
Magmatic volatile budgets of the 2014 Tavurvur eruption at 

Rabaul Caldera, Papua New Guinea 

 

Melina Höhna *, Brendan McCormick Kilbridea, Margaret Hartleya, Mike Burtona, 

John B. Dikaungb, Ben Essea, Ima Itikaraib, Kila Mulinab, Steve Saundersb, Mikhail 

Sindangb, Isabelle A. Taylorc, EIMFd 

 

aDepartment of Earth and Environmental Sciences, University of Manchester, Manchester, 

M13 9PL, United Kingdom 

bRabaul Volcano Observatory, P.O. Box 386, Rabaul, East New Britain Province, Papua 

New Guinea 

cCOMET Atmospheric, Oceanic and Planetary Physics, University of Oxford, Oxford, OX1 

3PU, United Kingdom 

dEdinburgh Ion Microprobe Facility, School of GeoSciences, University of Edinburgh, EH9 

3FE, United Kingdom 

 

*Corresponding author. E-mail address: melina1995.hoehn@gmail.com 

 

 

This article has been peer-reviewed and accepted for publication in Journal of 

Volcanology and Geothermal Research. The final version of record is currently in 

production and will be available from the publisher with a DOI shortly.  

 

 



 2 

Magmatic volatile budgets of the 2014 Tavurvur eruption at 

Rabaul Caldera, Papua New Guinea 

 

Melina Höhna *, Brendan McCormick Kilbridea, Margaret Hartleya, Mike Burtona,  

John B. Dikaungb, Ben Essea, Ima Itikaraib, Kila Mulinab, Steve Saundersb,  

Mikhail Sindangb, Isabelle A. Taylorc, EIMFd 

 

aDepartment of Earth and Environmental Sciences, University of Manchester, Manchester, 

M13 9PL, United Kingdom 

bRabaul Volcano Observatory, P.O. Box 386, Rabaul, East New Britain Province, Papua 

New Guinea 

cCOMET Atmospheric, Oceanic and Planetary Physics, University of Oxford, Oxford, OX1 

3PU, United Kingdom 

dEdinburgh Ion Microprobe Facility, School of GeoSciences, University of Edinburgh, EH9 

3FE, United Kingdom 

 

*Corresponding author. E-mail address: melina1995.hoehn@gmail.com 

___________________________________________________________________________ 

Abstract 

Rabaul is a caldera volcano on New Britain Island, Papua New Guinea, whose active cone 

Tavurvur ranks seventh globally for long-term mean SO2 and CO2 emissions. It is unknown 

why Rabaul is such a strong emitter of volcanic gases. Magma mixing between basaltic and 

dacitic magmas is envisioned to play a fundamental role in driving eruptions at Rabaul, but the 
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compositions of mafic recharge magmas, their volatile contents, and their contribution to 

ongoing gas emissions are poorly constrained. Rabaul’s recent eruptive history includes the 

1994 twin eruption, a VEI 4 eruption in 2006, and a prolonged phase of strong SO2 degassing 

from late 2006 to 2009 prior to the most recent eruption in 2014. We analysed 84 plagioclase-

, clinopyroxene- and olivine-hosted melt inclusions from 2014 Tavurvur volcanic bombs for 

major, trace and volatile elements (H2O, CO2, SO2, Cl, F), corrected for post-entrapment 

crystallisation, and combined these data with satellite-derived SO2 retrievals (OMPS, OMI, 

IASI). Olivine- and high-Mg# clinopyroxene-hosted melt inclusions record basaltic 

compositions likely representing the mafic recharge magmas of the volcanic system. Low-An 

plagioclase- and low-Mg# clinopyroxene-hosted melt inclusions are andesitic to dacitic in 

composition which closely match dacites erupted in caldera-forming eruptions at Rabaul (e.g. 

the 1400 years B.P. Rabaul Pyroclastics event) and likely record the composition of magma 

resident in Rabaul’s shallow plumbing system. Reverse fractional crystallization and trace 

element constraints imply primary volatile contents of ~1.1–1.9 wt% H2O, 1400–2600 ppm 

SO2, ~392 ppm Cl and ~59 ppm F, indicating Rabaul magmas are not anomalously volatile-

rich within the global range of subduction zone magmas. Our analyses of satellite data yield a 

best estimate of SO2 mass of ~37 kt for the 2014 eruption. Petrological estimates derived from 

our melt inclusion analyses give ~110 kt. We attribute the modest 2014 SO2 release to low 

erupted magma volumes and extensive pre-eruptive degassing of the shallow reservoir between 

2006–2010, and note that volatile-rich mafic magma was volumetrically minor in the erupted 

material. Our results reconcile melt-inclusion and satellite records and constrain the roles of 

magma mixing and prior degassing in governing Rabaul’s gas output.  

 

Keywords: Melt Inclusions, Volatile budgets, Rabaul, SO2 emissions, OMI, IASI, OMPS 
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1. Introduction 

Melt inclusions are small pockets of silicate melt trapped within crystals as they form in 

magmatic systems. Melt inclusions preserve a record of the magmatic conditions at the time of 

their formation because they are isolated from the external environment once they are trapped 

within the host crystal (Frezzotti, 2001; Rose-Koga et al., 2021, and references therein). This 

encapsulation can protect them from subsequent magmatic processes such as mixing, 

contamination, or magma degassing which can alter the bulk magma composition (Schiano, 

2003; Wallace, 2005; Wallace et al., 2015a; Venugopal et al., 2020a). Thus, the study of melt 

inclusions provides critical insights into the conditions of magma formation, evolution, and the 

pre-eruptive history of volcanic systems (Kent, 2008; Metrich and Wallace, 2008; Ruth et al., 

2018). Melt inclusions are particularly valuable for constraining the pre-eruptive volatile 

content of magmas because they may trap magmatic volatiles before significant degassing 

occurs (Lowenstern, 2003; Wallace, 2005; Wallace and Edmonds, 2011). Additionally, melt 

inclusions can be analysed in-situ within their host minerals, providing context for the 

conditions of magma evolution and storage especially in situations where erupted magmas 

show evidence of having accumulated batches of crystals from multiple storage reservoirs 

(Aster et al., 2016; Zhang et al., 2019; Rose-Koga et al., 2021).  

 

Volatiles such as H2O, CO2, and SO2 strongly control magmatic behaviour and evolution. 

Dissolved volatiles reduce melt viscosity, depress liquidus temperatures and shift phase 

equilibria, and thereby change magma rheology, density and the thermal budget during ascent 

(e.g., Huppert and Woods, 2002; Wallace and Edmonds, 2011; Wallace et al., 2015a; Edmonds 

and Wallace, 2017; La Spina et al., 2022). During decompression, H2O, SO2 and CO2 exsolve 

according to pressure-, temperature-, oxygen fugacity- and composition-dependent solubility 
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relations. These solubility relations set the pressure (depth) of first bubble nucleation and 

dictate whether degassing proceeds in an open, continuous manner or in a closed, batch-like 

manner that permits accumulation of a distinct vapour phase (e.g. Edmonds and Woods, 2018; 

Scholz et al., 2023). The rate and style of volatile exsolution and degassing is controlled by 

bubble nucleation and growth kinetics. When bubble growth and expansion outpace gas escape 

and melt relaxation, internal overpressure and tensile stresses may exceed melt strength and 

induce brittle fragmentation and explosive eruption, whereas efficient bubble percolation and 

permeable flow limit overpressure and favour less explosive behaviour (Tait et al., 1989; La 

Spina et al., 2022). Quantifying pre-eruptive volatile budgets and understanding their 

solubility-mediated behaviour is therefore essential for assessing eruption style, explosivity 

and the degassing history of volcanic systems.  

 

Rabaul is a large caldera system on New Britain Island and characterised by a long and complex 

eruption history (Heming, 1974; Nairn et al., 1995; Wood et al., 1995; Patia, 2004) (Fig. 1). A 

powerful (VEI 4) eruption in October 2006 was associated with total SO2 emissions of 300 kt 

(McCormick et al., 2012; Carn, 2025). Satellite observations show that following this eruption, 

high SO2 outgassing of up to 6–7 kt per day persisted between late 2006 and late 2009 (Carn 

et al., 2017), Within this time period, Tavurvur exhibited mild, intermittent volcanic activity, 

but no powerful explosive eruptions (McCormick et al., 2012). This high outgassing placed 

Tavurvur seventh overall in the world for SO2 emissions during this interval, with long-term 

mean fluxes of ~1700 t SO2 per day (Carn et al., 2017). Aiuppa et al. (2019) estimated 

coincident mean CO2 emission rates of 3000 t per day, based on global correlations between 

whole rock Ba/La ratios and volcanic gas plume CO2/ST ratios, placing Tavurvur seventh 

globally for CO2 flux, too. However, the most recent eruption at Rabaul in 2014 was 

accompanied by comparatively low SO2 emissions of ~31 kt, which is only a fraction of the 
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SO2 emitted during the 1994 (~200 kt) and 2006 (~300 kt) eruptions (Rose et al., 1995; Carn, 

2025). This leads to the question: What was the pre-eruptive volatile content of magmas 

involved in the 2014 eruption? Notably, Saunders et al. (2023) measured only limited ground 

deformation during the 2014 eruption and suggested on this basis that the 2014 event may have 

only involved the explosion of a conduit plug and the eruption of already degassed magma. 

Melt inclusions present a promising tool to constrain the volatile contents of the magma 

involved in the 2014 eruption.  

 

Volcanic activity at Rabaul is sustained through regular mafic recharge, as evidenced by the 

finding of basaltic enclaves in the form of distinctly mafic macrocrysts and mineral clots 

(Bouvet de Maisonneuve et al., 2015; Patia et al., 2017; Fabbro et al., 2020; Höhn et al., 2026). 

Modelling results support mixing between a recharge magma with a composition similar to 

basaltic enclaves found in the 1937 eruption products and a resident dacite with a composition 

similar to the products of the last caldera-forming eruption (Patia, 2004; Patia et al., 2017; 

Fabbro et al., 2020). The limited basaltic enclaves are the only constraint on the composition 

of the mafic recharge magma so far. The actual chemical composition of the mafic recharge 

magma remains an open question.  

 

We have studied the crystal cargo of historical Rabaul eruption products and developed a 

classification for the different minerals based on their compositions and zoning patterns (Höhn 

et al., 2026). Our study revealed that olivine, high-An plagioclase and high-Mg# clinopyroxene 

are out of equilibrium with their carrier melt, and instead are likely to have crystallised from a 

more mafic magma, potentially the recharge magma, before being mixed into a more evolved 

magma prior to eruption. In contrast, low-An plagioclase and low-Mg# clinopyroxene are in 

equilibrium with, and probably crystallised from the more evolved, dacitic magma. Melt 
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inclusions hosted in these minerals capture the composition of the magmas from which they 

crystallised, offering a means to analyse direct samples of the mafic recharge magma to further 

constrain its chemical characteristics. Moreover, these melt inclusions give us the opportunity 

to evaluate the volatile content of diverse magmas present in the Rabaul magma plumbing 

system.  

 

In this study, we analysed 84 plagioclase-, clinopyroxene- and olivine-hosted melt inclusions 

from volcanic bombs erupted in 2014 at Rabaul. Our study aims to constrain melt and volatile 

(H2O, CO2, SO2, Cl, F) compositions of the magmas these minerals crystallised from and to 

constrain the volatile budget prior to and during the 2014 eruption. We use volatile-trace 

element ratios to calculate the volatile contents of the primary Rabaul magma and compare our 

results with the global spectrum of primary arc magmas. Lastly, we calculate the mass of SO2 

released during the 2014 eruption from both satellite-derived data and our melt inclusion data 

and contextualise this SO2 budget for the 2014 eruption within the broader Rabaul eruption 

sequence from 1994 to the present.  

 

2. Geological background 

2.1 Tectonic and geographic background 

Rabaul is situated within a complex tectonic environment, governed by the convergence of the 

Pacific plate and the Australian plate (Fig. 1a) (Baldwin et al., 2012; Holm et al., 2016). This 

region is characterised by complex regional kinematics including the accommodation of 

multiple subduction zones. This has resulted in the formation of several regional microplates, 

among them the North and South Bismarck plates and the Solomon Sea plate (Holm et al., 

2016). Present day volcanism along New Britain Island is sustained through subduction of the 
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Solomon Sea microplate underneath the South Bismarck microplate. (Baldwin et al., 2012; 

Holm et al., 2016).  

