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The newly revised Second Edition of Igneous Rocks and Processes: 
A Practical Guide, delivers an authoritative introduction to igneous 
petrology and helps students to develop key skills and confidence 
in identifying igneous materials and in naming and interpreting 
unknown igneous rocks presented to them. It serves as both a 
conventional course text and a practical laboratory manual.

A practical introduction to igneous petrology for students 
and practitioners

Robin Gill, Godfrey Fitton
ISBN: 978-1-119-45566-0
£60.00| September 2022 | 496 Pages 
also available as ebook

Igneous Rocks  
and Processes:  
A Practical Guide,  
2nd Edition

ENABLING DISCOVERY POWERING EDUCATION SHAPING WORKFORCES

AVAILABLE 
NOW 

The all-new edition of 
the premier guide to 

igneous petrology

Order on 
www.wiley.com 
and use promo 

code
C2320

20% 
OFF

The authors review igneous nomenclature and subsequently describe specific compositional categories 
of magmatic rocks. Each chapter covers definitions, mineralogy, eruption and emplacement processes, 
textures and crystallization processes, geotectonic distribution, geochemistry, and aspects of magma 
genesis. Additional chapters address phase equilibrium experiments and physical volcanology.

This latest edition offers readers extensively updated chapters, as well as access to a companion website 
with supplementary material. It also provides:

• Thorough introductions to magmas, magmatic rocks, and magma differentiation

• Exercises for each chapter, with answers provided at the end

• A detailed summary of techniques and optical data for mineral identification using a
polarizing microscope

• An introduction to petrographic calculations and an extensive glossary

Perfect for geoscience students taking courses in igneous petrology, Igneous Rocks and Processes: A  
Practical Guide, second edition will also earn a place in the libraries of postgraduate students and  
researchers in the field.
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ABOUT THE AUTHORS

Robin Gill lectured in igneous petrology, geochemistry and volcanology at Chelsea and Royal Holloway Colleges 
in the University of London for 22 years. His main research interests centred on igneous activity in Greenland 
related to continental break-up. He is also the author of another well-known book, Chemical Fundamentals of 
Geology and Environmental Geoscience.

Godfrey Fitton is Professor of Igneous Petrology at the University of Edinburgh. He has studied basaltic 
magmatism in West Africa, the western USA, Iceland, and the North Atlantic and Southwest Pacific Oceans. 
He edited two Geological Society Special Publications: Alkaline Igneous Rocks and Origin and Evolution of the 
Ontong Java Plateau.
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NERC Advanced Training Short Course 

3D and 4D imaging 
Key skills for the Earth, Environmental & 
Planetary Sciences 

20th-24th March 2023  
University of Strathclyde & National X-ray Imaging Facility 
 

X-ray tomography and other 3D & 4D imaging techniques let us see inside our samples in 

microscopic detail, without destroying them, a capability that can be truly transformative when 

applied to Earth, Environmental & Planetary Sciences.  

These tools can be useful across all areas of NERC science from ice to lava, from modern 

sediment to Archean craton, from tree top to mantle; and this 5 day residential course will 

provide the key skills you need to exploit 3D and 4D imaging for you research. You will receive 

an introduction imaging equipment at the UK’s largest laboratory facility, and training in lab and 

synchrotron imaging techniques. You will develop skills in experiment design, x-ray tomographic 

data acquisition, image analysis and using advanced quantification tools and image based 

modelling.   

You do not need any prior X-ray or imaging experience. All attendees will have the chance to 

acquire a 3D data on a sample of their choice, and develop a bespoke analysis workflow with 

the support of the training team. 

The course is open to UK–based Doctoral and Early Career Researchers (i.e. within 8 years of 

their PhD). There are a total of 30 spaces. If you are given a place, course fees and travel and 

subsistence will be covered. 

Apply here   

Application deadline: Jan 6th 2023 

More information from katherine.dobson@strath.ac.uk or here       
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Wednesday, 4th January

13.00–14.15 REGISTRATION

14.15–14.30 INTRODUCTION

Time Student Title + authors page

Session 1: Life Cycle of Volcanoes
4th January 2023

14.30 *

Beyond the Campanian Ignimbrite: The 133 ka eruptive history of Neapolitan 

volcanoes from the Lago Grande di Monticchio high resolution distal tephra 

record. Azevedo V., Wulf S. and Tomlinson E.L. 

14.45 *

Insights into the explosive eruption history of Campanian volcanoes prior to the 

Campanian Ignimbrite eruption. Sophie Vineberg, Roberto Isaia, Paul Albert, 

Victoria Smith 

15.00 *

Volcanic debris avalanche propagation dynamics and the importance of 

lithological properties: evidence from sedimentological analysis. Symeon Makris, 

Matteo Roverato, Alejandro Lomoschitz, Pablo Dávila Harris, Paul Cole, and Irene 

Manzella, 

15.15

There she blows! Unravelling the eruptive history of Aso volcano (Japan) using 

distal ash deposits. McLean D., Albert P.G., Jones, G., Vineberg, S., Buckland, H., 

Staff, R.A., Suzuki, T., Kimura, J-I, Chang, Q., Manning C. J., SG Project Members, 

Nakagawa, T8. and Smith V.C 

15.30 *

A window into the inner workings of proto-oceanic rift volcanoes: An Afar case 

study. Watts, E.J., Gernon, T.M., Taylor, R.N., Keir, D., Siegburg, M., Jarman, J., 

Pagli, C., Gioncada, A.

15.45 *

Evidence of fluid movement beneath Nabro Volcano, Eritrea, from seismicity and 

coda-wave interferometry. Davidson, K. J., Lapins, S., Hammond, J.O.S., Kendall, J-

.M., Goitom, B., Ogubazhi, G.

16.00–16.30 BREAK

Session 2. Integrated monitoring and forecasting of eruptions
4th January 2023

16.30

Forecasting an end to eruption: Petrologic monitoring of magma reservoir 

dynamics, La Palma 2021. Scarrow J.H., Pankhurst M.J., Barbee O.A., 

Chamberlain K.J., Morgan D.J., Neave D.A., Hickey J., Wieser P., Coldwell B.C., 

Hernández W., Stewart A.G., Rollinson G.K., D’Auria L. and Pérez N.M. 

16.45 *
Investigating the source mechanics of fluid-driven volcanic earthquakes. Grant, 

T., Benson, P.M., De Siena, L. and Fazio, M.

17.00
Satellite observations of the 2021 La Soufrière volcanic plumes. Taylor I.A., 

Grainger R.G., Prata A.T., Proud S.R., Mather T.A. and Pyle D.M.

17.15 *
Relationships between eruption style and TROPOMI/PlumeTraj observed SO2  

emissions during the 2021 eruption of Fagradalsfjall, Iceland. Esse, B., Burton M., 

Hayer C., Barsotti S., Pfeffer M., Theys N., Barnie T. and Titos M.

17.30
Towards global volcano deformation monitoring using satellite InSAR. Biggs, J., 

Anantrasirichai, N., Albino, F., Lazecky, M. and Maghsoudi, Y.

18.00–20.00 ICE-BREAKER RECEPTION

Session 3. Hazard, risk and the environment
5th January 2023

09.00 *

Reassessing the timing and climate impact of the 1783 Laki eruption: new 

insights from high time resolution ice core analysis. Brouillet F., Hutchison W., 

Burke A., Sugden P., Sigl M.

VMSG 2023 PROGRAMME
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Time Student Title + authors page

09.15

What happened when powerful pyroclastic flows entered the sea following the 

January 2022 Hunga Tonga-Hunga Ha’apai eruption? Clare, M.A., Yeo, I., Watson, 

S., Wysoczanski, R., Seabrook, S., Mackay, K., Williams, M., Lane, E., Hunt, J.E., 

Talling, P.J., Pope, E., Cronin, S., Kula, T., Tappin, D., Henrys, S., The Wider 

09.30 *
Timing, sulfur loading, and climatic impact of the Los Chocoyos supereruption 

from polar ice cores. Innes H., Hutchison W., Crick L., Davies S., Kutterolf S., Rae 

J.W.B., Severi, M., Sigl M., Sparks R.S.J., Svensson A., Wolff E.W., and Burke A.

09.45 *

Using optical and radar remote sensing to study forest disturbance and recovery 

due to volcanic eruptions. Udy M.L., Ebmeier S.K., Watt S.F.L C., Woodhouse I. H. 

and Hooper A. 

10.00 *
Climate projections underestimate future volcanic forcing and its climatic effects. 

Chim, M. M., Aubry, T.J., Abraham, N. L., Schmidt, A. 

10.15–10.45
KEYNOTE: Understanding volcanic risk; the outside and the inside. Calder, E.S.

10.45–11.15 BREAK

Session 4. Volcanoes and Society
5th January 2023

11.15

Using mental models to understand volcanic risk through paired timescales of 

eruptive evolution and human response at Volcán de Fuego (Guatemala). 

Naismith A.K., Armijos, T., Barclay, J., Phillips, J., Watson. I.M. 

11.30 *

Remembering to Forget: How memories of the Teneguía (1971) eruption shaped 

the response to the Cumbre Vieja (2021) eruption, La Palma (Canary Islands). 

Rice R.F., Donovan A., and Oppenheimer C. 

11.45 A real-time view of ocean island evolution: new imagery from Tristan da Cunha 

and the impact on lives and livelihoods. Hicks, A., Golding, N. (co-presentation) 

11.45–12.15

KEYNOTE: Magmatic processes driving metal systematics: Case studies from 

global and volcanic perspectives. Barber N.D., Edmonds M., Jenner F., Handini, 

E., Audétat, A., Williams, H.

12.30–14.00 LUNCH

Session 5: Eruptive Processes
5th January 2023

14.00

INVITED: The August 2020 eruption of Volcano 0403-091: a well-constrained 

pumice raft forming eruption. Yeo I.A., McIntosh I.M., Bryan, S., Dunbabin M., 

Tani K., Mitchell S., Collins P., Henrietta Cathey, Isikeli Duwai, Karen Stone and 

Mele S. Manu

14.15 *

Understanding the temporal and spatial variation of magma degassing processes 

during the 2021 Tajogaite eruption, La Palma, from open-path FTIR spectroscopy. 

Pardo Cofrades A., Asensio-Ramos M., Burton M., Barrancos J., La Spina A., Allard 

P., Hayer C., Esse B., Hernández P.A., Padrón E., Melián G.V., Pérez N.M.

14.30 * How does grain size distribution impact the mobility and deposition of analogue 

pyroclastic density currents?. Johnston T., Williams R., Rowley P. and Dowey N.

14.45

Whole-rock oxygen isotope ratios as a proxy for the strength and stiffness of 

hydrothermally altered volcanic rocks. Heap M.J., Troll V.R., Harris C., Gilg H.A., 

Moretti R., Rosas-Carbajal M., Komorowski J.-C., and Baud P.
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Time Student Title + authors page

15.00 *
Ground deformation at Askja Caldera and fissure swarms, Iceland, during 2015-

2022. Sepúlveda J., Hooper A. and Ebmeier S. 

15.15

Identifying fluids, faults and fractures: Insights into the post-eruptive period at 

Nabro volcano from an enhanced machine-learning-based seismic catalogue. 

Lapins S., Kendall J.-M., Cashman K.V., Davidson K., Goitom B., Werner M.J., 

Hammond J.O.S. and Ogubazghi G.

15.30 *
Do tuffisites make good outgassing pathways? Unwin H.E., Wadsworth F.B., 

Tuffen H., Heap, M.J., Foster A., White A., James M.R.

15.45 *

A brief history of the Fagradalsfjall Fires, SW-Iceland: Physical volcanology 

observations from the 2021 Geldingadalir and 2022 Meradalir eruptions. Grech 

Licari J., Moreland W.M., Valdimarsdóttir I.K., Pálmadóttir J.P., Pétursdóttir L.B., 

Stroganova L., Brum da Silveira D., Torfadóttir H.K., Payet-Clerc M., Höskuldsson 

A., Jónsdóttir I. and Thordarson T.

16.00–16.30 BREAK

16.30–18.00 POSTER SESSION

18.00–19.00 TRAVEL

19.00–23.00
CONFERENCE BANQUET AT THE NATURAL HISTORY MUSEUM

Session 6: Magmatic Systems 
6th January 2023

09.00 * Petrological Imaging of a Frequently Erupting Arc Volcano (Volcán Villarrica) 

using Melt Inclusion Compositions. Boschetty F.O., Ferguson D. and Wieser P. 

09.15 *

The Variability of Mobile Chalcophile Element Fluxes Along the Trans Mexican 

Volcanic Belt. Matthews Torres C., Jennings E., Petrone C.M., Downes, H., Jenner 

F.E. and Savov I.

09.30 * Transitions in geochemistry and activity style at migrating volcanic centres: 

Atitlán volcanic centre, Guatemala. Gilchrist F.J., Petrone C.M., Downes H.

09.45 *
Rapid crustal transit of magmas in the Main Ethiopian Rift from olivine diffusion 

chronometry. Wong, Kevin, Morgan, Daniel, Ferguson, David, Edmonds, Marie, 

Tadesse, Amdemichael Zafu, Murphy Quinlan, Maeve, and Yirgu, Gezahegn

10.00 *
New geochemical insights into intraplate magmatism at the Cameroon Volcanic 

Line. Baldwin S., Kirstein L., Fitton G. and Boyce A. 

10.15 * Decompression-induced lithium redistribution in felsic shallow magma reservoirs: 

An experimental approach. Cortes-Calderon E.A., Ellis, B., Ulmer P., Magna, T.

10.30 *

Strongly peraluminous granitoids record an increase in biological nitrogen burial 

across the Precambrian-Cambrian boundary: Implications for reconstructions of 

bio-productivity and atmospheric pressure through time. Boocock, T.J., Mikhail, 

S., Stüeken, E.E., Athey, M., Mappin, N., Prytulak, J., Boyce, A.J., Liebmann, J., 

Spencer, C.J., Bucholz, C.E.

10.45–11.15 BREAK

11.15–12.30 POSTER SESSION

12.30–14.00 LUNCH

Session 7: Magmatic Systems 
6th January 2023

14.00 *

INVITED: Shared Magma Dynamics Cause Correlated Displacements at Galápagos 

Volcanoes. Reddin E., Ebmeier S.K., Rivalta E., Bagnardi M., Baker S., Bell A.F., 

Morgan D.J., Mothes P., Aguaiza S., and Espin Bedon P.
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14.15 *
Banding in the margins of dykes indicates pulsatory propagation. Allgood C., 

Llewellin E.W., Humphreys M.C.S., Brown R.J. and Vye-Brown C.

14.30
IC-FEMRES: A new 3D finite element magma reservoir simulator. Hu, H., Jackson, 

M.D. and Salinas, P.

14.45
Fluid dynamics of dykes: insights from analogue experiments. Chalk C.M. and 

Kavanagh J.L. 

15.00
The elemental and isotopic partitioning behaviour of nitrogen between biotite, 

plagioclase, and orthoclase during magmatic differentiation. Boocock, T., Mikhail, 

S., Stüeken, E.E., Prytulak, J., Boyce, A., Bybee, G.M., Köenig, R.

15.15
Insights on the origin and amount of sulfur in the subarc mantle wedge. Taracsák 

Z., Mather T.A., Pyle D.M., Ding S., Peccia A., Plank T., Aiuppa A.

15.30
Mush evolution in the Bárðarbunga volcanic system, Iceland. Maclennan J., 

Boyes X. and Mutch E.J.F.

16.15–16.45 BREAK

16.45–17.45 AGM & PRIZES
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Time Student Title + authors page

Session 1: Life Cycle of Volcanoes

*
How can seafloor deformation help constrain kinematic models of Etna 

deformation? Campbell, M., Urlaub, M., Furst, S.,Sudhaus, H.
Helium, carbon and nitrogen isotope evidence for slab influence on volcanic gas 

emissions at Rabaul caldera, Papua New Guinea. McCormick Kilbride B.T., Barry 

P.H., Fischer T.P., Höhn M., Holland G., Hudak M.R., Itikarai I., Liu E., Mulina K., 

and Nowicki S. 

*
Evolution, Recurrence, and Behaviour of Monogenetic Volcanism in Armenia. 

Minhas P.K., Preece K.J., Meliksetian K., Mark D.F., Johnston R. 

*

Volumetric evolution of Anak Krakatau, Indonesia: an insight into pre- to post-

collapse volcanic development. Meredew, K., Watt, S.F.L., Cassidy, M., Smith, 

V.C., Petrone, C.M. and Stevenson, C.T.E.

*
The Geology of Ritter Island: a collapsed island arc volcano in Papua New Guinea. 

L.Moore, T.Mitchell, H.Downes, S.Watt, S.Day, 

*

An isotope study of Fogo, Cape Verdes: Implications for lateral collapses and 

magmatic compositions. Brendon Rolfe-Betts, Hilary Downes, Simon Day, Ian 

Millar

*
Chemical and isotopic tracers of the transition between oceanic and continental 

lithosphere in the Canary Islands. Curtis, E., Harvey, J., Pankhurst, M., Morgan, D.

*

The volcanic and geochemical evolution of Yangudi, Ayelu and Abida volcanoes in 

the Adda’do Graben, Southern Afar, Ethiopia. Rees R, Gernon T M, Keir D, Taylor 

R N, Pagli C

*
Early Evolution of the Palaeogene Mull Volcano. Gardner F.J., Kerr A.C., Gooday

R.J. McDonald, I., Brown, D.J., Hughes, H.
Mechanical controls on caldera wall failure and morphology. Harnett, C. E., 

Watson, R. A., Holohan, E. P., and Schöpfer, M.

*
Analogue experiments to investigate mixing of magmas in dykes. Havard T.A., 

Jones T.J. and Kavanagh J.L. 

*
Temporal and geochemical evolution of magmatism and volcanism throughout 

the Carboniferous Midland Valley, Scotland. Pegge, E., Mark, D.F., Barfod, D.N.

Trees fossils in lava as indicators of palaeoflow- an underutilised dataset within 

the rock record? Pugsley J.H., Jolley D.W. Hole M.J., Howell J.A, Westland J.

*
Compositional Variations of the Azores Mantle Source: Insights from Xenoliths. 

McLaughlin M.E., Clay, P. L., O’Driscoll, B., Burgess, R. and Holland, G. 

*
Episodic excess crust formation on the Galapagos hotspot track and the 

diversification of species. Folkard A.E., Gibson S.A.

Online presentation
Deciphering the volcanic record of Lake Chalco, Mexico City. Hodgetts, A.G.E., 

Watt, S.F.L., Smith, V.C. and The MexiDrill Team 

Session 2. Integrated monitoring and forecasting of eruptions

*

Modelling volcano deformation from a poroviscoelastic magma mush within a 

temperature-dependent viscoelastic half-space. Alshembari R., Hickey J. and 

Head M. 

*
Cluster Analysis of Global Volcano Deformation Catalogues. Ireland B., Biggs J. 

and Anantrasirichai N.

*
Transitions between explosive and effusive volcanism based on gas and geodetic 

measurements. Yip S., Biggs J. and Edmonds M.

POSTERS
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Time Student Title + authors page
Shallow magma degassing drives long-term volcanic unrest at Nevado del Ruiz. 

Lages J., Chacón Z., Ramirez J., Aiuppa A., Arellano S., Bitetto M., Peña J.O., 

Coppola D., Laiolo M., Massimetti F., Laverde C., Castaño L., Tamburello G., 

Giudice G. and Lopez C.
Polar Ice Core Records of the Frequency and Climatic Forcing of Volcanic 

Eruptions. Burke A., Wolff E.W., Crick L., Doyle E., Innes H., Mahoney S. H., Rae 

J.W.B., Severi M. and Sparks R.S.J. 
The contributions of marine sediment cores to volcanic hazard assessments: 

present examples and future opportunities. Satow C., Pyle D. and Watt S., 

Cassidy M., Deng N.
Volcano-tectonic, electrical and electromagnetic investigations to highlight the 

structure of the most active sector of Campi Flegrei caldera. Isaia R., Di Giuseppe 

M. G., Natale J., Troiano A., Vitale S.

Session 3. Hazard, risk and the environment

*
Quantifying volcanic SO2 exposure to aircraft from the Cumbre Vieja 2021 

eruption. Delbrel J., Burton M., Hayer C., Esse B.

*
New insights into Late-Pleistocene Campanian explosive volcanism using tephra 

deposits preserved in central Mediterranean marine cores. Flynn M., Albert P., 

Smith, V., Manning, C., Isaia, R., Vineberg, S., Nomade, S.
The influence of meteorology on estimates of volcano source term 

characteristics. Harvey N.J. and Dacre H.F. 

*

Assessing the health hazards of chronic exposures to volcanic gases on 

Montserrat, Eastern Caribbean. Lewis R.J., Ilyinskaya E., Horwell C.J. and Braban 

C.F. 

*
Can we use machine learning to identify eruption precursors and make 

predictions for future volcanic eruptions?. Mitchinson S., Johnson J.

*

A GIS tool to assess roof vulnerability to tephra fall: combining probabilistic 

modelling, laboratory tests and building data. Osman S., Crummy J., Thomas, M. 

and Carver, S. 

*

Volcanic Emissions of Environmentally Reactive Trace Elements in the 2021 and 

2022 Fagradalsfjall Eruptions. Wainman L.R., Ilyinskaya E., Schmidt A. and 

Stefansdottir G.

*
Tephra detection without pre-separation in ashed peat. Blennerhassett L., 

Guyett, P.C. and Tomlinson, E.L.

Timing and climate impacts of Iceland’s largest basaltic eruptions: new insights 

into the 939 CE Eldgjá eruption from ice core archives. Hutchison W., Plunkett G., 

McConnell J., Gabriel I., Tomlinson E., Burke A., Davies S., Krüger K. and Sigl M.

SO2-to-sulfate oxidation and particulate mercury in the 2014-2015 Holuhraun 

eruption plume. Roberts T.J., Schunke J., Krysztofiak G., and Nies A.

*

Unravelling the volcanic sources of the 1600 CE doublet sulfate peak in 

Greenland ice-cores. Smith, C.J., Hutchison, W., Streeter, R., Lawson, I., and 

Burke, A.
Evaluating the magnitude of volcanic risk to the global maritime industry. Cragg 

P., Rowley P. and Mitchell S.J. 
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Session 4. Volcanoes and Society
Time Student Title + authors page

VolcanoRoots: volcano science meets art. Paulatto M. and Schamuells, S.
Integrated Volcano Early Warning Systems: reconceptualizing as a complex 

adaptive system of communication networks. Fearnley, C.J.
Frank Perret: Social Volcanologist, Sensor and Networker. Scarlett J., Pyle, D.M., 

Barclay, J. and Mahoney, M. 

Notebooks and networks: the value of the hidden stories from volcanic crisis 

response. Yonish, J., Scarlett, J., Barclay, J., Mahony, M. and Pyle, D.M. 
VolcanoStories: An open access research project and educational resource for 

the Volcán de Tajogaite eruption, La Palma, Canary Islands. Backhouse S., Ireland 

B., Borràs Castelló F., Rice R. and Cáceres-Leal S. 

Online presentation

Apoyeque Volcano: Advances from the PREVIA project into Community Risk 

perception and sense of preparedness. Argüello-Gutiérrez C., Scarrow J.H., 

Ibarrondo-Dávila M.P., García-Yeguas A., Garrido Manrique J., Carrillo-Rosúa J., 

Layton Jaramillo S.E., Díaz Corchuelo M.A., Gutiérrez L.A., Espinoza Jaime E., 

Gutiérrez Gutiérrez C., Torres L., and Rubí C.A.
Five years of Volcanica . Farquharson J.I., Chevrel M.O., Delmelle P., Heap M.J., 

Kennedy B., Kushnir A.R.L., Wadsworth F.B., Williams R.

Session 5: Eruptive Processes

Contrasting degassing during eruptive cycles in the 2021 Fagradalfsjall eruption, 

Iceland. Smekens J-F., Varnam M., Mather T., Burton M. and Pfeffer M.A.

*

Magmatic degassing at the East African Rift volcanoes: Evaluating Geothermal 

Resources and Hazards. Abate A Melakua, William Hutchisona, Gemechu B 

Teferib, Takele M Mihretiec, Snorri Gudbrandssond, Yared Sinetebebe, Richard 

Batesa, Eva Stueekena 
2D and 3D pore connectivity and permeable pathways in basaltic explosive 

products: Controls on fragmentation and grain size. Mitchell S.J., Lindoo A., Rust 

A.C, Cashman K. and Liu E.
To 3D or not to 3D? Exploring the Value of 2D vs 3D bubble analyses for 

texturally complex samples using the Mingled Fall deposit - Ascension Island, 

South Atlantic. Davies B.V., Dobson K.J., Andrew M. and Barclay J. 

*

Bubble experiments in complex conduits: the implications of shallow plumbing 

system geometry on basaltic eruption dynamics. Calleja, H., Kirstein, L., Fitton, 

G., and Breard, E.

* Investigating magma flow in volcanic plumbing systems using crystal alignment in 

a basaltic dyke. Jade A. Hrintchuk, Janine L. Kavanagh and Elisabetta Mariani 

* Formation of unusual glazed pyroclasts from the 2021 Fagradalsfjall eruption. 

Gillies J.K., Llewellin E.W., Wadsworth F.B., Brown R.J., and Thordarson T. 

*

Application of UAV-borne LIDAR for monitoring the 2022 Meradalir eruption, SW-

Iceland. Stroganova L., Moreland W.M., Grech Licari J., Valdimarsdóttir I.K., 

Pálmadóttir J.S., Brum de Silveira D., Pétursdóttir L.B., Torfadóttir H.K., Payet-

Clerc M., Höskuldsson Á., Jónsdóttir I., and Thordarson T.

Online presentation

Simultaneous fall and flow during pyroclastic eruptions: the implications of a 

novel proximal hybrid deposit. Dowey, N. and Williams, R. 
Dynamics and timing of Pyroclastic density currents formed during the April 2021 

eruption of La Soufriere St Vincent, Eastern Caribbean. Cole P.D., Barclay J., 

Robertson R.E.A., Stinton A. 

The fragmentation-induced fluidization of pyroclastic density currents. Breard 

E.C.P., Dufek J., Charbonnier S., Gueugneau V., Giachetti T., Walsh B.
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*

Are the Glencoe caldera faults sintered volcanic conduits without evidence for 

catastrophic rapid slip events? Haywood F., Wadsworth F.B., Brown R.J., 

McGarvie D. and Foster A.

* A Geochemical Investigation into Nested Caldera Complexes: Borrowdale 

Volcanic Group, English Lake District. McGowan, E.G., Barry T. and Branney M.J. 

* Insights into post-collisional volcanism in Armenia from volcaniclastic 

successions: Products, sources and hazards. Katsikides C. and Manning C.J.

*
The volcanic geology of Þingmúli central volcano: East Iceland. Amanda Hughes, 

Joaquín Cortés and Dave McGarvie 

Using IVESPA to reassess the relationship between mass eruption rate and 

volcanic column heights. Thomas J. Aubry, Samantha Engwell, Costanza 

Bonadonna, Larry G. Mastin, Guillaume Carazzo, David E Jessop, Roy G. Grainger, 

Simona Scollo, Isabelle A. Taylor, A. Mark Jellinek, Anja Schmidt, Alexa R. Van 

Eaton, Mathieu Gouhier, Kristi L. Wallace, Sébastien Biass, Marcus Bursik 
Co-eruptive seismicity and caldera subsidence during the June 2018 eruption at 

Sierra Negra, Galápagos Archipelago. Butcher S., Bell A.F., La Femina P., Gregg 

P.M., Albright J.A., Hernandez S., Ruiz M.

Online presentation

Sudden shallow dyke intrusion at São Jorge Island (Azores) after 60 years of 

repose. D’Araújo, J., Hooper, A., Lazecky, M., Sigmundsson, F., Ferreira, T. 

Online presentation
*

Cohesional behaviours in volcanic and analogue material and the consequent 

implications on deposit architecture. Walding, N., Williams, B., Dowey, N., 

Rowley, P., Parsons, D., Bird, A.

Online presentation

Insights into dynamics and timescales of vesiculation in basaltic magmas via 

synchrotron X-ray radiography. Bonechi B., Polacci M., Arzilli F., La Spina G., 

Hazemann J-L., Burton M., Brooker R., Atwood R., Marussi S. and Lee P.

Online presentation
*

Crusty volcanic bombs from major silicic eruptions, Mt. Changbaishan/Paektu 

(China/DPRK) and Cordon Caulle (Chile). Jingwei Zhang, Hugh Tuffen, Fabian 

Wadsworth, and Bo Pan

Sessions 6 and 7: Magmatic Systems 

*
Determining magma storage conditions at Campi Flegrei (Italy) through 

thermodynamic forward modelling. Amstutz F., Stock M., Smith V., Isaia R.

*
Olivine-hosted Melt Inclusions in Jan Mayen Volcano Magmas. Simon, A.E., 

Jennings E.S. 

*

The long-term evolution of the Iceland plume constrained by He-O isotope and 

trace element composition of Miocene basalts from NW Iceland. Balci U., Stuart 

F.M., Martin-Roberts E., Fitton J.G., Bindeman I.N. 
Magma storage and eruption at Cape Verde. Barker A.K., Rydeblad,E. and Silva, 

S.M.D.M.

*

Geochemical characterisation of a Classic Palaeogene layered intrusion: the 

Carlingford Complex, Ireland. Beckwith J., Stock M.J., Cooper M.R., Holness M.B., 

Andersen J.C.Ø., Huber, C., Chew D.M., and Carter E.J.

Dynamics of Magma Formation, Storage, Differentiation and Transfer in 

Vertically Extensive Systems. Booth C.A., Jackson M.D., Rust A.C. and Sparks R.S.J. 

*

First geochemical and petrological overview of Kozelsky volcano, Kamchatka with 

regards to its unusually high-Mg arc lavas. Brennan E., Savov I., Agostini S., 

Tatiana Churikova, Boris Gordeychik, and Morgan D.
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* A combined, in situ mineral approach to understanding arc magmas: Insights 

from Mt Pinatubo, Philippines. Brown G., Miles A.J. and Stonadge G.

Measuring permeability at high-pressure and high-temperature: a new apparatus 

for geothermal and volcanic applications. Carbillet L., Heap M.J. and Baud P. 
Geochemical evolution of large igneous province volcanism in the Antrim Lava 

Group (North Atlantic Igneous Province), Northern Ireland. Carter, E.J., Stock, 

M.J., Talbot, H., Beresford-Browne, A., Cooper, M.R., Raine, R., Holland, G. and 

Burgess, R.

*
Economic eruptions: modelling the genesis of magnetite-apatite deposits by 

magma unmixing. Tong Chai, Tobias Keller and Ying-Qi Wong 
Magma Deformation in the Dykes of Chachahuén Volcanic Complex, Argentina. 

Chimote M.A., Tuffen H., Unwin H.E., Schmiedel T., Burchardt S.

*
Determining magma storage conditions using plagioclase-saturated liquid 

machine learning models. Cutler K., Cassidy M. and Blundy J. 

* A multi-chronometer approach to understanding the timing of emplacement and 

cooling histories of nested plutons. Day, L.S., Mark, D.F., Barfod, D.N.
Shallow, rather than deep, processes control oxygen isotope diversity on São 

Miguel, Azores. Ellis B.S., Pimentel A., Harris C., Moser Z.S., Cortes-Calderon E.A., 

and Bachmann O. 

* The Temporal Evolution of LIP Magmatism in Northern Ireland. Geifman E., Stock 

M.J., Cooper M., Carter E., Holness M.B., Andersen J.C., Chew D.M., and Huber C.

* Crystal-scale architecture of orbicular rocks. Gordon, C. and Wallis, D.

Plate tectonics formed continental crust 4 billion years ago. Alan R. Hastie, Sally 

Law, Geoffrey D. Bromiley, J. Godfrey Fitton, Simon L. Harley and Duncan D. Muir

*

A data-driven approach to constrain volcanic eruption evolution using 

geochemistry and geophysics. Higgins, O., Stock, M., Pankhurst. M. and D’Auria, 

L.

*
Water-rich versus water-poor: maximising the outgassing metal flux from arc 

volcanoes. Hogg O.R., Edmonds M., Blundy J.

*

Investigating the pre eruptive volatile contents of magmas involved in the 2014 

eruption of Tavurvur (Rabaul Caldera Complex, Papua New Guinea). Höhn M., 

McCormick Kilbride B. and Hartley M.

*
Isotopic heterogeneity in a magma mush reservoir. Horn E.L., Taylor R.N., Gernon 

T.M., Stock M.J. 

*
Deep CO2 systematics at Lesser Antilles Arc Volcanoes. Howe, T., Christopher, T., 

Tuffen, H., Moune, S., Schiavi, F., Phillips, K., Cole, P.D.
Determining the impact of magma water contents on porphyry Cu fertility: 

constraints from hydrous and nominally anhydrous mineral analysis. Wenting 

Huang, Michael J. Stock, Huaying Liang, Xiao-Ping Xia, Zexian Cui

Pre-eruptive magmatic volatiles at Soufriere Hills volcano: comparing the record 

from melt inclusions, amphibole and apatite. Humphreys M.C.S., de Hoog C.-J. 
Olivine-phyric shergottites as probes of Martian mantle structure. Jennings E.S.  

and Coull P. 
Numerical Modelling of Multi-phase Dynamics and Geochemical Evolution of 

Magma Chambers. Keller T. & Wong Y.-Q.

*

Lunar magmatic degassing mechanisms and their relation to the Moon’s unique 

chlorine isotopic signature. Kingham S.E.L., Saper L.M., Bromiley G.D. and Hastie 

A.R.
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Granitoid plutons in Iceland: An analogue for Early-Earth continent formation? 

Sally Law, Alan Hastie, Geoff Bromiley, Craig Storey, Richard White, Thorvaldur 

Thordarson, Lindsay Young
Revisiting plagioclase crystallization from cooling basaltic melts. Lindoo A.,  

Humphreys M.C.S., Brooker, R.A., and Mangler M.F. 

*

Timing and rates of NAIP magmatism and volcanism prior to the Paleocene-

Eocene Thermal Maximum (PETM). Lisica, K., Mark D.F., Barfod D.N., Persano, C. 

& Preece, K.J. 

Insights into the volatile saturation state of porphyry copper deposits using 

apatite. Lormand C., Humphreys M.C.S., Coumans J., Chelle-Michou C., Li W.

*

A Structural Analysis of the Layered Kakortokites within the Ilímaussaq Complex, 

South Greenland. Madoff E., McCarthy W., Hutchison W., Magee C. and 

Humphreys M.
Plagioclase crystallisation experiments close to the liquidus: a cautionary tale. 

Mangler, M.F., Humphreys, M.C.S., Geifman, E., Iveson, A.A., Wadsworth, F.B., 

Brooker, R.A., Lindoo, A., Hammond, K. 
PyMelt: An extensible Python engine for mantle melting. Matthews, S., Wong, K. 

and Gleeson, M.

*

Constrain Middle Triassic feeding systems through the detailed study on 

clinopyroxene population: dynamics and timing of Ladinian magmatism in the 

Dolomites (Southern Alps; Italy). Nardini N., Casetta F., Petrone C.M., Ntaflos T., 

Zanetti A. and Coltorti M.
Plagioclase archives of depleted melts in the oceanic crust: refractory reservoirs 

hiding in plain sight. Neave D.A. and Namur O.

Partitioning behaviour of lithium and its isotopes between magmatic minerals 

and their melts. Neukampf J., Ellis B.S., Magna T., Laurent O. and Marrocchi Y.

*

Pre-eruptive conditions of magmas of the Agnano-Monte Spina eruption: new 

constraints on saturation conditions from melt inclusions hosted in 

clinopyroxene. Pingitore F., Esposito R., Frezzotti M.L.

*
Mineral records of magma storage and crystallization in basaltic systems on the 

Moon. Ravy D.T., Joy K.H., Neave D.A., Bell S.K. and Hartley M.E.

* Formation of crystal-rich lavas at Marki, Cyprus: insight into formation of steep-

sided domes on Venus. Cao R., Saper L.M., Bromiley G.D. and Hastie A.R. 

* Plumbing system dynamics and eruption triggers: insights from clinopyroxene 

zoning patterns in Terceira, Azores. Shepherd, K., Namur, O. and Charlier, B. 
Insights into the Campanian Ignimbrite magmatic system using glass, 

clinopyroxene and apatite compositions. Smith V.C., Humphreys M., Isaia R., De 

Hoog C-J., and Ort M.H. 

*

Evolution of the Mount St. Helens crater since the 2004-2008 lava dome 

emplacement – insights from remote sensing data and geochemical analyses. 

Sobolewski L., Stenner C.

*

Growth of the upper crust in intra-oceanic island arcs by intrusion of basaltic 

magmas: the case of the Koloula Igneous Complex, Guadalcanal, Solomon 

Islands, SW Pacific. Sotiriou P., Haase K.M., Schneider K.P., Grosche A., Noebel K. 

and Chivas A.R. 

*

Clinopyroxene Fe-oxybarometry in magmatic systems – perspectives from 

natural samples and experiments. Stewart, A.G., Hartley, M.E., Jones, R.H., 

McCammon, C.A., Neave, D.A.
New constraints on the P-T-X dependence of basaltic phase equilibria. Stock M.J., 

Holland T.J.B. and Neave D.A.

*
Mapping the magma-mush interface. Subbaraman R., Neave, D., Hartley M., 

Polacci M., and Tartèse R.
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*

Stirring the pot: Recovering arc magma end member compositions after 

recharge, mixing and fractionation, using numerical modelling. Swan S., Keller T., 

Grima A.G., and Neill I. 

*
Experimental liquid lines of descent of mafic, alkaline magmas. Thorn S.Y.M., 

Namur O. and Charlier B. 

* A Deep Learning Approach to Plagioclase Textures. Toth N., Maclennan J.C.

*
Magma sources of the Mull Lava Sequence, British Palaeogene Igneous Province, 

western Scotland. Walker, S.N.A., Cortés, J.A. and Olive, V. 
Melt Thermo-barometry of Arc Magma Sources using Machine Learning. Weber 

G. and Blundy J. 

*
Timescales of magmatic processes before the 1538 CE Monte Nuovo eruption 

(Campi Flegrei): correlating historical chronicles and petrology. Lydia Whittaker, 

Michael Stock, Victoria Smith, Euan Mutch, Penny Wieser and Roberto Isaia

*

The Petrogenesis of the Slaufrudalur Pluton in South-East Iceland and 

Implications for TTG Formation in a Subduction Free Setting. Young L.A., Law S., 

Baldwin S. and Hastie A.R.

*
Volcanic deformation and the long-term evolution of magmatic. Zhu T., Biggs J., 

and Rust A.
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Beyond the Campanian Ignimbrite: The 133 ka eruptive history of Neapolitan 

volcanoes from the Lago Grande di Monticchio high resolution distal tephra 

record 

Azevedo V.1, Wulf S.2 and Tomlinson E.L.1  
 
1Department of Geology, Trinity College Dublin, Ireland azevedov@tcd.ie 
2School of the Environment, Geography and Geosciences, University of Portsmouth, UK  

___________________________________________________________________________ 
 
The Campanian Ignimbrite eruption from the Campi Flegrei, southern Italy, was the most explosive 
eruption in southern Europe during the last 200,000 years [1]. Its impact and volcanic ash (tephra) 
distribution are well studied throughout the region, especially near the source of the eruption. The 
knowledge of the eruptive activity before this eruption came about, however, is still fragmental mainly 
due to the scarcity of preserved deposits in the near-vent area, especially the less evolved and 
explosive eruptions. Here we use the distal, annually laminated sediment record of Lago Grande di 
Monticchio (MON), southern Italy, to chemically characterise tephra from the Campi Flegrei and Ischia 
for the last 133 ka [2]. Major- and trace-element glass compositions of visible tephra layers were used 
to determine compositional-frequency trends in between, immediately before and after caldera-
forming eruptions at the Campi Flegrei. In addition, we find that across the 133 ka volcanic history 
recorded at MON, the magmatic composition of the Campi Flegrei shifted several times between two 
distinct compositional groups, which are very similar to the Campanian Ignimbrite (G1) and Neapolitan 
Yellow Tuff (G2) compositional ranges [3]. A transitional group, sitting between G1 and G2 is also 
recorded, suggesting a continuous or mixing trend between these groups at certain periods. The distal 
tephra record also allows for a comparison of compositional-frequency trends of different volcanic 
sources. We show that similar magmatic compositional groups have been erupted at Ischia since the 
Monte Epomeo Green Tuff at 56 ka. Our results demonstrate the high potential of well-dated and high-
resolution distal tephra records for a more detailed understanding of caldera cycles, long term 
magmatic evolution and regional volcanic linkages. 
 

References: 

[1] De Vivo et al. (2001) Mineral Petrol 73(1): 47-65 

[2] Wulf et al. (2012) Quat Sci Rev 58: 104-123 

[3] Tomlinson et al. (2012) GCA 93: 102-128 
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Insights into the explosive eruption history of Campanian volcanoes prior to 
the Campanian Ignimbrite eruption 
Vineberg, S.1, Roberto Isaia2, Paul Albert3, Victoria Smith1  

 
1 Research Laboratory for Archaeology and the History of Art, University of Oxford, UK. Corresponding author E-
mail address: sophie.vineberg@st-annes.ox.ac.uk 
2 Osservatorio Vesuviano, INGV, Italy. 
3 Department of Geography, Swansea University, UK. 

 

Accurate tephrostratigraphic reconstructions reveal the magnitude, frequency and dispersal of past 
eruptions and can also provide insight into how magmatic systems change over time. The Campanian 
Volcanic Zone (CVZ) comprises of multiple active volcanoes and includes the Campi Flegrei and Ischia 
calderas. These caldera volcanoes have produced some of the largest eruptions in the past 200 ka, 
such as the Monte Epomeo Green Tuff (MEGT; Ischia) at ca. 56 ka and the Campanian Ignimbrite (CI; 
Campi Flegrei) at ca. 40 ka and these deposits form widespread isochrons traced across the 
Mediterranean region. These closely spaced volcanic centres produce glass compositions that are 
often similar, and it can be challenging to correlate the deposits to specific volcanic sources.  
 
Here we present a detailed tephrostratigraphy for Pre-CI eruption activity using the units preserved 
within a sequence at Acquamorta. The Acquamorta outcrop is located on the west side of the CI caldera 
ring fault and is a wide exposure along a sea cliff. Previous researchers noted the preservation of 
numerous pyroclastic units beneath the CI, likely deriving from multiple CVP sources. Both the 
distinctive, and well-dated, MEGT and CI units are recognised in the section and various eruption units 
were logged and sampled between these two marker beds. 
 
We have acquired new major and trace glass chemistry data to characterise these units between 40 
and 56 ka at Acquamorta. The detailed compositional data allow tephra from Campi Flegrei and Ischia 
to be identified and distinguished. Three Ischia and nine Campi Flegrei eruption deposits were 
identified, highlighting the intense volcanic activity of these centres between the large caldera-forming 
eruptions. The three Ischia layers between the MEGT and the CI are indistinguishable on both major 
and trace element data and cannot be correlated with known eruptions. The compositional variations 
between the Campi Flegrei eruptions reveal temporal changes in the magmatic system prior to the CI 
eruption. Ultimately, this study demonstrates the high frequency of volcanism in the lead up to the CI 
with numerous eruptions from both Campi Flegrei and Ischia within thousands of years of the 
enormous caldera generating eruptions. 
 
 
 

  

mailto:sophie.vineberg@st-annes.ox.ac.uk


RETURN TO PROGRAMME  
Session 1: Life Cycle of Volcanoes Oral Presentations 

 

Volcanic and Magmatic Studies Group 2023 Meeting – Programme and Abstracts  

19 

Volcanic debris avalanche propagation dynamics and the importance of 
lithological properties: evidence from sedimentological analysis 
Makris, S.1, Matteo Roverato2, Alejandro Lomoschitz3, Pablo Dávila Harris4, Paul Cole1, and 
Irene Manzella1, 5 
 
1 School of Geography, Earth and Environmental Science, University of Plymouth, Plymouth, UK – 

makris.symeon@gmail.com 
2 Department of Earth Sciences, University of Geneva, Geneva, Switzerland  
3 Instituto de Oceanografía y Cambio Global, Universidad de Las Palmas de Gran Canaria, Las Palmas de Gran 

Canaria, Spain  
4 División de Geociencias Aplicadas, IPICYT, San Luis Potosí, Mexico 
5 Department of Applied Earth Sciences, Faculty of Geo-Information Science and Earth Observation, University 

of Twente, Enschede, The Netherlands 

___________________________________________________________________________ 
 
Volcanic debris avalanches (VDAs) result from catastrophic edifice flank collapses. Their long runouts 
and destructive potential pose a great hazard, while on ocean island volcanoes they also have the 
potential to generate catastrophic tsunamis. However, the mechanisms enabling their extreme 
mobility remain poorly constrained due to the difficulty of theoretical models to interpret and 
represent field observations. 
 
Detailed study of VDA deposits can provide information regarding their propagation processes. In this 
study, two VDA deposits in the Canary Islands are examined: Tenteniguada (Gran Canaria), and Abona 
(Tenerife). Fieldwork examined their facies distribution and sedimentology. 3D models of outcrops and 
sample windows were generated using structure-from-motion photogrammetry to quantify 
sedimentological properties. The data allow for assessment of the effects of material properties, 
substrate, and VDA dynamics, allowing the development of conceptual models for the transport and 
emplacement mechanisms of the events.  

Tenteniguada is principally composed of competent lava lithologies. Disaggregation is low, with 
widespread preservation of the original stratigraphy, although displaced by brittle deformation. The 
deposit is the result of propagation by normal fault-accommodated spreading. In contrast, the majority 
of the Abona deposit is composed of weak pyroclastic products. It exhibits high disaggregation and 
microfracturing, which generated a granular flow and enabled fluidised spreading with distributed 
shear. The Abona deposit supports the theory that VDAs can behave as granular flows with interacting 
particles exchanging and dissipating energy. The presence of weak volcanic material, like vesicular 
scoria, constitutes the mass more easily fragmented, enhancing its disaggregation and enabling a more 
granular flow-like behaviours compared to VDA and non-volcanic rock avalanches composed of more 
competent material. 
 
These findings suggest that the propagation processes and stress distribution was different in the two 
events. This is principally related to the difference in material properties. The findings demonstrate 
how field examination of sedimentological, morphological, and structural features is fundamental in 
understanding VDA dynamics. 
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There she blows! Unravelling the eruptive history of Aso volcano (Japan) 
using distal ash deposits 
McLean D.1, Albert P.G.2, Jones, G.2, Vineberg, S.1, Buckland, H.2, Staff, R.A.3, Suzuki, T.4, 
Kimura, J-I5, Chang, Q.5, Manning C. J.6, SG14 Project Members, Nakagawa, T8. and Smith 
V.C1  
 
1School of Archaeology, University of Oxford, UK 
2Department of Geography, Swansea University, Swansea, UK  
3Scottish Universities Environmental Research Centre, University of Glasgow, East Kilbride, UK 
4Department of Geography, Tokyo Metropolitan University, Tokyo, Japan 
5Department of Solid Earth Geochemistry, Japan Agency for Marine-Earth Science and Technology, Yokosuka, 
Japan 
6Department of Earth Science, Royal Holloway University of London, Egham, UK 
4Research Centre for Palaeoclimatology, Ritsumeikan University, Shiga, Japan 

___________________________________________________________________________ 
 
Aso (southwestern Japan) is one of the largest active volcanoes in the world, with a caldera that was 

formed and modified by a series of at least four catastrophic VEI 6 – 7 eruptions between ca. 270 to 

87 ka. These caldera-forming events produced widespread ash deposits blanketing Japan and the 

surrounding seas, with the final Aso-4 event generating pyroclastic density currents that can be 

mapped over 160 km from source. Between these cycles, and to the current day, Aso is known to have 

remained very active [1], but the frequency and dispersal of these events are poorly constrained. This 

is unsurprising since the proximal exposures are limited and the numerous cataclysmic events have 

destroyed and buried older deposits. Here, we highlight the critical role that distal records play in 

evaluating the eruptive history and hazard potential of Aso caldera. We review the known distal 

occurrences of tephra deposits erupted from Aso, integrating new data from lake and marine 

sedimentary records across the East Asian/Pacific region. This detailed tephrostratigraphic framework 

highlights inconsistencies in tephra correlations and suggests large magnitude events were more 

frequent and widely-dispersed than previously anticipated. To further supplement this record, we use 

high-resolution sedimentary cores to identify non-visible ash (cryptotephra) deposits erupted from 

Aso, which provide new insight into the timing and dispersal of both pre- and post- caldera-forming 

events. The precisely dated Lake Suigetsu sediment core (central Japan) provides the most 

comprehensive distal eruption record for Aso, despite being over 530 km NE from the vent. The 

Suigetsu record is utilised to date and geochemically fingerprint (using major, minor and trace element 

glass compositions) thirteen ash fall events from Aso that reached the now densely populated regions 

of central Honshu [2]. This work serves as a critical reminder that even in volcanic regions that are 

intensely studied, numerous large Quaternary explosive events remain poorly understood and many 

are undocumented. Unravelling the past eruptive history, repose intervals and magmatic 

characteristics is essential for calderas like Aso which pose a significant threat for populated regions.  
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___________________________________________________________________________ 
 
The Danakil depression in the Afar region of Ethiopia is a proto-oceanic rift, marking the change from 
subaerial continental rifting to seafloor spreading further north in the Red Sea. Extension and 
volcanism in this incipient spreading centre is localised to the ~70-km-long, 20-km-wide active Erta Ale 
volcanic segment (EAVS), with multiple volcanic centres comprising fissures, shield volcanoes and 
stratovolcanoes. This study uses three volcanoes within the EAVS (Alu, Dalafilla and Borale) to better 
understand how the characteristics of volcanism change during progressive rifting.  
 
We present our combined results from mapping (using remote sensing), major element, trace element 
and isotopic analysis of the three volcanoes. We show the new high-resolution map and chronology 
illustrating how volcanism can be split up into 4 main stages of activity, each with their own 
compositional and morphological characteristics. Trace element ratios Ce/Pb and ΔNb are both 
elevated (33-44, 0.25-0.38 respectively) throughout all four stages indicating the consistent presence 
of a HIMU component, potentially supplied by the Afar plume, which is supported by Pb-Nd-Sr isotopic 
values.  
 
Melting conditions (estimated through [Sm/Yb]PM, [Dy/Yb]PM and [Ce/Sm]PM) were relatively stable 
over the duration of activity with a melt fraction of ~0.8% and primarily derived from spinel lherzolite 
(~90 %) with minor garnet lherzolite (~10 %). However, one stage within the EAVS evolution 
experienced a slightly higher degree of melting (~1 %) derived primarily from the spinel lherzolite 
facies. These variations in melting conditions shows that the EAVS has experienced periods of both 
shallow and deeper melting during its evolution. Overall whilst the Afar plume appears to be the 
dominant mantle component in the volcanic rocks, the melt characteristics and storage beneath the 
EAVS shows variability controlled by both rifting and subvolcanic processes. 
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___________________________________________________________________________ 

Nabro Volcano, Eritrea, erupted for the first time in recorded history on 12th June 2011. The eruption 

was notable for being the largest emitter of SO2 since the 1991 eruption of Mt. Pinatubo and a rare 

example of eruption in this part of East Africa, causing widespread disruption to the local population 

[1]. 

To understand this eruption in more detail, an array of broadband seismometers were deployed at the 

volcano for 14 months between August 2011 and October 2012. The data gathered give us the 

opportunity to observe how the volcano responds in the aftermath of such a significant event. In this 

study, we exploit the properties of the ambient seismic field to monitor temporal changes in seismic 

velocity as the volcano recovers post-eruption. We cross-correlate the vertical component of daily 

ambient noise recordings on each array station for a period of one year between October 2011 to 

October 2012 to estimate the empirical Greens Function. We perform coda-wave interferometry using 

the Moving Window Cross-Spectrum method to identify relative travel-time changes. 

We observe a general trend of increasing seismic velocity, consistent with structure cooling following 

the 2011 eruption. A sudden and pronounced decrease in mean relative velocity of 0.4 percentage 

points is seen on July 1 2012. We compare the time series of relative velocity with a recent catalogue 

of 33,950 seismic events from the same network derived from machine learning [2]. 

We note that the velocity decrease on 1 July 2012 is coincident with a noteable swarm of 395 seismic 

events on the same day, the highest daily rate observed in the catalogue. The earthquake sequence 

begins with the largest magnitude (Mw 4.4) event seen. The velocity reduction is strongest in station 

pairs located closest to the cluster of seismic events at this time, suggesting the earthquake sequence 

and velocity reduction are linked. We suggest this is indicative of a change in structure, possibly 

through sill intrusion or fluid movement along a fault, in this location. 
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___________________________________________________________________________ 

 
Volcanic deposits record clues about physical processes that prime, drive, and ultimately halt 
eruptions, but they typically lack the absolute temporal control needed to link observations to precise 
physical reconstructions. With the benefit of high temporal resolution (near daily) sampling, here we 
report lava compositional trends reveal the physical processes that initiated, sustained, and ultimately 
stopped the 2021 Tajogaite eruption (Cumbre Vieja, La Palma, Canary Islands).  

Volcanic eruption style is controlled by magma composition and plumbing system dynamics 
[1] and magmatic sources, processes and timescales are recorded by melts and crystal cargoes [2]. 
Thus, volcanic deposits archive magmatic system evolution as well as eruption behavior [3]. Petrology 
can read such records and access entire volcanic histories that underpin the construction of hazard 
profiles. By contrast, geophysical and gas-geochemical techniques cannot, yet these are the disciplines 
that currently form the mainstay of live volcanic system monitoring because they provide continuous 
data that in turn allows hazard evaluation in real-time. The ability to forecast specific eruption 
behavior, however, requires comparison between empirical records of past eruptions and live 
monitoring. Hence, integration of knowledge across traditional borders within volcanology is required. 
This new level of interdependent understanding must be based initially upon independent 
reconstructions of the same eruptions, for which few examples exist [4–8]. 

We identify three principal temporal stages in the Tajogaite eruption marked by transitions in 
co-varying element and elemental ratio trends which are tied to mineralogical controls confirmed by 
petrological analysis. The trends reveal shallow magma was over-pressured and opened a conduit to 
the surface - Stage 1. After one week, the eruption began to tap progressively deeper, more primitive 
magmatic system regions with evacuation continuing for 2 months – Stage 2. Crystal mush compaction 
during late-stage magma system collapse – Stage 3 - heralded the end of the eruption 2 weeks later. 
Remarkable synchronicity is observed between the lava composition and crystal cargo, and earthquake 
depth and frequency through time. Reconstructing magma plumbing system dynamics using petrology 
advances volcanic system modeling with integration of all monitoring data will support syn-eruptive 
crisis management and policy development. 
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419: e107365; [5] Corsaro RA et al. (2022) Front. Ear. Sci. 10, 1-10; [6] Gansecki C et al. (2019) Science 366: 

e6470; [7] Pankhurst MJ et al. (2018) Earth Planet. Sci. Lett. 493: 231-241; [8] Wieser PE et al. (2022) Geochem. 
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Seismic data are a valuable proxy for understanding volcanic hazards and unrest, forecasting volcanic 
eruptions, and monitoring edifice stability. Here, we report new data linking 3D microstructural 
features of the damage zones in volcanic rocks to a range of seismic attributes. We focus on two types 
of seismic response. Firstly, Volcano-Tectonic (VT) events, which are driven primarily by brittle 
fracture. Secondly, Long-Period (LP) harmonic tremor events, which are associated with rapid fluid 
flow [1 - 6]. The proportional prevalence and variation of these two signal types have been shown to 
indicate the presence of pore fluids in the system [1; 2; 5; 6]. 
 
Seismic signals have been generated under constrained triaxial deformation experiments, producing 
Acoustic Emissions (AE). Here, cylindrical samples of Etna Basalt (EB), comprising a central pre-drilled 
conduit, were subjected to brittle failure through triaxial deformation. After failure, pore fluids were 
vented across a range of pore pressures to generate LP events. Pre-existing AE data from a series of 22 
such experiments conducted by Fazio [4] have been selected for X-Ray Computed Tomography (XCT). 
This method reveals the 3D fracture damage zone within each sample of EB, which, when 
superimposed onto the source locations of the AE signals, reveals the interaction between the fracture 
damage zone and the evolution of the AE signals at resolutions beyond that obtained using AE locations 
alone. Early results suggest that LP signals are co-located with areas of high shear damage, particularly 
at the intersection of the conduit and fracture plane. Additional detail will be supported by follow-up 
thin sections and SEM data to better understand the extent of the damage subjected to the 
microstructure of each sample. Although the pre-existing dataset has been limited to XCT scans of the 
early post-deformation samples, both pre- and post-deformation scans will be conducted for a new 
(future) sample set using an updated AE sensor array. 
 
Finally, XCT and AE data will be used jointly as input to a future attenuation/scattering model to better 
interpret crack resonance in volcanoes and the wider area, such as volcanic caldera systems [3]. This 
will include comparison between X-Ray CT, and seismic source modelling output [2; 5; 6]. This will 
provide further insight into laboratory-scale AE signals and how to scale these data to help better 
understand the physics of macro-scale volcanic earthquakes. Ultimately, we hope to compare real, 
laboratory fracture patterns of volcanic material and AE response to the field seismic sequences 
observed on active volcanoes. Thus, an opportunity to infer deep structure, such as volcanic plumbing 
systems and deep fluid-rock processes, will be made possible via computational modelling. 
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The 2021 eruption of La Soufrière volcano on St Vincent in the Eastern Caribbean emitted large plumes 
of ash and gas into the atmosphere. These have been studied with two satellite instruments: the 
Infrared Atmospheric Sounding Interferometer (IASI) onboard the three MetOp satellites, and the 
Advanced Baseline Imager (ABI) on the Geostationary Operational Environmental Satellite (GOES). 
Using the 1-10 minute temporal resolution of the ABI instrument, it was possible to identify the 
approximate start and end times of a sequence of eruptions. A minimum of 32 explosive events were 
identified in a thirteen-day period. Using the ABI data, it was possible to characterise these events into 
four phases: (1) an initial explosive eruption; (2) a sustained explosive eruption lasting over nine hours; 
(3) a pulsatory phase with 23 explosive events in a 54-hour period; (4) a waning stage where the height 
of ash plume is shown to fall. Over the final two phases, the duration of each event and the repose 
time between events increase towards the end of the 2021 eruption.  
 
The IASI instrument has sensitivity to sulphur dioxide (SO2) emissions from volcanoes. Two retrievals 
for the IASI instrument were applied in this study, firstly to identify the pixels which contain SO2 and 
then to quantify the amount of SO2 and the plume height. Using these retrievals, it is possible to track 
the SO2 plumes as they evolve and are transported around the globe. The retrieval results show a 
complex plume structure that is likely a result of the multiple explosive events. The retrieval outputs 
show that there were multiple layers to the plume but that the bulk of the SO2 was emitted to the 
upper troposphere and lower stratosphere. Using the IASI SO2 retrieval, it is estimated that a total of 
0.57±0.44 Tg was emitted during the multi-day eruption. Although given limitations associated with 
the instrument and technique used (e.g., presence of ash, limited sensitivity to lower level emissions) 
this should be considered a minimum estimate.  
 
The study highlights a number of similarities between the 1979 and 2021 eruptions of La Soufrière. For 

example, both eruptions consisted of a series of explosive eruptions and both emitted plumes at 

varying heights, including some emission into the stratosphere. This highlights the importance of 

studying these events in order to be better prepared for future eruptions.  

  



RETURN TO PROGRAMME  
Session 2: Integrated monitoring and forecasting of eruptions       Oral Presentations 

 

Volcanic and Magmatic Studies Group 2023 Meeting – Programme and Abstracts  

26 

Relationships between eruption style and TROPOMI/PlumeTraj observed SO2 

emissions during the 2021 eruption of Fagradalsfjall, Iceland 
Esse, B.1, Burton M.1, Hayer C.2, Barsotti S.3, Pfeffer M.3, Theys N.4, Barnie T.3 and Titos M.3 
 
1Department of Earth and Environmental Sciences, The University of Manchester, Manchester, UK 
2HAMTEC for EUMETSAT, Darmstadt, Germany 
3Icelandic Meteorological Office, IS-150 Reykjavík, Iceland 
4Royal Belgian Institute for Space Aeronomy (BIRA-IASB), Brussels, Belgium 
 
Fagradalsfjall volcano, Iceland, underwent an effusive eruption between March – September 2021, 

producing over 100 million m3 of lava and significant SO2 emissions [1]. The eruption progressed 

through several distinct phases in eruptive style, with different surface activity and gas emission 

behaviour for each. Fagradalsfjall is situated on the Reykjanes Peninsula, home to 70% of Iceland’s 

population (including the capital city Reykjavík), the Svartsengi and Reykjanes geothermal power 

plants and Keflavík international airport [2]. This means that eruptions on the peninsula have the 

potential to cause huge disruption to the local infrastructure, so timely and accurate monitoring of 

eruptions is key. 

