 

differentiation during this time, with crystal fractionation as the dominant process that controls 

basalt differentiation between the compositions of Yasur and older magmas (Metrich et al., 

2011). Estimates of the amount of basaltic magma feeding Yasur (based on the rate of 

magmatic degassing) is about ~4·1x103 kgs-1, of which nearly half is differentiated into basaltic 

trachyandesite (Figure 1.3) (Métrich et al., 2011). Basaltic andesite magma is thought to be 

emplaced between ~5-4 km depth and the surface (Métrich et al., 2011; Firth et al., 2014). It is 

believed that there must be a large, deep magma reservoir able to accommodate the 

accumulated volume of basalt over the last ~1400 years. (Métrich et al., 2011; Firth et al., 

2014). 
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Figure 1.3. Cross-section diagram (not to scale) of the surface profile from W-E, and the subsurface 

plumbing system beneath the Yenkahe Caldera. Metrich et al., (2011) propose that ~25 km3 of degassed 

basaltic trachyandesite may have accumulated beneath the Yenkahe Caldera during the last 1000 years, 

which is one order of magnitude larger than the accumulated deformation of the Yenkahe uplift dome 

over the same time interval. Adapted from Métrich et al., (2011). 

1.3.4 The Yenkahe Uplift Dome 

Yasur sits within the wider Yenkahe Caldera (Nairn et al., 1988), which has been formed 

through two ignimbrite-producing eruptions over the past 50 kyr (Figure 1.2) (Allen, 2005; 

Firth et al., 2015). The most recent of these, the Siwi Ignimbrite, contains juvenile clasts of 

trachyandesitic composition that is geochemically linked to the current eruptive products from 

Yasur (Métrich et al., 2011; Firth et al., 2014). Post-caldera activity has included the rapid 

uplift (of more than 156 mm yr-1) of a dome at the centre of the caldera named the Yenkahe 

dome (also referred to as ‘block’ or ‘horst’) (Figures 1.2 & 1.3) (Chen et al., 1995; Brothelande 

et al., 2015). This ranks amongst the highest rates of uplift observed worldwide in volcanic 

caldera complexes (Chen et al., 1995; Merle et al., 2013). Métrich et al., (2011) propose that 

continuous degassing has led to the accumulation of 25 km3 of degassed and non-erupted 

magma over the past thousand years. Steady intrusion of this magma is considered responsible 

for the uplift of Yenkahe dome, which is estimated to have risen 150 m over the last thousand 

years (Chen et al., 1995; Métrich et al., 2011; Brothelande et al., 2015). The storage of ~25 km3 

of degassed, and hence dense, molten magma could have formed an accreting sill-like body 1-
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5 km in height, crystallizing on its margins (Figure 1.3) (Métrich et al., 2011). This difference 

between degassing rates and eruptive volumes is not unique to Yasur. Stromboli volcano emits, 

through its summit plume, more gas than is contributed by degassing of the erupted magma 

(Allard et al., 1994). This has been taken as evidence of degassing driving continuous magma 

convection into a relatively shallow (~1 km) magma reservoir, with the degassed, non-erupted 

magma sinking back into the chamber and being replaced by the ascent of gas-rich, less dense 

magma (Harris and Stevenson, 1997; Stevenson and Blake, 1998; Burton et al., 2007a, 2007b). 

1.3.5 Dynamics of Explosive Strombolian-style Activity 

The current understanding of Yasur’s eruptive processes -is explained in terms of typical 

Strombolian-style dynamics (Jaupart and Vergniolle, 1988; Parfitt, 2004; Gaudin et al., 2017b). 

Explosions eject gas and solids, with the solid component taking the form of bombs that follow 

ballistic trajectories, or fine ash that rises buoyantly with the plume (Patrick et al., 2007). 

Eruptions are driven by gas release, with changes in eruptive behaviour governed by small 

perturbations in gas quantities over time (Jaupart and Vergniolle, 1988; Harris and Ripepe 

2007b; Bani et al., 2013). Gas bubbles are produced by degassing of magma at depth driven by 

a number of processes (e.g. magma convection/circulation, recharge and fractional 

crystallization) (Nairn et al., 1988; Métrich et al., 2010). External forces may also influence 

eruptive behaviour (e.g. regional tectonics, surface hydrology, gravitational fields).  

The magma dynamics of Strombolian volcanoes are typically explained using one of two 

models: the “collapsing foam model” and the “rise speed–dependent model” (Jaupart and 

Vergniolle, 1988, 1989; Parfitt, 2004). The collapsing foam model suggests that bubbles 

accumulate to form a foam layer. The eventual collapse of the foam layer produces a large 

pocket (or slug) of gas that rises up the conduit and bursts at the surface as a Strombolian event 

(Jaupart and Vergniolle, 1988). The rise speed-dependent model suggests that Strombolian 

eruptions are a result of bubble coalescence. When bubbles form in the melt they grow by 

diffusion and decompression, before rising through the magma. Larger bubbles rise faster than 

smaller bubbles and are able to coalesce with the smaller bubbles that they intercept on their 

way. This process can lead to the formation of huge bubbles that produce Strombolian 

explosive bursts (Parfitt, 2004). 

Similar to Stromboli, a complex multi-stage degassing model is inferred at Yasur with major 

explosions driven by the arrival of large gas slugs primarily from a deeper source (~4-5 km) 

and background puffing and rapid explosions of small gas batches from shallow sources (~1 
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km) (Oppenheimer et al., 2006; Métrich et al., 2011; Bani et al., 2013; Marchetti et al., 2013; 

Spina et al., 2015). Bani et al., (2013) proposed that this activity may be a combination of the 

two models discussed above. They outlined a dual-model comprised of two different degassing 

regimes:  

1. The background degassing regime is maintained by the frequent bursting of relatively 

small gas batches. It comprises the quiescent periods between high-energy events 

characterized by frequent, low energy bubble bursting. This lower energy steady flux 

is fed by a continuous supply of gas from the shallow source, where bubbles 

coalescence during ascent, organised as indicated by the rise speed–dependent model 

(Figure 1.4) (Bani et al., 2013). 

2. The high-energy explosion regime of the less frequent bursting of large gas batches. 

Larger bubbles tend to form clusters that are separated by a 1 to 30-minute hiatus (Bani 

et al., 2013). Bursts are fed by foam layer collapse originating from a deep, fresh magma 

reservoir, and the hiatus is the time required to regenerate the foam (Figure 1.4). This 

is comparable to the findings of Burton et al. (2007a) at Stromboli volcano, where large 

slugs are generated ~3 km deep. 

 

Figure 1.4. Sketch of the magma dynamics beneath Yasur. Continuous shallow degassing feeds minor 

incandescent jets (1). Periodic deep sourced gas slugs feed larger explosive events (2 and 3). The magma 

level in the vent moves up due to rising gas bubbles and lowers due to the loss of gas resulting in conduit 

depressurization and/or sucking. Adapted from Bani et al., (2013). 
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1.3.6 Classification of Strombolian Explosion Types 

Early classifications of styles of volcanic activity were based on common characteristics of 

events at archetypal volcanoes. The mildest explosive activity was termed Strombolian, after 

Stromboli volcano, and was defined as the activity of volcanoes erupting “only fresh 

incandescent pyroclastic material and fluid (scoria, bombs, ash, and glassy sands)” (Mercalli, 

1907). Walker (1973) proposed that ‘Strombolian’ be restricted to all pyroclastic fall deposits 

with dispersal areas smaller than 10 km2 and a fragmentation index lower than 10%. Volumes 

of products have also been used as means to constrain Strombolian activity, with total ejecta 

volumes set between 0.01 to 10,000 m3 (Volcanic Explosivity Index of -6 to -1) (Newhall and 

Self, 1982; Tamburello et al., 2012; Houghton et al., 2013, 2016). 

Within the Strombolian-style umbrella term, a wide variety of Strombolian styles exist (Table 

1.1), often with blurred boundaries between styles. At a single vent, volcanic activity may 

alternate (Ripepe and Harris, 2008) or even combine (Bani et al., 2013) 

Table 1.1. Strombolian-style explosion types (after Gaudin et al., 2017b). 

Activity  Definition Reference 

Puffing “Rapid and repeated emission of discrete 

packets or batches of high-temperature gas 

from the source vent (…) often associated 

with the emission of one or two small 

incandescent bombs” 

(Harris and Ripepe., 

2007b) 

Rapid explosions “Weak and, generally, very closely spaced 

explosions erupting a large amount of bombs 

at a few tens of meters” 

(Houghton et al., 

2016) 

Normal explosions “Jets up to an elevation of 100–200m of gas 

and incandescent magma fragments which 

last up to few tens of seconds” 

(Barberi et al., 

1993) 

Normal explosion subtypes   

Type 0 (gas-dominated) 

*Type 3 

“High-velocity emission (150–250m/s) of a 

few relatively small juvenile particles, with 

entrained non-juvenile clasts” 

(*Goto et al., 2014; 

Leduc et al., 2015) 

Type 1 (bomb-dominated) “Ballistic-dominated, with plumes that were 

only faintly visible just above the crater rim” 

(Patrick et al., 2007) 

Type 2a (ash-and-bomb-

dominated) 

Explosions involving “a conspicuous ash 

plume, (…) a visible gas thrust phase, and 

usually expelling significant ballistics” 

(Patrick et al., 2007) 

Type 2b (ash-dominated) “a conspicuous ash plume, (…) convective 

velocities visible above the crater rim, and 

ejecting a minor amount of ballistic 

particles” 

(Patrick et al., 2007) 
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Normal Strombolian Explosions 

At Stromboli, explosive activity is primarily categorized based on the magnitude and the 

frequency of the explosions (e.g. Patrick et al., 2007, Gaudin et al., 2017). However, the spatial 

limits of this classification vary from one volcano to another. 

Normal activity at Stromboli consists of explosions that are transient events (e.g. Ripepe et al. 

2002) with clear starts and ends, occurring up to 30 times per hour (Taddeucci et al., 2013). 

Each explosion typically lasts <20 s (Houghton et al., 2016; Patrick et al., 2007), and ejects 40 

to 1200 m3 of gas (Tamburello et al., 2012) together with 0.1 to 100 tons of pyroclasts (Gaudin 

et al., 2014b; Bombrun et al., 2015) at velocities up to 400 m s-1 (Taddeucci et al., 2012). 

Ballistic fountains reach heights of 50 to 400 m (Rosi et al., 2013). Recent use of high-speed 

imagery (Gaudin et al., 2014; Taddeucci et al., 2015) shows that each normal explosion consists 

of multiple sub-second pulses. 

Normal explosions have been subdivided based on the mixture of gas, ash and ballistic 

components (Table 1.1). Working with visual and thermal images, Patrick et al. (2007) 

established a 3-part scheme. Type 1 (ballistic-dominated), Type 2a (ash-dominated with visible 

gas thrust phase and significant ballistics), and Type 2b (ash-dominated with convective 

velocities above the crater rim and only a minor amount of ballistic particles). Recently, a 

fourth class, denoted either Type 0 (Leduc et al., 2015) or Type 3 (Goto et al., 2014), has been 

introduced to include gas-dominated explosions.  

Products of Type 1 explosions generally reach the greatest heights and involve higher velocity 

ejecta with a wider dispersal of ballistics (Patrick et al., 2007). The dynamics of the normal 

Strombolian eruptions also vary, with Types 0, 1, and 2a showing impulsive starts, while ash-

rich explosions (Type 2b) start gradually, with maximum intensity reached after a few seconds 

of explosions (Patrick et al., 2007; Gaudin et al., 2014b, Gaudin et al., 2017b). Ash-rich normal 

explosions are also usually longer duration than bomb-rich and gas-rich ones (Gaudin et al.; 

2017b). 

Background Strombolian Activity 

The background state of Stromboli, between explosion events, is characterised by semi-

continuous release of small volumes of gas (puffing) and gentle ejection of few pyroclasts 

(Table 1.1) (Gaudin et al., 2017a). This behaviour coincides with volcanic tremor (Ripepe et 

al., 1996; Harris and Ripepe, 2007a) that oscillates in frequency and energy due to gas 
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movements and magmatic convection within a shallow magmatic reservoir (Ripepe et al., 

1996; Chouet et al., 1997; Wassermann, 1997; Gilbert and Lane, 2008; O’Brien and Bean, 

2008). 

Puffing was defined by Harris and Ripepe, (2007b) as “Rapid and repeated emission of discrete 

packets or batches of high-temperature gas from the source vent (…) often associated with the 

emission of one or two small incandescent bombs”. Puffs generally comprise a single pulse, 

although at Stromboli up to four have been seen on some rapid explosions, and over 100 on 

some normal explosions (Gaudin et al. 2017b). Typical volumes of gas puffs at Stromboli have 

been estimated to be in the order of 0.1 to 20 m3 volume, with velocities of 20 m s-1 or less, 

after which the gas rises buoyantly at ~5 m s-1 (Harris and Ripepe 2007b; Tamburello et al., 

2012; Gaudin et al. 2014b; Gaudin et al., 2017b).Puffing typically displays oscillating thermal 

signals (e.g. Gaudin et al. 2017a). 

Rapid Explosions were proposed by Houghton et al. (2016) as a new, separate style of 

explosive activity “…sequences of very closely spaced and, generally, very weak explosions, 

with a periodicity at least two orders of magnitude higher than that of normal explosions at 

Stromboli”. Such activity has been observed and recorded on surveillance cameras at 

Stromboli, Etna, and Yasur (Andronico et al., 2005; Gaudin et al., 2014b). Rapid explosions 

typically produce greater volumes of gas and higher ejection velocities (~30 m s-1) than puffing 

(Gaudin et al., 2017b). 

1.3.7 Controls on Strombolian Explosion Types 

Despite a large body of research on Strombolian-style activity, the transitions between different 

variations remain poorly documented, and so do the underlying processes (e.g. Gaudin et al., 

2017b). Products form a continuum from gas-rich (Type 0) through bomb-rich (Type 1 and to 

Type 2a), to ash rich (Type 2b). The former being, in general, shorter, having faster exit 

velocities, and being more impulsive, while the later, in general, last longer, have lower 

velocities, and are more emergent. 

Because all possible eruption dynamics are part of a continuum, Gaudin et al. (2017b) proposed 

that all observed activities can be represented in a two-axis scheme based on two parameters 

(Figure 1.5), and divided into three regions: impulsive, emergent, and combinations of the two 

that are not observed (e.g. ash-rich puffing).These two parameters are: The length of the gas 

pocket (that primarily controls the size/magnitude of the explosion), and, the presence of a high 
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viscosity layer or HVL (that controls the style and composition). The classification of activity 

into puffing, rapid explosions, and the four types of normal explosions represents only end-

members, with blurred boundaries. 

 

Figure 1.5. An interpretative scheme of vent dynamics for Strombolian activity. Arrows on the right of 

the diagram represent the evolution of the main parameters of the explosions with the two controlling 

factors. 1. Transitions from puffing through to normal explosions are controlled by increasing volume of 

the bursting gas pocket with respect to the vent diameter. 2. The presence and the thickness of a high-

viscosity layer (HVL) controls the type of Strombolian explosions and concomitant puffing dynamics. 

Adapted from Gaudin et al., (2017b). 

 

Volume/length of the Gas Slug and Conduit Diameter 

Analytical and experimental studies demonstrate that the volume of a gas slug (translated to 

slug length within a conduit) is directly linked to the overpressure when it bursts (James et al., 

2008; Del Bello et al., 2012), which in turn is linked to the ejection velocity of the resulting 

explosion (Alatorre-Ibargüengoitia et al., 2010; Taddeucci et al., 2012). The fundamental 

difference between puffing and normal explosions is the volume of the gas slug, where normal 
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explosions are associated with higher slug volumes and greater ejection velocities (Gaudin et 

al., 2017b). In the case of puffing, the length of the gas bubble is of a similar diameter to that 

of the conduit, and may not fill the whole conduit section (Gaudin et al., 2017b). Rapid 

Explosion activity seems to be linked not to the length of the gas pocket, but rather to the ratio 

between this length and the conduit diameter (Gaudin et al., 2014b, 2017b).  

The High Viscosity Layer (HVL) 

Observational, textural, and experimental evidence relates the shift from Types 0 through to 

2a/b to the thickness and properties of a region of comparatively cold material capping the 

conduit (e.g. Lautze and Houghton, 2007; Patrick et al., 2007; Andronico et al., 2009; Gurioli 

et al., 2014; Del Bello et al., 2015; Capponi et al., 2016a; Leduc et al., 2015; Gaudin et al., 

2017b). This layer, termed the high viscosity layer (HVL) by Gaudin et al., (2017b) could be 

due to the presence of debris on top of the vent and/or the existence of a viscous plug made of 

cooled, partially crystallized magma at the top of the column (Del Bello et al. 2015; Caponni 

et al. 2016b). 

The fundamental difference between background activity (puffing/rapid explosions) and 

normal Strombolian explosions is the volume of the ascending gas pocket (Figure 1.5) (Gaudin 

et al., 2017b). Larger volumes of gas released through a vent of a constant diameter produce 

greater overpressure generated at the point of bursting (James et al., 2008; Del Bello et al., 

2012), resulting in distinct impulsive explosions that eject material at high velocity (e.g. 

Taddeucci et al., 2012). 

A magma plug forms by the cooling and crystallising of magma in the upper conduit (Figure 

1.6). This layer, or plug, has increased strength, lower viscosity and reduced permeability to 

the magma below (Namiki and Manga, 2008; Gurioli et al., 2014). Fragmentating the brittle 

plug during explosions produces ash plumes (e.g. Maier et al., 2015). Cooler, crystalline and 

highly viscous magma plugs generate the most ash (Gaudin et al., 2017b). The growth of a 

magma plug is controlled by the temperature profile of the magma in the shallow conduit (e.g. 

Del Bello et al., 2015; Suckale et al., 2016). In steady-state systems, the constant upwelling of 

volatiles from deep-sources maintains hot pathways filled with mobile magma (Landi et al., 

2011) and prevents complete sealing by a magma plug. 

Backfilling of a conduit by clastic material also obstructs a Strombolian vent by producing a 

debris cap (Figure 1.6) (Del Bello et al., 2015; Capponi et al., 2016b).This clastic material 
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damps the energy of explosions due to gas dissipation through its high porosity framework 

(Capponi et al., 2016a), but it may also generate extra ash in eruptions (Patrick et al., 2007). 

Backfilling is most common during a drop in the magma level (Calvari and Pinkerton, 2004). 

The grain size distribution of the debris cap is important, with fine-grained debris entrained by 

explosions into plumes, while coarse spatter may produce little ash (Capponi et al. 2016a).  

 

 

Figure 1.6. Conceptual sketch of the volcanic conduit, in which gas slug ascends through a rheologically 

stratified magma column and a vent clogged by debris. Adapted from Capponi et al., 2016a. 

 

1.3.8 Seismic Dynamics of Strombolian Explosion Activity 

The typical seismic waveforms of normal explosions at Stromboli have durations of 20-30 s 

and are characterized by a first arrival of a low-frequency component (LF) at 0.1 to 0.33 Hz 

followed by an overlapping high-frequency component (HF) at 3 to 7 Hz (e.g. Neuberg et al., 
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1994; Rowe et al., 1998; Chouet et al., 2003; Harris and Ripepe, 2007a). LF signals are 

typically attributed to the coalescence (Ripepe et al., 2001), or ascent (James et al., 2006; 

Chouet et al., 2008) of gas slugs. The source of LF signals at Stromboli is stable and has been 

located at depths of 160–300 m, with separate clusters associated with the activity at different 

craters (Chouet et al., 1999, 2003; Marchetti and Ripepe, 2005). Sources may be separated only 

by horizontal distances of ~40–60m (Chouet et al., 2003; Marchetti and Ripepe, 2005). Seismic 

moment tensor inversion (Chouet et al., 2003) and laboratory experiments (Ripepe et al., 

2001a; James et al., 2004) demonstrated that the LF signals can be explained by volumetric 

expansion of the gas in the conduit, followed by a downward force induced by the rapid gas 

expansion of the bubble as it approaches the magma-free surface. The HF component (>3 Hz) 

is related to the explosive phase (Ntepe and Dorel, 1990), at which time the source process 

becomes shallow and well coupled with the atmosphere, as revealed by infrasonic recordings 

(Braun and Ripepe, 1993; Ripepe and Braun, 1994; Ripepe et al., 2001a, 2001b; Vergniolle 

and Brandeis, 1996).  

Continuous volcanic background signals are dominated by signals 1-10 Hz. They are 

interpreted as a consequence of underground magmatic activity (gas movements and magmatic 

convection) and degassing (Gilbert and Lane, 2008; O’Brien and Bean, 2008; Wassermann, 

1997; Chouet et al., 1997).  

Seismic Signals Observed at Yasur 

The seismic signals of persistently active Strombolian style volcanoes are generally similar, 

e.g. Stromboli and Yasur (Nabyl et al., 1997; Harris and Ripepe, 2007a; Marchetti et al., 2013). 

The continuous volcanic activity at Yasur is comprised of short-duration (up to 60 s), 

intermittent strombolian explosions dominated by frequencies of 3-10 Hz, between which there 

is a rest phase where activity consists of weak background gas and ash emission (Blot and 

Tazieff, 1961; Lardy and Willy, 1989; Nairn et al., 1988; Nabyl et al., 1997; Marchetti et al., 

2013; Battaglia et al., 2015). The background volcanic activity produces a continuous volcanic 

noise, dominated by low frequency signals, the origin of which is related to gas movements 

and magmatic convection (Nabyl et al., 1997). Background activity recorded by Nairn et al. 

(1988) contained dominant frequencies between 2 and 4 Hz. They attributed its origin to 

continuous gas emission at crater B. 

A typical seismic observation of a Strombolian explosion at Yasur comprises a HF explosion 

event preceded by a LF signal (Figure 1.7). Marchetti et al., (2013) observed that the averaged 
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seismic ground displacement was very stable, with an enhanced HF component at ~3 Hz over-

imposed to a LF oscillation (0.1–0.3 Hz). LF signals were observed to precede explosions by 

~5-12 seconds (Marchetti et al., 2013; Battaglia et al., 2015).  

 

  

Figure 1.7. An example of a single explosion waveform (ground acceleration) comprised of a low-

frequency precursory component, with dominant spectral content of 0.1-0.3 Hz, followed by a high-

frequency component with dominant spectral content of 3 Hz. Adapted from Marchetti et al., (2013). 

 

 

1.4. Thesis Outline 

Chapter 1: Introduction, Aims and Geological Background. This chapter provides 

background to the significance and scope of this project. It provides background information 

on Strombolian-style volcanism, and steady-state and persistently active, open-vent 

volcanoes. It introduces the field site and the discusses the geological and social aspects of 

Yasur volcano. 

Chapter 2: Experiment Design. This chapter outlines the methods and strategy used to 

address the aims of this research. It describes the field experimental setup as well as the 

logistical and other limitations imposed by the study site. 
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Chapter 3: Strombolian Eruption Types Reflect Vent and Upper Conduit State at Yasur 

Volcano, Vanuatu. This chapter examines the variation in different Strombolian explosive 

types at Yasur. The activity of Yasur is characterised using the existing global classification 

schemes and a conceptual model is developed that links vent and conduit conditions (e.g. 

magma properties and degassing flux) with Strombolian explosion types at Yasur. 

Chapter 4: Spatiotemporal Variations in Eruption Style, Magnitude and Vent Dynamics 

at Yasur Volcano, Vanuatu: Insights into the Conduit System. This chapter examines the 

evolution of volcanism over the study period at Yasur. It tracks the variations in the steady-

state and persistently active Strombolian-style system over this period using visual, seismic, 

SO2-gas, and thermal infrared data. Insights are provided into the time-varying systematic 

relationships between explosion magnitude and style with shallow conduit and magmatic 

conditions. 

Chapter 5: Tracking the Transfer of Volcanism between Two Closely-Spaced 

Strombolian-Style Vents, Yasur, Vanuatu. This chapter details a case of systematic 

transition of volcanism between two closely spaced vents within the southern crater of Yasur 

volcano over a period of 12 days. The transition is recorded by systematic changes in explosive 

parameters (e.g., style, power and frequency) at both vents that reflect the transfer of magma 

and volatile flux within a shallow branching conduit system. 

Chapter 6: New insights into Strombolian Volcanism via Yasur Observations. This 

chapter consolidates the results of Chapters 3, 4 and 5, linking them together and discussing 

new insights gained within the context of global Strombolian volcanism. Other aspects of the 

research are discussed, including the representativeness of the observation period, the influence 

of external forces (rain and earth tides) on Yasur activity, and the limitations of instrumentation 

used. 

Chapter 7: New Insights into Volcanic Hazard Assessment for Yasur. This chapter assesses 

the major proximal and distal hazards of Yasur’s normal activity, provides insights into the 

conditions of maximum hazard, and makes some suggestions for the improvement of 

monitoring and management at the volcano. 

Chapter 8: Conclusions and Future Work. This chapter summarises key conclusions of the 

study as they relate to the aim and objectives set forth in the introduction. Opportunities for 

future work are discussed.  
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This chapter outlines the methods and strategy used to address the aims of this research. It 

describes the field experimental setup as well as the logistical and other limitations imposed 

by the study site. 

In the study of active volcanoes, the majority of processes are impossible to observe directly, 

especially those that occur sub-surface. Thus, volcanologists combine direct visual 

observations of a volcano with indirect geophysical measurements and interpret these to 

determine the nature of the underlying processes. From volcano to volcano, it is not always 

clear what measurable processes (magmatic, volcanic and environmental) are the best proxies 

for characterising magmatic processes. Further, even if certain proxies are targeted (e.g., heat 

output at a volcanic vent), effectively measuring each of these involves a series of options for 

data collection methods, observation frequency and analysis strategy. For the research reported 

here on Yasur volcano, robust field equipment was selected that:(1) was easy to implement and 

maintain; (2) was associated with established methodologies and comparable past datasets at 

this and other volcanoes; (3) covered a basic range of surface eruption dynamic processes, gas 

flux and subsurface activity, and (4) was likely to be implementable for long-term hazard 

management at Yasur given the financial constraints of Vanuatu as a developing country 

(currently, the Vanuatu Meteorology and Geohazards Department (VMGD) monitors Yasur 

with limited permanent infrastructure (one short-period seismometer an one time-lapse 

camera). Observation techniques in this study included; seismic (short period and broadband), 

thermal infrared (thermal-IR), UV-visible light spectroscopy, and visual/video observations. 

Other useful tools, such as infrasound, were planned by collaborative workers, but these data 

were not available for most of the observation period of this study.  

2.1. Duration of Observations 

This research consisted of two periods of field work. A pilot study was conducted for a 2-week 

set of observations in 2015 to test whether the observational tools would be suited to the area 

and to develop a field strategy for the main deployment. Both the pilot and main studies were 

timed for the dry season where observation-limiting environmental factors (including rainfall) 

are lessened, and during which the south-easterly trade winds are more constant, allowing 

easier on-land monitoring of gas fluxes. A period of three months was decided upon for the 

main study as a compromise between the cost of the field deployment and the benefits of: (1) 

observations over as long a period as possible to maximise the chances of seeing a wider range 
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of volcanic behaviour than seen before; and (2) the possibility to see if there are any variations 

that may occur over ocean-tidal periods as postulated by earlier researchers. 

2.1.1 Pilot Study 

 The 13-day pilot study was undertaken from 21 November to 2 December 2015 with the 

primary goal of testing the experiment design. During this time, arrangements were made with 

local guides for integration of the study alongside touristic operations. Focus was on securing 

a stable power supply for battery recharge and robust data collection strategies (sampling, 

exporting and storage). The information collected during this period was used to develop 

methods for processing raw data, integrating multiple data series, and extracting relevant 

information. 

2.1.2 The Main Deployment 

The main field deployment was conducted from September 5 to November 18, 2016 and 

eventually was reduced to 11-weeks (75 days), due to logistical constraints. This deployment 

was roughly 10× the length of past observation periods at this volcano (e.g., Oppenheimer et 

al., 2006; Bani et al., 2013; Turtle et al., 2016). 

2.2. Volcanic Processes Investigated 

The following section outlines the magmatic and volcanic processes investigated in this 

research. It describes the equipment used in order to gain insights into these processes. Further, 

this section outlines the technical elements of the deployment of instrumentation; including 

installation, sampling methodologies and processing techniques. Figure 2.1 outlines the 

location of monitoring sites and the instruments deployed at each. Reference to Figure 2.1 will 

be made throughout this section. 
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Figure 2.1 Instrument and site locations for the main deployment in 2016. Yenkahe Caldera and Ombus 
boundaries are based off previous works of Merle et al., (2013) and Firth et al., (2014). Adapted from a 

Google Earth image. 

 

2.2.1 Physical Eruption Processes – (frequency, timing and energy of explosions) 

Explosion dynamics can be described in a set of key parameters including: eruptive style/type, 

magnitude and frequency. Long term records of these properties provide information about 

explosive volcanic activity cycles and energy flux. The variation in explosion dynamics at 

Strombolian-style volcanoes is a consequence of combined internal (e.g., magma convection, 

degassing) and external/surface processes (e.g., rainfall, vent stability) (Andronico et al., 2008; 

Bani et al., 2013). Physical explosion characteristics can be readily recorded; such as: the 

size/magnitude of an explosion, the frequency and timing of explosions, explosive style (e.g., 

emergent vs impulsive), and the composition of the ejecta (e.g., the proportion of bombs, gas, 

ash). Understanding the interplay of these processes has important implications for 

understanding the underlying magmatic and external processes, such as bubble bursting within 

magma, vent geometry, magma fragmentation and conduit structure (Harris et al., 2012; 

Taddeucci et al., 2012; Gaudin et al., 2017b). Over time, these data sets may reveal cycles, or 

patterns, in behaviour and energy flux. In steady-state systems, where activity generally lies 

within a normal range of behaviours, being able to track changes, even small ones, has large 

implications for understanding the processes that govern the volcanism. 
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Visual Eruption Logs 

Visual observations of explosions were conducted in order to generate a long term-data set of 

physical eruption properties (including magnitude of explosions, the number of vents active, 

ash-content of explosion plumes etc). These data were collected in a standardized way by being 

collected over a constant time interval each day. There are typically multiple active eruption 

vents operating at a volcano such as Yasur, hence observations must include properties of each 

of these vents. During this study, visual logs were conducted from site OBSV (Figures 2.1, 2.2) 

for 2 hours every day (provided no interruptions occurred such as rain) for 65 days of the study. 

Site OBSV was chosen because of its relative safety (being further back from the vents than 

other areas on the summit) and its clear view of all vents. Because of weather or increased 

ballistic hazard, full 2-hour observations could not be completed on all days. Therefore, for 

statistical consistency, the first 1 hour of visual logs were used as the basis for analysis in the 

following chapters. During a two-day heightened activity period (14-15 October 2016) 

increased ballistic hazard forced the observation site to shift to the nearby car park down slope 

but on the same sector of the volcano (site CP; Figure. 2.1). On these two days smaller 

explosions and background activity could not be witnessed. 

A number of eruption characteristics were recorded (Figure 2.3) including the colour of the 

plume (gas and ash colour, e.g., white, grey, brown or black) and whether an eruption had a 

sustained ballistic or ash plume component. The ballistic component was deemed to be 

sustained if ballistics were ejected for more than 10 s, and ash plumes were sustained if 

emission of ash exceeded 20 s. Visual observations were time referenced to a GPS clock for 

correlation to concurrent records of seismicity and imagery (described in following sections). 

Eruption heights were measured with a hand-held digital inclinometer, with ballistic heights 

taken at the peak of flight and ash/gas plume recorded at the top of the gas thrust region, before 

slower buoyant rise and lateral wind dispersal. Explosion ejecta heights were calculated using 

simple trigonometry and are presented as heights reached above the crater floor of 260 m asl 

(as measured by drone-GPS studies at the same time, reported by Gomez and Kennedy, 2018). 

Due to the local topography, the minimum observable height above vents at site OBSV is 30 

m above the crater floor, and for the CP site; 130 m. 
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Figure 2.2. View of Yasur crater from site OBSV. Observations were conducted from the concrete bench. 
The tripod was fixed in a permanent position for the main deployment. 

 

 

Figure 2.3. Example of visual observation log on 15/11/2016, taken from Site OBSV. GPS timed events 
record the source vent, the colour of the ash and plume (white, grey, brown, black), plume and bomb 
angle and any audible noise. General notes on activity or changes to the crater morphology were also 

detailed. 
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Table 2.1. Site locations and distances to source vents 

Crater Locations 
North Crater 
Centre 

South Crater 
Centre  

GPS Latitude  19°31'39.73"S  19°31'45.20"S   
GPS Longitude 169°26'55.27"E 169°26'51.85"E   
Crater Floor Elevation (m) 260 260   
Site Locations IR - North Camera IR - South Camera OBSV 
GPS Latitude  19°31'47.54"S  19°31'47.47"S  19°31'54.60"S 
GPS Longitude 169°27'0.09"E 169°27'0.14"E 169°26'58.72"E 
Elevation (m) 340 340 310 
Distance to Vents (m) 280 (to North) 250 (to South) 400 (Summit centre);                    

350 (South);                        
470 (North) 

 

Video and Photographic Recording of Explosive Activity 

Optical Camera Time-lapse Recording 

Time-lapse optical camera footage was recorded at 1 Hz from site OBSV using a GoPro Hero+ 

(Figure 2.4) at the same time that the visual logs were conducted. Synchronised using GPS 

timing, the camera provided a simple, low-data-size visual record of eruptive activity in which 

the timing and location of explosions, any changes to atmospheric conditions (e.g., rain, 

clouds), and plume directions could be cross-checked against the observer records. 

Video Recordings and Photographs 

Throughout the study “roaming” video and photographs were taken by hand-held cameras and 

smart phones by assistants to the observer. These provided alternative, occasional views into 

the crater from areas too unsafe to occupy for extended periods (Figure 2.5). These sites were 

also unsuitable for permanent installation of equipment due to proximity, and exposure to ash 

and ballistic fragments. The visual observations collectively provided a daily record of the 

styles of explosions occurring, the number and position of active vents and the evolution of the 

crater geomorphology. The audio recorded during videos was also useful to examine any 

differences in explosive style. A total of ~150 Gb of video and photographs were collected over 

the main study period. 
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Figure 2.4. An example frame of visual camera time-lapse footage showing the view from site OBSV. An 
ash-rich explosion from South Crater. 

 

 

Figure 2.5. Example pictures taken from the edge of North Crater on 23/09/2016 (left) and 11/10/2016 
(right). Due to higher hazard levels, these locations were not be accessed for more than several minutes at 

a time. Camera footage provided an additional record of changes in explosive behaviour, vent number 
and location, and crater structure. These data were related to other datasets in order to extend the 

analysis. 
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Thermal-IR Camera Monitoring 

The use of thermal infrared (IR) cameras in the observation and analysis of explosive volcanic 

activity is now common. Thermal-IR remote sensing has many uses including the study of 

passive heat loss (e.g., White Island, Monggillo and Wood 1995); lava flows and lakes (e.g., 

Stromboli, Harris et al., 2005); dome growth (e.g., Mt St. Helens, Gardner et al., 2004); plumes 

(e.g.,Popocateptyl, Wright et al., 2002); and the cooling of deposits (e.g.,Shishaldin, 

McGimsey, 1999). At Stromboli many thermal-IR cameras and camera angles are used to 

analyse physical explosion properties (size, height, velocity, explosive timing) and the 

properties of tephra and gas. Dehn et al., (2001) was first to use a thermal camera on Stromboli, 

followed by Patrick et al., (2007). These studies characterized two primary eruption styles; one 

that contains only gas and coarse ballistics, and another producing an optically-thick ash plume. 

In more recent years, the use of thermal-IR cameras at Stromboli has focused on the dynamics 

of transient explosive events such as particle velocities, size distributions and the quantification 

of gas and solid emissions (Delle Donne et al., 2012; Harris et al., 2012; Tadduecci et al., 2013; 

Gaudin et al., 2014a; Gaudin et al., 2014b) as well as the frequency and intensity of volcanic 

activity (Barnie et al., 2014). Very recent studies have used long-term thermal-IR camera 

records to track vent activity and evolution over months to years at Stromboli (e.g., Salvatore 

et al., 2018). 

Thermal-IR cameras allow measurements from safe distances. They can be set up to operate 

unattended for long periods in harsh volcanic and weather conditions, making them ideal for 

this research. 

Thermal-IR cameras are deployed for a number of purposes, including: 

• Providing a reliable record (both thermal and visual) of activity that will be used as a 

check against other datasets (e.g. seismic) and environmental conditions. 

• Tracking evolution in vent morphology and location, including tracking activity levels 

and styles across multiple vents. 

• Gaining information about individual explosion properties (e.g. duration, scale, particle 

velocity, ejecta size (e.g. ash, bombs)). 

• Tracking relative temperature differences between activity styles (background and 

explosion), and near-vent temperatures. 
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•  Proving a record of ballistic deposition (of still warm pyroclasts) across the Yasur 

summit. This will be used as a dataset for evaluating hazard during different explosion 

styles and magnitudes alongside other datasets. 

Instruments Deployed 

Three thermal-IR cameras were deployed with the set-up targeted at understanding explosions 

(physical dynamics, timing, and composition e.g. gas, ash and bombs). This study was the first 

to simultaneously observe multiple vents on Yasur with thermal-IR.  