 

The Rabaul Caldera Complex is located at the eastern end of New Britain. The caldera itself is 

predominantly sea-filled, elliptical in shape and measures ~14×9 km, with a prominent 5 km-

wide breach in its southeastern section (Heming, 1974; Nairn et al., 1995). The region 

surrounding the caldera is home to a substantial population, with approximately 3,300 people 

residing within 5 km of the caldera and an estimated 252,000 individuals living within a 100 

km radius (Global Volcanism Program, 2013). The northeastern to eastern sector of the caldera 

is bordered by two well-preserved stratovolcanoes, Kombiu and Turangunan, as well as the 

breached volcanic structure of Palangiangia, within which the younger cone, Rabalanakaia, has 

developed (Fig. 1b). The northern caldera wall features the deeply dissected volcanic cone of 

Tovanumbatir (Heming, 1974; McKee and Duncan, 2016). Kombiu, Turangunan, and 

Tovanumbatir are part of the Watom-Turangunan-Zone (WTZ-Zone), a northwest-southeast 

trending zone of predominantly mafic stratovolcanoes (Heming, 1974; McKee and Duncan, 

2016).  

 

Within the caldera itself, post-caldera volcanic activity has produced several distinct features. 

These include the Tavurvur cone in the east and the Vulcan cone in the west (Fig. 1b). Both 

contribute to the region’s active and evolving geological landscape (Heming, 1974; Nairn et 

al., 1989; Nairn et al., 1995; Patia, 2004). 
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2.2 Eruptive history 

Volcanism at Rabaul commenced >330 kyr ago and included at least ten dacitic ignimbrite-

producing eruptions, some of which were caldera-forming (McKee and Duncan, 2016; Nairn 

et al., 1995; Nairn et al., 1989; Wood et al., 1995). The most recent caldera-forming eruption 

took place between 667 and 699 CE (McKee et al., 2015) and its products are referred to as the 

Rabaul Pyroclastics (Nairn et al., 1989; Nairn et al., 1995; Wood et al., 1995). Since then, 

volcanic activity has been characterised by small- to medium-sized eruptions (VEI ≤4) 

occurring at multiple vents across the caldera. The following text gives further details about 

the post-Rabaul Pyroclastics eruptions of which products are analysed in this study.  

 

A twin eruption occurred in 1937 with Vulcan erupting on 29 May and Tavurvur following 

approximately 24 hours later (Patia, 2004). The eruption at Vulcan was sub-plinian, included 

some interaction with seawater and was assigned a VEI of four  (Roggensack et al., 1996; Patia, 

2004). A 255 m high cone was constructed during the eruption which linked the previous 

Vulcan Island to the mainland of New Britain. One day after volcanic activity at Vulcan had 

started, Tavurvur erupted in a small, discrete vulcanian event. The main phase of volcanic 

activity at both vents ended on 2 June but some individual, vulcanian events at Tavurvur were 

recorded until 1943 (Patia, 2004).  

 

Rabaul experienced a significant seismic and deformational crisis from 1983 to 1985 (McKee 

et al., 1984; Mori and McKee, 1987). This seismic crisis commenced on 19 September 1983 

and was characterised by frequent major seismic events involving hundreds of earthquakes in 

the space of less than one hour in intervals of 1 to 47 days. Additionally, a total uplift of 

approximately 50 mm was recorded at Matupit Island, and a second deformation source was 

identified in October 1983 on the eastern side of Vulcan (McKee et al., 1984). The combined 
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seismic and deformational activity was believed to signal the injection of magma at a shallow 

depth and was thus interpreted as a potential precursor to an imminent eruption (McKee et al., 

1984). However, both seismic and deformational activities steadily declined after June 1984, 

and no volcanic eruptions occurred (Mori and McKee, 1987). 

 

The most recent phase of volcanic activity at the Rabaul Caldera began on 19 September 1994 

with another twin eruption. Volcanic activity at Vulcan was short-lived, ending on 2 October, 

and involved a plinian-style eruption, whereas the volcanic activity at Tavurvur comprised less 

powerful, but more sustained strombolian activity and a lava flow that was active from 12 to 

25 October. The 1994 eruption resulted in the complete, although temporary, evacuation of 

nearby Rabaul Town (Global Volcanism Program, 1994; Johnson, 2013; Patia et al., 2017). 

Following intermittent eruptive activity of periodic explosions and small-to-moderate ash 

emissions with quiescence periods from weeks up to a year, a further eruption occurred at 

Tavurvur on 7 October 2006 (Global Volcanism Program, 2006). This eruption was 

characterised as sub-plinian with a tall ash column that rose into the tropopause and continued 

with strombolian eruptions with lava effusion after about 24 hours. The main phase of eruption 

ended on 8 October (Global Volcanism Program, 2006).  

 

After this, Rabaul entered another phase of intermittent eruptive activity with periodic 

explosions and small-to-moderate ash emissions as well as occasional ejection of lava 

fragments. This activity was interspersed with weeks to several months of quiescence 

(Global Volcanism Program, 2007; Global Volcanism Program, 2013). Furthermore, from late 

2006 onwards, Tavurvur experienced a major phase of SO2 emissions which were not directly 

linked to any discrete eruptions (McCormick et al., 2012; Carn et al., 2017). The annual mean 

SO2 flux measured by satellite increased from ~1 kt per day in late 2006 to almost 7 kt per day 
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mid 2008. After that, SO2 emissions declined again until mid 2010. From then on, very little 

SO2 emissions were detected from Tavurvur (Carn et al., 2017).  

 

The most recent eruption at Rabaul occurred in August 2014 at Tavurvur. Volcanic activity 

started around 03:30 am local time on 29 August (1730 UTC on 28 August) with a violent 

strombolian eruption which included discrete explosions with ejections of volcanic bombs 

500–1000 m from the crater, small lava fountains, and the creation of an 18 km high plume 

with extensive ash fall (Global Volcanism Program, 2014). SO2 emissions on 29 August were 

estimated at ~31 kt of SO2 (Carn, 2025). This is about a tenth of the total SO2 emission released 

during the 2006 eruption (Bouvet de Maisonneuve et al., 2015). The initial violent strombolian 

phase of the eruption lasted ~3.5 hours with discrete and smaller single explosion continuing 

until 30 August. The volcano remained quiet after this except for another small explosion on 

18 September and the emission of white, diffuse vapour until December 2014 

(Global Volcanism Program, 2017). No further volcanic activity was recorded at Rabaul since 

September 2014 except for periodic release of diffuse, white vapour 

(Global Volcanism Program, 2021). Ground-based remote sensing observations with SO2 

camera during fieldwork in 2016 and 2019 found emissions close to detection limit (<< 100 t 

per day).  

 

Renewed deformation with uplift of up to 39 mm/month and increased seismicity was detected 

at Rabaul from September 2021 onwards (Global Volcanism Program, 2021). The ongoing 

uplift resulted in a cumulative vertical displacement of ~7 cm until November 2024. 

Additionally, fumarolic activity produced white emissions of ~90–150 °C (McCormick 

Kilbride et al., 2024), but no further signs of volcanic activity were detected at Rabaul 

(Global Volcanism Program, 2024).  
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2.3 Previous work on Rabaul volcanic outgassing and melt inclusions 

So far, two studies have analysed volatiles in melt inclusions at Rabaul (Bouvet de 

Maisonneuve et al., 2015; Roggensack et al., 1996). Olivine-hosted basaltic melt inclusions 

from the 1994 eruption of Tavurvur contain 2.8–3.8 wt% H2O and up to 960 ppm CO2, whereas 

plagioclase-hosted dacitic melt inclusions from the 1994 eruption of Vulcan contain 2.0–2.3 

wt% H2O and <50 ppm CO2, indicating extensive CO2 outgassing prior to inclusion trapping 

(Roggensack et al., 1996). Pyroxene- and plagioclase hosted melt inclusions from the 2006 

eruption of Tavurvur are compositionally similar to those of the 1994 Tavurvur eruption, and 

contain ~2.5 wt% H2O and 400–500 ppm CO2 (Bouvet de Maisonneuve et al., 2015).  

 

Mafic melt inclusions from the 2006 Tavurvur eruption contain up to 2500 ppm SO2 (Bouvet 

de Maisonneuve et al., 2015). SO2 emissions during the 2006 eruption were measured by the 

Ozone Monitoring Instrument (OMI) on NASA’s Aura satellite (~300 kt, McCormick et al., 

2012; Carn et al., 2016) and fall within the range of the magmatic SO2 budget calculated from 

melt inclusion and eruption volume data (240–640 kt, Bouvet de Maisonneuve et al., 2015). 

Bouvet de Maisonneuve et al. (2015) concluded that this eruption was not triggered by 

overpressurization of the magma reservoir through accumulation of a co-magmatic volatile 

phase in the plumbing system, though we note that the data ranges do not preclude the 

possibility of a large excess sulfur phase co-existing with the magma before eruption. Whether 

substantial volumes of pre-eruptive vapour can or do accumulate for other eruptions is 

unknown and has major implications for the style and intensity of future eruptions at Rabaul.  
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3. Analytical methods 

3.1 Sampling 

The samples analysed in this study were previously investigated by Höhn et al. (2026). 

Volcanic bombs (VB_IA, VB_IB) were collected from two sites on the northern flank and 

environs of the Tavurvur cone in September 2016 (4°13.815'S, 152°12.205'E). Volcanic bombs 

at Tavurvur are dark grey in colour and vary in size from ~50 cm to ~3 m, though many of the 

larger bombs have been broken up and removed by local people. For this study, only fist-sized 

pieces were available, rather than finer-grained ash or lapilli. We prioritised the collection of 

bombs with a glassy texture and minimal alteration. The bombs show abundant macrocrysts 

(defined as crystals isolated in the matrix with size 0.5–2 mm) as well as mineral clots (defined 

as aggregates of two or more crystals) which are visible to the naked eye. They are embedded 

in a glassy groundmass. There was no clear difference between bomb morphology, colour, 

vesicularity or mineralogy between the two sites. Both of these two volcanic bombs have been 

previously analysed for their whole rock compositions; they are basaltic andesites (Fig. 2) 

(Höhn et al., 2026). Sample VB_IA contains 56.3 wt% SiO2, 8.0 wt% CaO and 4.2 wt% MgO, 

while sample VB_IB contains 56.9 wt% SiO2, 7.9 wt% CaO and 4.0 wt% MgO. These 

compositions place them at the more primitive end of the spectrum of eruption products from 

the 2014 event, which range from basaltic andesite to dacite, with SiO2 contents between 56.7 

and 63.4 wt% (Fabbro et al., 2020).  

 

3.2 Sample processing  

We crushed three fist-sized pieces of each volcanic bomb sample in a stainless steel mortar. To 

preserve the textural context of the crystals, we separated small sample pieces containing only 
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macrocrysts from small pieces containing only mineral clots and further crushed these pieces 

into individual crystals. We handpicked these crystals according to type (plagioclase or mafic 

mineral) and textural context (macrocryst or mineral clot) using a binocular microscope. Picked 

crystals were mounted individually on small glass plates using CrystalBondTM and polished to 

expose glassy melt inclusions at the surface. Crystals with exposed melt inclusions were then 

mounted in 1-inch epoxy rounds and re-polished to ensure a flat surface for microanalysis.  

 

3.3 Secondary ion mass spectrometry (SIMS) 

We carried out secondary ion mass spectrometry (SIMS) measurements of melt inclusions and 

matrix glasses in October 2022 using the Camera IMS 7f-GEO instrument at the NERC Ion 

Microprobe Facility, University of Edinburgh, UK. SIMS measurements were conducted 

before any conductive carbon coating was applied to the samples to ensure the fidelity of CO2 

measurements. We measured H2O, CO2, F and selected trace elements (Sr, Y, Zr, Nb, Ba, La, 

Ce, Nd, Sm, Eu, Gd, Dy, Yb, Th) in 84 naturally quenched, glassy plagioclase-, clinopyroxene-

, and olivine-hosted melt inclusions and matrix glasses. Detailed information on the instrument 

set-up and analytical conditions can be found in Supplementary File S1. Volatile and trace 

element data for the 2014 melt inclusions and matrix glasses can be found in Supplementary 

Files S2 and S3, respectively.  

 

3.4 Micro-Raman spectroscopy 

Bubbles form within melt inclusions in response to decreasing internal pressure due to cooling 

and post-entrapment crystallisation, host mineral deformation, diffusive loss of water, or 

change in the melt redox state (e.g., Rasmussen et al., 2020, and references therein). Inclusion-

hosted bubbles may sequester up to 90% of the melt inclusion’s total CO2 content, leading to 
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underestimation of the total volatile content if only the glass is analysed (e.g., Hartley et al., 

2014; Moore et al., 2015; Wallace et al., 2015b; Aster et al., 2016). Raman spectroscopy 

provides one way to measure the CO2 content of the bubble and hence reconstruct the total 

melt inclusion CO2 content (e.g., Rose-Koga et al., 2021, and references therein). Bubbles may 

appear to be empty (i.e., no detectable CO2) if the rate of CO2 diffusion is slower than the rate 

of quenching (e.g., Rasumssen et al., 2020) or if the bubble decrepitates during ascent and loses 

its CO2 vapour to the external magma (Maclennan, 2017). 