Monitoring volcanic gas emissions is a key part of eruption response as they reflect the state 

of the magmatic system, allowing volcanic processes to be better understood and aiding in forecasting 

future changes in volcanic activity [3]. Volcanic emissions can also be dangerous to human health due 

to the degradation of local or regional air quality [4], however modelling the dispersal of volcanic gases 

requires estimates of the plume injection altitude and emission rate, which are difficult to determine 

in near real-time. 

Historically, it has been less common to use satellite sensors to monitor gas emissions from 

smaller effusive eruptions as the (typically) low altitude, low gas concentration, and small extent of the 

plumes makes such measurements difficult [5]. However, recent advances in satellite instrumentation 

and analysis routines are opening the door to global monitoring of weaker effusive gas emissions [6]. 

Satellites also provide continuous daily (or better) measurements, making them useful for monitoring 

ongoing activity and capturing any changes in activity to support ground-based monitoring 

observations. 

We will present observations of the volcanic SO2 emissions throughout the eruption of 

Fagradalsfjall, calculated by combining satellite SO2 imagery from TROPOMI [6] with the PlumeTraj 

back-trajectory analysis toolkit [7] to provide daily estimates of the time- and altitude-resolved SO2 

emission history. We will compare the results with ground-based measurements of the emission rate 

and plume altitude, as well as the lava emission rate and geochemistry throughout the eruption and 

discuss the relationship of the observed SO2 emissions to the surface activity at the volcano. Finally, 

we will provide an outlook for future near real-time monitoring of volcanic gas emissions from satellite 

platforms globally. 
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Satellites systematically acquire imagery that can be used for volcano monitoring, characterising 
magmatic systems and potentially forecasting eruptions on a global scale. However, exploiting the 
large dataset is limited by the need for manual processing and inspection, meaning timely 
dissemination of information is challenging. Here we show the results of the first large-scale 
demonstration of machine learning for the detection of volcanic deformation in Sentinel-1 satellite 
imagery, using a dataset of ~600,000 automatically processed interferograms covering >1000 
volcanoes from 2015-2020 [1]. Of the 16 volcanoes flagged most often, 5 experienced eruptions, 6 
showed slow deformation, 2 had non-volcanic deformation and 3 had atmospheric artefacts. The 
detection threshold for the whole dataset is 5.9 cm, equivalent to a rate of 1.2 cm/yr over the 5 year 
study period. We then focus on a more detailed regional analysis of the East African Rift where 
deformation has been detected at 14 volcanoes during the Sentinel-1 era [2]. The expanding dataset 
of systematically acquired, processed and flagged images will enable the quantitative analysis of 
volcanic monitoring signals on an unprecedented scale, but tailored processing will be needed for 
routine monitoring applications. 
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The 1783 Laki eruption in Iceland is one of the largest eruptions of the Common Era and is estimated 

to have injected 100-200 MT of sulfate into the atmosphere as well as 15 km3 of tephra. Various climate 

anomalies coincide with this eruption, including and an exceptionally hot summer, and cold winter in 

Europe and various reports of persistent "dry fog” over Western Europe and even North Africa. 

However, key uncertainties remain about the timing and duration of this event and whether these 

northern hemisphere climate impacts were directly linked to Laki. 

To better understand the timing and climatic impact of Laki we analysed an exceptionally high time 

resolution record of a key Greenland ice core (NGRIP, which gives us ~10 samples/year). Here we 

present new glaciochemical and sulfur isotope records for this event. These analyses can provide 

detailed information about the eruption timing, injection height and plume chemistry.  

The Laki event is marked by increased S, Cl and volatile metals (e.g., Cd, Bi, Tl) with concentrations 8-

10 times above background. Variations in these parameters between ice cores are observed and reflect 

variations in location, accumulation rate and the initial timing of deposition. Records of S, Cl, Na 

concentration allow us to constrain the duration of the event in ice core to ~ 8-12 months, with the 

beginning of deposition closely coinciding onset of the eruption. However, the duration of deposition 

is longer than the duration of the eruption (80 % of total sulfate release after only 2 months), this 

difference can be explained by a difference of residence time between a tropospheric and low 

stratospheric sulfur emissions. Sulfur isotopic results for δ34S shows a positive trend from -6 ‰ to 4 ‰ 

through the eruption Δ33S shows a similar positive trend with values from -0.13‰ to 0.16 ‰ indicating 

a dominant tropospheric/lower stratosphere transport pathway. We interpret this small but 

measurable Δ33S trend as evidence for a SO2 self-shielding effect and/or a very minor stratospheric S 

emission. 

'The high resolution glaciochemical records confirm that the Laki plume had a relatively short residence 

time of 8 months to 1 year (far shorter than low latitude stratospheric eruptions, e.g. Tambora, 

Pinatubo). In addition, sulphur isotope analyses confirmed that the Laki eruption was mainly 

tropospheric with a small portion of the plume reaching the low stratosphere. Our ice core proxy 

evidence suggests a limited north hemisphere climate impact consistent with recent modelling efforts 

that also suggest Laki eruption would have had little or no direct impact on the climate of the year 

1783-1784.  
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On 15th Jan 2022 the mostly-submerged Hunga Tonga-Hunga Ha’Apai (HT-HH) volcano erupted, 

representing the largest eruption on our planet in more than a hundred years. This unexpectedly 

powerful eruption came with little warning for the Kingdom of Tonga and created atmospheric 

pressure waves that travelled three times around the world, tsunamis that reached South America, 

and resulted in extensive damage to the only subsea telecommunication cable that connected the 

Kingdom of Tonga to the rest of the world at a critical time for disaster response. Here we present 

unique and high-resolution survey data acquired prior to (in 2015) and three months after the eruption 

that document the seafloor impact of this major eruption and explain the extensive damage that 

affected both international and domestic cables. We show how powerful pyroclastic flows plunged 

into the ocean during the main eruption, scouring deep channels close to the volcano, blanketing the 

seafloor with deposits up to tens of metres thick at a distance of 10s-100 km from the volcano, and 

causing widespread damage to the surface-laid cables. The timing of cable breaks provide the first 

constraint to the velocities of submarine pyroclastic flows anywhere on Earth. We infer that these 

flows travelled at remarkable speeds: up to 100 km/hour close to the volcano; decelerating to 40 

km/hour at a distance of 40 km away. Hunga Tunga-Hunga Ha’apai is far from unique, however, and 

there are numerous similar volcanoes both in the Tofua Arc and globally. Most are poorly surveyed 

and unmonitored; hence the risk they pose both to island communities and subsea cables remains 

unclear. Finally, we highlight other instances of seafloor cable damage attributed to volcanic activity 

worldwide, and ongoing research that aims to better understand the controls, frequency, magnitude 

of submerged volcanic eruptions and the risk they pose to subsea cables.  
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___________________________________________________________________________ 

 
The Los Chocoyos supereruption (LCY) of Atitlán Caldera in Guatemala is one of the largest volcanic 

events of the last 100,000 years. Recent radiometric age estimates for LCY of 75 ± 2 ka (1σ) [1] are 

within age uncertainty of the Younger Toba Tuff eruption (YTT) (73.7 ± 0.3 ka (1σ) [2]), leading to a 

hypothesised ‘doublet-supereruption’ at the onset of Greenland Stadial 20 [3,4] (GS-20; 74.1 ka [5]). 

This theory has implications for what we perceive the role of supereruptions to be in millennial-scale 

climate shifts, and it is therefore key we understand their eruptive parameters to anticipate climate 

response. 

 

Identification and geochemical analysis of tephra shards associated with volcanic aerosol peaks in 

polar ice cores can robustly tie the deposit to an eruptive source, allowing estimation of 

stratospheric sulfur loading, and providing an independent, well resolved eruption age estimate. We 

applied this method to a large aerosol peak found in both Greenland and Antarctic ice at 79.5 ± 1.7 

ka (1σ) (AICC12; Antarctic Ice Core Chronology 2012). We found 6 tephra shards which are consistent 

with LCY major oxide geochemistry, 4 in Greenland and 2 in Antarctica. The high temporal resolution 

of our analysis in Greenland has revealed two distinct deposits of shards with LCY signatures, 

separated by an interval of ca. 16 years. This suggests LCY may have consisted of multiple eruptive 

pulses with minor variation in geochemistry that are consistent with observations in proximal 

deposits. 

 

Our ice core age for LCY of 79.5 ka rules out back-to-back supereruptions at the transition to GS-20. 

Although ice core calculated total sulfur loading for LCY is consistent with decadal scale cooling, 

hypothesised episodic behaviour spanning several years may have been significant in limiting the 

scale of climate response observed following the eruption.  
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___________________________________________________________________________ 
 
Volcanic eruptions can damage or destroy surrounding forest, with the potential to alter its 
characteristics in the long term. The impact of eruptions on forest has not been systematically studied 
with satellite data, although individual studies have demonstrated that explosive eruptions in 
particular produce an impact measureable from satellites. The impact of an eruption and the rate of 
forest recovery both depend on eruption characteristics, such as temperature, volume and spatial 
distribution of ejected material, as well as the ecological setting. Here, we explore the use of radar and 
optical satellite data, primarily Sentinel-1 and Sentinel-2, to study the forest impact and recovery 
following two volcanic eruptions: the 2015 eruption of Calbuco volcano and the 2008 eruption of 
Chaiten volcano. 
 
The nature of damage to vegetation caused by a volcanic eruption depends on the eruption style, 
magnitude and duration. Large explosive eruptions cause intense damage in the near-field through 
mechanisms including pyroclastic density currents and lahars, while more extensive but less 
destructive impacts are caused by distal tephra fall deposits. The most recent eruptions of Calbuco and 
Chaiten provide examples of such processes. The 2015 eruption of Calbuco started on the 22nd of April 
and consisted of three explosive episodes between the 22nd and 23rd of April producing large buoyant 
ash plumes, pyroclastic flows and lahars. These damaged the temperate broadleaf forests around 
Calbuco up to 15 km away from the eruption centre. We use Sentinel-1, Sentinel-2 and Landsat 8 
imagery that spans the eruption onset and recovery period to identify the satellite signature of forest 
damage and how this signature changes with time. The 2008 eruption of Chaiten began in May and 
continued for the next three years, producing pyroclastic flows, lahars and an ash plume. In particular, 
the tephra fall damaged the surrounding temperate broadleaf forest. We use this case study primarily 
to study the recovery of the surrounding forest. 
 
We use these two eruptions to assess the suitability of time series derived from optical and radar 
imagery for tracking initial impacts on vegetation and rates and patterns of forest recovery. We expect 
the explosive eruptions caused a measurable signal in both the optical and radar data. A drop in the 
normalised difference vegetation index (NDVI) value is detected in both the Landsat 8 and Sentinel-2 
imagery, which correlates with areas of both flow deposits and ash fall. In the NDVI some areas show 
steady recovery, although the most damaged areas have not yet returned to pre-eruption values. In 
the Sentinel-1 backscatter data, which is not restricted by cloud coverage, there is an initial increase 
in the backscatter following the eruption, and areas of flow deposits are clearly identifiable and yet to 
return to pre-eruption values. We will develop approaches to tracking the impact of volcanic eruptions 
on forests with remote sensing data that can be applied globally using freely available data, in different 
ecosystems and for different styles of eruption. Our eventual aim is to develop a toolkit for identifying 
the footprint of past volcanic eruptions on forested environments.  
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___________________________________________________________________________ 
 
Explosive volcanic eruptions are one of the most important natural drivers of climate variability. In 
current climate modelling studies (i.e. Scenario Model Intercomparison Project, ScenarioMIP), volcanic 
eruptions are represented by a constant volcanic forcing inferred from the mean forcing exerted by 
volcanic eruptions over the period 1850 to 2014. This approach does not account for the sporadic and 
thus time-variable nature of volcanic forcing. Ice-core measurements of volcanic sulfate deposition 
throughout the Holocene suggests that the total volcanic sulfur flux can vary by a factor of 25 between 
centuries. To understand how uncertainty in volcanic forcing affects climate variability up to the year 
2100, we generate stochastic future volcanic eruption scenarios by resampling state-of-the-art ice-
core, satellite, and geological records of volcanic activity in the Holocene. We then perform simulations 
for the period 2015 to 2100 using the future eruption scenarios in combination with a new plume-
aerosol-chemistry-climate modelling framework (“UKESM-VPLUME”) that integrates a 1-Dimensional 
eruptive plume model (Plumeria) into a fully-coupled Earth System Model (UKESM). Using this 
framework, we find that CMIP6-based climate projections underestimate volcanic forcing by a factor 
of two in a median future eruption scenario. This in turn leads to underestimation of the climate 
response as a whole including global radiative forcing, surface temperature, ocean circulation, sea 
level, and sea ice extent. We find that small-magnitude eruptions (emitting < 3 Tg of SO2), contribute 
between about 30% and 50% of the volcanic effects on climate in a median future eruption scenario. 
Our results highlight the importance of improving the current representation of volcanic forcing in 
climate projections. 
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___________________________________________________________________________ 
 
I will present a brief summary of methods used in volcanology to quantify volcanic risk, including my 
work based on probabilistic pyroclastic flow hazard assessment and use of expert elicitations. Much of 
the discussion within our community on how to advance volcanic risk assessment now lies in how to 
most appropriately account for the complex ways in which vulnerability is manifest, physically, socially, 
systemically etc and how and to what extent it can be measured and incorporated in risk assessments. 
 
Another, and perhaps far larger issue to contend with is how our conventional approaches within 
volcanology tally with understanding the lived experience of risk. The remainder of talk will therefore 
focus on presenting findings from an interdisciplinary GCRF project in Guatemala. In this project we 
work with marginalised Ladino communities that live on the flanks of Fuego volcano as well as with 
Indigenous Tz’utujil Maya communities of Chuk Muk, Santiago Atitlán and Panabaj on the flanks of 
Tolimán volcano in the area of Atitlán caldera. 
 
We have facilitated interdisciplinary conversations on past and present volcanic and landslide activity 
that has lead to new understanding of how these communities understand their landscape. This is 
evidenced through the kinds of questions community members ask and that they seek to understand 
from others in their own community as well as beyond, as well as the knowledge they communicate. 
Conversations were centered on relational ontologies between the volcanic landscape and present 
(and recent past) communities around it, and related to the origin of geological features, of volcanic 
landforms and sounds; spiritual practices connected to specific locations and types of spaces within 
the volcanic landforms; and the “personhood” of the volcano. 
 
The lessons that we as geoscientists can learn from better understanding local knowledges and ways 
of being and experiencing these volcanically hazardous landscapes from within them, can deepen our 
own understanding as well as radically alter the approaches that we might assume for hazard 
management and risk mitigation. 
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___________________________________________________________________________ 
 
During volcanic crisis, risk mitigation is most effective when institutions and local people respond 

quickly. Volcán de Fuego (Guatemala) is an active volcano that frequently provokes eruptive crises [1]. 

In this presentation, we explore whether current disaster risk reduction (DRR) policy gives people in 

communities close to Fuego enough time to evacuate from an eruption. We explore this question by 

comparing timescales of volcanic activity and human response for several recent explosive paroxysmal 

eruptions (“paroxysms”). We use multiple geophysical datasets for individual paroxysms within 

Fuego’s accelerating eruptive cycle (2015 –2018) [2] to constrain timescales of eruptive evolution. In 

parallel, we determine timescales of human response through qualitative interviews with institutional 

and local actors. We then compare eruption and response timescales to explore uncertainties within 

each, and shortfalls in response. We present evidence that eruption and response timescales are of 

similar length at Fuego. However, we also find that timescales of response lag those of eruptive 

evolution due to long periods in which warning messages are disseminated and the decision of 

whether to evacuate is made. We assess our findings with reference to current literature on 

stakeholder mental models of risk. We consider how mental models of risk might allow open discussion 

of a community’s needs during eruptive crisis and determine how actors with different mental models 

could work together to evacuate in time before a future eruptive crisis. 
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___________________________________________________________________________ 
 

La Palma, Canary Islands, is one of the most volcanically active islands of the archipelago, with three 

eruptions occurring within living memory [1]. In September 2021, La Palma gripped the world’s 

media as a fissure eruption began on the 19th of September, after fifty years of quiescence [2]. The 

eruption quickly became the most destructive in La Palma’s history; with over 2,000 buildings 

destroyed by lava flows, the level of destruction was unprecedented and left deep psychological 

scars for those who lived through it. The last eruption to occur in La Palma was the 1971 eruption of 

Teneguía, a strombolian eruption that occurred near the sparsely populated town of Fuencaliente 

[3]. The Teneguía eruption caused minimal damage and was thus fondly remembered for the natural 

show of a lifetime it gave locals and tourists who flocked from across the globe to view the spectacle 

[3]. This dissertation aimed to draw upon previous work on memorialisation within both disaster risk 

reduction research (e.g., [4] & [5]) and cultural geography, in order to apply the lens of memory and 

identity studies to the 2021 Cumbre Vieja eruption. By conducting interviews with civilians and elites, 

combined with discourse analysis of newspaper articles, this dissertation found a substantial 

relationship between memories of Teneguía, the Palmero identity, and the response to the 2021 

eruption. A year after the eruption, further research seeks to understand how the 2021 Tajogaite 

eruption is being memorialised and the ramifications for hazard management in the Canary Islands. 

Similarly, ongoing research aims to identify the wider importance of understanding how island 

identities and rich volcanic histories affect community response and resilience to volcanic hazards, 

and how, by adopting a feminist lens [6], we can incorporate memory into our understanding of 

volcanic risk perception.  
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___________________________________________________________________________ 
Tristan da Cunha is a remote active ocean island volcano in the South Atlantic. Standing at 2060m high 
with steep upper slopes (~30˚), we are relieved there has not been a summit eruption for around 5000 
years [1], with the last eruption in 1961 occurring near the coast. Yet, with no new lavas to cover the 
scoriacious material at the peak, the frequent, intense rainfall (~5000mm per year) results in huge 
volumes of rubbly material washing down the steep slopes, channelled by the many gulches that bisect 
the island. This rapid flow of material then entrains larger blocks of lava which further incise these 
deep channels. Although rainfall does not seem to be increasing in volume, anecdotally, there are now 
more frequent, persistent downpours, and as a result, flash flooding, landslides and debris flows are 
becoming more common. In addition to risk from other hazards such as eruptions, earthquakes and 
storm surges, the small population (#243) are more frequently having to make adjustments to maintain 
their way of life. The coastline is rapidly retreating due to storm surges and the cliffs that back the only 
Settlement are very unstable, so frequent landslides are impacting their agricultural land and 
threatening their homes. 
 
In this presentation, we share the first high-quality drone imagery of these landslides and pose some 
interesting, yet sensitive science questions about how climate change is affecting ocean island 
volcanoes, and what we can do as scientists to use our evidence to support decision making. 
 
[1] Anna Hicks, Jenni Barclay, Darren F. Mark, Sue Loughlin. (2012) Geology 40 (8) 723-726 
https://doi.org/10.1130/G33059.1 
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___________________________________________________________________________ 
 
The distribution of metals like copper (Cu) in the Earth’s crust is closely linked to crustal magmatic 

processes in subduction zones [1]. Individual arc volcanoes have been also shown to outgas fluxes of 

selenium (Se), arsenic (As) and thallium (Tl) that are higher than the industrial fluxes of these metals 

into the atmosphere [2,3]. There remains much debate over which magmatic parameters control the 

pathways different metals take through magmatic systems, and which magmatic and hydrothermal 

processes typify (1) mineralization into ore deposits on the one hand, and (2) emission of metallic 

aerosols during eruptions. To address this knowledge gap, I present the results of a comprehensive 

global survey of volcanic geochemistry and tectonics in subduction zones [4] which was designed to 

allow for flexible exploration of different petrological processes in diverse subduction zone 

environments. This database, ArcMetals, is powered by open-source software and the geochemical 

infrastructure GeoRoc [5]. In this talk, I will first focus on Cu depletion in arc magmas. I will show how 

minerals like amphibole reflect the kinds of conditions that drive magmatic differentiation at depth 

and lead to Cu depletion in hydrous basaltic magmas. These results have implications for the magmatic 

controls on Cu porphyry deposit formation. Next, I will build on this global statistical approach through 

the analysis of trace metal inventories (Te, Se, Tl, Cd, Sb, Sn, W, As, Ag, Ga, Ge, Cu, Zn, Pb, Li) in volcanic 

products from Java, Indonesia. These results represent some of the first chalcophile geochemical data 

for these volcanic systems, and their systematics reflect important differentiation and degassing 

mediated pathways these metals take through their respective volcanic systems. Particular metals like 

Sb and As show enrichments that may be associated with dehydrating slab flux – this finding can be 

explored more thoroughly in the future using recent models I developed that connect igneous 

geochemistry and subducting slab lithologies [6]. The results of these studies highlight the power of 

global statistical methods in exploring arc volcanism and provide a petrological perspective on the fate 

of metals traversing the crust. 
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___________________________________________________________________________ 
 
Without warning, a new eruption of Volcano 0403-091/Volcano-F (30 km NW of Vava’u, northern 
Tonga) occurred on the 7th August 2019, following 18 years of dormancy, producing a >200 km2 
pumice raft. Pumice raft formation and evolution is poorly understood, yet rafts pose a range of 
hazards for marine traffic and infrastructure. The 7th August raft was imaged by satellites almost daily, 
so its source and path are well-constrained. This eruption therefore provides a unique opportunity to 
sample rafted pumice with known float times and sunken pumice at the vent, as well as a rare chance 
to study vent structure, hydrothermal activity and marine life interactions immediately following an 
explosive, shallow marine eruption. The pumice rafts produced washed up on shores from Fiji to 
Australia and impacted island communities, as well as being a navigational hazard for vessels and 
causing damage (hull abrasion) to two that intercepted it. 

The vent was investigated 6 months after eruption using a small Remotely Operated Vehicle, 
a small Autonomous Underwater Vehicle and a surface glider. Video was collected of the vent site, 
supplemented by video from a mini-dredge used for sampling, allowing for transect mapping of the 
vent and its recolonization 6 months after an explosive volcanic eruption. Pumices with multiple 
different float times were collected from the eruption site (< 1 day), by a boat that intersected the raft 
(1 week), and from the shores of some Fijian Islands (> 1 month). All these pumices were subjected to 
geochemical and textural analyses, including high resolution X-ray computed tomography, to 
determine their geochemical and textural characteristics and to investigate if there is any difference 
between floating pumice, long floating pumice, and pumice that sinks at the vent site. Video data was 
also used to investigate the clast size distribution at and around the vent site. 

The eruption occurred from a new vent on the northern section of the caldera rim, near to the 
site of the 2001 eruption and several other pre-existing craters of unknown age. The new crater has a 
diameter of 80 m and a depth of 45 m, slightly smaller than pre-existing craters imaged in the same 
area, which are the focus of recent activity and appear to have formed along a NW-orientated fissure. 
Erupted magma composition in 2019 was a low-K dacite and pumice chemistry is remarkably similar 
between 2001 and 2019 eruptions. Geochemical data show no differences between pumice that 
entered the raft and pumice that sank. Floating and sinking pumice also have porosity ranges that 
overlap. There are some differences in density between sinking and floating pumices, with pumice that 
sank being on average slightly denser than pumice that floated. There is also a difference in the pore 
connectivity between floating and sinking pumices, with all raft samples lying at or below the buoyancy 
connectivity threshold. Long float times appear to be promoted by lower density, porosities of 70 – 
80% and low pore connectivity, while shorter float times occur for much more diverse pumice. These 
pumices are different to those produced by documented deep water eruptions as their buoyancy is 
entirely supported by low density and high isolated porosity. 
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___________________________________________________________________________ 
 
The 2021 Tajogaite eruption on La Palma Island (Canary archipelago) lasted 85 days. Preceded by 

intense seismicity and rapid dyke upraise, it started on September 19 with opening of a NW-SE fracture 

system generating lava fountains, spattering activity and lava flows. This activity rapidly evolved to a 

cone-forming eruption during which explosive activity remained essentially focused at the summit 

vents, while lava spattering, and effusive activity (lava flows) simultaneously developed from lower 

flank vents. 

 

We used open-path Fourier transform infrared spectroscopy (OP-FTIR) to remotely determine the 

chemical composition of magma degassing associated with both explosive and effusive activities, using 

absorption spectra of the radiation emitted by molten lava and incandescent ash. From October 2 until 

the end of the eruption (December 13), we performed nearly daily measurements from a distance 

range of 0.6 to 5km from the vents, sometimes operating two FTIR spectrometers simultaneously. 

 

In this work, we report and discuss the main results obtained for H2O, CO2, SO2, HCl and CO in magmatic 

gas emissions from both explosive and effusive activities at the different vents. We document: i) a 

sharp spatial CO2-depletion in gases from spattering/effusive vents compared to simultaneous 

explosive emissions from the summit vents; ii) a relatively steady, very high mean CO2/SO2 ratio (35±5) 

in the main gas phase from central summit vents, which evidences a very high initial CO2 content of 

the erupted alkaline magma; iii) the influence of magma fragmentation (ash) upon degassing efficiency 

of HCl, and iv) CO/CO2 constraints on the potential redox state of the 2021 Tajogaite magma. Based on 

these data we discuss the magma degassing processes involved during the eruption. 
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___________________________________________________________________________ 
 
Pyroclastic density currents (PDCs) are hot, density-driven flows of gas, rock and ash generated during 
explosive volcanic eruptions or from the collapse of lava domes. They pose a catastrophic geological 
hazard and have caused >90,000 deaths since 1600 AD [1]. 
 
PDCs can travel for tens of km, traversing topographic barriers hundreds of metres high. They are 
notably more mobile than other gravity currents of comparable size [2]. Gas fluidisation has been 
attributed as a major contributor to this high mobility. Experimentation on dry (i.e. non-fluidised) 
granular flows has assessed the influence of grain size on mobility, finding that the finer the grains, the 
larger the mobility of the mass [3]. Recent advances in analogue models of gas-fluidised granular 
currents (where gas flowing through the material causes it to act like a fluid) have revealed the impact 
of aeration on current mobility, and how flow behaviour can control deposit architecture and 
morphology [4]. However, these experiments have so far largely used only a single grain size. The 
impact of grain size variations on the mobility of aerated granular currents remains untested. 
 
This project investigated the impact of grain size distribution on current velocity and run-out distance 
in a series of analogue experiments using an aerated flume. Sediment of varying grain size was released 
from a hopper into a flume which that can sustain fluidised currents, where a high-speed camera was 
used to make observations and quantify velocity and run-out distance. The bedforms of resultant 
deposits were also analysed. 
 
The experiments demonstrate that the mobility of these dense granular currents is related to the 
proportion of fines within the current, but is primarily controlled by the initial sorting of the current. 
The more well sorted currents have a lower velocity but a greater run-out distance than the poorly 
sorted currents. The proportion of fines is found to have very little control on current velocity, but does 
have some control on run-out distance and degree of non-uniformity in velocity. Deposition during the 
analogue experiments occurs by a combination of gradual and stepwise aggradation. 
 
This work contributes to improve our understanding of PDC mobility and how mobility can be 
interpreted from field deposits, with implications for numerical modelling and hazard mapping of 
PDCs. 
 
[1] Auker, M. R., et al. J. Appl. Volcanol., 2, 1, 1–24 (2013). 
[2] Hayashi, J. N., & Self, S. J. Geophys. Res. Solid Earth, 97, B6, 9063–9071 (1992). 
[3] Cagnoli, B., & Romano, G. P. J. Volcanol. Geotherm. Res., 193, 1–2, 18–24 (2010). 
[4] Smith, G., et al. Nat. Commun., 11, 1, 1–11 (2020). 
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___________________________________________________________________________ 
 
Hydrothermal alteration is considered to increase the likelihood of dome or flank collapse by 
compromising stability. Understanding how such alteration influences rock properties, and providing 
independent metrics for alteration that can be used to estimate these parameters, is therefore 
important to better assess volcanic hazards and mitigate risk. We explore the possibility of using 
whole-rock δ18O and δD values and water contents, metrics that can potentially track alteration, to 
estimate the strength (compressive and tensile) and Young’s modulus (i.e. “stiffness”) of altered (acid-
sulphate) volcanic rocks from La Soufrière de Guadeloupe (Eastern Caribbean). The δ18O values range 
from 5.8 to 13.2‰, δD values from − 151 to − 44‰, and water content from 0.3 to 5.1 wt%. We find 
that there is a good correlation between δ18O values and laboratory-measured strength and Young’s 
modulus, but that these parameters do not vary systematically with δD or water content (likely due to 
their pre-treatment at 200 °C). Empirical linear relationships that allow strength and Young’s modulus 
to be estimated using δ18O values are provided using our new data and published data for Merapi 
volcano (Indonesia). Our study highlights that δ18O values can be used to estimate the strength and 
Young’s modulus of volcanic rocks, and could therefore be used to provide parameters for volcano 
stability modelling. One advantage of this technique is that δ18O only requires a small amount of 
material, and can therefore provide rock property estimates in scenarios where material is limited, 
such as borehole cuttings or when sampling large blocks is impracticable. 
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___________________________________________________________________________ 
Askja Volcano is located in the Northern Volcanic Zone in Iceland, where the North American Plate is 
moving far away from the Eurasian Plate at a relative rate of 18-19 mm/yr due to plate spreading. 
This volcano comprises three calderas in an area of 45 km2 and is spatially related to the fissure 
swarm. A rifting episode occurred in this volcano from 1874 to 1876, followed by two eruptive 
periods during 1921-1929 and 1961. 

Within Askja caldera there has been subsidence since at least 1983 at a maximum rate of 5 
cm/yr. This has been modelled as a deflating point pressure source at a depth of ~2.8 -3.5 km [1]. A 
second subsidence signal is recognized in the volcano, which extends along fissure swarms to the 
SW-NE. This subsidence has been ongoing since, at least, 1995 when InSAR measurements began, 
but has not been well constrained in previous studies. Seismic tomography suggests there is a 
primary magma chamber at around 5 km depth beneath the caldera. There are also areas around 10 
to 25 km depth where the melt is being actively transported, suggesting a mush zone [2]. The cause 
of the extended subsidence is not understood but could be related to extensional stress from plate 
spreading acting on the mush zone [3] 

We aim to constrain the deformation signal within the caldera and along the fissure swarm 
and test if the deformation can be produced by tectonic stress acting on a mush zone. We have 
analysed 4 frames (2 ascending and 2 descending) from Sentinel-1 data acquired between 2015 and 
2022. We used only images acquired in summer to generate a network including longer timespan 
(summer to summer) connections and avoiding the low coherence interferograms produced by the 
snow during winter. We reduced the atmospheric using GACOS correction. Additionally, we 
estimated and subtracted a GIA signal due to the ongoing reduction in ice cap mass. From this, we 
estimated the LOS velocity and compared the results with GNSS data. Finally, we decomposed the 
velocity results to obtain the vertical and east-west velocities. 

The preliminary results show a maximum vertical subsidence of -20  1.4 mm/yr between 
2015 and 2022, where the highest values are reached at the caldera's centre, but this value 
decreases to the northeast until reaches 0 mm/yr. The GPS points show a vertical velocity of -8.5 
mm/yr inside of the Caldera during the period in study, which agrees with the subsidence observed 
in Askja. The north average velocity is 24.12 mm/yr and the east average velocity, for the same point, 
is 0.45 mm/yr. To understand the magmatic system below Askja and the fissure swarms we are 
developing a series of 2D poro-viscoelastic finite element model, which consist of a poro-viscoelastic 
mush zone from 6 km to a maximum depth of 16 km depth beneath the caldera. The mush zone is 
surrounded by a viscoelastic crust, and the upper crust is assumed to be elastic. We apply a uniform 
velocity at the boundary to simulate plate spreading. 
 

References: 

[1] Pagli et al. (2006) Journal of Volcanology and Geothermal Research 152:97-108 
[2] Greenfield et al. (2016) J. Geophys. Res. Solid Earth 121: 7211–7229 
[3] Pedersen et al. (2009) Earth and Planetary Science Letter 281(1): 14–26. 
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___________________________________________________________________________ 
 
Machine learning models for earthquake phase arrival detection are generating enhanced, high-
precision catalogues of seismicity that reveal exceptionally detailed seismogenic processes, such as 
slow-moving swarm fronts [1] and complex rupture sequences [2]. Here, we present a brief overview 
of findings from a highly-detailed machine-learning-based catalogue [3] (approx. 34,000 earthquakes 
over 14 months) for Nabro volcano in Eritrea, an obscure ‘off-rift’ caldera located in the Afar Triangle 
that erupted with little warning for the first time in historical record in June 2011. The eruption is 
significant for the rarity of recorded historical eruptions along the wider Nabro Volcanic Range (NVR), 
the vast amount of SO2 emitted, and the humanitarian crisis it triggered.  
 
Assessment of spatio-temporal trends, b-values, Vp/Vs and seismic attenuation from this new 
machine-learning-based catalogue reveal a number of distinct and evolving processes during the study 
period (3 – 16 months after eruption onset), including stress transfer between Nabro and neighbouring 
Mallahle caldera, fluid-fault triggering along the axis of the NVR (oblique to regional rift axis), a highly-
fractured partially-fluid-saturated zone beneath Nabro, and the migration of fluids above and below 
an attenuative, aseismic magma storage region. Regular pulses of the deepest observed seismicity (9 
– 11 km depth) continue throughout and, presumably, beyond the full duration of this seismic 
deployment, indicating the potential for ongoing ‘recharge’ at this currently unmonitored volcano. 
 
The rich level of detail presented by this large seismic catalogue demonstrates the incredible potential 
of deep learning models for volcano-seismic monitoring and has deepened our understanding of the 
interlinked magmatic and tectonic forces acting on this enigmatic double-caldera volcanic system. 
 

References: 

[1] Ross ZE and Cochran ES (2021) Geophys Res Lett 48(12), e2021GL092465 

[2] Tan YJ et al. (2021) The Seismic Record 1(1):11-19 

[3] Lapins S et al. (2021) J Geophys Res Solid Earth 126(7), e2021JB021910 
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___________________________________________________________________________ 

Gas overpressure is the driving force of explosive volcanic eruptions, controlling the ascent rate of 
magma. If gas can escape, excess pressure can be reduced in the conduit, lowering the explosive 
potential of an eruption. ‘External tuffisites’ – pyroclast-filled fractures that extend from the volcanic 
conduit into the country rock – have been suggested as efficient gas escape pathways. Tuffisite 
formation occurs in two phases: 1. A fracture opening phase where high pressure gas-pyroclast 
mixtures propagate a fracture from the volcanic conduit into the country rock; 2. A closing phase where 
gas pressure wanes and the fracture closes. In phase 1, fracture opening is accompanied by a high flux 
of gas and pyroclasts through the fracture and into the country rock. In phase 2, waning fluid pressure 
causes particles to be deposited within the fracture which then closes around the deposited pyroclasts. 
Continued gas escape can occur through the particle pore space, but if the particles deposited within 
the tuffisite are sufficiently hot, they will weld together through time, reducing tuffisite permeability 
and limiting the flux of gas that can escape.  

Here we consider the potential of tuffisites as outgassing pathways during the different phases of 
tuffisite formation by determining the formation time and permeability of a large tuffisite (0.9 m wide, 
40 m in length, ~500 m depth) at the dissected Húsafell volcano, Iceland. The tuffisite occurs where a 
propagating rhyolitic conduit stalled beneath a densely welded ignimbrite unit with a permeability of 
<10-18 m2. The tuffisite is formed of ~9 sediment units, each 0.1 m thick, each interpreted as being 
emplaced by an individual fluid injection into the fracture [1]. The pyroclasts deposited within the 
tuffisite were sufficiently hot to weld together, producing sediment units with porosities of 0.07–0.36 

and permeabilities of 1.910-14 to 5.110-18 m2. Sintering models using measured grain-size 
distributions of the tuffisite suggest that particles would have required ~12 h to sinter to the observed 
unit porosities. New material injected into the tuffisite did not deform the previously emplaced units, 
suggesting that units had sufficient time to cool and fully sinter between injections [1]. If injections 
were spaced >12 h apart, the entire tuffisite would have been assembled over tens to hundreds of 
hours. Modelling the average grain size distribution of the tuffisite suggests that each unit deposited 
would have a pre-sintering permeability of ~10-13 m2, which then reduced to ~10-15 m2 over a period of 
~12 h as particles sintered. 

We find that only a small flux of gas could escape through the tuffisite pore space (Phase 2) in the ~12 
h between injections, despite the large dimensions of the tuffisite at Húsafell. This gas flux would not 
be significant compared with primary outgassing through the adjacent conduit, even if several large 
tuffisites were present. The much greater permeability of the tuffisite during Phase 1 would allow for 
a significantly greater gas flux to escape, even if particle deposition clogs fractures after a few seconds. 
Outgassing through tuffisite pore space (Phase 2) could only become more volumetrically significant 
than Phase 1 if very prolonged periods of outgassing are considered (Phase 2 is x106 longer than Phase 
1). To assess the potential of tuffisites to reduce excess pressure and moderate eruption style we now 
need to focus on the processes occurring in the first phase of tuffisite formation, such as fracture 
propagation, and controls on when and how rapidly particle deposition occurs. 

References: 
[1] Unwin H.E. et al. (2021) Front. Earth Sci. 347 
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The recent volcanic unrest on the Reykjanes Peninsula in SW-Iceland follows a similar pattern as the 
historical activity in the 12th and 13th centuries, whereby several eruptions took place in one volcanic 
system over several years to decades. The 2021 Geldingadalir eruption, which lasted for six months 
(19th March – 18th September), was the opening event of the Fagradalsfjall Fires. The 2021 lava flow 
field covered an area of ~4.85 km2, produced a bulk erupted volume of ~0.15 km3 [1] (i.e., ~0.10 km3 

DRE [2]), and emitted ~4000-5000 tons/day of SO2 [1]. The Fagradalsfjall Fires resumed in 2022 with 
the Meradalir eruption, which lasted for three weeks (3rd to 21st August), forming a lava flow field of 
~1.16 km2 with a volume of ~0.011 km3 [3]. This sequence of activity underpins the notion that a new 
eruption period has started on the peninsula. 
 
 
The eruptions are divided into stages, phases, episodes, and pulses based on the nature of the vent 
activity. The Geldingadalir eruption featured three stages. Stage I (19th March – 1st May), featuring six 
phases, was typified by weak but continuous fountaining from vent 1 until 5th April. On that day, 
following a slight increase in magma discharge (from ~4 to ~8 m3/s), vent 2 began erupting about 800 
m north of vent 1. From 5-13th April, three additional vents (i.e., vents 3-5) opened in between the first 
two, and around 15th April, the activity on vents 1-4 began to dwindle. By end April, the activity was 
confined to vent 5 and with somewhat more vigorous fountaining. Stage II (2nd May – 3rd September) 
exhibited 11 phases and ~7000 episodes. It began with a shift to intense and episodic fountaining and 
distinct pauses that became progressively longer with time. Finally, stage III (11th – 18th September) 
sustained the same eruptive style, thus producing only one phase and ~30 episodes. Conversely, the 
Meradalir eruption began with a 260 m-long fissure, but subsequently activity was confined to the 
central segment of the fissure. This eruption maintained weak fountaining throughout, representing a 
single stage with one phase. Despite the unchanging chemistry (MgO 7.5-8.5 wt%) and constant 
magma discharge in 2021 (~12 m3s-1) [1] and 2022 (~10 m3s-1) [3], both flow fields host the full 
spectrum of lava morphologies. Thus, thermal budget, slope and local fluxes are what determine which 
morphologies are emplaced. Additional results from UAV-borne LIDAR surveys will also be presented. 
 
 
References: 

[1] Institute of Earth Sciences, University of Iceland (2021) Retrieved October 31, 2022, from 
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http://jardvis.hi.is/eldgos_i_meradolum 

http://jardvis.hi.is/eldgos_i_meradolum


RETURN TO PROGRAMME  
Session 6: Magmatic Systems       Oral Presentations 

 

Volcanic and Magmatic Studies Group 2023 Meeting – Programme and Abstracts  

46 

Petrological Imaging of a Frequently Erupting Arc Volcano (Volcán Villarrica) 
using Melt Inclusion Compositions 
Boschetty F.O.1, Ferguson D.1 and Wieser P.2  
 
1School of Earth and Environment, University of Leeds, Leeds, UK. eefob@leeds.ac.uk 
2Department of Earth and Planetary Science, UC Berkeley, California, USA 

___________________________________________________________________________ 
 
Arc volcanoes produce most of Earth’s subaerial volcanic activity and are responsible for some of the 
largest historical eruptions. Furthermore, arc volcanism plays a pivotal role in cycling subducted and 
mantle carbon (and other volatiles) between the solid Earth and atmosphere. These same volatiles 
influence magma dynamics by modifying extents of melting in the mantle, and influence magma ascent 
rates, and fragmentation processes during eruption. The traditional view that the magmas feeding arc 
volcanoes reside within a melt-dominated sub-volcanic ‘magma chamber’ has been superseded by a 
more nuanced view of magma storage and supply. Whereby melts ascend through a vertically 
extensive series of melt-rich zones, termed a “Trans-Crustal Magmatic System” (TCMS) [1, 2]. 
 
Villarrica volcano is a one of Chile’s most active volcanoes with over 100 eruptions since 1558 and has 
evidence for both vertically and laterally extensive magma storage [3]. Furthermore, while post-glacial 
activity at Villarrica has a large range in eruption intensity and magnitude (mafic ignimbrite forming to 
intense lava fountaining), this diversity is not reflected in the composition of erupted products, which 
have a limited range compared to other nearby Chilean volcanoes [3, 4]. This makes it an ideal target 
to study via melt inclusion (MI) compositions, which typically record a greater range of melt 
compositions than groundmass glasses or whole-rock, and trap volatiles which are otherwise degassed 
at shallow depths.  
 
We measured the volatile, trace and major element compositions of over 100 melt inclusions from five 
different post-glacial eruptions (14ka–2015). We analysed MIs using a combination of micro-Raman 
spectroscopy, Secondary Ionisation Mass Spectrometry, and Electron Micro Probe Analysis. In contrast 
to previous studies of Villarrica MIs, we measured CO2 contents of both the glass of the MI and their 
vapour bubbles. We find that MIs from each eruption occupy a distinct compositional space: each 
eruption’s MIs display distinctive degassing paths, and an array of both light and heavy trace elements. 
Based on these results, we hypothesise that the melts that feed eruptions at Villarrica are more diverse 
than their homogeneous whole-rock compositions would suggest. 
 
Volatile-saturation models predict a range of MI entrapment pressures indicative of the presence of a 
TCMS below Villarrica. This is supported by thermodynamic models of mineral compositions from the 
same eruptions [3]. Additionally, our results highlight the need to measure volatile contents of MI’s 
vapour bubbles, as we found they contain on average 75% of the total CO2 content of each MI. Future 
work will add B, Sr, and Nd isotopic analyses of individual inclusions, providing further evidence of the 
diversity of melt compositions below a nominally basaltic to basaltic-andesite arc volcano. 
 

References: 
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___________________________________________________________________________ 
 
Chalcophile elements are a suite of elements commonly found concentrated in economic ore deposits. 
Many are well studied, but some are less well understood (e.g., W, Mo, Sb)[1]. The growing demand for 
these resources requires an understanding of the sources and mechanisms involved in transporting 
these elements to ore forming regions. 
 
Popocatépetl Volcanic Complex (PvC) and Colima Volcanic Complex (CvC) are two continental arc 
stratovolcanoes sitting in the eastern and western sectors of the Trans-Mexican Volcanic Belt 
respectively. The two volcanoes erupt magmas of similar basaltic-andesitic composition however, their 
local tectonic environment varies significantly including differences in slab inclination and distance 
from the subduction trench[2]. It is unclear the extent to which these tectonic factors have influenced 
mobile chalcophile element fluxing into each region and resulted in a lack of mineralisation along the 
arc. Well known element proxies e.g., Ba, Th and Nb[3] have been used to constrain mobile element 
contributions from the subducting slab, through the study of pyroxene hosted melt inclusions from 
the two regions. 
 
Major and trace element compositional data was collected from Holocene aged glassy melt inclusions 
(>25µm). The two locations show distinct compositional differences. PvC data show MgO content up 
to 2wt% and SiO2 between 60wt% and 80wt%. CvC data tend to be more primitive with MgO up to 
10wt% and SiO2 as low as 42wt%. CvC inclusions show enrichment in Ba relative to PvC inclusions and 
indicate a greater fluid flux component in the western arc sector. Tl behaves similarly to Ba suggesting 
mobilisation closer to the trench whereas W, Pb and Sb behave more like Th and are mobilised further 
from the trench. 
 

References: 
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___________________________________________________________________________ 

Volcanism in Central American volcanic arc (CAVA) is influenced by arc migration. Evidence for this is 
the presence of older calderas immediately to the north of the presently active arc stratovolcanoes. 
Stratigraphy of the silicic tephras correlated to these calderas suggests that they formed over a 
similar time-period across the arc, in a ‘pulse’ of activity. The Atitlán volcanic complex is a key 
example of one of these centres. To the north (away from the trench) of the Atitlán caldera are the 
remnants of two stratovolcanoes that predate its formation, while south of the caldera 
(trenchwards) is a pre-caldera stratovolcano (Volcán Paquisis), as well as three younger 
stratovolcanoes (Volcáns San Pedro, Tolimán and Atitlán) that have formed within the structure. 
Published ages for these features shows that the Atitlán caldera (and the silicic VEI 8 Los Chocoyos 
(LCY) magma that formed it) was generated shortly after the migration of the arc front to its present 
position [1,2].  

That the silicic magmas were generated shortly after the arc migration, and in the intermediate 
region between the old and new lines of stratovolcanoes, is strong (although circumstantial) 
evidence that this migration event caused their formation. This is further supported by geochemical 
data; radiogenic (Sr, Nd, Hf and Pb) isotopes show that the silicic magmas plot in-between the old 
and new stratovolcano lavas, suggesting inputs from both sources. The pumice eruptions are 
chemically complex and are sourced from several magma bodies. Within the LCY deposit there are 
three chemically and mineralogically distinct rhyolites identifiable by variable K2O contents: high (4.1-
4.4 wt.%), medium (3.1 wt.%) and low-K (2.7 wt.%). The newly identified medium-K magma contains 
biotite and cummingtonite; its trace element chemistry and the dominance of cummingtonite 
strongly suggest that it is a fractional product of the low-K magma.   

Petrological and geochemical evidence suggest that these rhyolite magmas are the results of variable 
amounts of fractional crystallisation, assimilation and mafic magma recharge. The high-K LCY magma 
has highly elevated large ion lithophile element (LILE) contents similar to the intermediate 
composition lavas in the pre-LCY stratovolcanoes. EME-AFC [3] modelling shows that the high-K 
rhyolite magma could be a derivative of remnants of the magma form the older stratovolcanoes. In 
turn, the low-K LCY magmas have more similar chemistries to an analysed enclave from a post-LCY I 
pumice eruption. EME-AFC modelling suggests that they could be derived from fractionation of these 
recharge magmas.  

References: 
[1] Cisneros de León et al. (2021) J Quat Sci 36: 169-179 
[2] Newhall (1980) PhD Thesis 
[3] Burton-Johnson et al. (2019) J Pet 60:1461-1487 
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___________________________________________________________________________ 
 
Geophysical evidence from continental rifts and rifted margins suggest significant volumes of magma 
are intruded into the crust during continental breakup. These magmas can influence rift evolution by 
altering the thermo-mechanical structure of the crust and thereby its response to extensional stresses 
[1]. Determining what magmatic processes affect the intruded crust during active episodes of rifting is 
therefore key to understanding how rift systems behave and develop over geological time. 
 
We present new petrological analyses of olivine crystals sampled from two monogenetic cone fields 
within the Main Ethiopian Rift (MER). Olivines show evidence of magmatic disequilibrium in the form 
of Fe-Mg zonation. Normal-zoned crystals (higher Mg core, lower Mg rim) are rare, but have Mg-rich 
cores relative to more common reverse-zoned crystals (lower Mg core, higher Mg rim). By considering 
Fe-Mg diffusion across these zones, we obtain timescales of olivine disequilibrium in the MER crust. 
 
Normal-zoned and reverse-zoned olivines return different diffusional timescales. The longest 
timescales, recorded by normal-zoned olivines, correspond to the earliest disequilibrium in the crustal 
magmatic system of 100-300 days before eruption. Timescales from reverse zones are shorter (~10-
100 days). The shortest timescales (<1-10 days), likely significantly affected by late-stage growth and 
quenching, are obtained from normal zones on the outermost rims of reverse-zoned olivines. 
 
We propose a model whereby primitive melts are intruded into mid-crustal reservoirs around 100-300 
days prior to magmatic rifting events. This recharge melt induces growth and formation of high Mg 
rims in crystals that reside within crustal reservoirs, while crystals carried with the intruding melt 
develop normal zones. The final most rim-ward normal zones form only during eruptive ascent over 
periods of <1-10 days. We find similar zoning patterns and timescales in crystals from different scoria 
cone fields within the MER, suggesting that this rapid transit of magmas through the crust is a common 
process at volcanic-tectonic fault zones along the MER. Furthermore, the longest diffusion timescales 
(100-300 days) match observed timescales of repeated dyke intrusion during recent subaerial rifting 
episodes [2], suggesting that these events are initiated rapidly after the arrival of new magma from 
the mantle.  
 

References: 
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___________________________________________________________________________ 
 
The Cameroon Volcanic Line (CVL) is an intraplate magmatic province in West Africa which spans 
continental and oceanic lithosphere at a passive continental margin. Magmatism at the CVL began 
~70Ma at the easternmost end of the line and activity persists to the present. There is a notable lack 
of age-progression to CVL volcanism, with the most recent activity at the centre of the line. We present 
in-depth geochemical work aimed at investigating the role of a volatile-enriched magmatic source 
region as an alternative to the commonly-invoked mantle plume model for intraplate magmatism 
which does not reconcile key observations from the CVL.  

We focus on Etinde, a nephelinite volcano at the centre of the CVL which formed from highly volatile- 
and incompatible trace element-enriched magmas. We present whole-rock trace element and halogen 
data from 40 Etinde lavas, which range from olivine-bearing nephelinites, haüyne-rich 
melanephelinites to the most geochemically-evolved samples, which contain schorlomite, strontian 
melilite and leucite. We discuss the implications of the extraordinary geochemistry (e.g. up to 
7100ppm strontium, 5190ppm fluorine) of this volcano. 

Furthermore, we present novel sulphur isotope data from Etinde. Both whole-rock δ³⁴S compositions 
and those measured in-situ from sulphur-rich phenocrysts have substantially higher δ³⁴S compositions 
than the typical mantle range of -1 to +1‰ (VCDT). Whole-rock values range from +3.9 to +8.1‰ and 
in-situ measurements of haüyne and nosean range from +7.5 to +13.9‰. At other systems globally, 
elevated δ³⁴S compositions have been associated with: a metasomatic mantle source, extensive 
degassing, interaction with evaporite sediments and temperature and ƒO₂ conditions of magma 
generation and storage. We propose an alternative model for the generation of magmatism at Etinde 
linked to mantle metasomatism. 
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___________________________________________________________________________ 
 
Most economical lithium (Li) deposits are associated with evolved magma reservoirs as their ‘ultimate’ 
Li source [1]. Understanding how Li is distributed in felsic magma reservoirs is key to unravel the ore 
genesis of such deposits. The inventory of Li in rhyolitic melts is mostly controlled by fractional 
crystallisation and exsolution of fluids [2,3]. Here, we explore the effect of fluid exsolution governed 
by decompression of magma reservoirs on the Li content of haplogranitic, fluids and quartz. We 
performed decompression and equilibrium experiments using externally heated pressure vessels 
(EHPV) with a cold seal design using the same starting haplogranitic glass, at a fixed temperature of 
800 ºC and and starting fluid composition at 2.9 NaCleq m. Regarding decompression experiments, 
capsules were kept during ca. 96 h at the initial pressure to attain equilibrium, then the pressure was 
lowered and followed by rapid isobaric quenching of the experiments. Pressure was varied from 190 
MPa to 100 MPa (1.0 MPa/s), 150 MPa to 100 MPa (0.4 MPa/s) and 100 MPa to 50 MPa (0.8 MPa/s). 
Equilibrium experiments where quenched after 96 h at 100 MPa and 150 MPa. Regardless of the 
differences in initial and final pressure of the decompression experiments, glass major element 
compositions remained the same because we set the fluid composition to avoid alkali migration. While 
run quartz from equilibrium experiments have homogeneous Li contents, their counterparts from 
decompression experiments show V-shaped Li concentration profiles with rims ca. 20% higher than 
their respective cores. Run glasses from decompression experiments are not homogeneous in Li but 
they are consistently lower in concentration than run glasses from equilibrium experiments. We 
attribute such observations to Li being lost from the melt and being incorporated into quartz to charge 
balance Al3+ defects after H+ loss from the crystal during decompression. Although Li incorporation in 
quartz occurs due to decompression, such in-diffusion does not compensate the Li loss in the melt 
according to mass balance calculations. As a result, the partitioning of Li between bulk fluid and melt 
after decompression increases significatively compared to the Li partitioning derived from equilibrium 
experiments, suggesting that decompression might potentially be the most efficient way to scavenge 
lithium form felsic melts. Our results agree with earlier suggestions based on natural samples from 
Yellowstone and Long Valley felsic caldera systems [4,5]. 
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___________________________________________________________________________ 
 
Over the past decade, several studies have attempted to reconstruct the evolution of atmospheric N2 
pressure over Earth’s history, yielding vastly differing results [1]. One of the major uncertainties in 
models is the efficiency of nitrogen (N) ingassing via burial/subduction and how changes in surface 
redox and the biological N cycle modulated this burial flux. The sedimentary N record is insufficient for 
addressing this problem because it is heavily biased towards organic-rich black shales [2]. To overcome 
this problem, we present a new approach to assessing changes in the N burial flux through time using 
strongly peraluminous granitoids (SPGs). These are granitoids with strong field, mineralogical and 
geochemical evidence for being predominantly derived from the partial melting or anatexis of 
(meta)sedimentary source material [3]. As SPGs are sourced from a variety of siliciclastic sedimentary 
rocks, they offer potential to circumvent the bias towards organic-rich facies in the existing 
sedimentary N record. Further, as granitoids are mechanically more resistant to geological and tectonic 
processes than low-grade sediments, they may offer a robust archive of changes in the continental 
crusts N budget. We find that the isotopic composition of SPGs (δ15N = +5.8±2.7‰), significantly offset 
from the average upper mantle (δ15N = -5±2‰ [4]), are best explained by inheritance from the 
protolith (meta)sedimentary rocks (low-grade shales δ15N = +4.1±3.6‰ [2]) and not changes in melting 
regime, tectonics, or alteration. Hence SPGs are good archives for indirectly tracking biologically fixed 
N through time. Our record, combined with published sedimentary (δ15N = +4.1±3.6‰) [2] and glacial 
till (δ15N = +4.2±3.1‰) [5] data, indicate that the mean N isotopic composition of the upper continental 
crust (UCC) has remained relatively constant for at least the last 3 billion years, even over times of 
significant surface redox changes (e.g., across the Great Oxidation Event and Neoproterozoic 
Oxygenation Event). In contrast our nitrogen abundance data differ from the stability of the isotopic 
record. While N abundances do not change significantly across the Great Oxidation Event at 2.4 Ga, 
we find a significant rise in median SPG nitrogen abundance between 1100-500Ma from 9.8μg/g [SPGs 
>500 Ma] to 57.1μg/g [SPGs <500 Ma ], mirroring a similar rise in glacial till nitrogen abundances at ca. 
800-500 Ma [5]. Our results suggest that N burial (and by extension, biomass burial) did not markedly 
change over the Precambrian but increased with the appearance of complex life, possibly due to 
increased biological productivity. Lastly, our data allow us to derive an updated estimate of the average 
δ15N and N abundance of the UCC. Combining our new data with literature data we find that the UCC 
contains 88±6μg/g (median + SEmedian) with a δ15N value of +4.7±1.5‰ (mean + 1sd), a signature likely 
controlled, at least in part, by changes in Earths biological nitrogen cycle.  
 
[1] Zerkle and Mikhail (2017) Geobiology. 15; 343-352. [2] Stüeken et al. (2016), Earth Sci. Rev. 160; 220-239. 
[3] Bucholz and Spencer (2019) J. Petrol. 60; 1299–1348.  [4] Marty and Dauphas (2003) EPSL. 206; 397-410. [5] 
Johnson et al (2017) Geochem. Perspect. Lett. 4; 24–28.  
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Magma reservoirs in the shallow crust are a primary control on volcanic surface deformation, and are 
the geodetically observable component of the underlying vertically extensive magmatic system. In the 
Western Galápagos these shallow reservoirs have been detected at six volcanoes, at depths ranging 
from six km at Cerro Azul, to one km at Fernandina. Volume changes in these reservoirs, during 
eruptive episodes, as well as during periods of quiescence, have made these volcanoes remarkable 
study sites given the range of observed deformation styles. These vary from long-term uplift at Sierra 
Negra and Wolf, to sustained subsidence at Alcedo, and high-magnitude co-eruptive deformation at 
Fernandina. Here, we use Sentinel-1 Interferometric Synthetic Aperture Radar (InSAR) to observe the 
islands for a five-year period, starting with the 2017 unrest at Cerro Azul, and ending with the 2022 
eruption of Wolf.  
  
We construct comprehensive timeseries of deformation, and discern temporally contemporaneous 
changes in displacement rates and magnitude at neighbouring volcanoes (e.g. one volcano begins to 
subside as another erupts). We then quantitively verify these observations, using Independent 
Component Analysis, and Correlation Analysis. These analyses, alongside previous observations of 
related displacements in the Western Galápagos [1], are indicative of a common origin for volcanic 
deformation. We further investigate this using geodetic source models to estimate magmatic volume 
flux to each volcano, over the entire study period. When compared to the results of our timeseries 
analysis, we demonstrate that individual volcanoes deform concomitantly during periods of elevated 
magma flux from the Galápagos plume — during eruption, unrest, and resurgence. 
 
This dynamic supply has been hinted at in previous studies of Galápagos volcanism: (1) Galápagos 
volcanoes erupt due to the periodic flushing of primitive magma through their magmatic system [2]. 
(2) Quiescent volcanoes here periodically resurge, due to rapid magma influx [3]. (3) Even the extreme 
pre-eruptive uplift at Sierra Negra comprised at least four distinct phases [4]. These observations, 
alongside the analyses and modelling that we present here suggests that that irregular fluxes in magma 
supply causes neighbouring Galápagos volcanoes to experience correlated deformation.  
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___________________________________________________________________________ 

 
Rock textures within exposed, solidified dykes provide a means to investigate subsurface magma flow, 
which likely influences the behaviour of fissure eruptions at the surface. We have found small-scale 
(mm – cm wide) banding features at the margins of dykes in the Teno Massif, Tenerife, and the 
Columbia River Basalts. These marginal bands are of particular interest because the margins of dykes 
are the first material to solidify against the host rock, and they originate at the tip of a dyke as it 
propagates through the crust. Marginal textures are therefore intrinsically related to the propagation 
process, and provide a record from initial crack propagation towards steady magma flow within the 
dyke. The marginal bands therefore hold valuable information on dyke tip processes and dyke 
propagation. 
 
The bands get wider and less distinct towards the intrusion centre, and are defined by variations in 
phenocryst concentration and vesicularity. Marginal bands showing these same trends have been 
found in dykes from various volcanic settings, and their similarity suggests a common, if not ubiquitous, 
formation process related to dyke propagation. By treating the textures as a time series, with the 
oldest material at the dyke wall, we determine that the cyclic variations in textures are a product of 
fluctuating magma flow rates and pressures within the dyke tip. Using a 1D conduction model, we 
estimate the time taken for each band to cool and solidify, which provides a timescale for the flow 
variations that created them. We therefore infer that propagation is not a continuous process, but 
occurs in pulses lasting minutes, repeatedly hindered by the solidification of magma in the narrow 
dyke tip. As such, these marginal bands have implications for our understanding of dyke propagation, 
especially around the role of solidification, and how the dyke instigates fracturing. 
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IC-FEMRES (Imperial College Finite Element Magma REservoir Simulator), is a finite-element based 
numerical code for simulating the 3D dynamic behaviour of a two-phase, multi-component magma 
reservoir with chemical reaction.  The code is built upon the open-source IC-FERST package 
(http://multifluids.github.io/) which includes advanced numerical features such as dynamic mesh 
optimisation, to allow fine-scale solution features to be captured while simulating in a large domain. 
 