The cameras used are Optris brand, models PI450 (two units) and 640 (one unit) and comprise 

a recording matrix of 382 x 288 (PI450) or 640 x 480 (PI640) elements (or pixels) (Table 2.2). 

Each pixel depicts a unique temperature measurement in degrees Kelvin. Detectors are 

sensitive to longwave thermal radiation from 7.5 to 14 microns (um). Stated accuracy is +/- 2C 

or 2%, whichever is greater. These units are powered via a USB cable connected to a laptop 

computer. Images can be captured as single image or video files and exported in a number of 

formats. 

 

Table 2.2. Specification of Optris PI450 and PI640 thermal IR USB cameras. 

PI450 (two units)   
Pixel Resolution  382 x 288  
Max Frame Rate  80 Hz  
Lens 1  38⁰ x 29⁰ 
FOV (at 200 m distance)  138 x 101 

m  
Single Pixel (at 200 m distance)   0.36 m  
Lens 2  62⁰ x 49⁰ 
FOV (at 200 m distance)  240 x 180 

m  
Pixel Size (at 200 m distance)   0.62 m   
PI640 (one unit)   
Pixel Resolution 640 x 480 
Max Frame Rate 32 Hz 
Lens 33⁰ x 25⁰ 
FOV (at 200 m distance) 118 x 88 m 
Pixel Size (at 200 m distance) 1.18  m 
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Site Locations, Installation and Sampling 

Two thermal IR cameras (PI450s) were located on the crater rim (site IR; Figure 2.1) and 

continuously recorded at 1 Hz throughout the deployment. These were targeted at each of the 

North and South craters. An additional camera recording at 32 Hz was deployed each day 

alongside the observer at site OBSV, (Figure 2.1) for 1 hour. Thermal-IR cameras were 

mounted on sturdy tripods at the edge of the crater rim and housed within thick alloy protective 

cases and then wrapped in polyurethane (which is invisible in the 7-14 microns wavelength) to 

help keep corrosive dust and gases out. The instruments were operated by portable computers 

with CPU clocks synchronised via GPS timing. Computers were placed in sealed hard cases 

with the connecting cables to the cameras buried (Figure 2.6). Power to the computers (and the 

cameras) was provided by two 12 V automotive batteries connected to two solar panels. 

Examples of the thermal-IR camera views are shown in Figure 2.7 

 

 

Figure 2.6. Site IR Installation showing PI450 cameras mounted on sturdy tripods. Each facing 
downwards looking into the south (left) and north (right) craters of Yasur. Cameras were housed in alloy 
protective cases then sealed with polyurethane plastic sheets and connected via buried USB cables to PC 

laptop computers housed in sealed hard cases. 
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Figure 2.7. Thermal IR camera views. Top: PI450 cameras permanently positioned at site IR, south 
crater (left) and north crater (right). Bottom: PI640 camera deployed for 1 hour at site OBSV. The crater 

terrace prevents direct views into the vents. 

 

Seismic Monitoring 
The study of seismic energy at active volcanoes offers great insight into numerous explosive 

and magmatic phenomena (e.g., Neuberg et al., 1994; Chouet 2003). Seismicity is one of the 

most commonly monitored phenomena used to determine the state of a volcano and for the 

forecasting of volcanic eruptions (e.g., McNutt 1996). This is primarily because of the 

capability to continuously record useful data from a distance, allowing low-size data streams 

to be telemetered back to base (compared with visual or thermal imagery). Seismometers are 

used prolifically at many active volcanoes to monitor the day-to-day changes in activity state 

(e.g., Kaminuma, 1987; Ntepe and Dorel, 1990; McNutt 1996; Jolly et al., 2017; Wauthier et 

al., 2019) and by researchers conducting non-permanent monitoring of volcanic explosive 
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phenomena (e.g., Harris and Ripepe et al., 2007a). Key insights into the processes of 

Strombolian explosive activity have been provided by the use of seismometers (e.g., Del Pezzo 

et al., 1974; Del Pezzo, 1992; Ripepe and Gordeev, 1999; Saccorotti and Pezzo, 2000; Nueberg 

et al., 1994; Marchetti et al., 2013; Battaglia et al., 2015). 

Seismometers are deployed for a number of purposes, including:  

• Providing a reliable record of activity that can be used as a check against other datasets 

(e.g. thermal-IR, SO2 flux). 

• Capturing the long-term evolution of volcanic activity through changes in seismic 

power and spectral content. Determining cycles of change and assessing long-term 

behaviour trends. 

• Seismic characterisation of volcanic events (explosive and background activity). Using 

broadband sensor to capture the full explosion waveform (both the HF and LF 

components). 

Instruments Deployed 

The short period seismometers deployed were Geospace GS One G3 models which consist of 

three orthogonal components, with a natural frequency response of 2 Hz. A Trillium Compact 

120s broadband sensor, comprised of three orthogonal components and with a frequency 

response down to very low period signals (frequencies of 0.008 Hz) was used. Seismic signals 

of Strombolian explosions have a large component below 1 Hz (e.g., Neuberg et al., 1994; Jolly 

et al., 2017). The short period units have responses that drop below 1 Hz, resulting in a 

significant amount of the low frequency component being lost (Table 2.3), and it is for this 

reason that a broadband seismometer is included in the deployment. 

Site Locations, Installation and Sampling 

Four seismometers were installed in an array set-up around the volcano (Figure 2.1). Locations 

of the sensors were arranged to form an encirclement around the volcano at equal distances and 

orientations as the terrain allowed (Table 2.3). The broad-band instrument was located at site 

ASHP as this was considered to be the most effective site to implement the more sensitive unit. 

It was placed furthest away from the fault-bounded Yenkahe Block to minimise potential 

interference from non-volcanic sources. This site was also at the lowest elevation, resulting in 

a more direct path to the conduit system beneath the Yasur vents. This was done in order to 

make use of the lower frequency responses of the broad-band, as Strombolian explosion 
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waveforms typically contain a component below 1 Hz that is attributed to gas coalescence and 

rise in the conduit (Marchetti et al., 2013; Battaglia et al., 2015) that the short period sensors 

cannot fully capture (Figure 2.8). 

 

Figure 2.8. An example of a single explosion waveform comprised of a low-frequency precursory 
component, with dominant spectral content of 0.2-0.3 Hz (lower panel), followed by a high-frequency 

component with dominant spectral content of 4-5 Hz. Obtained from the broad-band sensor at site ASHP. 

 

Seismometers were placed and levelled at the bottom of a hole with a minimum of ~0.5 m soil 

over the top of the instrument (Figure 2.9). The excavated soil/ash was compacted around the 

sensor filling the hole. The ruggedized Reftek analogue-digital recorder and battery were also 

buried, with solar panels and GPS antennae located above and nearby (Figure 2.10). Noise was 

reduced by avoiding areas subject to foot and road traffic, coastal wave noise, or large trees or 

other features that may produce wind induced vibrations. Sites were chosen where lava flows 

underlay the ash deposits and seismometers were buried as close to the top of solid rock as 

possible. In each deployment seismometers were sampling at 500 Hz. 
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Instruments left alone in the field are not secure. In rural villages in the South Pacific solar 

panels and batteries are highly sought-after commodities. The station at site SULF was 

vandalised, with the solar panels, battery, GPS and data logger all stolen. The sensor was found 

still buried with its cables cut, however all data was lost from this site. 

In addition to the temporarily deployed seismometers, data from the permanent monitoring 

station operated by the Vanuatu Meteorological and Geohazards Department (VMGD) was 

also obtained over the study period (VMGD Station in Figure 2.1). This record is 

approximately 50% incomplete due to multiple episodes of failure of the power supply to the 

station and in the telemetry of data to the VMGD observatory in Port Vila.  

 

 

Figure 2.9. Illustration of the setup of seismic stations.  

 

   

Figure 2.10. Installation of seismic sites  
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Table 2.3. Seismometer site locations and distances from the summit of Yasur 

Site GPS: Latitude, Longitude 
Distance to centre of 
Yasur summit 

ALTB (short period) -19 31’ 53.59”, 169 27’ 12.37” +00281M 650 m 
REDR (short period) -19 32’ 05.21”, 169 26’ 52.81” +00274M 660 m 
SULF (short period)  19°31'20.27", 169°26'53.78" +00134M 700 m 
ASHP (broad-band) -19 31’ 47.38”, 169 26’ 24.06” +00090M 900 m 
YASH (VMGD operated) -19 30' 51.62S, 169 26' 29.09" 1780 m 

 

2.2.2 Chemical Degassing and Magmatic Processes 

Gas measurements are a useful method of determining volcanic processes, such as magma 

volatile differentiation, storage and transport, and the relationships between degassing and 

eruptive style (Burton 2007a; Métrich et al., 2010; Oppenheimer et al., 2011, 2014). Temporal 

changes in gas chemistry and flux are widely regarded as diagnostic of future volcanic activity 

and many volcano observatories worldwide measure plume and fumarole emissions as part of 

their monitoring efforts (Oppenheimer et al., 2014). Long-term degassing rates are dependent 

on deep magmatic processes such as convection and recharge, with upsurges often representing 

new influxes of fresh, volatile-rich magma (Oppenheimer et al., 2011).   

SO2 is used prolifically in volcanic degassing studies because of the comparative ease with 

which it can be measured in the atmosphere (Oppenheimer et al., 2011, 2014). Some of the 

volcanoes with the most sustained SO2 flux monitoring include the basaltic systems of Etna 

(Salerno et al., 2009), Kilauea (Sutton et al., 2003), Ambrym (Allard et al., 2015) and 

Miyakejima (Kazahaya et al., 2008). Long-term monitoring of SO2 flux has contributed to 

inferences on lava effusion rates, the fluid dynamics of magma conduits and, of particular 

relevance to this study, understanding of the decoupling of gas and melt on magma ascent and 

the influence this has on explosive eruption dynamics (Oppenheimer et al., 2011). 

Instruments Deployed 

Ultraviolet (UV) spectrometers are effective systems in monitoring volcanic SO2 (e.g., Burton 

et al., 2007a, 2007b; Mori and Burton, 2009; Boichu et al., 2010; Horton et al., 2012). This 

study utilized two FLYSPEC units (Figure 2.11) (Horton et al., 2006a, Williams-Jones et al., 

2006, Horton et al., 2012). The FLYSPEC is similar to the mini-DOAS type spectrometers that 

have been used for many years in volcanic monitoring (Nadeau and Williams-Jones, 2008). 

The system utilizes an Ocean Optics USB spectrometer with a 25–μm slit that results in a 

spectral resolution of 0.25 nm over a range of wavelengths from 177-330 nm. Unlike other 
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mini-DOAS and older COSPEC systems, the FLYSPEC telescope is attached directly to the 

spectrometer in order to reduce light loss. This results in the FLYSPEC having a larger field of 

view than the ‘mini-DOAS’-type systems, at >40 mrad rather than ~20 mrad (Nadeau and 

Williams-Jones, 2008). Additionally, the FLYSPEC has a UV filter to reduce stray light and 

includes SO2 calibration. The system is housed in a single robust, weather-proof case well-

suited for field deployment. 

Measurements are taken by traversing underneath the plume by foot or car, or by using a 

rotating mirror scanning attachment that allows stationary operation of the instrument (Horton 

et al., 2012). Methods for determination of SO2 flux are well documented (Horton et al., 2006a; 

Williams Jones et al., 2006; Kern 2014). Calibration is conducted at a distance from the 

volcanic summit with the aperture directed away from any SO2 in the atmosphere. FLYSPEC 

units perform self-contained calibration, where two SO2 calibration cells with known 

concentration are mounted within the instrument such that they may be easily inserted into the 

optical path of the sensor. Calibrations are performed in the field under the same atmospheric 

conditions as the collection of data. This reduces atmospheric effects, such as Fraunhofer lines 

or ring-effect, eliminating the need for data corrections (Horton et al., 2006a). 

Collection and processing of data is carried out using LapFly V5/V6 software installed on a 

connected laptop (Horton et al., 2006a). Data reduction is also carried out using the LapFly 

software, using various inputs (distance from vent, wind speed) depending on the mode of scan 

(vertical, horizontal or traverse). The internal clocks of FLYSPECs and laptops are 

synchronised via a GPS antenna housed within the unit. Output of data can be given in a number 

of ways, including a single mean flux value or as a time series 

Site Locations and Sampling 

One FLYSPEC instrument was located at site OBSV to scan through the near-vent plume at 

the summit rim. In doing so it was necessary to use the scanning function in horizontal mode, 

perpendicular to the rising volcanic plume. This unit provided the basis for a long-term analysis 

of gas production over several months of observation. Fifty-five horizontal scans were 

conducted from on top of the crater rim. Scans were conducted at inclined angles (from 

horizontal) of 15 degrees (OBSV site) and 25 degrees (CP site) with a horizontal sweeping 

range of 30 to 160 degrees with the centre azimuth (90 degrees) directed towards the centre of 

the summit crater (at bearings of 330 degrees for OBSV site and 325 degrees for CP site). The 

scanner aperture intersected the gas plume ~180 m above the crater floor from site OBSV, and 
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~290 m from site CP (Table 2.3). Integration times ranged from 50 to 333 ms depending on 

ambient light conditions. Calibration was conducted at a distance from the volcanic summit 

with the aperture directed away from the SO2 source. Collection of data was carried out using 

LapFly V6 software installed on the connected laptop and synchronised via GPS. Methods for 

determination of SO2 flux using FLYSPEC instruments are carried out using the LapFly 

software and are well documented (Horton et al., 2006a; Horton et al., 2006b; William-Jones 

et al., 2006). Plume rise rates used in the calculation of flux were determined by video time-

lapse GoPro footage calculated at 10-minute intervals. One hour of horizontal scan data per 

day (180 to 285 points hr-1) was time-synchronised to the visual observation periods. 

The second FLYSEPC instrument was used in two ways. The first of which involved the 

FLYSPEC placed downwind of the volcano scanning vertically through the homogenized 

plume ~1 km from source. Here only six scans were collected. The second use of the instrument 

involved traverse-style measurements where the unit without the rotating mirror attachment 

was pointed vertically and passed through the plume by truck or on foot. Several passes 

underneath the plume (back and forth) are necessary in order to gain accurate estimates of 

plume properties. In this study 27 traverse scans were collected over the same number of days.  

Constraining the uncertainties in flux calculations can be problematic. Uncertainties include: 

instrument calibration (up to 5%, Casadevall et al., 1980; Stoiber et al., 1983); plume rise 

velocity (up to 30%, Williams-Jones et al., 2008); plume azimuth (up to 5%, Williams-Jones 

et al., (2008); atmospheric conditions (10% , Williams-Jones et al., 2008) and ash content of 

the plume (25-80% for translucent plumes and up to 200% for opaque ash plumes, Kern et al., 

2010; Lopez et al., 2015). A total 'uncertainty' for a given flux is calculated as the square root 

of the uncertainty values (Williams-Jones et al., 2008). Uncertainty ranges between 75% for 

ash-poor days and up to 200% for the most ash-rich days with thick plumes.

 

We therefore calculate uncertainty in estimates of flux to range from 40% for ash-poor days 

and up to 200% for the most ash-rich days with optically dark/opaque plumes. 
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Figure 2.11. FLYSPEC instruments used in the field and connected to small laptop PCs via USB cables. A 
scanning mirror attachment can be seen on the left image (arrow). 

 

2.3. Meteorological Influences on Volcanic Activity 

Meteorological observations (e.g., rain, wind speed and direction) were used to examine the 

relationship between the environment and surface volcanic activity. It is expected that the 

variable presence of water would affect explosion/fragmentation mechanism. The weather data 

was also used in the evaluation of plume properties and SO2 flux. It has been shown at other 

volcanoes (e.g., Mastin, 1994; Lachowycz et al., 2013) that significant rainfall can change 

eruption dynamics, while wind behaviour will strongly influence the SO2 measurements made 

(Horton et al., 2006a). A correlation between heightened activity and heavy rainfall has been 

noted throughout the historical record at Yasur (e.g., Cook 1777; Campbell 1888; Firth et al., 

2014). This has been explained by infiltration of meteoric water along faults in the Yenkahe 

dome and subsequent interaction with Yasur’s magma body Firth et al., (2014). Volatilisation 

of the water increases the volume of gas in the conduit, driving more vigorous eruption. (Firth 

et al., 2014). 
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Site locations and sampling 

A Davis Vantage-Pro II weather station was deployed at the edge of the summit crater (Figure 

2.12) located away from the direction of the main plume, on a high elevation point (Figure 2.1; 

Site MET). The station housed several instruments including an anemometer (wind speed, 

direction), rain gauge (rain fall), barometer and thermometer powered by batteries recharged 

with a small solar panel. Specifications for the applicable instrumentation are presented in 

Table .2.4 Data was recorded at 10-minute intervals (comprised of an average value over the 

10 minutes) and sent wirelessly to a control console with a built in data logger, the contents of 

which were exported into the Davis ‘Weatherlink’ software installed on a laptop, and then 

exported as time series. The first purpose for the use of the weather station was to obtain wind 

speed and direction measurements, which are crucial for FLYSPEC calculations of SO2 flux. 

The second purpose of the weather station was to obtain a long-term record of rainfall at Yasur.  

 

 

Figure 2.12. Weather station mounted on a pre-existing wooden pole on the crater rim of Yasur.  
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Table .2.4 Davis Pro II Weather Station Specifications 

Clock  
Resolution 1 minute 
Barometric Pressure  
Resolution and Units 0.01" Hg, 0.1 mm Hg, 0.1 hPa/mb 
Range 16.00" to 32.50" Hg, 410 to 820 mm Hg, 540 to 1100 hPa/mb 
Overall Accuracy ±0.03" Hg (±0.8 mm Hg, ±1.0 hPa/mb 
Humidity  
Resolution and Units 1% 
Range 1 to 100% RH 
Accuracy ±2% 
Rainfall  
Resolution and Units 0.01" or 0.2 mm (user-selectable) (1 mm at totals ≥ 2000 mm) 
Accuracy For rain rates up to 4"/hr (100 mm/hr): ±4% of total or ± one tip of the bucket 

(0.01"/0.2mm), whichever is greater. 
Rain Rate  
Resolution and Units 0.01" or 0.1 mm 
Range 0, 0.04"/hr (1 mm/hr) to 82"/hr (0 to 2090 mm/hr) 
Accuracy ±5% for rates less than 5" per hour (127 mm/hr) 
Update Interval 20 to 24 seconds 
Calculation Method Measures time between successive tips of tipping bucket. Elapsed time greater 

than 15 minutes or only one tip of the rain collector constitutes a rain rate of 
zero. 

Temperature  
Resolution and Units 0.1°C or 1°C 
Range -40° to +150°F (-40° to +65°C) 
Sensor Accuracy ±0.5°F (±0.3°C) 
Wind Direction  
Range 1 - 360° 
Display Resolution 16 points (22.5°) on compass rose, 1° in numeric display 
Accuracy ±3° 
Update Interval 2.5 to 3 seconds 
Wind Speed  
Resolution and Units 1 mph, 1 km/h, 0.4 m/s, or 1 knot 
Range 0 to 200 mph, 0 to 173 knots, 0 to 89 m/s, 0 to 322 km/h 
Update Interval Instant Reading: 2.5 to 3 seconds, 10-minute Average: 1 minute 
Accuracy ±2 mph (2 kts, 3.2 km/h, 0.9 m/s) or ±5%, whichever is greater 
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This chapter addresses two of the aims set forth in this thesis, aims one and two. Aim one: to 

extend our global understanding of the range in expression of Strombolian-style eruptions 

through detailed observations at Yasur volcano Vanuatu in the context of other similar 

volcanoes around the world. Aim two: to investigate the links between variations in the surface 

expression and style of volcanism at a steady-state volcano in relation to vent, shallow conduit. 

This chapter examines the variation in different Strombolian explosive styles at Yasur over an 

11-week period via seismic, thermal-infrared and visual observations. Based on a database of 

4998 explosions, the activity of Yasur is characterised using the existing global (although 

heavily Stromboli-reliant) classification schemes. A conceptual model is developed that links 

vent and conduit conditions (e.g. magma properties and degassing flux) with Strombolian 

explosion types at Yasur. 

This chapter is an accepted manuscript currently in press with the Bulletin of Volcanology: 

Simons, B., Cronin, S., Eccles, J., Jolly, A., (in press). Strombolian eruption types reflect vent 

and upper conduit state at Yasur Volcano, Vanuatu. 

3.1. Introduction 

Strombolian eruptions are common at basaltic to basaltic andesite subaerial volcanoes. They 

are characterized by explosions of large gas bubbles (slugs) that rise through the low-viscosity 

magmas (Jaupart and Vergniolle, 1988; Wilson and Head, 1981; Parfitt, 2004; Pering et al., 

2015). These are especially common at long-lived erupting volcanoes, such as Stromboli (the 

style archetype) and Mt. Etna in Italy (Harris and Ripepe, 2007a). Beneath the broad umbrella 

term of Strombolian volcanism there is a large variation in eruption dynamics, magnitude and 

consequent hazard (e.g. Patrick et al., 2007; Gaudin et al., 2017b). The spectacular, but often 

approachable volcanism draws many tourists. A key feature of the explosions is that they are 

generally weak, so they can often be observed in relative safety (Houghton et al., 2016). 

Periodic upsurges produce more violent explosions (e.g. Nairn et al., 1988; Calvari et al., 2006; 

Rosi et al., 2013), hence, to forecast hazard, an understanding the variation and timing of 

different levels of Strombolian activity is important. Many Strombolian-style volcanoes erupt 

from multiple vents (e.g. Stromboli, Salvatore et al., 2018) with complex spatiotemporal 

relationships between vent activity levels (Salvatore et al., 2018; Simons et al., 2020a, 2020b). 

Classifying the nuances of Strombolian volcanism rests mainly on the most comprehensive 

studies carried out at Stromboli volcano (e.g. Patrick et al., 2007; Goto et al., 2014; Leduc et 
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al., 205; Gaudin et al., 2017b). This large body of work has recently been supplemented by 

Gaudin et al., (2017b) with observations from three other volcanoes (Etna, Italy; Batu Tara, 

Indonesia; Yasur, Vanuatu) resulting in an integrated Strombolian classification scheme with 

more global applicability. 

Yasur volcano (Tanna Island, Vanuatu; Figure 3.1) is in a long-term steady state of eruption 

(e.g. Carney & MacFarlane, 1979; Nairn et al., 1988; Robin et al., 1994; Allen, 2005; Firth et 

al., 2014). Due to a lack of comprehensive monitoring infrastructure and its remote setting, 

there have been only brief observation periods (days to weeks) at Yasur, with temporary and 

highly variable observation setups tailored to different purposes. These sporadic studies likely 

captured only a small range of styles present at this volcano, with classifications adopting a 

range of different nomenclatures (e.g. Kremers et al., 2012; Bani et al., 2013; Meier et al., 2015; 

Spina et al., 2015; Jolly et al, 2017). 

In this study we compare the classification schemes for Strombolian eruptions with findings 

from an eleven-week multi-parameter observation period that is unprecedented for Yasur 

volcano. The analysis allows us to formalise the description of explosion types at Yasur and to 

extend the global applicability of Strombolian classification schemes. Further, we use our 

observations of the eruption styles to conceptually link these with the characteristic vent 

conditions, including the viscosity of magma in the shallow conduit, sometimes referred to as 

a High Viscosity Layer (HVL) (e.g. Del Bello et al., 2015; Capponi et al., 2016b Gaudin et al., 

2017b; Pering and McGonigle, 2018; Barth et al., 2019; Woitischek et al, 2020). We note a 

range of key differences between Yasur and classic Strombolian observations. 
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Figure 3.1. The location of Yasur volcano. A. South-East Tanna Island showing Yasur situated within the 
Yenkahe Caldera. Site localities are included. Insert shows Tanna Island in the South Pacific. Adapted 

from Google Earth. B. Aerial view of Yasur showing the location of observation sites as well as the North 
and South crater areas. ASHP is the location of a broadband seismometer, OBSV where visual logs were 
mainly made, CP for visual observations during heightened activity and IR where permanent thermal-IR 

cameras were deployed. 

3.2. Strombolian Eruptions 

Classifications of volcanic eruption styles are often based on archetypal sites or events. 

Strombolian eruptions erupt “fresh incandescent pyroclastic material and fluid (scoria, bombs, 

ash, and glassy sands)” (Mercalli, 1907). Other indirect methods to classify Strombolian style 

eruptions have included: distribution and fragmentation of ejecta, eruptive volumes (of 0.01 to 

10,000 m3); Volcanic Explosivity Index (VEI) values of -6 to -1 (Walker, 1973; Newhall and 

Self, 1982; Tamburello et al., 2012; Houghton et al., 2016); and pyroclast properties (e.g. 

Houghton et al., 2013). A variety of Strombolian sub-styles and products are recognized from 
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characteristics based on visual and geophysical observations (cf. Patrick et al., 2007; Rosi et 

al., 2013; Gaudin et al., 2017b; Table 3.1). 

3.2.1 . Stromboli Volcano 

The background state of Stromboli, between explosion events includes steady passive 

degassing, and the pulsing release of small volumes of gas (puffing) that may also eject a few 

pyroclasts. (e.g. Mori and Burton, 2009; Tamburello et al., 2012; Gaudin et al., 2017a; Pering 

et al., 2017; Pering and McGonigle, 2018). Puffing appears to represent gas movements and 

magmatic convection within a shallow magmatic reservoir (Ripepe et al., 1996; Chouet et al., 

1997; Wassermann, 1997; Gilbert and Lane, 2008; O’Brien and Bean, 2008). At Stromboli 

individual “puffs” range in volume from 0.1 to 20 m3 with gas ejection velocities of <20 m s-

1 (Harris and Ripepe 2007b; Mori and Burton, 2009; Tamburello et al., 2012; Gaudin et al., 

2014b). In some observations puffing events become so vigorous that significant ballistics are 

ejected. These are termed “Rapid Explosions” by Houghton et al., (2016) and result from longer 

periods of gas release of greater volumes, with higher ejection velocities (~30 m s-1) than 

puffing. Rapid explosions may also eject significant ballistics and are thus transitional between 

background activity and Strombolian explosions (Gaudin et al., 2017b) (Table 3.1). These 

Stromboli volcano behaviors are also observed at Etna and Yasur (Andronico et al., 2005; 

Gaudin et al., 2014a).  

“Normal” Stromboli explosions are distinct impulsive bursts that eject a mixture of gas, ash 

and ballistics (Table 3.1) (Barberi et al., 1993). The explosions show clear sharp onsets and 

terminations in thermal and seismic records. At Stromboli, these occur up to 30 times per hour 

(Taddeucci et al., 2013), have durations from 5 to 60 s (Patrick et al, 2007; Houghton et al., 

2016; Gaudin et al., 2017b) and eject pyroclasts at velocities up to 400 m s-1 (Taddeucci et al., 

2012) to heights of up to 400 m (Rosi et al., 2013).  

The problem of classifying Strombolian activity remains a current topic of discussion. This is 

mostly due to Strombolian being observed regularly at only a few localities yet covering a wide 

spectrum of intensity and dynamics in diverse settings (e.g. Patrick et al., 2007; Houghton et 

al., 2016; Gaudin et al., 2017b). Strombolian activity can be subdivided on explosion 

magnitude (e.g. normal, major, paroxysmal) (cf. Rosi et al., 2013), or on the discretization of 

explosion products along a continuous spectrum (of gas, to ballistic, to ash-dominated) (Patrick 

et al., 2007; Goto et al., 2014; Leduc et al., 2015; Gaudin et al., 2017b). The most common 

classifications sub-divide normal explosions based on their erupted products (Figure 3.2 and 
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Table 3.1) into Type 1 (ballistic-dominated), Type 2a (ash-dominated with visible gas thrust 

and many ballistics) and Type 2b (ash-dominated with no gas thrust phase) (Patrick et al., 

2007). A fourth class called Type 3 by Goto et al., (2014) and then Type 0 by Leduc et al., 

(2015) was added to include gas-dominated explosions. Gaudin et al. (2017b) organized the 

scheme to logically follow the transition from Gas (0), Lava (1), or Ash (2) dominated 

explosions. 

At Stromboli, a correlation between the nature of erupted products and eruption velocity is 

observed (Table 3.1) (Patrick et al., 2007; Leduc et al., 2015; Capponi et al., 2016b; Gaudin et 

al., 2017b). Ash-rich normal explosions show the slowest ejection velocities (10 to 40 m s-1), 

bomb-rich ones are intermediate (20–150 m s-1), and gas-rich events eject particles the fastest 

(up to 400 m s-1; Taddeucci et al., 2012). Products of Type 1 explosions generally reach the 

greatest heights and involve higher velocity ejecta with a wider dispersal of ballistics (Patrick 

et al., 2007). The dynamics of the normal Strombolian eruptions also vary, with Types 0, 1, 

and 2a showing impulsive starts, while ash-rich explosions (Type 2b) start gradually, with 

maximum intensity reached after a few seconds of explosions (Patrick et al., 2007; Gaudin et 

al., 2014b, Gaudin et al., 2017b). Ash-rich normal explosions are also usually longer duration 

than bomb-rich and gas-rich ones (Gaudin et al.; 2017b). 

The typical seismic waveforms associated with normal explosions at Stromboli have durations 

of 20-30 s and are characterized by a first arrival of a low-frequency component (LF) at 0.1 to 

0.33 Hz, followed by an overlapping high-frequency component (HF) at 3 to 7 Hz (e.g., 

Neuberg et al., 1994; Rowe et al., 1998; Chouet et al., 2003; Harris and Ripepe, 2007a). LF 

signals are attributed to gas slugs coalescing (Ripepe et al., 2001; Genco and Ripepe, 2010), or 

ascending at depth (James et al., 2006; Chouet et al., 2008). The HF component is attributed to 

the explosive phase which is normally shallow (Harris and Ripepe, 2007a). 

Stromboli Volcano experiences phases of activity with significantly more powerful 

explosions (compared to normal events). These may occur a few times per year, with the 

most powerful phases observed occurring a few times per decade (Calvari et al., 2006; 

Gurioli et al., 2013; Rosi et al., 2013). 
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Figure 3.2. Photographic and thermal infrared images displaying observed activity types at Yasur 
including background activity (puffing and rapid explosions) and explosions (types 1-3). Thermal images 
are matched with seismically characterised events. Note that the photographs are not of the same event as 

the thermal images. 
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Table 3.1. Strombolian-style explosion and background activity types (after Gaudin et al., 2017b). 

Activity  Definition Reference 
Puffing ‘Rapid and repeated emission of discrete packets or batches of 

high-temperature gas from the source vent (…) often associated 
with the emission of one or two small incandescent bombs’ 

(Harris and Ripepe, 
2007b) 

Rapid explosions ‘Weak and, generally, very closely spaced explosions erupting a 
large amount of bombs at a few tens of meters’ 

(Houghton et al., 
2016) 

Normal explosions ‘Jets up to an elevation of 100–200m of gas and incandescent 
magma fragments which last up to few tens of seconds’ 

(Barberi et al., 
1993) 

Normal explosion 
subtypes 

  

Type 0 (or 3*) 
(gas-dominated) 

‘High-velocity emission (150–250m/s) of a few relatively small, 
juvenile particles, with entrained non-juvenile clasts’ 

(Leduc et al., 2015) 
* Goto et al., (2014) 

Type 1 (bomb-
dominated) 

‘Ballistic-dominated, with plumes that were only faintly visible 
just above the crater rim’ 

(Patrick et al., 
2007) 

Type 2a (ash-and-
bomb-dominated) 

Explosions involving ‘a conspicuous ash plume, (…) a visible 
gas thrust phase, and usually expelling significant ballistics’ 

(Patrick et al., 
2007) 

Type 2b (ash-
dominated) 

Explosions involving ‘a conspicuous ash plume, (…) convective 
velocities visible above the crater rim, and ejecting a minor 
amount of ballistic particles’ 

(Patrick et al., 
2007) 

 

3.2.2 Factors Influencing Strombolian Activity 

Strombolian activity is a consequence of the bursting of large bubbles termed gas slugs (also 

Taylor bubbles) at the lava surface (Blackburn et al., 1976; Burton et al., 2007a; Parfitt, 2004; 

Pering et al., 2015). Up until recently, the formation and rise of bubbles and slugs to form 

strombolian activity was treated as a two-phase system (melt and bubbles) (Wilson 1980; 

Wilson and Head 1981; Jaupart and Vergniolle 1988; 1989; Parfitt and Wilson 1995; Parfitt 

2004). Modern studies using both analogue and numerical modeling have highlighted the 

importance of the crystal phase (solid) in controlling the dynamics and behaviour of gas slugs 

in the conduit, and processes much deeper in the system (Suckale et al., 2016; Barth et al., 

2017; Woitischek et al, 2020). 

Several factors influence the variation in Strombolian explosions (Lautze and Houghton, 2007; 

Andronico et al., 2009; Suckale et al., 2016; Gaudin et al. 2017b; Pering et al., 2017; Pering 

and McGonigle et al., 2018), including: (1) the volume of the bursting gas bubble; (2) the 

viscosity state of magma in the upper part of the conduit and any covering material; (3) the gas 

supply rate, and (4) the temperature profile of the magma in the shallow conduit, which 

influences the behaviour of gas transport through the conduit including coalescence patterns. 

Recent studies suggest that the fundamental difference between background activity 

(puffing/rapid explosions) and normal Strombolian explosions is the volume of the ascending 

gas bubble (e.g. Gaudin et al. 2017b;). Assuming a constant diameter conduit, larger volumes 
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of gas will produce greater overpressure at the point of bursting (James et al., 2008; Del Bello 

et al., 2012), resulting in higher ejection velocities (Taddeucci et al., 2012). There is a constant 

competition between excess pressure from depth and confining pressure from above. Overlaid 

with this, the way bubbles form and coalesce depends on the viscosity state of magma in 

different levels of the conduit (Capponi et al., 2016b; Suckale et al., 2016; Barth et al., 2017), 

relating in part to conduit geometry and insulation/cooling state. Sudden changes in magma 

state, such as cooled upper conduit or a breccia cap on the conduit will also influence eruptions. 

Observational and experimental evidence, along with differences in pyroclast textures define a 

range in eruptions from gas-rich (Types 0 and 1) to ash-rich explosions (Types 2a - 2b). These 

are related, to many features, such as the thickness and viscosity of the upper conduit and any 

covering material (Lautze and Houghton 2007; Patrick et al. 2007; Andronico et al. 2009; 

Guriloi et al. 2014; Del Bello et al. 2015; Leduc et al. 2015; Capponi et al. 2016a; Gaudin et 

al., 2017b; Simons et al., 2020b). A higher viscosity layer in the upper conduit (HVL; Gaudin 

et al., 2017b) forms as magma cools (Figure 3.3). The HVL may act as a plug of more viscous 

magma, but this can also be exacerbated by other breccia/ash that accumulates on top by fall-

back of pyroclastic ejecta, slumping and conduit wall collapse (Caponni et al. 2016b). 

A Magma Plug forms at steady-state mafic volcanoes by cooling and crystallising of magma 

in the upper conduit (Figure 3.3). This layer or plug has increased strength, higher viscosity 

and reduced permeability to the magma below (Namiki and Manga, 2008; Gurioli et al. 2014). 

Fragmentating the near-brittle plug during explosions produces ash plumes (Maier et al., 2015). 

Cooler crystalline and highly viscous plugs generate the most ash, with the extreme cases 

producing a dense plume dominated by ash. The growth of a magma plug is controlled by the 

temperature profile of the magma in the shallow conduit (Suckale et al., 2016). In steady-state 

systems, the constant upwelling of volatiles from deep-sources maintain hot pathways filled 

with mobile magma (Landi et al., 2011) and prevents complete sealing by a lava cap. 

Filling of a conduit by pyroclastic fall-back, as well as slumped material also obstructs a 

Strombolian vent by producing a Debris Cap (Figure 3.3) (Del Bello et al., 2015; Capponi et 

al., 2016b). This clastic material damps the energy of explosions, because explosive bursts 

dissipate through its loose-permable framework (Capponi et al., 2016a), but it may generate 

extra ash by ejecting recycled fine particles (Patrick et al., 2007). Backfilling is most common 

as the magma level drops (Calvari and Pinkerton, 2004). The grain size distribution of the 

debris cap is important, with fine-grained debris entrained by explosions into plumes, while 
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coarse spatter/pyroclasts may produce little ash Capponi et al. (2016a). Determining the 

relative importance of a magma plug in relation to a debris cap is sometimes difficult to assess, 

and if both are present there may also be a transition zone between them (e.g. Capponi et al., 

2016a). 

 

 

Figure 3.3. Schematic diagram of a Strombolian-style vent and upper conduit illustrating a region termed 
the High Viscosity Layer (HVL), comprised of viscous magma in the upper conduit and/or a debris cap. 

Large-volume gas slugs fuel normal explosions and small gas bubbles fuel background activity. After 
Capponi et al., 2016b. 
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3.3. Yasur Volcano 

Yasur is a small, continuously active volcanic cone located on the southeast of Tanna Island in 

the southern Vanuatu Archipelago (Figure 3.1). The 350 m-high and 600 m-diameter cone 

began to form at ~1400 years BP and has existed in a near-perpetual state of eruption with an 

almost identical basaltic andesite composition for the last ~800 years (Firth et al., 2014). Yasur 

sits within the ~5 km-diameter Yenkahe Caldera (Nairn et al. 1988), the source of two 

ignimbrite-producing eruptions over the past 50 kyr (Carney & MacFarlane, 1979; Nairn et al., 

1988; Robin et al., 1994; Allen, 2005; Firth et al. 2014). Yasur is located at the edge of a rapidly 

uplifting block (the Yenkahe Block). The uplift and the semi-continuous volcanic activity are 

driven by expansion of a large shallow magma reservoir (Metrich et al., 2011; Firth et al., 2014; 

Brothelande et al., 2015). 