  

Micro-Raman analyses were conducted using the Renishaw inVia instrument at the University 

of Manchester, UK. The instrument was calibrated at the beginning of each session to the Si 

ν1 band at 520.7 cm⁻¹ using a silicon wafer standard. Calibration of a densimeter for this 

specific Micro-Raman instrument was carried out using a set of synthetic fluid inclusions with 

known CO2 densities (Wieser et al., 2021). Detailed information on the analytical setup and 

conditions can be found in Supplementary File S1.  

 

Forty-two melt inclusions contained at least one bubble while the other forty-two melt 

inclusions were bubble free. The bubbles were found in plagioclase- (n=19), clinopyroxene- 

(n=8), and olivine-hosted (n=15) melt inclusions. They occupy volumes between 0.02 and 8.71 

vol% of the melt inclusions. The volume of the melt inclusions was calculated assuming 

ellipsoidal shape. 

 

We were unable to conduct Raman spectroscopy on 35 bubbles that were breached during 

sample preparation, so the reported CO2 contents for these inclusions are glass-only and should 

be considered as minima. Raman spectroscopy on five unbreached bubbles revealed no Fermi 

diads suggesting that the bubbles were CO2-free or contain concentrations of CO2 beneath the 
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detection limit. Two bubbles contain measurable CO2, which we added to the glass to obtain 

the total CO2 concentration. The bubble in melt inclusion M10_05.03 contains 53% of the total 

CO2 in the melt inclusion, while the bubble in melt inclusion M11_06.10_02.1 contains 75% 

of the total CO2. We also conducted Raman spectroscopy on a further five unbreached bubbles 

in melt inclusions that were not analysed by SIMS and found no Fermi diads for any of these 

bubbles and detected no CO2 in them. Detailed information on the Raman spectroscopy and 

CO2 calculations can be found in Supplementary Files S1 and S4.   

 

3.5 Electron probe microanalysis (EPMA)  

We measured major and minor elements, SO3 and Cl in the melt inclusions, their host minerals 

and matrix glasses by electron microprobe (EPMA) at the Department of Mineralogy, 

University of Münster, Germany. Analysis conditions were set at 15 kV accelerating voltage 

and 20 nA beam current for melt inclusions and matrix glasses and 15 kV and 15 nA for host 

minerals. The counting times on peak and background positions were varied according to 

element concentration: from 5 s on peak for major elements to 120 s on peak for trace elements. 

Backgrounds on both sides of the peak were measured for half of the peak time. The beam 

diameter was set to 3–8 μm for melt inclusions and matrix glasses depending on available 

space. The beam diameter for host minerals was set at 10 μm. Measured SO3 concentrations 

were converted to SO2 equivalents using the stoichiometric mass ratio between SO3 and SO2. 

Detailed information on the analytical conditions and precision and accuracy for EPMA 

analysis can be found in Supplementary File S1. All EPMA data can be found in 

Supplementary Files S2 and S3.  
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3.6 Satellite-based sensors  

At the time of the 2014 eruption of Tavurvur, the Ozone Monitoring Instrument (OMI) was 

widely used to detect and quantify SO2 emissions from volcanic eruptions (Carn et al., 2008; 

McCormick et al., 2015, Carn et al., 2016) and persistent degassing (Carn et al., 2008; 

McCormick et al., 2012; McCormick et al., 2014, Carn et al., 2017). OMI is a hyperspectral 

UV-visible solar backscatter spectrometer that was deployed aboard NASA’s Aura satellite, 

launched in July 2004 (Levelt et al., 2006). The satellite flies in a sun-synchronous polar orbit, 

crossing the Equator at 13:45 local time (ascending node) at an altitude of 705 km. The 

instrument’s design incorporates a relatively high spatial resolution and a wide swath, enabling 

it to provide continuous daily global coverage. The swath is binned into pixels measuring 

24×13 km at nadir and significantly more, up to 26×150 km at swath edge. Operating in the 

UV and visible portions of the electromagnetic spectrum, OMI measures the solar radiation 

that is scattered back from the Earth’s atmosphere and surface and retrieves spatially and 

temporally distribution column concentrations of ozone, NO2, SO2, and HCHO, as well as 

aerosol properties and cloud parameters (Levelt et al., 2006). Alongside OMI, we used data 

from the Suomi-NPP Ozone Mapping and Profiler Suite (SNPP/OMPS) instrument. The Suomi-

NPP spacecraft is also in a polar orbit, and OMPS achieves daily global coverage with a 2600 km-

wide swath. OMPS is a nadir-mapper with substantially larger pixel sizes (50 x 50 km at nadir) 

and poorer spectral resolution (∼ 1 nm vs. ∼ 0.6 nm) than OMI (Li et al., 2017). Nevertheless, good 

agreement has been demonstrated for OMI versus OMPS measurements of both persistent 

volcanic and anthropogenic SO2 sources (Li et al., 2017; Zhang et al., 2017). Since 2009, around 

half of the OMI swath has been rendered unusable by a partial blockage of an onboard viewing 

port, termed the ‘row anomaly’ (Torres et al., 2018). OMPS observations are valuable in filling 

these data gaps for eruption plumes that coverage an entire OMI swath (Li et al., 2017). Both 

OMI and OMPS measurements are processed with the Li et al. (2020) retrieval algorithm, 
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based on the NASA Goddard Space Flight Center principal component analysis (PCA) spectral 

fitting algorithm (Li et al., 2017). Individual swath images of a volcanic eruption cloud 

observed by OMI and OMPS comprise pixel-by-pixel measurements of SO2 vertical column 

density, calculated assuming a constant SO2 altitude within each scene. Different values of SO2 

VCD are provided according to the assumed plume altitude, which must be constrained with 

ancillary information (e.g. other satellite products, pilot reports as described below). Here, we 

assume a stratospheric altitude for the Tavurvur plume and use the 18 km STL (stratospheric 

level) product within the OMI and OMPS data granules. Overall uncertainties in the SO2 data 

result from uncertainties in the spectral fit in the retrieved slant column densities, estimated to 

be ∼ 0.15–0.3 DU in low- to mid-latitudes, and in the calculated Jacobians, which can be up to 

~50-100%, increasing as a function of errors in a priori SO2 profiles or cloud pressures (Li et 

al., 2020). As discussed below, our best estimate of the altitude of the Tavurvur is ~18 km, 

close to the assumed altitude in the OMPS STL product, which should suppress a key source 

of uncertainty. 

 

The Infrared Atmospheric Sounding Interferometer (IASI) is an infrared sounder that operates 

aboard the MetOp A, B, and C satellites, which were launched in 2006, 2012 and 2018, 

respectively. IASI uses Fourier Transform Spectroscopy to measure the infrared radiation 

emitted from the Earth and its atmosphere. The satellites are in a polar orbit, each separated by 

50 minutes and achieve near-global coverage every 12 hours. Each scan has a swath width of 

2,200 km composed of four circular pixels with a diameter of 12 km at nadir within a 50 km 

by 50 km nadir (Clerbaux et al., 2009). IASI measurements span the spectral range of 645 to 

2760 cm-1, which includes all three SO2 absorption features in the infrared. A number of 

methods have been developed to extract information about SO2 from the IASI spectra. (e.g. 

Clarisse et al., 2008; Walker et al., 2011; Carboni et al., 2012; Clarisse et al., 2012; Walker et 
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al., 2012, Clarisse et al., 2014). In this study the Walker et al. (2011, 2012) linear retrieval is 

used for detecting pixels with elevated levels of SO2, and the Carboni et al. (2012) iterative 

retrieval scheme is used for quantification of SO2 amount and height. We use observations 

from the instruments carried by MetOp A and B. The principal value of the IASI observations 

is that they are not restricted to daylight hours, like the UV sensors OMI and OMPS, affording 

us more regular observations of the drifting Tavurvur eruption cloud. 

 

4. Results 

4.1 Petrography and mineral assemblage 

Thin sections of the 2014 samples reveal a porphyritic texture with a brown, fine-grained, 

glassy matrix (~60 vol%) containing microcrystalline plagioclase needles and small pyroxene 

crystals interspersed throughout. The general mineral assemblage comprises plagioclase 

(~30 vol%), clinopyroxene (~6 vol%), orthopyroxene (~2 vol%), olivine (~1 vol%) and 

Ti-magnetite (~1 vol%) as well as accessory apatite and sulfides; the stated modal proportions 

are for the bulk mineral assemblage and include macrocrysts, mineral clots and groundmass 

crystals. Fewer than ten mineral clots were counted in each thin section making them less 

common than macrocrysts in terms of area covered (Fig. 3, Supplementary Fig. S3). A detailed 

discussion of the petrology and texture of the Rabaul eruption products including mineral 

textures and chemistries can be found in Höhn et al. (2026).  
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4.2 Melt inclusion host minerals 

4.2.1. Plagioclase 

Plagioclase crystals hosting melt inclusions have anorthite (An) contents (An = molar 

CaO/(CaO+Na2O+K2O)) between 62 and 93 mol% with peaks at An70, An83, and An93 (Fig. 4). 

Höhn et al. (2026) extensively analysed the mineral chemistry of products from different 

eruptions at Rabaul, including the volcanic bombs from the 2014 eruption of Tavurvur, and 

classified plagioclase crystals into three groups based on mineral chemistry and zoning 

patterns. Group one plagioclase crystals have cores with An91–97 (An93 is most common, Fig. 4) 

and are normally zoned with rims of An<75 (Fig. 3a). Group two plagioclase crystals have 

heavily resorbed cores with An80–89 (An82 most common, Fig. 4) and rims of An<75 (Fig. 3b). 

The third group of plagioclase crystals display either no zoning or faint oscillatory zoning and 

these crystals have An<75, with the most frequent composition being An69 (Figs. 3c, 4) (Höhn 

et al., 2026).  

 

Most of the plagioclase host crystals analysed in this study (n=42) are group three plagioclase 

(n=39), two are classified as group two (M09_06.01 and M9_06.09) and one crystal is 

classified as group one (M10_03.07). However, these three plagioclase crystals have 

interconnected systems of melt inclusions in a pattern which is consistent with formation during 

dissolution and recrystallisation of the crystal (Supplementary Fig. S4). Therefore, the melt 

inclusions in these minerals are not primary melt inclusions that were trapped during original 

crystallisation, but instead are secondary inclusions trapped during the recrystallisation stage. 

We are therefore only considering the group three plagioclase host minerals in all further 

discussions.  
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4.2.2. Clinopyroxene 

Clinopyroxene melt inclusion host minerals show a bimodal Mg# (Mg# = molar 

MgO/(MgO+FeO)) distribution ranging from Mg#62 to Mg#93 with peaks at Mg#76 and 

Mg#83 (Fig. 4). According to Höhn et al. (2026), clinopyroxene crystals in Rabaul eruption 

products can be distinguished into two groups based on their texture and mineral composition. 

Group one clinopyroxene crystals are predominantly diopsidic (Wo47En46Fs7) with core 

compositions of ~Mg#>84 and rims of ~Mg#75 (Figs. 3e, 4). In contrast, group two 

clinopyroxene crystals are predominantly augitic (Wo42En44Fs13) with cores of ~Mg#75 (Fig. 

4). These crystals are unzoned or exhibit only faint oscillatory zoning (Fig. 3f) (Höhn et al., 

2026). From the 16 clinopyroxene host minerals of the 2014 melt inclusions, seven crystals can 

be classified as group one clinopyroxene and nine as group two clinopyroxene.  

 

4.2.3. Olivine 

Olivine crystals hosting melt inclusions have unzoned cores with (Fo) contents (Fo = molar 

MgO/(MgO+FeO)) ranging from 69 mol% to 84 mol%, and commonly display Mg-poor rims. 

Most crystals (n=21) have cores with Fo77–84 (Fo80 most common, Fig. 4); we only found three 

crystals with Fo69–70. Olivine crystals in thin sections from the 2014 volcanic bombs show 

similar core compositions of Fo77–84, with Fo81 being most common, and Mg-poor rims of 

~Fo65–75 (Fig. 4) (Höhn et al., 2026).  

 

4.3 Melt inclusion and matrix glass chemistry 

Primary melt inclusions in the 2014 volcanic bombs are found within group three plagioclase, 

group one and group two clinopyroxene, and olivine, occurring in both mineral clots and 

macrocrysts (Fig. 5). The melt inclusions are predominantly round or slightly elongated, with 
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sizes between around 20 and 300 μm. The melt inclusions record SiO2 contents between 46.2 

and 69.5 wt%, MgO between 0.8 and 6.0 wt%, CaO between 2.2 and 13.8 wt% and FeO 

between 3.2 and 13.4 wt%.  