The model treats solid and melt phases as Stokes fluids with very different Newtonian viscosities.  
Individual crystals in the solid matrix are incompressible, but the solid phase is compressible to account 
for changes in melt fraction.  The formulation captures viscous compaction and convection of the solid 
matrix, and flow of melt via a Darcy-type formulation at low melt fraction, and a hindered-settling type 
approach at high melt fraction.  It also captures heat transport by conduction and advection, and 
component transport by advection.  A chemical model is used to calculate phase fraction and 
composition.  The code sequentially solves for: (1) melt and solid velocity (mass and momentum 
conservation); (2) enthalpy and component transport (energy and component conservation); and (3) 
phase fraction, temperature and composition via a chemical model.  Material properties such as 
density and viscosity can be coupled to solution fields such as melt fraction, temperature and 
composition to yield a highly non-linear system of coupled equations which are solved iteratively. 
 
We demonstrate here validation of the formulation against well constrained test cases, and example 
results for a magma reservoir in the continental crust, obtained using a simple two-component 
chemical model created by fitting a binary phase diagram to experimental melting data.  Solutions 
show significant deviations from the predictions of 1- and 2D thermal models, or 1D models that 
include magma dynamics, and may explain some hitherto poorly understood aspects of magma 
reservoir formation, dynamics and chemical differentiation.   
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___________________________________________________________________________ 
 
Magma is primarily transported through the upper crust via thin, fluid-filled fractures called dykes. 

Driven by magma pressure gradients, dykes cut through the host rock and create their own pathways 

to potentially erupt at the surface. The forces driving dyke motion are strongly infleunced by the way 

the magma flows internally and distributes the fluid pressure that is exerted on the surrounding host 

rock. Fluid dynamics therefore play a key role in governing dyke propagation, yet magma flow is 

impossible to observe in nature. We present analogue experiments to explore the flow regimes in 

dykes from initiation to eruption. A Newtonian fluid magma analogue (water, oil, or glycerol) is injected 

with a constant flux into gelatine --- the host rock analogue. Passive tracer particles that are suspended 

in the injected fluid are used to track internal fluid motions and measure its velocity. We explore a 

wide range of flow conditions by varying the dyke Reynolds number Re, which characterises the 

balance of fluid inertia to viscous resistance within the flow. Dynamic measurements of fluid velocities 

and dyke geometry evolution are obtained for experiments with Re values spanning six orders of 

magnitude --- ranging from creeping, viscosity-dominated flows to high-speed fluid injections. In these 

experiments, we observe a consistent pattern of fluid re-circulation that persists for the majority of 

dyke ascent, regardless of the Reynolds number. Prior to eruption, all experiments exhibit a change in 

flow behaviour as the dyke accelerates towards the surface, and vertical flow dominates internally. 

The dynamic evolution of flow behaviour in these experiments has important implications for the 

forces driving dyke ascent in nature, particularly for transient dykes that may never reach a steady 

state of propagation. 
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___________________________________________________________________________ 
 
The high temperature geochemistry of nitrogen is a topic rife with intrigue [1]. For example, debate is 
ongoing regarding the crust-mantle tectonic flux(es) and the storage capacity of Earth’s silicate 
reservoirs. This is in part because the behaviour of nitrogen is complex, given that nitrogen is redox 
sensitive where the main species of nitrogen in the Earth system – nitride, oxide, molecular, and 
ammonic – share no overlapping behavioural traits and the redox conditions required to convert 
between these species overlap with key redox gradients of Earth’s tectonic systems [2]. Conventional 
thinking holds that nitrogen is a highly volatile and incompatible element in igneous systems which 
results in the loss of nitrogen during magmatic differentiation [1]. Here we present new data that lead 
us to question this long held assumption. 
 
Using a bespoke laboratory facility which has been built and calibrated at St Andrews [3], we have 
examined the geochemistry of nitrogen within a zoned pluton. We have determined the elemental and 
isotopic partitioning behaviour of nitrogen between biotite, plagioclase, and orthoclase relative to 
each other and the system (whole rock) across the Loch Doon zoned pluton. We posit that mantle 
nitrogen is not always transferred from the mantle to the atmosphere by volcanism, and instead, our 
data hint at two very important and novel insights: 
 
Novel Insight 1, Partitioning: There is a significant loss flux of nitrogen from the mantle to the crust 
which never reaches the atmosphere. Instead, nitrogen is retained as ammonium in minerals which 
can host large ion lithophile elements, such as feldspars and micas. We also find that nitrogen is far 
more compatible than Rb in K-feldspar and vice versa for biotite, and this observation implies that the 
ammonium ion is more similar in radius to K than Rb. These data are essential to the construction of 
geochemical models to express the nature of the geological nitrogen cycle and to calculate the 
composition of the bulk silicate Earth, the core, and Earth’s prebiotic nitrogen cycle (e.g., the activity 
of reactive nitrogen in the earliest oceans).   
 
Novel Insight 2, Stable Isotopes: We observe a near-constant (equilibrium) stable isotope fractionation 
factor between biotite mica and whole rock (Δ15N = -6.8 ± 1.5‰). These data are important because 
nitrogen isotope data in the rock record are commonly used to determine the source of Earth’s volatile 
elements, the origin of life, and the cycling of subducted volatiles through Earth’s mantle. 
 

Our data show that nitrogen originating from the mantle should be readily captured in the continental 

crust, meaning a critical part of the global nitrogen cycle has so far been overlooked. 
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___________________________________________________________________________ 
The sulfur contents and speciation in magmatic systems have important implications for the ore 
forming potential of magmas and the climatic effects of volcanic eruptions. Magmas forming at 
volcanic arcs carry more sulfur and are also more oxidised than mid-ocean ridge basalts (MORBs). 
Addition of slab-derived material into the mantle under volcanic arcs may explain the high S content 
and elevated oxidation state in arc magmas. 
 

 
Figure 1: (A) Undegassed mantle wedge/arc magma δ34S plotted vs. the sulfur content of the mantle 
wedge (black outlines) and the measured maximum MI S contents (red outlines). For reference, MORB 
melt and mantle source S contents are also shown. (B) The δ34S compositional range of the slab 
component added to the mantle wedge. EPR: East Pacific Rise. Error bars in (A) are 1σ. Large symbols 
in (B) are median fluid δ34S, while smaller symbols are the 2nd and 8th deciles calculated using Monte 
Carlo modelling. 
 
Here we use melt inclusion (MIs) sulfur contents and sulfur isotope ratio data (δ34S) collected from the 
Central American volcanic arc (Volcán de Fuego, Cerro Negro, Turrialba) and the Aleutians Islands 
(Seguam, Makushin, Shishaldin) to quantify the sulfur content and sulfur isotopic composition of the 
mantle wedge. Undegassed arc magmas, containing 2700-5500 ppm S, have δ34S values between +1‰ 
and +5‰, uniformly higher than depleted upper mantle estimates (Fig. 1). Using undegassed melt S 
content and melting degree estimates for each volcano we calculate the S content of the mantle wedge 
using mass balance, assuming total sulfur removal during mantle melting. This is a realistic scenario 
under oxidative conditions. Calculated mantle wedge S contents vary from 240 ppm (Turrialba) to 780 
ppm (Makushin). In our model, between 40-80% of S in the mantle wedge is slab-derived. Slab sulfur 
probably dominates arc magma S budgets globally and has a critical role in the formation of S-rich arc 
magmas. Estimated median compositions of slab fluids vary between +2‰ and +6‰ (Fig. 1B). Slab 
sulfur, rich in 34S, may be sourced from altered oceanic crust (AOC), serpentinites, or sedimentary 
material. Fractionation of S isotopes during transport within the slab is also a potential explanation for 
34S-rich slab fluids. Slab lithologies with positive δ34S are associated with seawater-derived, oxidised 
sulfur. Therefore, slab fluids are expected to contribute to the relatively oxidising conditions observed 
in arc magmas globally. 
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___________________________________________________________________________ 
 
The prevalence, durability and physical significance of crystal mushes in crustal magmatic systems is a 
topic of current interest in igneous petrology. Mush fragments brought to the surface by basaltic 
eruptions provide a key opportunity to image a snapshot of the temporal evolution of mushes.  
Petrographic and geochemical analysis of such fragments give valuable insights into basaltic magma 
reservoirs, including information about magma storage conditions and possible eruption triggers. A 
detailed petrological and geochemical study was carried out on gabbroic mush nodules from the 
Brandur, Fontur and Saxi tuff cones to understand the processes that occur before large fissure 
eruptions in the Bárðarbunga system, Iceland. 
 
Petrographic studies of the mush nodules, from QEMSCAN images, reveal a bimodal phenocryst 
population in a glassy vesicular groundmass. Geochemical analysis further reveals the bimodal 
population consists of a primitive and evolved assemblage. The former is composed of large equant 
crystals of high-anorthite plagioclase (An~88), high-forsterite olivine (Fo~86) and high Mg# 
clinopyroxene (Mg#~86) forming an interconnected solid framework. The evolved assemblage consists 
of low-anorthite plagioclase (An~75), low-forsterite olivine (Fo~77) and low Mg# clinopyroxene 
(Mg#~79) crystallising in the pore space of the mush framework and on the rims of the primitive 
macrocrysts. The textures and compositions seen suggest the nodules experienced two stages of 
crystallisation: primitive macrocrysts crystallised first and were stored in crystal mushes. Then a later 
event caused a change in PTX conditions and triggered relatively rapid crystallisation in the pore-spaces 
of the mushes. 
 
The quenched glass in the pore spaces of the nodules has the composition of a basaltic liquid that in 
chemical equilibrium with the evolved assemblage of crystals. Thermobarometry based on equilibrium 
between this liquid and the phases indicates that the final stage of crystallisation occurred at pressures 
of 1-2 kbar. A putative interstitial liquid composition was reconstructed under the assumption of 
closed system growth of the evolved assemblage by using the QEMSCAN pixel maps to add the evolved 
crystals to the interstitial glass composition. This reconstructed liquid is far from chemical equilibrium 
with the primitive crystals in the mush framework, indicating that the assumption of simple closed 
system crystallisation from an initial mush liquid in equilibrium with the primitive solids is not correct. 
Therefore, the phase mapping and compositional relationship provide constraints on open-system 
processes in mushes.  
 
Barometric studies on the second stage of porosity filling crystallisation reveal that disaggregation 
occurred at shallow crustal depths of 1-2 kbar, consistent with geophysical estimates of shallow 
magma reservoir depths under Bárðarbunga at the present day. Diffusion profiles across the rims of 
the olivine crystals were modelled and reveal that the timescale between rearrangement of phases in 
the mush and eruption of the fragment was on the order of months to ~2 years. 
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How can seafloor deformation help constrain kinematic models of Etna 
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___________________________________________________________________________ 

Mt Etna is a rapidly deforming volcano where the south east flank slides into the Ionian Sea at rates of 
~4cm/year [1]. The sources causing these deformation rates have been investigated a lot in recent 
times, but studies mainly focussed on terrestrial data sets. InSAR and GNSS measurements are among 
some of the best tools to investigate the sources for magmatic deformation, however, this does not 
give us insight into the nature of what is happening below the sea. Etna is the only volcano where 
offshore measurements are monitoring the slides of the flank, indicating that the fault system deforms 
at higher rates offshore than onshore (Figure 1, e.g Urlaub et al 2018 [1], Urlaub et al 2022 [2]). 
Comparing onshore and offshore deformation data have never been used in conjunction with each 
other, therefore, this project aims to integrate both datasets for improving our understanding of Etna’s 
source of deformation. This may provide insight into how ocean island volcanoes collapse and 
therefore, can improve our development of early warning systems for catastrophic collapse. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
References 
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[2] Urlaub et al (2022) Front. Earth. Sci. 10:810790 

  

Figure 1: Rates of deformation at active faults on Mt Etna 

edifice. Includes recent results obtained for extension of the 

submarine fault, showing that the submarine fault has faster 

rates of deformation [1]. 
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___________________________________________________________________________ 
 
Rabaul is a restless caldera volcano on the Gazelle Peninsula, East New Britain province, Papua New 
Guinea. Since the last caldera-forming eruption (667-699 CE) there have been numerous eruptions, of 
diverse styles, from multiple intra-caldera vents [1]. The most recent eruptions (1994-2014) were 
accompanied by substantial gas emissions and Rabaul has been estimated to be among the highest 
emitters of volcanic gas into the atmosphere over the past two decades, ranked sixth for SO2 flux and 
thirteenth for CO2 flux [2-4]. Followed the cessation of eruptive activity, unrest at Rabaul has 
diminished, in terms of the intensity of seismicity or ground deformation, vigour of gas emissions, and 
the temperature and overall abundance of hot springs and fumaroles. It is unclear if prodigious gas 
emissions from Rabaul are an inherent characteristic of the volcanic system or a transient feature, 
given the short history of instrumented monitoring. Open questions include: are magmas feeding 
volcanism at Rabaul notably volatile-rich, and why? Is the adjacent subduction zone a locus of efficient 
volatile recycling? Are rising magmas incorporating additional volatiles from the arc crust?  
 
In this contribution, we present geochemical and isotopic data from volcanic gases at Rabaul, using 
samples collected from fumaroles and hot springs in 2016 and 2019. We report the composition of 
gases in terms of the relative abundance of major (H2O, CO2, sulfur) and trace (He, Ar, N2) chemical 
species, as well as helium, carbon and nitrogen isotopes. We use volatile systematics to interpret these 
data in terms of volatile provenance, i.e., whether volatiles emitted at Rabaul are principally sourced 
from the local mantle, recycled from the subducting slab entering the New Britain trench and/or from 
crustal volatiles liberated from the overlying crust by rising magmas.  
 
Many of our samples are subject to air contamination, potentially due to seawater intrusion and air 
circulation in the hydrothermal system within the poorly consolidated rocks of Rabaul’s active cone, 
Tavurvur. Nonetheless, by combining a range of chemical and isotopic tracers in gas samples from 
fumaroles and hot springs, along with a compilation of the limited available geochemical and isotopic 
constraint from whole rock suites, we have characterised Rabaul gas chemistry for the first time and 
determined the provenance of volatiles at Rabaul. We find a strong mantle influence, based on high 
3He/4He, and evidence from δ13C and δ15N for slab contributions of carbonate and minor organic 
sediments. 
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The Gegham and Vardenis volcanic highlands, central and southeast Armenia consist of a dense cluster 

of > 160 Pleistocene-Holocene monogenetic scoria cones and lava domes. The vents were formed 

during strombolian to violent strombolian eruptions, which produced extensive lava flows, scoria, and 

spatter with basalt, trachybasalt and basaltic trachyandesite compositions [1, 2].  

The timing of volcanism in both regions is uncertain, although K-Ar dating suggests that activity in the 

Gegham Highlands occurred between 700 ka and < 50 ka [3]. However, archaeological evidence 

suggests the most recent eruptive activity occurred at ~ 3.4 ka [4], with the youngest activity thought 

to have occurred in the Vardenis region [5]. Recent seismic swarms have been linked to an active 

magmatic system in Gegham Highlands, which poses a risk to the Armenian capital city Yerevan, with 

its population of 1.1 million people [1]. Therefore, with uncertainty regarding the timing of the last 

eruption, and evidence of an active magma system, it is important to establish the eruptive history of 

the region in order to assess volcanic hazards [1]. 

This project will use 40Ar/39Ar geochronology to determine the spatio-temporal evolution and eruptive 

recurrence rates of monogenetic volcanism in the Gegham Highlands and resolve the timing of the 

youngest volcanism in Armenia. A recent field season involved collecting suitable materials for dating, 

including scoria and lava from geomorphologically young-looking vents and their associated lava flows. 

The ages obtained by this study will be used to inform statistical modelling to forecast the location and 

timing of future eruptions. In addition, constraints on magma ascent and eruptive behaviour will be 

gained from textural analysis using Scanning Electron Microscopy and X-ray micro-CT/microscopy. The 

results from this project will be used to inform hazard assessment in Armenia and provide insight into 

evolution of monogenetic volcanic fields in continental-collision zones and worldwide.  
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___________________________________________________________________________ 
 
Despite their relative infrequency, large-scale gravitational collapses can occur at all types of volcanic 
landforms from across all tectonic settings. Volcanoes can be inherently unstable due to their wide 
range of lithological properties and rapid construction. They also repeatedly undergo processes such 
as volcano-seismicity, magma ascent, hydrothermal alteration, subsidence and gravitational 
spreading, which further promote a variety of structural weaknesses, ultimately giving rise to an edifice 
prone to destabilisation.  
 
Sector collapses can profoundly modify a volcano’s morphology; the failing mass can be of the order 
of several cubic kilometres and in many cases cuts deeply into the edifice, encompassing the summit 
and exposing the volcano’s central conduit. This results in the rapid removal and redistribution of a 
substantial mass across the surrounding landscape, and instantaneous decompression of the 
magmatic feeder system. Growing evidence suggests that this abrupt change in surface loading can 
significantly perturb the underlying magma reservoir, influencing pressurisation conditions and in turn, 
potentially manifesting as shifts in eruptive styles, rates and compositions on a range of timescales [1].  
 
Difficulties in developing high-resolution reconstructions of pre- to post-collapse volcanic activity have 
resulted in a lack of detailed understanding of how magma systems are affected by edifice collapse [2]. 
However, Anak Krakatau provides a rare opportunity to examine volcanic evolution spanning a major 
collapse, due to its relatively young age and well-documented eruptive history. This includes records 
of Anak Krakatau’s growth from the inception of the volcano, following the 1883 Krakatau eruption, 
through to its catastrophic collapse in 2018, as well as the ongoing post-collapse regrowth of the 
volcano. This study utilises remote sensing techniques and eruption records collated from literature to 
examine Anak’s volumetric evolution since its formation in the late 1920’s. Understanding Anak’s early 
growth history can offer fundamental insight into the coupled development of the sub-surface magma 
system and the growing edifice, and how this ultimately led to collapse. This provides a context for 
also evaluating the factors driving its post-collapse ‘recovery’ and will provide the basis for forecasting 
the future trajectory of its growth and potential further instability. More generally, the capacity to 
perform this analysis at Anak Krakatau is a key step towards a more complete understanding of the 
effects of rapid changes in surface loading on the activity of arc-volcanic systems.  
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___________________________________________________________________________ 
 

Ritter Island is a subduction-related island volcano in the Western Bismarck Arc in Papua New Guinea 

[1]. Its lateral collapse in 1888 removed an estimated volume of 4.2 km3 of material into submarine 

landslide deposits according to [2]. An alternate estimate of this volume is 2.4 km3 by [3]. This event 

has become a key case study and the largest historically documented tsunami-generating volcanic 

island collapse [4]. Until the collapse-generated tsunami at Anak Krakatau, Indonesia, in 2018, it was 

also the best documented historical event with records providing descriptions of the island before and 

after collapse and accounts of the tsunami in the surrounding regions [5]. 

Drone imagery taken in 2016 on the SO252 (RV Sonne) cruise [6] was used to make a high-resolution 

structure-from-motion model of Ritter Island using photogrammetry techniques. The output of this 

model includes an orthomozaic image and a digital elevation model both with a resolution of 

8cm/pixel.  

The elevation model provides excellent detail on the topography of the island, yielding a number of 

key data sets. These include peak altitudes, slope angles and the volume of the subaerial island. These 

datasets have been used to make a new reconstruction of the pre-collapse volcano and can be linked 

to bathymetry data also collected from the SO252 cruise [6]. As a result, a new estimate of the sub-

aerial component of the collapse volume has been calculated as 0.87 km3. The models were also used 

to identify and map structural features, dyke intrusions, vegetation cover and individual rock units. 

These, in turn, form the basis for a detailed geological map of Ritter Island.  

Subaerial and submarine samples previously collected from Ritter Island have been analysed for 

porosity and permeability using laboratory methods [6, 7]. These measurements, combined with 

geological mapping, have provided a clearer picture of the structure of Ritter Island that will help better 

understand the stability of the edifice and determine the mechanism behind the catastrophic collapse.  

1. Tollan, P.M.E., et al., (2017) Journal of petrology, 58(8): p. 1475-1510. 
2. Day, S., et al., (2015) Marine and Petroleum Geology, 67: p. 419-438. 
3. Karstens, J., et al., (2019) Earth and Planetary Science Letters. 517: p. 1-13. 
4. Ward, S.N. and S. Day, (2003). 154(3): p. 891-902. 
5. Ray, M.J., (2017), Birkbeck. 
6. Berndt, C., et al., (2017). 
7. Saunders, S. and J. Kuduon, (2009). 
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Volcanic flank or sector collapses have been linked to changes between the magma compositions 

erupted before and after the collapse [1, 2]. The Monte Amarelo collapse on Fogo island occurred 

around 68-83 ka [1, 3, 4] and formed a horseshoe-shaped scar which is the site of many recent 

eruptions. 

In this study we selected 29 stratigraphically controlled samples in 5 Formations across the whole of 

shield-stage volcanic activity in Fogo, using the stratigraphy of Day [5]. These were analysed for bulk 

rock major and trace elements, and Sr, Nd and Pb isotopic ratios. The results show similar trends in 

both pre- and post- collapse rocks: (i) a fractional crystallisation trend with low 87Sr/86Sr values which 

points to a carbonatite end-member [6, 7], (ii) an assimilation-fractionation crystallisation (AFC) 

trend at medium to high 87Sr/86Sr values. Similar trends also occur in Nd and Pb isotopic values, (iii) a 

trend in Sr and Nd isotopic values between the most depleted sample and at least one isotopically-

enriched component and (iv) a trend in Pb isotopes that is different to that of previous workers, at an 

angle to the Northern Hemisphere Reference Line (NHRL) with one end-member being carbonatite 

[6, 7].  

Importantly, and in contrast to [1], the Sr, Nd and Pb isotopes show no change across the collapse 

when plotted in our defined Formations. However, 206Pb/204Pb and 208Pb/204Pb ratios show a slight 

decrease in isotopic value with decreasing age and the Sr and Nd isotopes indicate an increase in the 

more enriched component over time. The lack of evidence in this study to support the theory that 

lateral collapses are linked to major changes in magma composition [2] suggests that a robust 

sampling strategy should be followed before inferring any collapse effects in petrogenetic models. 
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The Canary Islands are an archipelago of ocean island volcanoes, overlying a mantle hotspot from 

which their volcanic activity originates. By analysing the isotopic and chemical compositions of detrital 

volcanic sands from the Canary Islands, the compositions and origins of the mantle components that 

contribute toward Canarian volcanism will be constrained. 

Furthermore, the Canary Islands transect the West African passive continental margin, which provides 

unique insight into the nature of a continental input into the Canarian mantle plume. Comparison of 

the compositions of mantle-derived volcanic rocks from ocean islands located at varying distance from 

the continental margin will provide context for variations in the isotopically enriched ‘EM1’ mantle 

signature in Canarian volcanics. The origin of this enriched signature remains contentious, but is often 

attributed to entrainment of continental material into the plume [1, 2, 3]. If this signature does in fact 

originate from a continental source, then the influence of the enriched component would be expected 

to decrease with increasing distance from the continental margin. Constraining the source of the 

isotopic enrichment in the mantle source of the Canary Islands may help to identify the sources of 

similar EM1 mantle signatures in other ocean island settings. 

Analysis of the isotopic (Sr-Nd-Pb) compositions of olivine-hosted melt inclusions, utilising new 1013 Ω 

resistors with the University of Leeds Thermal Ionisation Mass Spectrometer to collect precise isotope 

ratio measurements of nanogram quantities, in addition to the major and trace element compositions 

of the melt inclusions and their host olivine will help to constrain the origin and nature of compositional 

heterogeneity in the mantle source of the Canary Islands, which is key to understanding the evolution 

of both the Earth’s mantle and Canarian magmatism. 

[1] Day J and Hilton D (2021) Geology 49:120-124 
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___________________________________________________________________________ 
 
The East African Rift System (EARS) is the world’s longest and best exposed example of a continental 
rift, and thus presents an ideal location to study active rift systems. Varying stages of rift development 
are manifested along the EARS, from early-stage continental rifting in the southern Malawi Rift, to near 
continental breakup in the Danakil region of Afar [1, 2]. Despite its geological importance as a transition 
zone between contrasted rifting styles, large sections of the EARS—including in the Adda’do Graben 
of Southern Afar—remain understudied.  
 
The Adda’do Graben is the youngest and most tectonically active graben in Southern Afar [3]. This 20 
km-wide graben marks the junction between the Main Ethiopian Rift and Southern Afar – two major 
sectors of the EARS. The graben is volcanically active, containing in its southern half three active 
volcanoes which collectively form the Adda’do Magmatic Segment (AMS). The stratovolcanoes Ayelu 
and Abida occur along the southern margin of the graben, while the rhyolitic complex stratovolcano 
Yangudi lies on the rift axis approximately halfway along the graben’s length. 
 
Here, we present a new detailed geological map and relative chronology for Ayelu, Abida and Yangudi, 
produced using Landsat and SRTM data, along with whole-rock geochemical data from 47 rock samples 
from across the edifices. We find that the three AMS volcanoes follow a broadly similar evolution 
trend, from a base of Plio-Pleistocene lavas to an explosive rhyolitic phase, to recent 
(Holocene/historical) activity dominated by distal basaltic flows. Overlapping calderas provide 
evidence for at least three series of fractionation at Ayelu/Abida, indicating that the area has been a 
site of prolonged magmatism. We find evidence for a lateral eastward shift in volcanic activity in the 
recent geologic past, possibly related to movement and development along the transverse fault zone 
where two southernmost volcanoes occur. 
 
 
References: 
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___________________________________________________________________________ 

The British Palaeogene Igneous Province (BPIP) has long been an area of interest, both for British 
volcanology and in the context of the early stages of opening of the North Atlantic ([2], [8]). Previous 
studies have investigated the evolution of the Mull lavas ([7], [2]) and the evolution of the igneous 
centres associated with the BPIP, such as those on Skye (including [3], [4]) and Arran [5]. However, 
since the Mull Memoir was published by Bailey et. al. [1], little substantive research has been carried 
out on the early evolution of the Mull central complex. Following the success of a similar PhD study by 
Gooday [6] on the Isle of Arran, this work aims to use similar volcanological, geochemical and 
geochronological methods to undertake a study of the early evolution of centres one and two on the 
Isle of Mull. Field mapping and relationships of volcanological and intrusive units and their link to 
faulting apparent across the area, combined with sampling over multiple field campaigns, will build up 
a more-detailed understanding of the early evolution of the Mull volcano. Geochemical analysis of 
samples will help to elucidate processes such as magma mixing and crustal contamination as well as 
helping to determine links between sub-surface magma conduits and erupted deposits. Isotopic and 
elemental fingerprinting will be used to investigate the nature of the basement rocks through which 
magmas have risen and evolved between the two centres. U-Pb zircon dating will allow constraints to 
be placed on the timescales of formation of the centres.  

This study will develop an updated volcanological and petrological model of the early evolution of the 
Mull central complex. The results of this study will both add to our understanding of the BPIP and more 
generally will have implications for our understanding of explosive volcanism, particularly in young and 
evolving environments. 
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___________________________________________________________________________ 

 
Volcanic calderas are enclosed topographic depressions delimited by steep annular cliffs of up to 

several hundred meters in height. The cliffs, or caldera walls, represent the degraded scarps of faults 

that accommodated subsidence of a magma chamber roof. Here, we assess the mechanical controls 

on caldera morphology by analysing: (i) slope properties of several natural calderas, and (ii) results of 

a classical analytical solution and of new Distinct Element Method (DEM) numerical modelling. The 

latter explicitly simulates progressive caldera collapse such that slope morphology emerges as a 

function of increasing subsidence and varied mechanical properties. 

The natural caldera slope angles range from 20 – 65° and slope heights range from 99 – 1085 m. We 

find that smaller slope heights are not as robustly tied to greater slope angle as previously suggested. 

When compared to both analytical predictions and DEM modelling results, the natural slope-height 

data yield expected rock mass cohesion values of 0.25 - 0.38 MPa, which is 2-3 orders of magnitude 

less than typical laboratory-scale values. The DEM models further indicate that friction is the dominant 

control on slope evolution. During early collapse stages, failure mechanisms in the DEM models 

include: (1) granular flow with low friction and cohesion, and (2) block toppling at high friction and 

cohesion. During later collapse stages, shear failure dominates regardless of cohesion. At higher 

cohesion and/or friction values, the DEM model slope profiles become non-linear and concave-

upward, as seen at many natural calderas. 
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___________________________________________________________________________ 
 
A wide range of behaviour can be displayed by basaltic fissure systems during their eruptive episodes 
which poses danger to people and infrastructure in the vicinity. Within the subsurface plumbing 
systems that feed basaltic fissure eruptions, stored magmas physically and chemically interact, with 
strong evidence that physically distinct magmas can mix during ascent. The extent and success of 
interaction can determine eruption longevity and the nature of eruptive products. Previous analogue 
experimental studies investigating the interaction of magma in plumbing systems have typically used 
chamber-like or pipe-like geometries (i.e. cuboid or cylindrical respectively) and immiscible fluids 
representing magma mingling. These findings are difficult to extrapolate to high aspect ratio, dyke 
geometries that characterise fissure systems and to situations of mixed magma. Therefore, we have 
designed a new analogue experimental setup to further explore magma mixing in a high aspect ratio 
geometry and use miscible fluids to capture these dynamics.  
 
We present results from scaled analogue experiments where an array of miscible fluid pairs, 
representing magmas of differing composition, interact in a dyke-like geometry. The higher density 
fluid is arranged below the lower density fluid in a stable configuration, after which the apparatus is 
inverted to initiate the interaction between the fluids. Over the course of an experiment, images were 
captured and later processed to quantify mixing and change in Reynolds number over time. Fluid 
samples were taken to accompany the visual data and track the evolving fluid physical properties 
(density, viscosity) during mixing. We relate our results to the evolution of magma viscosity and 
chemistry during subsurface magma replenishment and eruption, and to a composite dyke system in 
Iceland that displays physical and chemical interaction of multiple magmas.  
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___________________________________________________________________________ 
During the Carboniferous (ca. 359-259 Ma), rifting of the Midland Valley of Scotland formed many 
volcanoes that are associated with eruption of (mainly) mildly alkaline olivine basalts. These volcanoes 
were short-lived (ca. 30 Myr) [1] and the remains of these volcanoes are today preserved as intrusive 
rocks (e.g., micro-gabbro, phonolite) exposed at the Earth’s surface. These rocks comprise world 
famous geological sites, such as Arthur’s Seat, Edinburgh. Although mapping work has broadly 
established a relative stratigraphy for the Carboniferous rocks of the Midland Valley, current 
geochronology suffers from poor precision and/or poor accuracy.  

The lack of an accurate and precise temporal framework leaves the Carboniferous rocks of Scotland 
‘floating’ in time with reference to the Geological Time Scale. High precision (0.1% uncertainties) 
geochronology can provide temporal resolution of sequences of events in the magmatic and volcanic 
history of the Midland Valley, including explosive volcanic eruptions, effusive emplacement of lavas. 

Further, by combining the geochronological analyses with a suite of geochemical data (e.g., Nd, Sr and 
Pb isotopes) it will be possible to track evolution of the magmatic systems and evolution of the rift 
through time.  

This project aims to date the Carboniferous volcanic rocks throughout the Midland Valley, utilising 
both high precision ⁴⁰Ar/³⁹Ar (lavas and explosive eruptions) and CA- ID-TIMS U-Pb zircon (intrusive 
rocks and explosive eruptions) geochronology. The data will allow me to construct a robust temporal 
framework, track the evolution of the magmatic systems of the Midland Valley and place these 
sequences of rocks within the global Geological Time Scale, constraining the ages of key fossil-bearing 
sediments.  

By linking the magmatic-volcanic framework to evolution of sedimentary basins in the Midland Valley 
through absolute dating of intercalated tephras, my project will provide a high precision chronology to 
track climate change during the Carboniferous and evolution of both flora and fauna.  
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___________________________________________________________________________ 
 
The direction of lava flow propagation is fundamental, though often elusive in the geological record, 

to understanding the source and evolution of large igneous provinces. Palaeoflow indicators are used 

to help determine the source of lava flows, and include inclined vesicles, lava tubes, ropy surface 

structures and internal flow banding. There are several studies concerning tree fossils within lava 

fields, both in modern and ancient examples, as an indicator of palaeoflow. However, these studies 

examine small and local populations of trees. Within the Palaeogene Mull Lava Field, NW Scotland, 

through detailed field mapping we identify over 300 tree fossils over a 25 km area of coastline, 

preserved throughout the entire exposed stratigraphy. This study therefore presents a unique dataset 

of a regionally extensive and statistically significant tree fossil population. The tree fossils are 

preserved in a range of forms including moulds, casts, mineralised or a combination of each, found in 

predominantly a sub-horizontal orientation, with some more rare vertical examples. The alignment of 

these hitherto undocumented tree fossils forms a key dataset within a region where extensive faulting, 

including syn and post-volcanic faults, has hampered regional correlation of lava flows. Periods of 

volcanic hiatus, at least locally, are indicated by the widespread occurrence of these tree fossils and 

intra-lava sediments which aid both correlation and palaeoflow interpretation. The lava flows of this 

area are presumed to be sourced from multiple fissures, though their location has historically been 

unknown. By integrating our tree fossil measurements with additional palaeoflow indicators such as 

vesicle alignment, we identify radial propagation from a linear zone, which we interpret as one site of 

multiple fissures and ultimate source of many of the flows of the north-west portion of the Mull Lava 

Field. Our study demonstrates how tree fossils can be used both as palaeoflow indicators for individual 

flows and an overall lava field. We anticipate that the orientation of tree fossils found in other lava 

fields, both modern and ancient could be utilised in a similar way. Further studies examining flow 

structures around an individual or small clusters of trees could be combined to enhance accuracy of 

palaeoflow predictions.  
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___________________________________________________________________________ 
 
The Azores islands are considered unusual examples of oceanic intraplate volcanism [1]. One reason is 
the geodynamic setting, with the islands seated on an expansive bathymetric high, known as the 
Azores Plateau, coupled with the Plateau occurring over a triple junction between plate boundaries 
(the American, Eurasian and African plates). The Azores are also the subject of longstanding debate, 
over the origin and geochemical characteristics of the Azores mantle source [2]. 
 
The central group of islands in the Azores (Terceira, Graciosa, São Jorge, Pico and Faial) are ideal for 
studying unusual geochemical signatures because of their location on the predicted occurrence of a 
mantle plume beneath the Azores. The islands of Pico and Faial are sited on a corresponding ridge to 
the Terceira rift. Both islands have lava flows that contain mantle xenoliths. Study of volcanic xenoliths 
allows direct observation of the petrology and geochemistry of the underlying mantle. Initial 
observations and mineral chemical data from mantle xenoliths collected on Faial and Pico are 
presented here. In particular, detailed petrography, as well as Scanning Electron Microscopy (SEM) and 
Electron Probe Micro Analysis (EPMA) analyses, of both xenolith sample suites has been carried out.  
Results show that the mantle xenoliths from Faial are pyroxenitic in nature, dominated by 
clinopyroxene. Lower crustal gabbros form a minor component of the Faial suite. Xenoliths from Pico  
include pyroxenites and dunites, consistent with previous studies on the xenoliths from these areas 
[3].  
 
Pico and Faial xenolith bulk rock and mineral separates have been prepared for neutron irradiation 
noble gas mass spectrometry to determine halogen abundances and noble gas isotope analyses [4, 5]. 
Combined with the petrological observations, the noble gas and halogen ratios will be used as tracers 
for potential Azorian mantle source components (e.g. MORB, OIB, recycled sediments). Future work 
will also examine xenoliths from additional islands in the Azores, to constrain heterogeneity between 
the islands.  
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___________________________________________________________________________ 
The Carnegie and Cocos aseismic ridges extend westwards for almost 1000km from the Galapagos 
islands to the continental margin of Central and South America, tracking the movement of the 
Galapagos hotspot. Variations in the bathymetry of these ridges and dating of ridge-based 
seamounts has led to the suggestion that, due to interaction of the mantle plume and adjacent mid 
ocean ridge, volcanism has historically been subaerial in this region [1][2]. By synthesising data from 
previous studies and using a rare-earth element inversion code for combined active and passive 
melting [3], we assess variations in excess crust generated along the hotspot track. This information 
is combined with published literature on timescales of species evolution [4] to establish the link 
between variable melt generation in the Galapagos plume and the emergence of volcanic landforms. 
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___________________________________________________________________________ 
 
Mexico City is home to one of the largest populations in the world, with more than 25 million people 
in its metropolitan area. Lying within the Trans-Mexican Volcanic Belt, the city is exposed to a variety 
of volcanic hazards from both polygenetic and monogenetic volcanoes. In order to better understand 
these hazards, it is important to further understand the volcanic history of the region, the most 
hazardous volcanic sources, and the processes involved in past eruptions. Furthermore, establishing 
an accurate chronology for this long-term record (c.500 ka) is crucial to picking apart the tempo of 
volcanism in the region.  
 
In 2016, a drilling project at Lake Chalco, on SE edge of Mexico City, commenced. This International 
Continental Scientific Drilling Program (ICDP) funded project recovered c.550 m of composite core (mc). 
These deposits have been sub-divided into three Stages: (1) Stage I, Lava-dominated section, 448.86 – 
553.93 mc; (2) Stage II, Pre-lacustrine section, 293.71 - 448.86 mc; (3) Stage III, Lacustrine-dominated 
section, 0 – 293.71 mc. We interpret Stage I to comprise 8 lavas and minor scoria deposits; Stage II to 
comprise a lateral collapse deposit and successive laharic reworking; and Stage III to comprise 
predominantly lacustrine sediments with at least 450 visible tephra layers and minor laharic deposits.  
 
Glass chemistry of the volcanic deposits in the Chalco core indicates that they are typically from nearby 
polygenetic and monogenetic sources, including Popocatépetl and the Sierra Chichinautzin Volcanic 
Field. However more distal caldera-forming eruptions have also been correlated to the succession, 
including visible ash layers from the Xaltipan Ignimbrite eruption, Los Humeros Caldera, Mexico and 
the Los Chocoyos (LCY) eruption, Lake Atitlan Caldera, Guatemala at 75 ± 2 ka and 164 ± 4.3 ka, 
respectively. These chronological markers and along with 12 new 40Ar/39Ar ages have been used to 
generate a Bayesian age-depth model for the MexiDrill core sequence.  
 
The volcanic record of Lake Chalco reveals that monogenetic input into the lake is as high as 
polygenetic sources, although is more episodic and forms clusters, contrasting from deposits sourced 
from nearby stratovolcanoes. Dominant polygenetic sources include Popocatépetl as well as 
Iztaccíhuatl, Nevado de Toluca and La Malinche volcanoes, although from major element glass 
geochemistry alone, distinguishing between the latter three volcanoes is difficult. From a hazards 
perspective, this long-term record reveals that explosive eruptions which have deposited tephra over 
Mexico City have gradually decreased over time, although the city remains extremely vulnerable to a 
range of hazards from diverse eruptions from multiples sources, including Strombolian to Ultra-Plinian 
eruptions styles from proximal (<5 km) and distal volcanoes (>100 km).  
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___________________________________________________________________________  
Understanding the mechanical evolution of a sub-volcanic magmatic system requires a careful 
understanding of the rheological representation of the system. Growing evidence for a transcrustal 
magmatic system suggests that magma reservoirs are dominated by crystal mush, rather than melt. 
Existing volcano deformation models often implement a static magma source as a cavity, which 
simulates a melt-rich magma reservoir and thus ignores the likely poroelastic or poroviscoelastic 
mechanical behaviour of the crystal mush. Here, we extend our previous work [1] to account for 
poroviscoelastic magma mush and thermo-viscoelastic wall rock rheologies. The crystal mush is 
expected to exhibit both elastic and viscous behaviours, as it resides between the viscous melt and 
elastic solid crystal framework. Crystals within the mush slide past each other with the application of 
stress, causing the matrix to deform in a time-dependent fashion. Consequently, the mush can be 
described by a poroviscoelastic constitutive model which couples viscoelastic deformation and melt 
flow. We use a Finite Element model to identify and investigate the rheological response to melt 
injection in a Maxwell poroviscoelastic "mushy" reservoir within a temperature-dependent Standard 
Linear Solid viscoelastic ("thermo-viscoelastic") crust. Our models consider the role of poroelastic 
diffusion and viscoelastic creep; two time-dependent mechanisms that affect induced stresses and 
deformation. Results show that in the case of a poroviscoelastic reservoir and elastic crust, the 
poroelastic diffusion deformation dominates when considering a high-temperature low-viscosity 
mush, due to the short relaxation times compared to the injection timescales. The component of 
viscoelastic deformation increases with the viscosity of the mush (i.e., lower temperatures), 
supplementing the poroelastic diffusion deformation. However, if the injection timescale is long 
compared to the viscous relaxation timescale of the mush, post-injection deformation due to diffusion 
can overcome the viscous deformation. When combining the poroviscoelastic reservoir with a thermo-
viscoelastic crustal rheology, surface deformation continues to develop at a decreasing rate 
proportional to the reservoir temperature. Crustal thermo-viscoelasticity amplifies the poroelastic 
deformation response of the mush, leading to increased time-dependent post-injection deformation. 
Over long post-injection timescales, the thermo-viscoelastic response of the crust dominates the 
observed deformation signal. Our study demonstrates that the rheological representation of the 
coupled reservoir-crust system controls the induced deformation, and is greatly impacted by variations 
in thermal conditions when combining a poroviscoelastic reservoir with a thermo-viscoelastic crustal 
rheology.  
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___________________________________________________________________________ 
 
Interpreting the causes and forecasting likely evolution of new deformation signals at volcanoes is 
challenging, particularly if the deforming volcanic system is poorly monitored or lacks historical 
deformation data. An established approach to overcome this, which can be utilised by monitoring 
authorities and observatories, is to compare the deforming volcano to similar systems or ‘analogue 
volcanoes’, which may provide clues to the context of deformation or other unrest [1,2]. 
 
Previous databases have compiled and compared published global catalogues of volcano deformation 
episodes, detailing spatio-temporal characteristics of the deformation including deformation duration, 
direction, rate, area and more [3,4]. Here, we first combine the previous catalogues of deformation to 
create a new catalogue with a wider and more complete range of spatio-temporal characteristics for 
each deformation episode. The preliminary resulting catalogue contains >400 records of deformation 
with constrained temporal characteristics, and ~200 records with constrained spatial characteristics. 
 
We then apply Principal Component Analysis (PCA) and a hierarchical clustering algorithm to the 
catalogue to group together deformation episodes with similar characteristics and analyse the relative 
importance of the individual parameters for distinctly clustering the data. From the resulting clusters, 
we attempt to interpret the degree to which the clusters could respond to physical processes or 
measurable characteristics of volcanoes such as rheology and morphology. Further development of 
this approach could aid in the identification of analogue systems and feed into volcano forecasting. 
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___________________________________________________________________________ 
 
Since 2000, 61% of VEI >3 eruptions exhibit signs of both explosive and effusive phases in a single 

eruption. The transition in eruption styles may happen in minutes to hours, which is challenging to 

forecast via monitoring. Here we produce a simple numerical model to simulate time-dependant 

evolution of magma properties during an eruption and link them to measurements of deformation 

and degassing. Specifically, we track the gas content of the reservoir, which modulates magma 

compressibility and thus the volume change of the reservoir. This simulation is performed by 

removing a fraction of degassed plug or a gas-rich cap in each time step. We calculate for the total 

gas volume fraction in the reservoir, bulk magma compressibility, and SO2 gas and volume change 

per unit volume erupted magma using the weighted average of degassed plug/ gas-rich cap and 

undegassed magma. Our results show that by removing a degassed plug from the system, the gas 

content in the reservoir increases, which increases magma compressibility and thus decreases the 

volume change of the reservoir and ground deformation; the opposite is true when removing a gas-

rich cap from the system. Lastly, we apply this forward model to the 2004 eruption of Mount St 

Helens, which exhibits decreasing normalised volume change and displacement, consistent with the 

removal of a degassed plug. In contrast, the 2011 eruption of Cordón Caulle showed increasing 

normalised displacement, consistent with the removal of a compressible gas-rich cap. While these 

case study examples are end members, additional factors such as magma recharge would complicate 

the interpretation, and the framework presented here provides quantitative measurements of 

changes in gas volume fraction during eruptions. The time-dependant evolution of magma properties 

shown in this work has implications for forecasting transitions between explosive and effusive 

behaviour. 
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_________________________________________________________________________________________________________________ 

 

In 2018 a MultiGAS station was installed at Nevado del Ruiz (Colombia), providing daily volcanic gas 

compositions of the main plume. Here, those measurements are coupled with SO2 flux data acquired 

by the NOVAC network, and satellite thermal emissions derived from MIROVA to evaluate the role of 

magma degassing as a crucial driver of the current unrest at Nevado del Ruiz. CO2/ST ratios up to 7.7 

likely reflect the input of CO2-rich fluids from a deeper, less-evolved magma source. The hypothesis of 

two distinct magmas in play beneath Nevado del Ruiz was tested by modelling our volcanic gas 

compositions within the wide range of SiO2 and volatile contents (H2O, CO2 and S) reported for 1985 

and 1989 erupted products. The volatile saturation code shows that in open-system conditions the 

CO2/ST ratio varies more drastically upon pressure decrease, which may justify the CO2/ST upper range 

(7.7) at pressures of approximately 40 MPa (~2 km depth). Contrarily, decreasing CO2/ST ratios are 

better fitted to a closed-system model, with such conditions yielding a highly confined range of volatile 

exsolution depths (~0-20MPa), most probably representative of the degassing of the top of the magma 

column. The gas is efficiently transferred through the conduit system given that less than 1% of the 

intruded magma reaches the surface (Vsupplied >> Vthermal >> Verupted). Additionally, the lack of 

deformation supports that counterflows of ascending non-degassed and descending degassed magma, 

which coexist in the volcanic conduit, are responsible for the continuous exchange of magma between 

the 1-3 km-deep reservoir and the top of the conduit. Occasional inputs of volatile-rich magma (high 

CO2/ST ratios) from deep may disturb normal rates of shallow magma convection and cause conduit 

overflow, resulting in the dome extrusion events recorded in this study between 2018 and 2021.  
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___________________________________________________________________________ 

Ice core records provide one of the most complete records of past volcanic activity. When volcanic 

sulfate is deposited on polar ice sheets it results in a peak in sulfate concentration above background 

levels. Thus, records of ice core sulfate concentration can be used as a proxy for atmospheric sulfate 

load (and volcanic activity) through time.  However, these records can be biased by the presence of 

volcanic sulfate from proximal volcanoes. To get around this issue, sulfur isotopes (in particular mass-

independent fractionation (MIF)) can be used to distinguish between stratospheric (long-range) sulfate 

and tropospheric (proximal) sulfate. Here we apply this technique to investigate a record of volcanism 

covering the last 200,000 years from Dome C in Antarctica to explore if there is any evidence for a 

change in volcanic frequency through time [1].  High-resolution sulfur isotope measurements from 

some of the major volcanic eruptions over this time period allow us to revise the sulfur loading, and 

thus radiative forcing, associated with these events.  

 

References: 

[1] Wolff, E. W. et al. (2022), Clim. Past Discuss. https://doi.org/10.5194/cp-2022-69.  
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___________________________________________________________________________ 
 
Rigorous assessment of volcanic hazards relies on setting contemporary monitoring observations 

within an accurate, longer-term geological context. Revealing that geological context requires detailed 

fieldwork, mapping and laboratory analysis of the erupted materials. However, many of the world’s 

most dangerous volcanic systems are located on or near coasts (e.g. the continental arcs of the 

Americas), are islands (e.g. the volcanic archipelagos of the Pacific, south-east Asia, and Eastern 

Caribbean), or are underwater (e.g. the recently erupting Hunga Tonga–Hunga Ha'apai volcano) 

meaning that much of their erupted material is deposited on the sea bed. The only way to sample this 

material directly is through seafloor sediment cores.  

This presentation demonstrates how marine sediment cores are a vital, yet underused resource for 

assessing volcanic hazards by. It will 1. review existing case studies [1,2] where ocean sediment cores 

have invaluably informed volcanological studies; 2. describe the case study of a new International 

Ocean Drilling Project cruise (IODP 398) dedicated to investigating volcanism and tectonics in the 

Hellenic island Arc, Aegean Sea, and 3. identify regions of the world where existing marine sediment 

cores are available but have not yet been employed in volcanological studies. 

 

References: 

[1] Satow et al. (2021) Nat. Geo. 14: 586–592 

[2] Cassidy et al. (2014) Earth Sci. Rev. 138: 137-155 
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___________________________________________________________________________ 
The Solfatara-Pisciarelli area, within Campi Flegrei caldera, represent the site site of small phreatic, 
phreatomagmatic and effusive eruptions, which emplaced domes and crypto-domes. One of the open 
scientific problems concerns the deeper feeding system of the Pisciarelli hydrothermal field, its relation 
to the Solfatara system, and the main structures governing the fluid rising.  
The present study aims to define in detail the surface and buried volcano-tectonic structures and their 
interaction with hydrothermal fluids in the Solfatara-Pisciarelli area and to characterize the presently 
unknown feeding zones. 

Through the geological-structural field surveys, we reconstructed the geological map of the 
area and implemented the fault and fracture orientation and kinematic dataset. On the other hand, 
geoelectric surveys were carried out along profiles of different lengths to characterize the structure in 
depth of the investigated sector and assess any changes as a function of electrical resistivity. Electrical 
resistivity tomographies (ERT), which reach a depth of investigation up to about 100 m, show strata 
with variations as a function of electrical resistivity and present sub-vertical discontinuities that can be 
interpreted mainly as normal faults. The results of the electrical tomography and the geo-
volcanological and structural survey allowed the reconstruction of geological sections showing the 
main structures that characterize the Solfatara and Pisciarelli area. 

A detailed 3D survey of the shallowest part of the Pisciarelli hydrothermal system (down to a 
depth of 20 m) was reconstructed using high-resolution electrical geophysical surveys. The results of 
the multiparameter survey, including high-resolution measurements of electrical resistivity, induced 
polarization, and self-potential, allowed us to derive a model of the shallow part of the fumarolic field 
that provides fundamental information about the processes governing fluid circulation and gas/vapor 
emission in the area. Results indicate that the major fault systems in the area control the circulation 
of fluids, promoting their accumulation in a deep reservoir (already identified by the deeper ERT 
investigations) and subsequently, in response to pressure changes, their upward migration into the 
shallower system. 

An Audio-MagnetoTelluric (AMT) survey was carried out in the central sector of the Campi 
Flegrei caldera to obtain information on the deeper feeding system of the Pisciarelli fumarolic field and 
its relations with that of the Solfatara and the volcano-tectonic structures of the area,. The survey 
involved 47 measurement sites whose inversion produced a 3D resistivity imaging, which identified 
the electrical pattern of the investigated structure down to a depth of 2.5 km below sea level, 
highlighting several electrical resistivity anomalies related to distinct processes and physical conditions 
in the system. 

The model represents the first three-dimensional image of the first few kilometers of the 
central sector of the Phlegraean area. Results highlight the main volcano-tectonic structures already 
hypothesized by previous shallower electrical surveys by describing their development in depth. 
The analysis of the 3D resistivity model, together with volcano-tectonic and more superficial ERT 
investigations, identified the main structures playing a major role in the ongoing dynamics of the 
investigated area. They further indicate how studies on the volcano-tectonic characterization of 
hydrothermal systems are necessary and crucial to shed light on their evolution, which recently, in 
several cases worldwide, rapidly evolves in impulsive events such as hydrothermal and phreatic 
explosions causing human losses. 
Although the Solfatara-Pisciarelli area monitoring by the INGV-OV surveillance system is intensive, 
highly detailed geophysical measurements reiterated in time or in continuously, are useful to detect 
any changes in the relationships between the faults and the hydrothermal fluid circulation.
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The Cumbre Vieja 2021 eruption led to significant air travel disruptions, with multiple days of airport 
closure due to ash deposition on the runway and high ash concentrations in the vicinity of the airport. 
Whilst safety measures were taken when ash concentrations posed a danger to aircrafts, sulphur 
dioxide, the third most abundant gas in volcanic eruptions, was not considered, despite its high 
concentration throughout most of the eruption. A single aircraft was followed throughout the eruption 
(data provided by Flightradar24) and plotted with the SO2 plume results from TROPOMI, processed 
through PlumeTraj, an analysis toolkit which calculates plume flux, mass, and altitude. The 
concentration and altitude of SO2 compared to the altitude and the 3D location of the aircraft 
determined the SO2 exposure on the aircraft. This method was applied for the entire eruption. 
Preliminary results show that SO2 exposure to SO2 in the short term is not problematic, but it becomes 
so in the long term. This aircraft, like many others which flew during the eruption, should be checked 
for SO2 damage. 
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___________________________________________________________________________ 
 
Volcanoes experience physical and chemical changes spanning their entire life-cycle, giving rise to a 
range of behaviour, including changes in eruptive style, magnitude and frequency. This makes long-
term reconstructions of past activity essential for accurate forecasting of future eruptive scenarios. 
Routinely, tephra deposits preserved close to the volcano are examined to reconstruct past behaviour, 
which in turn helps informs hazard assessments. Unfortunately, the burial and destruction of older 
eruption deposits by more recent activities regularly leads to gaps in the near-source eruption record, 
and while this is particularly problematic for low- to mid-intensity eruptions, it also extends to large 
magnitude events [1], all of which has negative implications for the accuracy of hazard assessments.  

Fortunately, tephra deposits preserved in long, continuous and undisturbed sedimentary successions 
offer opportunities to fill the gaps in explosive eruption records. Here we exploit distal tephra deposits 
preserved in Mediterranean marine sediment cores from both the Tyrrhenian (DED87-08) and Adriatic 
(MD909-16) seas to help better constrain the timing and scale of past explosive volcanism at the active 
Campanian volcanoes (Campi Flegrei, Ischia Island and Vesuvius), Southern Italy. In this contribution 
we present major (EMP) and trace element (LA-ICP-MS) volcanic glass chemistry for newly identified 
visible and crypto- tephra deposits identified in the two examined marine sediment sequences. These 
geochemical fingerprints are used to identify the volcanic source of the tephra deposits, and to provide 
new insights into the frequency, scale, and ash dispersal of past eruptions at Campi Flegrei and Ischia. 

References: 

[1] Kiyosugi K et al., (2015) J. Appl. Volcanol. 4: 17 
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__________________________________________________________________________ 

In the event of a volcanic eruption airlines need to make fast decisions about which routes are safe 
to operate and to ensure airborne aircraft land safely. Currently these high-impact decisions are 
made using qualitative forecasts produced without any indication of uncertainty. These qualitative 
forecasts are produced using dispersion models which rely heavily on estimates of the source term 
characteristics, including the plume height, mass release rate and the vertical distribution of ash, 
along with numerical weather prediction data. However, due to the remote location of many 
volcanoes, there is substantial uncertainty about the timing, amount and vertical distribution of 
volcanic ash released when they erupt. 
 
One approach to determine these properties is to combine a “first-guess” estimate with satellite 
observations and simulations from atmospheric dispersion models to create posterior emission 
estimates, consistent with both the observations and the “first-guess” estimates, using a technique 
known as source inversion. However, the results are dependent not only on the accuracy of the 
“first-guess” assumptions, the atmospheric dispersion model and the observations used, but also on 
the accuracy of the meteorological data used in the dispersion simulations.  
 
In this presentation, we extend the source inversion approach by using an ensemble of 
meteorological data from the Met Office Global and Regional Ensemble Prediction System to 
represent the uncertainty in the meteorological data and apply it to the 2019 eruption of Raikoke. 
This technique gives a set of plausible source term characteristics for this eruption which are 
consistent with independent satellite observations. Further work, using a risk approach, shows that 
by using these posterior emissions estimates the area deemed to have the highest risk to aviation is 
reduced by 49%. 
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The Soufrière Hills volcano has not erupted ash since 2011 yet still emits roughly 350 tonnes per day 
of sulphur dioxide (SO2) with recent spikes reaching up to 1000 tonnes per day [1]. Depending on the 
meteorological conditions, local communities on Montserrat may be exposed to highly variable and 
potentially dangerous concentrations of SO2 and other key air pollutant species such as PM2.5 and PM10. 
Given that SO2 is known to cause health problems even in low concentrations [2], it is of concern to 
local government that little research has been conducted to assess the chronic health risks of volcanic 
air pollution in Montserrat.  
 
This project aims to employ direct sampling methods (including the use of filter packs and cascade 
impactors) across a monitoring network of ambient sensors, to collect data for laboratory-based 
chemical analysis. A time series of samples will be collected both at the volcanic vent and at different 
distances downwind, along with samples of other important local pollution sources (e.g. traffic, 
industry). These results will then be used to inform dispersion modelling across the island, with the 
ultimate aim of creating a tool which may be used to forecast the health risk implications of changes 
in volcanic aerosol emissions, meteorological conditions or eruptive activity on Montserrat. 
 
 

References: 
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[2] WHO global air quality guidelines, 2021. Particulate matter (PM2.5 and PM10), ozone, nitrogen dioxide, 

sulfur dioxide and carbon monoxide. Geneva: World Health Organization. 
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The holy grail for many volcanologists is to accurately forecast volcanic eruptions. Numerical or 
automated methods rarely stand up to the success from experts with a lifetime of tacit knowledge. 
However, recent advances in machine learning have shown promise when they were used to ‘forecast’ 
the 2019 catastrophic event at Whakaari, New Zealand [3]. Utilising RSAM tremor timeseries data, at 
least two eruption precursors were identified using machine learning algorithms and were used to 
correctly forecast 4 out of 5 historical eruptions, including the December 2019 eruption [3]. 
 
Although models trained with a single data stream may have good skill identifying precursors already 
seen in the model training, they can be prone to overfitting, meaning they may have low skill at 
predicting eruptions with precursors different to the data the model was trained with. We aim to feed 
a machine learning model timeseries data from multiple data streams identified to be precursors to 
volcanic eruptions, e.g., tremor, deformation, and geochemistry and compare the results to more 
traditional methods attained through expert elicitation [1].  
 
Mt. Ruapehu is an active andesitic stratovolcano located in the Taupo Volcanic Zone in New Zealand. 
Since the first historically recorded eruption in 1830, Ruapehu has had 35 significant eruptions [4]. The 
largest eruption in recent history occurred on 17th September 1995 and underwent 10 eruptive phases 
until December 1996 [2]. Retrospective analysis of the 1995 eruption showed that an increase in 
seismicity in the Erua region 20 km west of Mt. Ruapehu more than five months prior to the eruption, 
may have been a precursor to this event [4].  
 
Data from the earthquake catalogue hosted by GeoNet was downloaded dating from 1991-2022. 
Preliminary results show evidence of earthquake swarms at three sites >20 km from Ruapehu months 
before the 1995 eruption. Yet, there appears to be a long period of quiescence for the seismic sensors 
at the Ruapehu summit prior to the eruption. Earthquake swarms at Erua were observed in the 
earthquake catalogue at depths between 5-12 km during March-April 1995, which are consistent with 
the precursors described in Hurst [4]. There is also evidence of an increase in seismicity at Waiourou, 
20 km south-east of Ruapehu during the same period. However, a lot of these earthquakes have been 
recorded at 12km depth, which could be a limitation of the methodology for calculating earthquake 
depths at the time. An earthquake swarm like those observed at Erua may also be present at Tongariro 
in the weeks preceding the initial eruption. Further analysis will investigate whether this pattern is 
typical of Mt. Ruapehu and other analogue systems. 
 
 

References: 
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___________________________________________________________________________ 
 
During an eruption, additional loading from tephra fall can lead to roof collapse, as seen during the 
2021 Cumbre Vieja eruption on La Palma, Canary Islands. Many factors, including the depth and density 
of the deposit, as well as roof material and shape, influence the tephra load. We have created a GIS 
tool to help identify buildings at risk, enabling vulnerable roofs to be prioritised for clearing during and 
after eruptions. Our tool, available for ArcGIS and QGIS, combines modelled tephra loads with sliding 
coefficients derived from laboratory tephra sliding tests and data on individual buildings. 
 