Past work at Yasur has distinguished a background activity regime interrupted by periodic 

Strombolian-style explosions (e.g. Nabyl et al., 1997; Marchetti et al., 2013; Spina et al., 2015). 

Like Stromboli, Yasur background volcanism comprises passive degassing along with low-

magnitude puffing and rapid explosion activity that ejects gas and minor pyroclasts 

(Oppenheimer et al., 2007; Bani et al., 2013; Spina et al., 2015). Spina et al. (2015) and Gaudin 

et al. (2017b) observed rates of 20 to 136 puffs min-1 at Yasur. Explosions previously described 

at Yasur (Table 3.2) include Stromboli Type 1 and Type 2 (a & b) eruptions (Nabyl et al., 1997; 

Marchetti et al., 2013). Similar to Stromboli, a complex multi-stage degassing model is inferred 

at Yasur, with major explosions driven by the arrival of large gas slugs primarily from a deeper 

source (~4-5 km) and background puffing and rapid explosions of small gas batches from 

shallow sources (~1 km) (e.g. Oppenheimer et al., 2006; Burton et al., 2007; Métrich et al., 

2011; Bani et al., 2013; Spina et al., 2015; Simons et al., 2020b).  

Similar to Stromboli, Yasur also displays occasional more powerful activity, (Nairn et al., 

1988), and local residents report that powerful activity phases occur semi-annually. Larger sub-

plinian eruptions are recorded at Stromboli, but at Yasur they are only known from the 

geological record (Firth et al., 2014). 
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Table 3.2. Previous studies describing eruptive activity at Yasur. 

Activity Background 
activity 

Ash-free Ash-rich 

Strombolian 
Equivalent 

Puffing/ 
degassing, rapid 

explosions 

type 1 type 2(a & b) 

Oppenheimer et al., 
2007 
 

‘passive 
emissions’ 

‘Strombolian 
explosions’ 

‘Strombolian 
explosions’ 

Bani et al., 2013. 
 

‘minor bursts’ ‘major 
explosions’ 

‘major explosions’ 

Kremers et al., 2012  ‘ash-free’ ‘ash loaded’ 
Meier et al., 2015  ‘ash-free’ ‘ash-rich’ 
Spina et al., 2016 ‘minor’ ‘major – 

impulsive’ 
‘major - emergent’ 

 

3.4. Methods 

Observations at Yasur were carried out from September 5 to November 18, 2016, during the 

dry season. This is the longest continuous multi-instrument deployment at this volcano to date 

with observers also on site. The multi-month period was an attempt to capture as large a range 

in activity styles as possible and track patterns of evolution in vent conditions as well as 

external factors (e.g. environmental). Instruments included seismometers optical and thermal 

infrared cameras (Figure 3.1). Alongside this, systematic daily visual observations were made 

of explosion characteristics and vent conditions. 

Visual Eruptive Log 

Systematic observational logs were collected for one hour each day from the crater rim (OBSV 

site; Figure 3.1). Noted were explosion styles, along with various measures of magnitude and 

timing. During a two-day heightened activity period (14-15 October 2016, Figure 3.4) 

increased ballistic hazard forced the observation site to shift to the nearby carpark, downslope 

but on the same sector of the volcano (site CP; Figure 3.1). On these two days we could not 

observe smaller explosions and background activity. Visual observations were referenced to a 

GPS clock for correlation to continuous records of seismicity and imagery. A digital 

inclinometer was used to determine relative heights; ballistic heights were measured at the peak 

for any explosion. The ash/gas plume height was recorded at the top of the gas thrust plume, 

driven by high initial momentum before passive buoyant rise and wind dispersal began (cf., 

Patrick et al., 2007). Explosion heights are presented as heights reached above the crater floor 

(Figure 3.6 and Table 3.4) a reference elevation 260 m asl that was measured by Gomez and 
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Kennedy (2018) on 18 October 2016. Due to the inner crater geometry, the minimum 

observable height for site OBSV was 30 m above the crater floor, and at the alternative site CP, 

130 m (Figure 3.1). Eruption characteristics recorded included: ash/plume colour (as white, 

grey, brown or black) and whether an eruption had a sustained ballistic or ash plume 

component. To provide an additional, qualitative dataset, the ballistic component was noted as 

‘sustained’ if ballistics were ejected for more than 10 s, and ash plumes were ‘sustained’ if 

emission time exceeded 20 s (Table 3.4). 

Thermal Infrared Camera Recordings 

Two thermal IR cameras were located on the crater rim (site IR; Figure 3.1) and continuously 

recorded at 1 Hz throughout the deployment. These were targeted at each of the North and 

South craters. An additional thermal IR camera recording at 32 Hz was deployed each day 

alongside the observer (at site OBSV, Figure 3.1; Table 3.3). Thermal IR cameras were 

mounted on tripods at the edge of the crater rim and protected within thick alloy protective 

cases. IR cameras were operated by portable computers with CPU clocks synchronised via GPS 

timing. The view of the cameras were often limited by ash fall, ash coating on the lenses, and 

atmospheric effects (such as low cloud cover). The solar and battery setup that powered them 

also suffered intermittent outages throughout the deployment. 

Seismic Recordings 

Continuous seismic recordings were made using an array of three Geospace GS1 short-period 

(2 Hz) 3-component sensors and one Trillium Compact 120s broadband seismic sensor 

deployed around the volcano (Figure 3.1) sampling at 500 Hz. Seismic signals of each 

explosion type were isolated by windowing the signals to thermal IR video and visual logs. 

The low-frequency (LF) seismic onset occurs before the camera or visual sighting of the 

explosion and the end point of the seismic explosion signal was define at the point of decay 

into the background signal. A total of 91 explosions and puffs were selected for seismic study 

based on having best isolated signals, with clear initial onsets and no overlap with other 

explosions/events in the seismic record (Figure 3.7, Table 3.4). Seismic amplitude was 

compared with the visual observation of ballistic and plume heights via peak amplitudes and 

RMS (root mean squared) values for 30 second non-overlapping time-periods. 
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Table 3.3. Thermal-IR Camera Specifications 

Thermal IR Camera Specifications   
Camera Optris PI640 Optris PI450 PI450 
Site OBSV IR IR 
View Whole summit North Crater South Crater 

GPS Lat  19°31'54.60"S 
 
19°31'47.54"S  19°31'47.47"S 

GPS Long 169°26'58.72"E 169°27'0.09"E 169°27'0.14"E 
Elevation 310 340 340 

Distance to target (centre of 
summit or crater) (m) 400 280 250 
Sample Rate 32 Hz 1 Hz 1 Hz 
Pixels 640×480  382×288  382×288  
Lens Angle (H x W) 33°×25°  62°×48°  62°×48°  
FOV (H x W) (m) 242 x 181 337 x 249 300 x 223 
Temperature Range (K) 273-523 273-523 273-523 

 

 

 

Figure 3.4. Experiment timeline showing dates of the deployment and data collection represented by 
coloured lines. Gaps in the lines represent gaps in data acquisition. 
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Figure 3.5. Time series outlining distribution of ejecta heights and explosion types distribution. Subplots 
A. and B. show box and whisker plots of daily ejecta height distributions of bombs (A) and ash plumes 
(B). Circles represent median heights, boxes represent 1 standard deviation, whiskers (dashed lines) 2 

standard deviations, and crosses denote outliers. Histograms on the left show the total distribution across 
the entire study period. The bottom panel (C) shows explosion type percentages where black bars denote 

days with of no observation on the crater rim. 

 

3.5. Results - Characterisation of Observed Activity 

Over an 11-week period we documented explosions occurring at rates between 30 and 129 

events hr-1 with ejecta heights ranging from 30 to 520 m for bombs and 30 to 434 m for ash 

plumes (Table 3.4). Yasur hosted two active craters during our observations; the North and 

South craters (Figure 3.1). South Crater hosted two major vent zones (A and B), while North 

Crater housed a single vent zone (C) (Table 3.4). Each vent zone hosted a variable number of 

shifting and evolving vents. Seven vents were observed in South Crater, with 1-3 being active 
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at any given time, while three vents were observed in the North Crater, with 1-2 being active 

at any given time. An integrated description of background and explosive activity types 

observed at Yasur during the 11-week study is presented below. Visual observation of 4998 

explosions were made (Table 3.4; Figures 3.6 and 3.7) with activity types distinguished by 

variations in the proportions of ash vs. ballistics ejected (Figure 3.2). A large variety of 

explosion styles were observed, including those identified as Type 1, 2a and 2b within the 

Strombolian classification schemes. A previously undescribed style of ash-rich explosion was 

also observed and is described here as a Type 3 explosion. Changes in explosion parameters 

occur gradually over weeks to months as well as more rapidly in hours to days (Figure 3.5). 

The occurrence and dominance of explosions of any one type is typically maintained for days 

to weeks (Figure 3.5). 

 

 

 

 

Figure 3.6. Box (1 S.D. around median) and whisker (2 S.D.) plots for the ballistic bomb and plume 
(gas/ash) heights that were visually recorded for different activity types at Yasur. Red dots mark the 

maximum recorded height of each type. 
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3.5.1 Background Activity 

Background activity at vents comprised of Puffing and the background style of higher 

magnitude Rapid Explosion activity. Minor gas and ash emission sourced from cracks and 

fissures (not vents) also occurred throughout the study. In addition, “skylights” were present 

mainly in the South crater. These are perched openings, <5 m-diameter located at a higher 

elevation than a related vent, producing continuous puffing, minor spattering, and showing a 

night glow of magma. 

Puffing 

Puffing at Yasur is typified by single discrete gas releases or puffs with durations of one to 

several seconds. These occur every 2 to 10 seconds on video records (Figure 3.2; Appendix A. 

Ch3_MS1- Ch3_MS3). Past workers have also noted that puffing is semi-continuous at Yasur 

(Spina et al., 2015; Gaudin et al. 2017b). Gas plumes generated by puffing dissipate rapidly 

and contain little to no ash, even during times of high ash production at neighbouring vents, or 

slumping of fine material into the vent from the crater walls. Puffing occurs from both vents 

and skylights, but is greater at vents (Table 3.4; Figure 3.6). In darkness vigorous puffing 

appears as incandescent gas flares. Vent puffs were occasionally more vigorous for ~30 

seconds preceding an explosion. Some puffing events generated seismic events above the 

background tremor. These events produce simple, low amplitude and brief signals (Figure 3.7, 

Table 3.4). 

Rapid Explosions 

Rapid explosions (after Houghton et al., 2016) occur at Yasur as large, persistent background 

degassing events with <5 s duration separated by pauses of 2 to 6 seconds. This activity may 

occur persistently at a vent for several days, ejecting gas and small sprays of incandescent 

pyroclasts with very little, or no ash (Figure 3.2; Appendix A. Ch3_MS4-MS6). Ballistics are 

mainly ejected to heights of  <30 m, but can exceed 80 m during the most vigorous phases. A 

continuum between puffing and Rapid Explosions was observed, with puffing transitioning 

into Rapid Explosions during heighted background degassing phases. They are associated with 

open vents with visible lava and with activity dominated by explosion types 1 and 2a. They 

were most prevalent in the North Crater during the first half of the observation period where 

magma levels were high (Figure 3.2). Rapid Explosions are seismically indistinguishable from 

the background signal (Figure 3.7, Table 3.4). 
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Figure 3.7. A. Representative seismic waveforms (vertical ground velocity) of activity types observed at 
Yasur over a 30 s window. B. Spectral analysis of the discrete Fourier transform of power across the 

frequency recorded during characterised events. Shaded areas represent 95% distribution bounds, while 
the black line shows mean power. 
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3.5.2 Explosive Activity 

Type 0 (Gas-only) Explosions 

This is an eruption type noted from Stromboli, involving the violent release of gas, with little 

to no ballistics and no ash component. No eruptions of this type were observed visually, or on 

thermal-IR cameras. 

Type 1 (ballistic -dominated) Explosions 

Type 1 explosions make up 11 % of Strombolian events observed at Yasur (Table 3.4). They 

eject dominantly ballistics with gas (Figure 3.2; Appendix A. Ch3_MS7-Ch3_MS9). Of these, 

~90 % are brief discrete events with the remainder having multiple pulses lasting over 10 s 

(Table 3.4). They occur at open vents where magma is visible and near the surface. Some of 

them produce one or more atmospheric shock waves with supersonic leading fronts (Marchetti 

et al., 2013). Ballistics usually reach greater heights than gas jets (although the gas plume may 

later be dispersed higher by the wind) (Figure 3.6; Table 3.4). The seismic coda of Type 1 

explosions at Yasur are similar to other reported Strombolian explosions, comprising both an 

HF and a precursory LF component (Figure 3.7; Table 3.4). 

 

Table 3.4. Visual-log-calculated heights for ash/gas plume and ballistic components. Including total 
number of events recorded for 65 days of monitoring for 1 hour per day. Included are characteristics of 
seismic signals of activity subtypes at Yasur acquired from broadband seismic waveforms, ASHP site. 

Some Stromboli eruption data are included for comparison. 

 Background Activity Explosion Activity 

  Puffs Rapid Explosions Type 0 Type 1 Type 2a Type 2b Type 3 
Explosion 
Summary 

Occurrence Data                       
Total Observed 
Events 985 - 0 568 2512 1661 257 4998 

% of Total Explosions     0 11 50 33 5   
Explosion Rate (hr-1) 
- Total Volcano     0 0-28 3-88 2-64 0-21 30-129 

Explosion Rate (hr-1) 
- Single Vent     0 0-23 0-57 0-54 0-21 0-73 

% Range at a Single 
Vent     0% 0-60 % 0-100 % 0-100 % 0-100 %  

Explosion Source                       

North Crater (Zone C)     0 77 459 565 257 1358 

South (Zone B)     0 369 1410 419 0 2198 

South (Zone A)     0 118 632 620 0 1370 

Unidentified     0 4 11 57 0 72 

Explosion Properties                       

Explosion Duration     - 5-25 s 5-45 s 5-45 s  25->60 s 5->60 s 

Explosion Onset emergent   - impulsive impulsive emergent impulsive then emergent   

Height Data Gas puff Ballistics   Ballistics Plume Ballistics Plume Plume Ballistics Plume   

Height Range (m) 21-238 <30-80+ - 34-325 41-192 30-520 34-409 30-434 37-286 45-323 Ballistics: 30-520 
Plume: 30-434 

Mean Height (m) 68  - 105 78 156 129 117 123 131 Ballistics: 140 
Plume: 120 

% Sustained - - - 10 7 13 38 65 6 82 Ballistics: 6 % 
Plume: 37 % 

Seismic Data                       
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Number of 
Characterised Events 12 7 0 12 28 18 14   

Signal Duration (s) <5-10 persistent - 15-35 15-49 11-32 31-60+   
Max Amp Range 
(µms-1) 28-137 30.0-70 - 45-236 52-490 39-236 50-115   

        LF HF LF HF         
Dominant Frequency 
(Hz) 0.3-0.7 0.3-0.6 (one 4 Hz) - 0.1-0.6 3.0-6.0 0.1-0.5 3.0-7.0 0.1-0.5 4.0-6.0   

Max Amp Range 
(µm/s) 28-137 30-70 - 27-145 27-182 28-173 25-447 39-236 50-115   

Signal Onset emergent   - emergent impulsive emergent impulsive emergent emergent   

Stromboli Studies                 
Occurrence (% of 
total explosions)    0-6%(1,2) 30-36% (1,2) 23-30% (1,2) 30-42% (1,2)     

Explosion Duration 
(s)      6–27 s (1)  6–41 s (1) 8–31 s (1)     

Explosion Rate (hr-1)              ~30; ~9 at a single 
vent (4) 

Height (m)      62% over 115m (1) 44% over 115m (1) 0% over 115 m (1)    

Explosion Onset    impulsive (2) impulsive (2) impulsive (2) emergent (2)    

Velocity (ms-1)     >400 (3) >400 (3) 20–150 (3) 10-40 (3)     

        Stromboli References: (1) Patrick et al., 2007 (2)Gaudin et al., 2017b(3)Taddeucci et al., 2012 (4) Salvatore et al., 2018 

 

Type 2a (combined ash- and ballistic-rich) Explosions 

Type 2a explosions make up 50% of the Strombolian events seen (Table 3.4). These events 

have both single and multiple pulses and may produce a conspicuous ash plume that persists 

outside the crater rim (Figure 3.2; Appendix A. Ch3_MS10-Ch3_MS12). Type 2a explosions 

were observed at vents with lava at the surface and those where lava was out of sight. Type 2a 

explosions are the largest observed (Figure 3.6; Table 3.4), with bombs reaching over 500 m. 

They are highly variable, ranging from ballistic-dominated with faint, pale-coloured ash 

through to dense and sustained plumes of dark ash. Nearly 40 % of Type 2a ash plumes lasted 

longer than 20 s; and these were typically associated with the darker ash. Weaker ash-rich type 

2a eruptions are often emergent in nature and go on to produce sustained dark ash plumes. In 

contrast, sustained ballistic ejection (lasting >10 s) was more associated with lighter colour ash 

(light greys) and fluid lava bombs (Table 3.4), which sometimes produce blast waves (similar 

to Type 1). Ballistics usually reach greater heights than the plumes of gas (Figure 3.8; Table 

3.4). Grey ash plumes are associated with the most powerful explosions (Figure 3.9). The 

seismic waveforms of Type 2a explosions are similar to those of Type 1 and last 20-45 s (Figure 

3.7, Table 3.4). 

Type 2b (ash-dominated) Explosions 

Type 2b explosions make up 33% of the observed explosions (Table 3.4). They are 

characterized by a conspicuous ash plume and lack of obvious ballistics (Figure 3.2; Appendix 

A. Ch3_MS13-Ch3_MS15). A plume of pale grey to black ash rises buoyantly through 

emergent emission and there is no visible jetting (cf. Patrick et al., 2007). Little noise is 
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associated with these explosions. Grey ash plumes are highest (Figure 3.9). Over 65% of Type 

2b events emit ash for longer than 20s. More voluminous, dense plumes frequently produce 

lightning. Type 2b waveforms are dominated by low frequency spectra with emergent onsets 

(Figure 3.7, Table 3.4). 

 

Figure 3.8. Ballistic height vs plume height plot for Type 1, 2a and 3 explosions. Note that ballistics reach 
greater heights than plumes for events with ejection heights greater than 150 m. 

 

Figure 3.9. Scatter plot of plume and ballistic heights of explosions displaying different plume ejecta 
types/colours. Plume composition is divided into gas only, white ash, grey ash, brown (ash 

dominated/oxidised ash), black (high density ash plume). Type 1 gas plumes are the smallest. Explosions 
with grey plumes reach the greatest heights for type 2a and b explosions. Black ash explosions reach the 

lowest heights. 
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Type 3 – A New Ash-dominated Strombolian Explosion Type  

Frequent explosions occurred during the observation period that do not match with existing 

Strombolian types. Here, described as Type 3 Strombolian eruptions are expressed as tephra 

jetting through a breccia/ash-occluded vent (Figures 3.2 & 3.10; Appendix A. Ch3_MS16-

Ch3_MS19). Eruptions are ash-dominated and eject mainly non-incandescent pyroclasts on 

ballistic trajectories. After each event the vent remains buried by pyroclastic deposits. Type 3 

explosions have a distinctive low amplitude, high frequency component to their seismic signal, 

with very little LF (Figure 3.7; Table 3.4). Codas have durations of 30 to over 60 s with gradual 

emergence and decay.  

Type 3 explosions display a series of distinct stages (Figure 3.10): 

1. Radial swelling and up-doming of the breccia/ash-cover on the crater floor precedes 

each explosion by <1 s (Figure 3.10A; Appendix A. Ch3_MS16).  

2. Sudden rupture occurs from a 10-20 m diameter area at the centre of the swelling 

(Figure 3.10B). 

3. A series of finger-like tephra jets (Fig.10C) build up to 300 m-high (Table 3.4) to 

coalesce a single large plume. Up to 10 separate jets may be emitted over a period that can 

last up to 20 s, however, only 5 % of the tephra jetting phases lasted longer than 10 s 

(Table 3.4). Small ballistic fragments decouple and accelerate out from the dense ash 

plumes. Black ash is commonly jetted at the start and it becomes paler grey and brownish 

grey over time. 

4. Release of voluminous sustained ash over 60 s forming a single large buoyant plume 

that rises above the tephra jets and engulfs the entire summit area (Figure 3.10D). 

Lightning is commonly associated with these plumes. 

5. Ash clears to reveal a smooth crater floor, with the vent buried by tephra. 

Type 3 explosions made up 5% of the total Strombolian events observed (Table 3.4). Once 

starting, this became the heavily dominant style of explosion in the North crater, and on many 

days, were the only style. During this style of activity, the frequency of explosions reduced 

from the typical levels of type 2a-2b eruption down to only 1-22 hr-1. A partial breccia/ash 

cover of the vent is evident when explosions begin by heaving a mound of debris and ash 

upwards at the onset of Type 2a and 2b explosions and producing minor tephra jets. This was 



Chapter 3 

68 
 

observed in the North Crater from 12-18 October 2016. Similar inflation events from a debris 

cover were described at Stromboli by Capponi et al., (2016b) and attributed to expansion of 

gas beneath the debris up until the point of rupture. The key difference in the Yasur case is that 

the vent may be completely obscured by a thicker layer of debris during these events. 

 

Figure 3.10. An example of a Type 3 explosion sequence (details in text) comprised of still shots from 
hand-held video footage recorded on 11/10/2016 (Appendix A. Ch3_MS16). The left side of the crater in 
the images is buried, while the right side is not buried and produces a weak type 2b explosion (Frame 2). 
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3.6. Discussion 

3.6.1 Yasur Volcanic Activity in the Strombolian Classification Framework 

Most of the activity observed during this study fits into the existing Strombolian classification 

framework (e.g. Patrick et al., 2007, Goto et al., 2014; Leduc et al., 2015; Gaudin et al., 2017b). 

As described by previous research (Patrick et al., 2007; Gaudin et al., 2017b) an overlapping 

spectrum, or continuum, between Strombolian explosion types exists in terms of explosion 

magnitude, duration and products. However, it is important to add a new type of explosion; 

Type 3. Firstly, we compare our observations of the distribution of eruption types to other 

Strombolian cases. 

At Yasur, Type 2a eruptions are the most common, followed by Types 2b, 1 and then 3 (Table 

3.4). Types 2a, 2b and 3 all dominated at a vent (100 % of explosions) for certain periods, but 

not Type 1. At Stromboli, Patrick et al., (2007) found a more even distribution of explosion 

types, with Type 2b (42%) slightly more abundant than Type 1 (36%) and Type 2a (22%). In 

another study at four volcanoes (200 explosions over several years), Gaudin et al., (2017b) 

found that Types 1, 2a, and 2b, were equally common, and Type 0 made up 6% of events. 

The hourly frequency of explosions at Yasur (excluding minor bursts) ranges from 30 to 129 

hr-1, with a mean of 80 hr-1. Individual Yasur vents may produce up to 73 explosions hr-1. By 

comparison, explosions at Stromboli are generally less frequent, ~30 times hr-1 for the whole 

volcano and up to ~10 hr-1 for a single vent (Salvatore et al., 2018). The largest explosions 

producing the highest ejecta at Yasur are Type 2a events (mean ejecta heights of 150 m), then 

Type 3 (120 m), followed by Type 2b (110 m) and finally Type 1 (105 m). By contrast at 

Stromboli Type 1 explosions reached the greatest heights (Patrick et al., 2007, Table 3.4). 

Explosion duration at Yasur increases from Type 1 to 3 and the proportion of events producing 

sustained ash (lasting longer than 20 s) increases from Types 2a to 3 (Table 3.4). The duration 

patterns are similar to other volcanoes (Gaudin et al., 2017b). Peak seismic amplitudes of 

explosions match the observed height measurements, with Type 2a showing highest energy 

signals followed by Type 2b then Type 1 (Table 3.4), but 30 s RMS averages have more 

scattered behaviour potentially due to overlapping eruption signals (Appendix A. Ch3_FS1). 

LF and HF coda from all explosion types contain similar dominant frequencies (LF: 0.1-0.6 Hz 

and HF: 3.0-7.0 Hz, Figure 3.7). Type1 and Type 2a explosions typically display the most 
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pronounced HF component, whereas Type 2b explosions may appear similar to large puffing 

events (Figure 3.7). 

3.6.2 Vent Controls on Strombolian Activity Type 

Based on our new observations, past studies and integrating the established global framework 

of Strombolian explosive processes we infer a revised conceptual model for how vent/upper 

conduit conditions control eruption types, and present representative conditions in which each 

type of activity is dominant for Yasur (Figure 3.11). The spectrum of conditions spans from 

vents with magma near the surface through to vents deeply buried by unconsolidated 

ash/breccia. A common assumption across all vent types is that gas volume is the primary 

control on the magnitude and duration of each explosion, but does not change the type of 

explosion (Gaudin et al., 2017b). The viscosity state of magma in the upper conduit plus any 

covering breccia material is a more important control on eruption style and type (e.g. Del Bello 

et al., 2012; Meier et al., 2015; Gaudin et al., 2017b; Pering and McGonigle, 2018). 

Type 0 Explosions 

Type 0 explosions represent a vent with only an incipient or absent HVL (Goto et al., 2014; 

Leduc et al., 2015). At Yasur no Type 0 events (gas only jets) were observed, nor has this 

activity been reported in past studies. While these events are rare at Stromboli ~6% (Ludec et 

al., 2015), the lack of Type 0 events at Yasur may be related to differences in magma 

composition and viscosity. A more evolved, crystal-rich and likely more viscous magma at 

Yasur (Rosi et al., 2000, Firth, 2015) may result in a greater propensity for a viscous magma 

HVL to grow, producing more ash. Further monitoring at Yasur with a focus on describing 

explosion types is required in order to make any definitive statement on the occurrence of Type 

0 explosions at Yasur. 

Type 1 Explosions 

Type 1 activity is only observed at vents with visible near-surface magma (Figure 3.11). Type 

1 events were never the dominant event type at a vent (or across the whole volcano), and they 

always occurred alongside Type 2a explosions, and more rarely with Type 2b events. Type 1 

events are associated with the most vigorous puffing and most powerful rapid explosions. 

Gaudin et al., (2017b) noted that puffing occurred at vents dominated by Type 1, or 2a 

explosions. In these eruptions with mainly fluid ballistic ejecta, the HVL is absent or weak and 

allows pathways for continuous degassing (Figure 3.11). This means that hotter magma is 
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directly blasted out. The largest explosions during Type 1 dominated activity produce ash. 

Large gas slugs with high pressures generally produce ash by fracturing cooler magma at the 

conduit margins (cf. Suckale et al., 2016; Gaudin et al., 2017b). Pre-conditions for Type 1 

explosions appear to be a succession of energetic earlier Type 2a explosions that evacuate 

accumulating cooling and viscous magma.  

Type 2a Explosions 

Type 2a explosions occur alongside puffing and all activity types at Yasur, but rarely with Type 

3 explosions. Type 2a explosions show the highest explosion rates at Yasur and thus a 

succession of them may efficiently clear viscous magma before a well-developed plug can 

stabilise. In periods of less-frequent explosions, puffing dies down (as do associated Type 1 

events) and more ash is generated. This implies that Type 2a events occur with either a thin 

HVL or a moderate HVL, the latter with more viscous magma, leading to higher ash contents 

and lower bomb to ash height ratios. 

Type 2b Explosions  

The emergent onsets of Type 2b explosions are consistent with fragmentation pathways 

forming through a thick viscous magma plug at its weakest points (c.f., Gaudin et al., 2017b). 

They fragment near-solid magma as indicated by the uniformly fine (lapilli/ash) particles 

produced, contrasting to the large fluid pyroclasts of Type 1 and 2a. A thick HVL is also 

indicated by low background degassing. In cases where there is crater-wall slumping, 

reddish/brown ash is generally produced by the fragmentation of cooled and oxidized surficial 

debris. 

Type 3 Explosions 

Type 3 explosions generally occur in a long series and may dominate at any vent for a period. 

They are not accompanied by puffing. Very rare Type 2a/2b explosions may accompany Type 

3 dominated vents. Type 3 events occur when vents are deeply buried (or completely obscured) 

by a breccia/ash cover. Ejecta produced derives from fragmentation of the debris layer as well 

as fresh pyroclasts ejected through it. No focused degassing (pipes/fumaroles) was seen 

between Type 3 explosions and they have long intervals between them. This suggests that gas 

is efficiently trapped beneath the surface, possibly by dense, cooling viscous magma, along 

with a thick overburden of debris. Once sufficient gas pressure accumulates, rapid failure of 

the HVL occurs and eruptions begin in a jetting fashion through the cracks. An absence of LF 
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precursory seismic signal associated with Type 3 explosions suggests that a simple bubble-rise 

mechanism may not be the trigger. Type 3 events commonly occur close in time with 

explosions from an adjacent crater. This implies either that the gas blockage has led to gas 

overpressure in neighbouring vents, or that the impulsive explosions of neighbouring 

potentially triggers gas release and cracking of the vent cover to initiate Type 3 eruptions.  

Comparing Type 3 explosions to Vulcanian explosions, the latter disrupt a solidified lava plug, 

with far more efficient gas trapping beneath. This means Vulcanian eruptions area 

characterized by impulsive starts, with highest energy release at the outset, and often 

accompanied by atmospheric shock waves e.g. Sakurajima (Ishihara, 1985) and Ngauruhoe 

(Self et al., 1979). Type 3 explosions occur at high enough rates (sourced by continuous, 

although lessened degassing flux) to prevent complete freezing of magma at the top of a 

conduit, plus they have an emergent, gradual onset without accompanying shock waves. The 

up-doming of the breccia cover and the high frequency of these eruption types is most 

consistent with an origin from a gas slug, rather than trapped gas typical of Vulcanian 

explosions. 

3.6.3 Vent, Degassing and Seismic Indicators for Highest Magnitude Strombolian 

Explosions 

The highest background seismic activity correlates with the highest degassing rates and is 

accompanied by eruption of hot, fluid ballistics. However, these factors are not associated with 

the most powerful explosions, or the most frequent Strombolian events at Yasur (Simons et al., 

2020b). Instead it appears that the most powerful explosions occur at an optimum viscosity 

level of the HVL – with too low viscosity producing less-energetic Type 1 events and too high 

viscosity producing Type 2b or 3 events. During a vigorous two-day explosive phase, requiring 

observers to withdraw to a more distal site, the heighted explosions were all Type 2a and 2b.  

Frequent explosions and high background degassing likely hinder formation of a significant 

HVL within the upper conduit (Del Bello et al., 2015). Thus, lower intensity Type 1 events are 

favoured. As an incipient HVL forms, either due to lower background vigour or reduced 

eruption frequency, the largest magnitude explosions occur. Thus, an incipient HVL may trap 

more gas but provide only a minor hindrance to explosive energy of a bubble-burst. 
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Figure 3.11. Conceptual model outlining the vent conditions for vents dominated by explosion types 0-3 at 
Yasur. Explosion main ejecta types (gas, bombs, ash) are represented illustratively. Explosion mean 

heights are noted in italics at the top of the explosion. Maximum explosion frequency for each explosion 
type are presented as blue bars to the left of each vent. Products of explosions and background activity 
are included below the illustration and show a continuum from gas-bomb dominated explosions to ash-

dominated. An inferred High Viscosity Layer (HVL) condition, with the relative contribution of a viscous 
magma layer (which primarily controls the progression from type 0-2s) and a debris cap, (most important 

in type 2b and 3 vents) is displayed.  
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Progressive HVL development strengthens it and thus dampens the impulsive energy of 

explosions. This reduces eruption magnitudes and changes them to Type 2b. The work required 

to clear a pathway to the surface and fragment more viscous magma reduces the energy 

available to propel ballistics. Further, an HVL may reach a critical state where it becomes 

stable, for example it may persist through many Type 2b explosions hr-1 at Yasur, often only 

minutes apart. Progressive HVL development leading to changes in eruptive activity is also 

displayed in non-magmatic settings. Jolly et al, (2016) and Edwards et al., (2017) for example, 

show how gas slug propagation and resulting explosive style evolve in a mud-slurry lake due 

to progressive reduction of lake depth and an associated increase in strength and viscosity of a 

drying mud layer forming above the conduit. 

Adding a blanket or crater fill of poorly sorted ash/breccia helps the HVL to trap gas and 

dampen explosions. Explosion vigour is further reduced by the material load, with eruptions 

piping through temporary cracks, maintaining the HVL and leading to repeated ash-rich Type 

3 explosions.  

The occurrence of explosions of any one type at a particular vent at Yasur is typically 

maintained for days to weeks, indicating a fundamental vent/conduit change is needed for a 

state change. This could include factors such as: 1) changes in magma pressure (lowering levels 

of magma supply in the upper conduit); 2) variations in deep gas throughput affecting magma 

bubble/microlite content, temperature and rheology; 3) changes in vent/conduit geometry; 4) 

collapses of the conduit or crater walls; or 5) intense rainfall and associated runoff/in-wash of 

debris into the vent. Changes in explosion style over similar time scales (days to weeks) has 

previously been observed at Stromboli (Salvatore et al., 2018). 

3.6.4 Implications for Hazard and Hazard Monitoring 

If Type 3 explosions, or similar, occur at other well-visited volcanoes, they pose a different 

kind of hazard to other events. Explosions can be large, but the greatest hazard comes from 

them occurring after long quiet intervals between eruptions and surprisingly emerging from an 

otherwise smooth (and benign appearing) crater floor, rather than an obvious vent. This means 

that observers may be caught unprepared. The lack of incandescent ejecta and modest audible 

signals makes Type 3 explosions invisible at night, further increasing their hazard for the 

common night tourism at sites such as Stromboli, Etna and Yasur. 
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The main implication of these results for improving hazard assessment at Yasur is that a clear 

understanding of vent conditions and their progression over time is needed to improve the 

current short-period seismic monitoring. This could include addition of broad-band seismic 

recording to improve identification of HF and LF signals that can distinguish some eruption 

types, or close webcam/thermal camera videos that can visually confirm the current eruption 

type at each main vent area.  Recognising the signs of transition into Type 2a/2b activity is 

important and can be achieved, for example, via noting decreased puffing/background activity. 

Also transition of a vent into Type 3 behaviour can be noted from long-period seismic signals 

of events, by webcam or by thermal video. 

3.7. Conclusions  

The study of Strombolian volcanism and the development of eruption classification schemes 

have been dominated by observations at Stromboli, Italy, yet this is not the only volcano that 

exhibits this style. Observations of 4998 eruptions at Yasur volcano, Vanuatu, exhibited 

explosions that fit mainly within existing Strombolian classification schemes, but showing 

several important differences in frequency, scale and relative magnitude. This 11-week 

observation study allowed us to identify how vent and conduit state influences Strombolian 

eruption styles. The spectrum of conditions spans from vents with magma near the surface 

through to vents deeply buried by unconsolidated ash/breccia.  

Explosions at Yasur are two to three times more frequent than at Stromboli, and generally 

stronger. Yasur activity is dominated by Type 2a explosions, which occur at open vents 

alongside vigorous background puffing and rapid explosions. Gas-rich Type 1 explosions are 

the largest at Stromboli, but the smallest and least frequent at Yasur of all explosions. A major 

2-day heightened phase of higher-magnitude activity at Yasur was dominated by Type 2a/2b 

eruptions. These represent the most powerful explosive conditions at Yasur, where high 

viscosity in the upper conduit likely traps and coalesces a large supply of gas, but the magma 

is still weak enough to be readily disrupted. Under these conditions the maximum amount of 

energy is available for ballistic ejection. Our observations of covered-vent conditions enabled 

identification of a new eruption style that can extend Strombolian classification schemes 

(called here Type 3 explosions). These events during the deep burial of a vent by loose 

pyroclastic breccias begin with updoming of the breccia, followed by ash-dominated jetting. 

The capping breccia cover rapidly anneals to cover the vent again. 
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This chapter primarily addresses three of the aims in this thesis, aims two, three and four. 

Aim two: to investigate the link between variations in the surface expression and style of 

volcanism at a steady-state volcano in relation to vent, shallow conduit, and shallow magma 

reservoir processes. Aim three: to explore any systematic variability in the timescales of the 

steady-state volcanic system of Yasur (e.g., in eruptive frequency, eruption height, vent 

location, eruption style, ash generation and gas output) that can be related to shallow 

magmatic processes. Aim four: to understand the dynamics of vent shifting, vent formation 

and closure displayed at multi-vent Strombolian-style volcanoes. 

This chapter examines the evolution of volcanism over an 11-week monitoring period at 

Yasur. It tracks the variations in the steady-state and persistently-active Strombolian-style 

system over this period using visual, seismic, SO2-gas, and thermal infrared data. These data 

revealed important insights into the time-varying systematic relationships between explosion 

magnitude and style with shallow conduit and magmatic conditions. Statistical modelling of 

the observed activity revealed aspects of the dynamic relationship between the three major 

vent zones and gave insights into the nature and structure of the conduit system that 

distributes magma and volatile flux between them. 