 

We corrected the melt inclusion data for post-entrapment crystallisation (PEC), which 

describes crystallisation of the host mineral at the host-inclusion interface during cooling or 

decompression of the system (Roedder, 1984; Frezzotti, 2001). Corrections were carried out 

for all melt inclusions by adding the host mineral composition incrementally back into the melt 

inclusion until the equilibrium KD value between melt and mineral was reached. Detailed 

information on the PEC correction methods for the 2014 melt inclusions can be found in 

Supplementary File S1. The correction values for plagioclase-, clinopyroxene- and olivine-

hosted melt inclusions are 0.0 to 23.5% (mean = 8.9), -6.4 to +8.2% (mean = 0.1) and -2.5 to 

+5.0% (mean = 3.0) respectively. Negative PEC values (n=11 melt inclusions) indicate that 

some melt inclusions experienced dissolution of the host mineral into the melt phase prior to 

eruption. All further discussion of melt inclusion compositions will be for PEC-corrected 

values. 

 

After PEC corrections, melt inclusion SiO2 contents are between 46.9 and 66.2 wt%, MgO 

between 0.6 and 6.2 wt%, CaO between 3.9 and 15.1 wt% and FeO between 2.8 and 12.0 wt% 

which means that they have basaltic to dacitic compositions (Figs. 6, 7a–d). There is substantial 

variation in the melt inclusion chemistries as a function of host mineral. Olivine-hosted melt 

inclusions are the most primitive with MgO contents ranging from 3–6 wt%, while group three 

plagioclase-hosted melt inclusions are the most evolved with MgO ranging from 0.5–1.5 wt%. 

Melt inclusions in group one clinopyroxene have distinctly different chemical compositions 

from melt inclusions in group two clinopyroxene. Melt inclusions in group one clinopyroxene 
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have MgO contents between 3.5 wt% and 5.5 wt% and show similar major element 

compositions, for example CaO or K2O, to melt inclusions hosted in olivine (Fig. 7a, d). In 

contrast, melt inclusions in group two clinopyroxene have MgO concentrations between 2 wt% 

and 3 wt% and show element compositions that are more similar to melt inclusions hosted in 

group three plagioclase than melt inclusions in olivine (Figs. 7, Supplementary Figs. S5, S6).  

 

Melt inclusions in olivine and group one clinopyroxene display clear positive correlations of 

increasing MgO content with selected incompatible trace elements as shown in Fig. 7e–h, while 

melt inclusions in group three plagioclase and group two clinopyroxene show a wider range of 

trace element concentrations over a narrower range in MgO. The trace elements Nb, Ce, Dy 

and Nd were selected due to their frequent use as indicators of volatile abundance, given their 

comparable behaviour in terms of incompatibility to certain volatiles during mantle melting 

and fractional crystallisation. Specifically, Ce is often used as a proxy for H2O, Nb for CO2, 

Dy for S and Nd for F (Michael, 1995; Saal et al., 2002; Ruscitto et al., 2012; Muth and 

Wallace, 2022).  

 

We modelled fractional crystallization using the software Petrolog3 (Danyushevsky and 

Plechov, 2011). We used the forward crystallization model to calculate liquid lines of descent 

(LLD) using the three most primitive melt inclusions as starting compositions (M11_06.02, 

M09_07.12_01.2, M09_08.04) as well as the mean composition of the four most primitive melt 

inclusions. Crystallisation was permitted for olivine, plagioclase, clinopyroxene and magnetite. 

Calculations were carried out using the mineral-melt equilibrium models of Danyushevsky 

(2001) for olivine, plagioclase and clinopyroxene in one run and the models of Langmuir et al. 

(1992) for olivine, plagioclase and clinopyroxene in a second run. In both runs the mineral-

melt equilibrium model of Ariskin and Barmina (1999) was used for magnetite. Calculations 
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were carried out at 2 kbar with an oxygen buffer of ΔQFM+1. The selection of pressure and 

oxygen buffer are based on thermobarometry and oxybarometry calculations for the Rabaul 

eruption products by Höhn et al. (2026). Trace elements were modelled using the mineral-melt 

partition coefficients for basaltic liquids from Rollinson and Pease (2021).  

 

Figure 7 and Supplementary Figures S5, and S6 show the overall best fitting LLDs which were 

calculated with melt inclusion M11_06.02 as the starting composition. The olivine- and group 

one clinopyroxene-hosted melt inclusions follow the fractional crystallisation trends fairly 

closely, especially for trace elements (Fig. 7e–h, Supplementary Fig. S6). Deviations from the 

fractional crystallisation trend for major elements can be explained by post-entrapment 

crystallisation, especially for MgO and FeO which are most affected by PEC (Roedder, 1984). 

In contrast, most of the group three plagioclase- and group two clinopyroxene-hosted melt 

inclusions deviate from the fractional crystallisation trend, especially in the trace elements 

(Fig. 7e–h, Supplementary Fig. S6).  

 

Major and minor elements in matrix glasses in the 2014 volcanic bombs have been previously 

analysed by Höhn et al. (2026). The matrix glasses show a narrow chemical composition in 

SiO2 (58.1–62.3 wt%) and vary in Al2O3 between 12.8 and 22.4 wt%, with MgO values ranging 

from 1.0–5.0 wt%, FeO from 3.8–8.7 wt% and CaO between 4.6 and 8.4 wt%. Most matrix 

glasses overlap in their major elements with those of group three plagioclase- and group two 

clinopyroxene-hosted melt inclusions while a small group of matrix glasses overlap in their 

major elements with those shown by olivine- and group one clinopyroxene-hosted melt 

inclusions (Fig. 7a–d, Supplementary Fig. S5). Trace element concentrations in the matrix 

glasses are varied but mostly similar to those in group three plagioclase- and group two 

clinopyroxene-hosted melt inclusions (Fig. 7e–h, Supplementary Fig. S6).  
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4.5 Volatiles 

4.5.1. H2O 

H2O concentrations in olivine-hosted melt inclusions are higher (2.3 ±0.5 wt%) than in melt 

inclusions in group three plagioclase hosts (0.9 ±0.5 wt%). Melt inclusions in group one 

clinopyroxene have H2O concentrations between 2.1 and 3.0 wt% overlapping with those of 

olivine-hosted melt inclusions, while melt inclusions in group two clinopyroxene show H2O 

contents between 0.2 and 1.8 wt% which are similar to those in plagioclase-hosted melt 

inclusions (Fig. 8a). Matrix glasses are heavily degassed with low H2O contents (0.10 to 0.15 

wt%). Olivine-hosted melt inclusions show a trend of constant H2O with increasing Ce, while 

clinopyroxene-hosted melt inclusions exhibit decreasing H2O concentrations with increasing 

Ce (Fig. 8a) which in both cases results in decreasing H2O/Ce ratios with increasing K2O (Fig. 

8b). Group three plagioclase-hosted melt inclusions show no distinct trends in a diagram of 

H2O vs. Ce but have overall low H2O and high Ce concentrations and therefore low H2O/Ce 

ratios.  

 

4.5.2. SO2 

Similar to H2O, SO2 concentrations in olivine-hosted melt inclusions are higher (2630 ±930 

ppm) than in melt inclusions in group three plagioclase hosts (670 ±290 ppm) (Fig. 8c). 

Clinopyroxene-hosted melt inclusions display a wide range in SO2 contents with 2500–

4700 ppm in group one clinopyroxene and 540–2600 ppm in group two clinopyroxene crystals. 

Both olivine- and group one clinopyroxene-hosted melt inclusions show decreasing SO2 

concentrations with increasing Dy and consequently decreasing S/Dy ratios with increasing 

K2O (Figs. 8c–d). Analyses of group three plagioclase- and group two clinopyroxene-hosted 

melt inclusions yield a range of Dy concentrations over a narrow range of SO2 and no trends 

in S/Dy space. Matrix glasses are very SO2 poor (40–174 ppm).  
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4.5.3. CO2 

Most bubbles in the 2014 melt inclusions show a linear relationship between bubble volume 

and melt inclusion volume with typical bubble volume proportions ranging from 0.02 to 1.16 % 

(Supplementary Fig. S2). The small and near-uniform volume proportion occupied by the 

bubble suggests that these melt inclusions only trapped melt and that the bubbles were 

generated in the melt inclusions after trapping (Moore et al., 2015). However, several melt 

inclusions contain bubbles with higher volume percentages of up to 8.7% which deviate from 

the linear trend. These bubbles might contain a free fluid phase and could indicate 

heterogeneous trapping of a mixed melt-fluid phase (e.g. Steele-MacInnis et al., 2017).  

Raman analyses showed that a number of bubbles within the linear trend are CO2-free. While 

we cannot exclude that some of the melt inclusions which contained breached bubbles might 

have contained CO2, our investigation suggests that most of the bubbles in the 2014 melt 

inclusions are small and empty and are most likely true shrinkage bubbles.   

 

While most melt inclusions have CO2 contents below 600 ppm, a subset of four melt inclusions 

in group three plagioclase and one melt inclusion in olivine show the highest CO2 

concentrations among all analysed melt inclusions, ranging from 802 to 1026 ppm (Fig. 8e). 

The remaining plagioclase-, olivine- and clinopyroxene-hosted melt inclusions display CO2 

values from 8 to 384 ppm, 4 to 347 ppm and 2 to 622 ppm, respectively. Most melt inclusions 

show a steep decline in CO2 with increasing Nb (Fig. 8g). The CO2/Nb ratios are therefore also 

rapidly decreasing with increasing K2O (Fig. 8h). CO2/Nb ratios are relatively low for all 

analyses (CO2/Nb = 2–654) except for MI11_06.10_02.1. This melt inclusion analysis yielded 

1001 ppm of CO2 and 0.48 ppm of Nb, giving it a CO2/Nb ratio of 2082 which is by far the 

highest ratio of all of the analysed melt inclusions. No correlation can be observed between 

CO2 and H2O (Fig. 8g). Matrix glasses contain very little CO2 and are considered to be fully 
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degassed.  

 

4.5.4. Halogens (Cl and F) 

Cl and F concentrations increase with increasing K2O and Nd for olivine- and clinopyroxene-

hosted melt inclusions from 0.06 to 0.35 wt% Cl and 61 to 905 ppm F (Fig. 9a, c). However, 

both Cl and F show a sharp drop in plagioclase-hosted melt inclusions and therefore also a 

rapid decline of Cl/K and F/Nd ratios with increasing K2O (Fig. 9b, d). This sharp drop in Cl 

and F concentrations could be the result of late-stage apatite crystallisation. Melt inclusions in 

olivine and group one clinopyroxene display a general trend of decreasing Cl/K and increasing 

F/Nd ratios with increasing K2O contents (Fig. 9b, d). Matrix glasses have Cl concentrations 

of 0.13 to 0.21 wt% and variable F contents of 23 to 415 ppm.  

 

4.6 The SO2 budget of the 2014 Rabaul eruption 

We calculated the SO2 budget of the 2014 eruption of Tavurvur with two different methods. 

First, we used OMPS satellite observations, supported by OMI and IASI imagery, of the SO2 

emissions injected into the atmosphere over Rabaul to obtain a total SO2 mass loading of the 

eruption. Secondly, we use the melt inclusion data to calculate the SO2 budget from the 

petrological record, calculating the erupted mass of magma by the use of estimated eruption 

source parameters (plume altitude, mass eruption rate, eruption duration). Both methods are 

described below.  

 

4.6.1 Calculation of the SO2 budget from satellite observations 

The first OMI overpass of Rabaul following the eruption 29 August occurred at ~02:56 UTC 

on 29 August, ~9.5 hours after the eruption onset (1730 UTC on 28 August), and showed an 
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SO2 cloud situated above central New Britain (Supplementary Figure S7). Unfortunately, the 

SO2 plume is situated right on the edge of the OMI swath, and appears to represent a partial 

sampling of the entire eruption cloud. The remaining portion of the eruption cloud is detected 

by the subsequent OMI overpass, ~04:33 UTC, but the split across these two images makes 

quantification of mass challenging. Usefully, an OMPS overpass at 03:15 UTC on 29 August 

captures the SO2 cloud in full, and the overall geometry compares favourably to the merged 

OMI images (Supplementary Figure S7, Figure 10).  

 

Over the following days, the SO2 cloud was advected to the southeast across the Solomon Sea, 

with inconsistent observations by the different satellite-based sensors. There is a data gap in 

the OMPS record on 30 August and the observation of the drifting Tavurvur SO2 plume made 

by OMI at ~03:38 UTC on 30 August is affected by a row anomaly, with only the plume’s 

westward margin being measured (Supplementary Figure S7). The plume is poorly resolved in 

OMPS and OMI imagery on 31 August and 1 September, having presumably dispersed below 

detection limit or been advected beyond the region. IASI observations are more useful in 

tracking the plume dispersal. Descending node observations by IASI A and B at ~11:14 UTC 

and ~12:06 UTC on 29 August (~19-20 hours post-eruption) showed the SO2 plume having 

dispersed southward from the OMI and OMPS observations made a few hours prior, reaching 

mainland Papua. The ascending node observation by IASI B at ~23:08 UTC showed the plume 

extending far to the southeast across the Solomon Sea. Descending node observations by both 

IASI instruments on 30 August (~10:53 and 11:46 UTC) show continued advection to the 

southeast and a general elongated and lateral thinning of the plume. The plume is not visible in 

IASI observations of 31 August or 1 September (Supplementary Figure S7). 