We have taken Ascension Island (a strategically important, volcanically active island in the south 
Atlantic) as a case study. The most recent explosive eruptions (~ 60 ka) produced monogenetic basaltic 
cones across much of the south and west of the island, an area where the main settlements and key 
infrastructure are now located. We modelled a range of eruption scenarios with TephraProb, using a 
grid of possible vent locations to take account of vent uncertainty, and output probabilistic tephra load 
maps. Roof sliding coefficients from our small-scale laboratory tests enabled roof loads to be estimated 
from the modelled tephra ground loads. We combined these with data on individual buildings (roof 
material, pitch and building condition) to identify where the tephra load may exceed a roof’s critical 
(failure) load. This enabled us to produce maps showing buildings at risk of collapse, for different 
eruption scenarios. We envisage that this tool can be used by emergency managers to aid planning 
and response to volcanic eruptions.  
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___________________________________________________________________________ 

 
The 2021 and 2022 eruptions of Fagradalsfjall in Iceland resulted in the sustained emission of volcanic 

pollutants, including SO2 gas, fine particulate matter (PM2.5 and PM1) and environmentally reactive 

trace elements (ERT) into the atmosphere. Based on observations from Kilauea in 2018 it has been 

proposed that the dispersion patterns and lifetimes of trace elements within volcanic plumes vary 

according to element volatility and solubility, with more volatile elements being depleted in the plume 

faster than refractory elements [1]. Nonetheless, this relationship has yet to be investigated in relation 

to the recent Icelandic eruptions, which also offer the opportunity to study trace element plume 

dispersion behaviour under lower temperature background atmospheric conditions. The dispersion of 

the volcanic aerosol plume varied according to wind strength and direction and thus resulted in 

spatially variable but sustained environmental exposure over the course of both 2021 and 2022 

eruptions. Air quality stations suggest the presence of the plume in far-field locations up to 300km 

away.  

 

Through the use of ground and drone-based sampling methods we report the concentrations of 

volcanic gases and ERT within the volcanic plumes for both 2021 and 2022 Fagradalsfjall eruptions. 

Samples include at-crater, downwind and far-field measurements which allow us to trace the 

compositional and chemical evolution of the plume with distance from the vent. Precipitation datasets 

are also included allowing us to investigate the wet deposition of ERT from the volcanic plume. 

Understanding the behaviour of ERT elements within volcanic plumes and through both air and water-

borne pathways during sustained eruptive events has critical implications for understanding additional 

longer-term volcanic hazards, where chronic exposure to environmentally reactive and potentially 

toxic elements such as Pb, As, Mo, and Cd may be associated with severe effects on both human health 

and the environment [2]. 
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Tephra is widely used to provide absolute age constraints for and correlations between different 
paleoclimate, paleoenvironmental and/or archaeological records. The advent of chemical, and later 
density separation techniques for tephra within sedimentary records led to a proliferation of 
tephrochronology studies and a step change in our understanding of the nuanced timing of 
paleoclimatic processes. However, these processing approaches are laborious and provide 
opportunity for contamination, sample loss and potentially a bias towards lower density silicic tephra 
[1-2]. The debate between which of these methods is preferable is still on-going [3-5] thus other 
alternatives may prove useful. We discuss a new approach in which the processing step is removed, 
where the sample is mounted directly in epoxy resin and investigated using backscatter electron 
(BSE) microscopy. Ombrotrophic peat is optimum for this approach due to lower grain counts relative 
to sedimentary samples. 
 
The core is sampled at 5 cm then 1 cm resolution. Samples are ashed at 550˚C for 4 hours, mounted 
in epoxy, ground with 1200 SiC paper and polished with diamond abrasive. Sample mounts are then 
coated with 12 nm of carbon, introduced into a SEM (scanning electron microscope), and imaged 
using BSE where brightness contrast reflects bulk composition. Heavier elements are brighter, 
allowing different mineral phases including tephra to be identified. A secondary advantage is the 
distinguishment between tephra and organic matter, such as biogenic silica, which is often physically 
similar to tephra in visible microscopy [1]. We use SEM-EDX (energy dispersive x-ray spectroscopy) to 
determine the major element chemistry in AZtec software by Oxford Instruments. Feature Analysis is 
used to count the number of grains within defined greyscale thresholds. The grains that meet these 
thresholds are then rapidly analysed for basic major element geochemistry and categorised based on 
composition at pre-defined wt % thresholds per element. Therefore, tephra can be preliminarily 
identified by composition, accounting for loss of sodium, especially where chronology is also known. 
This Feature Analysis technique allows a through-put of approximately 8 samples in a 24hr period, 
depending on how populated the mount is. However, the BSE image of the entire resin mount can 
also be utilised for offline mapping by greyscale using Image J to define different populations. Our 
approach offers the advantage that shard counts can be expressed as a percentage of the total grain 
count and extrapolated to the ash content of the sample. Additionally, this method removes the 
potential bias due to alteration or non-separation of mafic shards, providing a tool to investigate the 
apparent gap in the Icelandic basaltic cryptotephra record in North-West Europe [6]. The technique is 
demonstrated on an ombrotrophic peat sample doped with the bimodal Vedde Ash and is then 
applied to a series of highly minerogenic samples from Brackloon Wood, Co. Mayo, Ireland, where 
basaltic shards from the Laki 1783-84 eruption are successfully identified.  
 
References: 
[1] Blockley, S.P.E. et al (2005) Quat Sci Rev 24: 1952-1960. 
[2] Turney, C.S.M. (1998) J Paleolimnol 19: 199-206. 
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[4] Monteath, A.J. et al (2019) J Quat Sci 34 (4-5): 269-274. 
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[6] Lawson, I.T. et al (2012) Quat Sci Rev 41: 57-66.  
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___________________________________________________________________________ 
 
Icelandic fissure eruptions pose severe hazards in terms of air quality and environmental pollution. The 
939 Eldgjá eruption was the largest Icelandic lava flood eruption of the Common Era and has been 
linked to northern hemisphere summer cooling in 940 CE based on tree ring reconstructions. Despite 
the magnitude and potential impacts of this event key uncertainties remain. For example, it is unclear 
whether Eldgjá had a stratospheric plume which could explain the long-term cooling. In addition, 
previous low-time resolution ice core studies have identified a roughly contemporaneous dacitic 
eruption, complicating the attribution of climate-change to Eldgjá. 

We present new high-time resolution Greenland ice records of the 939–940 CE period to unravel the 
precise timing and climate impacts of volcanism. Multiple sulfur isotopes are used to fingerprint 
stratospheric SO2 emissions, while cryptotephra are used to pinpoint the volcanic source of these 
emissions. We show that the main Eldgjá ice core S peak has a Δ33S of 0 ± 0.2 ‰, consistent with a 
tropospheric SO2 injection. Δ33S values down to –0.4 ‰ do however follow the main S peak and 
evidence a stratospheric component and hence a climate impacting phase.  

Cryptotephra provide vital insights into the sources of volcanism. We show that basaltic tephra which 
match Eldgjá compositions are found during the main S peak when Δ33S displays typical tropospheric 
values. Tephra associated with the anomalous Δ33S values that follow the main S peak do not show 
geochemical affinity to Eldgjá and instead show arc-like signatures. This suggests that an unidentified 
arc volcano, rather than Eldgjá may be the culprit for the stratospheric S component. Our study shows 
how the combination of high-time-resolution S isotopes and cryptotephra can be used to gain valuable 
new insights into the precise timing and potential climate impacts of these major volcanic episodes. 
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___________________________________________________________________________ 
 
In 2014-2015, volcanic gas emissions from the Holuhraun effusive eruption in Iceland resulted in 

widespread air pollution that impacted the local and regional-scale atmosphere across Europe. 

Elevated concentrations of sulfur dioxide gas (SO2) and particulate sulfate were reported at several 

European atmospheric monitoring stations, e.g. [1]. Elevated levels of particulate matter containing 

heavy metals were observed around Iceland, e.g. [2]. Particles play a key role in the climate, eco-

deposition and societal health impacts during volcanic eruptions. However, the gas-to-particle 

formation processes are still not well understood in volcanic plume environments. In particular, 

observation- and model-based estimates of the rate of atmospheric oxidation of SO2-to-sulfate in 

volcanic plumes differ and span many orders of magnitude.  

 

We perform an in-depth analysis to quantify the volcanic plume SO2-to-sulfate oxidation rates based 

on European air quality datasets alongside satellite observations and Flexpart back-trajectory 

modelling. We find that both the plume residence time and local chemical environment influence the 

degree of SO2-to-sulfate oxidation. We derive an SO2 e-folding lifetime of several hundred hours that 

is longer than SO2 lifetimes in the background atmosphere and many observation-based estimates in 

volcanic plumes, e.g. [3, 4 and discussion therein], but is consistent with model simulations, e.g. [5], 

that find slow SO2 oxidation in highly acidic volcanic plume environments where SO2 concentrations 

are elevated. Nevertheless, the formation of sulfate from volcanic SO2 may be enhanced when the 

local atmospheric conditions include neutralizing-agents, e.g. ammonium or sea-salt to counter high 

particle acidity. The analysis also finds first evidence for particulate mercury in the Holuhraun eruption 

plume. The fate and impacts of volcanic mercury emissions are poorly constrained, and the presence 

of particulate mercury in the plume is relevant as the form that is most easily deposited with potential 

for ecological or health impacts. 
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___________________________________________________________________________ 
 
Volcanic aerosols from large-scale eruptions, particularly stratospheric sulfates, are key drivers of 
past climate perturbation through their impacts on radiative forcing [1] [2]. Records of the fallout 
from these massive eruptions are recorded in polar ice-cores as sulfate peaks. Identifying the source 
of the volcanic sulfate in ice cores is extremely challenging, and in the past 2500 years only 6 of the 
25 largest ice-core sulfate peaks have been linked to a known eruption [3]. One such known volcanic 
event is the 1600 CE eruption of Huaynaputina in southern Perú. Speculated to be one of the largest 
eruptions of the past 500 years, Huaynaputina is firmly linked through climate proxy data derived 
from ice-core and Northern Hemisphere (NH) tree-ring chronologies to the anomalous period of NH 
cooling present at the dawn of the 17th century [4] [5]. However, it remains complicated to assess 
the true climate forcing of the Huaynaputina eruption due to eruption timing uncertainty as well as 
the presence of a distinct doublet sulfate peak in the Greenland ice-cores. As the glass compositions 
found in context of the ice-core’s earlier peak do not match Huaynaputina, past studies suggest that 
another contemporaneous, unidentified, NH eruption took place [5]. Recent work regarding 
extratropical eruptions and their impact on hemisphere scale cooling demonstrate that a large NH 
eruption, instead of reducing the radiative forcing, works primarily to focus the radiative impacts 
within the NH and amplifies the climate impacts on a hemisphere scale [6]. This means that 
alternatively, an unidentified NH eruption at the start of the 17th century may be the culprit for the 
cooling.  
 
We aim to disentangle these dual volcanic sulfate signals and identify the eruptions responsible 
through novel methods in cryptotephra extraction and microanalysis [7], as well as through high time 
resolution multiple sulfur isotopes in ice-core layers [2]. By analyzing the chemistry of cryptotephra 
found in ice-cores, we may be able to discern the source volcano of the earlier peak and its setting. 
Thus far, we have found the glass shards preserved in ice-cores to be sufficient for high-precision 
chemical analysis by both electron microprobe (EPMA) and laser ablation (LA-ICP-MS). Additionally, 
we will use sulfur isotope measurements as means to constrain eruption latitude which will also give 
insight into the transport and residence time of sulfate aerosols from the unidentified earlier 
eruption [2].  
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___________________________________________________________________________ 
 
With a global economy dependent on marine traffic there has been little study or recognition of the 

risk posed to this industry by volcanism. Most major shipping lanes pass close to active volcanoes, or 

through straits and channels which can be impacted by volcanic debris. We set out the main hazards 

presented by volcanoes to shipping, and reflect on the magnitude of risk that these pose.  

 

There is a demonstrated track record of losses and damages caused by volcanic events in the past, 

and as shipping volumes increase the exposure to similar events in the future also increases. As 

remote sensing techniques, and observation of active volcanism improves the occurrence of marine 

volcanic events has clearly been under-reported. We suggest there is a dangerous lack of recognition 

of the scale of the risk posed to the maritime industry, and to the supply chains it feeds. There is 

much volcanologists can do to begin to address these shortcomings. 
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___________________________________________________________________________ 
 
VolcanoRoots is an open educational resource that aims to popularize the emerging paradigm for 

magma storage and differentiation. The starting premise is that the public’s perception of what 

happens to magma before it is erupted is outdated. Most people are familiar with the visible part of 

the magmatic system: the volcanic edifice. But few have even a rudimentary understanding of the 

structures and processes in the deeper magmatic system. The modern scientific understanding is that 

magmatic systems are multi-layered, vertically extensive, and dominated by crystal mush. However, 

most popular representations of the roots of volcanoes are still tied to the idea of a single molten 

cauldron or magma chamber. In an effort to bring the popular view in line with the modern scientific 

consensus, we have created a series of scientifically accurate illustrations of the magmatic systems of 

seven active volcanoes including Santorini, Katla, Uturuncu, Montserrat, Aso caldera, Volcan de Colima 

and Axial volcano. We have chosen a set of volcanoes that display a wide diversity in the characteristics 

of the volcanic edifice, the eruptive products, the tectonic setting, and the geographic location. The 

illustrations are based on the latest geophysical images and other geological constraints. A 

considerable amount of interpretation and personal opinion has gone into producing the illustrations 

therefore we consider them a first draft that we hope to improve on with input from the volcanological 

community. Comments and suggestions can be submitted on the project website: 

www.volcanoroots.org. 
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___________________________________________________________________________ 
 
Social contexts affect the use and success of Volcano Early Warning Systems (VEWS) far more than 
previously acknowledged. Volcanic crises management requires careful consideration and 
understanding of how to act in the context of extreme uncertainty and complexity, both scientifically 
and socially. To do this successfully a VEWS should be fully integrated to cover everything from 
monitoring, to the analysis and interpretation of the data, establishing and analysing the risks, to 
communicating information to stakeholders, and generating an effective response. This requires a 
number of different processes such as: planning, cooperation, the execution of drills, education, and 
discussion; and using a wide range of communication tools such as alerts, bulletins, SMS messages, 
phone conversations, between all actors so that effective and timely decisions can be made. Essentially 
this requires reconceptualizing a VEWS as a complex adaptive system of communication networks.  
 
This research highlights some key findings following a review of the evolution of early warning systems 
from linear to complex systems over the last 100 years. Of most relevance to VEWS includes the need 
to be (i) multi-directional between stakeholders; (ii) focus on the links and relationships between key 
aspects of the EWS (in contrast to UN based models), (iii) to use standardisation with caution, and (iv) 
be adaptive and simple by using complexity models and concepts. These four findings enable a more 
nuanced understanding of how VEWS can better manage and interact with a number of complex 
systems, including the volcano, society, and environment.  
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___________________________________________________________________________ 
 
Frank Alvord Perret (1867-1943) was a successful US inventor and entrepreneur, until he experienced 

a health crisis in 19021. The Mont Pelée eruption of May 1902 persuaded him to turn his training in 

physics and electrical engineering into a second career in volcanology2. Perret moved to Naples in 

December 1903, and soon began working as an honorary associate in the Royal Vesuvian Observatory. 

His experience of living in the observatory during the ‘thrilling days’ of the 1906 eruption3, and the 

opportunities this gave him to develop new instruments for sensing volcanic phenomena – electricity, 

sound, light, seismicity and gases – inspired him further.  

Without a salary, Perret relied on a network of benefactors to sustain his work; and he grew a 

network of academic scientists with whom he collaborated. Perret first met Thomas Jaggar on Vesuvius 

in 1906, where they discovered a mutual passion for the close observation of active volcanoes. In 1911, 

Jaggar invited Perret to Hawaii. Here, Perret built a ‘Technology Station’ on the edge of the 

Halemaʿumaʿu pit crater to make continuous, close-range observations4. This was the forerunner to 

the Hawaii Volcano Observatory. Perret and Jaggar met again on Sakurajima, in 1914.  

In 1929, following renewed activity at Pelée, Perret moved to Martinique where he built a field 

hut, and established a volcanological museum and research centre. From his base in Saint Pierre, Perret 

continued to fund-raise: for his unfulfilled vision of a ‘Volcano Hall and Institute of Volcanology’ in 

Washington, D.C.; and for the continued support of his endeavours in volcanology, which were 

sustained by a small annual grant from the Carnegie Institution of Washington. In 1934, Perret was 

invited to respond to a seismic crisis on Montserrat. Over the next 5 years, and a dozen visits, Perret 

established and reoccupied an experimental field station at Gages Soufrière. He measured earthquake 

shocks, first with a mercury bath and pendulums, and later with a 3-component ‘seismeter’. He 

listened to the hum of the fumaroles, measured temperatures and compositions of steam vents, and 

exposed himself to so much volcanic fume that he was hospitalised. Perret’s persistence in monitoring 

and reporting the ongoing crisis is captured in his correspondence in the Carnegie Institution Archives, 

and in a monograph5. His intersections with the scientific establishment in the US (Thomas Jaggar, 

Arthur Day), and with the 1936 Royal Society expedition to Montserrat, are recorded in contemporary 

reports in The National Archives, and in Royal Society and British Geological Survey archives. Our 

analysis of these records sheds light on themes including the roles of innovation and networks of 

expertise in the adoption of new instruments for volcano monitoring; and on the scientific response 

to crises at restless volcanoes. More broadly, Perret’s writings reveal his role in the development of 

the ‘social aspects of volcanology’2.  
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___________________________________________________________________________ 
 
Volcanic crises occur when actions are required to mitigate the risks associated with a volcanic 
eruption1. Given that volcanoes can enter states of unrest which rapidly escalate into full-blown crisis 
via eruption, a critical challenge for volcanologists, authorities and communities at risk is to anticipate 
the moment when unrest (or a more limited eruption) is signalling the need for crisis response. 
Instrumental data only record part of the story, often they only offer hindsight on when that threshold 
is reached. Further, full instrumental archives, still challenging to sustain now, have only been available 
for the last 50 years or so of volcano monitoring at best. 
 
We explore here the value of contemporary correspondence, field notebooks and the eyewitness 
records contained within them to understanding the barriers and enablers to crisis response. We have 
examined, transcribed and analysed the correspondence from scientists responding to the volcanic 
disaster on St. Vincent in 1902, and the ‘crisis’ of unrest on Montserrat in 1933-37.  We predominantly 
focus on the footprint created by scientists, but triangulation with the archival colonial 
correspondence helps us to understand the drivers (and barriers) that turn scientific warnings into 
political and social response.  
 
Without the benefit of regular email and teleconferences, individual scientists kept diaries and 
evaluated hypotheses and speculated in their field notebooks. E.O. Hovey (American Museum of 
Natural History) and John Flett (later, British Geological Survey) visited St. Vincent in the immediate 
aftermath of the paroxysmal 7th May 1902 eruption, and X.X. McGregor (British Geological Survey) was 
commissioned by the Royal Society to join an expedition to Montserrat in 1936, while Frank A. Perret2 
arrived earlier (1934) at the request of the Montserrat Colonial Government. He was funded 
independently by the Carnegie Corporation via the Carnegie Institution. Each of these organisations 
archived these scientists’ correspondence and notebooks.  They provide rich and multivariate insights 
into the crisis record.   
 

These notebooks reveal the ‘timeless’ frustrations of improving monitoring processes in the face of 

elevated risk of eruption, and reconstruct events through the eyewitness accounts of the people they 

encountered on the islands. They also reveal the prejudices (both scientific and personal) of the 

scientists. They expressed scepticism towards each other, some of their informants, and sometimes 

only recorded partial information. Our analysis of their correspondence networks also reveals issues 

with partial information, and a lack of objective scientific discourse across and between some 

scientific groups or hierarchies. The richest record of past activity is revealed by the ‘indiscriminate’ 

gathering of evidence against which later hypotheses were tested, and then openly discussed.  
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___________________________________________________________________________ 
 
During a volcanic crisis, a wealth of data, stories and other resources emerge, that once consolidated 

and compiled become key in reflecting on the crisis; and learning lessons and embedding preparedness 

for future events [1,2]. However, often during and after a volcanic crisis, intense pressure and 

workloads may prevent or delay the efficient compilation of datasets which may be key when reflecting 

on the eruption response [3]. GeoTenerife were in a unique position during the 2021 Volcán de 

Tajogaite eruption in La Palma in this respect, being a geoscience institution researching and reporting 

on the eruption away from the frontline of the official emergency response. Twinned with a network 

of local citizens and collaborators on La Palma, this meant we were able to create a framework to 

capture, record, archive and reflect on a variety of datasets in the moment. 

 

The result of this project is VolcanoStories, an ongoing free and open web resource preserving a 

compilation of fully open primary and secondary data, intimate syn-eruptive witness testimony, day-

by-day updates, 3D drone models of the affected area, and educational resources related to the 2021 

Volcán de Tajogaite eruption, highlighting the unique dynamics of the ocean island eruption. 

VolcanoStories is also supplemented by Lava Bombs, a documentary analysing key themes of 

communication, trust, pressure, preparedness and collaboration related to the eruption, distilled from 

VolcanoStories research. The aims of these resources are to maximise dissemination of the research 

and lessons learnt, both to the local population in La Palma [4] and to researchers in other areas where 

the lessons learnt from the disaster may be applicable. VolcanoStories has also fostered collaboration 

with international scientific institutions for research and geoscience training camps, the results of 

which will be shared in an open-access format as part of the ongoing nature of the project. 
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Espinoza Jaime E.3, Gutiérrez Gutiérrez C3, Torres L.4, Rubí C.A.  
 
1Universidad Internacional de la Rioja, Spain, catalina.arguello@unir.net  
2Universidad de Granada, Granada, Spain 
3Instituto Nicaragüense de Estudios Territoriales, Nicaragua  
4Universidad Nacional Autónoma de Nicaragua, Nicaragua  
5Centro de Investigaciones de Geofísica, Nicaragua 

___________________________________________________________________________ 
Long-dormant volcanoes with highly explosive past eruptions are particularly dangerous and 
frequently disproportionately impact vulnerable and marginalised societal groups. Thus, the necessity 
for a paradigm shift from response to anticipation in the study and monitoring of such systems. For 
this reason, the PREVIA Project (Preparación y Resistencia a las Erupciones Volcánicas 
Iberoamericanas) has been developing actions addressing the case of potential eruptions and activity 
of Apoyeque volcano in Nicaragua (last known eruption 50 BCE, tephrochronology, VEI 6, located ~30 
km from Managua, population ~1 million). The project is interdisciplinary and aims to combine 
techniques from both the natural and social sciences to address the issue of how society might become 
more resilient to natural hazards and risks. The evaluation and monitoring of the attitudes of the 
community members are, therefore, key for promoting resilience and, in general, for facilitating 
decision-making. It has been observed that the most relevant variables are: knowledge about the 
hazard; risk perception; sense of preparedness and knowledge of emergency actions and plans; level 
of trust and legitimacy in authorities; as well as values and sense of community [1, 2].  
 
We present preliminary results from a sub-sample of community members from Managua N=204 (111 
women, M age=30.68; SD=13.39). An online survey was released in collaboration with the Nicaraguan 
Institute for Territorial Studies (INETER) and the National Autonomous University of Nicaragua (UNAN-
Managua). Participants indicated their perception attitudes and sense of preparedness in the case of 
a volcanic eruption scenario. The survey contained questions related to perceived volcanic risk. Also, 
we adapted the Psychological Preparedness for Disaster Threat Scale (PPDTS) [3] to measure volcanic 
risk. It comprises two sub-scales: a 10-item Knowledge and Management (KM) of external situational 
environment and an 8-item Anticipation, Awareness and Management (AAM) sub-scale measuring 
one’s psychological response. Overall, results showed that only 47% of the participants believe they 
live in a volcanic risk area. Conversely, 67% consider it possible that Apoyeque will have an eruption at 
any moment, and 40% think that this eruption will be of a significant impact. Only 30% reported 
knowing the local plans in a volcanic emergency scenario, and 42% considered that the local authorities 
are prepared to manage an eruption of Apoyeque. Most participants (88%) indicated they would like 
to receive more training in volcanic risk management. Data showed a good internal consistency in both 
subscales (α>0.91). Participants displayed significantly higher scores for AAM than for KM (t(193)=6.45; 
p<0.001, M= 2.20, SD=0.67; M=1.80, SD=0.73, respectively). This suggests a tendency to rely more 
strongly on their own psychological response rather than on the knowledge and preparation strategies 
to manage the environment. Results are discussed considering implications and limitations within the 
project. 
 
References: 

[1] Bird, DK and Gísladóttir G (2018) Palgrave Comm 4, 151  
[2] Donovan et al. (2018) Bull Volc 80, 47-62  
[3] McLennan L et al. (2020) Nat Hazards 101: 297–307  
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___________________________________________________________________________ 
 
Volcanica was introduced to VMSG in January 2018, having launched only six weeks prior. Proposed as 
“an alternative publishing solution for volcano-related research,” the goal of Volcanica was simple: to 
provide a free and open access venue for general volcanology research. Now—as then—Volcanica is a 
diamond open access scholarly journal, providing access to high-quality volcano-focussed research to 
people around the world. Since its launch, Volcanica has published over 90 Research, Review, and 
Reports articles at zero cost to the 400+ authors involved. These articles have been freely downloaded 
over 41,000 times, with more than 75,000 article views from 166 countries. 

Volcanica is predicated on the idea that anyone should be able to publish their science, and 
anyone in the world should be able to access and read it, as a commitment to the free and open 
exchange of ideas. Equity, diversity, and inclusion are at the heart of Volcanica’s mission. Some of the 
EDI initiatives that we have implemented include a frictionless name-change policy for Volcanica 
authors, option of including abstracts in languages other than English, and an early-career editor 
mentorship program. This work involves and facilitates cross-cultural communication and 
collaboration, offers opportunities to early-career researchers (Volcanica is the only volcanology 
journal with ECRs in senior editorial positions [1]), and affords opportunities for research dissemination 
to under-served communities. A concrete example of this the publication of a fully bilingual, fully free 
and open access Special Issue [2] involving every official volcano monitoring agency in Latin America; 
organisations that don’t always have the capacity or opportunity to contribute their expertise to the 
scientific literature. With 25% of the world’s official volcano monitoring agencies represented, this 
international collaboration stands alongside other Volcanica initiatives as a vehicle for combatting 
inequalities in volcanology and directly enriching the broader research community. Similar projects in 
development aim to improve representation of other geographic areas. 

Volcanica’s diverse editorial board has grown from around 25 in 2018 to 43 in late 2022, 
including a dedicated technical and typesetting team. As well as being indexed in Scopus and other 
selective databases, Volcanica has also been presented with the Directory of Open Access Journals 
seal, a signifier of open access best-practice.  

So what’s next for Volcanica? Thanks to a Fonds National pour la Science Ouvert grant 
(France’s National Fund for Open Science), Volcanica is forging ahead with more innovative publishing 
ideas, including the inclusion of georeferenced metadata and the delivery of executable code-based 
articles. These projects are being carried out in collaboration with external partners, but we are also 
developing in-house tools to streamline submission and production workflows as well. Other technical 
developments involve generating new article formats for improved readability and accessibility. More 
broadly, we are addressing strategies for scaling and growth of Volcanica over time. We look forward 
to sharing all these developments with you in the future! 
 
[1] Kavanagh et al. Volcanologists—who are we and where are we going?. Bull Volcanol 84, 53 (2022). 
https://doi.org/10.1007/s00445-022-01547-7 
[2] https://www.jvolcanica.org/ojs/index.php/volcanica/issue/view/9 

https://doi.org/10.1007/s00445-022-01547-7
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___________________________________________________________________________ 
In March of 2021, after a 14-month long period of seismic unrest, an effusive eruption started to 
develop on the Reykjanes peninsula in south-west Iceland. The eruption was characterised by five 
phases of activity. During the later stages (phases IV and V), activity was characterised by pulsatory 
behaviour [1]. Phase IV (June 28 - September 2, 2021) consisted of lava effusion from the main vent 
separated by pauses in activity lasting for several hours. After a week-long pause, cyclic activity 
resumed briefly until the end of the eruption (phase V: September 2-18). In this work, we document 
changes in the intensity and composition of the degassing during cycles alternating between lava 
effusion (“on”) and passive degassing (“off”), as measured during a field campaign conducted during 
Phase IV (August 10-18, 2021). The flux of sulphur dioxide (SO2) was measured by performing repeated 
car traverses underneath the plume with a UV with an upward-looking ultraviolet (UV) spectrometer. 
SO2 slant column amounts were retrieved using the iFit method [2]. SO2 emission rates during effusive 
activity range between 80 and 120 kg.s-1, and fall to values of 5-10 kg.s-1 when the activity pauses. 
These values are consistent with those measured over the course of Phase IV by the Icelandic 

Meteorological Office (“on”: 90  37 kg.s-1; “off”: 6  2 kg.s-1; personal communication). In addition, 
we measured the plume composition at the vent during an effusive “on” phase - SO2, water vapour 
(H2O), carbon dioxide (CO2), hydrogen chloride (HCl), hydrogen fluoride (HF) and carbon monoxide 
(CO) gases, as well as sulphate aerosols (SA) - using an Open Path Fourier Transform Infrared (OP-FTIR) 
spectrometer using the lava fountain as a source of IR radiation. The SO2/SA mass ratio of ∼54 indicates 
the presence of large amounts of primary sulphates in the plume at the vent. Finally, we also 
performed solar occultation measurements with the OP-FTIR instrument on the downwind plume (3-
5 km from vent), documenting plume composition during both effusive activity and passive degassing. 
We notice clear changes in composition between the two modes of activity, both in terms of major 
gases (SO2/HCl ratios) and in terms of aerosol content (SO2/SA). The values we report here also differ 
significantly from those measured during the early stages of the eruption [3]. This study supports the 
use of OP-FTIR for extended measurement campaigns during cyclic eruptive activity.  
 
 

References cited: 

[1] Barsotti et al. (2022) Nat. Hazards (in review) 

[2] Esse et al. (2020) J. Volc. Getherm. Res. 163 

[3] Halldórsson et al. (2022) Nature 609(7927): 529-534  
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___________________________________________________________________________________________ 

The East African Rift System (EARS) hosts large silicic calderas and volcanic centres which contain 
significant reserves of untapped geothermal energy. While the architecture of the magmatic-
hydrothermal system of the volcanic centres is poorly understood, recent surface exploration studies 
revealed the presence of a recoverable geothermal resource of ~10,000MW in the rift. Here we 
combine soil-gas CO2 survey and field observations to investigate the structural permeability and 
geothermal characteristics of the Tulu Moye volcanic complex, Ethiopia’s most promising geothermal 
site, in the Central Main Ethiopian Rift. Soil gas CO2 surveys indicated that the most elevated values 
are associated with hydrothermally altered surfaces, often associated with fumarolic activity and 
steaming grounds. The NNE-SSW aligned normal faults of the Wonji fault belt of the Main Ethiopian 
Rift in close proximity to the Gnaro obsidian dome are particularly permeable to gas and hydrothermal 
fluids with elevated CO2 flux (~11,600 g m-2 d-1). Samples taken from fumaroles and the locations with 
the highest CO2 flux show ẟ13C values ranging from -12.0 and -1.0 ‰, suggesting that a magmatic 
outgassing is the dominant source feeding to the surface. The combination of the field survey and ẟ13C 
measurements adds to our understanding of the tectonomagmatic architecture and the geothermal 
potential of the Tulu Moye volcanic complex and has implications for exploration along other parts of 
the rift system.   
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___________________________________________________________________________ 
 
Connectivity of pore space within magma is a dominant control on permeable gas escape, and thus 
fragmentation and likelihood of effusive, or explosive, activity. There are abundant data on 
connectivity and permeability of volcanic rock hand samples and cm-scale cores. However, more data 
from microanalytical methods are required to understand how pore size and shape affect these 
properties. These data can be collected in 2D by Scanning Electron Microscopy (SEM imagery) or 3D 
by X-Ray Tomography (XRT). The methods are complimentary as they have different advantages and 
limitations: what appear to be separate pores in a 2D SEM image can represent intersections of a single 
gas pathway that is connected in 3D; on the other hand the higher resolution of SEM can image 
porosity connections that are too small to resolve by XRT. We compare the two techniques for a suite 
of 10 natural and experimental samples with similar degassing histories. 
 
We determined porosity, pore size and shape distributions, connectivity, and pore tortuosity of crystal-
rich (30-40 vol.%) basaltic ash grains from Volcán de Fuego, 1974 and crystalline (10-35 vol.%) basaltic 
decompression experiments [1]. Comparison of 2D and 3D data shows that complicated connected 3D 
gas pathways can appear as ‘apparent’ isolated pores in 2D. In both experimental and natural samples, 
2D (apparent) pore shape become less circular and convex with increasing pore size, up to some pore 
size. The convexity of the largest (apparent) pores is comparable to the exterior morphologies of mm-
sized ash grains from the 1974 Volcán de Fuego fall deposits, which may reflect fragmentation 
exploiting surfaces along permeable pathway walls. Notably, the dominant sizes of the mafic, crystal-
rich ash particles do not correspond to the sizes of apparent bubbles in 2D images, as it does for low-
crystallinity, felsic, Plinian eruptions. The porosities of experiments vary significantly between 2D and 
3D measurements. 2D porosities are consistently overestimated by as much as 127%. This highlights 
the drawback in using one plane for porosity measurements of irregular bubble shapes. Both 
impermeable and permeable experimental samples show a range of 3D connectivity, with tortuosity 
increasing in pore space with increasing connectivity. 3D pore shape analysis also reveals a higher 
degree of shape anisotropy in larger pores within a watershedded connected pore network. Our study 
highlights the continued need to compare 2D and 3D pore textures in samples with mature, developed 
permeable pathways. 2D connectivity can be very deceiving, even in very low porosity samples with 
apparent isolated vesicles. Small insights in 3D porosity and connectivity at high resolution coupled 
with higher resolution 2D imaging, and bulk pycnometry and porometry analysis, can give a fully 
comprehensive view of permeable gas escape and fragmentation in explosive mafic volcanism.  
 
[1] Lindoo et al. (2017) Geol 45(9): 831-834  
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___________________________________________________________________________ 
Studies of pyroclast texture (e.g., vesicle size and shape) provide essential insights into melt-gas-

crystal-strain interactions in ascending melt and hence are regularly employed to reconstruct controls 

on ascent and eruption dynamics. Vesicle size distribution (VSD) studies from 2D datasets are common 

due to the relative ease of data collection and analysis. However, the need for 2D – 3D stereological 

conversion means vesicle textures are less adequately captured in samples with complex networks. 

Recent advances in x-ray computed tomography (XCT) – technological and theoretical – mean these 

complexities can now be captured and 3D studies are more common. However, XCT data processing is 

non-trivial and a one-size-fits-all approach not possible as bubble characteristics vary with magma 

composition, volatile content, ascent rate and crystallinity. We analysed vesicles in 2D and 3D for a 

texturally complex basalt-rhyolite mingled clast from Ascension Island to investigate the limitations 

and strengths of each approach. Independent assessment of 2D and 3D VSD curves for the same 

samples/ sample regions resulted in conflicting interpretations of vesiculation history. In addition, the 

FOAMS software[1] typically employed for 2D studies was unable to effectively reconstruct bubble 

textures in some sub-regions of the mingled clast, indicating for some samples not traditionally 

excluded from FOAMS analysis (e.g., no obvious elongation of vesicles), 3D analyses are indeed more 

appropriate. However, the 3D VSD curves for pumiceous regions of the clast showed unexpected 

bubble number densities for equivalent diameters < 20 µm, well within the resolution of the data. The 

shape observed in our VSD curves is not uncommon for XCT data but its origin is poorly understood. 

Further, for studies of vesicle shape parameters, 3D measures produced anomalous values at small 

bubble volumes that did not correspond to observed textures in high-resolution 2D images. These 

results highlight gaps in our understanding of how segmentation and thin-film reconstruction during 

XCT data processing impacts measures of bubble shape and size. We propose that 3D techniques 

should not be applied in isolation - processing and analysis of XCT data should incorporate geological 

context provided by high resolution 2D imaging of samples - and may not always be the best use of 

time and resource. Further, our results highlight that when applied to appropriate samples, studies of 

vesicle shape in 2D can provide useful insights into eruption dynamics that hold up when compared to 

their 3D equivalents and can be readily compared with global datasets.  

References:  
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___________________________________________________________________________ 

Our knowledge of volcanic eruption styles and forecasting relies on understanding the multiphase 
behaviour of magmas in shallow plumbing systems. Eruption dynamics are primarily driven by the 
rise and burst of gas from within volcanic conduits, and low viscosity magmatic systems exhibit a 
variety of eruption styles. Specific gas regimes are attributed to specific eruption types, and their 
ascent dynamics within the upper kilometre of the conduit are a major control for surface explosivity.  

Current models cannot suitably explain natural system complexity because they assume simple rise 
conditions (rheologically uniform media and a vertical cylindrical conduit) but kinks, flares, diameter 
variations, wall roughness, storage zones, and internal obstacles are common features of shallow 
plumbing systems. It is thus vital to consider the effects of complex internal conduit geometries on 
bubble ascent parameters to improve our understanding of volcano-scale flow dynamics and their 
implications for basaltic eruption explosivity.  

Here, we consider the combined effects of variable viscosity, gas fraction, and conduit geometry on 
bubble ascent parameters using a suite of novel experiments. The current focus is to examine 
continuous flow within inclined tubes and with the addition of storage zones to simulate complex, 
multi-vent, shallow plumbing systems like Stromboli and, for the first time, experimentally 
investigate a potential mechanism for paroxysms. 

Dimensionless parameters are derived to describe specific flow characteristics at laboratory and 
volcanic scales, and demonstrate the viability of current framework for true-scale application. 
Preliminary results indicate that internal conduit geometry controls for eruption explosivity as a 
direct consequence of its influence on gas ascent dynamics independently of (and in addition to) the 
factors currently attributed to eruption triggering in the literature, i.e., magma viscosity, gas flux and 
related controlling characteristics. 
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___________________________________________________________________________ 

 
The dynamics of volcanic fissure eruptions can determine the style and longevity of an eruption and 
the hazards they pose. To understand magmatic fluid flow and deformation processes during the 
ascent of magma, crystal alignment, shape and size can be used. Where the rock is well exposed and 
grains can be identified, crystal fabrics may be measured and mapped in the field, however in most 
cases microanalysis (optical microscopy and scanning electron microscopy) combined with image 
analysis of hand samples are required. Here we examine deposits of a basaltic eruption from the Budj 
Bim Volcanic Complex (BBVC), the only known fissure-fed eruption in the Newer Volcanics Province 
(NVP), south east Australia. The study of active fissure eruptions is often inhibited as their structures 
are frequently covered by layers of lava and scoria, built up over days to months. However, the BBVC 
provides excellent exposure of the internal architecture of a fissure eruption due to extensive erosion 
and quarrying, allowing us to study its subsurface feeding system. Samples have been taken from the 
main pathway for magma ascent in the Little Mount scoria cone and typically comprise of zoned olivine 
phenocrysts (<0.2 mm), clinopyroxenes (<0.1 mm), and a fine-grained plagioclase-rich groundmass 
with <0.05 mm oxides. Preliminary optical and scanning electron microscopy data show rare and 
texturally complex microscale quartz xenocrysts have been incorporated into the dyke. Pyroclasts from 
the scoria cone deposits also include rare, black and white bubbly fragments, which are inferred to 
have occurred by physical mingling of the basalt with a quartz-rich material during their ascent. 
Electron backscattered diffraction (EBSD) observations show that plagioclase crystals share a 
crystallographic preferred orientation (CPO). CPO in plagioclase can be used as an indicator of magma 
flow, as elongate crystals are expected to align parallel to flow direction. Intracrystalline distortion of 
plagioclase crystals can also be used to investigate the pressures and strains a magma has experienced 
during the final stages of eruption, when rapid crystallisation causes the magma to lock-up. 
Understanding the dynamics of historic fissure eruptions such as the BBVC is important as they can 
guide interpretations and constrain the physical and chemical processes of the feeder dykes, their 
impacts from future fissure eruptions and allow for hazard mitigation. 
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___________________________________________________________________________ 
 
The 2021 Fagradalsfjall eruption in Iceland included episodes of fountaining that produced unusual 
pyroclasts that have the appearance of glazed reticulite. Initial investigation of these clasts show that 
they have a smooth, dark grey or light brown glassy surface that is <0.3 mm thick, surrounding a light 
brown to dark grey interior that is highly vesicular (71–92%). The vesicles range in diameter from <20 
μm to >20 mm, with the majority <1 mm. Most vesicles near the exterior of the clasts are spherical or 
elliptical and are highly connected to the vesicles surrounding them. Towards the centre of the 
pyroclasts, the vesicles are irregularly shaped with “wrinkled” vesicle walls. We present the results of 
scanning electron microscope imaging of polished section through the clasts, and x-ray computed 
tomography of whole clasts. Imagery was analysed to characterise the distinctive glazed surfaces and 
vesicle shapes, and to determine the processes that formed them. 
 
In order to infer a formation mechanism for these various glazed pyroclasts, we consider the timescales 
of clast emplacement, clast cooling, bubble growth, outgassing, and capillary retraction and relaxation 
of melt films. Based on our observations and analyses, we interpret that the glazed pyroclasts spent a 
sufficient length of time within the fountain to keep the external faces of the pyroclasts hot for longer 
than is typical of fountain products. This allowed time for bubbles in the centre of the clasts to mature 
and collapse, and for bubbles near the edge of the clast to burst. Bubble burst at the margins led to 
liquid film retraction, forming a smooth, glazed surface that cooled once the clast left the hot fountain 
environment. These textures therefore inform on the nature of the fountain environment in which 
they formed.  
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___________________________________________________________________________ 

 
Following the 2021 Fagradalsfjall eruption on the Reykjanes Peninsula, SW Iceland, a 260m fissure vent 
opened in Meradalir on the 3rd of August 2022. The activity became localized onto five vents, with two 
vents staying active for the following 10 days when the activity focused on a single vent for the 
reminder of the eruption (i.e., to 21st August). 
 
Throughout the eruption, changes to the lava surface were monitored using a DJI Matrice 300 RTK 
unmanned aerial vehicle (UAV or drone) with a DJI L1 lidar module. Automated grid flights were used 
to cover the full area around the fissure and the lava deposited in the Meradalir valley from the 2021 
and 2022 eruptions. A DJI D-RTK 2 GNSS mobile station was used to increase positional accuracy of the 
UAV to the centimetre-scale. 
 
The lidar data was pre-processed in DJI Terra to reconstruct colourised point clouds. The large subject 
area necessitated multiple grid flights and this, together with internal instrumental errors required 
flight strip alignment using the program StripAlign. Digital surface model rasters were produced in 
CloudCompare with a resolution of 10 cm. 
 
Volumes were calculated in QGIS with thickness profiles made in select locations. The resulting time 
series of volume allows the calculation of high-time-resolution mass eruption rates. Additionally, the 
high spatial resolution allowed for the identification of phenomenon such as the compaction, 
mobilisation, and squeeze-out of molten lava stored within the 2021 Meradalir lava pile by the 
emplacement of the 2022 lava field. 
  



RETURN TO PROGRAMME  
Session 5: Eruptive Processes          Poster Presentations 

 

Volcanic and Magmatic Studies Group 2023 Meeting – Programme and Abstracts  

111 

Simultaneous fall and flow during pyroclastic eruptions: the implications of a 
novel proximal hybrid deposit 
Dowey, N.1 and Williams, R.2  
 
1Department of the Natural and Built Environment, Sheffield Hallam University, UK  
2School of Environmental Sciences, University of Hull, UK 

___________________________________________________________________________ 
 
Interpreting volcanic stratigraphy is the fundamental method used by volcanologists to understand 
and reconstruct a volcano’s past behaviour. General understanding of the products and processes of 
Plinian and subplinian eruptions also informs numerical models that aim to mitigate against future 
hazards. However, the frameworks we use to understand volcanic lithofacies can sometimes be overly 
simplified, with interpretations falling into distinct categories. For example, pyroclastic deposits are 
often considered from either a fallout or pyroclastic density current (PDC) perspective, with little 
attention given to facies exhibiting characteristics of both processes. Such hybrid facies may be created 
where fallout and PDC processes act simultaneously, where a transitional phase between the two 
occurs, and/or due to reworking.  
 
Our study [1] defined a novel hybrid pyroclastic lithofacies found on Tenerife (Canary Islands) and 
Pantelleria (Italy). The facies is proposed to record the simultaneous interaction of very proximal 
fallout and turbulent PDCs, and reveals a fuller spectrum of hybrid deposition than previously reported. 
It is widely appreciated that complexities such as bypass and erosion are inherent aspects of PDC 
activity that can be cryptic in the rock record; this work highlights that hybrid processes may be 
similarly cryptic, leading to potential uncertainty in the interpretation of volcanic lithofacies.  
 
How important is resolving this uncertainty in the proximal zone, when the hazard is high regardless 
of specific processes? We argue that recognizing hybrid deposition, and identifying potential 
complexity and uncertainty, improves our understanding of volcanic processes. Furthermore, 
numerical models of lateral transport of pyroclastic material rely on proper assessment of eruption 
column conditions, therefore interpreting these conditions from proximal units can lead to 
improvements in hazard modelling. 
 
 
References: 
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___________________________________________________________________________ 
 
The April 2021 explosive eruption of La Soufriere St Vincent generated a bulk volume of approximately 

1.2 x 108 m3 of tephra, indicating that this was a low VEI 4 event. The explosive phase lasted two weeks 

and, after an initial explosion, became semi continuous for ~48 hours, comprising numerous closely 

spaced explosions forming eruption columns ~ 15km high. Later explosions became more Vulcanian-

like with lengthening time gaps between events. We identified 7 fallout units, U1 –U7. 

Field evidence indicates that the first Pyroclastic density currents (PDCs) to travel out of the crater did 

not occur until ~30 hrs after the onset of explosive activity, associated with Unit 3, and we propose 

this is related to vent widening, following destruction of lava domes during the initial explosive activity 

(Unit 1).  

PDC deposits extended to the sea in two valleys the Lariaki and Roseau Valleys on the west flank 

draining the lowest part of the crater rim, 3.2 and 4.2km from the Summit crater rim respectively. 

These PDCs had low velocities and any associated dilute surge was absent in distal regions. To the 

south and southeast, dense PDCs reached 2.8 km and 1.2 km respectively. Dilute PDCs engulfing ridges 

between the valleys were less extensive, extending a maximum of 2.5 km from the Summit crater rim. 

Both dilute and dense deposits comprise numerous units interbedded with fallout layers (at least Unit 

3, 4 and 5), indicating PDCs were formed by column collapse associated with several explosions. PDCs 

comprise around 40-50% of the total volume erupted of associated explosions (Units 3-7).  

The impact of the PDCs on vegetation in proximal (< 2km) regions provides insight on their dynamics. 

Trees were extensively abraded and in the most proximal regions felled, however locally many trees 

were broken only at heights ~ 2m above the base, suggesting a marked velocity/density stratification 

to the moving dilute current. On ridges and in the valleys to the southeast PDCs were not able to char 

vegetation, indicating temperatures < 250oC. Dense PDCs in valleys to the west were notably hotter, 

showing extensive vegetation charring. We speculate that the column collapse mechanism, involving 

extensive mixing with moist air, cooled the dilute PDCs. Dilute PDCs formed by column collapse at La 

Soufriere in 1902, albeit larger and more extensive, also had similar low temperatures, particularly in 

distal regions.  
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___________________________________________________________________________ 
 
Pyroclastic density currents (PDCs) are the most lethal volcanic process on Earth. Forecasting their 
inundation area is essential to mitigate their risk, but existing models are limited by our poor 
understanding of their dynamics. Here, we explore the role of evolving grain-size distribution in 
controlling the runout of the most common and deadliest PDCs known as block-and-ash flows (BAFs). 
Through a combination of theory, analysis of deposits and experiments of natural mixtures, we show 
that rapid changes of the grain-size distribution transported in BAFs result in the reduction of pore 
volume (compaction) within the first kilometres of their runout. We then use a multiphase flow model 
to show how the compressibility of granular mixtures leads to fragmentation-induced fluidization (FIF) 
and excess pore-fluid pressure in BAFs. This process dominates the first ~2 km of their runout, where 
the effective friction coefficient is progressively reduced. Beyond that distance, transport is modulated 
by diffusion of the excess pore pressure. Fragmentation induced fluidization provides a physical basis 
to explain the decades-long use of low effective friction coefficients used in depth-averaged 
simulations required to match observed flow inundation. 
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Are the Glencoe caldera faults sintered volcanic conduits without evidence 

for catastrophic rapid slip events?  
Haywood, F.1,2, Wadsworth F.B.1, Brown R.J.1, McGarvie D.3 and Foster A.1 

1Earth Science, Durham University, Science Labs, Durham, DL1 3LE, U.K.  
2School of Earth Sciences, University of Bristol, Wills Memorial Building, Bristol, BS8 1RJ, U.K.  
3Lancaster Environment Centre, Lancaster University, Lancaster, LA1 4YQ, U.K. 

___________________________________________________________________________ 

Silicic caldera-forming eruptions are among the largest volcanic events on Earth, capable of erupting 

thousands of cubic kilometers of ash and pumice, therefore they pose a substantial hazard. A key 

component of these eruptions is the piecemeal subsidence of foundering crustal blocks and the 

generation of caldera ring faults in which large volumes of (mostly) fragmental magma erupt through. 

Fragmental magma flux and associated caldera subsidence rates are poorly constrained, particularly 

as large caldera-forming eruptions have never been witnessed, so our understanding relies on 

numerical model predictions, experimental work and conceptional frameworks built from field 

observations. The ‘superfault’ model, in which caldera fault slip rates are high enough to cause 

frictional melting, was proposed due to the presence of aphanitic deposits in some caldera ring faults 

(Spray et al, 1997; Kokelaar, 2007). Since the development of this hypothesis, our understanding of 

caldera structure (for example, the outward dip of caldera faults) and magma fragmentation (in non-

caldera scenarios) has developed significantly, therefore, we revisit the superfault hypothesis in order 

to test its application to the modern scientific understanding of eruption dynamics. Here, we re-assess 

this model using textural analyses at the classic 435-425 Ma Glencoe volcano locality, Scotland, and 

find that the caldera fault fill is the sintered remnant of the fragmented eruptive products, and that 

fault-related frictional melting is not required. We support this with geochemical mass balance 

calculations that lead us to conclude that: (1) the fault fill is a volcanic remnant associated with the 

eruption; (2) partially resorbed quartz grains in the glassy groundmass originate from the country rock 

quartzite; and (3) that the late-stage fault intrusions represent the mush from which the eruptive melts 

are derived. In the context of caldera-forming eruptions, our model implies that caldera fault zones 

can be dominated by magmatic processes rather than fault-related processes.  

References: 

[1] Kokelaar, P., 2007. Friction melting, catastrophic dilation and breccia formation along caldera 

superfaults. Journal of the Geological Society, 164(4), pp.751-754. 

[2] Spray, J.G., 1997. Superfaults. Geology, 25(7), pp.579-582. 
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___________________________________________________________________________ 

The Borrowdale Volcanic Group (BVG) of the English Lake District comprises over 6 km of basaltic to 
rhyolitic lavas, intrusions and pyroclastic deposits that formed during the closure of the Iapetus Ocean 
in the Late Ordovician. Whilst the lower part of the BVG comprises mostly effusive lavas, the upper 
part is dominated by large-scale caldera-forming deposits [1].  
 
Research of caldera volcanoes are greatly hindered at modern examples due to critical features such 

as caldera faults, eruption conduits and caldera fill deposits being concealed [2]. However, those 

within the BVG present a unique situation whereby tectonic uplift and glacial erosion have exhumed 

and dissected the calderas, allowing for detailed internal examinations [1].  

 

Scafell Caldera is one such BVG caldera that provides world-class internal exposures, gaining 

international interest on the subject [3,4]. However, due to intense faulting, alteration and 

impersistent exposure in other parts of the Lake District, similar in-depth research at other BVG 

calderas has been prevented using standard field-mapping techniques. This leaves most of the 

understanding for the overall nested caldera complex to be inferred [1]. 

 

This project utilises whole-rock geochemistry as an alternative method to investigate the BVG 

calderas. The data aims to: (1) establish potential correlations between pyroclastic deposits across 

large distances, (2) determine key geochemical differences between individual caldera-collapse 

events, and (3) observe the geochemical evolution of the nested caldera complex within the upper 

BVG. This will allow for relationships between individual calderas to be investigated and determine 

any cyclic patterns in caldera-formation that could be applied to other nested caldera complexes 

across the globe.  

 

Preliminary results indicate that several aspects of the BVG stratigraphy are far more complex than 

currently perceived. Major deposits of the Haweswater Caldera and Helvellyn Basin successions show 

significant differentiations in geochemistry at different localities. This suggests that either the 

deposits have been misidentified at localities and could therefore be part of separate eruption 

events, or dramatic changes in the underlying magmatic system occur during caldera-collapses. 

 

References: 
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[2] Barnes R et al (2006) The Lakesman Terrane 5:103-129 
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___________________________________________________________________________ 

Armenia is the site of extensive volcanism, resulting from the collision of Eurasian and Arabian plates 
[1]. The eruptive products of Plio -Pleistocene post collisional volcanism dominate the landscape 
covering >10,000km2 across both east and west Armenia. Deposits range from basaltic lava flows and 
scoria to extensive tephra fall out and obsidian rich tuffs. The extensive distribution of volcanic 
products has also played an important part in the dating of archaeological sites throughout Armenia 
which have shown the presence and movement of humans through the area as early as 335ka [2].  

Extensive regional uplift has led to deep incision by the Hrazdan River providing excellent exposure of 
long volcanic successions. This study focusses on a volcaniclastic sequence sampled on the Hrazdan 
gorge in Aragyugh. Aragyugh is positioned between the Aragats volcanic zone to the West and the 
Gutanasar and Gegham volcanic plateaus to the East making it an ideal section for assessing volcanic 
activity in both East and West Armenia. In addition its location on the Hrazdan River gorge along with 
other archaeological sites provides an opportunity to understand the potential implications of volcanic 
eruptions on early humans in Armenia.  

To assess how volcanic activity in Armenia affected the early human movement and the eruptive 
history of Armenian volcanoes. 31 samples were taken across multiple units and analysed for; particle 
size distribution, chemical analysis of volcanic glasses via laser ablation ICPMS and analysis of 
pyroclastic material. This will provide information on the eruptive behaviour and the magnitude, the 
source volcano and the potential hazards it posed to early hominid communities. 

 

References: 

[1] Arutyunyan et al., 2007 Doklady Earth Sciences, 416 
[2] Adler et al. (2014) Science 345 
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___________________________________________________________________________ 
 
Since the publication of two classic papers in the 1960s [1,2], the volcanic sequence at Þingmúli 

central volcano, Iceland [3], has been considered a classic example of tholeiitic differentiation from 

(olivine) basalts to rhyolites.  

 

In these two classic papers [1,2], the magmatic differentiation at Þingmúli was interpreted to be a 

simple fractional crystallisation model. However, this simple model seems inconsistent with rhyolite 

abundance, which was double that which could be produced by simple fractional crystallisation from 

a basaltic melt. In addition, the volcanic sequence lacks the necessary volumes of intermediate 

compositions (andesites and dacites) to support rhyolite production; and the intermediate volcanics 

that do occur are in the wrong stratigraphic position to support simple tholeiitic differentiation. 

Despite these long-known issues, the geochemistry of the volcanic sequence has continued to be 

modelled as an exemplar of simple fractional crystallisation model, and a more recent refinement 

has been that it represents two slightly different fractionation trends operating at different oxidation 

states [4].  

 

Fieldwork during July 2022 has produced a new geological map of the volcano, investigated the 

nature of its plumbing system, and provided a re-classification and re-calculation of abundances of 

Þingmúli's eruptive products. Preliminary results indicate an increased volume of rhyolites, further 

widening the volume problem mentioned above. The new volume estimations based on our mapping 

suggest that ~25% of the volcanic products are rhyolites in contrast with the ~12% estimated by [1], 

however it is still unknown as to what percentage lies at depth.  

 

Our results also suggests that Þingmúli went through multiple cycles of rhyolitic magma production 

and eruption, including the formation of a rhyolitic dome on its eastern flank and multiple pyroclastic 

flow deposits within the lower deposits. Furthermore, a new lateral fissure is identified at Þingmúli, 

and a new edifice is defined further north than originally proposed in [1]. Classic papers such as (1, 

2] have been important cornerstones in our science for decades, but with advances in our 

understanding of processes there is high value in revisiting past benchmark studies to 

evaluate whether new insights can be gained for future models.  

 

References: 
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___________________________________________________________________________ 
 
Relating the mass eruption rate (MER) of explosive volcanic eruptions to their column height is key to 
reconstructing past eruptions and managing hazards during eruptive crises. Here we re-assess the 
MER-height relationship using the new Independent Volcanic Eruption Source Parameter Archive 
(IVESPA, http://www.ivespa.co.uk/), which contains required parameters for an unprecedented 
number of eruptive events. We calibrate the canonical power law relationship between the MER and 
four different types of column height (top, spreading, sulfur dioxide and isopleth), which significantly 
differ. For the top height, this empirical relationship outperforms analytical relationships that also 
account for atmospheric conditions. Overall, our simple analyses reveal no clear footprint of 
atmospheric wind and humidity on the MER-height relationship in IVESPA. This contradicts our 
understanding of volcanic column dynamics and we discuss how it might be explained by IVESPA 
limitations, such as measurement bias or the use of time-averaged eruption source parameters. 
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___________________________________________________________________________ 
 
The large summit caldera at Sierra Negra is defined by a complex asymmetric trapdoor fault system 

(TDF), which protrudes over 150m above the caldera floor. This fault is a permanent record of 

resurgence and deformation within the caldera during previous eruptions. Over 6.5 m of uplift was 

recorded in the 13 years prior to the 2018 eruption, driven by magma storage pressures and stresses 

on the TDF. The 2018 eruption lasted two months, with fissures opening across the north and 

northwestern flanks of the volcano. During the co-eruptive period, the caldera subsided by over 8 m, 

whilst seismicity continued at a decreasing rate.  

Here we present a comprehensive study of the co-eruptive seismicity at for the 8 weeks following 

the eruption onset. We use PhaseNet, a deep neural network phase picking method, to generate an 

updated catalogue of seismicity. In particular, this approach identifies low magnitude events during 

episodes of persistent tremor, which have been previously hard to identify. We further examine the 

tremor which continues for up to 3 weeks after the eruption onset, and relate these episodes to 

trends in the seismicity and subsidence rates. We also demonstrate evidence of large-magnitude 

earthquake and quiescence cycles in the first week following the onset of the eruption. These 

apparent cycles suggest a staggered deflation period and that subsidence does not follow a smooth 

exponential decay. The total subsidence experienced in the caldera in 2018 was nearly twice that 

recorded in 2005 (5.0 m). Additionally, reinflation of the caldera did not commence until 60 days 

after the 2018 eruption initiation in contrast to 2005 when inflation was recorded after only 10 days. 

A net uplift of ~1.5 m and pre- and co-eruptive M>4 earthquakes indicates anelastic deformation of 

the caldera. We discuss the implications this has for further dynamical modelling.  
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___________________________________________________________________________ 
 
Eruptions at long-inactive volcanoes are usually preceded by days to months of unrest [1] as magma 

migrates gradually to shallower depths. This is built into plans by civil protection agencies for societal 

response. Here we show that at São Jorge, Azores, after 60 years of repose, magma reached almost 

the surface in a vertical dyke intrusion within a few hours of the seismicity onset with no previous 

precursory signals. Recent eruptions at São Jorge have produced pyroclastic density currents [2], and 

the potential for an eruption to occur with little warning poses a great risk. 

 

We base our model on measurements of seismicity and land surface deformation (GNSS network and 

Sentinel-1 InSAR). Deformation associated with the event reached other neighboring islands over a 

distance of at least 45 km away from São Jorge. Deformation was high in the first day of activity (>50 

mm per day between March 19 and 20) and significantly decreased afterward. Although unrest 

continued for weeks, subsequent magma intrusion after the first day was below 4 km. São Jorge lies in 

a rift zone where extensional stress is expected to be built over time [3] to accommodate magma at 

depth. 

 

We interpret the cause of the initial shallow injection to be due to the deviatoric stress there being so 

high that the suction due to opening was greater than the force required to reach a greater height. 

After relaxing the stress field at shallow levels, the next most energetically favourable location for 

magma injection was deeper. This implies that an eruption was unlikely during the first hours, despite 

reaching such shallow depth. The São Jorge event indicates that elastic strain accumulated from long-

term periods of tectonic spreading at dormant volcanoes can be released by sudden, episodic shallow 

dyking events triggering the activity of deeper magmatic processes. 
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___________________________________________________________________________ 
 
Pyroclastic Density Currents (PDCs) are high-temperature, rapidly moving flows that can form 
extensive ignimbrite deposits. As a PDC propagates, entrainment from both internal and external 
environments can decrease temperatures and introduce water vapour (e.g., exsolving juvenile magma, 
external hydrological factors, combusting plant matter, water-laden sediment). As a PDC flows away 
from source the comminution of grains will lead to fragmentation and subsequent higher ash content. 
These factors are expected to affect cohesive and frictional behaviours within the flow, and the 
resulting deposits. 