This chapter is a manuscript published in the Bulletin of Volcanology: 

Simons, B., Cronin, S., Eccles, J., Bebbington, M., Jolly, A., (in review). Spatiotemporal 

Variations in Eruption Style, Magnitude and Vent Morphology at Yasur Volcano, Vanuatu: 

Insights into the Conduit System. Bulletin of Volcanology, 82 (8). 

4.1. Introduction 

Mafic steady-state volcanoes produce Hawaiian and/or Strombolian eruptions and display 

limited variation in eruption style and intensity (O’Hara 1977; Albarede 1985; Francis et al. 

1993; Métrich et al. 2010; Firth et al. 2014). Strombolian eruptions typically occur at mafic, 

open-vent volcanoes and erupt fresh incandescent pyroclastic material and fluid (scoria, 

bombs, ash and glassy sands) (Mercalli 1907). The explosive impulse is interpreted as the 

bursting of large coalesced gas slugs that rise through shallow, ponded, low-viscosity 

magmas (Jaupart and Vergniolle 1988; Parfitt 2004, b). Explosions are transient events (5 to 

60-s duration) with clear onsets and terminations in thermal, seismic and infrasonic records 

(e.g. Neuberg et al. 1994; Ripepe et al. 2005a; Jolly et al. 2017). They may occur at typical 

rates of 13 events h−1, reaching up to 30 events h−1 (at Stromboli) and eject pyroclasts to 
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heights of up to 400 m (Barberi et al. 1993, b; Harris and Ripepe 2007a; Patrick et al. 2007; 

Taddeucci et al. 2013; Rosi et al. 2013; Houghton et al. 2016). 

Strombolian explosions show a restricted variation in styles and pyroclast production 

(fragmentation and ejecta state) that can be broadly classified from visual observations (Table 

1). The dominant factors controlling the variation of Strombolian explosion types appear to 

be: (1) the length/volume of bursting gas in the conduit, relative to vent diameter, and (2) the 

height of the magma at the top of a conduit and its viscosity state. Gas volume is thought to 

primarily control the magnitude of the explosion (e.g. James et al. 2008; Del Bello et al. 

2012; Gaudin et al. 2017b), while magma state influences the form of eruption and 

pyroclastic fragmentation (Lautze and Houghton 2005, Lautze and Houghton 2007, b; Patrick 

et al. 2007; Andronico et al. 2009; Gurioli et al. 2014a, b; Del Bello et al. 2015; Leduc et al. 

2015, b; Capponi et al. 2016a,b; Gaudin et al. 2017b). 

 

Table 4.1. Strombolian-style explosion and background activity types (after Gaudin et al., 2017b). 

Activity  Definition Reference 

Puffing 

‘Rapid and repeated emission of discrete packets or batches of 
high-temperature gas from the source vent (…) often 
associated with the emission of one or two small incandescent 
bombs’ 

(Harris and 
Ripepe, 2007b) 

Rapid explosions ‘Weak and, generally, very closely spaced explosions erupting 
a large amount of bombs at a few tens of meters’ 

(Houghton et al., 
2016) 

Normal explosions ‘Jets up to an elevation of 100–200m of gas and incandescent 
magma fragments which last up to few tens of seconds’ 

(Barberi et al., 
1993) 

Normal explosion subtypes 
    

Type 0* (gas-
dominated) 

‘High-velocity emission (150–250m/s) of a few relatively 
small, juvenile particles, with entrained non-juvenile clasts’ 

(Leduc et al., 
2015; *Type3 of 
Goto et al., 
2014) 

Type 1 (bomb-
dominated) 

‘Ballistic-dominated, with plumes that were only faintly 
visible just above the crater rim’ 

(Patrick et al., 
2007) 

Type 2a (ash-and-
bomb-dominated) 

Explosions involving ‘a conspicuous ash plume, (…) a visible 
gas thrust phase, and usually expelling significant ballistics’ 

(Patrick et al., 
2007) 

Type 2b (ash-
dominated) 

Explosions involving ‘a conspicuous ash plume, (…) 
convective velocities visible above the crater rim, and ejecting 
a minor amount of ballistic particles’ 

(Patrick et al., 
2007) 

Type 3* (tephra 
jetting) 

‘surface rupture followed by emergent tephra jetsthen 
extensive ash emission for up to 60s or longer from a vent 
buried by a thick layer ofsurface debris’ 

*Proposed by 
Simons et al., (in 
press) 
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The overall magma and gas flux into the conduit system, as well as its geometry, are known 

key drivers of spatial and temporal variations in activity style and intensity at Stromboli (e.g. 

Washington 1917; Ripepe et al. 2005a, b; Harris and Ripepe 2007a, b; Landi et al. 2011). 

Specifically, the gas flux and pattern of gas flow within the upper conduit (e.g. as large slugs, 

vs. dispersed bubbles and small slugs) affect the frequency and size of intermittent eruptions 

(Jaupart and Vergniolle 1988; Vergniolle and Mangan 2000; Parfitt 2004, b). This, in turn, 

appears to be controlled by magma viscosity, with higher viscosities favouring slug flow and 

thus periodic distinct Strombolian explosions (e.g. Jaupart and Vergniolle 1988; Parfitt 2004, 

b; Pioli et al. 2012). Any model explaining spatio-temporal variations of Strombolian 

eruptions thus needs to consider the following: gas and magma flux, viscosity state of the 

magma, convection and homogeneity of the magma, the mode of gas transport through the 

magma, along with geometry of the conduit system, as well as the shallow conduit/vent state. 

At the shallow end of classic Strombolian conduit models (James et al. 2009; Del Bello et al. 

2012), the surface conduit state is conceptualised by some workers as a high viscosity layer 

(HVL) (Gaudin et al. 2017b). The magma state in the upper conduit differs markedly from 

deeper magma (Gurioli et al. 2014). Further change also occurs when pyroclasts cover the 

vent (Capponi et al. 2016b). The HVL concept incorporates the viscosity state of magma 

capping the conduit (based on magma temperature, gas content and crystal content) and the 

thickness of surface debris covering the vent. In general, rapid supply of fresh magma and 

gas to the upper conduit maintains hotter, crystal-poor, low viscosity magma, so that gas is 

released readily and explosions produce large, liquid, incandescent bombs. If magma 

convection or resupply is slow, the upper conduit cools, becoming more viscous and more 

resistant to gas flow. This leads to a cycle of gas trapping, followed by explosion and a 

combination of ductile and brittle fragmentation (Meier et al. 2015). Confining pressure must 

be overcome to produce explosions if gas cannot readily escape. Thus, a well-developed 

HVL leads to less powerful ejections and brittle fragmentation to produce ash, along with 

non-incandescent blocks/bombs. Incandescent, particle-poor, gas jets result from no capping 

layer (Barberi et al. 1993, b; Lautze and Houghton 2007; Gurioli et al. 2008; Andronico et al. 

2009; Gurioli et al. 2014; Gaudin et al. 2017b). 
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In addition to the magma component of an HVL (Namiki and Manga 2008; Gurioli et al. 

2014), a debris cap produced by pyroclastic fall-back or conduit wall collapse provides 

further confining pressure above a conduit (Capponi et al. 2016a). The particle size of the 

debris cap, as well as the amount of overlying debris, may also change the style of explosion 

(Capponi et al. 2016b). Simulations of slug ascent through 60–100 m thick plugs of cooled, 

degassed and crystalline magma carried out by Del Bello et al. (2015) and Capponi et al. 

(2016b) indicate HVL development is more strongly linked to magmatic conditions and not 

vent floor conditions. 

We use a 75-day time series of thermal, gas and seismic data for Strombolian activity at 

Yasur to further explore the complex processes driving temporal and spatial variations in the 

style and intensity of activity at such persistently active, mildly explosive, Stromboli-like 

systems. 

 

 

Figure 4.1. The location and summit structure of Yasur volcano. Both images are adapted from Google 
Earth. A. South-East Tanna Island showing Yasur situated within the Yenkahe Caldera. Site localities 
are included. Insert shows Tanna’s geographic position in the South Pacific. ASHP is the location of a 

broadband seismometer, OBSV where visual logs were made during normal activity, CP for visual 
observations during heightened activity and IR where permanent cameras targeted at each of North and 
South craters were deployed. B. The summit area of Yasur showing the location of observation sites as 

well as the crater and vent zone areas at the time of study. 
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4.2. Yasur Volcano, Vanuatu 

Yasur is a 350-m-high, persistently active and steady-state basaltic-andesite volcano at the 

southern end of Tanna Island, Vanuatu (Figure 4.1). Current volcanic activity at Yasur 

consists of regular Strombolian-style explosions with impulsive jets of incandescent lava 

bombs and tephra reaching hundreds of metres high (Gaudin et al. 2014b; Simons et al. 

2020a). Eruptions began ~ 1400 y BP with a period of irregular larger events followed by a 

near-perpetual state of continuous eruption ~ 850 years ago (Firth et al. 2014). Yasur 

explosions occur minutes apart and are accompanied by variable rates of ash production and 

gas emission. Between explosions, low-magnitude gas puffing (small-volume, non-explosive 

discrete gas emissions) and lava spattering (minor lava ejection) make up background activity 

(Oppenheimer et al. 2006; Bani et al. 2013; Meier et al. 2015). 

The activity at Yasur poses an ongoing chronic health hazard to the > 30,000 people on 

Tanna Island (Cronin and Sharp 2002; Allibone et al. 2012), but there are also significant 

hazards to increasing numbers of tourists visiting the volcano. Past observations of the 

volcanism were sporadic, involving short periods of monitoring (hours-days) (Oppenheimer 

et al. 2006, Kremers 2013; Mandon et al. 2018). The lack of continuous monitoring hinders 

the understanding of the scale of eruptive variation at Yasur, which, in addition to Stromboli, 

is one of the most accessible steady-state Strombolian-style volcano exemplars in the world 

(Nabyl et al. 1997; Gaudin et al. 2014b). Previous researchers have noted different levels of 

activity at Yasur between visits (Bani et al. 2013; Meier et al. 2015), but there is little 

understanding of the ranges of eruption magnitude and style, or the processes driving these 

changes. 

Many steady-state volcanoes erupt from multiple vents, with only limited studies that focus 

on their relationships to one another, to the magma chamber feeding them, or to the complex 

and dynamic conduit pathways that feed magma to the surface (e.g. Stromboli, Harris et al. 

1996, Salvatore et al. 2018, and Marum vs. Benbow at Ambrym volcano, Nemeth and Cronin 

2008). Understanding relationships between the multiple vents at Yasur has not been 

addressed previously. This study outlines daily visual, gas, seismic and thermal infrared 

observations collected over an 11-week monitoring period. These are used to interpret the 

timescales and processes behind variations in eruption behaviour at three concurrent vent 

zones at Yasur, as well as linking these to the magmatic system. 
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Semi-continuous seismic monitoring at Yasur between 1993 and 99 shows regular variation 

in the frequency and magnitude of activity (GVN Bulletin 1999). Heightened activity, such as 

that reported in 1994 and 2004 (and during this study in 2016) is typically accompanied by 

extensive ash fall and expulsion of bombs well beyond the crater rim (Nairn et al. 1988). 

Yasur, like other persistently active, open-vent volcanoes, e.g. Stromboli (Washington 1917; 

Patrick et al. 2007; Aiuppa et al. 2009) and Etna (Cannata et al. 2011), comprises multiple 

craters hosting active vents that display continuous modifications in morphology, number and 

position (Oppenheimer et al. 2006; Meier et al. 2015). During the observation period, three 

sub-craters were active, labelled as vent zones A–C, from south to north (Figure 4.1). Each 

vent zone contains multiple active points of exploding (vents), or non-explosive openings 

displaying incandescence (skylights). Past observers have noted occasional changes in the 

crater geomorphology, including shifting vent numbers and locations (GVN Bulletin 2003). 

Based on past reports, field sketches and photographs, the three current vent zones were once 

separate craters. After 2004, the two southern craters coalesced to form the single, larger 

South crater that now hosts vent zones A and B (Figure 4.1). Vents within each zone display 

highly variable activity (e.g. spatter, ash and gas emission) over periods of hours to weeks, as 

well as showing changes in vent diameter, level of magma, obstruction and location on the 

crater terrace. 

Yasur comprises a complex multi-stage degassing system where surface vents are supplied 

with fresh volatiles and magma by dyke-like pathways (Oppenheimer et al. 2006; Métrich et 

al. 2011). Geochemistry indicates that rising magma stalls in a large reservoir, or sets of 

reservoirs, between ~ 5 and ~ 1.8 km below the vents (Métrich et al. 2011). A common 

conduit of ~ 4 m diameter is believed to link the surface to large magma chamber (Kremers et 

al. 2013; Firth 2016). The large size and efficient mixing of this chamber maintain the 

magma at an approximately constant temperature, water content and composition, which 

drives the steady-state eruptive behaviour (Métrich et al. 2011; Firth et al. 2014). Small 

fluctuations in magma composition have been attributed to minor changes in volatile flux and 

upper conduit residence times (Firth et al. 2014). It is thought that large explosions are driven 

by the arrival of large gas slugs from depth (~ 4–5 km),while background activity is driven 

by lower volume gas batches released from shallow sources (~ 1 km) (Oppenheimer et al. 

2006; Métrich et al. 2011; Bani et al. 2013; Spina et al. 2015). Yasur gas discharge is one of 

the least well-constrained of all those reported in global flux budgets (Bani et al. 2007). 

Sporadic SO2 measurements made over the past ~ 20 years (Bani et al. 2007; Métrich et al. 
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2011; Bani et al. 2013) show that the volcano is continuously degassing, with a total output of 

∼ 15,000 t day−1, primarily consisting of H2O (~ 88%), CO2 (~ 6%) and SO2 (~ 5%) 

(Métrich et al. 2011). Previous measurements record releases of > 1000 t day−1 of sulphur 

dioxide during heightened phases and ~ 200 t day−1 during low activity phases (Bani et al. 

2007). A weak positive correlation between SO2 emission and seismic activity has been 

noted (Bani et al. 2007). 

Within Yasur-like conduit systems, convective overturn is often evoked as being generated 

by the ascent of low-density, fresh, gas-rich magma along with the sinking of denser 

degassed magma (e.g. Kazahaya et al. 1994; James et al. 2008; Kremers et al. 2012; Firth et 

al. 2014). This means that the shallowest parts eruptive conduits likely host mingling between 

fresh and older magma (cf. Lautze and Houghton 2007; Gurioli et al. 2008), as well as 

material slumped from the crater walls (Kremers et al. 2012). Variations in magmatic gas 

noted in past observations (Bani et al. 2013) appear to reflect convection dynamics in the 

magma reservoir or sporadic supply of new magma into the base of the reservoir (Métrich et 

al. 2011). 

4.3. Methods 

Observations at Yasur were carried out over 11 weeks from September 5 to November 18, 

2016, and attempted to capture as large a range as possible in activity styles, vent conditions, 

volcanic processes and external factors that may have influenced activity (e.g. weather 

conditions). Daily systematic visual observations were made, and the following instruments 

were installed: short-period and broadband seismometers, FLYSPEC SO2 gas spectrometers 

and optical and thermal infrared (IR) cameras. 

4.3.1 Visual Eruptive Log 

On-site observations of explosion frequency, height and other features such as the size of 

particles emitted (simple visual classification between bomb, lapilli or ash-rich) were used to 

link geophysical and geochemical data to differing activity styles and magnitudes. Logs were 

collected for a standardised period of 1 h each day from the crater rim (OBSV site; Figure 

4.1), except on 14–15 October 2016 when activity scale increased and impacting ballistic 

bombs forced observers to retreat downslope, on the same sector of the volcano (site CP; 

Figure 4.1). On these 2 days, smaller explosions and background activity could not be 

observed. Visual observations were referenced to a GPS clock for correlation to continuous 
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records. A digital inclinometer was used in a fixed position to determine peak ballistic and 

ash ejecta heights above the crater floor. Ejecta peak height is a first-order proxy for the 

size/volume of the gas slug that drives explosions (e.g. Patrick et al. 2007; Del Bello et al. 

2012; Taddeucci et al. 2013). Ash/gas plume heights were recorded at the top of the gas 

thrust zone before passive buoyant rise. The crater floor was estimated at 260 m asl on 18 

October 2016 (Gomez and Kennedy 2018). Due to the inner crater geometry, the minimum 

observable height for site OBSV was 30 m above the crater floor and the retreat site CP, 130 

m above the floor (Figure 4.1). Cumulative hourly sums were calculated for gas, ash and lava 

from ejecta heights, for each observation period as a proxy for volumetric output. 

4.3.2 Thermal Infrared Recordings 

Two thermal infrared (IR) cameras were located on the crater rim (site IR; Figure 4.1, Table 

2) recording images at 1 Hz throughout the deployment. These were targeted each at the 

North and South craters. An additional thermal IR camera, recording at 32 Hz, was deployed 

alongside the daily 1-h visual observations (site OBSV, Figure 4.1, Table 2). Cameras were 

operated by portable computers with CPU clocks synchronised via GPS timing. The thermal-

IR measurements at the unmanned sites (checked daily) were sporadically hindered by ash-

coating on the lenses, ash fall and atmospheric effects and a few power supply failures. 

Table 4.2. Thermal IR Camera Specifications 

Thermal IR Camera Specifications 
  

Camera Optris PI640 Optris PI450 Optris PI450 

Site OBSV IR IR 

View Whole summit North Crater South Crater 

GPS Latitude  19°31'54.60"S 
 
19°31'47.54"S  19°31'47.47"S 

GPS Longitude 169°26'58.72"E 169°27'0.09"E 169°27'0.14"E 

Elevation 310 340 340 

Distance to target (centre of 
summit or crater) (m) 400 280 250 

Sample Rate 32 Hz 1 Hz 1 Hz 

Pixels 640×480  382×288  382×288  

Lens Angle (H x W) 33°×25°  62°×48°  62°×48°  

FOV (H x W) (m) 242 x 181 337 x 249 300 x 223 

Temperature Range (K) 273-523 273-523 273-523 
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4.3.3 Seismic Recordings 

Continuous seismic recordings were made using an array of three Geospace GS1 short-period 

(2 Hz) 3-component sensors and one trillium compact 120 s, 3-component, broadband 

seismic sensor deployed around the volcano (Figure 4.1) sampling at 500 Hz (Figure 4.1). 

Root mean square (RMS) amplitude was calculated for 1-h, non-overlapping time-windows 

using broadband sensor data (site ASHP). Additional 1-h RMS time windows were calculated 

to correlate exactly with the visual log observation periods (Appendix B. Ch4_TS1). 

4.3.4 Sulphur Dioxide Gas Spectrometry 

FLYSPEC spectrometers were deployed for monitoring volcanic SO2 output (cf. Horton et al. 

2006a; Horton et al. 2006b; Williams-Jones et al. 2006). Horizontal scans were made from 

the summit of Yasur (OBSV site; Figure 4.1) with measurements taken by using a rotating 

mirror attachment that allows stationary and unattended operation of the instrument in a 

horizontal scan mode that moves perpendicular to the rise of the volcanic plume (Appendix 

B. Ch4_FS1). 

Scans were conducted at incline angles of 15 degrees (OBSV site) and 25 degrees (CP site) 

with a horizontal sweep-range of 30 to 160 degrees with the scanner centre azimuth (90 

degrees) directed towards the centre of the volcanic summit at bearings of 330 degrees (for 

OBSV site) and 325 degrees (CP site). The scanner aperture intersected the gas plume ~ 180 

m above the crater floor at site OBSV and ~ 290 m at site CP (Appendix B. Ch4_FS1). 

Integration times ranged from 50 to 333 ms depending on ambient light conditions. 

Calibration was conducted immediately prior to each scan at a distance from the volcanic 

summit with the aperture directed away from the SO2 source. Collection of data was carried 

out using LapFly V6 software installed on the connected laptop and synchronised via GPS. 

Methods for determination of SO2 flux using FLYSPEC instruments are carried out using the 

LapFly software followed processes described by Horton et al. (2006a) and Williams-Jones et 

al. (2006). Plume rise rates used in the calculation of flux were determined by video time-

lapse footage (of 1 Hz sample rate) calculated at 10-min intervals (Table 3). One hour of 

horizontal scan data per day (180 to 285 points h−1) was time synchronised to the visual 

observation period with the average and variation reported (Table 3). 

Constraining the uncertainties in flux calculations can be problematic. Uncertainties include 

instrument calibration (up to 5%, Casadevall et al. 1980; Stoiber et al. 1983), plume rise 



Chapter 4  

88 
 

velocity (up to 30%, Williams-Jones et al. 2008), plume azimuth (up to 5%, Williams-Jones 

et al. (2008), atmospheric conditions (10%, Williams-Jones et al. 2008) and ash content of the 

plume (25–80% for translucent plumes and up to 200% for opaque ash plumes, Kern et al. 

2010; López et al. 2013). A total ‘uncertainty’ for a given flux is calculated as the square root 

of the uncertainty values (Williams-Jones et al. 2008). Uncertainty ranges between 75% for 

ash-poor days and up to 200% for the most ash-rich days with thick plumes. 

4.4. Results 

4.4.1 Overall Trends and Variation in Eruptive Properties 

Explosions occurred at rates between 30 and 129 events h−1 with mean ejecta heights ranging 

from 70 to 250 m for bombs and 85 to 210 m for ash plumes (Figure 4.2a, b). Previous 

studies at Yasur have reported explosion rates of up to 161 h−1 (Bani et al. 2013; Maier et al. 

2015), however, these also include minor background bursts and spattering. The upper range 

of explosion frequency far exceeds other persistently active systems, such as Stromboli (up to 

30 h−1, Salvatore et al. 2018) and Batu Tara (6 h−1, Scarlato et al. 2015), and persistently 

active Vulcanian systems such as Fuego (several per day; Lyons and Waite 2011) and 

Sakurajima (~ 80 month−1, Tournigrand et al. 2017). 

Changes in explosion parameters include gradual fluctuations of weeks to months, as well as 

more rapid changes over hours to days. There was an overall gradual decline in activity over 

the 11-week observation period (Figure 4.2) with ejecta heights (Figure 4.2a), eruption 

frequency (Figure 4.2b) and cumulative ash and ballistic heights (Figure 4.2c), all following 

this decline. Shorter fluctuations of activity occurred on 10- to 20-day timescales (e.g. days 

22–37). Shorter phases in activity occurred over 2 to 5 days and may have produced powerful 

upswings in activity (e.g. days 38–40 and 62–67). Seismic RMS energy release visually 

shows a corresponding pattern to explosion parameters (Figure 4.2e), with brief periods of 

higher energy matching the periods of more vigorous explosion activity. 

Maximum and mean ejecta heights correlate well (R = 0.77, Figure 4.3a). Our results 

describe relationships between magnitude and frequency at Yasur that are comparable to that 

of Stromboli. A poor correlation exists between explosion heights and frequency (R = 0.34 

for this study and R = 0.15 for Stromboli, Taddeucci et al. 2013), but a stronger correlation is 

present between the sum of ejecta heights and frequency (R = 0.84 for Yasur and R = 0.93 for 

Stromboli, Taddeucci et al. 2013). The most frequent periods at Yasur are not necessarily 
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those of the greatest explosion magnitude, and there is a preference for the highest magnitude 

periods (those with the highest ejecta heights) to have explosion frequencies of ~ 70–80 h−1 

(e.g. days 39–40, Figures 4.2a, b and 4.3b). 

 

 

Figure 4.2. Time series data outlining activity variation over an 11-week period. A. Mean ejecta heights. 
B. Explosion frequency. C. Sum of ejecta (a proxy for overall volcanic production). D. Explosion type 

distribution. E. Seismic root mean squared power. F. Mean SO2 flux. Error bars represent 1 S.D. 
distribution. 
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Explosion style was determined by subdividing the observed activity to explosion types as 

defined by Patrick et al. (2007), Goto et al. (2014), Leduc et al. (2015) and Gaudin et al. 

(2017b). A systematic relationship was observed between explosion types 1–3 (Table 1), 

height and frequency of occurrence. Frequency of type 1 and 2a events is correlated 

negatively with ash height and positively with bomb height, while type 2b and type 3 

frequency is correlated negatively with bomb height and positively with ash height (Table 4). 

 

Figure 4.3. Visual log scatter plot relationships. A. Mean and maximum height B. Mean height and 
explosion frequency. C. Sum of ejecta and frequency. D. Sum ejecta height and mean height. For 3B to 
3D, data points are colour-coded, with darker colours (towards black) representing periods of greater 

ash-rich explosions, and lighter colours (towards red) more lava bomb-rich periods. 

 

The highest magnitude and frequency periods (those with the greatest ejecta heights or 

explosion rates) are dominated by type 2a activity (e.g. days 7, 38–39, 44–46; Figures 4.3 and 

4.4). Type 1 activity often occurs near the peak of explosive activity cycles (e.g. days 15, 19, 

49; Figure 4.2d) and type 1-rich periods routinely coincide with a small drop in explosion 
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frequency and ejecta height. Type 1- and 2a-rich activity is accompanied by the most 

energetic and voluminous background degassing and continuous small bursts sending lava 

spatter to heights of up to 80 m (rapid explosions of Houghton et al. 2016, Table 1). Small 

aprons and cones of pyroclastic material are formed around vents by fluid bomb deposition 

during phases of high-magnitude type 1 and 2a activity (Appendix B. Ch4_FS2). Small cones 

and ejecta blankets fill the crater and may bury other vents or vent zones (e.g. during days 

18–27 and 38–44 when zone B buried zone A). 

 

Figure 4.4. Visual log relationships with seismic power. A.Root mean squared and sum ejecta height. B. 
Root mean squared and mean bomb height. As in Figure 4.3, data points are colour-coded on the 

distribution of explosion types (bomb to ash dominated). 

 

The lowest magnitude and frequency periods produce ash-rich type 2b and 3 eruptions (e.g. 

days 36, 54, 59– 60; Figures 4.2, 4.3 and 4.4). After periods of heightened activity at any vent 

zone, explosions declined in frequency and height and were progressively more ash-

dominated with fewer incandescent ballistics. Type 2b and 3 dominated periods display the 

weakest background activity, with very minor puffing and no spattering. These periods do not 

construct cone aprons, instead mass wasting occurs (Appendix B. Ch4_FS2) and the material 

falls back into the crater, forming a debris cap, particularly in the case of type 3 events 

(Appendix B. Ch4_FS6), and is re-ejected as fine pyroclasts and ash. Slumping may be 

accelerated by vibrations caused by explosions and related earthquakes and also by rainfall. 

Seismic energy visually corresponds to changes in explosive and background activity (style, 

frequency, magnitude; Figures 4.2 and 4.4). RSAM and mean daily bomb height have the 

greatest correlation (R = 0.59). 
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Daily SO2 flux does not correlate well with any of the other daily time series, e.g. R = 0.38 

for SO2 and seismic RMS power (Figure 4.2f, Appendix B. Ch4_FS3). Higher gas output, 

however, often coincides with periods of greater explosive magnitude and production that are 

dominated by lava bomb-rich type 1 and 2a activity (Figure 4.2). Results of SO2 scan data are 

presented in Figure 4.2f and detailed in Table 3. Measured flux values range from 52 to 2078 

t day−1 with a mean of 639 t day−1. Measurements show fluctuations over periods of ~ 5 days, 

with longer cycles over ~ 20 days (Figure 4.2f). The dailymean reported here is consistent 

with previous averages of 633–690 t day−1 collected by cross-plume transects (Bani et al. 

2007; Bani et al. 2012; Métrich et al. 2011), but peak measurements (e.g. days 39–40) are 

60% higher than the previously reported peak SO2 flux at Yasur (cf. 1226 t day−1 Bani et al. 

2013). Based on the mean flux value in this study, a lower yearly SO2 output is found than 

previously calculated (Table 5). Using the same elemental ratios as Métrich et al. (2011), 

minimum, mean and maximum total degassing volumes for Yasur are estimated (Table 5) 

between ~ 1600 and 40,000 t day−1. 

Table 4.3. SO2 flux catalogue for horizontal scans conducted at the crater summit. 

Day 
Date 
(Local) 

Start Time 
(Local) Location 

Plume Rise 
Rate (ms-1) 

Mean Flux 
(T day-1) S.DEV 

S.DEV as % 
of mean 

12 16/09/2016 08:47 OBSV 4.1 381 281 74 
13 17/09/2016 08:32 OBSV 3.4 259 138 53 
14 18/09/2016 09:14 OBSV 3.5 153 99 65 
15 19/09/2016 14:40 OBSV 3.2 827 172 21 
16 20/09/2016 09:49 OBSV 3.7 951 247 26 
17 21/09/2016 08:38 OBSV 3.3 699 168 24 
19 23/09/2016 06:07 OBSV 4.8 246 91 37 
20 24/09/2016 10:19 OBSV 3.7 972 262 27 
23 27/09/2016 08:20 OBSV 5.6 1833 552 30 
25 29/09/2016 10:30 OBSV 3.4 524 213 41 
26 30/09/2016 08:30 OBSV 3.7 1174 207 18 
27 01/10/2016 09:50 OBSV 4.6 1080 283 26 
28 02/10/2016 14:46 OBSV 3.5 865 119 14 
29 03/10/2016 09:29 OBSV 4.0 388 175 45 
32 06/10/2016 10:00 OBSV 4.0 275 137 50 
33 07/10/2016 09:00 OBSV 3.3 60 60 100 
34 08/10/2016 08:45 OBSV 4.3 430 151 35 
35 09/10/2016 09:09 OBSV 3.3 199 110 55 
36 10/10/2016 14:27 OBSV 3.6 567 172 30 
37 11/10/2016 09:30 OBSV 3.2 52 51 97 
38 12/10/2016 08:35 OBSV 4.8 438 270 62 
39 13/10/2016 08:47 OBSV 3.8 258 143 55 
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Day 
Date 
(Local) 

Start Time 
(Local) Location 

Plume Rise 
Rate (ms-1) 

Mean Flux 
(T day-1) S.DEV 

S.DEV as % 
of mean 

40 14/10/2016 11:50 CP 4.0 755 220 29 
41 15/10/2016 09:40 CP 4.0 1977 143 7 
43 17/10/2016 11:05 OBSV 3.9 666 280 42 
44 18/10/2016 08:38 OBSV 5.1 1253 254 20 
47 21/10/2016 09:35 OBSV 4.0 213 140 66 
48 22/10/2016 09:21 OBSV 3.7 204 103 51 
49 23/10/2016 09:26 OBSV 5.5 454 173 38 
50 24/10/2016 09:05 OBSV 6.0 950 263 28 
51 25/10/2016 09:10 OBSV 4.0 486 234 48 
52 26/10/2016 09:00 OBSV 3.7 125 78 62 
53 27/10/2016 13:39 OBSV 3.6 91 51 56 
54 28/10/2016 09:05 OBSV 4.0 439 219 50 
56 30/10/2016 08:10 OBSV 3.9 242 169 70 
58 01/11/2016 08:10 OBSV 3.6 163 95 58 
60 03/11/2016 09:00 OBSV 4.2 718 50 7 
61 04/11/2016 09:12 OBSV 3.5 1071 179 17 
62 05/11/2016 10:19 OBSV 4.4 930 400 43 
63 06/11/2016 14:50 OBSV 4.0 450 203 45 
64 07/11/2016 10:06 OBSV 4.0 974 303 31 
65 08/11/2016 08:40 OBSV 4.0 402 162 40 
66 09/11/2016 16:50 OBSV 3.8 194 132 68 
67 10/11/2016 15:05 OBSV 4.1 1503 284 19 
68 11/11/2016 13:53 OBSV 4.5 734 239 33 
69 12/11/2016 13:05 OBSV 4.5 1067 215 20 
70 13/11/2016 16:43 OBSV 3.7 419 85 20 
71 14/11/2016 16:47 OBSV 4.3 525 306 58 
72 15/11/2016 13:20 OBSV 4.0 2078 379 18 
73 16/11/2016 13:45 OBSV 4.0 305 195 64 

 
Table 4.4. Daily and yearly gas flux estimates using gas species ratios of Métrich et al., (2011). 

  Métrich et al.,(2011)   This Study       

 Gas 
Species 

Mean Flux 
(t day-1) 

Yearly 
Output (t) 

Gas 
Species 
Ratio 

Mean Flux 
(t day-1) 

Min Flux 
(t day-1) 

Max Flux 
(t day-1) 

Yearly 
Output (t) 

H20 13400 4891000 19.42 12389.96 1017.608 40335.34 4607395 
CO2 840 306600 1.22 778.36 63.928 2533.94 289445 
SO2 690 251850 1 638 52.4 2077 237250 
HCL 165 60225 0.24 153.12 12.576 498.48 56940 
HF 23 8395 0.033 21.054 1.7292 68.541 7811 
Total ~15000 5518070   13980.494 1148.2412 45513.301 5198841 
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4.4.2 Vent Zone Relationships 

Consistent with recent past descriptions of Yasur (Oppenheimer et al. 2006; Meier et al. 

2015), three vent zones were active during the study, aligned in a SW-NE lineament. South 

crater hosted two vent zones (zones A and B) and North crater hosted one (zone C) (Figure 

4.1). Vent zones contained a variable number of openings, from single vents to tightly spaced 

clusters of four or more vents, with some skylights and fumaroles producing background 

degassing and minor spattering (Appendix B. Ch4_FS4, Ch4_FS5). Time series plots 

outlining individual vent zone evolution of explosion type distribution, magnitude and 

frequency and production are shown in Figures 4.5, 4.6, 4.7 and 4.8. Table 6 summarises the 

range of explosion parameters catalogued at each vent. Within each vent zone, there is a 

similar association between eruption parameters as seen in the overall summit-wide data. 

Rises in explosion frequency and ejecta heights coincide with type 2a-dominated eruptions 

(Figures 4.5, 4.6, 4.7), while decreases in height and frequency coincide with ash-rich type 2b 

and 3 eruptions. The upper limit of event frequency within each vent zone was ~ 70 events 

h−1 (Table 6). 

Zone B was the dominant vent zone, producing twice as many explosions as Vent A or C and 

also producing the greatest number of high-magnitude explosions (e.g. ejecta reaching greater 

than 300 m height) (Table 6). During the highest magnitude eruptive phases (e.g. day 39–40), 

Zone B dominated activity across the summit. Zone A and Zone B showed an alternating 

relationship for the first 47 days of observation, with one being active while the other was 

passive (Figures 4.5, 4.6, 4.8). In each case of passivity, degassing also stopped, before 

eventual re-activation of volcanism. Periods of inactivity lasted between 5 and 7 days. 

Reactivation of vent zones was accompanied by the highest frequency of explosions, 

followed by a slight decrease in frequency as explosion heights rose to maxima (day 26–28 

for zone A and day 38–39 for Zone B). A period of dual vent activity occurred between days 

24 and 32, with linked explosion timing between zones A and B occurring (Simons et al. 

2020a). For the final 28 days of observations, activity was concurrent from vent zones A and 

B, but with an alternation in dominance, where increases in activity from one vent zone were 

accompanied by decreases in frequency and ejecta height from the other vent zone. 

Zone C (North crater, Figure 4.1) was active throughout the entirety of the observation period 

and showed an overall slow, but significant, decline in scale and frequency of explosion. As 

this decline occurred, it was accompanied by a progression in eruption style towards greater 
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proportions of ash-dominated explosions (Figures 4.5, 4.8, 4.9). The vent zone was 

eventually buried by surficial pyroclastic debris, and after day 46, emergent type 3 explosions 

(ash jets) dominated and explosion frequencies became very low (1–15 h−1) (Table 1, Figures 

4.2, 4.5, Appendix B. Ch4_FS6). Type 3 events are characterised by rupture through a debris-

occluded vent, with sustained jetting of tephra and ballistics, accompanied by prolonged ash 

release. Zone C showed a lower overall output in relation to A and B (Figure 4.9, Table 6). 

Further, the rate of decline in activity was more rapid in North crater (Zone C) compared to 

South crater (zones A and B) (Figure 4.8). 

 

Table 4.5. Summary table of explosion parameters for the three major vent zones and total volcanic 
activity. 

 South Crater North Crater Total Volcano 
 Zone A Zone B Zone C  

Explosions recorded 1409 (28 %) 2178 (44 %) 1357 (27 %) 4944 
Explosion frequency 
range(hr-1) 0-72 0-73 1-51 30-129 

Explosion frequency 
mean (hr-1) 22 34 21 77 

Explosion frequency 
S.D. (hr-1) 52 19 11 19 

Ejecta height range 
(m) 

Bombs: 38-349; 
Ash: 38-316 

Bombs: 33-
520; Ash: 40-

407 
Bombs: 29-471; 

Ash: 29-318 
Bombs: 29-520; 

Ash: 29-407 

Ejecta height mean 
(m) 

Bombs: 119; 
Ash: 103 

Bombs: 155; 
Ash: 127 

Bombs: 138; 
Ash: 129 

Bombs: 143; 
Ash: 120 

Ejecta height S.D. (m) 
Bombs: 51; Ash: 

39 
Bombs: 72; 

Ash: 54 
Bombs: 69;   

Ash: 52 
Bombs: 69;   

Ash: 51 

Ejecta height sum (m) 
(% of total) (m) 22.9 52.0 25.1  
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Figure 4.5. Time series outlining the evolution of Zone A in the South Crater (Figure 4.1). A. Explosion 
type distribution. B. Sum of ejecta heights. C. Explosion frequency (right axis, open squares) and mean 

bomb height (left axis, red dots). Black bars denote days with no observation from the crater rim.  
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Figure 4.6. Time series outlining the evolution of Zone B in the South Crater (Figure 4.1). A. Explosion 
type distribution. B. Sum of ejecta heights. C. Explosion frequency (right axis, open squares) and mean 

bomb height (left axis, red dots). Black bars denote days with no observation from the crater rim. 
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Figure 4.7. Time series outlining the evolution of Zone C in the North Crater (Figure 4.1). A. Explosion 
type distribution. B. Sum of ejecta heights. C. Explosion frequency (right axis, open squares) and mean 

bomb height (left axis, red dots). Black bars denote days with no observation from the crater rim 
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Figure 4.8. Summary time series outlining the relationships between the major vent zones. A. Sum of 
ejecta heights for vent zones A (red), B (green) and C (blue). B. Sum of ejecta of South Crater (Zone A 

and B combined) in black on left axis, and North Crater (Zone C) in blue on the right axis. 