 

 



 29 

Given the lack of SO2 detected over Rabaul in the days following the 29 August eruption, our 

judgement is that the majority of co-eruptive SO2 was released during the initial ~3.5 hour-

long violent strombolian interval. Our best individual satellite scene for quantification of the 

eruption mass loading is the OMPS scene at ~03:15 UTC on 29 August. Assuming a plume 

altitude of ~18 km, we derive an SO2 mass loading of ~37 kt for the co-eruptive emissions. 

This is close to the value reported by Carn (2025) of ~31 kt. 

 

The altitude assumption of 18 km is based on reports published by the Darwin Volcanic Ash 

Advisory Centre during the 2014 Tavurvur eruption, provided upon request and summarised 

in Smithsonian Institution bulletins (e.g., Global Volcanism Program, 2014). These reports cite 

a drifting ash cloud at flight level 600 (~18 km) based on MT-SAT-2 geostationary data, which 

was tracked for ~12 hours before detection failed due to meteorological cloud cover. Further 

evidence for plume altitude comes from NASA Microwave Limb Sounder observations of SO2 

and HCl, which record small enhancements in both species at altitudes of ~17.5 km in the 

atmosphere over the Solomon Sea between 29 August and 1 September (Supplementary Figure 

S7). Due to the very apparent low concentrations (close to detection limit) of both SO2 and HCl 

we have not attempted quantitative analysis of the MLS observations, but nonetheless are 

encouraged by some independent data that are consistent with a drifting plume at lower 

stratospheric altitudes. Further details of our satellite observations are provided in 

Supplementary File S1. 

 

4.6.2. Calculation of the SO2 budget from melt inclusion volatile contents 

We used the SO2 concentrations measured in melt inclusions to calculate the SO2 yield of the 

2014 Tavurvur eruption, following the petrological method (Devine et al., 1984; Scaillet et al., 

2004). To obtain an erupted magma mass, we used estimates for the plume height to calculate 
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the peak mass eruption rate, which we combined with the eruption duration and the SO2 content 

of the melt inclusions and matrix glass to calculate the mass of erupted SO2. 

We first estimated the peak mass eruption rate (peak MER) using the empirical plume height-

mass flux model of Mastin et al. (2009) with Hobs being the height above the vent in km: 

 

 Taking a plume height of 18 km, we calculate a mass eruption rate of ~2.3 × 107 kgs-1. 

Assuming a duration of ~3.5 hours (~12600 s) for the intense initial phase of strombolian 

activity, based on contemporary observations (Global Volcanism Program, 2014), we can 

calculate a total mass of erupted magma, Mmagma, in kg:  

 

 

We obtain a total mass of erupted magma of ~2.9 × 1011 kg. We calculate the mass of the 

degassing erupted melt (Mmelt) by multiplying the total mass of magma with the estimated 

crystal content. We estimate the crystallinity to be 0.38 based on the estimated volume 

percentage of matrix glass, minerals (phenocrysts, mineral clots plus microlites) and vesicles 

in the 2014 volcanic bombs (38%, Höhn et al., 2026). We accordingly derive a mass of the 

erupted melt of ~1.7 x 1011 kg. Finally, we multiply the calculated mass of the melt with the 

difference of the SO2 in the melt inclusions and the SO2 in the matrix glass to get the mass of 

SO2 released during the eruption: 

 

 

peak MER = 140 𝐻𝑜𝑏𝑠
4.15          (1) 

Mmagma = 𝑝𝑒𝑎𝑘 𝑀𝐸𝑅 × 𝑡          (2) 

MSO2 = Mmelt x (SO2MI – SO2matrix)       (3) 
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Figure 11 shows a kernel-density diagram of the SO2 concentrations in the melt inclusions 

according to their host mineral. There are multiple peaks in SO2 concentrations reflecting the 

diversity of volatile contents sampled by the complex crystal cargo. Our melt inclusion 

analyses show a rapid decline of SO2 with increasing Dy, particularly in those hosted in olivine 

and group one clinopyroxene (Fig. 8c), consistent with significant degassing of sulfur during 

the crystallisation of these minerals. In contrast, melt inclusions entrapped in group three 

plagioclase and group two clinopyroxene exhibit consistently lower SO2 contents, recording a 

more degassed state of the melt with little residual sulfur available to correlate with Dy. 

Moreover, the major element chemistry of the melt inclusions suggests the involvement of 

different magmas in this eruption – a relatively mafic and volatile-rich end-member, 

represented by the olivine- and group one clinopyroxene-hosted melt inclusions, and a more 

evolved and volatile-poor composition represented by the group two clinopyroxene- and 

plagioclase-hosted melt inclusions. Although the mafic magma, plausibly akin to the recharge 

melts that have triggered historical eruptions at Tavurvur (Höhn et al., 2026) exhibits higher 

volatile contents, it constitutes only a minor proportion of the overall volume of the magmatic 

system and the material erupted, based on the basaltic-andesitic whole rock composition of the 

2014 volcanic bombs (Höhn et al., 2026). Consequently, we consider the SO2 content of the 

group three plagioclase-hosted melt inclusions to be the most suitable for use in our 

calculations. Taking melt SO2 concentration as 700 ppm, which constitutes the peak in SO2 

contents in the plagioclase-hosted melt inclusions, and the mean SO2 content of matrix glass 

as 112 ppm (difference of 588 ppm, assumed to reflect degassing) we estimate a co-eruptive 

SO2 mass release of 1.1 × 108 kg SO2, or ~100 kt. This is a factor of ~2.7 higher than the SO2 

mass observed in OMPS data.  
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The largest source of uncertainty here results from the empirical relationship used to derive 

mass eruption rate and in turn erupted magma or melt mass. Mastin et al. (2009) note that their 

empirical fit between MER and plume height is based on a wide range of eruption styles and 

magma composition, plus atmospheric conditions, and derived MER may vary by a factor of 

four. Plume heights themselves may be subject to substantial errors and biases in reporting (e.g. 

Tupper and Wunderman, 2009). Propagating ± 1–2 km uncertainty in plume height through 

our calculations yields a range in derived SO2 mass loading of a factor of ~1.6–2. The Carboni 

et al. (2020) IASI retrievals provide an estimate of plume height as well as SO2 column 

concentration, though these are subject to very large uncertainties at the low SO2 column 

amounts we observe in IASI data here (Supplementary Figure S7). Nonetheless, it is worth 

stating that the median plume altitude obtained from our IASI data ranges from 14.4 to 13.4 to 

10.8 km on 28, 29 and 30 August. If we adopted an altitude of 14 km in the above calculations, 

we obtain a petrological SO2 mass estimate of 37 kt, much closer to the OMPS-derived direct 

observation of the drifting eruption cloud. If our assumption of SO2 content of 700 ppm being 

representative is wrong, and we increase this, for example to reflect a greater contribution from 

mafic volatile-rich recharge magmas on the 2014 eruption, we calculate a roughly linear 

increase in the calculated co-eruptive SO2 mass loading, e.g. 17% increase for 100 ppm SO2 

and 34% increase for 200 ppm SO2. 

 

5. Discussion 

5.1 Melt inclusions capture two different magmas 

Recent modelling indicates that the products of the post‐Rabaul Pyroclastics eruptions were 

generated by the mixing of two distinct magmas: a basaltic magma, comparable to the basaltic 

enclaves of the 1937 eruption, and a dacitic magma whose composition is similar to that of the 



 33 

average Rabaul Pyroclastics eruption products (Bernard and Bouvet de Maisonneuve, 2020; 

Fabbro et al., 2020; Höhn et al., 2026). The basaltic magma represents the mafic recharge 

magma which fuels volcanism at Rabaul and is identified by the presence of distinctly mafic 

minerals, such as olivine, group one plagioclase and group one clinopyroxene which 

crystallised from the mafic recharge magma and were transferred into the carrier liquid during 

mixing with the more dacitic magma (Patia, 2004; Bouvet de Maisonneuve et al., 2015; Patia 

et al., 2017; Bernard and Bouvet de Maisonneuve, 2020; Fabbro et al., 2020; Höhn et al., 2026). 

In contrast, group three plagioclase and group two clinopyroxene are interpreted to have 

crystallised from the evolved, dacitic magma (Höhn et al., 2026). 

 

Melt inclusions hosted within the 2014 volcanic bombs again capture evidence of both the 

basaltic and dacitic magmatic components. Their trace element and volatile compositions, 

which remain largely unaffected by post‐entrapment crystallisation, reveal that inclusions in 

olivine and group one clinopyroxene possess similar, relatively primitive compositions and 

higher volatile contents compared to those in group three plagioclase and group two 

clinopyroxene. The inclusions in olivine and group one clinopyroxene follow a fractional 

crystallisation trend (Fig. 7, Supplementary Figs. S5, S6), whereas those hosted in group three 

plagioclase and group two clinopyroxene deviate from this trend, indicating that they cannot 

have formed by the same fractional crystallisation trend as the olivine- and group one 

clinopyroxene-hosted melt inclusions.  

 

These differences suggest that the melt inclusions in olivine and group one clinopyroxene 

crystallised from a magma distinct from that which produced the inclusions in group three 

plagioclase and group two clinopyroxene. Höhn et al. (2026) demonstrated that olivine and 

group one clinopyroxene are not in equilibrium with the majority of the matrix glasses in these 
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samples (i.e. their carrier melt) which have <Mg#40 and are instead in equilibrium with a more 

primitive magma, identified as the mafic recharge magma. Accordingly, the associated melt 

inclusions record its chemical composition and evolution via fractional crystallisation. 

However, it remains unclear whether the most primitive melt inclusions faithfully capture the 

original composition of the mafic recharge magma or if they have themselves undergone 

fractional crystallisation. This uncertainty is underscored by the observation that basaltic 

enclaves from the 1937 eruption, which have been constrained as the mafic endmember of this 

volcanic system in magma mixing modelling (Fabbro et al., 2020; Höhn et al., 2026), contain 

up to 8 wt% MgO, while the most primitive 2014 melt inclusions only contain up to 6 wt% 

MgO, implying that the latter are likely products of fractional crystallisation.  

 

Höhn et al. (2026) showed that group three plagioclase and group two clinopyroxene are in 

equilibrium with the majority of the matrix glasses which have <Mg#40 (i.e. the carrier melt) 

and are therefore interpreted to have crystallised from the evolved, dacitic magma with a 

composition similar to that of the Rabaul Pyroclastics eruptive products. The melt inclusions 

hosted in these minerals display chemical compositions that match these more evolved matrix 

glasses (Fig. 7, Supplementary Fig. S5) and also match the felsic endmember employed in 

recent magma mixing models (Supplementary Fig. S5) (Höhn et al., 2026). Consequently, these 

inclusions effectively record the felsic endmember of the magmatic system. 

 

5.2 Volatile saturation pressures 

Volatile saturation models use the solubility of volatiles, particularly CO2, to estimate the 

pressures at which melt inclusions were entrapped (Blank and Brooker, 1994; Dixon and 

Stolper, 1995; Shishkina et al., 2010). Nevertheless, these entrapment pressures are only 
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minimum estimates if the melt inclusions either trapped volatile-undersaturated melts or 

subsequently lost volatiles due to diffusion or decrepitation.  

 

We calculated saturation pressures for clinopyroxene- and olivine-hosted melt inclusions in the 

2014 volcanic bombs. First, mineral crystallisation temperatures were calculated using the cpx-

liquid thermometer of Jorgenson et al. (2022) and the olivine-liquid thermometer of Putirka 

(2008) (eq. 22) with the liquid and mineral compositions being the trapped melt inclusions in 

the respective host minerals. Calculated temperatures are 1018–1081 °C for clinopyroxene and 

1026–1119 °C for olivine. These temperatures were then used as input for the MagmaSat model 

(Ghiorso and Gualda, 2015) implemented in VESIcal (Iacovino et al., 2021) to calculate the 

saturation pressures. These calculations yielded saturation pressures of 0.1–1.6 kbar for 

clinopyroxene and 0.2–1.7 kbar for olivine. Only one olivine produced a higher pressure of 2.8 

kbar (Fig. 12). In contrast, while cpx-liquid thermobarometry calculations using the 

thermobarometers of Jorgenson et al. (2022) and Petrelli et al. (2020) yielded comparable 

temperatures of ~1050 ± 50°C (range 960–1125°C), they produce higher pressures of 

~2 ± 0.5 kbar (range 0.5–5 kbar) (Höhn et al., 2026) (Fig. 12). The standard error estimates on 

the model calibrations are ~2.7 kbar and 45°C.  