Fluidisation within PDCs plays a substantial role in their high mobility and is accepted as an outcome 
of excess pore pressure from exsolution and entrainment [1]. Defluidising material may alter the 
profile of a deposit by remobilising grains through gas escape structures (i.e., elutriation pipes) and 
can cause secondary hydroeruptions in a deposit [2]. The ability for gas escape to reorganise the 
deposit will be affected by the mechanical properties of the deposit, which will include cohesion.  

Experiments investigating the cohesive behaviour of analogue and ignimbrite material have been 
undertaken to explore how static packs of sediment respond to gas escapes under a range of 
conditions. Material properties including angle of repose, bulk and tapped density and fluidisation 
behaviour have been recorded under varying moisture content conditions to better understand the 
static and dynamic behaviours of these materials.  

Results show just small amounts of moisture (0.25 – 0.50 %) greatly affect the behaviour of analogue 
and volcanic material. Increasing moisture content results in higher angle of repose and minimum 
fluidisation velocity values. As materials becomes fluidised, cohesional variations within the deposit 
affect bubble and channel formations and can create vertical pressure profiles. These results begin to 
explore the impact of capillary cohesion and its implications for PDC dynamics, deposit architecture 
and validity of different analogue materials in experimental modelling. 

References: 
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Transitions between effusive and explosive styles at basaltic volcanoes are strongly affected by magma 

permeability, which is controlled by bubbles nucleation, growth and coalescence during ascent. A 

series of in-situ vesiculation experiments were performed using a synchrotron radiation source on 

basaltic samples from Mt Etna, Italy. Experiments were performed at high pressure and high 

temperature under water saturated conditions at Diamond Light Source, UK. X-ray synchrotron 

radiography was combined with a unique Internally Heated Pressure Vessel to simulate magma storage 

and ascent within the crust at pressure ≤100 MPa.  

 

This new study provides unique quantitative information on bubble growth, expansion and 

coalescence through time, as function of water content and decompression rate. All these parameters 

are strongly dependent on melt viscosity: for low viscosity conditions bubbles are spherical and can 

easily grow and coalesce, while for more viscous conditions (e.g. due to higher crystal content) bubbles 

are always deformed and growth and coalescence are inhibited. We noticed that, for the investigated 

decompression rates (0.05-0.1 MPa/s), bubble growth decreases with time, as previously reported in 

the literature. Furthermore, we observed that bubbles nucleated at later times grow faster than those 

nucleated at earlier times.  

Regarding coalescence, we recorded this process, occurring in the order of tens of seconds, at high 

temporal and spatial resolution. We captured when separated bubbles enter into contact, thin their 

walls, rupture their film and finally coalesce up to recover a spherical shape. Finally, we observed 

through time with decreasing pressure an increase in the coalescence events of several bubbles that 

tend to form a single large bubble. 

 

This new apparatus combined with X-ray synchrotron radiography is an invaluable tool to capture and 

quantify bubble kinetics in basaltic magma at natural pre- and syn-eruptive conditions, which are 

fundamental to improve our understanding of magma behaviour and mitigating the volcanic risk 

associated with basaltic systems. 
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___________________________________________________________________________ 
 
Silicic volcanic eruptions range in style from effusive flows to highly explosive events, often 
transitioning between these extremes. The 2008 eruption of Chaitén, Chile and the 2011-2012 
eruption of Cordon Caulle, Chile further demonstrated that silicic eruptions may simultaneously exhibit 
explosive and effusive activity (i.e., as a hybrid eruption), which has led to renewed efforts to model 
shallow conduit dynamics that allows for such behaviour [1]. Volcanic bombs, relatively large ballistic 
pyroclasts, are ejected energetically throughout hybrid behaviour, and can represent a snapshot of the 
shallow conduit [2].  
 
Here, we describe two extraordinary volcanic bombs; one from the 946-947 CE “Millennium Eruption” 
of Mt. Changbaishan/Paektu (China/DPRK), and one from the 2011-2012 eruption of Cordón Caulle 
(Chile). Both bombs are relatively small (~10s centimetre), rounded, with a millimetric glassy, obsidian-
like margin (“crust”) and a light-coloured, pumiceous core. Both samples display evidence for 
aerodynamic shaping by viscous deformation during ejection, and continued volatile exsolution [3][4].  
 
We characterise both samples using a combination of petrographic microscopy, SEM (with EDX), TGA, 
and FTIR, to describe their internal textures at a range of scales and characterise volatile content and 
distribution. We then develop a conceptual model for their formation in the context of hybrid eruptive 
behaviour. Importantly, the example of this clast type from the Cordón Caulle eruption can potentially 
be linked to direct eruption observations [5], which may allow us to infer that similar eruption 
dynamics were active during the Millennium Eruption of Mt. Changbaishan/Paektu. 
 
Our results have implications for shallow conduit dynamics for both eruptions, and we speculate about 
their applicability to silicic volcanic systems in general.  
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Campi Flegrei volcano (CF, central Italy) has produced >60 eruptions in the last 15 kyr. These span a 
wide range of eruptive styles (lava domes to explosive Plinian events) and compositions (basanites to 
phonolites) and occurred in different spatial/structural locations within a larger caldera system [1]. 
Geophysical and petrological data support multi-level magma storage beneath CF, with post-15 kyr 
eruptions primarily fed by mid- to lower-crustal storage zones and ephemeral sills at shallow levels [2]. 
However, several authors have identified that the major element compositions of CF magmas cannot 
be produced through simple fractional crystallisation, and instead suggest that country rock 
assimilation must play a significant role in controlling their compositional evolution [3].  
  
The Rhyolite-MELTS software package allows thermodynamic modelling of phase equilibria in hydrous 
silicic systems [4] and has been used previously to constrain the range of intensive variables (i.e. 
magma storage conditions) which could produce the observed compositional diversity of pre-15 kyr 
CF eruption deposits [3]. Following this, we ran >2000 Rhyolite-MELTS models of fractional 
crystallisation, with starting compositions chosen from the most primitive glass compositions 
measured in post-15 kyr CF deposits. We varied the model pressure (from 50 to 500 MPa), initial water 
content (from 0.5 to 6 wt%) and oxygen fugacity (from QFM-2 to +3). We built on recent studies [5] to 
statistically assess the fit between our model outputs and a literature composition of glass analyses 
from recent CF eruptions. This allowed us to identify a set of intensive variables which produced the 
best fit and hence represent the most likely conditions of natural magma storage. Dividing eruptions 
into different time periods and locations within the CF caldera allows us to place spatial and temporal 
constraints on variations in magma storage conditions. 
 
We find that CF eruptions are best produced by models with oxygen fugacity at QFM to QFM +1, initial 
water contents of 3 – 4 wt% and pressures of 300 to 500 MPa, although best-fit conditions vary across 
the caldera. However, our results are consistent with previous studies in failing to fully reproduce the 
diversity of CF magma compositions for all elements through fractional crystallisation and highlight the 
important role of country rock assimilation. More advanced thermodynamic models can predict how 
assimilating different types/quantities of crustal material impact phase equilibria during magma 
evolution and are currently being incorporated into our investigation. As with other storage conditions, 
the results of these models will be used to identify spatial variations in assimilation dynamics at 
different times and in different locations around the caldera, demonstrating how crustal assimilation 
plays an important role in dictating the timing and style of eruptions. 
 
References: 
[1] Isaia et al. (2009) JVGR. 133: 171-192 
[2] Stock et al. (2018) J. Pet. 59: 2463-2492 
[3] Fowler et al. (2007) J. Pet. 48: 459-493 
[4 Gualda et al. (2012) J. Pet. 53: 875-890 
[5] Gleeson et al. (2017) JVGR. 337: 44-61 
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Ocean Island Basalts are thought to be plume-derived, and a study of olivine-hosted melt inclusions 
can provide information on the characteristics of these mantle plumes.  Melt inclusions in primitive 
phenocrysts have the advantage of being more primitive than their whole-rock hosts, and are 
considered to represent a closed system, capturing aspects of the chemistry of the mantle source of 
the magma.  Whilst much work has already been done on Ocean Islands such as Hawaii and Iceland, 
studies on Jan Mayen’s geochemistry are few.  At present, it is unclear whether Jan Mayen exists as a 
result of association with the Mid-Atlantic Ridge, is an offshoot of the Iceland Plume, or is in fact a 
discrete plume in its own right.   
 
A suite of lavas collected during several University of London expeditions in the early 1960s has been 
examined, and samples with olivine phenocrysts were selected for the present study.   Jan Mayen 
basalts are predominantly alkaline, and include rock types such as ankaramites, tristanites, tephrites 
and trachytes.  In hand specimen, the rocks are porphyritic, occasionally vesicular, and have olivine 
and pyroxene phenocrysts. 
 
Electron probe micro-analysis of 23 thin sections has revealed many crystalline olivine-hosted melt 
inclusions of varying sizes.  EDS area analysis gave an average composition of each melt inclusion.  A 
TAS diagram of melt inclusions confirms an alkaline fractionation trend, with some scatter resulting 
from measurements of unrepresentative coarse-grained inclusions.  Olivine phenocrysts have values 
(Fo63-97) and are unzoned with relatively high CaO contents (>0.2 wt.%) but a few very-high forsterite 
(Fo>94) olivines have rather low CaO contents (around 0.1 wt.%) and are interpreted as mantle 
xenocrysts from a depleted source.  The most primitive samples will be further analysed (and may have 
to be re-homogenised) using LA-ICP-MS to obtain trace element data.  This data should reveal the 
characteristics of the mantle source and melting processes beneath Jan Mayen and will extend our 
understanding of mantle plumes in the North Atlantic. 
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It is widely believed that mantle plumes originate at the thermal boundary layer between the core and 
deep mantle. The nature of the deep Earth remains largely speculative, and the presence, or not, of 
primordial mantle material that has not been mixed into mantle that has been depleted by melting or 
enriched by slabs and lithosphere has important implications for Earth evolution and thermal budget.  
The modern Iceland mantle plume is one of the Earth’s most vigorous, it has a volume flux (49 ± 14 
km3 yr−1) more than 4 times higher than Hawaiian plume.  Icelandic basalts are generated by melting 
mantle at ~200oC hotter than beneath mid-ocean ridges have the highest 3He/4He.  The preservation 
of basalts erupted over the 62 Myr history of Iceland plume (IP) provides the possibility to study how 
the chemical and thermal state of the upwelling mantle has evolved.  The mid-Miocene basalts in NW 
Iceland are the earliest Iceland plume lavas that have not erupted through continental crust and are a 
key piece in the jigsaw. 

From a suite of olivine-bearing basalts fourteen have 3He/4He > 30 Ra.  Olivine δ18O (3.8-4.6 ‰) of the 
high 3He/4He basalts are significantly lower than canonical depleted mantle (5.2 ± 0.3 ‰). This overlaps 
the range recorded by high 3He/4He modern Iceland basalts (3.9-5.2 ‰, n=9) but contrasts with narrow 
range of 62 Ma proto-Iceland plume picrites (5.0-5.3 ‰). The low δ18O is mostly easily explained by 
incorporation of ancient recycled oceanic crust (ROC) into the upwelling mantle in the deep mantle.  
The high 3He/4He NWI basalts have a rather narrow range of trace element ratios (e.g. Nb/Zr = 0.07 – 
0.13, [La/Sm]n = 1.26 – 1.70) and positive ΔNb values (0.05-0.30), indicative of a largely enriched mantle 
source.  There is no indication that the depleted mantle source that dominates the 3He-rich basalts 
erupted by the earliest Iceland plume basalts is present after 16 Ma, and it appears that the enriched 
mantle source is compositionally distinct.  The Miocene NW Iceland basalts have O-Sr-Nd-Pb isotopes, 
trace elements and mantle potential temperature that overlap the modern Iceland plume.  This 
contrasts with a major change in the maximum 3He/4He, which appears to have decreased significantly. 
The decoupling of the primordial volatiles from all other tracers removes the need for an isolated deep 
mantle reservoir containing most of the primordial helium. High 3He/4He signatures in Iceland plume 
are either resulted from mixtures with 3He-rich sources or added to the mantle reservoirs through 
diffusion of 3He from the core. Since the origin of the former still seems unclear, the possible source 
of 3He from the core and its diffusion to the deep mantle remains a viable solution. 

 

  



RETURN TO PROGRAMME  
Sessions 6 & 7: Magmatic Systems               Poster Presentations 

 

Volcanic and Magmatic Studies Group 2023 Meeting – Programme and Abstracts  

127 

Magma storage and eruption at Cape Verde 
Barker A.K.1,2, Rydeblad E1,3, Silva SMDM4 
 
1 Mineralogy, Petrology, Tectonics, Department of Earth Sciences, Uppsala University, Villavägen 16, Uppsala 
SE-752 36, Sweden. Abigail.barker@geo.uu.se 
2 Centre of Natural Hazards and Disaster Sciences (CNDS), Villavägen 16, Uppsala SE-752 36, Sweden 
3 Department of Earth Science and Engineering, South Kensington Campus, Imperial College London, SW7 2AZ, 
UK 
4 Faculty of Science and Technology, University of Cabo Verde, CP 279, Praia, Santiago, Cabo Verde 

___________________________________________________________________________ 
 
The Cape Verde archipelago exhibits seismicity associated with several islands and many historic 

eruptions have occurred at Fogo, including the most recent in 2014/2015.  These features signify 

potential impacts of volcanic hazards to the local residents and thriving tourist industry in Cape Verde. 

Yet long-term magma storage at Cape Verde, like most Ocean Islands is deep seated occurring below 

the mantle-crust transition zone. Therefore, we use the minerals to investigate the processes of 

magma ascent to feed eruptions at Cape Verde. Clinopyroxene is ubiquitous at Cape Verde found at 

both the mafic volcanoes such as Santiago and Fogo and the more evolved locations such as Brava and 

the Cadamosto Seamount. Clinopyroxene crystals often display discordant variations in Mg#, Ti, and 

Mn compositions. Clinopyroxene thermobarometry indicates that crystallisation occurs at 

temperatures of 925 to 1250°C and depths of 12 to 40 km, relative to Moho depths of 12 to 18 km. A 

few crustal xenoliths have been reported plus sulphur and oxygen isotopes of phonolites from the 

Cadamosto Seamount are elevated over mantle values. The crystal population indicates significant 

chemical and thermal disequilibrium and mixing, suggesting very dynamic magma chamber conditions. 

There is evidence for periods of differentiation as well as episodes of recharge, which likely occurred 

heterogeneously. The crystallisation conditions imply that all these magmatic processes occurred in 

long-term deep magma storage zones. It is likely that the density structure and changes in viscosity 

control the storage and ascent of the magmas. Shallow magma storage is indicated by crustal 

assimilation, seismicity, surface deformation and active geothermal systems. Transient magma storage 

occurs as magmas ascend to the surface initiating eruptions. It is recorded by seismicity, fluid inclusion 

re-equilibration and diffusion chronometry and all evidence implies short timescales of hours to days 

between mobilisation of magma from the lithospheric mantle to eruption. 
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The Palaeogene Carlingford Complex (Co. Louth, Ireland) comprises a series of granitic bodies and 
layered gabbros with well-exposed intrusion margins, formed through impingement of the proto-
Iceland plume on the base of the lithosphere during the initial opening of the North Atlantic. The 
complex was the subject of intense petrological study in early 20th Century [1] and informed many 
contemporary ideas of magma system development. More recently, it has captured the interest of 
several exploration companies [2], attracted by signs of sulphide mineralisation. However, despite its 
economic potential and formative impact on igneous petrology, the Carlingford Complex has received 
little academic attention in the past half-century (cf. geologically related intrusions in east Greenland 
or the Scottish Hebrides). Key units lack basic geochemical characterisation, and the emplacement 
dynamics remain unknown. Given the excellent exposure and availability of high-quality baseline 
geophysical data [3], further petrological investigation has the potential to elucidate magmatic 
processes during the earliest opening of the North Atlantic and, crucially, during formation of 
mafic/ultramafic magmatic sulphide mineral deposits. 

This study aims to characterise modal, geochemical and textural layering within the Carlingford 
gabbros to constrain the first-order magmatic processes operating during emplacement of the mafic 
intrusion. Previous studies have suggested that the gabbros contain four mineralogically distinct layers 
[1], which have been exposed through glacial erosion. We collected samples every ~5–10 m along a 
transect cross-cutting these large-scale modal layers and analysed their bulk major and trace element 
compositions. Results show that the complex is characterised by mafic compositions at the base, 
evolving upwards, indicating progressive fractionation of the magma. The modal layers correlate with 
localised compositional reversals where the system is reset to more mafic compositions, potentially 
due to periodic injections of new melt into the magma reservoir. Alongside this compositional 
variation, some layers contain clear shape preferred crystal orientations; these lineation/foliation 
fabrics suggest that crystals are deposited from a liquid-rich magma reservoir and are consistent with 
other North Atlantic intrusions [4]. 
 
Samples close to the roof of the Carlingford gabbros contain limestone xenoliths, with cm-scale 
reaction rims, characterised by abundant magmatic carbonate minerals. Further research will 
investigate the extent of assimilation within the gabbroic complex and how this has impacted the 
magmatic evolution. Specifically, we will investigate how assimilation controls the onset of sulphide 
saturation and the spatial distribution of sulphide minerals within the layered sequence. 
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Geophysical, geochemical and petrological evidence suggests that magma storage and chemical 
differentiation can occur at multiple levels in the continental crust [1]. Exposed sections through 
ancient magmatic systems in the continental crust also show a continuum from a refractory lower crust 
to a silica-rich upper crust e.g. Jagoutz [2]. How magma is stored within these vertically extensive 
magmatic systems, as well as the cause of the vertical compositional trends observed in exposed 
sections of these systems are the subjects of a long-running debate on magma storage and 
differentiation in vertically extensive magmatic systems.  

Models for magma storage and chemical differentiation within the crust vary between the 
endmembers of (i) a low crystallinity body of magma within which differentiation is primarily 
controlled by fractional crystallisation and partial melting of the surrounding crust [3], or (ii) a trans-
crustal, high crystallinity ‘mush’ reservoir which comprises of a porous and permeable crystal matrix 
with melt in the pore space [1]. Chemical differentiation in these reservoirs is controlled by the 
compaction of the crystal matrix, the buoyant upwards reactive flow of melt, as well as partial melting 
of the surrounding crust [4].  

In this study, we used a numerical model to explore magma storage and chemical 
differentiation in the continental crust. We assume a magmatic system is created and sustained by 
intrusion of mantle-derived basalt into the lower crust. Results show that a high crystallinity reservoir 
forms in which reactive flow and compaction causes melt to accumulate at the top of this reservoir, 
creating low crystallinity, chemically differentiated magma. This low crystallinity magma can evacuate 
via dykes and intrude the mid-crust to form a second high crystallinity mush reservoir. Reactive flow 
and compaction again causes melt to accumulate at the top of this reservoir, creating low crystallinity, 
evolved magma that can evacuate and intrude the upper-crust to drive volcanic eruption or form a 
shallow pluton. 

Critical controls on the compositional evolution of magma as it moves upwards through the 
system are the flux of parental basalt and the fertility of the crust. High basalt flux creates warmer 
reservoirs that evacuate less evolved magma. Infertile crust does not melt, so the reservoir is formed 
only from hot, parental magma, which also leads to evacuation of less evolved magma. Partial melting 
of fertile crust allows melt to percolate upwards and accumulate in cool crust, leading to evacuation 
of evolved (silicic) magma. 

For reasonable parental basalt flux, reservoirs remain separate with magma transfer via dykes; 
a trans-crustal reservoir never forms. The lower-crust reservoir typically evacuates the widest range of 
magma compositions; the cooler mid-crust reservoir evacuates mostly evolved, silicic magma. Both 
reservoirs primarily comprise low melt fraction mush, consistent with geophysical data; the layer of 
accumulated magma at the top of the reservoir is transient and may be too thin to resolve. The volume, 
composition and frequency of episodic magma intrusions into the upper crust are consistent with 
observed data from large volcanic eruptions. Our results suggest reactive flow in multiple mush 
reservoirs controls magma storage and chemical evolution. 
 
References: 
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_________________________________________________________ 

The Kamchatka arc, formed from the subduction of the old, cold, hydrous Pacific plate beneath the 

continental Eurasia plate, is located on the Pacific Ring of Fire and is one of the most densely active 

volcanic regions on Earth [1]. The dominant rationale behind the study of Kamchatka has focused on 

the region’s high magma production rates, frequent eruptions and the mafic compositions of lavas 

compared to other arcs [2]. 

The dormant Kozelsky volcano sits only 20km away from Petropavlovsk, a city that homes ~200,000 
people. The volcano is situated in the Pleistocene-Holocene, Avacha volcanic group [3]. Kozelsky is 
thought to be the protocone to the active Avachinsky and samples shallow depth to slab ~90km [4]. 
However, it is very poorly studied. Therefore, using petrological and geochemical techniques including 
Sr-Nd-B isotope systematics, and major and trace element concentrations of primitive melt inclusions 
and whole-rock we will categorise these arc magmas, contextualising the volcanic products and 
system.  
 
Preliminary results show that the sample suite hosts olivine-rich basalts and basaltic-andesites which 
have unusually high MgO contents: between 7-14 wt%. Most arc lavas have a much lower MgO content 
~4-6 wt % [5]. The emplacement and source of these Mg-rich arc lavas and their potential relation to 
explosive eruptions is poorly constrained.  Hence, we focus on this high-Mg series, which also features 
at the nearby Avachinsky and Tolbachik volcanoes [6]. The lavas also are elevated in Cr and Ni contents 
with the majority of the olivine phenocryst close to equilibrium with the mantle (Fo# >75). This 
suggests that the high-Mg series is representative of primitive melts, we hypothesise that it will show 
little crustal contamination or AFC processing. Therefore, these samples are ideal for further analysis 
to address the primitive melt volatile contents and sources, and these forearc volcanoes will sample a 
large fluid flux from shallow slab devolatilisation to the sub-arc mantle. 
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Arc magmas experience a wide range of processes, including fractionation, mafic recharge and fluid 

saturation. No one mineral records the full range of processes, so a combination of minerals is required 

to fully understand their petrogenesis. Textural (and temporal) information is lost when using mineral 

separates, but this can be preserved by analysing minerals in-situ. Here we show how in-situ analysis 

of apatite inclusions within chemically-zoned amphibole phenocrysts from Pinatubo offer an insight 

into the evolution of the silicate melt and magmatic fluid. Apatite, Ca5(PO4)3(F,Cl,OH), records volatile 

elements including Cl which is highly sensitive to fluid saturation, so the F/Cl ratio in apatite can track 

evolution of magmatic fluids while the amphibole host chemistry tracks evolution of the silicate melt. 

Through SEM-EDS analysis of apatite inclusion and amphibole host chemistry, we find that 

simultaneous changes between F/Cl ratios in apatite inclusions and major element concentrations in 

the adjacent zone of the amphibole host can be identified. Repeated minor fluctuations in major 

element concentrations in the host are matched by fluctuation in F/Cl ratios in the apatite inclusions. 

There is a negative correlation between the Mg content of the host amphibole and the F/Cl ratio in the 

apatite inclusions. In regions of increasing Mg in the host, F/Cl in apatite decreases and vice versa. 

Changes in F/Cl in apatite inclusions from core to rim of the host range from a 31% increase to a 56% 

decrease. The greatest decreases in F/Cl are associated with amphibole hosts that have a prominent 

rim of high Mg, demonstrating how the two are linked and that these simultaneous changes are likely 

reflecting the impact of the same magmatic processes on both host and inclusion chemistry. 

Establishing the identity of these processes requires further analysis of amphibole host chemistry, but 

processes such as mafic recharge or fluid saturation would be consistent with current knowledge of 

the magmatic history of Pinatubo. 

Our results show that an in-situ combined mineral approach can establish a record of magmatic 

evolution by capturing the occurrence of multiple processes and their relative timing. By applying this 

technique to broader suites of minerals capturing a wider range of elements, it is possible to achieve 

an ever-greater understanding of the evolution of arc magmas.  
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Measuring permeability at high-pressure and high-temperature: a new 
apparatus for geothermal and volcanic applications 
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Measurements of permeability at high-pressure and high-temperature are critical to model and 
understand the behaviour and evolution of volcanic hydrothermal and geothermal systems. To 
perform such measurements and provide constraints on the permeability of crustal rocks, we 
designed and tested a new apparatus. Our high-pressure high-temperatus permeameter consists in 
three independant parts: (1-5) the permeant gas circuit, (6-7) the confining fluid circuit and (8-9) the 
heating element. For each measurement, a 20 x 40 mm cylindrical sample (3) is placed between the 
up- (1) and downstream (5) platens, into an annular viton jacket (2) which is secured within the 
pressure vessel (4). A confining pressure can be applied to the sample by filling the void space 
between the vessel and jacket through the inlet (6) with kerosene and increasing the confining 
pressure to up to 50 MPa using a high-pressure hand pump (7). The temperature of the system can 
then be increased from room-temperature to up to 150 °C through a heating mantle wraped around 
the pressure vessel (red square) and connected to a control box. After the confining pressure and 
temperature have been applied to the system, the permeability measurement is performed by 
flowding nitrogen (the permeant gas) through the sample while monitoring the pressure differential 
between the upstream pressure transducer and atmospheric pressure downstream of the sample at 
different volumetric flow rates, measured using the downstream flowmeter. This new experimental 
apparatus allows us to measure permeability under various conditions of pressure (1-50 MPa) and 
temperature (20-150°C) and can therefore be used to study diverse settings, from geothermal 
reservoirs to volcanoes.  
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Geochemical evolution of large igneous province volcanism in the Antrim 
Lava Group (North Atlantic Igneous Province), Northern Ireland 
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___________________________________________________________________________ 
 
The Antrim Lava Group in Northern Ireland is among the largest and earliest-formed surface 

expressions of the British and Irish Paleogene Igneous Province (BIPIP), which comprises part of the 

larger North Atlantic Igneous Province [1]. Despite this, it remains comparatively little-researched, 

with very few geochemical or petrological investigations undertaken in the past 30 years[2-4]. 

Addressing this shortcoming represents an excellent opportunity to develop our understanding of 

the mantle sources, melting conditions (temperature, depth) and crustal interactions associated with 

initiation of large igneous province (LIP) volcanism in the North Atlantic. 

 

During a field campaign in autumn–winter 2020, 208 new samples were collected from active 

quarries and cliff sections across the area of the Antrim Plateau and from cores held by the 

Geological Survey of Northern Ireland (GSNI). The rocks  comprise (olivine-) basalts from massive, 

stacked flows (5–20 m thick) and smaller lobate flows, as well as rare, evolved units. A further field 

campaign in summer 2021 yielded an additional 14 samples from the Tardree Rhyolite Complex. 

These evolved rocks formed just prior to a hiatus in basaltic volcanism which bisects the lava 

stratigraphy. 

 

Major element geochemistry of stratigraphically controlled samples from two cores spanning the 

succession indicates broad upsection evolution of lavas to more evolved compositions in each of the 

two major packages of basaltic lavas (Lower and Upper Basalt Formations). Across the hiatus 

between these two major formations there is a marked discontinuity in compositions seen in a range 

of incompatible and high field strength trace elements. These data, combined with in situ analyses of 

olivine phenocrysts and chrome-spinel inclusions, provide evidence of gradually changing magma 

storage conditions and suggest waning magma production rates towards the hiatus. The causes of 

the subsequent resurgence in magmatism are currently under investigation and may include tectonic 

reorganisation during rifting and/or temporal evolution in plume temperatures or location. 

 

References: 
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Economic eruptions: modelling the genesis of magnetite-apatite deposits by 
magma unmixing 
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___________________________________________________________________________ 
 
Magnetite-apatite (MtAp) deposits, also known as iron-oxide-apatite or Kiruna-type, are important 
sources of high-grade iron ore and phosphate minerals enriched in Rare Earth Elements, Cobalt or 
Uranium. In recent years, the genesis of MtAp deposits has been subject of much debate. While there 
is good evidence of an origin involving sub-volcanic intrusion to volcanic extrusion of an Fe- enriched 
orthomagmatic melt, the exact nature and source of that ore melt as well as the mechanics of its 
emplacement remain controversial.  
 
Here we investigate a model proposing that unmixing is followed by separation of the ore melt from 
the parent magma and fracture-bound ore emplacement accompanied by release of Fe-enriched 
magmatic brine and high-temperature volatile vapour2. We implement a numerical model of three-
phase flow based on the theoretical framework of Keller and Suckale1. The same model is used to 
explore settling and porous flow, which provides a consistent comparison between the time scales of 
each phase segregation process. To investigate the range of ore melt segregation speeds and spatial 
patterns emerging as melt unmixing and crystallization proceed, a parameter study is performed 
testing the mechanical model evolution at different crystallinities. Initial model simulations show 
relatively slow settling of Fe-rich melt droplets through a liquid-dominated parent magma transitioning 
to more rapid porous flow percolation of an interconnected Fe-melt phase through a densely packed 
crystal matrix. Phase segregation in a closed system suggests that the Fe melt-rich and Si melt-rich 
boundary layers form at the bottom and top respectively, and the boundary layer thickness changes 
as phase segregation progresses. In addition to the study of conditions and time scales involved in the 
genesis of MtAp ore deposits, similar models are directly applicable to other ore forming processes 
involving immiscible fluid phases (e.g., the segregation of Ni-Cu-Co-enriched sulphide melts to form 
orthomagmatic Cu-Ni-sulphide deposits and that of variably metal-enriched magmatic brines in the 
formation of porphyry copper deposits). 
 
References: 

[1] Keller T & Suckale J (2019) Geophys J Int 219: 185–222. 

[2] Keller T, Tornos F, Hanchar JM, et al. (2022) Nat Commun 13: 6114. 
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Silicic eruptions are highly explosive, driven by gases trapped in high viscosity silicic magmas, and have 
the potential to culminate in disasters for communities, both nearby and further afield. Field and 
geophysical evidence from the 2008 Chaitén and 2011-2012 Cordón Caulle eruptions demonstrated 
that these were produced by fissure systems, and that eruptions in general can undergo multiple 
explosive-effusive transitions as well as display hybrid activity. Silicic eruptions remain poorly 
understood, with currently available eruption models failing to account for factors such as rheological 
transitions and changes in eruptive styles. Another knowledge gap is the lack of understanding of the 
nature of magmatic fluids propagating in silicic dykes and sills. To gain a better understanding of the 
eruption styles, magma transport mechanism, and precursors to the eruptions, we studied the silicic 
Sosa Dyke of the dissected Chachahuén Volcanic Complex (CVC), Argentina, now exposed by the 
prolonged erosion of the host rock. The Cerro Bayo cryptodome and Great and Sosa dykes were 
emplaced at 67 ± 0.3 Ma and intrude the block-ash flow volcanic unit of the CVC [1]. The CVC runs 
parallel to the Southern Volcanic Zone (SVZ); the age of volcanic activities in SVZ roughly coincide with 
those of the emplacement of the dykes, thus suggesting a possible deep source for the magma bodies.  
 
Previous studies on the Sosa Dyke show that the dyke fill along the walls is clastic in nature, and several 
external tuffisites cut the country rock at an angle to the dyke walls. We conducted geochemical and 
textural analyses across the Sosa Dyke to further investigate the nature of the dyke fill and reconstruct 
magma emplacement during opening of the dyke. Textural analyses indicate the presence of densely 
compacted pyroclastic material including glassy clasts displaying collapsed vesicles, together with 
bands of fractured phenocrysts. The initial injection into the propagating dyke therefore involved 
initially-vesicular, melt-rich magma fragments that subsequently compacted and deformed in a 
coherent state. This deformation rotated crystals and crystal fragments to be largely parallel to the 
dyke walls and therefore to the predominant tectonic trend within the SVZ. 
 
Geochemical analyses conducted using TGA-DSC and FTIR techniques complement textural 
observations and characterise volatile concentrations. FTIR results indicate that crystal-rich bands 
close to the dyke margins have a lower average water content (~0.7 wt%) than glass-rich regions (1.05 
wt%), as expected. Moreover, the total volatile concentrations (TGA) gradually increase inwards from 
the dyke margins (~1 wt %) towards the dyke centre (~1.4 wt %). As there is no decrease in crystallinity 
towards the dyke centre, this implies that the magmatic volatile content must increase inwards. To 
explain this, we propose a model in which welding and compaction of the early fragmented magma 
sealed off the dyke walls, reducing their permeability, and hindering lateral gas escape. Alternatively, 
this may reflect particle size control in a dyke containing magma of a clastic origin with more efficient 
outgassing of smaller particles at the dyke walls – but we currently lack the across-dyke particle size 
data needed to test this model.  
 
Overall, the complex clastic textures at the dyke margins suggest that emplacement of Sosa Dyke was 
a multiphase, multi-pulse event with a clastic beginning.  

 
References:  
[1] Schmiedel T et al. (2021) Minerals 11: 1113 
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Determining magma storage conditions using plagioclase-saturated liquid 
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___________________________________________________________________________ 
 
Defining magma storage conditions is critical for our understanding of how magmatic systems evolve 
and lead to an eruption. Compositions of minerals and co-existing liquids are often used to determine 
water contents, temperatures and crystallisation depths of magmas. However, distal tephra formed 
from Plinian eruptions comprises mainly of silicic glass shards, and mineral assemblages are typically 
not preserved, limiting the use of petrological techniques (i.e., mineral-melt/mineral-only 
thermobarometry and hygrometry) to characterise pre-eruptive magma conditions [1]. 
 
Here we present a range of plagioclase-liquid and new liquid-only models, developed using random 
forest machine learning algorithms [2], that can calculate multiple intensive parameters, including 
pressure, temperature, equilibrium anorthite (An) content, H2O content and fluid saturation (molar 
fraction of water, XH2O). All models are calibrated using a filtered set of experimental plagioclase-liquid 
pairs (n=536) across a wide compositional range (SiO2: 44.3-79.9 wt.%; Na2O + K2O: 0.2-12.4 wt.%). The 
root mean square error (RMSE) and coefficient of determination (R2) values from all models are 
evaluated by three approaches: 1) Monte Carlo cross-validation, 2) independent testing datasets, and 
3) error propagation from mean analytical (i.e. electron microprobe) uncertainties of experimental 
plagioclase and liquid compositions. A notable outcome is that the liquid-only models perform as well 
as the plagioclase-liquid models with similar metrics (liquid RMSEs: hygrometer = 0.73 wt.%; water-
independent thermometer = 44°C; water-dependent thermometer = 27°C; barometer = 51 MPa; XH2O 
= 0.04; temperature-independent An content = 0.05 mole fraction), thereby providing an opportunity 
to probe geochemical insights into the melt crystallisation conditions behind large-scale explosive 
volcanism.   
 
References: 
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___________________________________________________________________________ 
Plutons are essential in the formation of continental crust [1], therefore it is important to understand 

the timescales of pluton formation and how it relates to magma generation, transport, segregation 

and storage [2, 3]. Advances in zircon U-Pb geochronology show plutons are accreted by addition of 

small magma batches to the middle-upper crust over 10,000-to-100,000-year timescales. A complex 

of nested plutons can accumulate to form batholiths over 1,000,000-to-10,000,000 years [4]. During 

these periods pulses of high magma flux can be followed by relative quiescence with magmatic flare-

up periods proposed to explain non-linear growth of large batholiths [5].  

This project will build temporal frameworks for the formation (and cooling histories) of nested plutons 

by conducting high-precision U-Pb, 40Ar/39Ar and (U-Th)/He geochronology on the Cuillin Mountains 

(Isle of Skye) and the Cornubian Batholith (southwest England). Despite both areas being intensely 

studied, the Cuillin Complex has been sparsely dated and ages for the Cornubian granites lack precision 

preventing direct interrogation of the rates of magmatic processes.  

SEM-CL characterisation of samples and LA-ICP-MS U-Pb dating are underway. Determining a spread 

of ages via LA-ICP-MS U-Pb dating will allow for specific zircons to be selected for high-precision U-Pb 

CA-ID-TIMS-TEA. High-precision age data will provide the temporal resolution required to reconstruct 

pluton growth. Prolonged zircon growth in the magmatic system yields geochemical changes as a 

function of time, which we can exploit to provide a chronology of differentiation.  

Cooling histories derived from 40Ar/39Ar and (U-Th)/He geochronology on hornblende and biotite mica 

from the granites of the Cornubian Batholith will be integrated with the differentiation chronology to 

provide a detailed record of system thermal evolution. Our geochronologic and geochemical data for 

these nested plutons will advance the growing database of research investigating how nested plutons 

develop and how they contribute to the growth of the continental crust. 

[1] Glazner et al (2004), GSA Today, 14, 4/5  

[2] Schoene et al (2012), Earth and Planetary Science Letters, 355-356, 162-173 

[3] Matzel et al (2006), GSA Bulletin, 118 (11-12), 1412-1430 

[4] Coleman et al (2004), Geology, 32(5), 433-436 

[5] Ardila et al (2019), Lithos, 326-327, 19-27 
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___________________________________________________________________________ 
 
The islands of the Azores archipelago result from the interaction between the triple junction of the 
North American, Nubian, and Eurasian plates and a mantle upwelling often referred to as the Azores 
plume. The largest island of the archipelago, São Miguel, consists of five active volcanic systems: three 
central volcanoes with calderas (Sete Cidades, Fogo – also known as Água de Pau, and Furnas) 
separated by two mostly mafic fissure systems (Picos and Congro). There are additionally two extinct 
volcanic systems (Povoação and Nordeste) in the eastern part of the island. In historical times the 
volcanoes of Fogo and Furnas have erupted explosively in 1563, and in 1439/43 and 1630, respectively, 
and minor eruptions occurred within the Picos fissure system in 1563 and 1652. 

Previous studies dealing with a limited number of mafic samples from across the Azorean 
archipelago found low-δ18O values in olivine from some samples requiring assimilation of material 
hydrothermally altered with meteoric waters at high temperatures. This signal was attributed to come 
from the plume itself [1, 2] or from assimilation within the oceanic crust [3]. To further investigate the 
extent of these low-δ18O magmas we carried out an island-wide survey of São Miguel volcanism. Bulk 
rock geochemical compositions in both major and trace elements require crystal fractionation to be 
the dominant process of magmatic evolution. Yet, some of the evolved magmas have phenocrysts with 
low-δ18O values, 1-2 per mil lower than expected from closed-system fractionation of mantle 
derivatives). At the westernmost volcanic centre, Sete Cidades, these evolved magmas commonly have 
lower δ18O values than the coeval mafic magmas of the same volcano. This relationship implies that 
the lowering of magma δ18O values occurred during evolution from basalts to trachytes.  

A commonly-invoked mechanism for generating low-δ18O evolved magmas involves down-
dropping of hydrothermally altered material within poly-cyclic caldera systems [4]. However, this 
requires transporting the altered material from the surface or near-surface to depths where melting 
may occur (>3-4 km). The relatively small-volume nature of the calderas on ocean islands in general, 
and São Miguel specifically, argues against down-dropping as a feasible mechanism. Rather, we 
propose that altered crystalline or near-solidus magmas from the same episode of volcanism are 
assimilated. Such plutonic or near-plutonic lithologies are common components of pyroclastic deposits 
globally and in many cases they are hydrothermally altered [5]. Further, in many large rhyolitic systems 
(including Yellowstone – the ‘type locality’ of the down-dropping model) zircons with extremely high-
U cores are found [6]. These high-U zircons (with similar ages to eruption) reflect crystallisation at very 
low melt fractions and implicate remobilisation of crystal-rich mushes or plutonic rocks. We thus 
suggest that the assimilation of hydrothermally altered mushy or plutonic lithologies may be a general 
process that is more apparent at smaller-scale ocean island volcanoes.  
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___________________________________________________________________________ 
 
Determining the spatial and temporal evolution of melt compositions is integral to our understanding 
of crustal magmatic processes, surface volcanism and the formation of magmatic ore deposits. During 
the Palaeogene, Northern Ireland and the north of Ireland was subject to extensive magmatism and 
volcanic activity, driven by mantle melting where the proto-Iceland plume impacted on the base of the 
lithosphere. This activity led to the development of the North Atlantic Igneous Province (NAIP). In 
Northern Ireland and the north of Ireland, activity saw the emplacement of regionally significant dyke 
swarms associated with the development of the Antrim Lava Group and central complexes. The dykes 
have been mapped in detail using aero-magnetic data captured for the Tellus geophysical survey [1], 
and five major swarms have been identified, with relative age constraints provided by their cross-
cutting relationships [1,2,3]. Combining these relative ages with geochemical characterisation of the 
dyke compositions provides an opportunity to investigate temporal variations in both mantle melting 
and crustal magma processing during emplacement of the Antrim Lava Group. 
 
We have sampled and analysed 68 dykes from the region, characterising the major and trace element 
diversity of the five swarms identified. While the compositions of dykes in the different swarms 
overlap, they show a general temporal progression, with melt compositions following a fractional 
crystallisation trend which suggests increasing crustal evolution. The dyke compositions are consistent 
with the geochemistry of erupted material from the Antrim Lava Group [4], supporting the hypothesis 
that the dykes represent feeder conduits for the flood basalt sequence. 
 
Two distinct Rare Earth Element (REE) trends are seen in the dyke compositions: the first is 
characterised by light REE depletion and a convex-down spider diagram profile, while the second is 
enriched in LREEs and displays a slight convex-up profile. The two trends can be differentiated by their 
distinct La/Nd and Nd/Lu ratios and are similar to those identified previously in the Antrim Lava Group 
[5]. The different REE compositions indicate variations in mantle melting during the emplacement of 
the Antrim Lava Group, possibly due to changes in the behaviour of the plume (i.e. temperature or 
depth of melting) or melting of different mantle compositions. Further work will look to constrain the 
processes controlling these temporal variations in the dyke swarm compositions and will aim to resolve 
along-strike variations to investigate changes in dyke compositions with distance from their magma 
source. 
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___________________________________________________________________________ 
 
Crystal interactions in shallow magmatic systems can have profound impacts on magma mobility and 
evolution, through the formation and disaggregation of clusters and mush zones. Nucleation of crystals 
on pre-existing surfaces (heterogeneous nucleation) is common in experiments, suggesting that it is 
likely also common in natural igneous systems. However, identifying the prevalence of heterogeneous 
nucleation is challenging, as the resultant clusters can be difficult to distinguish from clusters formed 
by growth twinning, synneusis, or dendritic crystallisation, especially if there has been subsequent 
grain-boundary adjustment. 
 
We apply electron backscatter diffraction (EBSD) to obtain detailed crystal-orientation data in a 
particularly well-developed orbicular granodiorite from Karamea, New Zealand. The “orbs” are 5–30 
cm in diameter, and are composed of concentric modally and texturally defined layers around a central 
core. Orbs are thought to form by heterogeneous nucleation in a supercooled melt. Our samples 
contain both dendritic and non-dendritic plagioclase layers, allowing a detailed characterisation of the 
crystal morphologies and orientation relationships resulting from heterogeneous nucleation. 
 
Our preliminary results reveal that layers that grew as dendrites contain substantial misorientations, 
even in samples that have subsequently undergone extensive grain-boundary adjustment. Dendrite 
orientations are strongly controlled by the orientations of pre-existing substrate crystals, and the 
direction of growth is approximately normal to the substrate surface, irrespective of crystallographic 
orientation. Non-dendritic layers exhibit subtle internal layering within the granoblastic plagioclase, 
with the [100] axes aligned dominantly tangential then radial in alternating layers. These observations 
reveal that orb growth involved a complex history of microstructural development that can only be 
fully appreciated with orientation data from EBSD, and suggest that the crystallography of orbs 
provides a sensitive record of magmatic processes. 
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___________________________________________________________________________ 
 
Four billion years ago, the Earth’s surface was composed of a 25-50 km thick basaltic crustal lid that 

began to differentiate to form the oldest stable continental crust. However, the tectonic processes 

responsible for the formation of this continental material remain controversial. Suggested 

explanations include plate tectonic-like processes similar to those operating today and a variety of 

relatively shallow (<50 km) non-plate tectonic intraplate mechanisms. We show, with laboratory 

experiments, that the mineralogy of the basaltic lid below ~50 km cannot give rise to magmas with 

continental compositions. Continental magmas can only be formed in much deeper (>50 km) 

subduction-like environments. Our results show that subduction-like processes are required on the 

early Earth and that a primitive type of plate tectonics must have been in operation. 
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A data-driven approach to constrain volcanic eruption evolution using 
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___________________________________________________________________________ 
 
The 2021 eruption of the Cumbre Vieja ridge (La Palma, Canary Islands) was one of the best monitored 
ocean island eruptions in history. The volcanic explosivity index (VEI) 3 event spanned 85 days from 
the 19th September – 13th December, demolishing homes, destabilising the tourist economy, and 
closing local airspace. Here we present methodology, rationale, and initial results of a time-integrated 
geochemical study of the eruption. We focus on major and trace element mineral chemistry of lavas 
spanning the duration of the crisis. Our analyses are acquired using in situ 2D chemical maps which 
retain textural and growth-controlled temporal information of minerals. This allows us to fingerprint 
discrete crystal populations using a novel image segmentation methodology, as well as perform 
thermobarometric and chemometric inversion of minerals. 
 
These mineral chemistry data will be combined with geophysics, gas chemistry, and other directly 
monitored parameters of the eruption to quantitatively link mineral chemistry and eruptive dynamics 
on the scale of a single eruption. Even when systematic variability of bulk rock is evident, as is the case 
during the Cumbre Vieja eruption, a mineral-focussed approach is crucial due to its well-known 
tendency to decouple from bulk rock chemistry in a range of geological systems. 
 
Our ability to syn-eruptively forecast changes in style, duration and magnitude of an eruption remains 
presently incomplete. Syn-eruptive petrological monitoring, particularly using mineral chemistry, is yet 
to be completely appraised for its use in volcano monitoring. Therefore, this study provides a test on 
a remarkably well-studied, modern eruption which may be used as a benchmark for future efforts. 
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Water-rich versus water-poor: maximising the outgassing metal flux from arc 
volcanoes  
Hogg O.R.1,2, Edmonds M.1,2, Blundy J.3 
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___________________________________________________________________________ 
 
Volcanoes emit significant fluxes of chalcophile volatile metals in the form of gas and aerosols and play 

an important role in global geochemical cycling of these elements, which are nutrients and/or 

pollutants in the surface environment.  Volcanoes in different tectonic settings emit characteristic 

assemblages of volatile metals; arc volcanoes outgas high fluxes of chalcophiles and specific metal 

assemblages that are linked to slab devolatilization and the high chlorine content of arc magmas [1]. 

Volcanic gases derive from an exsolved magmatic volatile phase (MVP), representative of those 

involved in the formation of ore deposits. MVPs play a pivotal role in trace metal transport within arc 

magmatic systems by acting as the reservoir into which metals partition. Some trace metals are 

chloride-speciating and partition strongly into a chloride-bearing MVP [2]. Here we ask: which factors 

are most important for maximising the metal content of the exsolved MVP and ultimately, the volcanic 

trace metal flux to the surface environment? Magmas with high water contents saturate in exsolved 

volatiles deep in the crust, promoting early and deep partitioning of trace metals into the MVP. Bulk 

chlorine contents of magmas likely influences the metal content of the exsolved MVP and is pressure-

dependent: deeper fluids are expected to be more saline. We expect bulk magma water and chlorine 

content, as well as the depth of magma storage and fractionation, to be important factors in 

determining the mass flux and chalcophile metal composition of arc volcanic gases and aerosols. 

 

We develop models based on four arc magmatic systems with variable water and chlorine contents to 

describe the development of MVPs during isobaric fractionation and decompression. We model the 

behaviour of three hypothetical trace metals with different speciation behaviours that partition 

between the melt and MVP.  Chloride-speciating trace metal concentrations in the MVP are highest 

for saline, deep-stored magmas. Metal fluxes carried via the MVP (in kg per kg of magma) are 

maximised by shallow, isobaric fractionation of water-rich magmas. The exsolved MVP associated with 

decompression degassing, is analogous to that generated during volcanic eruptions. In this case syn-

eruptive fluxes are maximised by decompression of volatile-rich magmas from mid-crustal reservoirs. 

 

References: 

[1] Edmonds et al., 2018. Nat Geosci, 11(10), pp.790-794 

[2] Tattitch et al., 2021. Nat Comms, 12(1), pp.1-11 
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Investigating the pre-eruptive volatile contents of magmas involved in the 
2014 eruption of Tavurvur (Rabaul Caldera Complex, Papua New Guinea) 
Höhn M.1, McCormick Kilbride B.1 and Hartley M.1 
 
1 Department of Earth and Environmental Sciences, University of Manchester, Manchester, M13 9PL, UK 
(melina.hohn@postgrad.manchester.ac.uk) 

___________________________________________________________________________ 
 

Rabaul is a large caldera system located at the northeastern tip of the island of New Britain, Papua 

New Guinea. Historically, it has been the most active volcano in Papua New Guinea. Rabaul is capable 

of large volume, high intensity caldera-forming eruptions (high risk, low probability events occurring 

every  2 ka, most recently the Rabaul Pyroclastics event  1400 years ago) and lower intensity but 

more frequent intra-caldera eruptions. All eruptions at Rabaul pose a significant risk to nearby 

populations and urban centres [1,2].  

 

Among the most striking but also least investigated features of the Rabaul Caldera Complex (RCC) are 

persistent and prodigious gas emissions, even between eruptions [3,4]. It is unknown why Rabaul is 

such a strong emitter of volcanic gases. The few studies investigating volcanic degassing at Rabaul are 

mostly limited to satellite-based observations of SO2 emissions [3,4], although studies of melt 

inclusions in the 1994 and 2006 eruption products indicate that magmatic volatiles (H2O, CO2, S) play 

a key control on the dynamics and strength of volcanic eruptions as well as the eruption style (effusive 

vs. explosive) at the RCC [5,6]. 

 

The main goal of this research is to discover how the composition, abundance, and origin of volatiles 

varies between magmas feeding eruptions of different styles, from different vents, and from different 

intervals in the caldera cycle of Rabaul volcano. Here, we present SIMS measurements of the 

pre-eruptive volatile contents (H2O, CO2, S, Cl) of plagioclase-, pyroxene-, and olivine-hosted melt 

inclusions, in the products of the 2014 eruption of Tavurvur, Rabaul’s most recently active vent. We 

will also obtain new electron microprobe and LA-ICP-MS analyses of major and trace elements in the 

same melt inclusions. We use our new data alongside previous studies of the 1994 [5] and 2006 [6] 

eruptions to build a time series describing the composition and evolution of Rabaul magmas during 

the current phase of activity. We explore trends of magma differentiation and mixing in the erupted 

products and reconstruct volatile budgets and fluxes for the 2014 activity. By comparing petrological 

and geochemical data with satellite observations of SO2 emissions, we aim to assess different scenarios 

of eruption triggering (e.g., rapid onset degassing versus accumulation of an excess vapour phase 

before eruption).  

 

 

References: 

[1] Patia H et al. (2017) J Volcanol Geotherm Res 345:200-217 

[2] Fabbro G et al. (2020) J Volcanol Geotherm Res 393:106810 

[3] McCormick B et al. (2012) Geochem Geophys Geosys 13:Q3008 

[4] Carn S et al. (2017) Sci Rep 7:44095 

[5] Roggensack K et al. (1996) Science 273:490-493 

[6] Bouvet de Maisonneuve C et al. (2015) Geol Soc London Spec Publ 442:17-39 
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Isotopic heterogeneity in a magma mush reservoir 
Horn E. L.1, Taylor R.N.1, Gernon T.M.1, Stock M.J2  
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2Department of Geology, Trinity College Dublin, College Green, Dublin 2, Ireland. 

___________________________________________________________________________ 
 
An emerging philosophy is that surface volcanism is fed by transcrustal magmatic systems, however it 

is difficult to establish whether magma batches entering the crust are mixed and homogenised or 

remain isolated during their residence. Here we examine a suite of explosively-fragmented cumulate 

mush nodules ejected and quenched in a single eruptive phase on Tenerife [1], capturing a momentary 

snapshot of the reservoir. These melt-bearing mush nodules present an opportunity to measure high-

precision Pb isotopes on melt and crystals separated from these nodules. Alongside these nodules, the 

deposits include phonolitic pumice, which represents the bulk eruptive magma of this event. Utilising 

the existing record of Pb isotopic variation around this time period, we assess the ability of cumulate 

mush to preserve or homogenise mantle-derived heterogeneities emerging from the Canary plume 

[2]. Contrasting systematics are recognised between the mafic and felsic reservoirs. We show that at 

a single point in time interstitial melts in the crystal-mush reservoir are isotopically heterogeneous. 

This reflects the episodic influx of basaltic magma, each containing different proportions of 

components from the mantle. In contrast, homogeneity in the felsic phonolite reservoir reflects a melt-

rich environment that integrated the diversity of incoming magmas through a 20-50 ka period. Based 

on comparable isotopic and petrological data, a similar structure of magma reservoirs appears to have 

persisted through the last ~2 Myrs of development beneath Tenerife. Our findings carry important 

implications and show a fixed isotopic composition within a magmatic system cannot be assumed at a 

specific point in time.  

 

References: 

[1] Horn et al. (2022) Journal of Petrology: 63 

[2] Taylor et al. (2020) EPSL: 537, 116182 
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Deep CO2 systematics at Lesser Antilles Arc Volcanoes 
Howe, T.*1, Christopher, T.2, Tuffen, H.1, Moune, S.3,4, Schiavi, F.3, Phillips, K.1, Cole, P.D.5 
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3Université Clermont Auvergne, F-63000 Clermont-Ferrand, France 

4Université de Paris, IPGP, F-75005 Paris, France 
5University of Plymouth, Plymouth, PL4 8AA.  

*t.howe1@lancaster.ac.uk 

 

Volatile species including CO2 can migrate from magma reservoirs towards the Earth’s surface. 
Characterisation of the fluxes of magmatic volatiles and their ratios can provide key constraints on 
magmatic processes. As volatiles can be exsolved and released at volcanoes before eruption of their 
parent magma, they provide useful information in terms of forecasting and hazard mitigation, 
especially at island arc settings, as these volcanoes are characterised by dome building and explosive 
eruptions and are therefore highly hazardous. We present ongoing work on melt inclusion CO2 and 
H2O from volcanic systems in the Lesser Antilles. 

The eruption of La Soufriere volcano, St Vincent [1] lasted approximately four months, beginning with 
lava dome building at the end of December 2020 and culminating in a series of explosive events in 
April 2021. Raman spectroscopy and SIMS carried out on melt inclusions will shed light on the controls 
of the explosive phase by providing pre-eruptive volatile concentrations for individual units within the 
eruption. Preliminary data from one unit indicate constant MI H2O throughout samples, with a large 
range of CO2 content. Low bulk sample magmatic H2O indicates derivation from the upper ~100 m of 
the conduit via explosive quarrying of shallow plugs. 

Soufriere Hills Volcano, Montserrat began erupting in 1995 [2]. It has been through five phases of 
eruption and is currently in a ‘pause’, signalling a break in surface activity. Melt inclusion work 
previously carried out on this volcano [3] was used to calculate P and T conditions and to create 
degassing models. However, this largely focused on the early phases of the eruption (1995-2001) and 
before the knowledge of CO2 sequestration into the bubble became apparent. Re-analysis of 2010 
‘Phase 5’ melt inclusions indicate up to three times more CO2 than previously calculated. 

Results will provide new constraints on magma storage depths, degassing systematics and controls on 
eruptive style at both volcanoes. 

References  

[1] Joseph E et al. (2022) Nature Comms 13:4129 
[2] Christopher T et al. (2014) GeolSoc Memoirs 39:317-342 
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RETURN TO PROGRAMME 
                                                              Sessions 6 & 7: Magmatic Systems                     Poster presentations 

147 

Determining the impact of magma water contents on porphyry Cu fertility: 
constraints from hydrous and nominally anhydrous mineral analysis 
Wenting Huang1,2, Michael J. Stock2, Huaying Liang1, Xiao-Ping Xia3, Zexian Cui3 
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___________________________________________________________________________ 
 
Most large-scale porphyry-style mineralization is genetically associated with oxidized, sulphur-rich 

and hydrous magmas, whose sources were enriched in mantle-derived or juvenile crustal-derived 

materials [1,2,3,4]. Geochemical indices for these features can distinguish fertile magmas and barren 

magmas [1,2,4]. However, fertile magmas which generate different sized porphyry deposits are 

usually geochemically indistinguishable and the factors controlling the size of porphyry 

mineralization are poorly understood [5]. Here, we use zircon H2O contents, and the compositions of 

apatite host in zircon, phenocrysts, and groundmass to compare the water contents and volatile 

evolution of fertile magmas in the Yulong ore belt, Tibet, which generated giant, large and medium 

sized porphyry deposits. We find that these porphyries have comparable major and trace element 

and zircon Hf-O isotope compositions, with high oxygen fugacity and sulphur contents. A negative 

correlation between  vs.  of apatites suggests that the magmas consistently achieved H2O 

saturation before zircon crystallization and zircon hydroxyl contents reveal that the melt water 

contents positively correlate with the size of the deposits, consistent with larger deposits achieving 

H2O saturation at deeper crustal levels. The deeper H2O saturation also caused the larger mass of Cl 

extraction, as indicated by the trends that  increasing and the  decreasing with the deposit 

sizes. These datasets can be reconciled by magmas forming larger deposits having higher H2O 

contents and suggest that the H2O content is a key control on their fertility. Our study highlights the 

utility of integrated hydrous and nominally anhydrous mineral analyses for constraining enigmatic 

magmatic volatile processes in magmatic ore-forming systems. 

 
References: 

[1] Lu, Y. J et al. (2015) Geology 43: 583-586 

[2] Richards, J. P (2003) Econ Geol 98: 1515-1533 

[3] Sillitoe, R. H (2010) Econ Geol 105: 3-41 

[4] Wang R et al. (2014) Econ Geol 109: 1315-1339 
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Pre-eruptive magmatic volatiles at Soufriere Hills volcano: comparing the 
record from melt inclusions, amphibole and apatite 
Humphreys M.C.S.1, de Hoog C.-J.2  
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2School of Geosciences, University of Edinburgh 

___________________________________________________________________________ 
 
Dissolved magmatic volatile species (e.g. H2O, halogens, CO2) are an important control on phase 
equilibria, degassing behaviour and magma viscosity. Dissolved volatile concentrations are also one 
means to infer pressure, and thus the vertical distribution of magma storage and differentiation 
processes in the crust. But how good are these pressure records? We know that melt inclusions can be 
reset during prolonged magma storage by diffusive loss of hydrogen through the host crystal. What 
about other volatile-bearing phases? In this study we examine the fidelity of amphibole and apatite as 
mineralogical recorders of magmatic volatile compositions. 
 
We use secondary ion mass spectrometry (SIMS) to examine the H2O, F and Cl compositions of melt 
inclusions, amphibole and apatite crystals from dome rocks and gabbro nodules erupted from 
Soufrière Hills Volcano, Montserrat. From previous work, we know that plagioclase-hosted melt 
inclusions from rapidly quenched dome rocks have high H2O and Cl contents (>5000 ppm Cl and >6 
wt% H2O, [1]). Here we show that in contrast, plagioclase-hosted melt inclusions in slowly cooled dome 
rocks are heavily depleted in H2O, and amphiboles are also depleted in H2O. These H2O-depeleted 
amphibole compositions include the interiors of grains that have may have narrow decompression 
breakdown rims, but where the cores are texturally unaltered. In comparison, apatites (both inclusions 
and interstitial grains in gabbros) show no compositional differences between slowly-cooled and 
rapidly-cooled samples. The apatite compositions can be modelled successfully through approximately 
40% water-saturated fractional crystallisation at 850 °C, with an initial melt containing 6.5 wt% H2O 
and 0.55 wt% Cl, which is a good match to the volatile compositions of the least primitive melt 
inclusions from [1]. We conclude that whereas melt inclusion and amphibole H2O contents are easily 
reset during shallow dome storage, apatite can provide a faithful record of pre-eruptive magmatic 
volatile compositions, and therefore represents a useful tool for understanding pre-eruptive 
conditions when other methods are compromised. 
 

References: 

[1] Edmonds et al. 2014, Geol Soc London Memoirs 39, 291-315 
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___________________________________________________________________________ 
 
Olivine-phyric shergottites are magmatic meteorites thought to originate from near the surface of 

Mars. Being relatively young (< 500 Ma) and primitive (Fo60–83), they provide a record the near-present 

thermal structure of Mars’ mantle which is a complementary to the geophysical record from orbital 

parameters and in-situ seismic measurements from InSight. This study examines the origin of olivine-

phyric shergottites using two approaches. 1) Whole-rock major element compositions are modelled as 

partial melts of Mars’ mantle using a newly-published thermodynamic model [1] and estimate of bulk 

Mars composition [2], focusing on the temperature and depth of the melting column. 2) Al-in-olivine 

thermometry [3] is performed on two olivine-phyric shergottites using the distribution of aluminium 

between olivine and spinel to constrain crystallisation temperature and mantle temperature. 