 

4.4.3 Forecasting Model 

We use the daily series of observed eruption activity to test whether it allows a forecast of 

future activity. A forecast of the next day’s activity is sought on the basis of observations 

from the previous day(s). In addition, we explore the temporal shifts in the multi-vent activity 

pattern. 

The sum of ash heights was chosen as the best proxy of activity for each day. The sum 

captures the level of both individual explosion intensities and the number of explosions, and 

ash was used rather than bomb height, because no bombs are visible during many ash-

dominated explosions. 

In modelling the series of ash height sums, a complicating factor is the presence of zeros 

(observed, but no activity) and missing values (not observed). While the latter can be imputed 

from the eventual model, to account for zeros and non-Gaussian distributions we apply 

generalized linear models (Zeger and Liang, 1991; Li 1994; Mammen et al. 2011), where the 

observation on a given day has a distribution whose parameter(s) are a function of the 
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previous day’s observation. The most suitable is a mixture distribution, where the zeros 

(Zones A and B) are one component of the mixture (Hyndman and Grunwald, 2000; 

Grunwald and Jones, 2000).  

The sum of ash heights, ignoring zeros, is consistent with a three parameter lognormal 

distribution (Cohen and Whitten, 1980), where the third parameter is a positive ‘hard-

minimum’ limit. However, this is not physically consistent with forecasting, because any 

evaluation will reject a model as soon as a value below the threshold is observed (cf. 

Bebbington, 2013). Hence, the sum of ash heights were considered to have a two parameter 

lognormal distribution with probability density. 

 ( )2
2

1 1( ) exp ln , 0.
22

µ
σσ π

 = − − > 
 

f x x x
x

  

The location parameter, µ, was then modelled as a function of the previous days 

observation(s). The lognormal distribution has an interpretation as the product of multiple 

factors, which is consistent with the background volcanic dynamics. 

The sum of ash heights in Zone C on day t is denoted by ( ) ~ LN( ( ), )C C CS t tµ σ , meaning it 

is distributed as a lognormal distribution with a location parameter µC(t) that varies with the 

day t, and a scale parameter (encapsulating the aleatory uncertainty) σC. In Zone C, there 

were no observed zero values. A similar notation is used, but different distribution, for the 

sum of ash heights in Zone A, SA(t), and Zone B, SB(t). 

The location parameter was modelled as a linear function of time, and previous observations 

at all of the vents, with terms removed until only the significant terms remained, leaving 

0 1 2( ) log ( 1),    1C Ct t S t tµ β β β= + + − >  

where the parameters 0 1 2
ˆ ˆ ˆ ˆ4.48, 0.01265, 0.468, 0.497β β β σ= = − = = are estimated by linear 

regression of logSC(t) on t and logSC(t-1), ignoring all missing values. The estimated 

coefficients are significant at P-values of <0.001, 0.001, and 0.005, respectively. The 

residuals were satisfactory except for two outliers, validating the use of the lognormal 

distribution. The model has a decreasing trend over the sample, plus an autoregressive 

(positive feedback) term. As we have no data on how often cycles recur or last, subsequent 

inferences will be confined to the observed cycle. 
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Analysis of the Zone A and Zone B observations found that, once zeros are accounted for, 

there are no other significant correlations with other zones or time. Noting that either both 

zones are active in a given day, or one is quiet, we modelled the dependence by a three-state 

Markov chain (e.g. Guttorp 1995; Cronin et al 2001; Bebbington 2007), with states: 

1. Both SA(t) and SB(t) > 0 

2. SA(t) = 0, SB(t) > 0 

3. SA(t) > 0, SB(t) = 0 

The transition matrix of the Markov chain, P = (pij), where pij is the probability that State j on 

day t+1is observed given State i on day t. The maximum likelihood estimates are 

 ˆ /ij ij ikk
p n n= ∑  

(Guttorp, 1995), where nij is the number of observed transitions from State i to State j. Thus, 

it is found that  

0.9 0.075 0.025
ˆ 0.333 0.667 0

0.167 0 0.833
P

 
 =  
  

. 

There are no observed direct transitions between States 2 and 3; the Zone A and B vents can 

only switch activity via both being active. The sum of ash heights in Zone A can now be 

modelled as 

( )2 2( ) ~ ( ) 0 1 ( ) LN( ( ), )A A AS t p t p t tµ σ× + − ×  

where pi(t) is the probability, obtained from P, that the system is in State i on day t. The 

notation says that SA(t) is zero with probability p2(t), and otherwise has a lognormal 

distribution. In a similar fashion as above, it is found that  

3 4 2

3 2

log ( 1), ( 1) 1
( )

,                          ( 1) 1
A

A

S t p t
t

p t
β β

µ
β

+ − − <
=  − =

 

where 3 4
ˆ ˆ ˆ1.817, 0.758, 0.793Aβ β σ= = = are estimated by linear regression of log SA(t) on log 

SA(t-1), ignoring missing values. The residual analysis was satisfactory.  
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Similarly, it is found that ( )3 3( ) ~ ( ) 0 1 ( ) LN( ( ), )B B BS t p t p t tµ σ× + − × where 

5 6 3

5 3

log ( 1), ( 1) 1
( )

,                          ( 1) 1
B

B

S t p t
t

p t
β β

µ
β

+ − − <
=  − =

 

and 5 6
ˆ ˆ ˆ1.814, 0.773, 0.509Bβ β σ= = = are estimated by linear regression, again with 

satisfactory residuals. 

The forecasting model is validated in Figure 9, which shows the observed process (circles) 

and the forecasts (lines) for each vent zone. 

 

Figure 4.9. Forecast sum of ash heights (top three panels), solid line is the median, dashed lines the 95% 
forecast interval, observation (when non-missing) indicated by circles. The forecasted probability of being 
in each state is shown in the bottom panel. In this case imputed probabilities, where no observations exist, 
are also indicated. Colours correspond to those in the top three panels (Zone A red, Zone B green, Zone C 

blue). 
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4.5. Discussion 

The 75-day long observations reported here reveal apparent systematic trends and changes in 

the explosion dynamics, as well as the position, number and dominance of vents. These 

surface observations may reflect variations in different levels of the magmatic 

plumbing/conduit system (cf. Ripepe et al. 2005a; Salvatore et al. 2018; Simons et al. 2020). 

The relationships can be used to understand connections and patterns of the conduit system at 

different depths (cf. Salvatore et al. 2018 for Stromboli). These conduit processes, in some 

part, control the variation in magnitude, frequency and style of surface volcanic activity 

between the three vent zones. 

4.5.1 Linking Activity with Inferred Shallow Conduit Conditions 

Observations at multi-vent Strombolian volcanoes indicate that volcanism is primarily 

controlled by degassing characteristics (rising gas slugs from depth) (e.g. Oppenheimer et al. 

2006; Burton et al. 2007a; Gaudin et al. 2017b; Salvatore et al. 2018) and the magmatic and 

surficial conditions of the shallow conduit and vent area (Gaudin et al. 2017b; Capponi et al. 

2016a). Similar patterns were found between eruptive style, frequency and magnitude at 

Yasur as at other steady-state Strombolian volcanoes (e.g. Patrick et al. 2007; Taddeucci et al. 

2013; Gaudin et al., 2017b). Shallow magma, vent structure and shallow conduit conditions 

control the style of explosive behaviour.Magma plug and debris cap formation growth are, in 

turn, influenced by gas flux, magma recharge and rheology in the conduit (e.g. Del Bello et 

al. 2015; Meier et al. 2015; Suckale et al. 2016). These factors are dynamically influenced by 

deeper processes that control magma rise, conduit convection and separate gas-liquid flow 

(e.g. Métrich et al. 2010; Métrich et al. 2011; Firth et al. 2014). 

The highest magnitude and lava-rich ballistic ejection periods accompany increased SO2 flux 

and high explosion frequency (Figures 4.2, 4.3). Large bomb-sized ejecta are deposited close 

to the vents building intra-crater cones and deposit aprons. This accompanies high magma 

and volatile flux, maintaining hot pathways filled with low-viscositymagma (Figure 4.10) 

(e.g. Belien et al. 2010; Landi et al. 2011; Suckale et al. 2016). This is consistent with an 

incipient-to-weak HVL (e.g. Del Bello et al. 2015; Meier et al., 2015; Gaudin et al. 2017b) 

with little capping debris (cf. Leduc et al. 2015), or only coarse/bomb size particles on top 

(cf. Capponi et al. 2016a). 
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Figure 4.10. Conceptual diagram outlining shallow magmatic and degassing characteristics at vents with 
differing explosion parameters. Ash-rich activity (left) is characteristic of a decrease in volatile supply 

where cooled magma forms a viscous magma plug that sinks back down into the conduit. A debris cap of 
recycled ejecta and erosion of the inner crater walls forms. More frequent and powerful bomb-rich 

activity is connected to increased magma and volatile supply sourced from deeper within the conduit and 
chamber system that maintains hot and mobile magma.  

 

In contrast, the lowest magnitude and most ash-rich periods of eruption accompany low-to-

absent background degassing, low SO2 flux and low explosion frequency. This accompanies 

a low magma and volatile flux, with cooling and stagnant magma near the top of the conduit 

(Figure 4.10) (e.g. Namiki and Manga 2008; Gurioli et al. 2014; Del Bello et al. 2015; 

Suckale et al. 2016). A thick HVL composed of a well-developed magma plug and/or a 

debris cap could explain this behaviour. Fine ballistic ejecta and ash are produced by 
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fragmentation of themagma (Meier et al. 2015, Gaudin et al. 2017b) and abrasion of surface 

debris (Patrick et al. 2007). In this case, the debris cap may also include a large proportion of 

ash-grade material (cf. Capponi et al. 2016a) sourced from recycled ejecta and erosion of the 

inner crater walls. 

4.5.2 Geometry of the Conduit System 

Here, the geometry of the complex conduit system that feeds the three major vent zones of 

Yasur is interpreted (Figure 4.11). This is based on the statistical analysis of surface eruptive 

patterns (Figure 4.9). 

Feeding systems for the North and South Craters 

The observations show that vent zones A and B in the South crater were the most active at 

Yasur during 2016 (in particular the central Zone B). There was an overall slow decline in 

eruptive magnitude and frequency over the observation period across all vents (Figure 4.8). 

North crater (Zone C) had a lower overall output in relation to South crater (zones A and B) 

(Figure 4.8). Further, during declining periods of activity, the rate of decline was more rapid 

in North crater compared to South crater (Figure 4.8). This tendency for greater reduction in 

magma and volatile supply to North crater when the total system was in decline may reflect a 

smaller-diameter conduit, or a longer pathway that results in cooling and increasing viscosity 

of the magma (Suckale at al. 2016), or the pathway being peripheral to the system (cf. 

Stromboli, Landi et al. 2011). The pattern of a preferential pathway of magma during this 

study towards South crater could also reflect the interplay of two-phase flow (magma and 

gas) through a branching conduit system (Azzopardi and Smith 1992; Marti and Shoham 

1997). Numerical modelling shows that magma and gas distribution between two branches is 

controlled by the mass flow rate and the geometry of the system, as well magma viscosity 

(Pioli et al. 2009). 

Zone C activity does not appear to correlate with that from zones A and B, except under 

certain conditions (Figure 4.9). When the total flux of North crater (Zone C) (Figures 4.8, 

4.9) is at moderate values, North and South craters appear to be in sync. This occurred over 

days 11 to 65 of the observation period (Figure 4.9). However, when the total flux of North 

crater is high (e.g. days 1 to 11) or low (latter half of observation period), South crater is 

uncorrelated with it. 
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Figure 4.11. Conceptual diagram outlining the structure of the conduit system and surface vent zones as 
revealed by statistical analysis of vent zone interactions. Two periods of partitioning occur.The first 
distributes magma and volatile flux between North and South craters and may reside at the magma 

chamber level. The second distributes flux between the two South crater vent zones. The number of vents 
within a zone is representative of the variation seen over the study and is not connected to conduit 

conditions. 

 

To explain this broader apparent correlation, North and South crater conduits must be 

separated at significant depth, possibly at the magma reservoir level where separation of 

magma and volatile flux into one conduit or the other occurs preferentially (Figure 4.11). 
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This could be driven by chamber convection patterns generated by the influx of magma at the 

base of the magma chamber (Figure 4.11) (Turner and Cambell 1986; Firth et al. 2014). The 

conduit receiving lower magma or gas input induces greater viscosity and slower flow (cf. 

Landi et al. 2011; Pioli et al. 2012). The cyclicity of activity at Yasur suggests convection 

patterns regularly breakdown and reform, leading to either North or the South crater receiving 

more magma (and them being out of sync), or both receiving a similar, balanced amount of 

magma, resulting in both craters being in sync. 

Conduit Geometry within South Crater (Zone A and B)  

Zone B of South crater produced the greatest volumetric flux over the observation period, 

producing as much as zones A and C combined (Figure 4.8, Table 6). Zone B was also the 

dominant vent during the highest magnitude phases at Yasur (e.g. days 38–43, 64–67). 

The statistical results show that zones A and B have a weak relationship of alternating 

active/passive states (Figures 4.8, 4.9). The regression coefficients in the Zone A and Zone B 

are very similar. Zone B appears to have greater variability and a higher mean than zone A, 

but both appear to be controlled in exactly the same manner and show a negative feedback 

between them, and positive feedback within them. South crater vent zones can only switch 

activity via both being active. This could show that gas is channelled preferentially to either 

one, or the other, pathway, likely due to periods of temporary conduit obstruction followed 

by clearance. Convection cells develop within magma (e.g. Kazahaya et al. 1994; Ripepe et 

al. 2005a; Landi et al. 2011; Palma et al. 2011; Firth 2016) that occur above the bifurcation of 

A and B pathways in South crater and these could control the alternation of eruption 

behaviour between the zones. For example, as Zone B declines in activity (driven by 

increased gas and hot magma flux), the magma in the conduit begins to cool and lose 

buoyancy. The cooled magma descends the conduit, creating a less favourable path for 

volatile and magma flux, which is channelled to the conduit of zone A (cf. Beckett et al. 

2014). There could also be convection cells within the deeper parts of South crater conduit, 

however, these would be difficult to determine as they occur before partitioning of magma 

supply. 

Zones A and B predominantly erupted separately to each other, indicating that the conduit 

branching into separate pathways occurred at a greater depth than slug formation. However, 

between days 24 and 32, both vent zones were active, displaying a contemporaneous shift in 

explosion magnitude and style. Closely timed ‘paired explosions’ occurred that indicate that 
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the same gas slug entered both conduits to source explosions from both vent zones (Simons et 

al. 2020a). This short period of connection between A and B occurred before an extremely 

active phase (days 38–45), which appears to have then changed the structure/pathways of the 

conduit system, so that the pathways were feed by independent gas slugs. 

Shallow Vent Zone Structure and Configuration 

Vents in each single vent zone typically explode close to, or in synchrony with one another. 

This indicates that the entire zone is fed by the same rising gas slug (cf. Salvatore et al. 

2018). The division of the conduit into multiple vents beneath the surface must occur above 

the level of slug formation and path lengths must be similar (cf. Stromboli, Ripepe et al. 

2005a; Salvatore et al. 2018). Linked puffing or spattering from closely spaced vents most 

likely indicates a very shallow divergence (of 10’s of m, Koh 2019) (Zone C day 21, 

Appendix B. Ch4_FS5). There must be a shallow system in place that distributes heat and 

volumetric flux at near surface levels. Pathways regularly open and close, producing surface 

vents as well as fumaroles/skylights. Slight delays in timing (typically < 5 s) and limited 

variations in eruptive style indicate that the upper conduit magma state (e.g. HVL) must be 

similar across the zone. Any variations are likely governed by fluctuations in gas and magma 

at grater depths, influencing magma plug and HVL development (e.g. Lautze and Houghton 

2007; Landi et al. 2011; Del Bello et al. 2015; Gaudin et al. 2017b), and by mingling with 

surficial debris (Patrick et al. 2007; Kremers et al. 2012; Capponi et al. 2016a). 

4.5.3 Timescales of Volcanic Activity Change 

Within the variation of activity across the whole volcano, and at the three major vent zones 

(zones A, B and C), several timescales of change are identified. These are linked to possible 

surface, conduit and magma chamber processes. 

Systematic changes in explosion parameters (e.g. jet parameters, explosion intensity and 

frequency) occur at individual vent zones over short timescales of 2 to 5 days. As at 

Stromboli, these fluctuations appear to reflect minor fluctuations in magma chamber flux that 

percolate within the complex conduit and result in minor activity changes (magnitude, 

frequency and style) (see also Landi et al. 2011; Pioli et al., 2009, 2012; Beckett et al. 2014; 

Suckale et al. 2016; Salvatore et al. 2018). Sudden changes between lava-rich and ash-rich 

activity, coincident with changes in seismic power may indicate rapid changes in magma 

supply and gas slug production, changing magma level, surface temperature changes and 



Chapter 4  

109 
 

development or destruction of an HVL (cf. Del Bello et al. 2015; Gaudin et al. 2017b; 

Simons et al. 2020a). The most powerful phases, representing maximum hazard, last 2–5 

days. 

Longer cycles of rise and fall in explosive magnitude, frequency and style occur in periods of 

10–20 days. SO2 flux also follows these timescales. These factors indicate that changes are 

sourced at the magma chamber, possibly via convective overturn or injection of fresh magma, 

releasing fresh pulses of volatile-rich magma into the conduits (Firth 2016). 

An overall decline in activity over 75 days is likely part of a longer cycle that is unable to be 

determined by this study. Longer timescales of years have been reported for Yasur (GNV 

Bulletin 2003) and evidence of this exists in the stratigraphic record (Firth et al. 2014). Rare, 

relatively powerful events (explosivity index VEI, at most three) are estimated to occur every 

20–30 years (Carney and MacFarlane 1979). Some high activity phases on Yasur have been 

reported as lasting more than a month (Métrich et al. 2011). 

4.6. Conclusions 

The integration of a multi-parameter data set of visual, gas, seismic and thermal records over 

a 75-day period at Yasur volcano has revealed new insights into the relationship between 

explosive magnitude and style with shallow conduit and magmatic conditions. Our data 

reveal the commonality of these processes across other such persistently active mildly 

explosive systems (such as Stromboli) and can be used to guide modelling and experiments 

aimed at simulating conduit convection/magma ascent dynamics at such systems. 

Explosions at Yasur occur at rates between 30 and 129 events h−1 with mean ejecta heights 

ranging from 70 to 250 m for bombs and 85 to 210 m for ash plumes. The highest magnitude 

eruptive periods last 2–5 days and eject bombs up to 500 m height and have explosion 

frequencies of ~ 70–80 h−1. These periods are dominated by type 2a activity and often 

coincide with increased SO2 flux. These parameters are indicative of high magma and 

volatile flux maintaining hot conduit pathways filled with relatively low viscosity magma. By 

contrast, the lowest magnitude and frequency periods produce ash-rich type 2b and 3 

eruptions. These conditions are indicative of low magma and volatile flux with cooling and 

stagnant magma near the top of the conduit leading to a magma plug and/or a cap of fallback 

debris. 
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Statistical forecast modelling reveals interdependency between activities at different vents 

which is likely a result of a geometrically complex conduit system. Results show that the 

South crater and North crater activity rises and falls in sync when neither is dominant, but 

when North crater is very powerful, or very weak, the two craters become uncorrelated. 

North and South conduits must be separated at significant depths in the magma reservoir 

where changes to either crater are based on the separation of magma and volatile flux into 

one pathway or the other preferentially. Zones A and B within South crater alternate between 

either active-inactive or weak-powerful activity suggesting that magma and volatile flux is 

channelled preferentially to either one of the vent zones. 

Results describe multiple timescales of change in eruptive behaviour. An overall gradual 

decline in activity over the 11- week observation period was part of a longer cycle of activity 

that was not observed in its entirety. Intermediate-length fluctuations of 10 to 20 days reflect 

cycles of change in magma and volatile flux across the whole volcano, sourced at the magma 

chamber level, possibly via deep-seated convection, or injection of fresh magma. Shorter 

fluctuations occur over ~5-day periods, with systematic changes in explosion parameters (e.g. 

jet parameters, explosion intensity and frequency) at individual vent zones, including 

energetic upswings in activity. These changes reflect fluctuations in magma chamber 

degassing that percolate within the complex conduit. 
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Chapter 5 addresses aims two and four. Aim two: to investigate the link between variations in 
the surface expression and style of volcanism in relation to vent, shallow conduit, and shallow 
magma processes. Aim four: to understand the dynamics of vent shifting, vent formation and 
closure displayed at multi-vent Strombolian-style volcanoes. 

Persistently active, open-vent basaltic volcanoes produce dominantly Strombolian activity 
from multiple summit vents. Active vents are ephemeral and display complex changes in 
explosion timing, magnitude and style over periods of hours to days. These rapid changes 
provide insights into the shallow plumbing system and their controlling processes. Despite 
many persistently active volcanoes being well monitored with dense arrays of equipment (e.g. 
Stromboli), only recently have attempts been made to observe vent and shallow conduit 
changes over brief timescales.  

This chapter details a case of systematic transition of volcanism between two closely spaced 
(20-40 m) vents within the southern crater of Yasur volcano over a period of 12 days. The 
transition is recorded by systematic changes in explosive parameters (e.g. style, power and 
frequency) at both vents that reflect the transfer of magma and volatile flux within a shallow 
branching conduit system. The two vents observed produced paired explosions, likely caused 
by the rupture of a single gas pocket before the upper conduits split pathways to the vents. The 
surface manifestation of paired eruptions shows brief temporal offsets between vents that 
reflects different conduit pathways and viscosity states of the magma in each conduit. 

This chapter is a manuscript published in the journal; Geophysical Research Letters: 

Simons, B., Jolly, A., Cronin, S., Eccles, J., (2020). Spatiotemporal relationships between two 
closely‐spaced Strombolian‐style vents, Yasur, Vanuatu. Geophysical Research Letters, 47, 
e2019GL085687. https://doi.org/10.1029/2019GL085687. 

 

5.1. Introduction 

Strombolian explosions are short impulsive volcanic events resulting from the bursting of gas 

bubbles that rise within slowly moving or stagnant magma within a basaltic conduit. The 

explosions eject a mixture of gas, ash and ballistic lava fragments to several hundred meters 

height (Barberi et al., 1993; Houghton et al., 2016). Persistently active, open-vent basaltic 

volcanoes such as Stromboli (Italy), Batu Tara (Indonesia), and Yasur (Vanuatu) produce 

dominantly Strombolian activity from multiple summit vents (Harris and Ripepe, 2007a; Bani 

et al., 2013; Houghton et al., 2016). Active vents are ephemeral and display complex changes 

in explosion timing, magnitude and style over periods of hours to days (e.g. Spampinato et al., 

2008; Andronico et al., 2009; Calvari et al., 2014; Meier et al., 2015; Spina et al., 2017; 

Salvatore et al., 2018). These rapid changes provide insights into the shallow plumbing systems 

and the distribution of magma of these volcanoes, as well as providing deeper understanding 
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of processes involved in the opening of new vents and the transition of activity from one vent 

to another. Understanding the signals associated with vent opening and the shifting of 

volcanism is important for ensuring the safety of visitors that are commonly drawn to these 

sites. 

Despite many persistently active volcanoes being well monitored with dense arrays of 

equipment (e.g. Stromboli, Harris and Ripepe, 2007a), only recently have attempts been made 

to observe vent and shallow conduit changes over brief timescales (e.g. Salvatore et al., 2018). 

Detailed multi-parameter studies tracking vent activity over short time periods have never been 

carried out at Yasur.  

Here, volcanic activity changes between two closely spaced (20-40 m) vents within the 

southern crater of Yasur volcano were tracked, using a suite of seismic, thermal IR and visual 

observations. This data was used to interpret the processes occurring within shallow plumbing 

systems that control vent emergence, and transfer of volcanic activity between vents. 

5.1.1. Controls on Strombolian-style activity 

The magnitude and frequency of Strombolian explosions is controlled by the rates of degassing 

of magma at depth (e.g. Burton et al., 2007; Taddeuccci et al., 2013). Further, the style of 

explosions is often modified by the viscosity state of the upper magma conduit, specifically, 

the presence and thickness of an upper ‘high-viscosity layer’ or HVL (Caponni et al., 2016b; 

Gaudin et al., 2017b). The HVL may be comprised of a plug of cooling magma, more viscous 

than the magma below (Namiki and Manga, 2008; Del Bello et al., 2015, Meier et al., 2015), 

or a cap of surface debris covering the conduit (Del Bello et al., 2015; Capponi et al., 2016a). 

When an HVL is well developed, explosions fragment the magma that is in a more brittle state, 

producing finer fragments (i.e., ash) (Patrick et al., 2007; Gaudin et al., 2017b). 

The typical seismic waveforms of Strombolian explosions last for tens of seconds and begin 

with the arrival of a low-frequency component (LF) of 0.1-1 Hz, followed by an overlapping 

high-frequency component (HF) at ~3-7 Hz (Appendix C. Ch5_FS1) (e.g. Neuberg et al., 1994; 

Chouet et al., 2003; Harris and Ripepe, 2007a; Marchetti et al., 2013). LF signals are attributed 

to gas slugs coalescing (Ripepe et al., 2001), or ascending from depth (James et al., 2006; 

Chouet et al., 2008). The onset of LF signals at Stromboli is interpreted as the response to the 

sudden expansion of the rising gas due to a change in conduit structure e.g. a dyke merging 

into to a pipe or a change in slope (e.g. Chouet et al., 2003; Ripepe et al., 2015). The HF 
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component is attributed to shallow explosion processes (e.g. Harris and Ripepe, 2007a; 

Marchetti et al., 2013). 

5.1.2. Yasur Volcano 

Yasur is a small (~350 m-high) continuously active, open vent basaltic-andesite volcano 

located in Vanuatu (Figure 5.1). Semi-continuous volcanic activity has persisted for at least the 

last ~800 years (Firth et al., 2014). Strombolian-style explosions normally occur every <1-5 

minutes along with persistent background degassing and spattering (e.g. Oppenheimer et al., 

2006; Bani et al., 2013; Spina et al., 2015; Jolly et al., 2017). Background activity is derived 

from small gas batches in the shallow (~1 km) magma reservoir while larger explosions are 

driven by gas slugs that exsolve at ~4-5 km depth (Oppenheimer et al., 2006; Métrich et al., 

2011; Bani et al., 2013; Spina et al., 2015). Two summit craters exist at Yasur (Figure 5.1). 

Each crater hosts a variable number of vents that produce a range in eruption magnitude, style 

and frequency. 

 

Figure 5.1. A. Google Earth DEM satellite image of Yasur volcano with site localities listed. B. Yasur 
hosts two main crater areas, South and North. At the time of study South crater housed two vents, Vent A 

(red arrow) and Vent B (green arrow). ASHP: broadband seismometer; MET: weather station; IR: 
thermal-IR cameras x2; OBSV: site of visual log observations and 1x thermal-IR camera. Photo taken on 

03/10/2016 from the IR site looking NW. 
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5.2. Methods 

Instrumental and visual observations at Yasur were carried out from September 5 to November 

18, 2016. Within this period, a 12-day interval from September 24 to October 06 2016 involved 

a transfer of volcanism between two vents within South Crater. 

Observational logs were collected for one hour each day from the same location on the crater 

rim (OBSV site; Figure 5.1A). Noted were explosion timing (GPS synchronized), explosion 

styles, as well as peak ballistic and ash-column heights (measured using a digital inclinometer 

at the top of the gas thrust plume). Due to crater geometry, the minimum observable height was 

30 m above the crater floor, which is located at 260 m asl. (Gomez and Kennedy, 2018) (Figure 

5.1B). Thermal IR cameras were targeted on the South Crater vents and continuously recorded 

at 1 Hz (site IR, Figure 5.1A). An additional thermal IR camera recording at 32 Hz was 

manually deployed in conjunction with visual observations (site OBSV, Figure 5.1A). IR 

cameras were operated by portable computers synchronized with GPS timing. Specifications 

for IR cameras are included in Appendix C. Ch5_TS1. Continuous seismic recordings were 

made using a Trillium Compact 120s broadband seismic sensor sampling at 500 Hz and 

digitised using a Reftek 130 analogue-digital recorder. Band pass filters were applied to the 

response corrected data for the purpose of isolating the LF and HF components (LF: 0.06-1 Hz, 

and HF: 2-10 Hz). 

5.3. Results 

5.3.1. Record of Vent Transition 

This study tracks a period in South Crater during which a single vent (Vent B, Figure 5.1) was 

joined by a new vent located to the south (Vent A), with activity transferring to the new vent. 

During this time, there were linked changes in explosion frequency, magnitude, and style 

(Figure 5.2, Table 1). 

For 25 days prior to the observations in this study, Vent B was the only active vent in South 

Crater. During the last 6 days of this period, Vent B erupted large fluid lava bombs with a wide 

dispersal area, low ejection angles and little ash content (Appendix C. Ch5_MS1). Vent A 

emerged initially as the site of infrequent, small, ashy emissions with explosions occurring on 

September 26, 2016. Lava bombs at Vent A were first sighted on thermal IR camera footage 

on September 27 and visually on September 30 (Appendix C. Ch5_MS2). As the activity of 
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Vent A increased, Activity at Vent B decreased, with explosion frequency declining along with 

a reduction in ejecta height, and a transition to ash-dominated activity (Figure 5.2, Table 1, 

Appendix C. Ch5_FS2, MS3, MS4). The transition of activity dominance from Vent B to Vent 

A occurred on September 29-30, (Appendix C. Ch5_MS3), with explosive activity from Vent 

B eventually ceasing on October 5, and degassing stopping the following day on October 6 

(Appendix C. Ch5_MS5, MS6). The background activity (passive degassing and spattering) of 

the vents also transitioned, with Vent B initially producing strong degassing with minor spatter 

that declined and eventually ceased, while at Vent A degassing became stronger. 

Using thermal imagery from site IR cameras, the relative distance between Vents A and B was 

estimated (Table 1) by measuring the number of pixels between the azimuth of the explosion 

jets of the two vents (Table 1). At the emergence of Vent A the gap between the vents was ~20 

m and this increased to ~40 m. 

The character of seismic signals of explosions changed at the same time that lava bombs 

emerged from Vent A on September 27 (Figure 5.2B). A reduction in mean amplitudes of 

explosion signals occurred and spectral peaks became less well defined (Figures 2B, 2C). A 

period of low amplitude seismicity from September 27 to September 29 coincided with the 

transition of vent dominance from Vent B to A (Table 1, Figures 2B, 2C). This was soon 

followed by a return to high peak explosion amplitudes on September 30. A new stable regime 

of similar repeating explosion spectra then persisted for the next 6 days of observation (Figure 

5.2C). 
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Table 5.1. Explosion Characteristics, Sequence and Timing 

Date (UTC) Vent A 
Activity 

Vent B 
Activity 

Explosion 
Sequence 

Distance 
Apart (m) 

Explosion 
Lag (1st 
to 2nd) 

24-09-16 
23:00   

Bomb-
rich B only     

25-09-16 
22:18   

Bomb-
rich B only     

26-09-16 
21:31 

Weak 
ash (IR 
camera) 

Bomb-
rich B  then A 20 1 to 5 s 

28-09-16 
0:00 

Ash and 
bombs 

Bomb-
rich B  then A 21 1 to 5 s 

28-09-16 
23:40 

Bomb-
rich 

Bomb-
rich B  then A 21 3 to 9 s 

29-09-16 
21:46 

Bomb-
rich 

Bomb-
rich A then B 32 0 to 5 s 

30-09-16 
23:00 

Bomb-
rich 

Ash-rich 
with 
bombs 

A then B 32 0 to 11 s 

02-10-16 
3:50 

Bomb-
rich 

Ash-rich 
with 
bombs 

A then B 39 0 to 5 s 

02-10-16 
22:35 

Bomb-
rich 

Ash-rich 
with 
bombs 

A then B 39 3 to 10 s 

04-10-16 
0:00 

Bomb-
rich 

Ash-rich 
with 
bombs 

A then B 39 1 to 46 s 

05-10-16 
0:00 

Bomb-
rich 

Weak 
ash A then B 39 10 to 19 s 

05-10-16 
23:10 

Bomb-
rich   A only     

06-10-16 
22:10 

Bomb-
rich   A only     
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Figure 5.2. Time series outlining South Crater vent evolution over the period 24/09/2016 to 07/10/2016. A. 
Ejecta heights of explosions of Vents A (red) and B (green). Ash plume heights are denoted by ‘+’ and 
bomb heights by ‘o’. Time periods represent one-hour visual observation periods (note that these one-

hour periods are enlarged against the rest of the time series for clarity). Gaps in the time series indicate 
dates where summit visual logs were not conducted due to weather and/or logistical limitations. The black 
arrow marks the first sighting of Vent A ash emissions on thermal cameras. The black horizontal bracket 
marks the time over which the vent sequence of paired explosions changed. B. Left axis: Mean amplitude 
RMS for 10-minute time windows (grey line) calculated from the broadband sensor at site ASHP. Right 
axis: Explosion frequency per hour as determined by visual log. Red lines and squares represent Vent A. 

Green lines and circles represent Vent B. Supplementary data is provided by thermal camera analysis 
(denoted by open black squares). C. Peak spectra of 1-minute time windows of the site ASHP broadband 

seismometer. D. Left axis: Mean lag time between paired explosions (black line). Right axis: Relative 
amount of ash- and bomb-rich activity produced by vents A (red) and B (green). 
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5.3.2. Dynamics of Paired-vent Explosions 

During the transition period from Vent B to A, most explosions were systematically paired 

between vents, occurring within <1 to up to 45 s of each other (Figure 5.3, Table 1). Prior to 

September 29, 2016, most bomb-rich explosions at Vent B, were followed by an ash-rich 

explosion from Vent A (Figure 5.3A, Table 1, Appendix C. Ch5_MS1, MS2). Sometimes Vent 

B erupted in isolation, but explosions from Vent A were never isolated and only occurred 

directly after Vent B events. On September 29-30 the explosion sequence reversed, with Vent 

A producing bomb-rich explosions first (Appendix C. Ch5_MS3), followed by increasingly 

ash-rich explosions from Vent B (Figure 5.1). From this time on, Vent A erupted at times in 

isolation, but Vent B never did, erupting only after Vent A (Figure 5.3B, Table 1; Appendix C. 

Ch5_MS4 to MS6). 

The lag time between paired explosions was measured between the first sighting of ejecta on 

thermal cameras (Figure 5.1D; Table 1). Before the transition and during it, paired explosion 

lag times lay within a small range (0 to 10 s) (Figure 5.1D; Table 1). Lag times increased after 

the October 3, corresponding with reduced explosive power and ash content of Vent B (Figure 

5.1D; Table 1; Appendix C. Ch5_TS2). Explosions with shorter lag times were often the most 

powerful for both vents (Appendix C. Ch5_TS3). 

5.3.3. Seismic Characteristics of Paired Explosions 

Broadband seismic data show that paired explosions from the two South Crater vents produce 

a common seismic signal (Figure 5.3) that resembles the signal of a single, non-paired 

explosion (e.g. as those that occurred before and after the switch when only one vent was active, 

Appendix C. Ch5_FS3). Paired explosion signals are spectrally bimodal, containing both HF 

and LF components (Appendix C. Ch5_FS4). The nature of the HF component reflects the 

style of explosion, with those dominated by lava bombs having distinctive high signal-to-noise 

ratios while ash-dominated explosions have weak HF components (Appendix C. Ch5_FS4 to 

FS10). 

The seismic signals of paired explosions in this case study were compared against other periods 

of the extended 11-week deployment (e.g. September 5 to September 24 and October 7 to 

November 18) and found to be similar to those of standard Strombolian-style signals sourced 

from a single vent. From October 27 to November 18, explosive activity from vents at the 
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locations of Vent A and B show separate seismic explosion signals with independent LF signals 

that are in contrast with the paired LF signals of this study (Figure 5.3). 