 

Volatile saturation models estimate the pressure at which a melt inclusion last became volatile-

saturated. However, if melt inclusions trapped volatile-undersaturated melt, or if they 

subsequently lost volatiles by diffusion, decrepitation, or re-equilibration, the calculated 

saturation pressure is only a minimum estimate of the true entrapment pressure. By comparison, 

cpx-liquid thermobarometry is usually the more direct estimate of crystallisation or storage 

conditions for crystals that are in equilibrium with their host melt. However, experimental 

evaluations show that many cpx-based barometers have uncertainties of the order of a few 
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kilobars, and some commonly used models overestimate low-pressure storage conditions by 

up to ~3 kbar, particularly in hydrous conditions (Wieser et al., 2023). Wieser et al. (2023) 

found that the cpx-liquid thermobarometers of Jorgenson et al. (2022) and Petrelli et al. (2020) 

are overall the best performing models for hydrous arc conditions. We therefore consider it 

unlikely that the mismatch in volatile saturation pressures and the cpx-liquid pressures is 

explained solely by a systematic overestimation in the thermobarometry. Altogether, we 

interpret the divergence between the two methods as likely reflecting different parts of the 

magmatic history rather than a contradiction. In our case, the cpx pressures may capture storage 

conditions for the cpx-bearing magma, whereas the volatile-saturation results may record a 

later, partially degassed state of the melt inclusions.  

 

5.3 Assessing the modification of melt inclusion volatile contents 

5.3.1. Post-eruptive H2O modification 

Lloyd et al. (2013) showed that olivine-hosted melt inclusions can lose significant amounts of 

water through hydrogen diffusion due to slower post-eruptive cooling, whereas smaller ash and 

lapilli samples cool more rapidly and better preserve their original water contents. Because we 

only had volcanic bombs available for analyses, we cannot exclude some degree of H2O loss 

in our melt inclusions, and the H2O concentrations reported here should therefore be regarded 

as minima.  

 

5.3.2. Decrepitation through fractures and recrystallisation 

A few of the studied melt inclusions are connected to fractures in the host crystal through which 

a fluid or vapour phase could have escaped, leading to re-equilibration of the melt inclusions 

with their external environment during magma ascent (Venugopal et al., 2020b; Rose-Koga et 
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al., 2021). Additionally, the group one and group two plagioclase hosts have cores that seem 

to have been partially dissolved and then recrystallised, trapping a more evolved, volatile-poor 

(especially in CO2) melt. As discussed before, the melt inclusions in these minerals are not 

primary melt inclusions that were trapped during the original crystallisation of the plagioclase. 

Instead, they are secondary melt inclusions trapped during the recrystallisation stage. This 

means that the volatile contents recorded in these melt inclusions do not represent primary 

volatile concentrations.  

 

5.3.3. Volatile-trace element systematics 

Selected trace elements, like Ce, Nb, Dy and Nd are often used as proxies of volatile abundance 

because they show similar incompatibility during mantle melting and fractional crystallisation. 

Hereby, Ce is often used as a proxy for H2O, Nb for CO2, Dy for S, and Nd for F (Michael, 

1995; Saal et al., 2002; Ruscitto et al., 2012; Muth and Wallace, 2022). These selected trace 

elements can therefore be used to investigate whether volatiles in melt inclusions were altered 

during processes such as degassing, diffusion or decrepitation. If a specific volatile species was 

undersaturated in the melt and behaved as an incompatible element, then we would expect to 

see near-constant respective volatile-trace-element ratios with increasing K2O. We assume that 

K2O is behaving as a completely incompatible element in the Rabaul magma compositions 

being investigated here, because none of the crystallising phases are incorporating potassium. 

In contrast, if a specific volatile species was degassing from the melt, we would expect to see 

a steep decline in the respective volatile-trace element ratios with increasing K2O.  

 

Olivine-hosted melt inclusions show constant H2O contents and decreasing H2O/Ce ratios 

(Fig. 8a–b). If H2O was undersaturated in the melt and behaved as an incompatible species 

during olivine crystallisation, then we would expect to see increasing H2O contents and near-
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constant H2O/Ce with increasing K2O. If H2O was degassing, during olivine crystallisation, we 

would expect to see decreasing H2O contents and a steep decline in H2O/Ce with increasing 

K2O. The constant H2O contents and decreasing H2O/Ce with increasing K2O suggest that the 

magma was likely H2O-saturated during olivine crystallisation. We do not discount the 

probability that some melt inclusion H2O contents could have been slightly modified via 

diffusive exchange with a slightly degassed carrier melt (e.g. Hartley et al., 2015), which could 

contribute to the observed scatter in H2O concentrations.  

 

Due to its low solubility in silicate melts, CO2 is commonly lost from the magma before melt 

inclusion entrapment, whereas Nb is highly incompatible and remains in the melt during 

crystallisation. As a result, CO2/Nb can be used to track the degassing history of a melt: if 

crystallisation begins at pressures above CO2 saturation, CO2 behaves incompatibly and 

CO2/Nb remains approximately constant until the melt becomes vapour-saturated. Once 

degassing begins, CO2/Nb decreases as CO2 is removed from the melt while Nb remains in the 

residual liquid (Hartley et al., 2014). Both CO2 contents and CO2/Nb ratios are generally low 

in most 2014 melt inclusions (Fig. 8). We used the MagmaSat model (Ghiorso and Gualda, 

2015) implemented in VESIcal (Iacovino et al., 2021) to calculate closed- and open-system 

degassing for the olivine-hosted melt inclusion M11_06.10_02.1 which shows the highest CO2 

concentrations of our melt inclusions. Both degassing paths match quite well the CO2-H2O 

contents of the olivine-hosted melt inclusions (Fig. 8g). Minor diffusive H2O loss (or gain) 

from some inclusions could have contributed to the observed scatter around the calculated 

degassing paths. We interpret the CO2 compositional trends as being consistent with degassing 

occurring concurrently with crystallisation and melt inclusions trapping. All but one melt 

inclusion exhibit CO2/Nb ratios that are low, consistent with CO2 loss prior to inclusion 

trapping. The sole exception is melt inclusion M11_06.10_02.2, which was used as the starting 
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point for the degassing path (Fig. 8g) and has a CO2/Nb ratio of 2082. This is the only melt 

inclusion whose CO2 content could potentially be interpreted as representing the primary, 

undegassed mafic endmember melt.  

 

The negative correlation of SO2 and Dy and the steep decline of S/Dy with increasing K2O 

indicates degassing of sulfur during olivine and clinopyroxene crystallisation (Fig. 8c–d). Melt 

inclusions entrapped in plagioclase and group two clinopyroxene show overall low SO2 

contents. These inclusions record a more degassed melt, with little remaining SO2 to show a 

clear trend with Dy.  

 

The continuous positive correlation for Cl and F with K2O and Nd in mafic melt inclusions 

implies that Cl and F were not degassing in the 2014 magma and behaved as incompatible 

elements during crystallisation (Fig. 9). Plagioclase-hosted melt inclusions show scatter in their 

F values which could capture apatite crystallisation at a late stage in the magma evolution.  

 

In summary, decreasing melt inclusion CO2 and SO2 contents with increasing K2O indicate 

continuous CO2 and SO2 degassing, both before and during crystallisation and inclusion 

trapping. Post-entrapment modification of melt inclusion volatile contents likely includes 

diffusive exchange of H2O between melt inclusions and their carrier melt, CO2 exsolution into 

some bubbles, and decrepitation and vapour loss through fractures. Thus, careful interpretation 

and modelling are required to reconstruct the original volatile compositions of the primitive 

Rabaul magma.  
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5.4 Comparison with melt inclusion analyses from previous eruptions 

The H2O contents of melt inclusions from the 1994 (Roggensack et al., 1996) and 2006 (Bouvet 

de Maisonneuve et al., 2015) eruption products generally overlap with those from the 2014 

samples, except for melt inclusions in clinopyroxene from the 1994 eruption which show 

higher H2O concentrations up to 3.5 wt% (Fig. 13). However, it is unclear whether the 

published melt inclusion data for the 1994 eruption were corrected for post-entrapment 

crystallisation. Nevertheless, it is unlikely that the PEC corrections would be substantial 

enough to bring the H2O values for 1994 pyroxene melt inclusions to the same level as those 

from the 2014 eruption. Although instrumental differences between SIMS analyses may 

contribute to the observed offset, other explanations are also possible. The 1994 and 2014 

eruptions may have tapped magma with genuinely different primary H2O contents, and 

differences in entrapment conditions or post-entrapment hydrogen diffusion may also have 

affected the preserved H2O concentrations.  

 

While all but one of the 1994 and 2006 melt inclusions have CO2 concentrations below 600 

ppm, some olivine- (n=1), plagioclase- (n=4), and clinopyroxene-hosted melt inclusions (n=2) 

in the 2014 volcanic bombs have CO2 concentrations ranging between 622 and 1001 ppm 

(Fig. 13a). Additionally, melt inclusions from the 2014 volcanic bombs extend towards higher 

SO2 values (Fig. 13b). Melt inclusions from previous eruptions generally have SO2 

concentrations below 2500 ppm. The higher SO2 concentrations in the 2014 melt inclusions up 

to 6000 ppm are consistent with the more mafic whole rock compositions of these samples 

compared to the previous eruptions.  

 

No trace element data are available for melt inclusions from the 1994 and 2006 eruptions, 

making it difficult to assess possible post-entrapment modifications. However, these melt 
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inclusions show similar volatile-depletion trends to the 2014 melt inclusions in H2O-CO2, H2O-

SO2, and SO2-SiO2 space (Fig. 13), consistent with progressive degassing during magma ascent 

and eruption. This means that the older melt inclusions also preserve evidence for volatile loss, 

although the absence of trace element constraints prevents a more detailed assessment 

regarding post-entrapment modifications.  

 

5.5 Estimation of the primary volatile contents of the Rabaul magma 

We calculated reverse fractional crystallisation models for the most primitive melt inclusions 

using Petrolog3 (Danyushevsky and Plechov, 2011). The starting composition was the average 

composition of the four most primitive melt inclusions (Table 1). Calculations were stopped at 

10 wt% MgO. Crystallisation was permitted for plagioclase (<8 wt% MgO), olivine and 

clinopyroxene. We used the mineral-melt model of Danyushevsky (2001) and performed the 

calculations at pressures of 2.8–3.4 kbar, which corresponds to depths of 11–13 km, as 

geophysical observations indicate storage of mafic magma at a depth of ~12 km underneath 

the Rabaul caldera (Bai and Greenhalgh, 2005). We used the trace element partition 

coefficients for basaltic liquids of Rollinson and Pease (2021) to model the trace element 

concentrations in the primary melt. As a result, the primary Rabaul magma is estimated to 

contain 5.7–5.8 ppm Ce, 0.4 ppm Nb, 1.7 ppm Dy and 4.6 ppm Nd (Table 2). We then used 

the concentrations of these trace elements to estimate the primary volatile content in the 2014 

Rabaul magma based on the volatile-trace element ratios outlined in the following sections.  

 

5.5.1. H2O 

In contrast to mid-ocean ridge basalts (MORB), which exhibit a relatively narrow H2O/Ce 

range of 150–280 (Michael, 1995), H2O/Ce ratios in arc magmas are highly variable, because 

they are influenced by the slab-surface temperature beneath the volcanic arc (Cooper et al., 
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2012). The H2O/Ce ratio was determined to be as low as 300 for the Irazú volcano in Costa 

Rica and as high as 21,000 for Volcano A in Tonga (Cooper et al., 2012).  

 

Cerium is an incompatible element that is not easily modified in arc magmas. We could 

therefore argue that the melt inclusion with the lowest Ce concentration must represent the 

most primitive melt. Melt inclusion M11_06.10_02.01 has the lowest Ce content (8 ppm) and 

2.6 wt% H2O, giving a H2O/Ce ratio of 3323 which is the highest H2O/Ce ratio of all our 

analysed melt inclusions. Using this H2O/Ce ratio and the primitive Ce contents calculated in 

the reverse fractional crystallisation modelling, we estimate that primitive Rabaul magmas 

contain 18,941–19,273 ppm (~1.9 wt%) H2O. On the other hand, we could also argue that the 

melt inclusion with the highest MgO content has the most primitive composition. Melt 

inclusion M11_06.02 has the highest MgO content (6.2 wt%) of all analysed melt inclusions; 

its Ce and H2O concentrations are 9 ppm and 2.0 wt% respectively. This yields a H2O/Ce ratio 

of 2097 and consequently a primary H2O concentration of 11,953–12,163 ppm (~1.2 wt%).  