 

1) Thermodynamic modelling suggests that shergottites were formed through high-fraction (32%), 

moderate-pressure melting of hot mantle (1440 °C minimum estimate; 1550 °C preferred) under 100-

200 km thick lithosphere. 2) Because shergottites were subjected to extreme conditions as they were 

ejected from the surface of Mars by large impacts, the preservation of original crystal chemistry is 

carefully scrutinised. Olivine in DaG 476 has compositional changes to the sub-micron scale, resulting 

from aqueous alteration of a pervasive and difficult-to-see sub-micron melt vein network. It is 

unsuitable for thermometry. Despite shears, fractures and micron-scale exsolution, crystal chemistry 

in SaU 005 is, on the whole, preserved. The average crystallisation temperature of Fo>70 olivine in SaU 

005 is 1381 °C, which gives a potential temperature of ~1500 °C when corrected for equilibrium with 

Fo80 mantle olivine. This is ~130 °C hotter than ambient Mars mantle at the time of shergottite 

formation. 

 

Both lines of evidence argue for a moderately hot mantle plume in Mars’ near-recent mantle beneath 

a relatively thin lithosphere – certainly thinner than the ~500 km thickness identified from InSight data. 

The location of the shergottite source on Mars’ surface is unknown. These findings therefore require 

the Martian lithosphere to have a heterogeneous thickness, perhaps with lithospheric thinning at the 

shergottite source region.  

 

References: 
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Numerical Modelling of Multi-phase Dynamics and Geochemical Evolution of 
Magma Chambers 
Keller T.1,2 & Wong Y.-Q.1 
 
1ETH Zürich, Institute for Geochemistry & Petrology, Zürich, Switzerland (tobias.keller@erdw.ethz.ch) 
2University of Glasgow, School of Geographical & Earth Sciences, Glasgow, Scotland 

___________________________________________________________________________ 
 
Crustal magma chambers are conceptualised as loci of magmatic differentiation as well as sources of 

volcanic eruptions. Geochemical evolution within magma chambers is thought to result from fractional 

crystallisation, wall rock assimilation, mafic recharge, and volatile degassing. The process-based 

interpretation of geochemical data, however, has remained challenging. The long-term growth and 

eruption potential of magma chambers has been studied using 0-D box models [1]. Yet to resolve the 

spatial evolution of magma chemistry by complex reaction-transport dynamics of silicate melt and 

crystals, and volatile fluid bubbles, requires higher dimensional models of phase segregation and 

magma convection. To date, few models [2,3] have coupled fluid mechanics and thermo-chemistry of 

magma chamber dynamics, but their methods have not been reproduced, developed, or applied 

further in more than a decade. 

 

Here, I introduce a new 2-D numerical model of the three-phase fluid mechanics of crystals and 

bubbles suspended in melt. Phase change reactions are calculated by simplified chemical 

thermodynamics based on an idealised phase diagram calibrated to phase equilibria modelled with 

MAGEMin [4]. The model tracks the geochemical evolution of a suite of trace elements and isotope 

ratios to capture the signatures of fractionation, assimilation, and recharge. The mathematical model 

is based on a recent theory framework [5] and is numerically implemented in Matlab using the second 

order finite-difference staggered-grid method with semi-implicit time stepping. Material transport is 

resolved by a higher order, non-oscillating advection scheme (WENO5). The simulation code will be 

made available to the community. 

 

First results demonstrate the utility of the model for studying fractional crystallisation, wall rock 

assimilation, and mafic recharge in magma chambers. Various expressions of whole-chamber and 

stratified convection are observed. The key advance of the model is that it elucidates relationships 

between geochemical signatures and underlying magma dynamics, hence providing new avenues for 

the process-based interpretation of igneous rock chemistry. 

 

References: 
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Lunar magmatic degassing mechanisms and their relation to the Moon’s 
unique chlorine isotopic signature 
Kingham S.E.L.1, Saper L.M.1, Bromiley G.D.1 and Hastie A.R.1 
 
1School of GeoSciences, University of Edinburgh, Grant Institute, EH9 3FE.  
Correspondence: siobhan.kingham@ed.ac.uk 

___________________________________________________________________________ 
 
Stable chlorine isotope ratios in pristine lunar samples range from similar to terrestrial igneous 

material (δ37Cl = −0.2 ± 0.3‰ [1]) to the most extreme heavy values measured within the Solar System. 

In lunar highland samples, bulk rock δ37Cl has been measured up to 30.2‰ in the structurally-bound 

fraction [2], with ratios in apatites within mare basalts of up to +40‰ [3]. These extreme enrichments 

in heavy Cl are distinct from any other planetary material for which we have data [2]. Chlorine isotopes 

are not fractionated during magmatic differentiation [4] but may record evaporation/condensation 

processes through mass-dependent fractionation. Lunar Cl isotope ratios – coupled with reports of 

heavy isotope ratios of additional moderately volatile elements such as Zn [5] – therefore suggest 

Moon-wide evaporation event(s) wherein a large proportion of the light isotopes were preferentially 

lost to space. Causes of Moon-wide volatile loss have been proposed to be the Giant Impact [6] and/or 

magmatic degassing at various stages of lunar history [2][7]. Chlorine isotope fractionation during 

magmatic degassing will depend on the degassing species, and may be strongly linked to magmatic 

water content. For example, metal chlorides have been suggested to have degassed from water-poor 

lunar magmas based on observations of these species on the surface of lunar glasses [8], whereas 

water-rich lunar magmas have been proposed to have degassed HCl [9] similarly to terrestrial magmas. 

However, there is currently very little experimental data on how lunar magmas may have degassed, 

and the extent to which the degassing species fractionate Cl isotopes between melts of lunar 

composition and coexisting vapour. Diffusion in the melt may have acted as the rate-limiting step 

during evaporation and thus limited fractionation relative to the theoretical limit of Rayleigh 

distillation [10].  

Our research aims to determine how both dry and water-bearing lunar magmas lose volatiles, 

through time-series degassing experiments in a model lunar system. A synthetic powder corresponding 

to a Lunar Yellow Glass composition [11] was doped with additional volatiles (including Cl and H) and 

used as the starting material. The powder was melted and degassed at 1350°C at an oxygen fugacity 

corresponding to the Fe-FeO buffer in a 1-atm vertical tube furnace using H2/CO2 gas mixtures. The 

experiments show the development of [Cl] diffusion profiles and can be used to characterise changes 

in δ37Cl as a function of experimental duration and volatile content. In conjunction with experiments, 

we are constructing diffusion models to explore the role of diffusion in controlling the evolving 

composition of the degassing vapour and δ37Cl profiles in the residual melt. These experiments and 

models could provide further constraints on the degassing history of the Moon. 
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[9] Sharp et al., 2010 Science, 329(5995), pp.1050-1053. [10] Sossi et al., 2020 Geochimica et Cosmochimica Acta, 288, 

pp.316-340. [11] Delano, 1986 Journal of Geophysical Research: Solid Earth, 91(B4), pp.201-213.  
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Granitoid plutons in Iceland: An analogue for Early-Earth continent 
formation? 
Law, S.1*, Alan Hastie1, Geoff Bromiley1, Craig Storey2, Richard White3, Thorvaldur 
Thordarson4, Lindsay Young1. 
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4 Faculty of Earth Sciences, University of Iceland, Reykjavík, Iceland 

___________________________________________________________________________ 
 
Iceland has a relatively high proportion of silicic rocks (~10%) for an ocean island, where basaltic 
volcanism usually dominates. These Icelandic silicic rocks can be derived from the partial melting of 
hydrated basaltic rocks in the lower crust and/or extensive fractional crystallisation of mantle-derived 
tholeiitic basaltic magmas. The former mechanism is also frequently proposed as the geological 
process responsible for formation of early Archaean (4.0-3.5 billion years ago) tonalites, trondjheimites 
and granodiorites (TTGs), which makeup the oldest preserved continental crust. Therefore, the 
petrogenesis of Icelandic silicic rocks allows us to use a modern-day analogue to study the processes 
operating on the primordial Earth.  
 
Southeast Iceland is primarily comprised of old, tertiary aged basalt, the top couple of kilometres of 
which have been eroded by glaciation. This erosion has left exceptionally well exposed mid-crustal 
level granitoid plutons and provides an ideal opportunity to study silicic magma genesis in Iceland. We 
present a comprehensive new whole-rock, major and trace element geochemical dataset of ~120 
samples from 4 silicic plutons from Southeast Iceland. The majority of samples are granitic to 
granodioritic in composition, with minor volumes of tonalite or trondjheimite. Chondrite-normalised 
trace element profiles show enrichments in large ion lithophile elements (LILEs), sloped rare earth 
element (REE) profiles with small negative Europium anomalies, and small to absent negative Nb-Ta 
anomalies. Mass balance modelling shows the trace element compositions of the granites are best 
reproduced by partial melting of an Icelandic quartz tholeiite. However, partial melting of this Icelandic 
quartz tholeiite generates magmas with fundamentally different trace element profiles to that of early 
Archaean TTGs suggesting that intracrustal melting of Iceland-like compositions and settings cannot 
be responsible for producing TTG.  
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Revisiting plagioclase crystallization from cooling basaltic melts 
Lindoo A.1,2, Humphreys M.C.S1, Brooker, R.A.2, and Mangler M.F.1  
 
1Department of Earth Sciences, Durham University, Durham DH1 3LE, UK; Amanda.lindoo@durham.ac.uk 
2School of Earth Sciences, University of Bristol, Bristol BS8 1RJ, UK 

___________________________________________________________________________ 
 
The evolution of plagioclase volume fraction, size distribution, and shape during cooling affect the 

structure, porosity, and rheology of a crystal mush. In particular, crystal shape(s) is critical for 

determining bulk properties of the crystal mush. Elongate crystals form a rigid network at low crystal 

concentrations (e.g., 30% crystals) whereas more equant grains require a greater concentration of 

crystals (e.g., >50%) before a solid network can form [1]. Therefore, quantifying plagioclase shape as a 

function of undercooling and crystallization time is critical for understanding primary mush 

accumulation conditions, mush rheology, and its potential for remobilization.  

 

We have conducted cooling experiments on dry, basaltic melts to observe the progression of 

plagioclase shape as a function of crystallization time and undercooling. We simulate temperatures 

(1230-1290oC) and pressures (0.8 GPa) of a magma storage region using a piston-cylinder apparatus. 

Experiments were also performed in a 1 atmosphere, gas-mixing furnace to compare with the high-

pressure data. We focused our study on interface-controlled growth mechanisms and therefore 

imposed low to moderate undercoolings (10-50oC) via single-step and continuous cooling pathways. 

Plagioclase length and width measurements from back-scattered electron images were input into 

ShapeCalc, a stereological conversion program, to estimate 3D crystal-shapes [2]. We performed X-ray 

microtomography on a subset of experiments to compare with 2D derived shapes. Experiments that 

underwent a super-heating step (hold time above the liquidus) contained low crystal number densities 

(Na; <10 mm-2), and large (l >100um), tabular crystals. Experiments taken directly to run temperature 

contained pre-existing nucleation sites inherited from the sintered starting material (synthetic glass 

powder), which supported nucleation. This resulted in relatively higher crystal number densities (Na ~ 

104-105 mm-2), smaller crystal sizes (l <30 um), and prismatic shapes.  

 

Experiments that did not undergo a superheating step are analogous to partial melts in the crust or 

partially remobilised magmas, which likely have many pre-existing nucleation sites. These magmas 

would contain more equant crystals and therefore require a greater crystal volume fraction before 

locking. Our superheated experiments may approximate hydrous magmas ascending from the deep 

crust, which could become superheated relative to their liquidus. These magmas would be susceptible 

to delayed crystal nucleation, due to lack of significant nucleation sites. Their textures would tend 

towards highly tabular grains and therefore rheologically lock-up more readily. In intrusions, a range 

of shapes could be present as heterogeneous nucleation would be more favourable towards the 

margins due to an increase in nucleation sites (host rock surface, thermal gradient, shear rate). 

 

References: 

[1] Mueller S et al. (2011) Geophys Res Lett 38: L13316 

[2] Mangler MF et al. (2022) Cont Min Pet 177: 64 
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Timing and rates of NAIP magmatism and volcanism prior to the Paleocene-
Eocene Thermal Maximum (PETM) 
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1 Scottish Universities Environmental Research Centre, Scottish Enterprise Technology, Rankine Avenue, 
Glasgow G75 0QF, UK 
2 Department of Earth and Environmental Science, University of St Andrews, St Andrews, KY16 9AJ, UK 
3 Department of Geography and Topographic Science, University of Glasgow, Glasgow G12 8QQ, UK 
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__________________________________________________________________________ 

 
The North Atlantic Igneous Province (NAIP) is one of the largest and most well-studied large igneous 
provinces (LIPs) in the Cenozoic, with an estimated total magma emplacement volume of 6.6 million 
km3 [1]. It consists of extensive flood basalt provinces and associated intrusions and dykes that extend 
over a vast area that includes east and west Greenland, the Faroe Islands, the Norwegian continental 
margin, the Rockall Bank, and the British Isles (Figure; [2]). Geochronological data suggests that NAIP 
began to form at ca. 63 Ma and was characterised by two phases; an early phase of magmatism centred 
around 61-59 Ma and a later pulse of magmatism between 56 and 54 Ma (e.g. [3]). The latter and more 
voluminous peak in magmatic activity coincided with active continental breakup between Greenland 
and Eurasia [4], and the hothouse conditions and the Paleocene- Eocene Thermal Maximum (PETM). 
The transition from the Paleocene to Eocene can be found within the lava flow successions in 
Greenland, the Faroe Islands, and the offshore Norwegian margin (e.g. [4,5]), and also within the 
volcanic ash records (e.g. [6]). 
 
This Project builds on the high-precision geochronological framework for the Scottish sector of the 

NAIP built by Mahajan (SUERC, 2021). We will use high precision Ar/Ar (plagioclase, groundmass) and 

U-Pb (zircon CA-ID-TIMS) geochronology to: 

1. Assess the age (relative to the PETM and extensive magmatism on East Greenland) and rates 

of emplacement of the magmatic central complexes on the Isles of Mull, Rum, St. Kilda and 

Rockall Bank, as well as Ardnamurchan on the Scottish mainland 

2. Determine the rate of eruption of volcanic rocks that precede the PETM on East Greenland 

including the assessment of the volatile (CO2) content of the melt inclusions to interrogate 

the atmospheric flux of greenhouse gases from plateau volcanism. 

 

The project will elucidate the sequence of events that led up to the PETM and assess if the volcanism 

on East Greenland may have contributed significantly to the atmospheric CO2 budget at the PETM. 

 

References: 

[1] Bryan, S. E., & Ernst, R. E. (2008). Earth-Science Reviews, 86(1-4), 175-202. 

[2] Saunders et al. (1997). Geophysical Monograph-American Geophysical Union, 100, 45-94. 

[3] Wilkinson et al. (2017). Geological Society, London, Special Publications, 447(1), 69-103. 

[4] Larsen et al. (2016). Geological Magazine, 153(3), 487-511. 

[5] Jolley et al. (2021). Earth & Env. Science Transactions of the Royal Society of Edinburgh, 112(2), 61-88. 

[6] Stokke et al (2020). Volcanica, 3(2), 227-250. 
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Insights into the volatile saturation state of porphyry copper deposits using 
apatite 
Lormand, C.1, Humphreys M.C.S.1, Coumans J.2, Chelle-Michou C.3, Li W.4 
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___________________________________________________________________________ 
 
Melt inclusion compositions are commonly probed to constrain the volatile evolution of magmatic 
systems. In the case of porphyry-ore-forming systems, the dissolved or exsolved volatile phases are 
directly recorded by fluid inclusions at the magmatic-hydrothermal transition. However, fluid 
inclusions are scarce, challenging to analyse, and may be affected by post-entrapment re-equilibration 
processes. We propose that in-situ analysis of the volatile-bearing mineral apatite may offer a robust 
alternative to melt inclusion analysis.  
 
We use apatite as a recorder of the volatile budget of magmas and derive the volatile saturation state 
of magmatic systems. We model the volatiles in apatite following [1] but with the improvement that 
we integrate the temperature-dependent exchange coefficients that reflect the non-ideal mixing of F-
Cl-OH in apatite [2]. We model the apatite dataset of the Corrocohuayco porphyry-skarn Cu deposit, 
Peru [3] which comprises early gabbrodiorites, mineralised hornblende(-biotite) porphyries, and later 
rhyodacite dykes. The modelling determines initial F, Cl and H2O of each magma and allows us to 
estimate the timing of volatile saturation relative to crystal fractionation. Further, we are able to 
retrieve both the melt and fluid compositions (e.g., salinity) at the point of volatile saturation. Our 
modelling results fall within the range of direct measurements of melt and fluid compositions. This 
provides a new way to determine whether there are fundamental differences in magma crystallisation 
and fluid evolution in barren and mineralised systems.  
 
References: 

[1] Humphreys MCS et al. (2021) EPSL 576:117198 

[2] Li W and Costa F (2020) GCA 269:203-222 

[3] Chelle-Michou C and Chiaradia M (2017) CMP 172:105 
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A Structural Analysis of the Layered Kakortokites within the Ilímaussaq 
Complex, South Greenland 
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___________________________________________________________________________ 
 
Layered intrusions host some of society’s most strategically important Rare Earth Element (REE) 
deposits. Despite this, the mechanisms of layer formation and critical metal enrichment remain 
contentious. This study provides a new perspective on layer formation mechanisms in layered 
intrusions gleaned from the first structural and magnetic study at Ilímaussaq, South Greenland. 

The Ilímaussaq Complex (1160 Ma), part of the Gardar Province, contains a world class layered 
REE deposit that is spectacularly exposed in 3D owing to recent deglaciation and abrupt topographic 
relief, and thus provides an ideal natural laboratory to examine the process of mineral layer formation 
[1]. The most developed layering within the complex is within a series of agpaitic nepheline syenites 
known as the kakortokites. The kakortokites consist of several Units (-11 to +17), each Unit displays 
black (arfvedsonite), red (eudialyte) and white (feldspar/nepheline) modal layers [1]. Two popular 
hypotheses on the formation of layered kakortokites persist: one is a closed-system crystal mat 
formation model, the other is an open-system magma replenishment model. In the crystal mat 
formation model, the preferential nucleation, growth and gravitational settling of arfvedsonite forms 
horizontal, semi-permeable crystal ‘mats’, which create separate mush compartments within which 
crystallisation continues [2]. In the magma replenishment model, variations in volatile contents and 
magma mixing cause the in situ nucleation and growth of arfvedsonite, eudialyte, and 
feldspar/nepheline sequentially [3]. What is lacking in the literature is structural data on the preferred 
mineral orientations (i.e. fabrics) within the rocks to provide an effective test for these competing, 
mutually exclusive hypotheses. 

This study presents new structural data from kakortokite Units -1, 0, +1 and +2 to assess the 
preserved rock fabric record and test its compatibility with previously proposed open and closed 
magmatic system models. This can be achieved by determining whether preferred mineral orientations 
record gravitational settling and flotation cumulates expected from crystal mats, or if they record 
uniaxial flow and/or randomness expected from magma replenishment and in situ mineralisation. 
Detailed stratigraphic log sections and field structural measurements are presented alongside 
Anisotropy of Magnetic Susceptibility (AMS) results from 198 samples that reflect the textural and rock 
fabric characteristics of Unit 0. Preliminary temperature susceptibility results show that the 
susceptibility is dominated by arfvedsonite and aegirine, with a 10% contribution from magnetite. 
Preliminary AMS results show mean magnetic susceptibility values (Kmean) ranging from 2.60 x 10-4 to 
1.76 x 10-3, the highest Kmean values are recorded in the black layer at the start of each Unit. Shape 
factor (Tj) values range from 0.293 to -0.56 with layer parallel, oblate tensor shape typically recorded 
at the transition between black and red layers. Surprisingly, 77 % of sample sites return a dominantly 
prolate tensor shape, this reflects the presence of a previously unrecognised, prominent mineral 
lineation in this layered intrusion. Our results also show a consistent, progressive rotation of the 
magnetic lineation from the base towards the top of Unit 0. Critically, both AMS fabrics and field 
observed alkali feldspar foliations are consistently oblique to the modal layering of the kakortokites. 
These data support a new hypothesis comprising a multi-stage dynamic layering process. 
 

References: 
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Plagioclase crystallisation experiments close to the liquidus: a cautionary tale 
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___________________________________________________________________________ 
 
The liquidus of a magma and its individual mineral phases are thermodynamically well understood. In 
practice, liquidus and mineral-in conditions are often constrained using phase equilibrium 
experiments, which map whether a mineral is present at a range of P-T-X conditions. However, crystal 
growth and dissolution kinetics close to the liquidus are slow, particularly in silicic melts, posing 
challenges to experimental attempts at constraining mineral-in conditions. Here, we illustrate some of 
these challenges using the example of plagioclase crystallisation experiments in a hydrous rhyodacitic 
melt. 
 
Thermodynamic (rhyolite-MELTS_v1.1 [1]) modelling of the rhyodacite suggests the plagioclase 
liquidus to be at ~870°C for pH2O = 150 MPa. In a first set of experiments, finely powdered hydrous 
rhyodacitic starting glass was annealed at above-liquidus conditions (6.75 h at 930°C) before a single 
isobaric cooling step to experimental temperature. In these experiments, plagioclase is scarcely 
present at 850°C and 870°C (areal number density NA < 1 mm-2) but absent at 890°C after one week at 
temperature and pressure. Taking into account nucleation delays in silicic melts [2], this suggests a 
liquidus temperature of 880 - 890°C. In the second set of experiments, the finely powdered hydrous 
starting glass was not annealed at superliquidus temperatures first but was directly brought to 
temperatures between 830°C and 900°C. Plagioclase is abundantly present in all these reversal 
experiments (NA = 103 - 104 mm-2), including those at 900°C, and commonly contains sodic cores that 
crystallised during heating. Finally, these reversal experiments were repeated using mm-sized chips of 
hydrated rhyodacite glass instead of fine powder as starting material. Here, plagioclase number 
densities are slightly lower (NA = 101 - 102 mm-2) and crystals are spatially associated with original glass 
chip margins identifiable in some partially sintered experimental runs.  
 
We suggest that the discrepancy in apparent plagioclase-in temperatures and crystal number densities 
between the sets of experiments is due to differences in the number of available nucleation sites in 
the starting material. In the annealed experiments, initial superliquidus treatment produces a melt 
with no pre-existing surfaces that could act as a nucleation site once the plagioclase liquidus is reached. 
On the other hand, in the reversal experiments, the large surface area of the starting glass powder (or 
chips) supplies abundant nucleation sites, which drastically reduces the activation energy required for 
plagioclase to start crystallising. Once formed, these crystals will survive (at laboratory timescales) 
even at temperatures slightly above the liquidus (900°C). This highlights the crucial effect of 
heterogeneous nucleation on crystallisation kinetics close to the liquidus, which can lead to significant 
deviations from phase equilibria predicted by thermodynamics (i.e., liquidus conditions, modal mineral 
phase proportions), and to variations in crystal number density, size and shape. Our study thus 
illustrates the challenges – and opportunities – posed by heterogeneous nucleation in laboratory 
experiments. Moreover, we suggest that heterogeneous nucleation may also influence near-liquidus 
crystallisation of plagioclase in natural magmas, where nucleation sites are abundant (e.g., other 
crystals, chamber walls, bubbles).  
 
References: 
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PyMelt: An extensible Python engine for mantle melting 
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___________________________________________________________________________ 
 
Modelling the melting of Earth’s mantle is crucial for understanding the distribution of volcanic activity 
on Earth and for testing models of mantle convection and mantle lithological heterogeneity. PyMelt is 
a new open-source Python library for calculating the melting behaviour of multi-lithology mantle and 
can be used to predict a number of geophysical and petrological observations, including melt 
productivity, spreading centre crustal thickness, lava trace element concentrations, and olivine 
crystallisation temperatures. The library is designed to be easily extensible, allowing melting models 
to be added, different methods for calculating lava chemistry to be applied, and new melting dynamics 
and properties to be incorporated.  
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Constrain Middle Triassic feeding systems through the detailed study on 
clinopyroxene population: dynamics and timing of Ladinian magmatism in the 
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___________________________________________________________________________ 
 
The Southalpine tectonic domain hosts numerous magmatic manifestations related to the 
trachybasaltic to trachyandesitic high-K transitional magmatic event that shaped the area during the 
Ladinian age (Middle Triassic). The identification of systematic compositional zoning patterns in the 
clinopyroxene population among volcanic products allowed us to unravel the architecture and 
dynamics of the feeding systems of the main magmatic centres from the Dolomites (Southern Alps; 
Italy) that remained unknown until now.  
 
The recurrent zoning pattern consists of one or more high-Mg# and Cr2O3-rich diopsidic bands (Mg# 
78-91; Cr2O3 up to 1.2 wt%) growing in between augitic cores and rims with lower Mg# and Cr contents 
(Mg# 67-77; Cr2O3<0.1 wt%). The diopsidic composition could be also documented in cores that appear 
resorbed and coated with augitic rims. Chondrite-normalized incompatible trace element patterns of 
the augitic domains show Nb, Ta, Sr, Zr, and Ti negative and Th-U positive anomalies. The diopsidic 
domains have similar patterns but lower trace element abundances. REE patterns in both high-Mg# 
and low-Mg# domains have a convex-upward shape and La/YbN from 1.3 to 2.1.  
 
Thermobarometric models reveal that the diopsidic domain delivers an equilibrium temperature that 
ranges from 1030 to 1100°C, remarkably higher than the temperature calculated from the augitic 
domain which ranges from 966 to 1020°C. Since the barometric computation show the same range of 
pressure for both compositional domains (120-400 MPa), our proposed model involves periodic mafic 
recharge pulses of primitive and hot basaltic magma into a crystal mush in the shallower portion of the 
plumbing system (4-14 km) that led to the formation of the high-Mg# bands coating the already formed 
augitic cores. These new results support the model proposed for the Cima Pape volcano-plutonic 
complex [1] and extend it also to the other Dolomitic centres. 
 
Diffusion chronometry computations based upon Fe–Mg diffusion in clinopyroxene have been applied 
to evaluate the residence times for the crystals in each compositional zone with the NIDIS model [2]. 
This last step enables an extremely detailed description of the dynamics that fueled the Middle Triassic 
magmatism in the Southalpine domain. Our final aim is to discuss this ancient magmatism as a proxy 
for active volcanic complexes thanks to the forthcoming analysis of the outcropping plutonic 
counterparts, impossible to do in an active system, making this part of the Alps a volcanological 
laboratory for testing the approaches/models currently adopted for active volcanoes. 
 
 

References: 
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Plagioclase archives of depleted melts in the oceanic crust: refractory 
reservoirs hiding in plain sight 
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___________________________________________________________________________ 
 
Mid-ocean-ridge and ocean-island basalts provide important windows into the chemistry of Earth’s 

mantle. Over billions of years, lithospheric recycling at subduction zones has created chemically, 

isotopically and lithologically enriched mantle domains that are ultimately reflected in the 

compositions of erupted basalts. Concurrent melt extraction and crustal accretion has created 

refractory and depleted domains that are well documented in abyssal peridotites but rarely expressed 

in erupted records. Fortunately, primitive crystals record information about the melts from which they 

grow, and as volumetrically significant components of magmas and cumulates may better reflect the 

range of chemically distinct melts present at depth than erupted melts whose compositions are biased 

by mixing and crystallisation processes 

 

High-anorthite plagioclase (XAn > 0.8, where XAn = molar Ca/(Ca+Na+K)) is a major constituent of many 

basalts from ocean islands and slow- to intermediate-spreading mid-ocean ridges as well as from 

various cumulates in ophiolites and the lower oceanic crust. However, such crystals are rarely in major-

element equilibrium with erupted basalts. Moreover, they are often out of isotopic and incompatible-

element equilibrium with their carrier melts, implying origins from distinct mantle melt distributions. 

By integrating experimental observations with analyses of natural crystals and glasses, we infer that 

high-anorthite plagioclase grows from high-degree melts of refractory but otherwise unexotic mantle 

sources with depleted incompatible element compositions. The widespread occurrence of high-

anorthite plagioclase in oceanic basalts and the oceanic crust hence indicates that refractory melts 

pervade the uppermost mantle and lower crust. We thus suggest that refractory melts play much a 

greater role in crustal accretion than typically recognized, and that refractory and feasibly depleted 

peridotite is more prevalent in the upper mantle than previously thought. 
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___________________________________________________________________________ 
Over the past decades lithium (Li) has become an important raw material and receives increasingly 

more attention as a potential tracer of metamorphic, hydrothermal and magmatic processes, e.g., 

degassing or recycling of the crust. Lithium is a moderately incompatible element and its concentration 

increases with the increasing chemical evolution of the melt. Most of the current understanding about 

lithium behaviour during igneous processes is based on primitive magmas, whilst only a few studies 

have so far focused on chemically more evolved systems and even fewer on alkaline melts, e.g., 

phonolites. This limited knowledge of the partitioning behaviour of Li between alkaline melts and 

common mineral phases present in the melts prevents a better understanding of the Li cycle in more 

terminal stages of the evolution of continental crust and its derivatives. However, studying the 

partitioning behaviour of elements between a crystalline and melt phase is critical to be able to 

separate the effects of melting, crystallisation from compositionally different melts, changes in 

pressure, temperature and geochemical environment. 

 

Here we present combined new and literature data of Li concentrations and isotopic composition of 

samples that are from globally dispersed (e.g., USA, Italy, Greece) and tectonically diverse settings 

(e.g., continental hotspot, oceanic hotspot, subduction-extension) to compare the Li concentrations 

and δ7Li composition of multiple mineral phases of different melt compositions (from basaltic-trachy-

andesite to phonolite and from andesite to rhyolite). All mineral phases and groundmass glass were 

analysed for trace element contents using LA-ICP-MS; Li concentrations and isotope compositions of 

mineral phases and glass separates were obtained using solution ICP-MS and MC-ICP-MS, respectively. 

 

The Li concentration in the groundmass glass from the alkaline suites ranges from 10 to 120 ppm with 

an average Li content of ~20 ppm, whereas the rhyolitic samples have on average ~40 ppm Li. The 

calculated partition coefficients between groundmass glass and the different mineral phases range 

from 0.05 in clinopyroxene to > 20 in biotite, clearly attesting to preferential Li partitioning into biotite 

and feldspars, while olivine or clinopyroxene are minor phases to accommodate Li. 

 

Quartz is the isotopically heaviest phase in all investigated samples (10.1‰ to 11.5 ‰) due to 

preferential 7Li incorporation, followed by groundmass glass/bulk (–0.5 to 9.7‰) which records the 

loss of 6Li due to degassing either prior or post eruption. The isotopically lightest phase is biotite with 

δ7Li as low as –27.6‰ which records biotites trapping the coexisting exsolved fluid phase prior to 

eruption. 

 

We show that Li and its isotopes can be used to track syn- and post eruptive elemental mobility as well 

as record exsolved Li-rich volatile phase. This study highlights the relevance of Li as a tracer for different 

magmatic processes.  
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Pre-eruptive conditions of magmas of the Agnano-Monte Spina eruption: new 
constraints on saturation conditions from melt inclusions hosted in 
clinopyroxene 
Pingitore F.1, Esposito R.2, Frezzotti M.L.3 

1Dipartimento di Scienze dell’Ambiente e della Terra, Università Milano Bicocca, Piazza della Scienza 1-U4, 
20126 Milano, Italy. Email: f.pingitore@campus.unimib.it.                                                                                                                                                                  
2Dipartimento di Scienze dell’Ambiente e della Terra, Università Milano Bicocca, Piazza della Scienza 1-U4, 
20126 Milano, Italy.                                                                                                                                                                  
3Dipartimento di Scienze dell’Ambiente e della Terra, Università Milano Bicocca, Piazza della Scienza 1-U4, 
20126 Milano, Italy. 

Campi Flegrei caldera (CFc) is an active volcanic system in southern Italy and represents one of the 
most dangerous volcanoes in the world, due to the high urbanization of this area and the proximity to 
the city of Naples. Indeed, in the past CFc has produced super eruptions and it has been undergoing 
through several unrest crisis during the last one-hundred years. The Agnano-Monte Spina (A-MS) 
eruption is the most explosive event (VEI, Volcanic Explosivity Index, 5) since the last epoch of CFc 
volcanic history (5.5-3.5 ka), and it is a reference scenario for forecasting the volcanic risk for future 
eruptions [1].  

In this research work, we first handpicked 100 clinopyroxenes from pumices of an air fall deposit of 
the A-MS and analysed their major element compositions using an electron-microprobe. Secondly, we 
analysed the petrography of melt inclusions (MIs) hosted in these crystals. Finally, applying the Raman 
spectroscopy technique, we constrained the volatile contents of the bubble of MI observed in the 
selected samples. Based on the optical observations and geochemical analyses, the pyroxenes were 
divided in two different generations. The MgO-rich group was classified as diopsidic pyroxene 
(MgO=16-18 wt.%), presented a pale green colour, and showed reaction rims. MIs hosted in the first 
group were mostly crystallized, but in some cases was possible to notice a vapour bubble. The MgO-
poor group was classified as salitic pyroxene (MgO=12-14 wt.%), showing a dark green colour. The 
crystals showed bigger sizes than the diopsidic pyroxenes. MIs hosted in the MgO-poor crystals were 
mostly glassy or bubble-bearing. The bubbles of MI in MgO-poor clinopiroxenes displayed always 
shrinkage bubbles, but those in MgO-rich crystals were trapped heterogeneously together with the 
melt, suggesting two distinct magmatic stages. The bubbles hosted in the MIs of salitic pyroxenes did 
not present any Raman signals of volatile species, while those hosted in the MIs of MgO-rich 
clinopyroxenes showed CO2, carbonate, and H2S (only one) Raman signals. 

Based on these results, we suggest that a trachytic magma mush may have been interacted with a 
deeper and more evolved magma before the A-MS eruption. This interpretation corroborates previous 
funding relative to the A-MS [2], which affirm that A-MS eruption was triggered by a mingling within 
two magmas of distinct composition. Also, our hypothesis is that the magmatic fluids of the less 
evolved magma might have been CO2 and H2S(?) saturated, while the more evolved magma did not 
present evidence of volatile saturation. Other evidences of H2S in other bubbles could lead to 
paramount implications in understanding the vapour phases conditions before volcanic eruptions at 
CFc. 

References: 
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[2] Arienzo I., Moretti R., Civetta L., Orsi G., & Papale P. (2010) Chem Geol 270 (1-4), 135-147. 
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Mineral records of magma storage and crystallization in basaltic systems on 
the Moon 
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___________________________________________________________________________ 
 
Lunar basaltic lavas mainly erupted between 4.35 to 3 billion years ago, with some areas of the Moon 
thought to have been volcanically active as recently as a billion years ago [1]. Although different lunar 
magmas are thought to have reached the surface via a range storage and crystallization mechanisms 
[2], the pressures (P) and temperatures (T) governing these processes remain uncertain.  
 
This project aims to address the following questions: (i) Did lunar magmas stall and crystallize in magma 
reservoirs or did they ascend rapidly from melting region to surface? (ii) At what temperatures and 
pressures did crystals nucleate? (iii) What can crystal records tell us about subsurface magmatic 
systems and volcanic eruption styles on the Moon? We apply the principles of geothermobarometry 
to determine P-T conditions of magma storage and crystallization by exploiting the experimentally 
calibrated pressure and temperature sensitivity of key phase equilibria [3].  
 
We applied clinopyroxene-liquid (cpx-liq) thermobarometry to the low-Ti Apollo 15 mare basalts. Cpx 
compositions from the Apollo 15 mare basalts [4] were ‘matched' with Apollo 15 mare basalt whole 
rock compositions [5], Apollo 15 low-Ti picritic yellow glass [5], and olivine-hosted melt inclusion 
chemistry [6] to assess the number of matches and the range of P-T in each case. Maximum matches 
(73 in total; 33-QN and 40-ON) with the cpx compositions were found with the Apollo 15 whole rock 
mare basalt compositions and most of these calculations returned a pressure of 1 GPa corresponding 
to depths less than 200 km within the Moon [7]. Schnare [8] suggested a mantle source for the Apollo 
15 mare basalts at crustal levels, which coincides with the melt-matching observations here, but for 
proper validation of the P-T values and the corresponding depths, an experimental study is required. 
 
In the next phase of the project, we will be performing crystallization experiments on the basaltic 
compositions of the Apollo 15 Quartz Normative (QN) and Olivine Normative (ON) suites to validate 
and refine out pressure estimates. Crystallization experiments on synthetic Apollo 15 QN and ON 
parental rock compositions will be carried out at 1 atm pressure to identify the compositions that 
should be expected at surface conditions. This can be used to validate the high pressures obtained 
from computational studies.  
 
We next aim to apply the same approach to the high-Ti Apollo 17 mare basalts. We aim to compare 
computational observations with experimental data to investigate element partitioning into lunar 
minerals. Our ultimate aim is to develop mineral-mineral and mineral-melt thermobarometers 
calibrated specially for lunar magma compositions across the low- to high-Ti chemical range.  
 
 
References: 
[1] Schultz P. H. and Spudis P. D (1983) Nature 302:233-236 

[2] Neal C. R (2018) LPSC 2083:2-3 

[3] Powell R. and Holland T. J. B (2008) Journal of Metamorphic Geo. 26(2):155-179 

[4] Bell S. K et al (2020) Journal of Petrology 61(4): egaa047 
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[6] Ni Peng et al (2019) Geochimica et Cosmochimica Acta 249: 17-41 
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[8] Schnare D. W. et al (2008) Geochimica et Cosmochimica Acta 72(10): 2556-72 

mailto:Divyareshmi.thottungalravy@manchester.ac.uk


RETURN TO PROGRAMME  
Sessions 6 & 7: Magmatic Systems               Poster Presentations 

 

Volcanic and Magmatic Studies Group 2023 Meeting – Programme and Abstracts  

164 

Formation of crystal-rich lavas at Marki, Cyprus: insight into formation of 
steep-sided domes on Venus 
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1University of Edinburgh, School of GeoSciences, Grant Institute, EH9 3FE. Correspondence: r.cao-
4@sms.ed.ac.uk 

___________________________________________________________________________ 
 
Steep-sided volcanic domes (or “pancake” domes) are one of the most prominent volcanic landforms 
on Venus [1]. They are pivotal in (1) determining the range of magmatic processes operating on Venus, 
and (2) understanding geological evolution of stagnant lid regime planets. Steep-sided domes could 
represent eruption of highly viscous lava, which might be unusually silica-rich, and/or, unusually 
crystal-rich compared to most volcanism of Venus. However, the presence and formation mechanisms 
of large steep-sided domes remain poorly understood. Volcanic bodies near Marki, Cyprus, may 
provide insight into mechanisms for volcanic dome formation on Venus [2]. For instance, picritic lavas 
at Marki are unusually crystal-rich, must have been very viscous during eruption resulting in formation 
of a range of landforms, and generally lie within a basaltic terrain made of lava flows.  
 
In order to constrain the formation mechanism of crystal-rich lavas, we conducted fieldwork in the 
Troodos region of Cyprus (i.e., Marki), to sample a suite of picritic and other olivine-bearing upper 
pillow lava (UPL) rocks and observe field relations. The UPL unit consists of basalts to rare dacites with 
a variable boninitic signature, including olivine-phyric and aphyric lava [3]. Picrites within the UPL are 
distinct in having unusually high crystal contents (up to 70-80% mm to cm sized olivine by volume). 
They can form distinct volcanic domes, and on the basis of crystal content, would be considered 
‘uneruptible’. Therefore, it has been suggested that the eruption of picritic crystal mush was facilitated 
by large-scale extensional faulting [2].  
 
Here, we are determining mineral compositions (i.e., olivine forsterite content) from samples which 
will then be used to constrain thermodynamic models for crystallisation of parental magmas to aid the 
development of models about picritic dome formation. Furthermore, we are using the existing glass 
data from [3] and [4] across lower pillow lava (LPL) and UPL in order to (1) model magmatic evolution 
across UPL and LPL units and (2) constrain formation of crystal-rich picrites. We performed isobaric 
fractional crystallisation models using Rhyolite-MELTS software [5] in a closed system with respect to 
oxygen and compared the modelled liquid line of descent (LLD) with published glass data from [6] that 
documents fractionation trends across the whole extrusive sequence. The goal is to use the 
crystallisation model to constrain olivine formation, which will be beneficial for developing a better 
understanding of how picrite domes might develop.  
 
Initial results suggest that fractionation trends recorded by glasses from across the Troodos can only 
be reproduced using low initial bulk water content (i.e., ≈0.2 wt.% H2O) and at low pressures (i.e., 0.2 
GPa). However, there is an inconsistency in water content in modelled magmas with glass data. 
Therefore, more complex models with varying conditions (i.e., redox state), or multiple stages of 
fractionation (i.e., deep fractionation of olivine and shallow fractionation to explain glass data) should 
be considered for constraining the formation of steep-sided domes.  
 

References: 
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Plumbing system dynamics and eruption triggers: insights from clinopyroxene 
zoning patterns in Terceira, Azores 
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___________________________________________________________________________ 
A common early-crystallising mineral in basaltic to intermediate melts, clinopyroxene is perhaps one 
of the most useful minerals to study magmatic processes due in part to its large stability field, 
encompassing a broad range of P-T-X conditions, and its low chemical diffusivity. Zoning is a common 
feature in clinopyroxene (cpx) and reflects changes in the magmatic environment such as magma 
recharge and mixing events, which are widely acknowledged as eruption triggers. Deconvolution of 
cpx zoning patterns affords an insight into the recharge dynamics and eruption triggering timescales 
of magma reservoirs. Investigating cpx zoning has already proven to be a powerful tool for gaining 
information on the dynamics of magma plumbing systems in other basaltic to intermediate systems 
such as Mt. Etna, Sicily [1,2], and here we aim to employ this tool to reconstruct the crustal architecture 
and magma plumbing system beneath Terceira, Azores. 

Clinopyroxenes in basalts and trachybasalts from Terceira show diverse textural and zoning 
features, identified from thin section and backscattered electron (BSE) images. We combine electron 
microprobe analysis (EPMA), laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) 
and time-of-flight mass spectrometry (LA-ICP-TOFMS) to visualise and quantify cpx zoning patterns. 

Semi-quantitative major element (EPMA) maps show strong Al2O3 FeO, MgO, TiO2 and Cr2O3 zoning 

patterns, while trace element maps show detailed zoning of Sc and REE. Multi-element maps obtained 
by LA-ICP-TOFMS provide a rapid overview of major, minor and trace element zoning patterns.  Crystal 
populations can divided into six groups on the basis of their texture: Type I (sector/hourglass zoning); 
Type II (oscillatory zoning); Type III (abrupt zoning); Type IV (complex zoning); Type V (mottled cores) 
and Type VI (core/resorbed core). Cores are classified as diopside to diopside-augite, while mantles, 
rims and recharge bands are classified as augite. Major and trace element maps indicate that Cr and 
low charged metals such as Mn and Ni define the concentric zonation in Type II and Type IV crystals, 
while sector zoning is shown by Al and other highly charged elements such as Ti, Zr, Hf, V and REE. 
Chromium in particular is a slow-diffusing element that is highly compatible in cpx [3] which means 
that while the crystal grows, Cr zoning patterns track changes in the chemistry of the magma and 
effectively act as a time capsule [1,4,5].  

Rims that are characterised by an increase in compatible transition metals (Cr and Ni) and a 
depletion of incompatible elements, relative to the crystal core, indicate the injection and mixing of a 
mafic magma prior to eruption. Mottled cores suggest open-system cumulus growth of the crystal 
while it remains in contact with flowing magma. Such cores surrounded by (relatively) Cr-poor rims 
represent post-cumulus growth in a trapped intercumulus liquid within the crystal mush, which 
becomes progressively depleted in Cr due to the high compatibility of Cr in cpx. Conversely, cores that 
are overgrown with Cr-rich oscillatory zoned mantles record a continuous injection of a mafic magma 
that failed to trigger an eruption.  

Next steps include detailed in-situ major and trace element measurements, estimation of P-T-
fO2 conditions and ultimately the construction of a schematic model for the Terceira plumbing system. 
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___________________________________________________________________________ 
 
The Campanian Ignimbrite (CI) eruption from Campi Flegrei (CF), Italy, the largest eruption in Europe 
in the last 200 ka, erupted between 155 and 235 km3 of magma (dense rock equivalent) [1]. Here we 
share new insight into the magmatic system and volatile history by integrating new glass (matrix and 
melt inclusions), clinopyroxene and apatite data with published petrological evidence.  

Matrix glass compositions of the deposits in and around the caldera and from distal sites (100s 
to 1000s km from the vent) indicate two nearly homogenous melts were erupted. The first Plinian 
phase erupted the most evolved melt (7.02–7.53 wt% K2O; 1st melt). The 2nd melt (9.45–10.26 wt% 
K2O) was tapped during the later phases, which generated pyroclastic density currents (PDC), when 
the caldera collapsed [2]. Crystals were extracted from the Plinian eruption deposits and different flow 
unit facies at various locations around the caldera. Major element composition of the melt inclusions 
(MI) and matrix glass around biotite and clinopyroxene crystals from Plinian fallout samples associated 
with 1st melt composition were analysed. These melt compositions indicate that: (1) biotite only 
crystallised in the 2nd melt; (2) many clinopyroxenes started crystallising in the 2nd melt and then were 
transferred into the 1st melt, and some continued to crystallise while others, similar to the biotite 
crystals, did not; (3) some of the clinopyroxene crystals crystallised entirely in the 1st melt; and (4) 
some crystals crystallised in a more mafic melt that has not been detected in the deposits. Volatile 
elements within apatite microphenocrysts and inclusions within other crystal phases were analysed to 
investigate volatile changes during crystallisation. Two distinct trends are observed that are related to 
the two melts based on major element data of MI adjacent to the apatite inclusions. Temporal 
constraints were obtained from analyses of apatite within different phases (magnetite, clinopyroxene, 
biotite and feldspar) that crystallised at different times [cf. 3]. Apatite microphenocrysts from the PDC 
deposits are slightly compositionally different from the inclusions, with trends that are different from 
expected and more consistent with cooling [cf. 3]. These microphenocrysts in the PDCs were affected 
by post-emplacement cooling of the thick PDC. The apatite inclusion and Plinian microphenocryst data 
were examined using the numerical model developed and used in Humphreys et al. [4]. The model 
quantifies the volatile release from the two melts, and indicates melts were volatile undersaturated 
for almost all their crystallisation. 

These new glass, crystal and apatite data indicate that the CI eruption was fuelled by two 
volumetrically large magmas with different initial volatile, major and trace element compositions. 
Clinopyroxene-melt geobarometers and geothermometers [5] suggest the 2nd less evolved magma was 
hotter (987 ± 16oC) and stored deeper (2.7 ± 0.13 kbar) than the 1st. The physical and chemical 
differences of the melts indicate that they evolved separately, and the crystal exchange implies they 
interacted during crystallisation. Given that they were volatile undersaturated for almost all their time 
in the upper crust, it is possible that the volatile saturation of at least one of the magmas was the 
trigger for CI eruption.  
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___________________________________________________________________________ 
 
The crater of Mount St. Helens is a unique place to study landscape evolution impacted by volcano-ice 
interactions. Crater Glacier, which started forming after the 1980 eruption, is one of the world’s last 
expanding glaciers and provides a remarkable opportunity to characterize the expansion of a glacier in 
an area of significant thermal flux. Although the lava dome is gradually cooling, present thermal and 
physical interactions with the encircling glacier are considerable. Glacier surface structures caused by 
these interactions provide insight to the heat distribution of the dome and illustrate the dynamics of 
such environments. Morphological characteristics of the dome help to understand its structural 
evolution and current degassing regimes. By combining remote sensing data and geochemical analyses 
we provide a comprehensive overview of landscape evolution in the active Mount St. Helens crater 
following the volcano´s last eruption cycle. 
 
Glaciovolcanic cave systems which form due to the interaction of volcanic heat and ice provide insight 
into subglacial processes and the extreme environment which exists underneath glaciers. While glacier 
surface structures were detected via remote sensing, physical investigation revealed subglacial 
thermal interactions between the lava dome and Crater Glacier causing extensive  glaciovolcanic voids 
in firn and glacier ice. Caves within Crater Glacier are maintained by atmospheric advection and 
persistent subglacial fumarole degassing and thermal flux; their evolution is continuing as glacier 
accumulation causes increasing ice encroachment against the lava dome. The caves can serve as 
analogues for similar settings existing elsewhere in the solar system as the slow tempo of life found in 
these dark, oligotrophic, and low temperature environments is applicable to other ice worlds and are 
being used as testing sites for precursor robotic technologies for solar system exploration. 
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___________________________________________________________________________ 
 
The Pleistocene (2.2-1.5 Ma) Koloula Igneous Complex (KIC) on Guadalcanal in the Solomon intra-
oceanic island arc, SW Pacific, comprises a low-K calc-alkaline sequence of pyroxenites, gabbros, 
leucogabbros, anorthositic segregations, diorites, quartz diorites, tonalites, granodiorites, and aplites. 
This intrusive sequence is grouped into two cycles (Cycle 1 and 2), which each exhibit a single calc-
alkaline fractional crystallisation trend based on their respective major and trace element data. The 
Cycle 1 and 2 intrusions have distinct incompatible element and radiogenic isotope compositions that 
reflect slightly different mantle sources.  
 
The KIC formed by shallow (0.1 GPa, ~3 km) fractional crystallisation of mantle-derived high-Al basaltic 
parental magmas (~6-8 wt.% MgO) that were generated by lower crustal (0.7 GPa, ~20 km) 
fractionation of olivine and pyroxene from Mg-rich (~11 wt.% MgO) primary magmas in the ~20 km-
thick Solomon intra-oceanic island arc. Olivine, clinopyroxene, plagioclase, amphibole, biotite, apatite 
and Fe-Ti oxides fractionated from the KIC’s high-Al basaltic parental magmas to form calc-alkaline 
magmas. Fractional crystallisation trends determined for the KIC using mass balance calculations 
closely match the complex’s major element trends.  
 
The field relationships, petrology, mineral chemistry, and whole-rock major and trace geochemistry of 
the KIC is typical of other Cenozoic calc-alkaline ultramafic to felsic plutons (Tanzawa Plutonic Complex, 
Uasilau Yau-Yau Intrusive Complex, Hidden Bay and Kagalaska plutons) in Pacific island arcs. 
Hornblende fractionation played an important role in the formation of the calc-alkaline felsic plutonic 
rocks in these Cenozoic arc plutons and the KIC, leading to an enrichment of SiO2 and light rare earth 
elements. The KIC and other Cenozoic arc plutons represent the fossil magma systems of arc volcanoes, 
therefore, the upper arc crust is most likely generated by the migration of magmatic centres. 
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__________________________________________________________________________ 
 
The redox state of magmatic systems controls important physico-chemical processes and properties 
on the Earth, such as the composition of volcanic gases, the rheology of magma, and the transport and 
deposition of critical metals. In natural silicate magma, Fe is the most abundant multivalent element, 
and the redox state of the system can be determined if the relationship between Fe valence and fO2 is 
known. Popular oxybarometers (e.g., Fe3+/FeT in glass and oxide pairs) can accurately determine the 
redox state of magmatic systems but suffer limitations such as beam damage during analysis or the 
requirement of specific phases to be present.  
 
Clinopyroxene is a common igneous mineral that plays a key role in chemical cycling on Earth and is 
found in igneous rocks ranging from near-primary basalts to rhyolites. Clinopyroxene can incorporate 
both Fe2+ and Fe3+ and may capture a record of fO2 upon crystallisation. Establishing a relationship 
between magmatic fO2 and clinopyroxene Fe3+/FeT is key for developing a widely applicable 
oxybarometer. However, attempts to quantify how Fe valence in clinopyroxene varies as a function of 
fO2 are limited.  
 
In this study, natural clinopyroxenes from reduced, intermediate fO2, and oxidised magmatic systems 
are being analysed to determine if and how Fe valence records information on magmatic fO2. To 
complement the natural samples, gas mixing and pressure vessel experiments are being conducted to 
understand the effects of P-T-fO2 on Fe valence, along with a compilation of previously published 
experiments. We are developing analytical protocols to allow routine determination of Fe valence, 
along with machine learning models to improve on current methods for estimating Fe3+. Preliminary 
results from natural samples demonstrate the potential for clinopyroxene to record magmatic fO2. On-
going experimental work and the development of methods to measure and accurately estimate Fe3+ 
will prove crucial for clinopyroxene Fe-oxybarometry. 
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New constraints on the P-T-X dependence of basaltic phase equilibria 
Stock M.J.1, Holland T.J.B.2 and Neave D.A.3 
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___________________________________________________________________________ 
 
Basalts dominate global magma budgets and form through direct partial melting of the mantle in a 
variety of tectonic settings. Depending on the dynamics of mantle melting and the composition of 
mantle sources, primary basaltic magmas can have wide-ranging major and trace element 
compositions which, in combination with their crustal storage conditions, induce variable equilibrium 
mineral assemblages. Most of our current understanding of basaltic phase equilibria derives from 
experiments which quench selected basaltic starting materials at known conditions; these allow direct 
observations of stable phase equilibria but are necessarily limited to discreet pressure-temperature-
composition (P-T-X) conditions. Where experiments are not feasible or available, experimentally 
calibrated thermodynamic models facilitate determination of phase equilibria over a wider range of P-
T-X parameter space. 
 
THERMOCALC and its internally consistent thermodynamic dataset [1] have been used successfully to 
model melting in the system KNCFMASTOCr [2] and, in a simpler system, to model high-pressure 
mantle dynamics [3], through improvements to activity models for the melt phase. Here, we 
demonstrate the utility of THERMOCALC for constraining phase equilibria in basaltic magmas. We model a 
wide range of basaltic bulk compositions and compare the model results with observed phase 
assemblages in quenched run products. We use our model to identify global controls on basaltic phase 
equilibria, focussing on oxygen fugacity (fO2), a parameter which is difficult to control experimentally. 
 
Our results demonstrate that THERMOCALC and its dataset can provide a reliable tool for predicting 
basaltic mineral assemblages, with calculated phase boundaries lying typically within ~20 °C/0.5 kbar 
of the corresponding experimentally constrained values. Furthermore, our calculated liquid lines of 
descent are consistent with experimental glass compositions for most major elements and fit as well 
as, or better than, other available thermodynamic models. 
 
We use model calculations in different systems to identify simple compositional parameters which 
control the liquidus temperatures of major crystal phases (bulk Mg in olivine, ln[Mg·Ca] in 
clinopyroxene, and ln[Al/Si+Na] in  plagioclase). These parameters have significant impacts on the melt 
fraction in a basaltic system at any given temperature, and on the solidus location. They also differ in 
enriched and depleted basalts and our results agree with previous studies suggesting that more 
enriched basalts can retain higher melt fractions at lower temperatures, potentially facilitating ascent 
to higher crustal levels and thus biasing these compositions in the erupted record [4]. Variations in the 
oxygen content of basalts, either natural or artificially controlled by fixing fO2, strongly impact liquidus 
temperatures, particularly at more oxidising conditions. Phase relations in nature, where bulk oxygen 
content is generally not controlled by buffers, may differ significantly from those of a buffered 
situation, and care must be taken when comparing experiments with natural systems.    
 
References: 
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Mapping the magma-mush interface 
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___________________________________________________________________________ 
 
In areas of vigorous magmatism like mid-ocean ridges and volcanic arcs, active volcanoes are 

increasingly thought to be fed by geometrically complex and vertically extensive magma plumbing 

systems that extend through much of the Earth's crust [1]. These systems are dominated by cohesive 

frameworks of solid crystals – crystal mushes – through which melts and exsolved volatiles can 

percolate and coalesce to form eruptible magmas [2]. Crystal mushes, therefore, play a central role in 

mediating volcanic behaviour and resulting hazards. The physical and chemical structure of crystal 

mushes underneath active volcanoes is still very unclear, despite recent advances in our understanding 

[2]. To gain crucial insights into active magmatic systems, particularly crystal mush disaggregation, 

magma mixing, and magma transportation processes, it is imperative to reconstruct their textures and 

chemistries before and during an eruption [3]. Petrologists can often only investigate plutonic rocks 

that have undergone post-emplacement change during slow cooling or volcanic rocks that have lost 

their textures due to syn-eruptive crystal disaggregation [4]. This study aims to systematically map the 

textures and chemistry [using Backscattered Electron (BSE) Imaging, Scanning Electron Microscopy-

Energy Dispersive Spectroscopy (SEM-EDS), Electron Probe Microanalyser (EPMA), Laser Ablation-

Inductively Coupled Plasma-Mass Spectrometry (LA-ICP-MS), and X-ray tomography] of numerous 

large cognate xenoliths (gabbroic nodules) that erupted in the Northern Volcanic Zone of Iceland and 

extensively preserved mush textures. The textural and compositional complexity of minerals in these 

nodules, particularly plagioclase, allow us to infer the physiochemical conditions and reconstruct the 

processes occurring within the plumbing system [5]. Glassy (and sometimes, microcrystalline) melt 

inclusions trapped within these minerals, a common feature in volcanic rocks, may reflect one or more 

stages during the rock evolution [6]. Geochemical variability, particularly major and trace element 

compositions, shall be investigated at a range of scales: between whole-rock samples, between 

phenocrysts, and between melt inclusions hosted within them, to infer the origins and evolution of 

chemical complexity in magma reservoirs. Synchrotron X-ray computed microtomography (μCT) will 

be used for a detailed quantitative study of the content, size and distribution of vesicles and crystals 

in 3D in a statistically representative way [7]. We can then interpret all these observations in terms of 

mush formation and disaggregation processes to reconstruct the history of the mush zone. 

 

References: 
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Stirring the pot: Recovering arc magma end member compositions after 

recharge, mixing and fractionation, using numerical modelling. 
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___________________________________________________________________________  
  
Understanding the origins of bulk rock geochemical variability within arc magma systems is essential 
for our understanding of continental crust formation, ore genesis and volcanic eruptions. Bulk rock 
geochemical data is one of the most abundant data sets available for igneous systems and is ubiquitous 
in studies of magma systems. Interpretation of this data is challenging due to the wide variety of 
processes associated with these systems including crystal fractionation, assimilation, recharge, and 
magma mixing [1,2].  
 
We are interested in determining whether bulk rock geochemical data can be used to determine the 
original compositions of two magmas that have undergone various degrees of fractionation and mixing 
following recharge of a crustal magma chamber. To test this, we will use a 2-dimensional, 3-phase 
(solid crystal grains, liquid melt, and volatile vapour bubbles) numerical model based on a recent 
igneous process modelling framework [3]. The model is implemented in MATLAB and uses a finite 
difference staggard grid method [4]. The model tracks the evolution of bulk composition including 
major and trace elements and isotope ratios. Phase change reactions are based on an idealised phase 
diagram. We will use modelled major, trace, and isotopic compositions to evaluate whether original 
magma end member compositions can be reconstructed after magma mixing and further fractionation 
following recharge of a crustal magma chamber.  
 

Comparing several model conditions, including an initial system with no recharge undergoing closed 
system evolution, a single discrete recharge event and an ongoing steady rate recharge system. We 
will vary parameters such as volatile content, silica content, temperature, and viscosity contrasts 
between two magmas to understand their influence on mixing and fractionation.  
Next, we will use machine learning techniques to reconstruct the original chemical signatures of the 
resident and recharge magmas prior to mixing. This study aims to test the extent to which the spatial 
density of traditional field sampling methods can be reliably used to interpret the generation of 
geochemical diversity in arc systems. 
  
 

References:  
  
[1] Rawson H et al. (2016) Earth and Planetary Science Letters 456:66-77  
[2] Blum-Oeste M and Wörner G (2016) Terra Nova 28(6):434-440  
[3] Keller T and Suckale J (2019) Geophysical Journal International, 219(1):185-222  
[4] Gerya T (2019) Cambridge University Press  
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Experimental liquid lines of descent of mafic, alkaline magmas 
Thorn, S.Y.M.1, Namur O.1 and Charlier B.2  
 
1Department of Earth and Environmental Sciences, KU Leuven, 3000 Leuven, Belgium, 
saffy.thorn@kuleuven.be 
2Department of Geology, University of Liège, 4000 Sart Tilman, Belgium 

___________________________________________________________________________ 
 
Alkaline magmas, characterized by a high K2O and Na2O content relative to silica, encompass a wide 

range of compositional diversity, while only accounting for a small volumetric percentage of all igneous 

rocks. The onset of crystallization of feldspathoids is one of the most obvious mineralogic features 

marking the boundary between silica-saturated and undersaturated alkaline magmas, however the 

conditions at which this occurs are poorly defined. Alongside composition, pressure and temperature, 

oxygen fugacity (fO2) is an important parameter that influences phase stability and composition, and 

hence the evolution of a given magma.  