 

 

Figure 5.3. Examples of paired explosions recorded by broadband seismometer and thermal IR cameras. 
Seismic data (top) shows the low frequency (0.06-1 Hz) in blue, and high frequency (2-10 Hz) in black. On 
thermal plots below seismic, the brightness temperatures for regions above vent A (red) and B (green) are 

presented. Small arrows indicate the onset of eruptions. A. Closely spaced paired explosion from 09/29 
showing Vent B occurring before Vent A. B. An explosion pair on 04/10 showing a longer lag period. The 
explosion sequence is switched from that of A. The second, ash-dominated explosion from Vent B hardly 

registers on the seismic record. Bomb-rich explosions have a sharp onset, while ash-rich ones have a 
smooth, more gradual onset. This is likely due to the slower rise rates of ash-rich explosions. 
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5.4. Discussion 

Based on the results and current theoretical understanding of Strombolian volcanism, a 

conceptual model explaining the vent transitions is presented (Figure 5.5.4).  

5.4.1. Evolution of Vent Activity: The High Viscosity Layer and Magma Supply 

The surface expression of Vent A appeared first with ash explosions rupturing through surface 

pyroclastic deposits sourced from Vent B during the preceding month (Figure 5.4A). Vent A 

emerged from the long-established Vent Zone A area (Crater A in GVN Report 1999) and was 

probably a pre-existing structure with a surface cover of only ephemeral pyroclastics formed 

during a lull in its activity. The initial clearing of Vent A most likely involved the removal of 

the shallow breccia cover. After clearing, explosions increased in magnitude and frequency at 

Vent A and changed from ash-rich to lava bomb-rich types (Figure 5.4B). This likely signifies 

an increase in magma supply and volatile flux, (also evidenced by visual observations of 

increases in passive degassing) sourced from fresh, low viscosity magma to the upper conduit 

(e.g. Del Bello et al., 2015; Meier et al., 2015; Gaudin et al., 2017b). 

While activity at Vent A was rising, the decline of Vent B in explosion frequency and 

magnitude was accompanied by a progression to more ash-dominated explosions and those 

emerging from a debris cap (Figure 5.4C). Both of these factors suggest that the upper magma 

conduit below Vent B was cooling (e.g. Meier et al., 2015; Gaudin et al., 2017b). As magma 

stagnates without fresh supply from depth, its upper part cools, degasses and partly crystalizes, 

generating a more viscous magma HVL blanketing the shallow conduit (Del Bello et al., 2015; 

Gaudin et al., 2017b). The eventual cessation of explosions and passive degassing suggests that 

the deeper supply of volatiles and magma ceased, or that the upper viscous magma cooled to 

such an extent that it sealed the vent like a plug (Figure 5.4D). 

The transition of behavior of the two vents suggests that the increased magma and volatile flux 

that was supplied to Vent A was diverted away from Vent B. The observations of this short 

period are not able to confirm whether both sub-vent pathways are long-term features (i.e., that 

regularly switch back and forth depending on temporary blockages etc.), or whether this was a 

permanent change to the upper plumbing. .
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Figure 5.4. Conceptual model outlining the changes in vent and shallow conduit structure over 4 time-
steps. Relative size of the conduits are illustrative and represent the volume of flux being fed to the vents. 

The magma condition in the conduit is represented by colour gradients from hot, low viscosity magma 
(yellow) to cooler, high viscosity magma (red and black). Slug positions (white ellipsoids) represent 

explosive sequence and timing that reflect pathway tortuosity. A. 26/09: Emergence of Vent A. B. 29/09: 
Both vents displaying bomb-rich activity with similar upper conduit conditions. C. 03/10: Vent A becomes 
the dominant vent and first in the sequence of paired explosions. D. 06/10: Vent B explosive and degassing 

activity ceases. 
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5.4.2. Paired Explosions - A Single Slug Origin? 

‘Paired' Strombolian explosions are defined here as the rupture of a single gas pocket causing 

a surface explosion at two, or more, vents via separate pathways. 

At Stromboli, a similar feature has been described where closely spaced, coupled vents may 

erupt simultaneously. These are defined by Salvatore et al., (2018) as twin vents. Twin vents 

are believed to share a common branching conduit. Explosions at only one of the twin vents 

are explained by a gas slug bursting at a level above conduit bifurcation, while simultaneous 

explosions are explained as the slug bursting at a level below the bifurcation (Salvatore et al., 

2018). 

Paired explosions described in this research share a common seismic signal, and of particular 

importance, a common LF signal (Figure 5.3). This indicates that they are fed by the same 

rising gas slug, that must then separate to burst at both vents. Depths of slug bursting at Yasur 

have been estimated by automated and manual pyroclastic tracking methods, and indicate 

shallow depths between 0 and 30 m (Gaudin et al., 2014b; Koh, 2019). Koh (2019) used thermal 

imaging data obtained during this study on October 2, 2016, to calculate burst depths between 

0 and 25 m with a median burst depth at Vent A slightly deeper (8.3 m) than at Vent B (5.7 m). 

Insufficient data exists on the depth of the LF signal at Yasur. However, at Stromboli the LF 

signal is located between 220 and 300 m below the crater floor (Chouet et al., 2003; Marchetti 

and Ripepe 2005; Leduc et al., 2015). If the LF signal at Yasur occurs at a similar depth to that 

at Stromboli, then the bifurcation of Vents B and A is likely to occur at depths between 300 m 

and 30 m below the crater floor. 

5.4.3. Lag Times and Sequencing of Paired Eruptions Represent Shallow Magma 

Condition 

In the case presented here, paired eruptions are rarely exactly simultaneous and the lag times 

between them varies. A systematic trend appears where ash-rich eruptions lag behind the lava-

rich ones. This implies that the viscosity state of the upper conduit plays an important role. 

Viscous, cooler magma (or an HVL) in the shallow conduit causes more ash-dominated 

eruptions (e.g. Gaudin et al., 2017b). Increased strength of viscous magma may retard the 

bubble burst or even stop it. In all paired explosion cases described here from Yasur (both B-

to-A and then A-to-B), the ash-rich eruption trails the lava-rich one (Figure 5.2). This suggests 

that the cooler, more viscous magma state is slowing gas rise and bursting. 
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It is possible that paired eruptions will only form if a bursting gas slug is large, and/or energetic 

enough to rupture the top of both conduits. Smaller bursts may only manifest at the conduit 

vent with a weaker or lower viscosity cap. This could explain the cases of isolated explosions 

also observed. It would also explain the switch in the vent producing isolated eruptions in step 

with the transition of explosive sequence and style. The lag times of paired explosions were 

found to vary with explosion magnitude. Explosions with shorter lag times were found to be 

often more powerful for both vents (Appendix C. Ch5_TS3). This suggests that the shorter lag 

times are a consequence of larger, and/or more energetic gas pockets that are able to more 

rapidly burst through even the more viscous magma of the lagging vent. During the last two 

days of Vent B activity (October 4 to October 5) lag times increased in step with the decrease 

in explosion frequency and power, and the transition to weak ash emissions were indicative of 

a well cooled magma plug that greatly retards gas burst transition. 

5.4.4. Implications for Monitoring Yasur and Other Strombolian Volcanoes 

The findings in this study may help to decode patterns of surface and near-surface activity at 

long-lived Strombolian-style eruptions. Decreases in seismic amplitudes and transition to a less 

stable spectral content may herald changes to the shallow vent system, upper conduit, and the 

emergence or resurgence of activity in quiescent areas.  

Paired explosions are seismologically similar to single explosions. In some cases, the second 

of the pair produces a weak seismic signal that may not be identified in automated monitoring 

of power such as root mean square calculations (e.g. Salerno et al., 2018) or explosive counts 

such as short-term average/long-term average analysis (e.g. Lamb et al., 2015). Considering 

that the second of paired explosions generates the most ash, missing its occurrence not only 

underestimates explosive frequency, but also ash production. Frequency is often an important 

value for assessing the state of volcanic activity at Strombolian-style volcanoes (e.g. INGV, 

2019). Ash-rich explosions as the second event in a pair at Yasur from Vent B from October 2 

to October 4, 2016, expelled bombs up to 200 m high and produced substantive downwind ash, 

yet were essentially seismically invisible (Appendix C. Ch5_FS4 to FS10). Ash-rich 

explosions could not only be seismically invisible, but also infrasonically silent, as dialysed by 

Spina et al., 2015. 
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5.5. Conclusions 

A case of systematic transition of Strombolian-style explosions from one vent to another, 

shows how multiple shallow conduits may transmit the same gas and impulsive energy 

differently from a single gas rise and burst event. This generates paired eruptions that are offset 

by one another as a function of relative conduit length/diameter/tortuosity or magma viscosity 

state. The transition of volcanism from an established vent to a newly emerging one is driven 

by the transfer of magma and volatile flux within the shallow conduit (~300 to 30 m depth). 

This is recorded by a decline in explosive power and frequency from the first vent, with an 

increase in both of these parameters at the emerging vent. Eruption style changes parallel this 

and reflect changing viscosity states. A decline of activity corresponds with a shift from bomb-

rich to ash-rich behaviour that indicates an increase in magma viscosity, while an increase in 

explosive activity accompanies more bomb-rich behaviour.  

The lag time between paired explosions is influenced by the magma viscosity state within each 

conduit. Lag times of up to 45 s were tracked between two conduits impacted by the same gas 

slug rise at depth. The slower vent displayed very-ash-rich activity, indicative of high magma 

viscosity and gas path tortuosity. Paired explosions are seismologically similar to single 

Strombolian-style explosions. They share a common low frequency component (0.06-1 Hz). 

Trailing ash explosions produce only a very weak high frequency signal (2-10 Hz) that may be 

underestimated in automated monitoring systems. Missing these may underestimate hazards at 

such volcanoes, but understanding the dynamics of paired vents contributes to the 

understanding of the ephemeral nature of conduit and shallow feeding systems of Strombolian 

eruptions. 
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6.1. The Range and Time Scales of Yasur Volcanism 

This study represents the longest multi-instrumental observation experiment yet carried out at 

Yasur. Because of the length of the monitoring period, the study has gained new knowledge of 

the range of activity: the magnitude of explosions, the styles of activity (both explosive and 

background) and the sulphur dioxide degassing output at Yasur. This is important, because 

Strombolian models and discussions are heavily influenced by observations made on 

Stromboli, despite a similar level of volcanism at Yasur. 

Summit-based observations documented explosion style, power and frequency. A summary of 

explosion properties is provided in Table 6.1. Explosion rates ranged between 30 and 129 

events hr-1 and explosion ejecta heights ranged from 30 m (the minimum viewable limit) –to 

>500 m above the vents. Mean daily ballistic heights ranged from 70 to 251 m with ash plumes 

rising 85 to 209 m. The most powerful explosions were clustered during periods of 2-5 days, 

during explosion frequencies of ~70-90 hr-1. Individual vent zones displayed explosion 

frequencies of 1 to 73 events hr-1 when active. 

This research matched the categorisation scheme at Yasur to that of the framework based on 

Stromboli (e.g. Patrick et al., 2007; Goto et al., 2014; Ludec et al., 2015; Gaudin et al., 2017b). 

This types-based scheme should be used at Yasur and other volcanoes to describe activity in 

the future, to build up a global database and to expand the knowledge of the intricacies of 

Strombolian-style eruptions and the magmatic processes that control them. At Yasur, Type 2a 

eruptions are the most common, followed by Types 2b, 1 and then 3 (Table 6.1). Type 0 

explosions were not observed. Eruptive power and frequency systematically changes with 

explosive style (Figure 6.1). The largest explosions producing the highest ejecta at Yasur are 

Type 2a events (mean ejecta heights of 150 m), followed by Type 3 (~120 m), then Type 2b 

(110 m), and Type 1 (105 m). 

In addition to observing all of the previously described Yasur activity (e.g. Table 3.2, 

Chapter3), another, previously undescribed explosion style was observed, described, and 

named Type 3 in accordance with the naming system of Stromboli explosion types (Patrick et 

al., 2007; Goto et al., 2014; Ludec et al., 2015; Gaudin et al., 2017b). Type 3 events are 

characterised by ash-fountaining through a ruptured debris layer followed by sustained and 

voluminous ash release (Figure 3.10). 
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Measured SO2 flux ranged from ~50 t d-1 to ~2000 t day-1 with a mean of 630 t day-1 (Table 

4.3). This is consistent with previous long-term averages of 633-690 t day-1 (Bani et al., 2007; 

Métrich et al., 2011; Bani et al., 2012). However, the peak measurements in this study are 60% 

higher than the previously reported peaks at Yasur (cf. 1226 t day-1 Bani et al., 2012). This is 

significant for updating long-term hazard and chronic exposure studies of gas output on Tanna 

Island. 

6.1.1 Representativeness of the Study Period 

Yasur has been active for ~1400 years and has existed in its current state of eruption for ~600 

years (e.g. Firth et al., 2014). Studies conducted over the last ~30 years at Yasur have been 

short-term, with most of timescales of hours to days (e.g. Oppenheimer et al., 2006; Bani, et 

al., 2013; Turtle et al., 2016; Mandon et al., 2018), and some of several weeks (e.g. Maier et 

al., 2015). Studies that have tracked month-to-year-long changes are few and are mostly based 

on seismic data sets (e.g. Battaglia et al., 2016). While these studies are valuable, they are not 

able to correlate findings to direct observations of activity at the volcano. This study is the first 

of its kind to comprehensively track changes in eruptive activity over day-to-month timescales. 

Within the study period, changes were observed to occur on several timescales, with large 

changes in eruptive style, magnitude, and sulphur dioxide flux occurring over gradual cycles 

of weeks (~15-20 days). More rapid changes, often isolated to individual vent zones, occur 

over ~2-5 days. 

The 11-week record likely captures a representative range of normal over month to shorter 

timescales. For example, rare, relatively powerful events (explosivity index, VEI, at most three) 

are reported as occurring about every 20-30 years (Carney and MacFarlane, 1979) and are not 

considered part of the normal activity range. It must be acknowledged, however, that 3 months 

of study at a continuously active volcano that has been active for up to ~1400 years falls well 

short of documenting the full range/scale of activity that the volcano expresses. For example, 

the overall gradual decline in activity over the 11-week observation period (detailed in Chapter 

4) is clearly part of a longer, cycle of activity. Yearly to decadal scales cannot be examined 

here. As noted above, the rare powerful events occur about every 20-30 years (Carney and 

MacFarlane, 1979). Changes over hundreds of years can only be determined using the 

depositional record. 
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Table 6.1. A summary of visual log explosion statistics 

  Total Volcano South Crater North Crater  

    Zone A Zone B Zone C  
Explosions 
Recorded 4944 1409 (28 %) 2178 (44 %) 1357 (27 %)  

frange (m) 30-129 0-72 0-73 1-51  

fmean (m) 77 22 34 21  

fstd (m) 19 52 19 11  

hrange(m) 
Bombs: 29-520; 
Ash: 29-407 

Bombs: 38-349; Ash: 
38-316 

Bombs: 33-520; 
Ash: 40-407 

Bombs: 29-471; 
Ash: 29-318  

hmean (m) 
Bombs: 143; 
Ash: 120 Bombs: 119; Ash: 103 

Bombs: 155; Ash: 
127 

Bombs: 138; 
Ash: 129  

hstd (m) 
Bombs: 69;   
Ash: 51 Bombs: 51; Ash: 39 

Bombs: 72; Ash: 
54 

Bombs: 69;   
Ash: 52  

hsum (% of total) 
(m)   22.9 52.0 25.1 

Unidentified 
Sources 

Type 1           

No of Explosions 568 118 369 77 4 

Mean Height (m) Bombs: 150 
Plume: 78         

Durations 5-25 s         

Products 
coarse 
pyroclasts         

Explosion Onset impulsive         

Type 2a           

No of Explosions 2512 632 1410 459 11 

Mean Height (m) Bombs: 156 
Plume: 129         

Durations 5-45 s         

Products 
coarse and fine 
pyroclasts         

Explosion Onset impulsive         

Type 2b           

No of Explosions 1661 620 419 565 57 
Mean Height (m) Plume: 117         

Durations 5-45 s          

Products fine pyroclasts         

Explosion Onset           

Type 3           

No of Explosions 257 0 0 257 0 

Mean Height (m) Bombs: 123 
Plume: 82         

Durations 25->60 s         

Products 
fine pyroclasts 

and recycled fill         

Explosion Onset 
impulsive then 
emergent         
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6.2. Comparisons to Other Volcanic Systems 

This research shows that most of Yasur’s activity fits within the existing Strombolian-style 

frameworks. However, some key differences exist. The upper range of explosion frequency at 

Yasur far exceeds other persistently-active Strombolian-style systems, such as Stromboli (up 

to 30 hr-1, Salvatore et al., 2018)Batu Tara (6 hr -1, Scarlato et al., 2015), Fuego (several per 

day; Lyons and Waite, 2011) and Sakurajima (~80 month-1, Tournigrand et al., 2017). The SO2 

emission of Yasur also exceeds most of the Strombolian-style analogues (Table 6.2). However, 

the SO2 output of Yasur is considerably less than that of the most prolific degassing 

persistently-active and steady-state volcanoes, e.g. Ambrym, Kilauea, Nyiragongo and Etna, 

many of which host lava lakes (Table 6.2). 

The most directly comparable system to Yasur is Stromboli. At a basic level, the two systems 

operate very similarly; for example both have multiple vents located within a summit area with 

complicated interrelationships (e.g. Salvatore et al., 2018). Both display similar eruption styles 

(Patrick et al., 2007; Gaudin et al., 2017b). Timescales of activity are similar, with both having 

been continuously active for >1000 years (Rosi et al., 2000; Firth et al., 2014). Both have a 

multi-tiered magma and degassing system where explosions and background degassing is 

sourced from different depths within the chamber system (Oppenheimer et al., 2006; Burton et 

al., 2007a/b; Métrich et al., 2010; Métrich et al., 2011). Yasur differs from Stromboli in that is 

has a more evolved magma composition ~55-56 =% SiO2 compared to ~49-53% SiO2 for 

Stromboli, and the magma is more crystal-rich (Rossi et al., 2000, Firth, 2015). Yasur also 

produces several times more SO2 than Stromboli (Table 6.2). Compared to explosion 

frequency and power, explosions at Stromboli are generally less frequent, ~30 times hr-1 for 

the whole volcano and up to ~10 hr-1 for a single vent (e.g. Salvatore et al., 2018). Greater 

degassing likely contributes to the higher eruption frequencies and more powerful eruptions at 

Yasur. 
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Table 6.2 Gas composition and fluxes for the 10 strongest SO2 volcanic gas sources over 2005–2015. 
Adapted from Carn et al., (2017). *Yasur value obtained by Carn et al., 2017. 

Volcano Country Type 
Measured 
SO2 flux 

(tons/day) 

Measured 
CO2/SO2 
(molar) 

Measured 
CO2 flux 
(tons/day) 

Ambrym Vanuatu Lava lakes 7356 1.5 7586 

Kilauea USA Hawaian 
Lava lake 5019 0.9* 2933 

Nyiragongo + 
Nyamuragira& 

DR 
Congo Lava lake 3533 6.5* 15790 

Etna Italy Strombolian-
Vulcanian 2032 6.5 9083 

Sakura-jima Japan Strombolian-
Vulcanian 1056 0.9 653 

Yasur*   Strombolian 
This study 
mean: 630 
(*1408) 

*1.6 *1549 

Villarrica Chile Strombolian 281 1 193 

Stromboli Italy Strombolian 181 7.2 894 

Piton de la 
Fournaise 

Reunion, 
France 

Hawaian-
Strombolian 134 0.3* 28 

Erebus Antarctica Lava lake 52 27.6* 983 

 

6.3. Links between Explosion Behaviour (style, magnitude and frequency) 

with Shallow Vent Conditions. 

This research outlines a systematic relationship between explosion behaviour (frequency, 

magnitude and style) and shallow vent-conduit conditions. Explosion properties are related to 

observed and inferred vent and conduit conditions; including magma state, debris coverage and 

degassing activity. 

Results are built on the knowledge developed over the last decades of observations and the 

modelling of Strombolian eruption processes. The volume of the gas slug released is thought 

to be the primary control on the magnitude and duration of each explosion (James et al., 2008, 
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Del Bello et al., 2012). The style of the explosion is primarily controlled by the condition of 

the magma state (temperature, crystallinity) at the top of the conduit and the presence of a cap 

of surface debris covering the conduit (e.g. Del Bello et al., 2015, Leduc et al., 2015,Capponi 

et al., 2016a, 2016b). 

Decreases in eruptive frequency and height accompanies progressively more ash-rich activity, 

low-to-absent background degassing, and low SO2 output. These conditions are indicative of 

reduced magma and volatile flux, i.e., less frequent and smaller volumes of gas from both 

shallow and deep sources. Magma near the top of the conduit stagnates, cools and sinks, 

forming a thick magma plug. The magma level drops in the conduit, and this results in conduit 

backfilling and a debris cap forming. Under these circumstances, the ash-rich Type 2b and 

Type 3 explosions dominate. Fine ejecta (lapilli and ash) is produced by a combination of brittle 

fragmentation of the magma (Gaudin et al., 2017b, Meier et al., 2015), and a thick cap of debris 

over the vent, which is not cleared by the low frequency and weak explosions. 

Type 3 events occur through a thick debris cover of breccia and tephra (Figure 3.10). Ejecta 

(mostly ash) derives initially from the rupture and ejection of the debris layer, then from 

magmatic fragmentation (as evidenced by the long duration of the ash ejection). Observations 

suggest that when the cap becomes thick, gas is more efficiently trapped, and explosive 

impulses do not disrupt it completely. Type 3 events display low amplitude ‘cigar-shaped’ high 

frequency seismic signals that differ from the standard bubble-rise-and-burst mechanisms 

(Figure 3.7). These waveforms are more akin to rock-fall seismic signals (e.g. Neuberg et al., 

2000). If this is the case, then the signal may be primarily generated by the grain-to-grain 

interactions of the tephra jetting within the upper conduit, along with the granular collisions 

during collapse of the material back into the conduit and crater floor. 

Increases in eruptive frequency and height accompany progressively more bomb-and-gas-

dominated explosions, with greater amounts of hot, fluid lava. Increased background degassing 

(visually observed), increased SO2 output and high explosion frequency accompany the most 

powerful and lava-rich ballistic ejection periods (Figures. 4.2, 4.3). This is indicative of 

increased magma and volatile fluxes i.e., more frequent and larger volumes of gas sourced from 

both deep and shallow sources. This maintains hot pathways filled with mobile magma very 

near to, or at, the surface (Figure. 4.10). This is correlated to an incipient to weak HVL (Meier 

et al., 2015) with either no capping debris, or only a limited cap comprised of coarse/bomb size 

particles on top (cf. Caponni et al., 2016a). For Type 1 events, the HVL is absent or very weak, 
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while for Type 2a events, the presence of ash indicates that there must be a more viscous 

magma that is fragmented. 

Background power/energy is controlled by the volume and frequency of small bubbles rising 

from shallower depths (rather than large gas slugs) (e.g. Oppenheimer et al., 2006, Burton 

2007a, 2007b). This study's results suggest a greater rate of shallow degassing maintains hot, 

fluid magma at the conduit top. This is evidenced by the decrease in explosion power and 

frequency (the rate and size of slug production) during the most vigorous background activity. 

This means that the size and rate of explosion-producing slugs is not the main control on the 

development of a magma plug. 

 

6.4. The Differences between Established Stromboli-based Knowledge and 

the Findings in this Research 

This research reveals several differences between the standard models of Strombolian-style 

volcanic processes, and those observed in this study. 

The Absence of Type 0 Events at Yasur 

At Yasur no Type 0 events (gas only jets) were observed, nor has this activity been reported in 

past studies. While these events are rare at Stromboli ~6% (Ludec et al., 2015), the lack of 

Type 0 events at Yasur may be related to differences in magma composition and viscosity. 

Yasur produces a slightly more evolved magma than Stromboli (49-53% SiO2at Stromboli vs 

55-56% at Yasur, Rosi et al., 2000, Firth, 2015). The magma is also more crystal-rich and likely 

more viscous. This would indicate that there is a greater propensity for a viscous magma HVL 

to grow at Yasur, so that, in general, the eruptions produce more ash. Type 0 events may not 

be able to occur at Yasur as they require gas to virtually decouple from the magma, which is 

not possible in the more viscous magma at Yasur. 

The Difference in Power, Frequency and Prevalence of Type 1 at Yasur Compared to 

Stromboli 

The difference in power, frequency and magnitude of Type 1 events at Yasur compared to 

Stromboli is one of the key insights into the differences of the magmatic systems. Current 

literature (based mainly on Stromboli) suggests that the more active a system is, the more 
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powerful the degassing is, both from deep sources (slugs -more frequent and more powerful), 

and from shallow sources (background degassing) (e.g. Tadduecci et al., 2013). 

 
 

Figure 6.1. The relationship between explosion parameters, degassing and shallow conduit and vent 
composition. 
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At Stromboli there is a clear linear progression, with Types 0-1-2a-2b showing a decline in 

explosion power, ejection velocity, greater ash content and more emergent explosions (Figure 

6.1). This is related to the shallow magmatic and surface vent conditions (the HVL) becoming 

more restrictive and suppressing eruptive power. The shallow conduit magma preconditions 

for Type 1 activity at Yasur are essentially the same as at Stromboli (e.g. weak HVL, high 

levels of background degassing). However, unlike at Stromboli, Type 1 activity at Yasur is 

never the dominant style and it occurs at lower rates and reaches the lowest heights (Figure 6.1, 

Table 6.1). 

The lower ejecta heights of Type 1-rich periods may be a function of a higher magma level 

within the vents leading to the formation of small lava lakes (e.g. 26 September and 23 

October). During these periods, lava is very close to the surface, the vents are often larger, and 

the ejecta are expelled at wider angles and are comprised of very fluid, spatter fragments (e.g. 

Figure 6.2). The wider and deeper lava (lake) surface may cause lower ejecta heights, as more 

energy is dissipated within the lake compared to that of an explosion deeper in the conduit (that 

becomes more barrelled and vertically narrowed). This type of activity may be transitional to 

that of lava lakes (e.g. Ambrym) where vigorous churning of the lava lake occurs as gas bubbles 

rise readily through the low-viscosity magma (Allard et al., 2015).  

A rise in magma level and incipient lava lake formation may explain the reduction in ejecta 

heights, but it does not directly explain the reduction in explosion frequency, which is a direct 

measure of gas-slug generation at depth. The lower seismic amplitudes displayed by Type 1 

explosions (Figure 6.3) may relate to a more elastic response of larger volumes of magma in 

the upper conduit to gas expansion. In this way, some gas slugs entering the lake could be 

dissipated entirely elastically, resulting in only the churning of the magma and release of gas 

and reducing the frequency of observed explosions. A further factor is that of the interaction 

between the deeper and shallower degassing zones within the conduit system. When more Type 

1 (lava-rich) activity occurs, the background degassing (small but continuous upwelling of 

volatile and heat flux) maintains the level and high temperature of the surface magma. An 

interplay develops, when increased background degassing of shallow-sourced volatiles, 

reduces the rate and size of deep-sourced gas slugs. Thus, the background degassing regime 

appears to be much more important than deep gas slugs in maintaining magma heat, viscosity 

and surface-level in the conduit. 
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Figure 6.2. Examples of Type 1 explosions occurring; very high magma levels, wide vents, wide, but low-
height dispersal of large fluid bombs. Note the presence of ponded lava in the base of the crater. 
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Figure 6.3. Spectral content and amplitudes for the three main explosion types at Yasur. Type 1 events 
have lower amplitudes. This may indicate smaller slug sizes or a greater absorption of gas expansion by 

elastic response of low-viscosity magma in the upper conduit during Type 1 conditions. 

 

Ash Generation at Yasur: Magmatic Fragmentation versus Debris Ejection 

This study's observations show that Yasur eruptions often produce significant amounts of ash, 

even when there is no debris cap involved (Figure 6.4). This was also documented by Meier et 

al., (2015). These observations have important implications for the nature of the magma, the 

explosion dynamics, the source of ash, and the interplay between the magma and surface debris 

(the two components of an HVL). High ash production at Yasur may reflect magma viscosity, 

temperature, crystal content, chemical composition, and conduit shape. Type 2b eruptions, for 

example at Yasur, often appear to occur without a debris cap; indicating ash production is from 

magmatic fragmentation.  

The transition from Type 2b to Type 3 at Yasur occurs when the onset of tephra jetting occurs, 

indicating that this is the point at which the influence of the debris cap on explosion style begins 

to change the eruption dynamics; in particular the point is reached where explosions cannot 

disrupt the whole upper conduit cap, but jet through the weaker zones. After the initial rupture 

of debris during a Type 3 event, sustained ash release shows that as magma is jetted through 

narrow vents and cracks, intense fragmentation occurs. 
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Figure 6.4. Ash generation during a Type 2a event from two very closely linked sub-vents with clearly no 
debris covering. 

 

6.5. Vent Zone Relationships and Conduit Structure 

A fundamental aspect of understanding the volcanic system of Yasur is understanding the vent 

zone interrelationships and the highly dynamic conduit structure that feeds them. The time 

frame of this study was long enough to reveal some aspects of the interconnectedness of the 

vent zones. The surface activity reveals that there are systematic trends and changes in the 

explosion dynamics that reflect variations in different levels within the magmatic 

plumbing/conduit system. 
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Previous authors have suggested that the vents at Yasur are fed by a common conduit system 

that branches at shallow levels to feed the multiple vents. This is typically illustrated with the 

three vent zones branching at the same point in the conduit, and at a level very close to the 

surface (e.g. Metrich et al., 2011; Kremers et al., 2012). This research suggests that the 

separation (or bifurcation) of the vents occurs at greater depths than previously thought, 

possiblyat the magma chamber level (~ 4 km), while the two major vent zones in South Crater 

(Zones A and B) share some form of common conduit and are separated at a higher elevation 

in the conduit system. 

South versus North Crater: Ejecta Production, Conduit Size and Volume Flux 

This study observes that North Crater undergoes an overall slow, but significant decline in 

scale and frequency, with a progression to greater proportions of ash-dominated explosions. 

This rate of decline in volcanism was more rapid in North Crater compared to the South (Figure 

6.5), suggesting a smaller diameter conduit in the North, or a longer and more convoluted 

pathway to the surface that more readily closes when volatile and magma flux is reduced. 

Reduced volatile and magma flux leads to cooling at the surface that permeates down the 

conduit and may result in a narrowing of the conduit from the margins inwards. A return to 

greater flux would likely widen the conduit. 

Statistical analysis of observations in Chapter 4suggest that North and South craters have a 

complex relationship. Activity in the North and South craters rises and falls in sync with each 

other when neither vent is dominant. However, when one crater is dominant over the other, 

there is no correlation between their activity cycles. The conduits must be separated at 

significant depth near to the magma reservoir, where changes in volcanism at the South and 

North craters are determined by the separation of magma and volatile flux into one conduit or 

the other, preferentially (Figure 4.11). This could be driven by local (chamber) convection 

patterns generated by the influx of magma at the base of the magma chamber (Figure 4.11). 

These convection patterns regularly breakdown and reform, leading to either North or South 

crater receiving more magma (and them being out of sync), or both receiving a similar, 

balanced amount of magma from the same injection pulses, resulting in both craters being in 

sync. 
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Figure 6.5. The relative percentage of North Crater activity compared to South Crater. 

 

When large upsurges in activity occur, the system preferentially distributes magma flux to vent 

zone B. South Crater was the dominant zone of eruptive vigour, and Zone B was the dominant 

vent zone within this, producing twice as many explosions and a greater number of powerful 

explosions than the other zones (A and C) (Table 6.1). Zone B is able to rapidly reactivate 

during the onset of powerful activity, e.g. when Zone B was initially inactive, then, within 3 

days of Zone B reactivation, it becomes the locus of the largest observed explosions of the 

study (12-14 October). 

The South Crater: Vent Zones and Conduit Structure 

Zone A and Zone B had an alternating relationship of passive/active states for the first 47 days 

of observation. This changed after the highest phase in activity (13-18 October) into a 

relationship of concurrent activity from both South Crater vent zones. During this period, there 

was an alternation in dominance, with increases in activity from one vent zone accompanied 

with decreases in activity at the other vent zone. This indicates that gas and magma flux feeding 

the South Crater is shared and partitioned between the two zones. Alternate active/passive 

states between vents could indicate that gas and magma is channelled preferentially to either 

one or the other pathway, e.g. due to temporary blockage/clearance, or preferential rising 
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magma in convection cells (e.g. Landi et al., 2011). For example, as one vent declines in 

activity, the magma in the conduit begins to cool and loose buoyancy, creating a less favourable 

path for volatile and magma flux. The magma is then preferentially channelled to the other 

pathway. 

During the transition of volcanism from one vent to another, systematic changes in explosion 

frequency, magnitude, and style are evident, and this is most likely driven by the transfer of 

magma and volatile flux within the shallow branching conduit system. This shows the intricate 

links between magma supply, degassing (slug production) from depth, and HVL condition 

leading to style changes. 

The decline of the existing vent (in terms of explosion frequency and power) is accompanied 

by a progression to more ash-dominated explosions. As the magma stagnates without fresh 

supply to the surface, its upper part cools, degasses and possibly partly crystalizes, generating 

a more viscous magma plug (a component of an HVL) within the shallow conduit (Meier et 

al., 2015; Del Bello et al., 2015; Gaudin et al., 2017b). A newly emerging vent may manifest 

initially as ash explosions rupturing through, and removing an ephemeral pyroclastic surface 

layer and conduit backfill. Increasing explosion magnitude and frequency corresponds to a 

transition to lava (bomb)-rich explosions (Figure 4.10). This is indicative of high magma and 

volatile supply feeding fresh, low viscosity magma to the upper conduit (e.g. Meier et al., 2015; 

Del Bello et al., 2015; Gaudin et al., 2017b). 

Shallow Coupled-vent Explosions 

Paired explosions are described in Chapter 5 as surface explosions at multiple vents caused by 

the rupture of a single gas pocket via separate conduit pathways. Paired explosions share a 

common seismic signal, and of particular importance, a common LF signal (0.06-1 Hz) (Figure 

5.3), indicating that they are fed by the same rising gas slug that separates to burst at both vents. 

Depths of slug bursting at Yasur have been estimated by automated and manual pyroclastic 

tracking methods and indicate shallow depths between 0 and 30 m (Gaudin et al., 2014b, Koh, 

2019). However no data exists on the depths of the conduit bifurcation, or how this changes 

over time as linked vents move in and out of paired-explosion phases. This is something that 

should be targeted in future research. 

Paired eruptions are offset by one another temporally as a function of relative conduit 

length/diameter/tortuosity, as well as the viscosity state of the magma in the upper conduits. A 
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systematic trend occurs in which the vent with the most ash-rich eruptions lags the more lava-

rich and ash-poor. This study's observations show that this lag can be as great as 45 s. In all 

paired explosion cases (both before and after the sequence of the paired explosions switches), 

the ash-rich eruption trails the lava-rich one (Figure 5.3). The HVL/magma state must be 

hindering gas-burst transition, and a rising gas pocket encounters less resistance when 

travelling through hot fresh magma. If cooling magma is considered as a throttle on explosion 

style, it may also reduce gas rise velocity and retard the gas burst arriving to the surface. In 

some cases, brittle failure may allow rapid gas burst transmission, while in other cases, 

increased strength of viscous magma may retard the bubble burst or even stop it. 

The Long-term Stability of the Conduit System 

Surface observations reveal the rapidly evolving nature of volcanism. Vents become active and 

inactive, vent zone morphology changes and individual vent zones often house a variable 

number of vents. Despite the rapid surface changes, the three vent zones (A, B and C) appear 

to be stable, however it is unclear how permanent the state of the conduit system is, i.e. whether 

preferential paths remain open, or if there is a highly fluid crystal mush that allows an infinite 

number of pathways to open and close (e.g. Suckale et al., 2016). It appears that since 2003, 

the two South vents have been closely connected, as they now share a common crater whereas 

there used to be smaller, separate craters (GVN Bulletin, 2003). 

In many of the Yasur local mythologies, 3-4 vents aligned in a SW to NE line are mentioned 

(K. Hosea pers comm), indicating that some aspects of the main vent zones are a permanent 

feature. Similar persistence is seen at Stromboli, where after summit-altering paroxysms have 

occurred, causing subsidence and lava drainage via lava flows at lower elevations than the 

vents, the vent-systems return within short timescales (months) in the same locations and with 

the same activity (Rosi et al., 2013, Salvatore et al., 2018). Paroxysmal activity has not yet 

been documented at Yasur, however it is possible that after any changes to the surface 

morphology brought on by major volcanism, that the established vent zones will return. 
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6.6. Additional Insights into Yasur Volcanism and Eruption Style 

6.6.1 Volcanic Tremor Related to Activity State and Background Activity Energy 

A persistent low-frequency background tremor occurs at Yasur. This was picked up on the 

broad-band seismometer at site ASHP (Figure 2.1). It was discovered that the tremor changes 

from day to day based on the level of activity. Periods of powerful, continuous background 

rapid explosions (lava spattering; Table 3.1) and voluminous puffing are associated with Types 

1 and 2a activityand produce high-amplitude tremor, which is particularly strong in the low-

frequency spectral band (Figure 6.6). Periods of low activity dominated by ash-rich explosions 

produced the weakest tremor. Some of the most powerful tremors were found to occur during 

the most powerful periods of eruption, such as on the 14-15 October, however these periods 

contained less low-frequency content. 