 

Despite the variability of H2O/Ce in arc magmas, Ruscitto et al. (2012) established a 

statistically significant (within 95% confidence interval) relationship between the H2O/Ce ratio 

and the thermal parameter ϕ, expressed as: H2O/Ce = 0.366 (0.258–0.480) × ϕ + 1898. The 

thermal parameter ϕ is the product of the age of the downgoing slab, the convergence velocity 

and the sine of the dip angle. It describes the thermal state of the subducted slab: lower ϕ 

indicates warmer slabs (slower subducting, young slabs), while higher ϕ indicates cooler slabs 

(faster subducting, old slabs) (Kirby et al., 1996; Ruscitto et al., 2012). The equation is based 

on a geothermometer developed by Plank et al. (2009) and gives us another method to estimate 

the H2O/Ce ratio for the Rabaul primary magma. From the thermal parameter ϕ=23.1 

determined for the New Britain arc (Syracuse and Abers, 2006), we estimate the H2O/Ce ratio 
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for the Rabaul primary magma to be 1905 ±5. Combining this ratio with the modelled Ce 

concentrations for the Rabaul primary magma, we derive a H2O concentration of 10,830 to 

11,078 ppm (~1.1 wt%). This is similar to the lower H2O content that we get from using 

H2O/Ce ratios of our analysed melt inclusions. We therefore conclude that the primary Rabaul 

magma has a H2O concentration between 1.1 and 1.9 wt%.  

 

5.5.2 CO2 

Due to its low solubility in silicate melts, CO2 is typically degassed from magmas before melt 

inclusion entrapment. Thus, melt inclusions are often trapped at crustal pressures after a 

significant amount of CO2 has already been lost from the melt (Wallace, 2005; Wallace et al., 

2015a). The 2014 melt inclusions show clear signs of degassing (Fig. 8). The highest CO2 

concentration measured in the 2014 olivine-hosted melt inclusions is 1001 ppm with an Nb 

concentration of 0.48 ppm which yields a CO2/Nb ratio of 2082. Using our estimated Nb 

concentration of the primary Rabaul magma, we get a CO2 concentration of 833 ppm. This 

value is very low in light of estimates that primary arc magmas contain CO2 concentrations of 

at least 3000 ppm, likely within the range of 0.6 to 1.3 wt% (Wallace et al., 2015a). This would 

suggest that even the melt inclusion with the highest CO2 content (1001 ppm) records a 

degassed composition. Thus, none of our Rabaul 2014 melt inclusions record primary melt CO2 

contents nor preserve primary CO2/Nb ratios. Thus, we are not able to constrain the CO2/Nb 

ratio or the primary CO2 concentration for Rabaul primary magmas.  

 

5.5.3 Sulfur 

Primary sulfur contents in arc magmas are generally higher than in MORB, ranging from 600 

to 7000 ppm (Wallace and Edmonds, 2011; Muth and Wallace, 2022). The S/Dy ratio in arc 

magmas varies significantly, from 90 to 2600, depending on factors such as the sulfur content 
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of the mantle source, the contribution of slab-derived material and the oxidation state during 

mantle melting (Muth and Wallace, 2022 and references therein).  

 

In the 2014 eruption, the highest measured sulfur content is 3001 ±888 ppm with a Dy content 

of 2.5 ppm corresponding to a S/Dy ratio of 845–1556. Using our calculated Dy content of the 

primary Rabaul magma, we can infer a primary sulfur content of 1437–2645 ppm (0.14–

0.26 wt%). Our estimate falls within the global spectrum of observed primary sulfur contents 

in arc magmas. However, due to the continuous degassing shown by the Rabaul melt 

inclusions, this is necessarily a minimum estimate for the primary sulfur content of Rabaul 

primary magmas.  

 

5.5.4 Halogens (Cl and F) 

Unlike CO2 and SO2, neither chlorine nor fluorine show evidence of degassing in the olivine-

hosted melt inclusions from the 2014 eruption, nor evidence of modification by post-

entrapment processes. Assuming that Cl and F behaved as perfectly incompatible elements 

(D=0) in the melt, we used the Rayleigh fractionation equation and the fraction of melt 

remaining, as determined by the Petrolog3 model, to estimate their concentrations in the 

primary Rabaul magma. For chlorine, we calculate a primary melt concentration of 392 ±273 

ppm, and for fluorine we estimate a concentration of 59 ±11 ppm.  

 

5.5.5. Comparing the volatile content of Rabaul magmas with other arc volcanoes 

We compare the H2O, S and Cl concentrations of the primary Rabaul magma with those of arc 

magmas worldwide. The comparative data comes from Muth and Wallace (2022), who derived 

primary compositions for various arc magmas using reverse crystallization modelling in 

Petrolog3 (for details on the methodology, see supplementary data in Muth and Wallace 2022). 
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We observe that all H2O, S, and Cl lie within the global range (Fig. 14). The H2O and Cl 

concentrations in Rabaul melt inclusions lie within the lower end of the global arc range. 

Estimated Rabaul sulfur concentrations span across most of the global primary sulfur range 

(Fig. 14d). The results indicate that Rabaul’s primary magmas are not exceptionally volatile-

rich when compared to the global range of primary arc magmas.  

 

5.6 The SO2 budget of the 2014 Rabaul eruption 

Our petrological estimate of the SO2 budget for the 2014 Tavurvur eruption is ~110 kt, a factor 

of ~2.7 greater than OMPS-derived satellite remote sensing observations, 37 kt. There are a 

number of potential explanations for this mismatch. Firstly, the satellite estimate may be biased 

low. Ash present in the eruption plume can impede reliable SO2 quantification especially early 

in the eruption before density separation of ash and gas occurs. Cloud cover may obscure 

portions of the eruption plume though the 18 km altitude minimises the likelihood in this case. 

Uncertainties in plume altitude can directly affect the derived SO2 column concentrations, 

though as the shape of the retrieval averaging kernel flattens above upper-troposphere altitudes 

for the OMI and OMPS SO2 retrieval (Li et al., 2017), we consider this unlikely here – the 

mass estimate for the 29 August OMPS scene assuming 15 km altitude is within <2 % of the 

estimate for 18 km. The general consistency in plume geometry, if not in column concentration, 

between our three satellite sensors suggests that we have achieved reasonably full coverage of 

the erupted SO2 plume and can accordingly treat our OMPS mass loading estimate as robust.  

An alternative explanation for the mismatch is that our derived mass eruption rates and 

therefore erupted masses are biased high. This is the single greatest source of uncertainty in the 

petrological calculations, since it is derived from global empirical relationships (Mastin et al., 

2009) spanning a wide range of volcanic scenarios and atmospheric conditions. We have shown 

that changes in absolute altitude value contribute relatively modest changes to the derived SO2 
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mass, though we note that a plume altitude of 14 km would reduce our calculated SO2 mass 

loading to 37 kt, in much closer agreement with the OMPS observations. We are confident in 

our estimates of mean crystallinity in erupted samples (Höhn et al., 2026) and the melt inclusion 

data presented herein; increasing the SO2 content of the melt used in our calculations would 

push the derived mass loading value still higher, which we think is unlikely, given the satellite 

observations. Comparing the high volatile contents in olivine-hosted melt inclusions and the 

substantially lower SO2 contents of group three plagioclase-hosted melt inclusions shows that 

a significant portion of the SO2 present in the more primitive melt had already been exsolved 

prior to the eruption. This raises an important question: was the degassed sulfur efficiently 

vented from the volcanic system, or did it accumulate within the magma plumbing system prior 

to the eruption? While accumulation of a substantial co-magmatic gas phase is certainly 

plausible, we do not consider it likely that this was present in the pre-eruptive reservoir since 

it would have been released during the eruption and detected in our satellite observations. Such 

a case seems more plausible for the previous eruptions of Rabaul in 1994 and 2006, which 

emitted much greater SO2 masses, though as Bouvet de Maisonneuve et al. (2015) note the 

satellite-derived mass loading of ~300 kt for the 2006 eruption does fall within the range of 

petrologically derived estimates, 240–640 kt. In the case of the 2014 eruption, we consider it 

more likely that our petrologically derived mass loading estimate is biased high by uncertainties 

in plume height or derived mass eruption rate.  

 

5.7 2014 in the context of the 1994-to-present eruption sequence 

The 2014 eruption of Tavurvur represents the culmination of a long sequence of unrest and 

volcanic activity at Rabaul that began with the 1994 twin eruption, the first eruptive event at 

Rabaul in over 50 years. The 1994 eruption was preceded by a seismic crisis in 1980, during 
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which earthquakes, ground inflation and subsequent modelling of deformation patterns were 

interpreted as signals of a shallow magma intrusion beneath the Rabaul caldera (Mori and 

McKee, 1987; Saunders, 2001). A total uplift of approximately 50 mm was recorded at Matupit 

Island, and a second deformation source was identified in October 1983 on the eastern side of 

Vulcan (McKee et al., 1984). This crisis likely marked a mafic recharge episode, introducing 

mafic magma into a shallow, resident magma reservoir. The 1994 eruption was preceded by a 

period of rapid uplift by a total of ~35 cm over three years, while the 1994 eruption was 

accompanied by a total subsistence of ~25 cm measured by GPS (Saunders et al., 2023). 

Satellite-derived data estimate a SO2 budget of approximately 200 kt for the 1994 eruption 

(Rose et al., 1995; Carn, 2025). This is at the lower end of the 10 to 3000 kt SO2 which have 

been recorded for eruptions with a VEI of 4 worldwide (Carn et al., 2016). Rose et al. (1995) 

suggested that the actual SO2 emissions were higher but that entry of seawater into the vent led 

to the accumulation of water droplets and ice around ash particles in the eruption plume which 

limited SO2 concentrations in the plume.  

 

Following the 1994 event, Rabaul entered a phase of intermittent eruptive activity characterised 

by periodic explosions and small-to-moderate ash emissions. These episodes, accompanied by 

minor fluctuations in the deformation signal (<5 cm), have been interpreted as reflecting cycles 

of volatile build-up before, and stress release after, periodic explosions (Saunders et al., 2023). 

Notably, the volatile emissions during this period were modest—insufficient to be captured by 

the global SO2 monitoring system with satellites at that time having detection limits of ~2–

11 kt (Total Ozone Mapping Spectrometer, TOMS) (Carn et al., 2016).  

 

The 2006 eruption was preceded by rapid uplift of a total of ~15 cm over 1.5 years measured 

by GPS beginning in January 2005, a pattern similar to that observed before the 1994 eruption 
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but on a smaller scale (Saunders et al., 2023). This inflation likely resulted from another, albeit 

smaller, mafic recharge event, which contributed to the high SO2 emissions of approximately 

300 kt during the 2006 eruption (McCormick et al., 2012; Carn, 2025). The 2006 eruption was 

accompanied by a marked subsidence of ~32 cm in ~6 hours with a gravitational rebound of 

~5–6 cm taking place over the following 26 days. After this, a period of continuous subsidence 

began at the caldera with a total subsistence of ~25 cm over 2.5 years (Saunders et al., 2023).  

 

SO2 emissions were detected nearly continuously from Tavurvur following the 2006 eruption 

until the end of 2009 (McCormick et al., 2012; Carn et al., 2017). These emissions coincided 

with a period of variable volcanic activity, marked by periodic explosions, moderate ash 

emissions, and prolonged caldera subsidence (Global Volcanism Program, 2011; Saunders et 

al., 2023). The high SO2 output during this interval of up to 6–7 kt/day is attributed to degassing 

from the main magma reservoir, a process facilitated by the 2006 eruption which completely 

emptied the conduit (Carn et al., 2017; Saunders et al., 2023). The fact that this interval 

coincides with a period of continuous subsidence adds credence to a notion of high degassing, 

probably fed by recharging magma, and presumably offsetting any net increase in volume of 

magma added to the shallow reservoir that would otherwise cause pressurisation and inflation. 

Volcanic activity subsided in December 2009, and re-inflation at Rabaul commenced shortly 

thereafter with a total uplift of ~40 cm over 4.5 years until the 2014 eruption (Saunders et al., 

2023). Concurrently, SO2 emissions rapidly declined until mid-2010, when they almost 

completely ceased. Inspections of the Tavurvur crater revealed a sealed vent which explains 

why SO2 emissions had stopped (Saunders et al., 2023). 

 

Our SO2 budget calculations for the 2014 eruption confirm that this event was not accompanied 

by high SO2 emissions. The limited total subsidence of only 6–7 cm (compared to ~25 cm for 
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the 1994 eruption and ~32 cm for the 2006 eruption) recorded after the 2014 eruption (Saunders 

et al., 2023) have been explained by two factors. First, the shallow, main magma reservoir had 

already been extensively degassed during the 2006–2009 period, and no subsequent mafic 

recharge, evidenced by the absence of notable seismic activity, replenished the volatile content. 