This study examines the effect of fO2 and composition on liquid lines of descent in mafic alkaline 

magmas, with the aim of understanding controls on their evolution towards feldspathoid saturated 

compositions. Five primitive alkaline samples (9.3-11.1 wt% MgO), from Fogo (Cape Verde), Terceira 

(Azores), Tristan da Cunha, Nyamulagira (Democratic Republic of the Congo) and Nyiragongo 

(Democratic Republic of the Congo) were used as starting compositions. Equilibrium crystallization 

experiments were performed in a gas mixing furnace (CO-CO2) at 1 atm, in the temperature range 1220 

to 1100°C and oxygen fugacities corresponding to the fayalite-magnetite-quartz (FMQ) buffer, 

FMQ+1.5 and FMQ+3.  

Saturated phases include olivine + spinel + clinopyroxene ± plagioclase ± magnetite ± ilmenite. 

Increased fO2 enhances the stability of Fe-Ti oxides and spinel, replacing olivine as the liquidus phase 

at FMQ+3. Experiments at higher fO2 have lower melt fraction, as a result of earlier crystallisation of 

clinopyroxene (FMQ: 1130-1150°C , FMQ+3: 1150-1170°C) ± plagioclase (FMQ:1110-1140°C, FMQ+3: 

1130-1150°C), alongside Fe-Ti oxides. Melt CaO content and plagioclase anorthite content reflect 

increased clinopyroxene stability, falling with increasing fO2 at constant temperature. Absence of alkali 

rich phases means melt Na2O and K2O content increases steadily across all fO2 conditions. Our 

preliminary experiments demonstrate that higher fO2 promotes a greater degree of melt evolution, 

and less alkali rich liquid lines of descent.  
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A Deep Learning Approach to Plagioclase Textures 
Toth, N.1, Maclennan J. C.1 
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___________________________________________________________________________ 
 
Textural information, such as crystal size distributions (CSDs) or crystal aspect ratios are powerful tools 
in igneous petrography for interrogating the thermal history of magma and rocks [1-3]. They facilitate 
the investigation of crystal nucleation, growth and mixing as well as the cooling rate of the rock. 
Plagioclase feldspar has found extensive use as a reliable tracer for igneous thermal history and 
processes with both the apparent 2D [4] and 3D [5] morphologies shown to vary predictably with 
physical quantities such as crystallization time.  However, most textural studies require extensive data 
collection which can be cumbersome and time consuming when performed manually. The aim of our 
present work is to automate the most time-consuming aspects of the data collection process – crystal 
segmentation and subsequent measurements.  
 
We propose the use of a deep learning-based computer vision technique, termed instance 
segmentation [6-7], to automatically detect the exact pixel-by-pixel location of each plagioclase crystal 
(crystal masks) in thin section images. By re-training the models using a custom set of segmented 
geological thin section images, one can re-purpose these models for petrographic use, limitations 
notwithstanding based on the training data. The model outputs can then be used to measure the 
physical properties of the detected crystals, such as size and aspect ratio to automate the production 
of CSDs and aspect ratio distributions. Through our custom tiling procedure of large images, even 
entire thin section scans can be segmented without expensive hardware requirements.  
 
Our method is applied to a range of samples with published textural information to showcase the 
power and reliability of this approach. We show that it is now possible to gather large-scale textural 
information without days of manual segmentation or any human intervention, limitations and biases 
notwithstanding. Such a method is now ripe to exploit for future textural work on a scale never seen 
before. Furthermore, the data gathered is no longer subject to observer bias on how properties like 
aspect ratio should be defined as we can simply use automated geometric processing methods on the 
predicted image masks as default in many computer vision fields.  
 
References: 
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___________________________________________________________________________ 
 
The Mull Lava Sequence (MLS) is part of the remnants of the early Palaeogene (62-58 Ma) volcanic 
products of the North Atlantic Igneous Province (NAIP). This stratigraphically well-constrained 
sequence begins with subalkaline basaltic lava flows, progressively becoming more evolved into 
trachytes, finally returning into more primitive compositions in their younger lavas [1]. The focus of 
this study is to characterise in more detail this temporal geochemical evolution and produce a 
preliminary integrated petrogenetic model combining geochemical and mineralogical evolution.  
 
Whole-rock geochemical analyses has revealed that basaltic melts that partially supplied the MLS can 
be derived by partial melting of the depleted mantle. Using Harzburgite xenoliths compositions from 
the GEOROC database [2] as a starting melt, equilibrium partial melting was calculated using MELTS 
[3], fairly reproducing the basaltic products with ~11% degree of partial melting. Preliminary results 
from MELTS also indicate that the potential source region can be constrained to depths equivalent to 
pressures of 1 GPa. Equilibrium batch melting of whole rock trace elements has shown that 
assimilation of likely Lewisian gneiss is needed to account Sr, Ba, Rb, Nb and Zr enrichments. Mantle 
potential temperatures (◦C) and pressures of partial melting were estimated using the 
geothermobarometer from [4]. Preliminary results indicate potential mantle melting temperatures of 
1202-1346°C and pressures between 1.09 and 1.70 GPa, consistent with the MELTS calculations. 
 
Stratigraphically ordered Rare Earth Element (REE) trends show a repeating pattern of depletion and 
enrichment over time throughout the sequence. Most notably is a section of flows at the top of the 
sequence with a clear transition from a depleted N-MORB basalt, progressively enriching (E-MORB) 
and returning to N-MORB. This, coupled with modelling of the intrinsic conditions, suggest cyclic fertile 
mantle-generated pulses mixing with the N-MORB basalt, with crustal assimilation of the lower crust 
when the magma is ascending or ponded. 
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Melt Thermo-barometry of Arc Magma Sources using Machine Learning 
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___________________________________________________________________________ 
 
Determining the pressure (P) and temperature (T) of magma sources is critical for a wide range of 
problems in volcanology and petrology. However, large uncertainties involved in thermo-barometry 
limit the usefulness of many models to resolve the structure of crustal magmatic systems. 
Nevertheless, two recent conceptual and methodological advances in thermo-barometry offer a 
promising perspective for improvement. 1) Melts percolating though crystal mush may be chemically 
buffered by the volumetrically dominant mush mineralogy, which in convergent margin settings is 
typically comprised of clinopyroxene-hornblende-orthopyroxene-magnetite-plagioclase-ilmenite 
(CHOMPI) assemblages. In turn, near-liquidus multiple saturation experiments may be inverted to 
recover the launch depth of erupted melts that have been extracted from CHOMPI mushes [1]. 2) 
Machine Learning methods can capture non-linear relationships in data and have been shown to 
perform well in challenging cases that require specific calibrations in conventional linear regression 
models [2]. We explore a combination of these approaches and test the generalisability of melt 
thermo-barometry models. 
 
To calibrate the melt thermo-barometer, we compiled 85 near-liquidus CHOMPI saturated melts from 
published experimental data and selected 243 experimental melts that were not multiply saturated at 
near-liquidus conditions to assess the sensitivity of the multiple saturation approach. The experimental 
liquids represent arc magmas within the temperature range 700 to 1140°C, pressures of 0.9 to 13 kbar, 
molar XH2O of 0.1 to 1, and span silica contents between 48 and 79 wt.%.  To predict P-T conditions of 
magma sources from the major element chemistry of melts, we built a random forest algorithm, a 
Machine Learning method that can be used for regression and classification tasks and is based on an 
ensemble of re-sampled hierarchical flowcharts (decision trees) to minimize group heterogeneity. 
Errors in P-T calculations were assessed by randomly splitting the experimental dataset into calibration 
and test sets in a ratio of 80:20. Using CHOMPI experiments, pressures can be recovered with root-
mean-square error (RMSE) of 1 kbar on calibration data and 2.3 kbar on testing data. Temperature 
errors are on the order of 25°C for the test set not used in the calibration. Classifying experiments into 
CHOMPI and non-CHOMPI liquids, also considering experimental P-T-XH2O, reveals a low true positive 
rate that hints towards a more general applicability of melt composition to recover P-T conditions. This 
is supported by comparable errors of 30°C and 1.9 kbar on test data, when the algorithm is calibrated 
on the full experimental data set (n=328).  
 
We will present applications of the newly developed melt thermo-barometric model to various natural 

datasets and compare the results to geophysical tomography of crustal magmatic systems. Our study 

demonstrates the large potential of using liquid compositions and machine learning methods in 

thermo-barometric reconstructions.  
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___________________________________________________________________________ 
Campi Flegrei, Italy, is one of the most populated caldera volcanoes on Earth and a detailed 
understanding of its sub-volcanic magma system and pre-eruptive processes is essential for effective 
hazard mitigation. Of particular interest are the depths and timescales of magma storage, as these can 
inform the interpretation of volcano monitoring data at the Earth’s surface, feeding into civil 
protection efforts. The most recent 1538 CE Monte Nuovo eruption was preceded by ~36 years of 
precursory activity at the Earth’s surface, characterised by persistent uplift and frequent seismicity, 
and recorded in historical chronicles [1]. Here, we place new constraints on the depths of magma 
storage and timescales of magma recharge preceding the Monte Nuovo eruption through state-of-the-
art petrological analysis of clinopyroxene crystals in the eruption deposits. 

Through backscattered electron imaging (BSE) of >200 erupted crystals, we have identified 
four texturally distinct clinopyroxene populations in Monte Nuovo deposits, each with a range 
characteristic zoning pattern. We characterised the full compositional diversity of these crystals by 
electron microprobe analysis (EPMA), before inputting these data into the python package Thermobar 
[2] to find equilibrium matches with published whole-rock and glass data and determine the pressures 
and temperatures of clinopyroxene crystallisation using the thermobarometers of Masotta et al. [3]. 
The compositional zoning preserved in the Monte Nuovo clinopyroxenes is consistent with an open 
magmatic system where mafic and felsic magma periodically mix. Our barometric modelling suggests 
that all the erupted clinopyroxene crystals formed at temperatures and pressures averaging ~987°C 
and ~2.5kbar. These depths correlate with a deep magma storage region at ~10 km inferred from 
Campi Flegrei seismic tomography [4] but do not record shallower crystallisation at the depth of recent 
bradyseismicity. Hence, our data agrees with previous studies which suggest that recent Campi Flegrei 
eruptions are fed by magmas ascending directly from the mid–lower crust with little or no shallow 
storage [5]. 

We extracted compositional profiles across the outermost rim zones in our clinopyroxene 
crystals using a novel ED-SEM method. These boundaries indicate the final transfer of the crystals from 
one magmatic environment to another prior to eruption, and we interpret them as recording recharge 
of the deep magma storage region. We modelled Mg-Fe diffusion across this zone boundary [6] and 
found that crystals typically record the onset of recharge ~36 years before eruption. This correlates 
with the onset of pre-eruptive uplift (within error) recorded in historical chronicles [1]. By placing 
geological constraints on the source of observed pre-eruptive uplift at Campi Flegrei, our data 
facilitates improved interpretation of volcano monitoring data at one of the world’s most hazardous 
volcanoes. 
References: 
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___________________________________________________________________________ 
 
The oldest preserved continental crust dates to the Eoarchaean and Palaeoarchaean (4.0-3.5 Ga) and 

is principally formed of a tonalite-trondhjemite-granodiorite (TTG) suite. However, the generation of 

these ancient TTG’s is still debated, with many studies suggesting intraplate (e.g., crustal resurfacing 

and overturn etc.) processes. Therefore, it would be advantageous if a modern analogue can be used 

to test an intraplate mechanism for forming early Earth TTG’s.  

With an approximately 30km thick basaltic crust, lack of active subduction zones and containing 

silicic intrusions, Iceland is a modern analogue to determine whether a subduction-free mechanism 

of TTG formation is viable on the early Earth. Here, we focus on the Slaufrudalur Pluton which is 

located in South-East Iceland and is the largest intrusive granitoid body within the thick basaltic 

Icelandic crust. Samples were collected from the pluton and roof contact, with XRF analysis 

undertaken to determine major and trace elements. The Slaufrudalur pluton was determined to be 

composed of granite, with only one localised trondhjemite.  

Using the geochemical data alongside mass balance partial melt models, it was determined that the 

Slaufrudalur rocks do not have TTG compositions but they can be formed by partial melting of the 

basaltic country rock. Our results suggest that ancient TTG’s may not be generated in a subduction-

free setting.  
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Volcanic deformation and the long-term evolution of magmatic systems  
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___________________________________________________________________________ 

Both volcanic deformation and eruption are driven by the inner pressure of the magmatic system. 

Volcanic deformation, which is a significant measurable phenomenon and reflects the pressure 

changes in the magma system inside a volcano, is crucial for understanding and forecasting volcano 

eruptions. The response of the magma system to newly injected magma depends on the structure and 

rheology of the magma system itself. But there is no single model that can be used to explain the all 

deformation of magmatic systems that has been observed[1].  

 
Over the past 20 years, the application of satellite technology has greatly improved traditional surface-

based geodetic methods due to its continuity and high resolution. There are numerous satellites 

currently available for InSAR measurements which generate high-resolution surface displacement 

maps by comparing the phases of successive radar images[2]. The number of volcanoes that have been 

observed to be deforming has grown from 44 in 1997 to more than 300 today[1]. However, most 

studies still focus on a single short-lived satellite system and geodetic surveys based on multiple 

satellites and long-time periods remain rare[3, 4].  

 

This study hypothesizes that the volcanic deformation pattern depends on the different magma 

systems at different volcanoes. We aim to find the connection between deformation (uplift and 

volume change) and long-term evolution of large calderas by comparing the magmatic systems, 

including historical activity, deformation, seismicity and magma storage. Two well-studied large 

caldera systems were chosen as the test volcanoes, Santorini in Greece and Laguna del Maule in Chile. 

Both these calderas have similar characteristics, with ~4-5 km-depth shallow chambers and similar 

erupted materials (rhyolite-dacite). However, Santorini experienced a short (~18 months) pulse of 

uplift after its long-term dormancy of 60 years whereas Laguna del Maule has been continuous 

uplifting for more than 10 years (since 2008)[3, 5, 6, 7]. In addition, seismic, petrologic and 

geochronological information suggests that the source of deformation at Laguna del Maule is a large 

(~450 km3), low-melt fraction (~5%) body [8], but Santorini’s source is smaller (35±8 km3), with a higher 

melt fraction (~4-13%)[9].  
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Beyond the Campanian Ignimbrite: The 133 ka eruptive history of Neapolitan 


volcanoes from the Lago Grande di Monticchio high resolution distal tephra 


record 


Azevedo V.1, Wulf S.2 and Tomlinson E.L.1  
 
1Department of Geology, Trinity College Dublin, Ireland azevedov@tcd.ie 
2School of the Environment, Geography and Geosciences, University of Portsmouth, UK  


___________________________________________________________________________ 
 
The Campanian Ignimbrite eruption from the Campi Flegrei, southern Italy, was the most explosive 
eruption in southern Europe during the last 200,000 years [1]. Its impact and volcanic ash (tephra) 
distribution are well studied throughout the region, especially near the source of the eruption. The 
knowledge of the eruptive activity before this eruption came about, however, is still fragmental mainly 
due to the scarcity of preserved deposits in the near-vent area, especially the less evolved and 
explosive eruptions. Here we use the distal, annually laminated sediment record of Lago Grande di 
Monticchio (MON), southern Italy, to chemically characterise tephra from the Campi Flegrei and Ischia 
for the last 133 ka [2]. Major- and trace-element glass compositions of visible tephra layers were used 
to determine compositional-frequency trends in between, immediately before and after caldera-
forming eruptions at the Campi Flegrei. In addition, we find that across the 133 ka volcanic history 
recorded at MON, the magmatic composition of the Campi Flegrei shifted several times between two 
distinct compositional groups, which are very similar to the Campanian Ignimbrite (G1) and Neapolitan 
Yellow Tuff (G2) compositional ranges [3]. A transitional group, sitting between G1 and G2 is also 
recorded, suggesting a continuous or mixing trend between these groups at certain periods. The distal 
tephra record also allows for a comparison of compositional-frequency trends of different volcanic 
sources. We show that similar magmatic compositional groups have been erupted at Ischia since the 
Monte Epomeo Green Tuff at 56 ka. Our results demonstrate the high potential of well-dated and high-
resolution distal tephra records for a more detailed understanding of caldera cycles, long term 
magmatic evolution and regional volcanic linkages. 
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Accurate tephrostratigraphic reconstructions reveal the magnitude, frequency and dispersal of past 
eruptions and can also provide insight into how magmatic systems change over time. The Campanian 
Volcanic Zone (CVZ) comprises of multiple active volcanoes and includes the Campi Flegrei and Ischia 
calderas. These caldera volcanoes have produced some of the largest eruptions in the past 200 ka, 
such as the Monte Epomeo Green Tuff (MEGT; Ischia) at ca. 56 ka and the Campanian Ignimbrite (CI; 
Campi Flegrei) at ca. 40 ka and these deposits form widespread isochrons traced across the 
Mediterranean region. These closely spaced volcanic centres produce glass compositions that are 
often similar, and it can be challenging to correlate the deposits to specific volcanic sources.  
 
Here we present a detailed tephrostratigraphy for Pre-CI eruption activity using the units preserved 
within a sequence at Acquamorta. The Acquamorta outcrop is located on the west side of the CI caldera 
ring fault and is a wide exposure along a sea cliff. Previous researchers noted the preservation of 
numerous pyroclastic units beneath the CI, likely deriving from multiple CVP sources. Both the 
distinctive, and well-dated, MEGT and CI units are recognised in the section and various eruption units 
were logged and sampled between these two marker beds. 
 
We have acquired new major and trace glass chemistry data to characterise these units between 40 
and 56 ka at Acquamorta. The detailed compositional data allow tephra from Campi Flegrei and Ischia 
to be identified and distinguished. Three Ischia and nine Campi Flegrei eruption deposits were 
identified, highlighting the intense volcanic activity of these centres between the large caldera-forming 
eruptions. The three Ischia layers between the MEGT and the CI are indistinguishable on both major 
and trace element data and cannot be correlated with known eruptions. The compositional variations 
between the Campi Flegrei eruptions reveal temporal changes in the magmatic system prior to the CI 
eruption. Ultimately, this study demonstrates the high frequency of volcanism in the lead up to the CI 
with numerous eruptions from both Campi Flegrei and Ischia within thousands of years of the 
enormous caldera generating eruptions. 
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___________________________________________________________________________ 
 
Volcanic debris avalanches (VDAs) result from catastrophic edifice flank collapses. Their long runouts 
and destructive potential pose a great hazard, while on ocean island volcanoes they also have the 
potential to generate catastrophic tsunamis. However, the mechanisms enabling their extreme 
mobility remain poorly constrained due to the difficulty of theoretical models to interpret and 
represent field observations. 
 
Detailed study of VDA deposits can provide information regarding their propagation processes. In this 
study, two VDA deposits in the Canary Islands are examined: Tenteniguada (Gran Canaria), and Abona 
(Tenerife). Fieldwork examined their facies distribution and sedimentology. 3D models of outcrops and 
sample windows were generated using structure-from-motion photogrammetry to quantify 
sedimentological properties. The data allow for assessment of the effects of material properties, 
substrate, and VDA dynamics, allowing the development of conceptual models for the transport and 
emplacement mechanisms of the events.  


Tenteniguada is principally composed of competent lava lithologies. Disaggregation is low, with 
widespread preservation of the original stratigraphy, although displaced by brittle deformation. The 
deposit is the result of propagation by normal fault-accommodated spreading. In contrast, the majority 
of the Abona deposit is composed of weak pyroclastic products. It exhibits high disaggregation and 
microfracturing, which generated a granular flow and enabled fluidised spreading with distributed 
shear. The Abona deposit supports the theory that VDAs can behave as granular flows with interacting 
particles exchanging and dissipating energy. The presence of weak volcanic material, like vesicular 
scoria, constitutes the mass more easily fragmented, enhancing its disaggregation and enabling a more 
granular flow-like behaviours compared to VDA and non-volcanic rock avalanches composed of more 
competent material. 
 
These findings suggest that the propagation processes and stress distribution was different in the two 
events. This is principally related to the difference in material properties. The findings demonstrate 
how field examination of sedimentological, morphological, and structural features is fundamental in 
understanding VDA dynamics. 
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___________________________________________________________________________ 
 
Aso (southwestern Japan) is one of the largest active volcanoes in the world, with a caldera that was 


formed and modified by a series of at least four catastrophic VEI 6 – 7 eruptions between ca. 270 to 


87 ka. These caldera-forming events produced widespread ash deposits blanketing Japan and the 


surrounding seas, with the final Aso-4 event generating pyroclastic density currents that can be 


mapped over 160 km from source. Between these cycles, and to the current day, Aso is known to have 


remained very active [1], but the frequency and dispersal of these events are poorly constrained. This 


is unsurprising since the proximal exposures are limited and the numerous cataclysmic events have 


destroyed and buried older deposits. Here, we highlight the critical role that distal records play in 


evaluating the eruptive history and hazard potential of Aso caldera. We review the known distal 


occurrences of tephra deposits erupted from Aso, integrating new data from lake and marine 


sedimentary records across the East Asian/Pacific region. This detailed tephrostratigraphic framework 


highlights inconsistencies in tephra correlations and suggests large magnitude events were more 


frequent and widely-dispersed than previously anticipated. To further supplement this record, we use 


high-resolution sedimentary cores to identify non-visible ash (cryptotephra) deposits erupted from 


Aso, which provide new insight into the timing and dispersal of both pre- and post- caldera-forming 


events. The precisely dated Lake Suigetsu sediment core (central Japan) provides the most 


comprehensive distal eruption record for Aso, despite being over 530 km NE from the vent. The 


Suigetsu record is utilised to date and geochemically fingerprint (using major, minor and trace element 


glass compositions) thirteen ash fall events from Aso that reached the now densely populated regions 


of central Honshu [2]. This work serves as a critical reminder that even in volcanic regions that are 


intensely studied, numerous large Quaternary explosive events remain poorly understood and many 


are undocumented. Unravelling the past eruptive history, repose intervals and magmatic 


characteristics is essential for calderas like Aso which pose a significant threat for populated regions.  
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___________________________________________________________________________ 
 
The Danakil depression in the Afar region of Ethiopia is a proto-oceanic rift, marking the change from 
subaerial continental rifting to seafloor spreading further north in the Red Sea. Extension and 
volcanism in this incipient spreading centre is localised to the ~70-km-long, 20-km-wide active Erta Ale 
volcanic segment (EAVS), with multiple volcanic centres comprising fissures, shield volcanoes and 
stratovolcanoes. This study uses three volcanoes within the EAVS (Alu, Dalafilla and Borale) to better 
understand how the characteristics of volcanism change during progressive rifting.  
 
We present our combined results from mapping (using remote sensing), major element, trace element 
and isotopic analysis of the three volcanoes. We show the new high-resolution map and chronology 
illustrating how volcanism can be split up into 4 main stages of activity, each with their own 
compositional and morphological characteristics. Trace element ratios Ce/Pb and ΔNb are both 
elevated (33-44, 0.25-0.38 respectively) throughout all four stages indicating the consistent presence 
of a HIMU component, potentially supplied by the Afar plume, which is supported by Pb-Nd-Sr isotopic 
values.  
 
Melting conditions (estimated through [Sm/Yb]PM, [Dy/Yb]PM and [Ce/Sm]PM) were relatively stable 
over the duration of activity with a melt fraction of ~0.8% and primarily derived from spinel lherzolite 
(~90 %) with minor garnet lherzolite (~10 %). However, one stage within the EAVS evolution 
experienced a slightly higher degree of melting (~1 %) derived primarily from the spinel lherzolite 
facies. These variations in melting conditions shows that the EAVS has experienced periods of both 
shallow and deeper melting during its evolution. Overall whilst the Afar plume appears to be the 
dominant mantle component in the volcanic rocks, the melt characteristics and storage beneath the 
EAVS shows variability controlled by both rifting and subvolcanic processes. 
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___________________________________________________________________________ 


Nabro Volcano, Eritrea, erupted for the first time in recorded history on 12th June 2011. The eruption 


was notable for being the largest emitter of SO2 since the 1991 eruption of Mt. Pinatubo and a rare 


example of eruption in this part of East Africa, causing widespread disruption to the local population 


[1]. 


To understand this eruption in more detail, an array of broadband seismometers were deployed at the 


volcano for 14 months between August 2011 and October 2012. The data gathered give us the 


opportunity to observe how the volcano responds in the aftermath of such a significant event. In this 


study, we exploit the properties of the ambient seismic field to monitor temporal changes in seismic 


velocity as the volcano recovers post-eruption. We cross-correlate the vertical component of daily 


ambient noise recordings on each array station for a period of one year between October 2011 to 


October 2012 to estimate the empirical Greens Function. We perform coda-wave interferometry using 


the Moving Window Cross-Spectrum method to identify relative travel-time changes. 


We observe a general trend of increasing seismic velocity, consistent with structure cooling following 


the 2011 eruption. A sudden and pronounced decrease in mean relative velocity of 0.4 percentage 


points is seen on July 1 2012. We compare the time series of relative velocity with a recent catalogue 


of 33,950 seismic events from the same network derived from machine learning [2]. 


We note that the velocity decrease on 1 July 2012 is coincident with a noteable swarm of 395 seismic 


events on the same day, the highest daily rate observed in the catalogue. The earthquake sequence 


begins with the largest magnitude (Mw 4.4) event seen. The velocity reduction is strongest in station 


pairs located closest to the cluster of seismic events at this time, suggesting the earthquake sequence 


and velocity reduction are linked. We suggest this is indicative of a change in structure, possibly 


through sill intrusion or fluid movement along a fault, in this location. 
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___________________________________________________________________________ 


 
Volcanic deposits record clues about physical processes that prime, drive, and ultimately halt 
eruptions, but they typically lack the absolute temporal control needed to link observations to precise 
physical reconstructions. With the benefit of high temporal resolution (near daily) sampling, here we 
report lava compositional trends reveal the physical processes that initiated, sustained, and ultimately 
stopped the 2021 Tajogaite eruption (Cumbre Vieja, La Palma, Canary Islands).  


Volcanic eruption style is controlled by magma composition and plumbing system dynamics 
[1] and magmatic sources, processes and timescales are recorded by melts and crystal cargoes [2]. 
Thus, volcanic deposits archive magmatic system evolution as well as eruption behavior [3]. Petrology 
can read such records and access entire volcanic histories that underpin the construction of hazard 
profiles. By contrast, geophysical and gas-geochemical techniques cannot, yet these are the disciplines 
that currently form the mainstay of live volcanic system monitoring because they provide continuous 
data that in turn allows hazard evaluation in real-time. The ability to forecast specific eruption 
behavior, however, requires comparison between empirical records of past eruptions and live 
monitoring. Hence, integration of knowledge across traditional borders within volcanology is required. 
This new level of interdependent understanding must be based initially upon independent 
reconstructions of the same eruptions, for which few examples exist [4–8]. 


We identify three principal temporal stages in the Tajogaite eruption marked by transitions in 
co-varying element and elemental ratio trends which are tied to mineralogical controls confirmed by 
petrological analysis. The trends reveal shallow magma was over-pressured and opened a conduit to 
the surface - Stage 1. After one week, the eruption began to tap progressively deeper, more primitive 
magmatic system regions with evacuation continuing for 2 months – Stage 2. Crystal mush compaction 
during late-stage magma system collapse – Stage 3 - heralded the end of the eruption 2 weeks later. 
Remarkable synchronicity is observed between the lava composition and crystal cargo, and earthquake 
depth and frequency through time. Reconstructing magma plumbing system dynamics using petrology 
advances volcanic system modeling with integration of all monitoring data will support syn-eruptive 
crisis management and policy development. 
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___________________________________________________________________________ 
 
Seismic data are a valuable proxy for understanding volcanic hazards and unrest, forecasting volcanic 
eruptions, and monitoring edifice stability. Here, we report new data linking 3D microstructural 
features of the damage zones in volcanic rocks to a range of seismic attributes. We focus on two types 
of seismic response. Firstly, Volcano-Tectonic (VT) events, which are driven primarily by brittle 
fracture. Secondly, Long-Period (LP) harmonic tremor events, which are associated with rapid fluid 
flow [1 - 6]. The proportional prevalence and variation of these two signal types have been shown to 
indicate the presence of pore fluids in the system [1; 2; 5; 6]. 
 
Seismic signals have been generated under constrained triaxial deformation experiments, producing 
Acoustic Emissions (AE). Here, cylindrical samples of Etna Basalt (EB), comprising a central pre-drilled 
conduit, were subjected to brittle failure through triaxial deformation. After failure, pore fluids were 
vented across a range of pore pressures to generate LP events. Pre-existing AE data from a series of 22 
such experiments conducted by Fazio [4] have been selected for X-Ray Computed Tomography (XCT). 
This method reveals the 3D fracture damage zone within each sample of EB, which, when 
superimposed onto the source locations of the AE signals, reveals the interaction between the fracture 
damage zone and the evolution of the AE signals at resolutions beyond that obtained using AE locations 
alone. Early results suggest that LP signals are co-located with areas of high shear damage, particularly 
at the intersection of the conduit and fracture plane. Additional detail will be supported by follow-up 
thin sections and SEM data to better understand the extent of the damage subjected to the 
microstructure of each sample. Although the pre-existing dataset has been limited to XCT scans of the 
early post-deformation samples, both pre- and post-deformation scans will be conducted for a new 
(future) sample set using an updated AE sensor array. 
 
Finally, XCT and AE data will be used jointly as input to a future attenuation/scattering model to better 
interpret crack resonance in volcanoes and the wider area, such as volcanic caldera systems [3]. This 
will include comparison between X-Ray CT, and seismic source modelling output [2; 5; 6]. This will 
provide further insight into laboratory-scale AE signals and how to scale these data to help better 
understand the physics of macro-scale volcanic earthquakes. Ultimately, we hope to compare real, 
laboratory fracture patterns of volcanic material and AE response to the field seismic sequences 
observed on active volcanoes. Thus, an opportunity to infer deep structure, such as volcanic plumbing 
systems and deep fluid-rock processes, will be made possible via computational modelling. 
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___________________________________________________________________________ 
 
The 2021 eruption of La Soufrière volcano on St Vincent in the Eastern Caribbean emitted large plumes 
of ash and gas into the atmosphere. These have been studied with two satellite instruments: the 
Infrared Atmospheric Sounding Interferometer (IASI) onboard the three MetOp satellites, and the 
Advanced Baseline Imager (ABI) on the Geostationary Operational Environmental Satellite (GOES). 
Using the 1-10 minute temporal resolution of the ABI instrument, it was possible to identify the 
approximate start and end times of a sequence of eruptions. A minimum of 32 explosive events were 
identified in a thirteen-day period. Using the ABI data, it was possible to characterise these events into 
four phases: (1) an initial explosive eruption; (2) a sustained explosive eruption lasting over nine hours; 
(3) a pulsatory phase with 23 explosive events in a 54-hour period; (4) a waning stage where the height 
of ash plume is shown to fall. Over the final two phases, the duration of each event and the repose 
time between events increase towards the end of the 2021 eruption.  
 
The IASI instrument has sensitivity to sulphur dioxide (SO2) emissions from volcanoes. Two retrievals 
for the IASI instrument were applied in this study, firstly to identify the pixels which contain SO2 and 
then to quantify the amount of SO2 and the plume height. Using these retrievals, it is possible to track 
the SO2 plumes as they evolve and are transported around the globe. The retrieval results show a 
complex plume structure that is likely a result of the multiple explosive events. The retrieval outputs 
show that there were multiple layers to the plume but that the bulk of the SO2 was emitted to the 
upper troposphere and lower stratosphere. Using the IASI SO2 retrieval, it is estimated that a total of 
0.57±0.44 Tg was emitted during the multi-day eruption. Although given limitations associated with 
the instrument and technique used (e.g., presence of ash, limited sensitivity to lower level emissions) 
this should be considered a minimum estimate.  
 
The study highlights a number of similarities between the 1979 and 2021 eruptions of La Soufrière. For 


example, both eruptions consisted of a series of explosive eruptions and both emitted plumes at 


varying heights, including some emission into the stratosphere. This highlights the importance of 


studying these events in order to be better prepared for future eruptions.  
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Fagradalsfjall volcano, Iceland, underwent an effusive eruption between March – September 2021, 


producing over 100 million m3 of lava and significant SO2 emissions [1]. The eruption progressed 


through several distinct phases in eruptive style, with different surface activity and gas emission 


behaviour for each. Fagradalsfjall is situated on the Reykjanes Peninsula, home to 70% of Iceland’s 


population (including the capital city Reykjavík), the Svartsengi and Reykjanes geothermal power 


plants and Keflavík international airport [2]. This means that eruptions on the peninsula have the 


potential to cause huge disruption to the local infrastructure, so timely and accurate monitoring of 


eruptions is key. 


Monitoring volcanic gas emissions is a key part of eruption response as they reflect the state 


of the magmatic system, allowing volcanic processes to be better understood and aiding in forecasting 


future changes in volcanic activity [3]. Volcanic emissions can also be dangerous to human health due 


to the degradation of local or regional air quality [4], however modelling the dispersal of volcanic gases 


requires estimates of the plume injection altitude and emission rate, which are difficult to determine 


in near real-time. 


Historically, it has been less common to use satellite sensors to monitor gas emissions from 


smaller effusive eruptions as the (typically) low altitude, low gas concentration, and small extent of the 


plumes makes such measurements difficult [5]. However, recent advances in satellite instrumentation 


and analysis routines are opening the door to global monitoring of weaker effusive gas emissions [6]. 


Satellites also provide continuous daily (or better) measurements, making them useful for monitoring 


ongoing activity and capturing any changes in activity to support ground-based monitoring 


observations. 


We will present observations of the volcanic SO2 emissions throughout the eruption of 


Fagradalsfjall, calculated by combining satellite SO2 imagery from TROPOMI [6] with the PlumeTraj 


back-trajectory analysis toolkit [7] to provide daily estimates of the time- and altitude-resolved SO2 


emission history. We will compare the results with ground-based measurements of the emission rate 


and plume altitude, as well as the lava emission rate and geochemistry throughout the eruption and 


discuss the relationship of the observed SO2 emissions to the surface activity at the volcano. Finally, 


we will provide an outlook for future near real-time monitoring of volcanic gas emissions from satellite 


platforms globally. 
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___________________________________________________________________________ 
 
Satellites systematically acquire imagery that can be used for volcano monitoring, characterising 
magmatic systems and potentially forecasting eruptions on a global scale. However, exploiting the 
large dataset is limited by the need for manual processing and inspection, meaning timely 
dissemination of information is challenging. Here we show the results of the first large-scale 
demonstration of machine learning for the detection of volcanic deformation in Sentinel-1 satellite 
imagery, using a dataset of ~600,000 automatically processed interferograms covering >1000 
volcanoes from 2015-2020 [1]. Of the 16 volcanoes flagged most often, 5 experienced eruptions, 6 
showed slow deformation, 2 had non-volcanic deformation and 3 had atmospheric artefacts. The 
detection threshold for the whole dataset is 5.9 cm, equivalent to a rate of 1.2 cm/yr over the 5 year 
study period. We then focus on a more detailed regional analysis of the East African Rift where 
deformation has been detected at 14 volcanoes during the Sentinel-1 era [2]. The expanding dataset 
of systematically acquired, processed and flagged images will enable the quantitative analysis of 
volcanic monitoring signals on an unprecedented scale, but tailored processing will be needed for 
routine monitoring applications. 
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The 1783 Laki eruption in Iceland is one of the largest eruptions of the Common Era and is estimated 


to have injected 100-200 MT of sulfate into the atmosphere as well as 15 km3 of tephra. Various climate 


anomalies coincide with this eruption, including and an exceptionally hot summer, and cold winter in 


Europe and various reports of persistent "dry fog” over Western Europe and even North Africa. 


However, key uncertainties remain about the timing and duration of this event and whether these 


northern hemisphere climate impacts were directly linked to Laki. 


To better understand the timing and climatic impact of Laki we analysed an exceptionally high time 


resolution record of a key Greenland ice core (NGRIP, which gives us ~10 samples/year). Here we 


present new glaciochemical and sulfur isotope records for this event. These analyses can provide 


detailed information about the eruption timing, injection height and plume chemistry.  


The Laki event is marked by increased S, Cl and volatile metals (e.g., Cd, Bi, Tl) with concentrations 8-


10 times above background. Variations in these parameters between ice cores are observed and reflect 


variations in location, accumulation rate and the initial timing of deposition. Records of S, Cl, Na 


concentration allow us to constrain the duration of the event in ice core to ~ 8-12 months, with the 


beginning of deposition closely coinciding onset of the eruption. However, the duration of deposition 


is longer than the duration of the eruption (80 % of total sulfate release after only 2 months), this 


difference can be explained by a difference of residence time between a tropospheric and low 


stratospheric sulfur emissions. Sulfur isotopic results for δ34S shows a positive trend from -6 ‰ to 4 ‰ 


through the eruption Δ33S shows a similar positive trend with values from -0.13‰ to 0.16 ‰ indicating 


a dominant tropospheric/lower stratosphere transport pathway. We interpret this small but 


measurable Δ33S trend as evidence for a SO2 self-shielding effect and/or a very minor stratospheric S 


emission. 


'The high resolution glaciochemical records confirm that the Laki plume had a relatively short residence 


time of 8 months to 1 year (far shorter than low latitude stratospheric eruptions, e.g. Tambora, 


Pinatubo). In addition, sulphur isotope analyses confirmed that the Laki eruption was mainly 


tropospheric with a small portion of the plume reaching the low stratosphere. Our ice core proxy 


evidence suggests a limited north hemisphere climate impact consistent with recent modelling efforts 


that also suggest Laki eruption would have had little or no direct impact on the climate of the year 


1783-1784.  
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___________________________________________________________________________ 
 
On 15th Jan 2022 the mostly-submerged Hunga Tonga-Hunga Ha’Apai (HT-HH) volcano erupted, 


representing the largest eruption on our planet in more than a hundred years. This unexpectedly 


powerful eruption came with little warning for the Kingdom of Tonga and created atmospheric 


pressure waves that travelled three times around the world, tsunamis that reached South America, 


and resulted in extensive damage to the only subsea telecommunication cable that connected the 


Kingdom of Tonga to the rest of the world at a critical time for disaster response. Here we present 


unique and high-resolution survey data acquired prior to (in 2015) and three months after the eruption 


that document the seafloor impact of this major eruption and explain the extensive damage that 


affected both international and domestic cables. We show how powerful pyroclastic flows plunged 


into the ocean during the main eruption, scouring deep channels close to the volcano, blanketing the 


seafloor with deposits up to tens of metres thick at a distance of 10s-100 km from the volcano, and 


causing widespread damage to the surface-laid cables. The timing of cable breaks provide the first 


constraint to the velocities of submarine pyroclastic flows anywhere on Earth. We infer that these 


flows travelled at remarkable speeds: up to 100 km/hour close to the volcano; decelerating to 40 


km/hour at a distance of 40 km away. Hunga Tunga-Hunga Ha’apai is far from unique, however, and 


there are numerous similar volcanoes both in the Tofua Arc and globally. Most are poorly surveyed 


and unmonitored; hence the risk they pose both to island communities and subsea cables remains 


unclear. Finally, we highlight other instances of seafloor cable damage attributed to volcanic activity 


worldwide, and ongoing research that aims to better understand the controls, frequency, magnitude 


of submerged volcanic eruptions and the risk they pose to subsea cables.  


 


  



mailto:m.clare@noc.ac.uk





RETURN TO PROGRAMME  
Session 3: Hazard, Risk and the Environment       Oral Presentations 


 


Volcanic and Magmatic Studies Group 2023 Meeting – Programme and Abstracts  


29 


Timing, sulfur loading, and climatic impact of the Los Chocoyos supereruption 
from polar ice cores 
  
Innes H.1, Hutchison W.1, Crick L.1, Davies S.2, Kutterolf S.3, Rae J.W.B.1, Severi, M.4, Sigl M.5, 
Sparks R.S.J.6, Svensson A.7, Wolff E. W.8, and Burke A.1  
 
1 School of Earth and Environmental Sciences, University of St Andrews, St Andrews, KY16 9AL, UK 
2 Department of Geography, Swansea University, Singleton Park, Swansea, SA2 8PP, UK 
3 GEOMAR Helmholtz Centre for Ocean Research Kiel, 2148, Kiel, Germany 
4 Department of Chemistry, University of Florence, 50019 Florence, Italy  
5 Department of Climate and Environment Physics, University of Bern, 3012 Bern, Switzerland 
6 School of Earth Science, University of Bristol, Queens Road, Bristol, BS8 1RJ, UK 
7 Physics of Ice, Climate and Earth, Niels Bohr Institute, University of Copenhagen, 2100 Denmark 
8 Department of Earth Sciences, University of Cambridge, Cambridge, CB2 3EQ, UK  


___________________________________________________________________________ 


 
The Los Chocoyos supereruption (LCY) of Atitlán Caldera in Guatemala is one of the largest volcanic 


events of the last 100,000 years. Recent radiometric age estimates for LCY of 75 ± 2 ka (1σ) [1] are 


within age uncertainty of the Younger Toba Tuff eruption (YTT) (73.7 ± 0.3 ka (1σ) [2]), leading to a 


hypothesised ‘doublet-supereruption’ at the onset of Greenland Stadial 20 [3,4] (GS-20; 74.1 ka [5]). 


This theory has implications for what we perceive the role of supereruptions to be in millennial-scale 


climate shifts, and it is therefore key we understand their eruptive parameters to anticipate climate 


response. 


 


Identification and geochemical analysis of tephra shards associated with volcanic aerosol peaks in 


polar ice cores can robustly tie the deposit to an eruptive source, allowing estimation of 


stratospheric sulfur loading, and providing an independent, well resolved eruption age estimate. We 


applied this method to a large aerosol peak found in both Greenland and Antarctic ice at 79.5 ± 1.7 


ka (1σ) (AICC12; Antarctic Ice Core Chronology 2012). We found 6 tephra shards which are consistent 


with LCY major oxide geochemistry, 4 in Greenland and 2 in Antarctica. The high temporal resolution 


of our analysis in Greenland has revealed two distinct deposits of shards with LCY signatures, 


separated by an interval of ca. 16 years. This suggests LCY may have consisted of multiple eruptive 


pulses with minor variation in geochemistry that are consistent with observations in proximal 


deposits. 


 


Our ice core age for LCY of 79.5 ka rules out back-to-back supereruptions at the transition to GS-20. 


Although ice core calculated total sulfur loading for LCY is consistent with decadal scale cooling, 


hypothesised episodic behaviour spanning several years may have been significant in limiting the 


scale of climate response observed following the eruption.  
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___________________________________________________________________________ 
 
Volcanic eruptions can damage or destroy surrounding forest, with the potential to alter its 
characteristics in the long term. The impact of eruptions on forest has not been systematically studied 
with satellite data, although individual studies have demonstrated that explosive eruptions in 
particular produce an impact measureable from satellites. The impact of an eruption and the rate of 
forest recovery both depend on eruption characteristics, such as temperature, volume and spatial 
distribution of ejected material, as well as the ecological setting. Here, we explore the use of radar and 
optical satellite data, primarily Sentinel-1 and Sentinel-2, to study the forest impact and recovery 
following two volcanic eruptions: the 2015 eruption of Calbuco volcano and the 2008 eruption of 
Chaiten volcano. 
 
The nature of damage to vegetation caused by a volcanic eruption depends on the eruption style, 
magnitude and duration. Large explosive eruptions cause intense damage in the near-field through 
mechanisms including pyroclastic density currents and lahars, while more extensive but less 
destructive impacts are caused by distal tephra fall deposits. The most recent eruptions of Calbuco and 
Chaiten provide examples of such processes. The 2015 eruption of Calbuco started on the 22nd of April 
and consisted of three explosive episodes between the 22nd and 23rd of April producing large buoyant 
ash plumes, pyroclastic flows and lahars. These damaged the temperate broadleaf forests around 
Calbuco up to 15 km away from the eruption centre. We use Sentinel-1, Sentinel-2 and Landsat 8 
imagery that spans the eruption onset and recovery period to identify the satellite signature of forest 
damage and how this signature changes with time. The 2008 eruption of Chaiten began in May and 
continued for the next three years, producing pyroclastic flows, lahars and an ash plume. In particular, 
the tephra fall damaged the surrounding temperate broadleaf forest. We use this case study primarily 
to study the recovery of the surrounding forest. 
 
We use these two eruptions to assess the suitability of time series derived from optical and radar 
imagery for tracking initial impacts on vegetation and rates and patterns of forest recovery. We expect 
the explosive eruptions caused a measurable signal in both the optical and radar data. A drop in the 
normalised difference vegetation index (NDVI) value is detected in both the Landsat 8 and Sentinel-2 
imagery, which correlates with areas of both flow deposits and ash fall. In the NDVI some areas show 
steady recovery, although the most damaged areas have not yet returned to pre-eruption values. In 
the Sentinel-1 backscatter data, which is not restricted by cloud coverage, there is an initial increase 
in the backscatter following the eruption, and areas of flow deposits are clearly identifiable and yet to 
return to pre-eruption values. We will develop approaches to tracking the impact of volcanic eruptions 
on forests with remote sensing data that can be applied globally using freely available data, in different 
ecosystems and for different styles of eruption. Our eventual aim is to develop a toolkit for identifying 
the footprint of past volcanic eruptions on forested environments.  
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___________________________________________________________________________ 
 
Explosive volcanic eruptions are one of the most important natural drivers of climate variability. In 
current climate modelling studies (i.e. Scenario Model Intercomparison Project, ScenarioMIP), volcanic 
eruptions are represented by a constant volcanic forcing inferred from the mean forcing exerted by 
volcanic eruptions over the period 1850 to 2014. This approach does not account for the sporadic and 
thus time-variable nature of volcanic forcing. Ice-core measurements of volcanic sulfate deposition 
throughout the Holocene suggests that the total volcanic sulfur flux can vary by a factor of 25 between 
centuries. To understand how uncertainty in volcanic forcing affects climate variability up to the year 
2100, we generate stochastic future volcanic eruption scenarios by resampling state-of-the-art ice-
core, satellite, and geological records of volcanic activity in the Holocene. We then perform simulations 
for the period 2015 to 2100 using the future eruption scenarios in combination with a new plume-
aerosol-chemistry-climate modelling framework (“UKESM-VPLUME”) that integrates a 1-Dimensional 
eruptive plume model (Plumeria) into a fully-coupled Earth System Model (UKESM). Using this 
framework, we find that CMIP6-based climate projections underestimate volcanic forcing by a factor 
of two in a median future eruption scenario. This in turn leads to underestimation of the climate 
response as a whole including global radiative forcing, surface temperature, ocean circulation, sea 
level, and sea ice extent. We find that small-magnitude eruptions (emitting < 3 Tg of SO2), contribute 
between about 30% and 50% of the volcanic effects on climate in a median future eruption scenario. 
Our results highlight the importance of improving the current representation of volcanic forcing in 
climate projections. 
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___________________________________________________________________________ 
 
I will present a brief summary of methods used in volcanology to quantify volcanic risk, including my 
work based on probabilistic pyroclastic flow hazard assessment and use of expert elicitations. Much of 
the discussion within our community on how to advance volcanic risk assessment now lies in how to 
most appropriately account for the complex ways in which vulnerability is manifest, physically, socially, 
systemically etc and how and to what extent it can be measured and incorporated in risk assessments. 
 
Another, and perhaps far larger issue to contend with is how our conventional approaches within 
volcanology tally with understanding the lived experience of risk. The remainder of talk will therefore 
focus on presenting findings from an interdisciplinary GCRF project in Guatemala. In this project we 
work with marginalised Ladino communities that live on the flanks of Fuego volcano as well as with 
Indigenous Tz’utujil Maya communities of Chuk Muk, Santiago Atitlán and Panabaj on the flanks of 
Tolimán volcano in the area of Atitlán caldera. 
 
We have facilitated interdisciplinary conversations on past and present volcanic and landslide activity 
that has lead to new understanding of how these communities understand their landscape. This is 
evidenced through the kinds of questions community members ask and that they seek to understand 
from others in their own community as well as beyond, as well as the knowledge they communicate. 
Conversations were centered on relational ontologies between the volcanic landscape and present 
(and recent past) communities around it, and related to the origin of geological features, of volcanic 
landforms and sounds; spiritual practices connected to specific locations and types of spaces within 
the volcanic landforms; and the “personhood” of the volcano. 
 
The lessons that we as geoscientists can learn from better understanding local knowledges and ways 
of being and experiencing these volcanically hazardous landscapes from within them, can deepen our 
own understanding as well as radically alter the approaches that we might assume for hazard 
management and risk mitigation. 
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___________________________________________________________________________ 
 
During volcanic crisis, risk mitigation is most effective when institutions and local people respond 


quickly. Volcán de Fuego (Guatemala) is an active volcano that frequently provokes eruptive crises [1]. 


In this presentation, we explore whether current disaster risk reduction (DRR) policy gives people in 


communities close to Fuego enough time to evacuate from an eruption. We explore this question by 


comparing timescales of volcanic activity and human response for several recent explosive paroxysmal 


eruptions (“paroxysms”). We use multiple geophysical datasets for individual paroxysms within 


Fuego’s accelerating eruptive cycle (2015 –2018) [2] to constrain timescales of eruptive evolution. In 


parallel, we determine timescales of human response through qualitative interviews with institutional 


and local actors. We then compare eruption and response timescales to explore uncertainties within 


each, and shortfalls in response. We present evidence that eruption and response timescales are of 


similar length at Fuego. However, we also find that timescales of response lag those of eruptive 


evolution due to long periods in which warning messages are disseminated and the decision of 


whether to evacuate is made. We assess our findings with reference to current literature on 


stakeholder mental models of risk. We consider how mental models of risk might allow open discussion 


of a community’s needs during eruptive crisis and determine how actors with different mental models 


could work together to evacuate in time before a future eruptive crisis. 


References: 


[1] Naismith A et al (2020) Volcanica 3(2) 205-226. 


[2] Naismith A et al (2019) JVGR 371 206-219. 
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___________________________________________________________________________ 
 


La Palma, Canary Islands, is one of the most volcanically active islands of the archipelago, with three 


eruptions occurring within living memory [1]. In September 2021, La Palma gripped the world’s 


media as a fissure eruption began on the 19th of September, after fifty years of quiescence [2]. The 


eruption quickly became the most destructive in La Palma’s history; with over 2,000 buildings 


destroyed by lava flows, the level of destruction was unprecedented and left deep psychological 


scars for those who lived through it. The last eruption to occur in La Palma was the 1971 eruption of 


Teneguía, a strombolian eruption that occurred near the sparsely populated town of Fuencaliente 


[3]. The Teneguía eruption caused minimal damage and was thus fondly remembered for the natural 


show of a lifetime it gave locals and tourists who flocked from across the globe to view the spectacle 


[3]. This dissertation aimed to draw upon previous work on memorialisation within both disaster risk 


reduction research (e.g., [4] & [5]) and cultural geography, in order to apply the lens of memory and 


identity studies to the 2021 Cumbre Vieja eruption. By conducting interviews with civilians and elites, 


combined with discourse analysis of newspaper articles, this dissertation found a substantial 


relationship between memories of Teneguía, the Palmero identity, and the response to the 2021 


eruption. A year after the eruption, further research seeks to understand how the 2021 Tajogaite 


eruption is being memorialised and the ramifications for hazard management in the Canary Islands. 


Similarly, ongoing research aims to identify the wider importance of understanding how island 


identities and rich volcanic histories affect community response and resilience to volcanic hazards, 


and how, by adopting a feminist lens [6], we can incorporate memory into our understanding of 


volcanic risk perception.  


 


References: 


[1] Carracedo, J.C., Badiola, E.R., Guillou, H., de la Nuez, J., Torrado, F.P., 2001. Geology and volcanology of la 


Palma and el Hierro, western Canaries. Estudios Geologicos-Madrid 57, 175–273. 


[2] Longpré, M.-A., 2021. Reactivation of Cumbre Vieja volcano. Science 374, 1197–1198. 


Lopez, G.I., Figueroa, M., Connor, S.E., Maliski, S.L., 2008. Translation barriers in conducting qualitative research 


with Spanish speakers. Qualitative health research 18, 1729–1737. 


[3] Araña, V., Fuster, J., 1974. La erupción del volcán Teneguía, La Palma, Islas Canarias. Estudios Geol 15–18. 


[4] Longo, M.L., 2019. How memory can reduce the vulnerability to disasters: the bradyseism of Pozzuoli in 


southern Italy. AIMS Geosciences 5, 631–644. 


[5] Madsen, W., O’Mullan, C., 2013. Responding to disaster: Applying the lens of social memory. Australian 


Journal of Communication 40, 57–70. 


[6] Scarlett, J.P., Naismith, A. and Rushton, A., 2022. Defining disaster in volcanology. In Defining Disaster (pp. 
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A real-time view of ocean island evolution: new imagery from Tristan da 
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___________________________________________________________________________ 
Tristan da Cunha is a remote active ocean island volcano in the South Atlantic. Standing at 2060m high 
with steep upper slopes (~30˚), we are relieved there has not been a summit eruption for around 5000 
years [1], with the last eruption in 1961 occurring near the coast. Yet, with no new lavas to cover the 
scoriacious material at the peak, the frequent, intense rainfall (~5000mm per year) results in huge 
volumes of rubbly material washing down the steep slopes, channelled by the many gulches that bisect 
the island. This rapid flow of material then entrains larger blocks of lava which further incise these 
deep channels. Although rainfall does not seem to be increasing in volume, anecdotally, there are now 
more frequent, persistent downpours, and as a result, flash flooding, landslides and debris flows are 
becoming more common. In addition to risk from other hazards such as eruptions, earthquakes and 
storm surges, the small population (#243) are more frequently having to make adjustments to maintain 
their way of life. The coastline is rapidly retreating due to storm surges and the cliffs that back the only 
Settlement are very unstable, so frequent landslides are impacting their agricultural land and 
threatening their homes. 
 
In this presentation, we share the first high-quality drone imagery of these landslides and pose some 
interesting, yet sensitive science questions about how climate change is affecting ocean island 
volcanoes, and what we can do as scientists to use our evidence to support decision making. 
 
[1] Anna Hicks, Jenni Barclay, Darren F. Mark, Sue Loughlin. (2012) Geology 40 (8) 723-726 
https://doi.org/10.1130/G33059.1 
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___________________________________________________________________________ 
 
The distribution of metals like copper (Cu) in the Earth’s crust is closely linked to crustal magmatic 


processes in subduction zones [1]. Individual arc volcanoes have been also shown to outgas fluxes of 


selenium (Se), arsenic (As) and thallium (Tl) that are higher than the industrial fluxes of these metals 


into the atmosphere [2,3]. There remains much debate over which magmatic parameters control the 


pathways different metals take through magmatic systems, and which magmatic and hydrothermal 


processes typify (1) mineralization into ore deposits on the one hand, and (2) emission of metallic 


aerosols during eruptions. To address this knowledge gap, I present the results of a comprehensive 


global survey of volcanic geochemistry and tectonics in subduction zones [4] which was designed to 


allow for flexible exploration of different petrological processes in diverse subduction zone 


environments. This database, ArcMetals, is powered by open-source software and the geochemical 


infrastructure GeoRoc [5]. In this talk, I will first focus on Cu depletion in arc magmas. I will show how 


minerals like amphibole reflect the kinds of conditions that drive magmatic differentiation at depth 


and lead to Cu depletion in hydrous basaltic magmas. These results have implications for the magmatic 


controls on Cu porphyry deposit formation. Next, I will build on this global statistical approach through 


the analysis of trace metal inventories (Te, Se, Tl, Cd, Sb, Sn, W, As, Ag, Ga, Ge, Cu, Zn, Pb, Li) in volcanic 


products from Java, Indonesia. These results represent some of the first chalcophile geochemical data 


for these volcanic systems, and their systematics reflect important differentiation and degassing 


mediated pathways these metals take through their respective volcanic systems. Particular metals like 


Sb and As show enrichments that may be associated with dehydrating slab flux – this finding can be 


explored more thoroughly in the future using recent models I developed that connect igneous 


geochemistry and subducting slab lithologies [6]. The results of these studies highlight the power of 


global statistical methods in exploring arc volcanism and provide a petrological perspective on the fate 


of metals traversing the crust. 
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___________________________________________________________________________ 
 
Without warning, a new eruption of Volcano 0403-091/Volcano-F (30 km NW of Vava’u, northern 
Tonga) occurred on the 7th August 2019, following 18 years of dormancy, producing a >200 km2 
pumice raft. Pumice raft formation and evolution is poorly understood, yet rafts pose a range of 
hazards for marine traffic and infrastructure. The 7th August raft was imaged by satellites almost daily, 
so its source and path are well-constrained. This eruption therefore provides a unique opportunity to 
sample rafted pumice with known float times and sunken pumice at the vent, as well as a rare chance 
to study vent structure, hydrothermal activity and marine life interactions immediately following an 
explosive, shallow marine eruption. The pumice rafts produced washed up on shores from Fiji to 
Australia and impacted island communities, as well as being a navigational hazard for vessels and 
causing damage (hull abrasion) to two that intercepted it. 


The vent was investigated 6 months after eruption using a small Remotely Operated Vehicle, 
a small Autonomous Underwater Vehicle and a surface glider. Video was collected of the vent site, 
supplemented by video from a mini-dredge used for sampling, allowing for transect mapping of the 
vent and its recolonization 6 months after an explosive volcanic eruption. Pumices with multiple 
different float times were collected from the eruption site (< 1 day), by a boat that intersected the raft 
(1 week), and from the shores of some Fijian Islands (> 1 month). All these pumices were subjected to 
geochemical and textural analyses, including high resolution X-ray computed tomography, to 
determine their geochemical and textural characteristics and to investigate if there is any difference 
between floating pumice, long floating pumice, and pumice that sinks at the vent site. Video data was 
also used to investigate the clast size distribution at and around the vent site. 


The eruption occurred from a new vent on the northern section of the caldera rim, near to the 
site of the 2001 eruption and several other pre-existing craters of unknown age. The new crater has a 
diameter of 80 m and a depth of 45 m, slightly smaller than pre-existing craters imaged in the same 
area, which are the focus of recent activity and appear to have formed along a NW-orientated fissure. 
Erupted magma composition in 2019 was a low-K dacite and pumice chemistry is remarkably similar 
between 2001 and 2019 eruptions. Geochemical data show no differences between pumice that 
entered the raft and pumice that sank. Floating and sinking pumice also have porosity ranges that 
overlap. There are some differences in density between sinking and floating pumices, with pumice that 
sank being on average slightly denser than pumice that floated. There is also a difference in the pore 
connectivity between floating and sinking pumices, with all raft samples lying at or below the buoyancy 
connectivity threshold. Long float times appear to be promoted by lower density, porosities of 70 – 
80% and low pore connectivity, while shorter float times occur for much more diverse pumice. These 
pumices are different to those produced by documented deep water eruptions as their buoyancy is 
entirely supported by low density and high isolated porosity. 
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___________________________________________________________________________ 
 
The 2021 Tajogaite eruption on La Palma Island (Canary archipelago) lasted 85 days. Preceded by 


intense seismicity and rapid dyke upraise, it started on September 19 with opening of a NW-SE fracture 


system generating lava fountains, spattering activity and lava flows. This activity rapidly evolved to a 


cone-forming eruption during which explosive activity remained essentially focused at the summit 


vents, while lava spattering, and effusive activity (lava flows) simultaneously developed from lower 


flank vents. 


 


We used open-path Fourier transform infrared spectroscopy (OP-FTIR) to remotely determine the 


chemical composition of magma degassing associated with both explosive and effusive activities, using 


absorption spectra of the radiation emitted by molten lava and incandescent ash. From October 2 until 


the end of the eruption (December 13), we performed nearly daily measurements from a distance 


range of 0.6 to 5km from the vents, sometimes operating two FTIR spectrometers simultaneously. 


 


In this work, we report and discuss the main results obtained for H2O, CO2, SO2, HCl and CO in magmatic 


gas emissions from both explosive and effusive activities at the different vents. We document: i) a 


sharp spatial CO2-depletion in gases from spattering/effusive vents compared to simultaneous 


explosive emissions from the summit vents; ii) a relatively steady, very high mean CO2/SO2 ratio (35±5) 


in the main gas phase from central summit vents, which evidences a very high initial CO2 content of 


the erupted alkaline magma; iii) the influence of magma fragmentation (ash) upon degassing efficiency 


of HCl, and iv) CO/CO2 constraints on the potential redox state of the 2021 Tajogaite magma. Based on 


these data we discuss the magma degassing processes involved during the eruption. 
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___________________________________________________________________________ 
 
Pyroclastic density currents (PDCs) are hot, density-driven flows of gas, rock and ash generated during 
explosive volcanic eruptions or from the collapse of lava domes. They pose a catastrophic geological 
hazard and have caused >90,000 deaths since 1600 AD [1]. 
 