These limited results suggest that tremor is linked to the background degassing regime and, in-

turn, linked to the overall level of activity of the volcano. Focused and detailed assessment of 

volcanic tremor in relation to explosion style and background activity, is needed in order to 

fully understand the relationships at play, and how the tremor evolves in spectral content and 

amplitude over these periods. This could be an important potential method to assess hazard to 

tourist operators on a daily basis. 
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Figure 6.6. Examples of tremor captured on the broad-band seismometer. Top panel shows three 
examples from a period of high-energy rapid explosions (REs) of up to 80 m height (top), a low period of 
activity dominated by ash-rich activity (middle) and the most powerful period of activity on 15 October 
(bottom). The lower image shows the spectral content of the same waveforms (linked by day of year, or 
DOY values). Of note is the powerful low frequency content of the rapid explosions (DOY 267 in blue). 

This is likely a result of the continuous, powerful background degassing occurring at this time. 
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6.6.2 Linking Multi-Parameter Data Sets to Single Explosions 

Correlation of signals over short timescales (seconds to minutes) was attempted with some 

success (Figure 6.7). Using a targeted case study on 4 October 2016, an attempt was made to 

correlate site OBSV thermal-IR camera measurements, SO2 path-length concentrations and 

seismic power. Good correlations could be obtained between thermal-IR and seismic power 

output (Figure 6.7), however, no correlation could be obtained between SO2 and other 

explosion parameters (Figure 6.8). This is mainly due to the different sampling windows of 

each of these methods. While seismic and thermal IR are collected semi-instantaneously, they 

do not measure the exact same parameter. This means that there is a short offset between 

seismic signals that start below ground as the gas slug forms and rises to burst, and soon after 

this on the emergence of incandescent lava above ground, when the thermal IR captures the 

explosion. The FLYSPEC gas measurements are taken several tens of seconds after an 

explosion as the gas plume rises above the crater. Thus there is a lag from an explosion, plus 

contribution of gas that may not have yet moved from the crater from previous eruptions, as 

well as contributions from ongoing passive degassing. All of these features make the SO2 

readings hard to correlate to individual explosions. 

 

Figure 6.7. 1 hour time series of thermal-IR, SO2 and seismic power. A. Apparent temperatures for North 
and South crater vents recorded by site OBSV camera. B. Apparent temperatures for North (blue) and 
South (red) craters recorded by site IR cameras. The pink shaded section is a period during which the 

cameras were off. C. SO2 path-length concentrations, in ppm-m. D. Velocitygram obtained from station 
ASHP. Peaks in amplitude are related to explosive periods. 
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Figure 6.8 SO2 path length concentrations (grey shading, left axis) and combined thermal-IR apparent 
temperatures (red, right axis). 

 

The best relationship noted, is between the temperature profiles of the near-vent temperatures 

and the explosion styles displayed by each vent (Figure 6.9). On 4 October all three vent zones 

were active, with Zone C (North Crater) producing dominantly Type 1 and 2a events with 

powerful background activity (rapid explosions and puffing), Zone A producing Type 2b 

explosions with moderate background activity, and Zone B producing very ash-rich Type 2b 

explosions with limited background puffing. Highest near-vent temperatures were at Zone C, 

followed by Zone A then Zone B. These relationships show the relative temperature difference 

of the magma at the vent during different HVL states. The more ash-dominated vents (Zone 

B), have lower near-surface temperatures, and therefore lower surface magma temperatures 

(and/or they are blocked by debris). More lava-rich vents with more background degassing 

have highest temperatures, reflecting fresher, hotter magma. These findings are highly 

promising and justify further analysis of data collected during this study for many more time 

periods. 
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Figure 6.9. Temperature histograms from near-vent measurements of the three major vent zones during 
04/08/2016. Zone C (top, blue), Zone A (middle, red), Zone B (bottom, green). The secondary peak of high 
temperatures of Zone A (above 300 K) is a result of a skylight being located very close to the vent (with 
the view of the camera) and is not a from Vent A. 
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6.6.3 Rainfall Influence on Yasur Volcanism 

A correlation between heightened volcanic power and heavy rainfall has been suggested by 

previous authors for Yasur (e.g. Cook, 1777; Campbell, 1888; Firth et al., 2014). The 

connection is explained by infiltration of meteoric water along faults in the Yenkahe dome and 

subsequent interaction with Yasur’s magma body (e.g. Firth, et al., 2014). Volatilisation of the 

water increases the volume of gas in the conduit, driving more vigorous eruption. 

The timing of this study was chosen to coincide with the dry season in Vanuatu, to focus on 

capturing as much activity during clear weather days as possible and reducing the potential 

variability of external factors. However, during the deployment there were periods of rainfall 

that allowed some testing of the rainfall-high magnitude hypothesis. 

Daily rainfall totals are compared against ballistic eject height and explosion frequency in 

Figure6.10. No relationship is present within the observation data and no upsurges in activity 

were experienced by the researchers on-site. This however, may not completely rule out the 

hypothesis, because the rainfall during the study may not have been sufficient to permeate 

down to interact with magma, or it may have been turned into steam quickly without 

performing any significant quenching. 

Some rainfall influence on eruption type, and particularly ash production, could be possible at 

Yasur. During the study, periods of heavy rainfall increased erosion of the inner crater walls, 

which collapsed to form a fine debris cap over the vents. This material was re-ejected which 

created increased ash, but not increased height or vigour of the ash plumes (as seen in daily 

ash plume heights compared against rainfall (Figure 6.11). Thus, these limited results show 

that while rainfall may result in the ejection of more ash (re-excavated fines washed into the 

conduit, or surface cooling of the upper magma), the effect is too weak to increase eruption 

power. 

To test this further, a study that spans both the dry season (June-November) and the wet season 

(January to April), (Figure 6.12) would be required. During the rainy season Vanuatu 

experiences an average of 2-3 cyclones, mainly in January and February, that drop many 

hundreds of mm of water over short time periods (CCP 2013, Basher and Zheng, 1995). The 

intense few days of rainfall during a cyclone would be a good test of the effect of water 

infiltration into the conduit system. 
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Figure 6.10. Time series of daily cumulative rainfall with mean bomb heights and explosion frequency. No 
relationship is evident. 

 

Figure 6.11. Time series of daily cumulative rainfall with sum ash production. No relationship is evident. 
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Figure 6.12. Seasonal rainfall (grey bars) and temperature (lines) at Port Vila. Rainfall during the cyclone 
season, January to April is much higher than that for the period of the study, during the dry season 

September-November. Source: CCP 2013 

 

6.6.4 Earth Tides Influence on Yasur Volcanism 

Several studies have tentatively linked the regular cyclicity of Earth tides with volcanic activity 

(e.g. Dzurisin, 1980, Nueberg, 2000, Dinger et al., 2019). These studies mostly link tidal 

cyclicity to seismic activity, such as volcanic tremor at strato-volcanoes that go through periods 

of short-lived activity interspersed by long periods of quiescence. The possibility of tidal force 

affecting persistently active volcanoes has been rarely examined, e.g. Stromboli (Nueberg, 

2000, Dinger et al., 2019). However, there is a possibility that Earth tides could influence the 

level of magma within a shallow reservoir, lava lake or upper conduit.  

The length of this study provides an opportunity to observe whether a relationship between 

Yasur's activity and tidal forcing exists. Yasur, has a shallow (~12-5 km) and very large 

chamber system comprised of magma and crystal mush (of volumes of up to 25 km3) (Métrich 

et al., 2011). The nearly 3 months of data sets allow for analysis over several tidal cycles 

(Figure 6.13). Using the total ejecta height as a reliable overview of activity state, visually there 

appear to be some weak correlations of peaks, however the records are poorly correlated, 

statistically. 
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Some aspects that may warrant further investigation, in relation to the major cycles of activity 

at Yasur, include sum production and SO2 degassing which are roughly the same as the tidal 

cycle in duration (~15-20 days). Several peaks in activity also very loosely align with those of 

maximum tidal force, as do periods of low activity. While a much longer data set of years to 

decades (e.g. seismic) may be able to find some correlation, the complex nature of the changes 

in volcanic system may hinder a straight-forward comparison. 

 

Figure 6.13. Figure comparing sum ejecta heights to combined earth tide forcing (up, north and east). 
Calculated for the latitude/longitude location of Yasur. 

 

6.6.5 Comparison of Results of the Two Deployments (2015 and 2016) 

Activity levels during the 2015 pilot study were within the range of variation observed over 

the main 2016 deployment. Explosion frequency ranged from 41 to 70 events hr-1 (Figure 6.14) 

with an overall mean of 57 hr-1. Explosions occurred at all three vent zones. Ejecta heights 

were not measured during the pilot study; instead a qualitative assessment of explosion size 

was used. Small explosions were the most common followed by medium, then large. 
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Figure 6.14. Explosion rates for Yasur during the pilot study. The variation in eruption rate across all 
vents (black line and diamonds). After a drop from the highest rate on 23 Nov, the rate drops to the 

lowest over 4 days, before recovering slightly to a more stable rate of ~50 explosions per hour. Explosion 
rates of small, moderate and large eruptions are represented by coloured lines of blue, green and red 

respectively. Note that 11-24 is missing due to no visual log being conducted on this day. 

 

During the pilot study, SO2 flux was recorded at the ash plain site using vertical scanning 

methods and from the crater rim using horizontal scanning methods (Figure 6.15). Mean values 

of the two scanning methods are roughly similar at 271 t day-1 and 311 t day-1 for vertical and 

horizontal methods respectively. Variations in daily flux values range from 118 to 388 t day-1 

for horizontal scans. These values fit within the range of fluxes obtained during the main 

deployment.  



Chapter 6 

155 
 

 

Figure 6.15. Daily SO2 flux estimates for vertical and horizontal scanning methods during the pilot study.  

 

6.7. Limitations of Instruments 

This section discusses the design of the experiment, the instruments used and the sampling 

methods.  

6.7.1 Visual Eruption Logs 

Visual logs provided numerous quantitative data sets of explosion parameters (e.g. rate and 

height) that served as effective first-order proxies for eruptive power and degassing rates. 

Geophysical and geochemical data could then be referenced to these. The logs also provided 

important qualitative data, such as plume/ash colour, audible noises associated with explosions, 

as well as the incandescence and shape of ballistics. These features indicate changes over time 

to explosion characteristics that helped to provide more information about the nature and 

evolution of magmatic and conduit processes.  

Uncertainties in collection of the visual log data include: 

• Timing of explosions. The exact timing of the explosion onset may lead to time differences 

of several seconds due to view obstruction of the vents, and human error. 

• View obstruction. Cloud, rain and ash obstruction sometimes made it difficult to identify 

the source vent. Most of these were checked against thermal or visual video records and 

then had a vent attributed to them. Some could not be attributed when camera views were 

also obscured. 
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• Errors in measurement of ejecta height. These are most numerous and include: difficulties 

in selecting the highest flying ballistic, measuring the ballistic at the top of its path, highly 

lateral explosions where the heights of ejecta do not fully capture the power of the 

explosion, determining the point at which ash plumes decelerate towards buoyant rise, 

errors with measuring ejecta from a 3-dimensional explosion (where objects are moving 

away or towards the viewer), and uncertainty in the exact location of the source vents, i.e. 

moving and migrating vents. 

Visual logs were conducted for 2 hours on most days. However, because multiple days had 

shorter observations times for number of reasons (rain, increased hazard, equipment failure, 

tourist/guide interruptions), it was decided that the first 1 hour would be used for analysis, as 

all days had this length of recording. Figure 6.16 shows the difference between mean bomb 

heights for the full 2-hour record and the 1-hour record. 

 

Figure 6.16. Comparison of mean bomb heights for the 1-hour record used in the research and the full 2-
hour records.  

 

6.7.2 Seismometers 

Seismometers should ideally be placed in firm ground that is coupled to a solid substrate. This 

is difficult at Yasur because much of the area surrounding the volcano is built on successive 

layers of lake sediments and ash.  

Firmer substrates, such as zones of tuffs, small lava flows and ignimbrites were targeted for 

installation sites, however attenuation of high frequency energy from sources at depth such as 

deep-seated volcanic tremor or microearthquakes likely occurred. Shallow seated seismic 
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sources in the vent would have experienced such attenuation for the entirety of the ray path and 

may not be as heavily affected by near-receiver conditions. 

This research heavily utilised the more versatile broadband sensor. Seismic signals of 

Strombolian explosions have a large component below 1 Hz (Figure 2.8). The short period 

units have responses that drop below 1 Hz, resulting in the loss of a significant amount of the 

waveform (Figure 6.17). Any deeper-sourced high-frequency signals were not identified, 

potentially attenuated by near-receiver conditions. A large part of the characterisation and 

classification of explosive eruption types (Types 1-3; Chapter 3) was determined using relative 

amounts of the high and low frequency components of explosion waveforms. For example, a 

newly classified Type 3 explosion can be identified by its lack of a LF component, and this 

cannot be known without a broadband (Figure 3.7). Further, linked LF signals of paired 

explosions (Figure 5.3) provided insights into the way vent switching occurs and the gas rise 

in the conduit. It is recommended that any future seismic research into Yasur volcanic activity 

deploy broadband sensors. 

The array was not implemented in this study, which focussed on multi-technique near-surface 

processes. The short period sensor dataset was deemed of low priority due to frequency 

response, and the loss of the site SULFB station severely limited any array capability. Future 

investigation into the datasets obtained in this study should utilise multiple broadband (and 

potentially infrasound) stations to increase the ability to locate the seismic source. 

 

6.7.3 Sulphur Dioxide Gas Spectrometry  

FLYSPEC units proved to be portable, simple to use and mostly reliable. The setup of the units, 

linked to a small laptop connected via USB, makes them mobile and easy to deploy. Internal 

batteries within the scanners and laptops allowed for up to 6-7 hours of scanning although 

FLYSPECs cannot automatically adapt to changing light conditions, plume directions and 

adverse weather (e.g. rain). For this reason, little value was found in leaving the scanners 

unattended for long periods. It was found most effective to scan for 2-3 hours and with a 

researcher in attendance. This also mitigated against unattended equipment going missing. The 

limited and expensive transportation on Tanna Island reduced the number and duration of 

traverse scans that were possible. 
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Figure 6.17. Example of a Type 2a explosion recorded by the broadband at site ASHP (top stack) and a 
short period at site ALTB (bottom stack). The top image for each is the full raw waveform of the vertical 
component. 3 filters divide the waveform into very low period (<0.5 Hz) low period (0.5 – 2 Hz) and high 
frequency (>2 Hz). Red boxes highlight the relative amplitudes of signals - the short period records very 

little energy below 2 Hz. 
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Horizontal scan values are similar to those of past flux averages conducted by traverse methods. 

It is therefore likely that they are accurate. Full daily scans ranged in duration from 1-4 hours. 

A comparison of the 1-hour time synced flux record to the full daily values is presented in 

Figure 6.18. Similarity between the two data sets suggests that the 1-hour trimmed record is 

representative of the longer daily flux. Wind affects measurement of plume dynamics and gas 

fluxes. Figure 6.19 shows that higher winds of over ~6 m s-1 result in underestimation of 

sulphur flux. Wind direction does not appear to affect SO2 estimates. 

 

Figure 6.18. Comparison of 1-hour visual log synced flux (red) with full record daily scans of 2-4 hours 
duration (black). 

 

SO2 variance does not correlate well with any of the other daily time series (Appendix B, 

Ch4_FS3). Multiple factors affect the accuracy of scans, and a complex vent system with many 

sources of passive and active degassing likely interfere with measured values. Higher gas 

output does often coincide with periods of higher explosive power and production that are 

dominated by lava-bomb rich Type 1 and 2a activity. 
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Figure 6.19. Scatter plots showing the relationship between wind speed and direction with sulphur 

dioxide daily mean flux values. 

 

It is possible to compare the different sampling methods. Figure 6.20 shows the horizontal 

scans with the vertical and traverse techniques. The two rotating scan methods, horizontal and 

vertical, corroborate well, however the traverse scans are much higher. Traverse scans were 

limited by the scarcity of transport and the length of time that was available for scanning. 

Typically, only one or two passes could be taken under the plume, which reduced the accuracy 

as a time-averaged flux was not obtained. Traverses were undertaken close to the volcano along 

the ash plain. It is possible that the short traverse times were capturing pulses of either high, or 

low, concentrations modulated by the explosions, i.e., low gas was measured between 

explosion pulses, and high concentrations were from an explosion pulse. 
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Figure 6.20. Comparison of the different scan methods used. Rotating scanner methods, horizontal (blue) 
and vertical (green) are presented as median values with 1 standard deviation bars. Traverse scans are 
presented as mean values. Horizontal and vertical methods appear to corroborate well, while traverse 

scans do not. 

 

6.7.4 Thermal Cameras 

Numerous studies have outlined the usefulness of thermal IR cameras in monitoring explosive 

volcanism. An outline of this is given in Chapter 2. Many of these methods require specific 

expertise on the techniques and processes for turning IR recordings into useful volcanic data. 

Because of the large scope of this research project, and the primary focus being on the 

integration of multiple monitoring instruments, an in-depth analysis of the IR data was not 

conducted. 

The extensive record captured was primarily used as a means of checking explosion style and 

vent location. It provided a long term record of changes to the crater geomorphology. In short 

term time scales, when synced with GPS, it allowed detailed comparison to seismic records 

and inter-vent explosive timing (Chapter 5). A number of potential studies focusing on IR data 
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have been conceptualised for future work using the data sets. These include estimations of the 

heat output over time, correlation of thermal records to infrared satellite imagery, and 

automated tracking of explosion parameters (e.g. dimensions, particle velocity, explosion 

depth). 

Thermal cameras are more effective the closer they are to their targets. At Yasur, obtaining a 

view close to the vents requires that cameras be placed on the rim edge pointing downwards 

into the craters. This places them at risk of exposure to corrosive gas and ash, as well as 

ballistics. Obstruction between the camera and the target by steam, ash and gas was common. 

Ash accumulation on the cameras reduced the detected radiance of the source and resulted in 

poor image quality (Figure 6.21). The two permanent cameras at site IR suffered from greater 

amounts of gas and ash exposure. 

Wide angle lenses were used to capture as full a crater view as possible, but ejecta consistently 

reached higher than the view of the cameras. Even at distances from the site CP, the lenses 

could not capture the full flight of ballistics. Future work should consider the use of much 

wider-angle lenses. 

 

Figure 6.21. Poor quality thermal image of an ash-rich Type 2b explosion from South Crater vent zone A 
resulting from ash obstruction between vent and camera. 



Chapter 7.
New Insights into Volcanic Hazard Assessment for 
Yasur
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The easy access and continuous eruptive activity at Yasur has made it one of the most important 

tourist destinations of the Republic of Vanuatu. Yasur attracts anywhere from 10 to more than 

100 visitors per day (Figure 7.1) and numbers are steadily climbing. Tourist revenue is one of 

the major income sources for Tanna Island, particularly for the communities surrounding the 

volcano. However, due to the reliance on the income from Yasur, there is a reluctance to 

discourage visitors during upsurges in volcanic activity. The visitors are unfamiliar with the 

volcano, but the local Ni-Vanuatu population has lived with it for at least as long as it's known 

history of steady-state volcanism. With growth in the population on Tanna Island, increasing 

pressure has come to spread agricultural activities closer to the volcano. In downwind areas, 

even though the impacts of ash and gas are well known, major subsistence communities carry 

out subsistence and cash-crop farming. Periods of extreme ash production, particularly over 

dry season conditions, have led to high losses of crops due to acid rain and ash, along with 

considerable impacts on human health (e.g. Nairn et al., 1988, Cronin and Sharp, 2002). 

Government, local communities, hotel owners and tour operators share an interest in hazard 

management. The Vanuatu Meteorological and Geohazards Department (VMGD) provides 

seismic and web cam monitoring of the volcano and issues official warnings of hazards. In 

recent years, management and control of the touristic access to the volcano has been entrusted 

to a cooperative company (the Entani Company) on behalf of traditional owners and the district 

government.  

It is particularly important for public safety at Yasur to understand how and when rapid 

upsurges of magnitude and frequency in explosions occur. These 2-5 day periods of high-

magnitude explosions generate the greatest hazard, both proximally at the volcanic summit, 

and to the wider region downwind. The results in this study provide new information about 

hazards at Yasur and potential methods to help manage them. 

This chapter assesses the major proximal and distal hazards of Yasur’s normal activity, 

provides insights into the conditions of maximum hazard, and makes some suggestions for the 

improvement of monitoring and management at the volcano. 
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Figure 7.1. A large group of tourists at the main observation area at the summit of Yasur, OBSV site 
(Figure 2.1). This site is less than 200 m from the nearest vents. Volcano tour guides can be seen in the 

background wearing grey and red shirts. Note the fresh bombs and fresh ash around the group. 

 

7.1. Proximal Hazard Assessment 

7.1.1 Sources of Proximal Hazard 

Proximal hazards at Yasur come primarily in the form of the ballistic ejection of incandescent 

lava bombs, along with high rates of acidic gas and ash output. While the latter are normally 

avoided by guides moving tourist groups up-wind, ballistic bombs regularly impact all summit 

areas of the volcano, and at times, the outer cone flanks. Ballistic bombs are typically between 

tens of cm to ~1 m in diameter but may reach tens of metres in size. These are the main hazard 

to life from Strombolian-style activity worldwide (Nairn and Self, 1978; Tsunematsu et al., 

2016; Fitzgerald et al., 2017). The high impact and thermal energies of bombs are lethal 

(Tsunematsu et al., 2016; Brown et al., 2017), especially if bomb jets are directed at low angles 

to reach greater distances than vertically directed eruptions (Gurioli et al., 2013; Fitzgerald et 

al., 2014; Tsunematsu et al., 2016). Upon hitting the ground, ballistics may spray debris, skip, 

bounce, and roll further. 

At Yasur, ballistics are erupted at tens to hundreds of metres per second (e.g. Gaudin et al., 

2014b, Koh, 2018) and typically fall within 500 m from the vents (Fitzgerald et al., 2017). The 

summit rim, where the tourist paths are located, lies only ~150-300 m distance from the vents 

(Figures 7.2, 7.3). Powerful explosions during higher phases of activity send ballistics beyond 

the summit crater and down the outer flanks and may reach the car park area over 500 m from 
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the vents. Individual explosions that are large enough for bombs to reach the summit rim, 

typically deposit between 1 and 10 ballistics (Figures 7.2, 7.3), distributed across an area of 

many 10s of square metres. 

 

Figure 7.2. Examples of large ballistics landing on the crater rim paths where tourists frequent every day. 
Left: A large solid bomb creating a large impact crater on the SW rim. Right: A large fluid bomb on the 

E rim that has deformed on impact and left no impact crater. 

 

Figure 7.3. Deposition of at least seven ballistics during a large explosion on 15 October 2016. Arrows 
denote the sites of deposition, with impact clouds visible. The horizontal field of view is ~100 m. The 

image was captured from the main tourist observation area at site OBSV (Figure 2.1, 7.1). 

 

Environmental Factors 

Other hazards at the summit include; volcanic gas and ash, acid rain and mist, as well as the 

actual topography and the lack of visibility at night. Anything that reduces the visibility of 

explosions and the path of ballistically ejected bombs increases hazard. This includes viewing 
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during bright daylight (when incandescence is harder to detect), or during mist/rain or within 

gas/ash clouds. The topography of the summit is also dangerous. The pathway along the 

summit rim, where guides lead the tourists, is narrow and steep-sided. It is littered with 

irregular ballistics that serve as a tripping hazard, particularly in the dark. Fine pyroclasts and 

volcanic gasses are typically directed by the prevailing SE trade winds away from the tourist 

observation areas, however, during low-wind periods, or wind from the W-NW, they can 

envelop those areas. Gasses, ash and lapilli obscure visibility, may hurt lungs and eyes, and 

commonly cause panic or confusion when tourists become enveloped within the plume. Rain 

or mist on the summit may create additional hazards because visibility is reduced and acid 

droplets may form (Figure 7.4). Ballistics may also travel greater distances towards the 

tourist observation areas when carried by westerly winds. 

 

Figure 7.4. Example of steam and mist during wet weather obscuring the view into the vents. Under these 
conditions it is not possible to see bombs. Tourists may also get lost in the mist, and trip/fall incidents are 

common. 

 

7.1.2 Current Hazard Management at the Summit 

Prior to 2015, visitors could hire local guides for private tours of the volcanic summit. There 

was no formal system for this, times on the summit were not restricted and full access to any 

area was allowed. Under this system it was completely up to the visitors and the guides to 

manage their own safety. In 2016, the Entani Company was set up as the sole tour operator on 
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Yasur. Run by a collective of 12 local villages with a stake in the volcano, Entani hires locals 

from these villages to serve as guides. A more formal access system is now in place, with a 

main viewing period from 4:00 pm to 8:00 pm. Visitors are welcomed at the base of the volcano 

with a ceremony and traditional dance, followed by a safety briefing. Tourists are driven in 4x4 

vehicles to the summit car park where another short safety briefing is given before taking the 

~50 m-elevation climb up a concrete path to the first observation point. On the summit, tourists 

typically move as a single group between the three major viewing areas (SW, SE, E) (Figure 

7.5). They arrive ~1 hour before sundown and stay several hours on the summit with much of 

this time spent in darkness. 

 

Figure 7.5. Aerial view of Yasur showing the three tourist observation areas. SE area is the main 
observation area and the location of site OBSV (Figure 2.1). Photo credit S. Cronin. 

 

The viewing areas are located as little as 150 m lateral distance to the active vents. This is far 

closer than many other volcanoes of the same type (e.g. Stromboli). As a result, incidents 

involving ballistics that land within close proximity to tourists are common (Figures 7.2, 7.3, 
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7.6). The author witnessed such events multiple times during the study period, and heard 

anecdotally from guides and local residents that this is a frequent occurrence. 

 

Figure 7.6. Ballistic deposition on the SW tourist observation area on 3 September 2016. A line of tourists 
can be seen in the top right corner of the image. Screenshot taken from YouTube (Kimura, 2016). 

 

The safety protocols and standards at Yasur are poor. The guides are inadequately trained and 

personal protective wear is not mandatory. Many tourists (and even many guides) do not have 

adequate footwear, warm clothing, protective headwear, or gas masks. None of these safety 

items are provided to the visitors.  

The safety talk (of several minutes duration) at the base of the volcano is given by the guides 

in both French and English. During this talk, the activity level of the volcano is stated, however 

little context for this is given to the tourists. Minimal advice about what to do if caught by a 

sudden large explosion is given. The message conveyed is: 'to not panic, watch the ballistics 

mid-flight to keep a track of them, and to stay close to the guides at all times'. No mention of 

the severity of the risk to life is given. The assumption is that the tourists know the risks before 

they agree to participate. However, often the tourists walk away from the briefing unsure or 

confused, trusting that they would not be allowed access if it was not safe, (this comment is 

based on near-daily discussions with tourists by the author). 

The current hazard map outlining the proximal hazards at Yasur is shown in Figure 7.7. Several 

information sheets, including this map, are posted on the VMGD website (VMGD Volcanoes). 
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The information in these sources is useful, however no physical copies are displayed at the gate 

house where tourists are welcomed on site, nor are they displayed on the summit, despite the 

official information claiming that they are. 

The decision-making processes regarding hazards and emergencies are largely informal. A 

permanent exclusion zone is in place for the inner crater and N to W sides of the summit (Figure 

7.7). A system restricting access to other parts of the volcano during periods of increased hazard 

is in place. VMGD has no permanent staff on Tanna, and the decision-making process is largely 

based on recordings of a seismic sensor and webcam located ~2 km from the volcano at site 

VMGD (Figure 2.1.), and from reporting of up-surges in activity by the Entani Company. 

During the normal state of activity, when ballistics fall within the crater rim, ‘Danger Zone A’ 

is open (Figure 7.7), and when ballistics reach the tourist paths and outer flanks, access is to 

restricted to only the car park areas (Danger Zone B). 

The system of reporting through the Entani Company comes with an inherent conflict of 

interest, because restricting tourist access directly reduces income. The system also relies on 

untrained reporting, leading to confusion and ambiguity as to what the reports actually mean. 

The process is also slow. For example, during the elevated period on 13-18 October 2016, 

access was not restricted until the third day of high activity, on 15 October, meaning that 

tourists were on the rim during the most hazardous periods. Following this, the alert was not 

dropped until several days after activity had subsided, leading to angry tourists and frustrated 

guides. 

There is only a limited response capability in the event of an emergency. Yasur is located in a 

remote part of Tanna Island, which is located far from the best medical facilities in Vanuatu on 

Efate Island (Port Vila). Only basic medical resources are available on Tanna, with long 

response times to Yasur of several hours by truck, or air evacuation from further afield (e.g. 

Port Vila or New Caledonia). Since the mid-1990s, there have been a handful of deaths on the 

summit of Yasur from ballistics (reported by VMGD staff and local guides). One such incident 

involved a local guide and a tourist who strayed into an area where ballistic bombs were jetted 

at low angles towards the eastern rim of the volcano. Future incidents, given current media and 

social media attention, could cripple the tourist industry.  
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Figure 7.7. The current official safety map produced by the Vanuatu government with assistance from 
New Zealand agencies. Three languages are used, Bislama (the common pidgin language of Vanuatu), 

English and French. 
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7.2. Distal Hazards During Continuous Normal Activity 

7.2.1 Distal Hazard Sources 

Distal hazards primarily come from the continuous discharge of ash and volcanic gasses. These 

are distributed by Yasur’s plume, mostly in the direction of the prevailing SE trade winds. The 

weak plume typically travels at elevations of less than ~500 m, and is often ground-hugging, 

particularly affecting the areas ~5 km surrounding the volcano (Figure 7.8). 

The main hazards of ash and gasses include; issues with respiration, skin problems and dental 

fluorosis in humans and animals, acidic burning of food crops (particularly fruit), toxification 

of water supplies, and corrosion of metal structures. The most toxic gasses to human health 

include CO2, SO2, HCl, H2S and HF (Anderson, 1910; Rampino and Self, 1984; Delmelle et 

al., 2002; Cronin and Sharp, 2002; Hansell et al., 2006; Allibone et al., 2012). Gases often 

combine with water in the atmosphere to form acid rains that cause further damage to 

vegetation during periods of elevated volcanic ash and gas emissions (e.g. Eissen et al.,1990, 

1991; Cronin and Sharp, 2002). 

Large subsistence-based communities live directly adjacent to, or down-wind from, the 

constant volcanic activity (Cronin and Sharp 2002; Allibone et al., 2012). Much of the 

population on Tanna lives under ash falls on a daily or weekly basis, and many live almost 

permanently under gas plumes. Reports from community health services often state that the 

activity of Yasur has an adverse effect on human health, buildings, food crops, the water 

supply, and the environment in general (Cronin and Sharp 2002, Allibone et al., 2012). 

Environmental factors influencing hazard include wind and rain as these affect distribution and 

deposition. High wind speeds move the ash and gas plume rapidly from the summit and form 

a narrow downwind plume for tens of kilometres. High winds tend to force the plume to lower 

elevations. Low, ground-hugging plumes deposit more on the surface and less downwind. 

Strong winds, or those outside the normal SE trade wind directions may also direct the plume 

to the far reaches of the island where communities are less prepared than those under constant 

exposure. Low wind speeds may result in the plume stalling, or rising slowly vertically, 

depositing ash and gas near the volcano. 

Rainfall strongly affects the deposition of ash and gasses by washing out the particles from the 

atmosphere. This commonly results in acid rain that may affect crops and enter waterways and 
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potable water supplies. On dry days, with low plumes, direct dry gas or aerosol deposition may 

also cause acid damage to plants and affect animals that eat them. 

The worst impacts in distal areas are typically reported during long dry periods in the dry 

season, when food supplies are already stretched. During these periods, irregular and small 

amounts of rain cause the strongest acid rains and worst impacts on crops and water supplies 

(e.g. Allibone et al., 2012). 

7.2.2 Current Management of the Distal Hazard 

Health services and resources are limited on Tanna Island. The island often relies on foreign 

studies to determine the damage of long-term exposure to the volcanic products. There are few 

and irregular routine water testing services, or assessments of human health immediately after 

upsurges in volcanic activity. Limited water supplies and delivery infrastructure give 

communities little choice of clean water supply if contamination occurs. Reports on damage to 

crops are often anecdotal with official assessments taking place only after major periods of 

volcanic unrest and petition to authorities by the local government. Activity reports and alerts 

are provided on the VMGD website (VMGD Volcanoes). However, this reporting is 

incomplete, and only as good as the information they have at the time (e.g. the dispersal of the 

plume, the concentrations of gasses). Access to this information is often still limited due to the 

remoteness of the island and the restricted access to the internet and other communications 

platforms. 

On Tanna there are no atmospheric gas monitoring stations. By contrast, in Hawaii, where the 

daily gas emissions of Kilauea volcano are similar to Yasur, there is constant monitoring and 

a robust set of health guidelines are in place (e.g. Elias and Sutton, 2017). During enhanced 

activity in Hawaii, residents are encouraged to stay indoors, to seal their homes by closing 

doors and windows, and to turn on air conditioners and filter systems. Most houses on Tanna 

are open to the environment and many are built in the Kustom-style and are made from woven 

palm leaves that are completely open to the atmosphere. Gas masks are not distributed or made 

available. 

The current official government map for distal volcanic hazards is shown in Figure 7.9. It 

includes advice encouraging people to wear coverings over their airways when caught in the 

plume and to disconnect roof-top rain spouts to prevent rain water tank contamination and 

damage to the structures. 
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Figure 7.8. High volumes of ash production and fall out at a distance of ~2.5 km from the volcano on the 
morning of 15 October 2016. Top: the semi-continuous ash plume from the carpark. During high ash 

production periods the plume is wider and reaches higher into the atmosphere. Middle left: Over-night 
ash fall on a 4x4 vehicle. Middle right: Cassava crops laden with ash. Bottom left: A rain collection tank. 

Lower right: Ash covering a fern tree near the entrance to the volcano. These photos were taken away 
from the main direction of the plume towards Sulphur Bay, where severe damage to fruit trees 

(particularly mangoes) was reported. 
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Figure 7.9. The current official Tanna Communities Safety Map outlying the distal hazards of Yasur 
activity, produced by the Vanuatu government with assistance from New Zealand agencies. Three 

languages are used, Bislama (the common pidgin language of Vanuatu), English and French. 
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7.3. Indications of Volcanic Hazard State at Yasur 

This section identifies and discusses the periods and/or states of activity that generate the most 

hazard. This is based on the results in Chapters 3, 4 and 5 obtained using geophysical, chemical 

and observational results. Both proximal and distal hazards are considered. 

7.3.1 Conditions of Maximum Proximal Hazard 

The conditions of maximum proximal hazard occur during high-magnitude explosive phases, 

when single eruptions typically send tens of ballistic bombs to the crater rim and beyond. A 

catalogue of explosion frequencies and heights during the periods when ballistics reached the 

rim, and further, during the study is shown in Table 7.1. The observations suggest that typically, 

only one vent zone is very powerful at any time, and that this will be the only one capable of 

ejecting material to, and beyond, the rim. Therefore, it is best to assess each vent separately 

when determining the risk of ballistics reaching the areas of the volcano where tourists gather 

(Table 7.1, Figure 7.10). 

Table 7.1.Visual log observations for days when ballistics reach outside of the rim 

  Total Volcano Individual Vent Zone         

Date 

Explosion 
Frequency 
(hr-1) 

Mean 
Height 

Vent 
Zone 

Explosion 
Frequency 
(hr-1) 

Mean 
Height 

Max 
Height 

Explosion 
Angle 

Direction 
of 

Deposition  Location 

12/10/2016 44 90 C 21 95 169 Low S, SW Rim 

10/10/2016 67 99 C 48 97 207 Low S, SW Rim 

11/10/2016 52 102 C 41 105 201 Low S, SW Rim 

24/10/2016 56 131 B 48 133 288   E, SE Rim 

27/09/2016 61 138 B 48 149 313 Low E Rim 
17/09/2016 107 187 B 73 195 296   SE, E Rim 

22/10/2016 89 186 B 54 196 502   S, SE Rim 

21/09/2016 101 192 B 58 226 521 Low E Rim 

13/10/2016 94 114 B 51 120 345   S, E, SE 

Rim, 
Outer 
flanks 

22/09/2016 74 172 B 43 143 305 Low S, E 

Rim, 
Outer 
flanks 

26/09/2016 56 151 B 42 154 261 Low S, SW 

Rim, 
Outer 
flanks 

15/09/2016 90 154 B 56 158 297   S, SW 

Rim, 
Outer 
flanks 

23/09/2016 67 157 B 52 162 338 Low S, SW 

Rim, 
Outer 
flanks 
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25/09/2016 71 163 B 48 163 328 Low S, SW 

Rim, 
Outer 
flanks 

24/09/2016 66 178 B 48 163 304 Low S, SW 

Rim, 
Outer 
flanks 

16/09/2016 86 162 B 52 166 257   S, SW 

Rim, 
Outer 
flanks 

15/10/2016 71 211 B 43 211 335   
All, S + E 
preference 

Rim, 
Outer 
flanks 

30/10/2016 40 114 B 17 221 221   S, SE 

Rim, 
Outer 
flanks 

20/10/2016 84 208 B 54 223 458   S, SW 

Rim, 
Outer 
flanks 

14/10/2016 67 251 B 42 251 480   
All, S + E 
preference 

Rim, 
Outer 

flanks, 
Carpark 

 

 

Figure 7.10. Mean ballistic heights and explosion frequencies for Vent Zones B (top) and A (bottom). Red 
bars denote periods where ballistics were deposited on the rim and further. Two periods represent low-

angle explosion phases where less powerful, but more directed, explosions made it outside the rim. 
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Over the observation period, there was a preference for ballistic deposition towards the south. 