Second, Saunders et al. (2023) suspected that the 2014 eruption involved only the explosion of 

a relatively small conduit plug, without engaging the main magma reservoir, which would 

account for its explosive character yet modest SO2 output. However, our analysis of glassy 

bombs erupted in 2014 show quenched, glassy juvenile material rather than the essentially fully 

crystallised lithic fragments one would expect from the explosion of a cooled conduit plug. 

This is also consistent with photographs of the eruption, which show a vigorous plume 

containing incandescent material (Global Volcanism Program, 2014; Global Volcanism 

Program, 2017), and with the 18 km-high plume altitude, both of which suggest significant 

heat content. The presence of glassy juvenile clasts indicates that at least some molten, albeit 

probably degassed, magma was involved in the eruption.  

 

In conclusion, although the 2014 Tavurvur eruption was explosive in nature, it was 

accompanied by relatively low SO2 emissions compared to the preceding 1994 and 2006 

eruptions. This subdued volatile release is primarily the result of extensive prior degassing of 

the main magma reservoir between late 2006 to late 2009.  

 

6. Conclusions 

This study has provided a comprehensive assessment of the volatile evolution and degassing 

processes of the Rabaul magma system, with a particular focus on the 2014 eruption. Through 

detailed analysis of melt inclusions hosted in various mineral phases and the application of 
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reverse fractional crystallisation modelling, the research has yielded several important insights 

into the primary volatile contents and the subsequent modifications experienced during magma 

ascent and eruption. 

 

Our investigations revealed that melt inclusions hosted in olivine, clinopyroxene and 

plagioclase captured two distinct magmatic components: melt inclusions in olivine and group 

one (high Mg#) clinopyroxene sample the mafic recharge magma with relatively high volatile 

concentrations which follows a fractional crystallisation trend. In contrast, group three 

plagioclase- and group two (lower Mg#) clinopyroxene-hosted melt inclusions captured the 

evolved, dacitic magma characterised by lower volatile contents. The compositions of the melt 

inclusions suggest that the mafic recharge magma of Rabaul has a composition similar to the 

basaltic enclaves from the 1937 eruption and that the more evolved, dacitic magma at Rabaul 

has a composition similar to the Rabaul Pyroclastics eruptive products.  

 

Analyses of volatiles in the melt inclusions indicate that continuous degassing of CO2 and SO2 

occurred prior to and during the entrapment of melt inclusions. The observed trends in volatile 

concentrations, particularly the decreasing CO2 and SO2 contents with increasing K2O, confirm 

that substantial volatile loss occurred during crystallisation. The overall record reflects a 

degassed system, making it difficult to constrain the primary CO2 concentration. In contrast, 

the primary H2O content is more reliably estimated. Multiple approaches, including H2O/Ce 

ratio analysis and thermal parameter constraints, converge on a primary H2O concentration 

between approximately 1.1 and 1.9 wt%. The sulfur budget, derived from the S/Dy ratios and 

trace element modelling, suggests that the primary sulfur content in the Rabaul magma falls at 

the higher end of typical of arc magmas, estimated at 1400–2600 ppm. Positive correlations 

between Cl and K2O and F and Nd imply that both halogens were not degassing and behaved 
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as incompatible elements during crystallisation The estimated primary halogen concentrations 

are around 392 ppm for Cl and near 59 ppm for F. When compared with global data for primary 

arc magmas, the estimated volatile concentrations suggest that, despite Rabaul’s reputation as 

a prolific gas emitter, the primary Rabaul magma is not exceptionally volatile-rich.  

 

The volatile budgets derived from both the petrological data and satellite observations indicate 

that the 2014 eruption was accompanied by a substantially lower SO2 emissions (~37 kt) 

compared to previous events at Rabaul. This subdued gas release is attributed to significant 

pre-eruptive degassing of the main magma reservoir between the end of 2006 and the end of 

2009.  

 

Aiuppa et al. (2019) ranked Rabaul among the top global emitters (7th for both SO2 and CO2 

over the time interval 2005–2015). While that ranking correctly reflects the high outgassing 

observed during the 2005–2010 interval, observations since ~2010, including the very low 

persistent SO2 fluxes and the modest SO2 output during the powerful strombolian 2014 eruption 

documented here, indicate that Rabaul’s contemporary contribution to atmospheric SO2 (and 

likely CO2) has diminished. Thus, although Rabaul retains the historical reputation of being 

one of the world’s highest outgassing volcanoes, that characterisation is not currently 

representative of its recent behaviour. This contrast highlights the importance of considering 

time-integrated emissions and monitoring windows when assessing a volcano’s global impact. 

Rankings based on limited time intervals can mask significant temporal variability, so 

combining continuous satellite monitoring with petrological time-integrated constraints is 

essential to accurately quantify a volcano’s long-term contribution to atmospheric volatile 

budgets.  
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Table 1: Start and end compositions for reverse fractional crystallisation modelling.  

 
 Start Composition End Composition 

modelling pressure 

(kbar) 
 2.8 3.0 3.4 

SiO2 48.05 48.28 48.27 48.24 

TiO2 1.39 0.81 0.82 0.83 

Al2O3 16.73 15.46 15.50 15.58 

Fe2O3  0.73 0.74 0.76 

FeO 9.53* 6.43 6.47 6.55 

MnO 0.20 0.16 0.16 0.16 

MgO 6.03 10.00 10.00 10.00 

CaO 12.80 14.70 14.61 14.41 

Na2O 2.14 1.49 1.51 1.54 

K2O 0.57 0.31 0.31 0.32 

P2O5 0.12 0.07 0.07 0.07 

Cr2O3 0.01 0.26 0.25 0.24 

H2O 2.29 1.25 1.26 1.28 

Total 99.88 99.95 99.95 99.95 

Sr 467.63 263.7 265.5 269.5 

Y 16.22 11.7 11.7 11.7 

Zr 34.42 19.5 19.6 19.9 

Nb 0.66 0.4 0.4 0.4 

Ba 117.22 67.7 68.2 69.3 

La 3.97 2.3 2.3 2.3 

Ce 9.75 5.7 5.7 5.8 

Nd 7.56 4.6 4.6 4.6 

Sm 1.89 1.2 1.2 1.2 

Eu 0.21 0.1 0.1 0.1 

Gd 2.35 1.6 1.6 1.6 

Dy 2.51 1.7 1.7 1.7 

Yb 1.24 0.8 0.8 0.8 

Th 0.26 0.1 0.1 0.1 

* FeOT 
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Figure 1: a) Tectonic setting of New Britain Island (after Höhn et al., 2026). RMF = Ramu-Marham 

fault. b) Overview of the Rabaul Caldera Complex (after Höhn et al., 2026). WTZ = Watom-

Turangunan-Zone 

 

 

 

Figure 2: TAS diagram comparing whole rock compositions of the samples from this study (Höhn et 

al., 2026) with literature data for the 2014 eruption (Fabbro et al., 2020) and whole rock compositions 

from other Post-Rabaul Pyroclastics eruptions at Rabaul (Nairn et al., 1989; Cunningham et al., 2009; 

Bouvet de Maisonneuve et al., 2015; Patia et al., 2017; Bernard and Bouvet de Maisonneuve, 2020; 

Fabbro et al., 2020; Hohl et al., 2022).  

 



 65 

 

Figure 3: BSE images of a) group one plagioclase, b) group two plagioclase, c) group three plagioclase, 

d) olivine, e) group one clinopyroxene, and f) group two clinopyroxene in the Rabaul eruption products 

(after Höhn et al., 2026).  
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Figure 4: Anorthite (An), Mg#, and forsterite (Fo) contents in plagioclase, clinopyroxene and olivine 

cores from melt inclusion host minerals (purple shaded curves) compared to mineral chemistry data for 

the 2014 volcanic bombs from Höhn et al. (2026) (dashed lines). The numbers mark the peaks of the 

different groups of plagioclase and clinopyroxene. Number of analyses are given in black (melt 

inclusion host minerals, this study) and grey (mineral data, Höhn et al., 2026).  

 

 

 

Figure 5: BSE images of melt inclusions (MI) in a) plagioclase, b) clinopyroxene, and c–d) olivine in 

the 2014 volcanic bombs.  
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Figure 6: TAS diagram comparing plagioclase-, clinopyroxene-, and olivine-hosted melt inclusions in 

the 2014 eruption products with those of previous eruptions. The data for previous eruptions include 

olivine- and pyroxene-hosted melt inclusions from the 1994 eruption (Roggensack et al., 1996) and 

plagioclase- and pyroxene-hosted melt inclusions from the 2006 eruption (Bouvet de Maisonneuve et 

al., 2015). Shown here are PEC corrected values for the 2006 and 2014 eruptions. plg = plagioclase, 

cpx = clinopyroxene.  
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Figure 7: Selected major and trace elements for plagioclase- (yellow squares), clinopyroxene- (green 

diamonds), and olivine-hosted (blue circles) melt inclusions and matrix glasses (orange downward 

arrows) in the 2014 volcanic bombs. Shown here are PEC corrected values. Whole rock compositions 

for the 2014 volcanic bombs are shown in grey triangles. Errors bars indicate 2σ uncertainties. Grey 

and black lines are results of fractional crystallisation modelling with Petrolog3 (Danyushevsky and 

Plechov, 2011) with the mineral-melt equilibrium models of Langmuir et al. (1992) (grey line) and 
Danyushevsky (2001) (black line). Whole rock compositions and major element data for matrix glasses 

are from Höhn et al. (2026).  
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Figure 8: a–b) H2O, c–d) SO2, and e–h) CO2 variation diagrams for plagioclase-, clinopyroxene-, and 

olivine-hosted melt inclusions and matrix glass in the 2014 volcanic bombs. Solid- and dotted lines in 
g) represent closed- and open-system degassing paths starting at basaltic olivine-hosted melt inclusion 

M11_06.10.02.1 calculated with VESIcal (Iacovino et al., 2021) with the MagmaSat model (Ghiorso 

and Gualda, 2015). Shown here are PEC corrected values. Error bars indicate 2σ uncertainties.  
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Figure 9: a–b) Cl, and c–d) F variation diagrams for plagioclase-, clinopyroxene-, and olivine-hosted 

melt inclusions and matrix glass in the 2014 volcanic bombs. Shown here are PEC corrected values. 

Error bars indicate 2σ uncertainties.   
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Figure 10: OMPS (upper) and OMI (lower) SO2 maps for 29 August, with overpass times of ~03:15 

and ~02:56-04:33 UTC, respectively.  
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Figure 11: Kernel-density diagram showing the distribution of SO2 concentrations in the 2014 melt 

inclusions across the different host minerals.  
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Figure 12: Comparison of saturation pressures for the 2014 olivine-hosted melt inclusions (yellow 

circles; calculated with VESIcal, Iacovino et al., 2021; MagmaSat model, Ghiorso and Gualda, 2015; 

olivine thermometer, Putirka, 2008) and for the 2014 clinopyroxene-hosted melt inclusions (orange 

squares; calculated with VESIcal, Iacovino et al., 2021; MagmaSat model, Ghiorso and Gualda, 2015; 

clinopyroxene thermometer, Jorgenson et al., 2022) with cpx-liquid thermobarometry results 

(calculated with Thermobar, Wieser et al., 2022; models from Jorgenson et al., 2022, purple diamonds 

& Petrelli et al., 2020, dark blue diamonds; thermobarometry data from Höhn et al., 2026).  
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Figure 13: Comparison of volatile contents between 2014 eruption products (coloured symbols) and 

samples of previous eruptions (grey symbols) (data from Roggensack et al., 1996; Bouvet de 

Maisonneuve et al., 2015). Shown here are PEC corrected values for the 2006 and 2014 melt inclusions. 

Black solid and dotted lines represent closed- and open-system degassing paths starting at basaltic 

olivine-hosted melt inclusion M11_06.10.02.1 calculated with VESIcal (Iacovino et al., 2021) using the 

MagmaSat model (Ghiorso and Gualda, 2015). g3 = group 3, g1 = group 1, g2 = group 2.  
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Figure 14: a–c) Comparison of the volatile contents of the primary Rabaul magma with those of 

primary arc magmas from across the world: every vertical array (at fixed thermal parameter) 

corresponds to an individual arc with individual points representing volcanoes on the arc (data from 

Muth and Wallace, 2022). Error bars for the primary Rabaul magma show the range in estimated volatile 

concentrations. d) Kernel-density diagram showing the H2O, S and Cl contents of the global primary 

arc spectrum compared to the primary Rabaul magma. Vertical dashed lines mark the 25th and 75th 

percentiles and the solid black line marks the median (50th percentile) of the global arc primary volatile 

distribution.  
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