Also, only ballistics directly observed emanating from South Crater (Vent zones B and C) 

reached the rim and further. North Crater erupted ballistics much higher than the rim, but 

generally vertically, with impacts only on the inner crater walls. However the existence of fresh 

ballistics seen on the northern flanks during instrument installation and maintenance, indicates 

that it is likely that some North Crater ballistics travelled further. Zone B was the most likely 

vent to produce ballistic bombs hazard, experiencing the largest magnitude and widest 

distribution of explosions. Zone A, in comparison, sent bombs to the rim only in the direction 

closest to the vent (SE and SW). Zone A had the lowest mean bomb height that reached the 

rim; a function of the location of the vent being very close to the S-SW crater wall and the low-

angle of the explosions. 

The most powerful phases of activity have explosion frequencies of ~40-50 hr-1 for individual 

vents and ~60-80 hr-1 for the whole volcano. These phases are typically dominated by ash-poor 

Type 2a explosions (Figure 4.2). More powerful explosions tend to send bombs further (Figure 

7.11, Table 7.1). Maximum and mean ballistic heights are well correlated to each other. Figure 

7.5 shows the main areas of hazard at Yasur, the crater rim, the outer flanks, and the car park. 

In terms of daily mean heights, explosion heights of ~150 m are required to reach the crater 

rim, ~160 m for the outer flanks, and ~250 m for the carpark (Table 7.1, Figure 7.11). Some 

periods of higher explosive power do not deposit ballistics on the rim because the fountains 

were vertical with ejecta staying within the inner craters. 

 

Figure 7.11. Mean and maximum explosion ejecta heights for individual vents for days when ballistics 
reached the top of the summit rim and further. Reaching the top of the rim requires mean heights of ~100 
m and with maximum explosions heights as low as ~170 m. For the outer flanks, these values are ~120 m 

and ~220 m respectively. For the car park mean heights of ~250 m are required. 
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Based on 65 days of visual log observations, it is possible to illustrate the likelihood of ballistic 

bombs reaching the three hazard zones (rim, outer flanks and carpark) on any given day. This 

is reported in the form of a new hazard map (Figure 7.12). On 31% of the days, ballistic bombs 

were observed landing on the rim or further, on 17% of the days bombs made it to the outer 

flanks, and 2% of days saw bombs reaching the carpark (Table 7.1, Figure 7.12). Notably, on 

a subsequent visit in 2017, bombs also reached the car park. Anecdotal comments from another 

researcher (S.J. Cronin) and various Yasur guides report that this occurs at least 2-3 times a 

year. The three major tourist observation areas were individually assessed for the likelihood of 

ballistic bomb impact. Over the 75-day study period the main observation area to the SE of the 

volcano was safest, with 11% of days having bombs deposited there. The area to the E was 

impacted on 15% of days, and the SW area on 25%. These results are consistent with ballistic 

deposition mapping surveys by the University of Canterbury carried out during a similar time 

period (August-October 2016). Comparing two sets of aerial images, they showed a higher 

preference of ballistics directed to the S and E. Further, the ballistics were larger on the rim in 

these locations than at the main observation area to the SE (R. Fitzgerald personal 

communication). No information of this type is currently provided to tourists or tour operators. 

No Type 3 eruptions were seen to eject ballistic material outside the rim, however they have 

the potential to do so, and they also deposit heavy tephra-fall containing abundant lapilli clasts, 

which are highly hazardous locally. The most concerning aspect of these explosions are the 

long quiet intervals between eruptions and sudden emergence from an otherwise smooth and 

benign appearing crater floor, rather than from an obvious vent. This means that observers may 

be caught unprepared. Explosions can be large, with high-reaching ejecta (as great as 300 m). 

The lack of incandescent ejecta and modest audible signals make Type 3 explosions near-

invisible at night, which further increases their hazard for common night tourism at locations 

such as Stromboli, Etna and Yasur. 

The statistical modelling in Chapter 4 shows that there is little forecasting predictive capability 

for determining the activity state at Yasur. The best predictor of the next day’s activity level is 

the previous day (Figure 4.9). One indicator that may help anticipate high activity periods, is 

the existence of activity cycles of ~15-20 days. The most powerful periods may occur 15-20 

days after the last powerful period. This pattern must be taken with a large degree of caution, 

however, as upsurges can occur for several days outside of this cyclical periodicity.  
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Figure 7.12. Map of Yasur and proximal surrounds outlying the major hazardous areas during normal 
volcanic activity. Base image adapted from Google Earth. 
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Another potential way to predict hazard lies in the understanding that vents may close down 

and then reactivate. Specifically, 2-3 days after a new vent opens or an older one re-opens, 

there is often a peak in explosion (e.g. Figures 4.5, 4.6, 5.2). 

As a general observation, persistency in activity is often maintained over time scales of ~12-

24 hours. Thus, if steady rates, scales and types of explosions are observed over a few hours 

before tourist arrival, the behaviour is likely to remain similar for the duration of their stay on 

the summit. This needs to be further statistically tested. 

Environmental Factors Contributing to Proximal Hazard 

Heavy rain makes the crater more dangerous by reducing visibility, therefore explosions and 

ballistic bombs cannot be seen. Strong SE winds offer the best visibility and the lowest relative 

hazard because they blow fine ash and gas away from the tourist viewing points. Strong NW 

winds directed towards the observation areas are most hazardous and may increase the flight 

distance of pyroclasts. Low wind, or still conditions, result in ash deposition on the summit and 

gas may accumulate/linger in the observations areas. 

Conditions at night are inherently more dangerous than during the day, and non-incandescent 

bombs, or ballistic clasts shrouded in ash clouds, are invisible. However, bright daylight also 

creates hazards, often hindering the spotting of bombs in near-crater areas, because without 

incandescence, they are hard to see; particularly the rare ones at the edges of jets that may travel 

the furthest. 

7.3.2 Conditions of Maximum Distal Hazard 

Conditions for Greatest Ash Production 

The greatest amounts of ash production occur during periods dominated by ash-rich Type 2a 

and 2b explosive activity. Two main eruptive conditions were identified where significant ash 

is produced. 

1. Very powerful periods dominated by Type 2a events, such as those occurring on (13-

15 October 2016). These periods produce the most ash. Plumes are more powerful and 

rise higher into the atmosphere, increasing their dispersal. Powerful periods such as 

these were observed to last ~2-3 days (Figure 7.13). 
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2. Periods dominated by Type 2b and Type 3 activity. These periods typically have lower 

explosion frequencies and plume energy, but they comprise thick, dark, highly 

concentrated ash plumes and a high proportion of sustained plumes (e.g. over 40%, 

Figure 7.13), leading to near-continuous ash release. These periods do not show up very 

well on the visual log measurements as they are comprise low frequency and low energy 

explosions. They can last ~2-7 days (e.g. 30 October to 2 November 2016). There may 

be a preference for these periods to occur during the transition from powerful and more 

lava-rich explosive activity towards lower activity. 

 

Figure 7.13. Ash production (as the sum of ash plumes) represented by red lines and dots. % of sustained 
ash plumes (ejecting ash for more than 20 s). Higher sustained ash emissions occur after high periods of 

activity during the transition to low periods of activity, e.g. 30 October and 11 November. 

 

Periods of Greatest Gas Production 

The greatest gas production occurs during periods dominated by Type 1 and Type 2a activity. 

Periods that generate maximum gas output are typically the most powerful with the most 

prolific background degassing activity. High periods of SO2 emission last 1-5 days (Figure 

7.14). Of the 55 scans conducted over 75 days, 41% exceeded 500 t day-1, 25% measured 

between 500 and 1000 t day-1, 9% measured between 1000 and 1500 t day-1, and 7% exceeded 

1500 t day-1. 
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Figure 7.14. Sulphur dioxide mean daily flux measurements taken from the summit using horizontal 
scanning methods. Vertical bars represent 1 standard deviation distributions. 

 

Environmental Factors 

Dispersal of the plume (ash and gas) is most hazardous during strong SE winds that create a 

ground-hugging plume that travels across the entire central part of Tanna Island. Due to the 

prevalence of the trade winds, the majority of the study saw the plume dispersed in this 

direction (Figure 7.15). The formation of the ash plain in this direction is an indicator of the 

long-term directionality of the plume with the winds being similar for most of the year. The 

study observed 8 days where wind was from the NE; these occurred in short periods of 3-5 

days. These periods of NE winds present a greater summit hazard and also affect distal 

communities that are less conditioned to ash input than those nearer the volcano. 

Strong winds may transport the plume greater distances and keep it at low elevations, thereby 

exposing more people, animals, plants and soils to the plume. Low winds produce locally 
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thicker ash falls, but may lead to higher gas dispersal in the atmosphere, based on the 

appearance of the highest convective plumes during the study period. 

 

Figure 7.15. Daily mean wind speed and direction time series obtained from the weather station located at 
site MET (Figure 2.1). Periods of missing data are from the power failure of the weather station. 

 

7.4. Recommendations for Hazard Reduction at Yasur and Similar Steady-

state Strombolian-style Volcanoes (monitoring, exclusion zones etc.). 

Vanuatu is a developing nation with limited resources but with multiple active volcanoes that 

it must monitor. The best use of resources requires careful and targeted allocation. The purpose 

of this section is to suggest improvements to the current monitoring of Yasur, taking into 

consideration the cost-effectiveness of equipment, maintenance, resources and infrastructural 

limitations. 

Current monitoring infrastructure on Tanna comprises a single station maintained by VMGD 

(Figure 7.16). The station houses one 3-component short-period seismometer and a time-lapse 

visual camera mounted on the roof with a view of Yasur (and the plume) from the ash plain. 

Information collected from this site is telemetered to the Geohazards observatory at Port Vila. 

The station commonly experiences power outages, mostly caused when the solar panels 

become blocked by ash-fall as a result of being located down-wind of the dominant plume 

direction. 
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VMGD has no permanent staff on the island to maintain the station, or provide up-to-date 

reports of eruptive activity such as explosion power, frequency, style, ballistic direction, ash 

production, or the number of active vents. It relies on a working relationship with local citizens 

and the Entani Company to report on activity at the summit and the effects of the plume across 

the island. 

 

Figure 7.16. Location of the current monitoring station (VMGD, red) and two proposed sites (orange). 

 

7.4.1 Possible Improvements to Monitoring 

The relative hazard need at this site would support a broad monitoring system comprised of 

multiple stations at the summit and further afield, using a range of instruments, including; 

seismometers, tilt meters, infrasound, gas monitoring, thermal-IR cameras and an on-site 

observatory. This would help monitor both the Yasur volcano as well as the rapidly uplifting 

Yenkahe Block area and the broad Yenkahe caldera system. Yasur is the present site of eruption 

in this caldera, but is by no means the only site, and at least two large ignimbrite-forming 

eruptions have occurred there over the last ~40,000 years (Firth et al., 2015). 
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The possible options outlined could offer an improved monitoring set up with simple and cost-

effective improvements, based on the insights gained from this research. 

Additional Seismometers 

Because of the regular power failures at the current station, another seismic station in a separate 

location on the other side of Yasur should be constructed, as shown on Figure 7.16. Another 

station would add redundancy to the system. The best location for a new station would be in 

the opposite direction to the prevailing trade winds to minimise the effects of ash-fall. The 

separate location of the two stations would mean that during periods of high activity and heavy 

ash-fall (distributed in one direction), one station would not be exposed to the ash. This is an 

important consideration because high-magnitude periods of eruptions are times when systems 

often fail. Another important advantage of placing a second station in a different location, is 

that it would potentially pick up different signals that could be used to understand the magma 

system. 

Seismic stations have low-energy demands. The low data size makes it feasible to telemeter 

data to Port Vila in real time. VMGD already has staff and computational routines designed to 

work with seismic data. The expertise is there and the integration of another station would 

likely be less problematic than establishing new monitoring capabilities. This study found that 

mean daily ejecta height and seismic power is well correlated. This is an important insight for 

long-term monitoring of volcanic activity state. 

A new seismic sensor should be of the broad-band type, with a frequency response that can 

capture the full low-frequency signals of Yasur. This study has shown that explosion types (or 

styles) of activity can be determined using the relative proportions of high- and low-frequency 

components within the waveforms. Broad-band sensors make it possible to set criteria that 

determine the style of activity, e.g. waveform matching. A broad-band sensor could also pick 

up the inter-explosive tremor seen at the volcano during in this study. A limited analysis of this 

tremor shows that it may be a good indicator of the magnitude of explosive activity. 

Summit Monitoring Through Video and/or Thermal-IR Cameras 

Permanent cameras should be placed on, or near the summit with a wide view of the entire 

summit and the craters. Currently, information on the activity occurring at the summit is 

available to VMGD in real-time. The major issues with this deployment are maintenance and 

possible regular loss by ballistic impact. Willing cooperation from Entani staff would be 
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needed to clean the camera and the solar panels. The camera/s would greatly enhance the 

assessment of explosion styles (e.g. ash or lava- dominated), explosive power, vent activity and 

migrations, and the location of ballistic deposition. A low-cost visual camera could suffice, but 

a thermal-IR camera would be more useful. Its images could detect through day-night 

transitions, track new areas becoming active by heat signatures, track pyroclasts/ballistics with 

greater ease, and identify hot ballistics on the ground for several hours after deposition, to see 

where they are landing. The ideal system would have both visual and thermal-IR installed as 

this would create complementary data sets and add to redundancy in the system. 

Streaming visual data requires more band-width than seismic data. However, transfer of data 

could be made possible by reducing the capture rate. Full video would not be needed, and time-

lapse images would likely capture all of the necessary information due to the high frequency 

of the explosions at Yasur. A low-resolution (~300 x 400 pixel) thermal-IR camera taking a 

single snapshot frame every 10-30 s, would provide most of the information required to make 

assessments on the scale, style and directionally of explosions. 

The information telemetered to Port Vila could be assessed in real-time, be used to make daily 

hazard assessments, or to inspect the summit immediately prior to tourists arriving in the 

evening. Automated routines could be established to calculate ejecta heights, explosion 

directionality and vent zone migrations. 

People-based Observations of Summit Activity 

A very cost-effective option may be to develop ways to utilise the local population for activity 

updates/changes. This may be in the form of making greater use of the tour guides or by 

appointing local citizens to report to VMGD from the summit. This would establish a more 

formal and structured hazard assessment system where activity would be reported in clear, 

meaningful ways to VMGD. Information should include ejecta heights and directionality, 

explosion frequency and style, where ballistics are landing, and which vents are active. The 

assessment could take place prior to the arrival of tourists, so that VMGD could make decisions 

about restricting access, or not, based on up to date information about the conditions. 

The tools required for assessing the state of volcanic activity need not be expensive or 

complicated. Ejecta heights can be obtained using simple trigonometry. An example of this 

was implemented in Tonga, where New Zealand volcanologists constructed a simple tool made 

out of a short length of pipe with marks on it, that when standing in the correct location, could 
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be used by locals to measure the heights of the plume emitting from Hunga Tonga-Hunga 

Ha'apai volcano. The establishment of a community based-reporting system for distal gas and 

ash effects could also be implemented, whereby reports could be made online and by sms or 

phone. 

A more expensive, but ultimately more reliable possibility, is to employ a permanent Tanna-

based VMGD staff member who was trained in monitoring the volcano and assessing hazards. 

This would place the reporting in the hands of an expert, rather than lay-people. The person 

could assess the volcano's activity every day, prior to tourists arriving. This would also 

facilitate the collection of more ash and bomb samples for fundamental research. Further, the 

person could be trained to maintain any equipment on the rim or surrounding the volcano. They 

could also work with the Entani Company, providing training to the guides, and working with 

the company rather than in opposition to them, thereby fostering trust and communication. 

7.4.2. Recommendations for Improvement of Hazard Management 

Several recommendations for hazard assessment and mitigation strategies are provided 

below. 

1. Limit access to the secondary tourist observation areas and restrict access to only the 

main observation area at the top of the access track. In particular the SW observation area 

should be avoided, because 31% of days experience bombs there. Further, the observation 

area in the SW should not be open when Vent A is active because low directed explosions 

can still reach the rim. 

2. Set minimum activity thresholds based on the frequency and height of ballistics. For 

example, when mean ballistic heights reach 150 m. bombs may reach the crater rim. 

Event frequency of more than 40 hr-1 at any one vent is generally correlated with the 

biggest eruptions. 

3. Assess activity at least 1 hour before tourists arrive on the summit. Identify the direction 

and location of ballistics, and conduct measurements. This could be achieved by the 

methods outlined above, where there are inspection visits to the volcano prior to tourists 

arriving, or by thermal-IR or visual camera footage. Long term onsite monitoring of 

activity could be used to ‘train’ the existing seismometer to observe eruption conditions. 

4. Implement better communication of hazards and safety practices and improve the training 

of guides. 
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5. The hazard maps must be placed on-site. One must be on the summit with warning and 

exclusion signs at the boundary of the permanent exclusion zone. They should be 

displayed at the gate house at the base of the volcano. They should be referenced and 

presented when the safety briefings are given. Tourists would appreciate the extra 

knowledge and remember the safety advice better if it was emphasised and communicated 

more clearly.  

 



Chapter 8.
Conclusions
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In order to seek new insights into Strombolian eruptions, a multi-component observational 

dataset was collected over 11 weeks from Yasur volcano, Vanuatu. This is a continuously 

erupting volcano that is one of the world’s key exemplars of Strombolian style eruptions. The 

aim of the study was to unravel the processes behind, day-to-month-long variability in 

explosive power, gas and magma output. The study integrated visual observations with gas, 

seismic and thermal infrared data to interpret the processes behind changes in eruption 

behaviour, and magma supply to the multiple, interconnected vent zones. These data were used 

to contribute to new models of the shallow magmatic processes at Yasur, as well as new hazard-

mitigation strategies that could be applicable, both locally and globally. The following 

paragraphs revisit the aims of this research, as stated in Chapter 1. 

Extending the global understanding of the range in expression of Strombolian-style 

eruptions through detailed observations at Yasur volcano. 

The findings in this study provided the most comprehensive record yet of the range in style, 

rate and magnitude of eruptive behaviour at Yasur. The hourly frequency of explosions at 

Yasur (excluding minor bursts) ranged from 30 to 129 hr-1, with a mean of 80 hr-1. Individual 

Yasur vents may produce up to 73 explosions hr-1. Ejecta heights ranged from 30 to 520 m for 

bombs and 30 to 430 m for ash plumes 

Activity types were distinguished by variations in the proportions of ash vs. ballistics ejected 

and categorized within a prominent Strombolian classification scheme of Gaudin et al. (2017b) 

extended to the new findings of this study. Types 1, 2a and 2b were identified along with 

background activity of puffing and rapid explosions. A new explosion type was introduced to 

the global scheme; here termed Type 3 explosions. These events are characterized by the deep 

burial of a vent by loose, poorly sorted pyroclasts. Prolonged piping and jetting of fine 

pyroclasts occurs through the capping debris layer.  

Type 2a eruptions are the most common, followed by Types 2b, 1 and then 3. The largest 

explosions producing the highest ejecta at Yasur are Type 2a events (mean ejecta heights of 

150 m), then Type 3 (120 m), followed by Type 2b (110 m) and finally Type 1 (105 m). 

Explosion durations increased from Type 1 to 3 and the proportion of events producing 

sustained ash (lasting longer than 20 s) increased from Types 2a to 3. The occurrence and 

dominance of explosions of any one type is typically maintained for days to weeks.  
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By comparison, explosions at Stromboli are generally less powerful, with lower ejecta heights 

and less frequent; ~30 times hr-1 for the whole volcano and up to ~10 hr-1 for a single vent (e.g. 

Salvatore et al., 2018). Type 0 explosions have been observed at Stromboli but have never been 

documented at Yasur. At Stromboli Type 1 explosions produced the largest explosions and 

rates of occurrence (e.g. Patrick et al., 2007), compared to Yasur where they are the least 

frequent and smallest. This interplay may be the result of differences in magma types and/or 

degassing rates at the two volcanoes. At Yasur, more rapid formation of an incipient HVL may 

drive greater occurrence of Type 2a eruptions over Type 1 events. More viscous magmas at 

Yasur may also serve to trap more gas from passive degassing and thus drive up the frequency 

of explosive eruptions, and likely contributes to generally higher ash-output from all Yasur 

eruptions (compared to Stromboli). 

The link between variations in the surface expression and style of volcanism at Yasur in 

relation to vent, shallow conduit, and shallow magma reservoir processes. 

The most powerful and lava-rich explosion periods accompany increased background 

degassing, increased SO2 flux and high explosion frequencies. This is indicative of high 

magma and volatile flux being input from depth into the conduit system that maintains hot 

pathways filled with mobile magma, and correlates to an incipient-to-weak HVL with either 

no capping debris, or only coarse/bomb size particles on top. 

The least powerful, lowest frequency and ash-rich periods of eruption accompany much less 

background degassing and low SO2 flux. This is indicative of a reduced magma and volatile 

flux from depth, with cooling and stagnant magma near the top of the conduit. This correlates 

to a thick HVL composed of a well-developed magma plug and/or a debris cap. Fine ballistic 

ejecta and ash is produced by fragmentation of the magma and removal of surface debris. In 

this case, the debris cap may also include a large proportion of ash-grade material sourced from 

recycled ejecta and erosion of the inner crater walls. 

Systematic daily to monthly variability of the Yasur steady-state volcano and the 

relationships with magmatic processes. 

Multiple timescales of change in eruptive behaviour were observed. An overall gradual decline 

in activity over the 11-week observation period is part of a longer cycle of activity that was not 

observed in its entirety. Intermediate-length fluctuations of 10 to 20 days reflect cycles of 

change in magma and volatile flux across the whole volcano, possibly sourced at the magma 
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chamber level, via deep-seated convection or the injection of fresh magma. Shorter fluctuations 

occurred over ~5-day periods, with systematic changes in explosion parameters (e.g., jet 

parameters, explosion intensity and frequency) at individual vent zones, including powerful 

upswings in activity. These changes reflect fluctuations in magma chamber degassing that 

percolate through the entire complex conduit system. 

The dynamics of vent shifting, vent formation and closure displayed at multi-vent 

Strombolian-style volcanoes. 

Observations and statistic modelling provided a new insight into understanding of the complex 

conduit system that feeds the vent zones of Yasur (A and B in South Crater, C in North Crater). 

Results showed that the South and North Craters have a complex relationship where activity 

rose and fell in sync when neither crater was dominant. It was only when the North Crater was 

very powerful, or very weak, the two craters became uncorrelated. This indicates that the North 

and South conduits must be separated at significant depths in the magma reservoir, where 

changes to either craters are based on the separation of magma and volatile flux into one or the 

other pathways, preferentially. 

Zones A and B within the South Crater had an alternating relationship where they swapped 

between phases of active-or-inactive and powerful-or-weak. This could show that magma and 

volatile flux is channelled preferentially to either one, or the other, pathway likely due to 

periods of temporary conduit blockage followed by clearance caused by convection within the 

conduit. An in-depth case documented the transition of volcanism within the South Crater over 

12 days. The emerging vent displayed increased explosion magnitude and frequency and 

changed from ash-rich to lava-rich styles signifying an increase in magma supply and volatile 

flux sourced from fresh, low viscosity magma to the upper conduit. The existing vent declined 

in frequency and magnitude and progressed to more ash-dominated explosions, indicating that 

the upper magma conduit was cooling as a result of decreased magma and volatile flux (being 

moved to the new vent). During this period ‘paired explosions’ were observed, where 

simultaneous explosions from different vents occur as a result of the rupture of a single gas 

pocket via separate conduit pathways. Paired explosions were offset by one another temporally, 

as a function of relative conduit length/diameter/tortuosity, as well as the viscosity state of the 

magma in the upper conduits. Offset times between pairs of up to 45 seconds were recorded 

when the trailing vent displayed very-ash-rich activity indicative of high magma viscosity and 

gas path tortuosity. 
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The combination of magmatic and environmental factors that combine to generate the 

volcanic hazards at Yasur volcano, including the maximum-hazard potential. 

Proximal hazards at Yasur come primarily in the form of the ballistic ejection of incandescent 

lava bombs.. Powerful explosions during higher phases of activity send ballistics beyond the 

summit crater and down the outer flanks. The most powerful phases of activity last 2-5 days, 

have explosion frequencies of ~40-50 hr-1 for individual vents and ~60-80 hr-1 for the whole 

volcano. These phases are typically dominated by ash-poor Type 2a explosions. More powerful 

explosions tend to send bombs further. Daily mean explosion heights of ~150 m are required 

for ballistics to reach the crater rim, ~160 m for the outer flanks, and ~250 m for the car park. 

On 31% of the days, ballistic bombs were observed landing on the rim or further. On 17% of 

the days bombs made it to the outer flanks, and 2% of days saw bombs reaching the car park. 

The main observation area to the SE of the volcano summit is the safest, with 11% of days 

having bombs deposited there. The area to the E was impacted on 15% of days, and the SW is 

the least safe area, impacted on 25% of days. 

Distal hazards primarily come from the continuous discharge of ash and volcanic gasses. These 

are distributed by Yasur’s plume, mostly in the direction of the prevailing SE trade winds. The 

greatest amounts of ash production, and therefore distal hazard, occur during periods 

dominated by ash-rich activity. Two main eruptive conditions were identified; very powerful 

periods dominated by Type 2a events that also generate maximum proximal hazard, and 

periods dominated by Type 2b and Type 3 activity. These periods typically have lower 

explosion frequencies and plume energy, but they comprise thick, dark, highly concentrated 

ash plumes and a high proportion of sustained plumes. 

Future Work 

This study has made significant contributions to the understanding of the drivers of eruptive 

and magmatic processes of Yasur, as well as providing new information about the volcanic 

conditions leading to the greatest hazards. There are many avenues for further study and several 

areas of future work are identified here including; utilising the current datasets, undertaking 

future monitoring and sampling studies, and developing hazards and communications 

strategies. The research has produced enormous quantities of data derived from many different 

monitoring techniques. The amount is considerably more than that which most researchers 

usually obtain. These data could lead to much greater understanding of the volcanic processes 
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operating at Yasur than has presented in this thesis. The datasets contain considerable 

information that has not yet been analysed. 

Further research into the mechanisms of Type 3 explosions. This study identified and 

described Type 3 explosions, with some conclusions provided about mechanisms of the 

explosion processes, such as gas rise, debris-cap rupture and the relative contributions 

of the magma and surface debris. More work needs to be done to fully constrain the 

processes of Type 3 events. Much of this could be accomplished by using the dataset 

obtained during this study and may include more in-depth seismic analysis and use the 

thermal-IR footage, to more comprehensively constrain the physical eruption 

parameters of the events. Future work should also seek out other global examples of 

this newly described eruption type. 

The link between explosive activity and background activity (and tremor). A link was 

found between the power of background activity and the styles and rates of explosions. 

However, many aspects of these relationships remain unknown in detail. This could be 

examined using the thermal-IR record to quantify background activity based on near-

vent temperatures and frequency of bursts.  

The dynamic relationships between the vent zones. This research raises an important 

question about how the South Crater vent zones shift in and out of phase with each 

other, i.e. the transition between on/off and weak/dominant relationships, as well as the 

period of explosions for ~10 days, and then separate explosions several weeks later. 

Further research into these processes would provide valuable information about the 

nature of gas slug production and separation at depth between conduits. It would also 

provide a deeper understanding about how the conduits change or migrate (possibly 

vertically) within the conduit system. 

Textural and geochemical evidence for the HVL state between different explosion 

types. Further work must be carried out to determine the exact nature and influence of 

the magma plug and debris cap as explosion styles progress from lava- to ash- 

dominated. This study has used theoretical and observed proxies (e.g. lava bomb 

fluidity) to infer the state of the magma within the shallow conduit. Targeted sampling 

of ash and ballistics to identify geochemical and textural properties of the magma 

during different eruptive phases, should be carried out in order to determine the relative 

contribution of the debris cap and magma state. Bombs can be relatively easily tracked 

from the vents that they are ejected from, however, in the case of ash, this would be 
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difficult at Yasur because of the multi-vent system where each vent in a differing state 

produces different ejecta that becomes mixed with other ejecta during dispersal. 

Geophysical analysis of seismic datasets to further the understanding of internal 

(magma and fluid) processes. Volcanic seismic signals are intimately related to the 

movement of magmatic and hydrothermal fluids in the subsurface. Understanding the 

link between fluids and seismicity is important for accurately assessing the physical 

processes that control the nature, timing and location of explosions and other hazardous 

volcanic activity. The seismic dataset recorded in this study has the potential to be 

further analysed with a focus on understanding the fluid processes that drive volcanic 

eruptions and the physical properties that control them. The seismic signatures of events 

have the potential to help develop new numerical and experimental models that seek to 

understand magmatic and fluid volcanic processes. 

Using the datasets to help inform experimental and numerical modelling of vent and 

shallow conduit magmatic processes. Recent numerical and experimental studies 

have focused on understanding the mechanical processes that control gas rise through 

a viscous magma plug (part of the HVL), and the evolution of this plug over time. The 

data collected in this study has the potential to inform new models that might 

characterise the changes of the magma plug (e.g. porosity, rheology and yield strength) 

over various timescales. This work could also focus on determining processes 

controlling the destruction and recovery of the magma plug during gas slug rise and 

burst (i.e. the influence of explosions), as well as determining the influence of 

background degassing activity on the long-term evolution of the plug (e.g. rheology 

changes over days to weeks). 

Comparing the ground-based thermal-IR and SO2 records to those of satellite data. 

Satellite remote sensing is one of the most effective methods of monitoring the activity 

of volcanoes in remote areas with little ground-based infrastructure. Ground-truthing; 

providing ground-based records to compare to the satellite data, is an important step in 

refining the monitoring ability of the satellites. 

Use the dataset to develop automated monitoring thresholds for Yasur. The findings 

of this study have direct applicability to the present and potential state of volcanic 

monitoring at Yasur, and to the management of the place as a tourist destination. 

Currently the only monitoring station at Yasur comprises a single seismometer with 

little information available about the style and power of activity on the summit. The 

record of summit observations in this study can be compared to the seismic data 
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obtained by VMGD during the same period. By doing this the data recorded by the 

VMGD station can be directly related to surface activity, and these values can be used 

as thresholds to inform future monitoring.  

Working to develop the monitoring infrastructure at Yasur. This study has made 

recommendations about cost effective improvements that could be made to enhance the 

monitoring of volcanic activity at Yasur. Improved monitoring is important from a 

scientific perspective, and essential for the management and safety of the large numbers 

of tourists who visit the volcano. There is an urgent need for the Vanuatu agencies to 

implement a more robust hazard management plan for Yasur. This would need to be 

based on information from better monitoring of the volcanic activities there, including 

getting real time information about the state of the volcano before, or when, tourists 

arrive. 

Working to improve hazard management. There is also a need to work with both VMGD 

and the Entani Company to provide better information about the hazards at Yasur and 

to improve channels of communication between them. It is important to establish a 

clearer processes for reporting of volcanic activity and an explicit framework of hazard 

management and protocols. Better information needs to be provided to guides and 

employees about the science of the volcano for the purposes of communicating this 

information to the tourists and helping to enrich their experience, and to keep them safe. 

This information could be provided in the form of posters, info-sheets and videos 

deployed at the base of the volcano. 
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Appendices are included as electronic supplements. A description of the materials in each 

appendix is listed below. 

Appendix A.  

Supplementary materials for Chapter 3: Strombolian Eruption Types Reflect Vent and Upper 

Conduit Conditions at Yasur Volcano, Vanuatu. 

• Database Ch3_DS1. – Seismic Activity Event Waveform data 

• Table Ch3_TS1. – Seismic Activity Event Waveform Characterisations 

• Figure Ch3_FS1. Distribution of seismic RMS (root mean squared) windowed in 30 

second non-overlapping windows matched temporally with explosion bomb and ash 

heights. 30 s RMS averages have a scattered behaviour, potentially due to overlapping 

eruption signals. 

• Movie Ch3_MS1. - Example of puffing activity at Yasur. Taken on 22/10/2016. 

• Movie Ch3_MS2. - Example of puffing activity at Yasur. Taken on 24/10/2016. 

• Movie Ch3_MS3. - Thermal IR video footage of puffing activity at Yasur. Taken on 

08/09/2016 using a P1450 Optris thermal camera.  

• Movie Ch3_MS4.– Example of Rapid Explosion activity at Yasur. Taken on 

21/09/2016. 

• Movie Ch3_MS5.– Example of Rapid Explosion activity at Yasur. Taken on 

23/09/2016. 

• Movie Ch3_MS6.– Thermal IR video footage of Rapid Explosion activity at Yasur. 

Taken on 21/09/2016 using a P1450 Optris thermal camera.  

• Movie Ch3_MS7.– Example of Type 1 explosion activity at Yasur. Taken on 

19/09/2016. 

• Movie Ch3_MS8.– Example of Type 1 explosion activity at Yasur. Taken on 

07/11/2016. 

• Movie Ch3_MS9.– Thermal IR video footage of a type 1 explosion at Yasur. Taken 

on 21/09/2016 using a P1450 Optris thermal camera.  

• Movie Ch3_MS10.– Example of Type 2a explosion activity at Yasur. Taken on 

01/10/2016. 

• Movie Ch3_MS11.– Example of Type 2a explosion activity at Yasur. Taken on 

12/11/2016. 
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• Movie Ch3_MS12.– Thermal IR video footage of a type 2a explosion at Yasur. Taken 

on 02/10/2016 using a P1450 Optris thermal camera.  

• Movie Ch3_MS13.– Example of Type 2a explosion activity at Yasur. Taken on 

22/10/2016. 

• Movie Ch3_MS14.– Example of Type 2a explosion activity at Yasur. Taken on 

31/10/2016. 

• Movie Ch3_MS15.– Thermal IR video footage of Type 2a explosion at Yasur. Taken 

on 26/10/2016 using a P1450 Optris thermal camera.  

• Movie Ch3_MS16.– Example of Type 3 explosion activity at Yasur. Taken on 

11/10/2016. 

• Movie Ch3_MS17.– Example of Type 3 explosion activity at Yasur. Taken on 

10/11/2016. 

• Movie Ch3_MS18.– Example of Type 3 explosion activity at Yasur. Taken on 

12/11/2016. 

• Movie Ch3_MS19.– Thermal IR video footage of a Type 3 explosion at Yasur. Taken 

on 03/11/2016 using a P1450 Optris thermal camera. 

Appendix B.  

Supplementary materials for Chapter 4: Spatiotemporal Variations in Eruption Style, 

Magnitude and Vent Morphology at Yasur Volcano, Vanuatu: Insights into the Conduit 

System. 

• Table Ch4_TS1. – Visual Observation Log Catalogue 

• Figure Ch3_FS1.– Diagrams outlining the geometry calculations used for determining 

explosion ejecta heights and SO2 scanning measurements from sites OBSV and CP. 

• Figure Ch3_FS2.– Example images of intra-cone growth and mass wasting. 

• Figure Ch3_FS3.– Scatter plots displaying measured daily SO2 flux values against 

daily explosion parameters: mean bomb height, explosion frequency, sum production, 

seismic RMS. 

• Figure Ch3_FS4.– Example images of a range of vent zone surface structures. 

• Figure Ch3_FS5.– Example images of skylights. 

• Figure Ch3_FS6.– Images displaying the evolution of the North Crater (vent zone C). 
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Appendix C.  

Supplementary materials for Chapter 4: Spatio-temporal Relationships Between Two Closely-

spaced Strombolian-style Vents, Yasur, Vanuatu. 

• Table Ch5_TS1. – Thermal-IR camera specifications. 

• Table Ch5_TS4.– Paired explosion timings. 

• Table Ch5_TS3.– Paired explosion timings for 30 events recorded on 4 October 2016. 

• Figure Ch5_FS1.– An example of an explosion waveform as recorded by the broad-

band seismometer located at site ASHP. The top panel shows the unfiltered waveform 

with characteristic low-frequency precursor followed by a high-frequency component. 

The lower panel shows the spectral content of the full waveform. 

• Figure Ch5_FS2.– Time series plot showing the evolution of explosive style (gas, 

bomb and ash composition) at Vents A and B. 

• Figure Ch5_FS3.– Example waveforms for the periods immediately prior (top) and 

following (bottom) the period of study in Chapter 5. 

• Figure Ch5_FS4 to 10.– Paired explosion examples. For each figure the top panel 

shows the filtered (low-frequency and high-frequency) components of the seismic 

waveform as recorded by the broad-and sensor at site ASHP, the lower panel shows the 

thermal signal of each vent (Zone A – red, Zone B – green) as recorded by the site 

OBSV thermal-IR camera. 

• Movie Ch_MS1.– Vent B-only activity recorded on 26/09/2016. 

• Movie Ch_MS2.– Vent B followed shortly by Vent A. Recorded on 30/09/2016. 

• Movie Ch_MS3.– Vent A followed by Vent B. Recorded on 01/10/2016. 

• Movie Ch_MS4.– Vent A followed Vent B. Recorded on 03/10/2016. 

• Movie Ch_MS5.– Vent A followed by weak ash production from Vent B. Recorded 

on 06/10/2016 

• Movie Ch_MS6.– Vent A-only. Vent B has ceased to produce explosions or significant 

background degassing. Recorded on 07/10/2016. 
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