PDCs can travel for tens of km, traversing topographic barriers hundreds of metres high. They are 
notably more mobile than other gravity currents of comparable size [2]. Gas fluidisation has been 
attributed as a major contributor to this high mobility. Experimentation on dry (i.e. non-fluidised) 
granular flows has assessed the influence of grain size on mobility, finding that the finer the grains, the 
larger the mobility of the mass [3]. Recent advances in analogue models of gas-fluidised granular 
currents (where gas flowing through the material causes it to act like a fluid) have revealed the impact 
of aeration on current mobility, and how flow behaviour can control deposit architecture and 
morphology [4]. However, these experiments have so far largely used only a single grain size. The 
impact of grain size variations on the mobility of aerated granular currents remains untested. 
 
This project investigated the impact of grain size distribution on current velocity and run-out distance 
in a series of analogue experiments using an aerated flume. Sediment of varying grain size was released 
from a hopper into a flume which that can sustain fluidised currents, where a high-speed camera was 
used to make observations and quantify velocity and run-out distance. The bedforms of resultant 
deposits were also analysed. 
 
The experiments demonstrate that the mobility of these dense granular currents is related to the 
proportion of fines within the current, but is primarily controlled by the initial sorting of the current. 
The more well sorted currents have a lower velocity but a greater run-out distance than the poorly 
sorted currents. The proportion of fines is found to have very little control on current velocity, but does 
have some control on run-out distance and degree of non-uniformity in velocity. Deposition during the 
analogue experiments occurs by a combination of gradual and stepwise aggradation. 
 
This work contributes to improve our understanding of PDC mobility and how mobility can be 
interpreted from field deposits, with implications for numerical modelling and hazard mapping of 
PDCs. 
 
[1] Auker, M. R., et al. J. Appl. Volcanol., 2, 1, 1–24 (2013). 
[2] Hayashi, J. N., & Self, S. J. Geophys. Res. Solid Earth, 97, B6, 9063–9071 (1992). 
[3] Cagnoli, B., & Romano, G. P. J. Volcanol. Geotherm. Res., 193, 1–2, 18–24 (2010). 
[4] Smith, G., et al. Nat. Commun., 11, 1, 1–11 (2020). 
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___________________________________________________________________________ 
 
Hydrothermal alteration is considered to increase the likelihood of dome or flank collapse by 
compromising stability. Understanding how such alteration influences rock properties, and providing 
independent metrics for alteration that can be used to estimate these parameters, is therefore 
important to better assess volcanic hazards and mitigate risk. We explore the possibility of using 
whole-rock δ18O and δD values and water contents, metrics that can potentially track alteration, to 
estimate the strength (compressive and tensile) and Young’s modulus (i.e. “stiffness”) of altered (acid-
sulphate) volcanic rocks from La Soufrière de Guadeloupe (Eastern Caribbean). The δ18O values range 
from 5.8 to 13.2‰, δD values from − 151 to − 44‰, and water content from 0.3 to 5.1 wt%. We find 
that there is a good correlation between δ18O values and laboratory-measured strength and Young’s 
modulus, but that these parameters do not vary systematically with δD or water content (likely due to 
their pre-treatment at 200 °C). Empirical linear relationships that allow strength and Young’s modulus 
to be estimated using δ18O values are provided using our new data and published data for Merapi 
volcano (Indonesia). Our study highlights that δ18O values can be used to estimate the strength and 
Young’s modulus of volcanic rocks, and could therefore be used to provide parameters for volcano 
stability modelling. One advantage of this technique is that δ18O only requires a small amount of 
material, and can therefore provide rock property estimates in scenarios where material is limited, 
such as borehole cuttings or when sampling large blocks is impracticable. 
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___________________________________________________________________________ 
Askja Volcano is located in the Northern Volcanic Zone in Iceland, where the North American Plate is 
moving far away from the Eurasian Plate at a relative rate of 18-19 mm/yr due to plate spreading. 
This volcano comprises three calderas in an area of 45 km2 and is spatially related to the fissure 
swarm. A rifting episode occurred in this volcano from 1874 to 1876, followed by two eruptive 
periods during 1921-1929 and 1961. 


Within Askja caldera there has been subsidence since at least 1983 at a maximum rate of 5 
cm/yr. This has been modelled as a deflating point pressure source at a depth of ~2.8 -3.5 km [1]. A 
second subsidence signal is recognized in the volcano, which extends along fissure swarms to the 
SW-NE. This subsidence has been ongoing since, at least, 1995 when InSAR measurements began, 
but has not been well constrained in previous studies. Seismic tomography suggests there is a 
primary magma chamber at around 5 km depth beneath the caldera. There are also areas around 10 
to 25 km depth where the melt is being actively transported, suggesting a mush zone [2]. The cause 
of the extended subsidence is not understood but could be related to extensional stress from plate 
spreading acting on the mush zone [3] 


We aim to constrain the deformation signal within the caldera and along the fissure swarm 
and test if the deformation can be produced by tectonic stress acting on a mush zone. We have 
analysed 4 frames (2 ascending and 2 descending) from Sentinel-1 data acquired between 2015 and 
2022. We used only images acquired in summer to generate a network including longer timespan 
(summer to summer) connections and avoiding the low coherence interferograms produced by the 
snow during winter. We reduced the atmospheric using GACOS correction. Additionally, we 
estimated and subtracted a GIA signal due to the ongoing reduction in ice cap mass. From this, we 
estimated the LOS velocity and compared the results with GNSS data. Finally, we decomposed the 
velocity results to obtain the vertical and east-west velocities. 


The preliminary results show a maximum vertical subsidence of -20  1.4 mm/yr between 
2015 and 2022, where the highest values are reached at the caldera's centre, but this value 
decreases to the northeast until reaches 0 mm/yr. The GPS points show a vertical velocity of -8.5 
mm/yr inside of the Caldera during the period in study, which agrees with the subsidence observed 
in Askja. The north average velocity is 24.12 mm/yr and the east average velocity, for the same point, 
is 0.45 mm/yr. To understand the magmatic system below Askja and the fissure swarms we are 
developing a series of 2D poro-viscoelastic finite element model, which consist of a poro-viscoelastic 
mush zone from 6 km to a maximum depth of 16 km depth beneath the caldera. The mush zone is 
surrounded by a viscoelastic crust, and the upper crust is assumed to be elastic. We apply a uniform 
velocity at the boundary to simulate plate spreading. 
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___________________________________________________________________________ 
 
Machine learning models for earthquake phase arrival detection are generating enhanced, high-
precision catalogues of seismicity that reveal exceptionally detailed seismogenic processes, such as 
slow-moving swarm fronts [1] and complex rupture sequences [2]. Here, we present a brief overview 
of findings from a highly-detailed machine-learning-based catalogue [3] (approx. 34,000 earthquakes 
over 14 months) for Nabro volcano in Eritrea, an obscure ‘off-rift’ caldera located in the Afar Triangle 
that erupted with little warning for the first time in historical record in June 2011. The eruption is 
significant for the rarity of recorded historical eruptions along the wider Nabro Volcanic Range (NVR), 
the vast amount of SO2 emitted, and the humanitarian crisis it triggered.  
 
Assessment of spatio-temporal trends, b-values, Vp/Vs and seismic attenuation from this new 
machine-learning-based catalogue reveal a number of distinct and evolving processes during the study 
period (3 – 16 months after eruption onset), including stress transfer between Nabro and neighbouring 
Mallahle caldera, fluid-fault triggering along the axis of the NVR (oblique to regional rift axis), a highly-
fractured partially-fluid-saturated zone beneath Nabro, and the migration of fluids above and below 
an attenuative, aseismic magma storage region. Regular pulses of the deepest observed seismicity (9 
– 11 km depth) continue throughout and, presumably, beyond the full duration of this seismic 
deployment, indicating the potential for ongoing ‘recharge’ at this currently unmonitored volcano. 
 
The rich level of detail presented by this large seismic catalogue demonstrates the incredible potential 
of deep learning models for volcano-seismic monitoring and has deepened our understanding of the 
interlinked magmatic and tectonic forces acting on this enigmatic double-caldera volcanic system. 
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___________________________________________________________________________ 


Gas overpressure is the driving force of explosive volcanic eruptions, controlling the ascent rate of 
magma. If gas can escape, excess pressure can be reduced in the conduit, lowering the explosive 
potential of an eruption. ‘External tuffisites’ – pyroclast-filled fractures that extend from the volcanic 
conduit into the country rock – have been suggested as efficient gas escape pathways. Tuffisite 
formation occurs in two phases: 1. A fracture opening phase where high pressure gas-pyroclast 
mixtures propagate a fracture from the volcanic conduit into the country rock; 2. A closing phase where 
gas pressure wanes and the fracture closes. In phase 1, fracture opening is accompanied by a high flux 
of gas and pyroclasts through the fracture and into the country rock. In phase 2, waning fluid pressure 
causes particles to be deposited within the fracture which then closes around the deposited pyroclasts. 
Continued gas escape can occur through the particle pore space, but if the particles deposited within 
the tuffisite are sufficiently hot, they will weld together through time, reducing tuffisite permeability 
and limiting the flux of gas that can escape.  


Here we consider the potential of tuffisites as outgassing pathways during the different phases of 
tuffisite formation by determining the formation time and permeability of a large tuffisite (0.9 m wide, 
40 m in length, ~500 m depth) at the dissected Húsafell volcano, Iceland. The tuffisite occurs where a 
propagating rhyolitic conduit stalled beneath a densely welded ignimbrite unit with a permeability of 
<10-18 m2. The tuffisite is formed of ~9 sediment units, each 0.1 m thick, each interpreted as being 
emplaced by an individual fluid injection into the fracture [1]. The pyroclasts deposited within the 
tuffisite were sufficiently hot to weld together, producing sediment units with porosities of 0.07–0.36 


and permeabilities of 1.910-14 to 5.110-18 m2. Sintering models using measured grain-size 
distributions of the tuffisite suggest that particles would have required ~12 h to sinter to the observed 
unit porosities. New material injected into the tuffisite did not deform the previously emplaced units, 
suggesting that units had sufficient time to cool and fully sinter between injections [1]. If injections 
were spaced >12 h apart, the entire tuffisite would have been assembled over tens to hundreds of 
hours. Modelling the average grain size distribution of the tuffisite suggests that each unit deposited 
would have a pre-sintering permeability of ~10-13 m2, which then reduced to ~10-15 m2 over a period of 
~12 h as particles sintered. 


We find that only a small flux of gas could escape through the tuffisite pore space (Phase 2) in the ~12 
h between injections, despite the large dimensions of the tuffisite at Húsafell. This gas flux would not 
be significant compared with primary outgassing through the adjacent conduit, even if several large 
tuffisites were present. The much greater permeability of the tuffisite during Phase 1 would allow for 
a significantly greater gas flux to escape, even if particle deposition clogs fractures after a few seconds. 
Outgassing through tuffisite pore space (Phase 2) could only become more volumetrically significant 
than Phase 1 if very prolonged periods of outgassing are considered (Phase 2 is x106 longer than Phase 
1). To assess the potential of tuffisites to reduce excess pressure and moderate eruption style we now 
need to focus on the processes occurring in the first phase of tuffisite formation, such as fracture 
propagation, and controls on when and how rapidly particle deposition occurs. 
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The recent volcanic unrest on the Reykjanes Peninsula in SW-Iceland follows a similar pattern as the 
historical activity in the 12th and 13th centuries, whereby several eruptions took place in one volcanic 
system over several years to decades. The 2021 Geldingadalir eruption, which lasted for six months 
(19th March – 18th September), was the opening event of the Fagradalsfjall Fires. The 2021 lava flow 
field covered an area of ~4.85 km2, produced a bulk erupted volume of ~0.15 km3 [1] (i.e., ~0.10 km3 


DRE [2]), and emitted ~4000-5000 tons/day of SO2 [1]. The Fagradalsfjall Fires resumed in 2022 with 
the Meradalir eruption, which lasted for three weeks (3rd to 21st August), forming a lava flow field of 
~1.16 km2 with a volume of ~0.011 km3 [3]. This sequence of activity underpins the notion that a new 
eruption period has started on the peninsula. 
 
 
The eruptions are divided into stages, phases, episodes, and pulses based on the nature of the vent 
activity. The Geldingadalir eruption featured three stages. Stage I (19th March – 1st May), featuring six 
phases, was typified by weak but continuous fountaining from vent 1 until 5th April. On that day, 
following a slight increase in magma discharge (from ~4 to ~8 m3/s), vent 2 began erupting about 800 
m north of vent 1. From 5-13th April, three additional vents (i.e., vents 3-5) opened in between the first 
two, and around 15th April, the activity on vents 1-4 began to dwindle. By end April, the activity was 
confined to vent 5 and with somewhat more vigorous fountaining. Stage II (2nd May – 3rd September) 
exhibited 11 phases and ~7000 episodes. It began with a shift to intense and episodic fountaining and 
distinct pauses that became progressively longer with time. Finally, stage III (11th – 18th September) 
sustained the same eruptive style, thus producing only one phase and ~30 episodes. Conversely, the 
Meradalir eruption began with a 260 m-long fissure, but subsequently activity was confined to the 
central segment of the fissure. This eruption maintained weak fountaining throughout, representing a 
single stage with one phase. Despite the unchanging chemistry (MgO 7.5-8.5 wt%) and constant 
magma discharge in 2021 (~12 m3s-1) [1] and 2022 (~10 m3s-1) [3], both flow fields host the full 
spectrum of lava morphologies. Thus, thermal budget, slope and local fluxes are what determine which 
morphologies are emplaced. Additional results from UAV-borne LIDAR surveys will also be presented. 
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___________________________________________________________________________ 
 
Arc volcanoes produce most of Earth’s subaerial volcanic activity and are responsible for some of the 
largest historical eruptions. Furthermore, arc volcanism plays a pivotal role in cycling subducted and 
mantle carbon (and other volatiles) between the solid Earth and atmosphere. These same volatiles 
influence magma dynamics by modifying extents of melting in the mantle, and influence magma ascent 
rates, and fragmentation processes during eruption. The traditional view that the magmas feeding arc 
volcanoes reside within a melt-dominated sub-volcanic ‘magma chamber’ has been superseded by a 
more nuanced view of magma storage and supply. Whereby melts ascend through a vertically 
extensive series of melt-rich zones, termed a “Trans-Crustal Magmatic System” (TCMS) [1, 2]. 
 
Villarrica volcano is a one of Chile’s most active volcanoes with over 100 eruptions since 1558 and has 
evidence for both vertically and laterally extensive magma storage [3]. Furthermore, while post-glacial 
activity at Villarrica has a large range in eruption intensity and magnitude (mafic ignimbrite forming to 
intense lava fountaining), this diversity is not reflected in the composition of erupted products, which 
have a limited range compared to other nearby Chilean volcanoes [3, 4]. This makes it an ideal target 
to study via melt inclusion (MI) compositions, which typically record a greater range of melt 
compositions than groundmass glasses or whole-rock, and trap volatiles which are otherwise degassed 
at shallow depths.  
 
We measured the volatile, trace and major element compositions of over 100 melt inclusions from five 
different post-glacial eruptions (14ka–2015). We analysed MIs using a combination of micro-Raman 
spectroscopy, Secondary Ionisation Mass Spectrometry, and Electron Micro Probe Analysis. In contrast 
to previous studies of Villarrica MIs, we measured CO2 contents of both the glass of the MI and their 
vapour bubbles. We find that MIs from each eruption occupy a distinct compositional space: each 
eruption’s MIs display distinctive degassing paths, and an array of both light and heavy trace elements. 
Based on these results, we hypothesise that the melts that feed eruptions at Villarrica are more diverse 
than their homogeneous whole-rock compositions would suggest. 
 
Volatile-saturation models predict a range of MI entrapment pressures indicative of the presence of a 
TCMS below Villarrica. This is supported by thermodynamic models of mineral compositions from the 
same eruptions [3]. Additionally, our results highlight the need to measure volatile contents of MI’s 
vapour bubbles, as we found they contain on average 75% of the total CO2 content of each MI. Future 
work will add B, Sr, and Nd isotopic analyses of individual inclusions, providing further evidence of the 
diversity of melt compositions below a nominally basaltic to basaltic-andesite arc volcano. 
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___________________________________________________________________________ 
 
Chalcophile elements are a suite of elements commonly found concentrated in economic ore deposits. 
Many are well studied, but some are less well understood (e.g., W, Mo, Sb)[1]. The growing demand for 
these resources requires an understanding of the sources and mechanisms involved in transporting 
these elements to ore forming regions. 
 
Popocatépetl Volcanic Complex (PvC) and Colima Volcanic Complex (CvC) are two continental arc 
stratovolcanoes sitting in the eastern and western sectors of the Trans-Mexican Volcanic Belt 
respectively. The two volcanoes erupt magmas of similar basaltic-andesitic composition however, their 
local tectonic environment varies significantly including differences in slab inclination and distance 
from the subduction trench[2]. It is unclear the extent to which these tectonic factors have influenced 
mobile chalcophile element fluxing into each region and resulted in a lack of mineralisation along the 
arc. Well known element proxies e.g., Ba, Th and Nb[3] have been used to constrain mobile element 
contributions from the subducting slab, through the study of pyroxene hosted melt inclusions from 
the two regions. 
 
Major and trace element compositional data was collected from Holocene aged glassy melt inclusions 
(>25µm). The two locations show distinct compositional differences. PvC data show MgO content up 
to 2wt% and SiO2 between 60wt% and 80wt%. CvC data tend to be more primitive with MgO up to 
10wt% and SiO2 as low as 42wt%. CvC inclusions show enrichment in Ba relative to PvC inclusions and 
indicate a greater fluid flux component in the western arc sector. Tl behaves similarly to Ba suggesting 
mobilisation closer to the trench whereas W, Pb and Sb behave more like Th and are mobilised further 
from the trench. 
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___________________________________________________________________________ 


Volcanism in Central American volcanic arc (CAVA) is influenced by arc migration. Evidence for this is 
the presence of older calderas immediately to the north of the presently active arc stratovolcanoes. 
Stratigraphy of the silicic tephras correlated to these calderas suggests that they formed over a 
similar time-period across the arc, in a ‘pulse’ of activity. The Atitlán volcanic complex is a key 
example of one of these centres. To the north (away from the trench) of the Atitlán caldera are the 
remnants of two stratovolcanoes that predate its formation, while south of the caldera 
(trenchwards) is a pre-caldera stratovolcano (Volcán Paquisis), as well as three younger 
stratovolcanoes (Volcáns San Pedro, Tolimán and Atitlán) that have formed within the structure. 
Published ages for these features shows that the Atitlán caldera (and the silicic VEI 8 Los Chocoyos 
(LCY) magma that formed it) was generated shortly after the migration of the arc front to its present 
position [1,2].  


That the silicic magmas were generated shortly after the arc migration, and in the intermediate 
region between the old and new lines of stratovolcanoes, is strong (although circumstantial) 
evidence that this migration event caused their formation. This is further supported by geochemical 
data; radiogenic (Sr, Nd, Hf and Pb) isotopes show that the silicic magmas plot in-between the old 
and new stratovolcano lavas, suggesting inputs from both sources. The pumice eruptions are 
chemically complex and are sourced from several magma bodies. Within the LCY deposit there are 
three chemically and mineralogically distinct rhyolites identifiable by variable K2O contents: high (4.1-
4.4 wt.%), medium (3.1 wt.%) and low-K (2.7 wt.%). The newly identified medium-K magma contains 
biotite and cummingtonite; its trace element chemistry and the dominance of cummingtonite 
strongly suggest that it is a fractional product of the low-K magma.   


Petrological and geochemical evidence suggest that these rhyolite magmas are the results of variable 
amounts of fractional crystallisation, assimilation and mafic magma recharge. The high-K LCY magma 
has highly elevated large ion lithophile element (LILE) contents similar to the intermediate 
composition lavas in the pre-LCY stratovolcanoes. EME-AFC [3] modelling shows that the high-K 
rhyolite magma could be a derivative of remnants of the magma form the older stratovolcanoes. In 
turn, the low-K LCY magmas have more similar chemistries to an analysed enclave from a post-LCY I 
pumice eruption. EME-AFC modelling suggests that they could be derived from fractionation of these 
recharge magmas.  
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___________________________________________________________________________ 
 
Geophysical evidence from continental rifts and rifted margins suggest significant volumes of magma 
are intruded into the crust during continental breakup. These magmas can influence rift evolution by 
altering the thermo-mechanical structure of the crust and thereby its response to extensional stresses 
[1]. Determining what magmatic processes affect the intruded crust during active episodes of rifting is 
therefore key to understanding how rift systems behave and develop over geological time. 
 
We present new petrological analyses of olivine crystals sampled from two monogenetic cone fields 
within the Main Ethiopian Rift (MER). Olivines show evidence of magmatic disequilibrium in the form 
of Fe-Mg zonation. Normal-zoned crystals (higher Mg core, lower Mg rim) are rare, but have Mg-rich 
cores relative to more common reverse-zoned crystals (lower Mg core, higher Mg rim). By considering 
Fe-Mg diffusion across these zones, we obtain timescales of olivine disequilibrium in the MER crust. 
 
Normal-zoned and reverse-zoned olivines return different diffusional timescales. The longest 
timescales, recorded by normal-zoned olivines, correspond to the earliest disequilibrium in the crustal 
magmatic system of 100-300 days before eruption. Timescales from reverse zones are shorter (~10-
100 days). The shortest timescales (<1-10 days), likely significantly affected by late-stage growth and 
quenching, are obtained from normal zones on the outermost rims of reverse-zoned olivines. 
 
We propose a model whereby primitive melts are intruded into mid-crustal reservoirs around 100-300 
days prior to magmatic rifting events. This recharge melt induces growth and formation of high Mg 
rims in crystals that reside within crustal reservoirs, while crystals carried with the intruding melt 
develop normal zones. The final most rim-ward normal zones form only during eruptive ascent over 
periods of <1-10 days. We find similar zoning patterns and timescales in crystals from different scoria 
cone fields within the MER, suggesting that this rapid transit of magmas through the crust is a common 
process at volcanic-tectonic fault zones along the MER. Furthermore, the longest diffusion timescales 
(100-300 days) match observed timescales of repeated dyke intrusion during recent subaerial rifting 
episodes [2], suggesting that these events are initiated rapidly after the arrival of new magma from 
the mantle.  
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___________________________________________________________________________ 
 
The Cameroon Volcanic Line (CVL) is an intraplate magmatic province in West Africa which spans 
continental and oceanic lithosphere at a passive continental margin. Magmatism at the CVL began 
~70Ma at the easternmost end of the line and activity persists to the present. There is a notable lack 
of age-progression to CVL volcanism, with the most recent activity at the centre of the line. We present 
in-depth geochemical work aimed at investigating the role of a volatile-enriched magmatic source 
region as an alternative to the commonly-invoked mantle plume model for intraplate magmatism 
which does not reconcile key observations from the CVL.  


We focus on Etinde, a nephelinite volcano at the centre of the CVL which formed from highly volatile- 
and incompatible trace element-enriched magmas. We present whole-rock trace element and halogen 
data from 40 Etinde lavas, which range from olivine-bearing nephelinites, haüyne-rich 
melanephelinites to the most geochemically-evolved samples, which contain schorlomite, strontian 
melilite and leucite. We discuss the implications of the extraordinary geochemistry (e.g. up to 
7100ppm strontium, 5190ppm fluorine) of this volcano. 


Furthermore, we present novel sulphur isotope data from Etinde. Both whole-rock δ³⁴S compositions 
and those measured in-situ from sulphur-rich phenocrysts have substantially higher δ³⁴S compositions 
than the typical mantle range of -1 to +1‰ (VCDT). Whole-rock values range from +3.9 to +8.1‰ and 
in-situ measurements of haüyne and nosean range from +7.5 to +13.9‰. At other systems globally, 
elevated δ³⁴S compositions have been associated with: a metasomatic mantle source, extensive 
degassing, interaction with evaporite sediments and temperature and ƒO₂ conditions of magma 
generation and storage. We propose an alternative model for the generation of magmatism at Etinde 
linked to mantle metasomatism. 
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Decompression-induced lithium redistribution in felsic shallow magma 
reservoirs: An experimental approach 
Cortes-Calderon E.A.1, Ellis, B.1, Ulmer P.1, Magna, T.2 
 
1Institute of Geochemistry and Petrology, Department of Earth Sciences, ETH Zürich, Clausiusstrasse 25, 8092 
Zürich, Switzerland. alejandro.cortes@erdw.ethz.ch 
2Czech Geological Survey, Klárov 3, CZ-11821 Prague 1, Czech Republic 


___________________________________________________________________________ 
 
Most economical lithium (Li) deposits are associated with evolved magma reservoirs as their ‘ultimate’ 
Li source [1]. Understanding how Li is distributed in felsic magma reservoirs is key to unravel the ore 
genesis of such deposits. The inventory of Li in rhyolitic melts is mostly controlled by fractional 
crystallisation and exsolution of fluids [2,3]. Here, we explore the effect of fluid exsolution governed 
by decompression of magma reservoirs on the Li content of haplogranitic, fluids and quartz. We 
performed decompression and equilibrium experiments using externally heated pressure vessels 
(EHPV) with a cold seal design using the same starting haplogranitic glass, at a fixed temperature of 
800 ºC and and starting fluid composition at 2.9 NaCleq m. Regarding decompression experiments, 
capsules were kept during ca. 96 h at the initial pressure to attain equilibrium, then the pressure was 
lowered and followed by rapid isobaric quenching of the experiments. Pressure was varied from 190 
MPa to 100 MPa (1.0 MPa/s), 150 MPa to 100 MPa (0.4 MPa/s) and 100 MPa to 50 MPa (0.8 MPa/s). 
Equilibrium experiments where quenched after 96 h at 100 MPa and 150 MPa. Regardless of the 
differences in initial and final pressure of the decompression experiments, glass major element 
compositions remained the same because we set the fluid composition to avoid alkali migration. While 
run quartz from equilibrium experiments have homogeneous Li contents, their counterparts from 
decompression experiments show V-shaped Li concentration profiles with rims ca. 20% higher than 
their respective cores. Run glasses from decompression experiments are not homogeneous in Li but 
they are consistently lower in concentration than run glasses from equilibrium experiments. We 
attribute such observations to Li being lost from the melt and being incorporated into quartz to charge 
balance Al3+ defects after H+ loss from the crystal during decompression. Although Li incorporation in 
quartz occurs due to decompression, such in-diffusion does not compensate the Li loss in the melt 
according to mass balance calculations. As a result, the partitioning of Li between bulk fluid and melt 
after decompression increases significatively compared to the Li partitioning derived from equilibrium 
experiments, suggesting that decompression might potentially be the most efficient way to scavenge 
lithium form felsic melts. Our results agree with earlier suggestions based on natural samples from 
Yellowstone and Long Valley felsic caldera systems [4,5]. 
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Strongly peraluminous granitoids record an increase in biological nitrogen 
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___________________________________________________________________________ 
 
Over the past decade, several studies have attempted to reconstruct the evolution of atmospheric N2 
pressure over Earth’s history, yielding vastly differing results [1]. One of the major uncertainties in 
models is the efficiency of nitrogen (N) ingassing via burial/subduction and how changes in surface 
redox and the biological N cycle modulated this burial flux. The sedimentary N record is insufficient for 
addressing this problem because it is heavily biased towards organic-rich black shales [2]. To overcome 
this problem, we present a new approach to assessing changes in the N burial flux through time using 
strongly peraluminous granitoids (SPGs). These are granitoids with strong field, mineralogical and 
geochemical evidence for being predominantly derived from the partial melting or anatexis of 
(meta)sedimentary source material [3]. As SPGs are sourced from a variety of siliciclastic sedimentary 
rocks, they offer potential to circumvent the bias towards organic-rich facies in the existing 
sedimentary N record. Further, as granitoids are mechanically more resistant to geological and tectonic 
processes than low-grade sediments, they may offer a robust archive of changes in the continental 
crusts N budget. We find that the isotopic composition of SPGs (δ15N = +5.8±2.7‰), significantly offset 
from the average upper mantle (δ15N = -5±2‰ [4]), are best explained by inheritance from the 
protolith (meta)sedimentary rocks (low-grade shales δ15N = +4.1±3.6‰ [2]) and not changes in melting 
regime, tectonics, or alteration. Hence SPGs are good archives for indirectly tracking biologically fixed 
N through time. Our record, combined with published sedimentary (δ15N = +4.1±3.6‰) [2] and glacial 
till (δ15N = +4.2±3.1‰) [5] data, indicate that the mean N isotopic composition of the upper continental 
crust (UCC) has remained relatively constant for at least the last 3 billion years, even over times of 
significant surface redox changes (e.g., across the Great Oxidation Event and Neoproterozoic 
Oxygenation Event). In contrast our nitrogen abundance data differ from the stability of the isotopic 
record. While N abundances do not change significantly across the Great Oxidation Event at 2.4 Ga, 
we find a significant rise in median SPG nitrogen abundance between 1100-500Ma from 9.8μg/g [SPGs 
>500 Ma] to 57.1μg/g [SPGs <500 Ma ], mirroring a similar rise in glacial till nitrogen abundances at ca. 
800-500 Ma [5]. Our results suggest that N burial (and by extension, biomass burial) did not markedly 
change over the Precambrian but increased with the appearance of complex life, possibly due to 
increased biological productivity. Lastly, our data allow us to derive an updated estimate of the average 
δ15N and N abundance of the UCC. Combining our new data with literature data we find that the UCC 
contains 88±6μg/g (median + SEmedian) with a δ15N value of +4.7±1.5‰ (mean + 1sd), a signature likely 
controlled, at least in part, by changes in Earths biological nitrogen cycle.  
 
[1] Zerkle and Mikhail (2017) Geobiology. 15; 343-352. [2] Stüeken et al. (2016), Earth Sci. Rev. 160; 220-239. 
[3] Bucholz and Spencer (2019) J. Petrol. 60; 1299–1348.  [4] Marty and Dauphas (2003) EPSL. 206; 397-410. [5] 
Johnson et al (2017) Geochem. Perspect. Lett. 4; 24–28.  
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___________________________________________________________________________ 
 
Magma reservoirs in the shallow crust are a primary control on volcanic surface deformation, and are 
the geodetically observable component of the underlying vertically extensive magmatic system. In the 
Western Galápagos these shallow reservoirs have been detected at six volcanoes, at depths ranging 
from six km at Cerro Azul, to one km at Fernandina. Volume changes in these reservoirs, during 
eruptive episodes, as well as during periods of quiescence, have made these volcanoes remarkable 
study sites given the range of observed deformation styles. These vary from long-term uplift at Sierra 
Negra and Wolf, to sustained subsidence at Alcedo, and high-magnitude co-eruptive deformation at 
Fernandina. Here, we use Sentinel-1 Interferometric Synthetic Aperture Radar (InSAR) to observe the 
islands for a five-year period, starting with the 2017 unrest at Cerro Azul, and ending with the 2022 
eruption of Wolf.  
  
We construct comprehensive timeseries of deformation, and discern temporally contemporaneous 
changes in displacement rates and magnitude at neighbouring volcanoes (e.g. one volcano begins to 
subside as another erupts). We then quantitively verify these observations, using Independent 
Component Analysis, and Correlation Analysis. These analyses, alongside previous observations of 
related displacements in the Western Galápagos [1], are indicative of a common origin for volcanic 
deformation. We further investigate this using geodetic source models to estimate magmatic volume 
flux to each volcano, over the entire study period. When compared to the results of our timeseries 
analysis, we demonstrate that individual volcanoes deform concomitantly during periods of elevated 
magma flux from the Galápagos plume — during eruption, unrest, and resurgence. 
 
This dynamic supply has been hinted at in previous studies of Galápagos volcanism: (1) Galápagos 
volcanoes erupt due to the periodic flushing of primitive magma through their magmatic system [2]. 
(2) Quiescent volcanoes here periodically resurge, due to rapid magma influx [3]. (3) Even the extreme 
pre-eruptive uplift at Sierra Negra comprised at least four distinct phases [4]. These observations, 
alongside the analyses and modelling that we present here suggests that that irregular fluxes in magma 
supply causes neighbouring Galápagos volcanoes to experience correlated deformation.  
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Banding in the margins of dykes indicates pulsatory propagation 
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___________________________________________________________________________ 
 
Rock textures within exposed, solidified dykes provide a means to investigate subsurface magma flow, 
which likely influences the behaviour of fissure eruptions at the surface. We have found small-scale 
(mm – cm wide) banding features at the margins of dykes in the Teno Massif, Tenerife, and the 
Columbia River Basalts. These marginal bands are of particular interest because the margins of dykes 
are the first material to solidify against the host rock, and they originate at the tip of a dyke as it 
propagates through the crust. Marginal textures are therefore intrinsically related to the propagation 
process, and provide a record from initial crack propagation towards steady magma flow within the 
dyke. The marginal bands therefore hold valuable information on dyke tip processes and dyke 
propagation. 
 
The bands get wider and less distinct towards the intrusion centre, and are defined by variations in 
phenocryst concentration and vesicularity. Marginal bands showing these same trends have been 
found in dykes from various volcanic settings, and their similarity suggests a common, if not ubiquitous, 
formation process related to dyke propagation. By treating the textures as a time series, with the 
oldest material at the dyke wall, we determine that the cyclic variations in textures are a product of 
fluctuating magma flow rates and pressures within the dyke tip. Using a 1D conduction model, we 
estimate the time taken for each band to cool and solidify, which provides a timescale for the flow 
variations that created them. We therefore infer that propagation is not a continuous process, but 
occurs in pulses lasting minutes, repeatedly hindered by the solidification of magma in the narrow 
dyke tip. As such, these marginal bands have implications for our understanding of dyke propagation, 
especially around the role of solidification, and how the dyke instigates fracturing. 
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IC-FEMRES: A new 3D finite element magma reservoir simulator 
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___________________________________________________________________________ 
 
IC-FEMRES (Imperial College Finite Element Magma REservoir Simulator), is a finite-element based 
numerical code for simulating the 3D dynamic behaviour of a two-phase, multi-component magma 
reservoir with chemical reaction.  The code is built upon the open-source IC-FERST package 
(http://multifluids.github.io/) which includes advanced numerical features such as dynamic mesh 
optimisation, to allow fine-scale solution features to be captured while simulating in a large domain. 
 
The model treats solid and melt phases as Stokes fluids with very different Newtonian viscosities.  
Individual crystals in the solid matrix are incompressible, but the solid phase is compressible to account 
for changes in melt fraction.  The formulation captures viscous compaction and convection of the solid 
matrix, and flow of melt via a Darcy-type formulation at low melt fraction, and a hindered-settling type 
approach at high melt fraction.  It also captures heat transport by conduction and advection, and 
component transport by advection.  A chemical model is used to calculate phase fraction and 
composition.  The code sequentially solves for: (1) melt and solid velocity (mass and momentum 
conservation); (2) enthalpy and component transport (energy and component conservation); and (3) 
phase fraction, temperature and composition via a chemical model.  Material properties such as 
density and viscosity can be coupled to solution fields such as melt fraction, temperature and 
composition to yield a highly non-linear system of coupled equations which are solved iteratively. 
 
We demonstrate here validation of the formulation against well constrained test cases, and example 
results for a magma reservoir in the continental crust, obtained using a simple two-component 
chemical model created by fitting a binary phase diagram to experimental melting data.  Solutions 
show significant deviations from the predictions of 1- and 2D thermal models, or 1D models that 
include magma dynamics, and may explain some hitherto poorly understood aspects of magma 
reservoir formation, dynamics and chemical differentiation.   
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___________________________________________________________________________ 
 
Magma is primarily transported through the upper crust via thin, fluid-filled fractures called dykes. 


Driven by magma pressure gradients, dykes cut through the host rock and create their own pathways 


to potentially erupt at the surface. The forces driving dyke motion are strongly infleunced by the way 


the magma flows internally and distributes the fluid pressure that is exerted on the surrounding host 


rock. Fluid dynamics therefore play a key role in governing dyke propagation, yet magma flow is 


impossible to observe in nature. We present analogue experiments to explore the flow regimes in 


dykes from initiation to eruption. A Newtonian fluid magma analogue (water, oil, or glycerol) is injected 


with a constant flux into gelatine --- the host rock analogue. Passive tracer particles that are suspended 


in the injected fluid are used to track internal fluid motions and measure its velocity. We explore a 


wide range of flow conditions by varying the dyke Reynolds number Re, which characterises the 


balance of fluid inertia to viscous resistance within the flow. Dynamic measurements of fluid velocities 


and dyke geometry evolution are obtained for experiments with Re values spanning six orders of 


magnitude --- ranging from creeping, viscosity-dominated flows to high-speed fluid injections. In these 


experiments, we observe a consistent pattern of fluid re-circulation that persists for the majority of 


dyke ascent, regardless of the Reynolds number. Prior to eruption, all experiments exhibit a change in 


flow behaviour as the dyke accelerates towards the surface, and vertical flow dominates internally. 


The dynamic evolution of flow behaviour in these experiments has important implications for the 


forces driving dyke ascent in nature, particularly for transient dykes that may never reach a steady 


state of propagation. 
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___________________________________________________________________________ 
 
The high temperature geochemistry of nitrogen is a topic rife with intrigue [1]. For example, debate is 
ongoing regarding the crust-mantle tectonic flux(es) and the storage capacity of Earth’s silicate 
reservoirs. This is in part because the behaviour of nitrogen is complex, given that nitrogen is redox 
sensitive where the main species of nitrogen in the Earth system – nitride, oxide, molecular, and 
ammonic – share no overlapping behavioural traits and the redox conditions required to convert 
between these species overlap with key redox gradients of Earth’s tectonic systems [2]. Conventional 
thinking holds that nitrogen is a highly volatile and incompatible element in igneous systems which 
results in the loss of nitrogen during magmatic differentiation [1]. Here we present new data that lead 
us to question this long held assumption. 
 
Using a bespoke laboratory facility which has been built and calibrated at St Andrews [3], we have 
examined the geochemistry of nitrogen within a zoned pluton. We have determined the elemental and 
isotopic partitioning behaviour of nitrogen between biotite, plagioclase, and orthoclase relative to 
each other and the system (whole rock) across the Loch Doon zoned pluton. We posit that mantle 
nitrogen is not always transferred from the mantle to the atmosphere by volcanism, and instead, our 
data hint at two very important and novel insights: 
 
Novel Insight 1, Partitioning: There is a significant loss flux of nitrogen from the mantle to the crust 
which never reaches the atmosphere. Instead, nitrogen is retained as ammonium in minerals which 
can host large ion lithophile elements, such as feldspars and micas. We also find that nitrogen is far 
more compatible than Rb in K-feldspar and vice versa for biotite, and this observation implies that the 
ammonium ion is more similar in radius to K than Rb. These data are essential to the construction of 
geochemical models to express the nature of the geological nitrogen cycle and to calculate the 
composition of the bulk silicate Earth, the core, and Earth’s prebiotic nitrogen cycle (e.g., the activity 
of reactive nitrogen in the earliest oceans).   
 
Novel Insight 2, Stable Isotopes: We observe a near-constant (equilibrium) stable isotope fractionation 
factor between biotite mica and whole rock (Δ15N = -6.8 ± 1.5‰). These data are important because 
nitrogen isotope data in the rock record are commonly used to determine the source of Earth’s volatile 
elements, the origin of life, and the cycling of subducted volatiles through Earth’s mantle. 
 


Our data show that nitrogen originating from the mantle should be readily captured in the continental 


crust, meaning a critical part of the global nitrogen cycle has so far been overlooked. 
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___________________________________________________________________________ 
The sulfur contents and speciation in magmatic systems have important implications for the ore 
forming potential of magmas and the climatic effects of volcanic eruptions. Magmas forming at 
volcanic arcs carry more sulfur and are also more oxidised than mid-ocean ridge basalts (MORBs). 
Addition of slab-derived material into the mantle under volcanic arcs may explain the high S content 
and elevated oxidation state in arc magmas. 
 


 
Figure 1: (A) Undegassed mantle wedge/arc magma δ34S plotted vs. the sulfur content of the mantle 
wedge (black outlines) and the measured maximum MI S contents (red outlines). For reference, MORB 
melt and mantle source S contents are also shown. (B) The δ34S compositional range of the slab 
component added to the mantle wedge. EPR: East Pacific Rise. Error bars in (A) are 1σ. Large symbols 
in (B) are median fluid δ34S, while smaller symbols are the 2nd and 8th deciles calculated using Monte 
Carlo modelling. 
 
Here we use melt inclusion (MIs) sulfur contents and sulfur isotope ratio data (δ34S) collected from the 
Central American volcanic arc (Volcán de Fuego, Cerro Negro, Turrialba) and the Aleutians Islands 
(Seguam, Makushin, Shishaldin) to quantify the sulfur content and sulfur isotopic composition of the 
mantle wedge. Undegassed arc magmas, containing 2700-5500 ppm S, have δ34S values between +1‰ 
and +5‰, uniformly higher than depleted upper mantle estimates (Fig. 1). Using undegassed melt S 
content and melting degree estimates for each volcano we calculate the S content of the mantle wedge 
using mass balance, assuming total sulfur removal during mantle melting. This is a realistic scenario 
under oxidative conditions. Calculated mantle wedge S contents vary from 240 ppm (Turrialba) to 780 
ppm (Makushin). In our model, between 40-80% of S in the mantle wedge is slab-derived. Slab sulfur 
probably dominates arc magma S budgets globally and has a critical role in the formation of S-rich arc 
magmas. Estimated median compositions of slab fluids vary between +2‰ and +6‰ (Fig. 1B). Slab 
sulfur, rich in 34S, may be sourced from altered oceanic crust (AOC), serpentinites, or sedimentary 
material. Fractionation of S isotopes during transport within the slab is also a potential explanation for 
34S-rich slab fluids. Slab lithologies with positive δ34S are associated with seawater-derived, oxidised 
sulfur. Therefore, slab fluids are expected to contribute to the relatively oxidising conditions observed 
in arc magmas globally. 


Mush evolution in the Bárðarbunga volcanic system, Iceland 
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___________________________________________________________________________ 
 
The prevalence, durability and physical significance of crystal mushes in crustal magmatic systems is a 
topic of current interest in igneous petrology. Mush fragments brought to the surface by basaltic 
eruptions provide a key opportunity to image a snapshot of the temporal evolution of mushes.  
Petrographic and geochemical analysis of such fragments give valuable insights into basaltic magma 
reservoirs, including information about magma storage conditions and possible eruption triggers. A 
detailed petrological and geochemical study was carried out on gabbroic mush nodules from the 
Brandur, Fontur and Saxi tuff cones to understand the processes that occur before large fissure 
eruptions in the Bárðarbunga system, Iceland. 
 
Petrographic studies of the mush nodules, from QEMSCAN images, reveal a bimodal phenocryst 
population in a glassy vesicular groundmass. Geochemical analysis further reveals the bimodal 
population consists of a primitive and evolved assemblage. The former is composed of large equant 
crystals of high-anorthite plagioclase (An~88), high-forsterite olivine (Fo~86) and high Mg# 
clinopyroxene (Mg#~86) forming an interconnected solid framework. The evolved assemblage consists 
of low-anorthite plagioclase (An~75), low-forsterite olivine (Fo~77) and low Mg# clinopyroxene 
(Mg#~79) crystallising in the pore space of the mush framework and on the rims of the primitive 
macrocrysts. The textures and compositions seen suggest the nodules experienced two stages of 
crystallisation: primitive macrocrysts crystallised first and were stored in crystal mushes. Then a later 
event caused a change in PTX conditions and triggered relatively rapid crystallisation in the pore-spaces 
of the mushes. 
 
The quenched glass in the pore spaces of the nodules has the composition of a basaltic liquid that in 
chemical equilibrium with the evolved assemblage of crystals. Thermobarometry based on equilibrium 
between this liquid and the phases indicates that the final stage of crystallisation occurred at pressures 
of 1-2 kbar. A putative interstitial liquid composition was reconstructed under the assumption of 
closed system growth of the evolved assemblage by using the QEMSCAN pixel maps to add the evolved 
crystals to the interstitial glass composition. This reconstructed liquid is far from chemical equilibrium 
with the primitive crystals in the mush framework, indicating that the assumption of simple closed 
system crystallisation from an initial mush liquid in equilibrium with the primitive solids is not correct. 
Therefore, the phase mapping and compositional relationship provide constraints on open-system 
processes in mushes.  
 
Barometric studies on the second stage of porosity filling crystallisation reveal that disaggregation 
occurred at shallow crustal depths of 1-2 kbar, consistent with geophysical estimates of shallow 
magma reservoir depths under Bárðarbunga at the present day. Diffusion profiles across the rims of 
the olivine crystals were modelled and reveal that the timescale between rearrangement of phases in 
the mush and eruption of the fragment was on the order of months to ~2 years. 
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___________________________________________________________________________ 
Mt Etna is a rapidly deforming volcano where the south east flank slides into the Ionian Sea at rates of 
~4cm/year [1]. The sources causing these deformation rates have been investigated a lot in recent 
times, but studies mainly focussed on terrestrial data sets. InSAR and GNSS measurements are among 
some of the best tools to investigate the sources for magmatic deformation, however, this does not 
give us insight into the nature of what is happening below the sea. Etna is the only volcano where 
offshore measurements are monitoring the slides of the flank, indicating that the fault system deforms 
at higher rates offshore than onshore (Figure 1, e.g Urlaub et al 2018 [1], Urlaub et al 2022 [2]). 
Comparing onshore and offshore deformation data have never been used in conjunction with each 
other, therefore, this project aims to integrate both datasets for improving our understanding of Etna’s 
source of deformation. This may provide insight into how ocean island volcanoes collapse and 
therefore, can improve our development of early warning systems for catastrophic collapse. 
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Figure 1: Rates of deformation at active faults on Mt Etna 


edifice. Includes recent results obtained for extension of the 


submarine fault, showing that the submarine fault has faster 


rates of deformation [1]. 
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___________________________________________________________________________ 
 
Rabaul is a restless caldera volcano on the Gazelle Peninsula, East New Britain province, Papua New 
Guinea. Since the last caldera-forming eruption (667-699 CE) there have been numerous eruptions, of 
diverse styles, from multiple intra-caldera vents [1]. The most recent eruptions (1994-2014) were 
accompanied by substantial gas emissions and Rabaul has been estimated to be among the highest 
emitters of volcanic gas into the atmosphere over the past two decades, ranked sixth for SO2 flux and 
thirteenth for CO2 flux [2-4]. Followed the cessation of eruptive activity, unrest at Rabaul has 
diminished, in terms of the intensity of seismicity or ground deformation, vigour of gas emissions, and 
the temperature and overall abundance of hot springs and fumaroles. It is unclear if prodigious gas 
emissions from Rabaul are an inherent characteristic of the volcanic system or a transient feature, 
given the short history of instrumented monitoring. Open questions include: are magmas feeding 
volcanism at Rabaul notably volatile-rich, and why? Is the adjacent subduction zone a locus of efficient 
volatile recycling? Are rising magmas incorporating additional volatiles from the arc crust?  
 
In this contribution, we present geochemical and isotopic data from volcanic gases at Rabaul, using 
samples collected from fumaroles and hot springs in 2016 and 2019. We report the composition of 
gases in terms of the relative abundance of major (H2O, CO2, sulfur) and trace (He, Ar, N2) chemical 
species, as well as helium, carbon and nitrogen isotopes. We use volatile systematics to interpret these 
data in terms of volatile provenance, i.e., whether volatiles emitted at Rabaul are principally sourced 
from the local mantle, recycled from the subducting slab entering the New Britain trench and/or from 
crustal volatiles liberated from the overlying crust by rising magmas.  
 
Many of our samples are subject to air contamination, potentially due to seawater intrusion and air 
circulation in the hydrothermal system within the poorly consolidated rocks of Rabaul’s active cone, 
Tavurvur. Nonetheless, by combining a range of chemical and isotopic tracers in gas samples from 
fumaroles and hot springs, along with a compilation of the limited available geochemical and isotopic 
constraint from whole rock suites, we have characterised Rabaul gas chemistry for the first time and 
determined the provenance of volatiles at Rabaul. We find a strong mantle influence, based on high 
3He/4He, and evidence from δ13C and δ15N for slab contributions of carbonate and minor organic 
sediments. 
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The Gegham and Vardenis volcanic highlands, central and southeast Armenia consist of a dense cluster 


of > 160 Pleistocene-Holocene monogenetic scoria cones and lava domes. The vents were formed 


during strombolian to violent strombolian eruptions, which produced extensive lava flows, scoria, and 


spatter with basalt, trachybasalt and basaltic trachyandesite compositions [1, 2].  


The timing of volcanism in both regions is uncertain, although K-Ar dating suggests that activity in the 


Gegham Highlands occurred between 700 ka and < 50 ka [3]. However, archaeological evidence 


suggests the most recent eruptive activity occurred at ~ 3.4 ka [4], with the youngest activity thought 


to have occurred in the Vardenis region [5]. Recent seismic swarms have been linked to an active 


magmatic system in Gegham Highlands, which poses a risk to the Armenian capital city Yerevan, with 


its population of 1.1 million people [1]. Therefore, with uncertainty regarding the timing of the last 


eruption, and evidence of an active magma system, it is important to establish the eruptive history of 


the region in order to assess volcanic hazards [1]. 


This project will use 40Ar/39Ar geochronology to determine the spatio-temporal evolution and eruptive 


recurrence rates of monogenetic volcanism in the Gegham Highlands and resolve the timing of the 


youngest volcanism in Armenia. A recent field season involved collecting suitable materials for dating, 


including scoria and lava from geomorphologically young-looking vents and their associated lava flows. 


The ages obtained by this study will be used to inform statistical modelling to forecast the location and 


timing of future eruptions. In addition, constraints on magma ascent and eruptive behaviour will be 


gained from textural analysis using Scanning Electron Microscopy and X-ray micro-CT/microscopy. The 


results from this project will be used to inform hazard assessment in Armenia and provide insight into 


evolution of monogenetic volcanic fields in continental-collision zones and worldwide.  
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___________________________________________________________________________ 
 
Despite their relative infrequency, large-scale gravitational collapses can occur at all types of volcanic 
landforms from across all tectonic settings. Volcanoes can be inherently unstable due to their wide 
range of lithological properties and rapid construction. They also repeatedly undergo processes such 
as volcano-seismicity, magma ascent, hydrothermal alteration, subsidence and gravitational 
spreading, which further promote a variety of structural weaknesses, ultimately giving rise to an edifice 
prone to destabilisation.  
 
Sector collapses can profoundly modify a volcano’s morphology; the failing mass can be of the order 
of several cubic kilometres and in many cases cuts deeply into the edifice, encompassing the summit 
and exposing the volcano’s central conduit. This results in the rapid removal and redistribution of a 
substantial mass across the surrounding landscape, and instantaneous decompression of the 
magmatic feeder system. Growing evidence suggests that this abrupt change in surface loading can 
significantly perturb the underlying magma reservoir, influencing pressurisation conditions and in turn, 
potentially manifesting as shifts in eruptive styles, rates and compositions on a range of timescales [1].  
 
Difficulties in developing high-resolution reconstructions of pre- to post-collapse volcanic activity have 
resulted in a lack of detailed understanding of how magma systems are affected by edifice collapse [2]. 
However, Anak Krakatau provides a rare opportunity to examine volcanic evolution spanning a major 
collapse, due to its relatively young age and well-documented eruptive history. This includes records 
of Anak Krakatau’s growth from the inception of the volcano, following the 1883 Krakatau eruption, 
through to its catastrophic collapse in 2018, as well as the ongoing post-collapse regrowth of the 
volcano. This study utilises remote sensing techniques and eruption records collated from literature to 
examine Anak’s volumetric evolution since its formation in the late 1920’s. Understanding Anak’s early 
growth history can offer fundamental insight into the coupled development of the sub-surface magma 
system and the growing edifice, and how this ultimately led to collapse. This provides a context for 
also evaluating the factors driving its post-collapse ‘recovery’ and will provide the basis for forecasting 
the future trajectory of its growth and potential further instability. More generally, the capacity to 
perform this analysis at Anak Krakatau is a key step towards a more complete understanding of the 
effects of rapid changes in surface loading on the activity of arc-volcanic systems.  
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___________________________________________________________________________ 
 


Ritter Island is a subduction-related island volcano in the Western Bismarck Arc in Papua New Guinea 


[1]. Its lateral collapse in 1888 removed an estimated volume of 4.2 km3 of material into submarine 


landslide deposits according to [2]. An alternate estimate of this volume is 2.4 km3 by [3]. This event 


has become a key case study and the largest historically documented tsunami-generating volcanic 


island collapse [4]. Until the collapse-generated tsunami at Anak Krakatau, Indonesia, in 2018, it was 


also the best documented historical event with records providing descriptions of the island before and 


after collapse and accounts of the tsunami in the surrounding regions [5]. 


Drone imagery taken in 2016 on the SO252 (RV Sonne) cruise [6] was used to make a high-resolution 


structure-from-motion model of Ritter Island using photogrammetry techniques. The output of this 


model includes an orthomozaic image and a digital elevation model both with a resolution of 


8cm/pixel.  


The elevation model provides excellent detail on the topography of the island, yielding a number of 


key data sets. These include peak altitudes, slope angles and the volume of the subaerial island. These 


datasets have been used to make a new reconstruction of the pre-collapse volcano and can be linked 


to bathymetry data also collected from the SO252 cruise [6]. As a result, a new estimate of the sub-


aerial component of the collapse volume has been calculated as 0.87 km3. The models were also used 


to identify and map structural features, dyke intrusions, vegetation cover and individual rock units. 


These, in turn, form the basis for a detailed geological map of Ritter Island.  


Subaerial and submarine samples previously collected from Ritter Island have been analysed for 


porosity and permeability using laboratory methods [6, 7]. These measurements, combined with 


geological mapping, have provided a clearer picture of the structure of Ritter Island that will help better 


understand the stability of the edifice and determine the mechanism behind the catastrophic collapse.  


1. Tollan, P.M.E., et al., (2017) Journal of petrology, 58(8): p. 1475-1510. 
2. Day, S., et al., (2015) Marine and Petroleum Geology, 67: p. 419-438. 
3. Karstens, J., et al., (2019) Earth and Planetary Science Letters. 517: p. 1-13. 
4. Ward, S.N. and S. Day, (2003). 154(3): p. 891-902. 
5. Ray, M.J., (2017), Birkbeck. 
6. Berndt, C., et al., (2017). 
7. Saunders, S. and J. Kuduon, (2009). 
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Volcanic flank or sector collapses have been linked to changes between the magma compositions 


erupted before and after the collapse [1, 2]. The Monte Amarelo collapse on Fogo island occurred 


around 68-83 ka [1, 3, 4] and formed a horseshoe-shaped scar which is the site of many recent 


eruptions. 


In this study we selected 29 stratigraphically controlled samples in 5 Formations across the whole of 


shield-stage volcanic activity in Fogo, using the stratigraphy of Day [5]. These were analysed for bulk 


rock major and trace elements, and Sr, Nd and Pb isotopic ratios. The results show similar trends in 


both pre- and post- collapse rocks: (i) a fractional crystallisation trend with low 87Sr/86Sr values which 


points to a carbonatite end-member [6, 7], (ii) an assimilation-fractionation crystallisation (AFC) 


trend at medium to high 87Sr/86Sr values. Similar trends also occur in Nd and Pb isotopic values, (iii) a 


trend in Sr and Nd isotopic values between the most depleted sample and at least one isotopically-


enriched component and (iv) a trend in Pb isotopes that is different to that of previous workers, at an 


angle to the Northern Hemisphere Reference Line (NHRL) with one end-member being carbonatite 


[6, 7].  


Importantly, and in contrast to [1], the Sr, Nd and Pb isotopes show no change across the collapse 


when plotted in our defined Formations. However, 206Pb/204Pb and 208Pb/204Pb ratios show a slight 


decrease in isotopic value with decreasing age and the Sr and Nd isotopes indicate an increase in the 


more enriched component over time. The lack of evidence in this study to support the theory that 


lateral collapses are linked to major changes in magma composition [2] suggests that a robust 


sampling strategy should be followed before inferring any collapse effects in petrogenetic models. 
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The Canary Islands are an archipelago of ocean island volcanoes, overlying a mantle hotspot from 


which their volcanic activity originates. By analysing the isotopic and chemical compositions of detrital 


volcanic sands from the Canary Islands, the compositions and origins of the mantle components that 


contribute toward Canarian volcanism will be constrained. 


Furthermore, the Canary Islands transect the West African passive continental margin, which provides 


unique insight into the nature of a continental input into the Canarian mantle plume. Comparison of 


the compositions of mantle-derived volcanic rocks from ocean islands located at varying distance from 


the continental margin will provide context for variations in the isotopically enriched ‘EM1’ mantle 


signature in Canarian volcanics. The origin of this enriched signature remains contentious, but is often 


attributed to entrainment of continental material into the plume [1, 2, 3]. If this signature does in fact 


originate from a continental source, then the influence of the enriched component would be expected 


to decrease with increasing distance from the continental margin. Constraining the source of the 


isotopic enrichment in the mantle source of the Canary Islands may help to identify the sources of 


similar EM1 mantle signatures in other ocean island settings. 


Analysis of the isotopic (Sr-Nd-Pb) compositions of olivine-hosted melt inclusions, utilising new 1013 Ω 


resistors with the University of Leeds Thermal Ionisation Mass Spectrometer to collect precise isotope 


ratio measurements of nanogram quantities, in addition to the major and trace element compositions 


of the melt inclusions and their host olivine will help to constrain the origin and nature of compositional 


heterogeneity in the mantle source of the Canary Islands, which is key to understanding the evolution 


of both the Earth’s mantle and Canarian magmatism. 
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___________________________________________________________________________ 
 
The East African Rift System (EARS) is the world’s longest and best exposed example of a continental 
rift, and thus presents an ideal location to study active rift systems. Varying stages of rift development 
are manifested along the EARS, from early-stage continental rifting in the southern Malawi Rift, to near 
continental breakup in the Danakil region of Afar [1, 2]. Despite its geological importance as a transition 
zone between contrasted rifting styles, large sections of the EARS—including in the Adda’do Graben 
of Southern Afar—remain understudied.  
 
The Adda’do Graben is the youngest and most tectonically active graben in Southern Afar [3]. This 20 
km-wide graben marks the junction between the Main Ethiopian Rift and Southern Afar – two major 
sectors of the EARS. The graben is volcanically active, containing in its southern half three active 
volcanoes which collectively form the Adda’do Magmatic Segment (AMS). The stratovolcanoes Ayelu 
and Abida occur along the southern margin of the graben, while the rhyolitic complex stratovolcano 
Yangudi lies on the rift axis approximately halfway along the graben’s length. 
 
Here, we present a new detailed geological map and relative chronology for Ayelu, Abida and Yangudi, 
produced using Landsat and SRTM data, along with whole-rock geochemical data from 47 rock samples 
from across the edifices. We find that the three AMS volcanoes follow a broadly similar evolution 
trend, from a base of Plio-Pleistocene lavas to an explosive rhyolitic phase, to recent 
(Holocene/historical) activity dominated by distal basaltic flows. Overlapping calderas provide 
evidence for at least three series of fractionation at Ayelu/Abida, indicating that the area has been a 
site of prolonged magmatism. We find evidence for a lateral eastward shift in volcanic activity in the 
recent geologic past, possibly related to movement and development along the transverse fault zone 
where two southernmost volcanoes occur. 
 
 
References: 
[1] Ebinger C J (2005) Earth Sci. Rev. 1–53 
[2] Corti G (2009) Ast. and Geophys. 46(2), 2.16–2.21 
[3] Varet J (2018) Springer Nature 


 
 
 
 
 
 
 
 
 
 
 
 
 
 







RETURN TO PROGRAMME  
Session 1: Life Cycle of Volcanoes  Poster Presentations 


 


Volcanic and Magmatic Studies Group 2023 Meeting – Programme and Abstracts  


68 


 


Early Evolution of the Palaeogene Mull Volcano 


Gardner F.J.1, Kerr A.C.1, Gooday R.J.2 McDonald, I.1, Brown, D.J.3, Hughes, H.4 


1School of Earth and Environmental Sciences, Cardiff University, Main Building, Park Place, Cardiff, 
CF10 3AT UK. Correspondence email: gardnerfj@cardiff.ac.uk 
2Natural Sciences Department, National Museums Scotland, Chambers Street, Edinburgh, EH1 1JF, UK. 
3School of Geographical and Earth Sciences, University of Glasgow, Molema Building, Glasgow, G12 
8QQ UK. 
4Camborne School of Mines, University of Exeter, Penryn Campus, Penryn, Cornwall, TR10 9FE, UK 
___________________________________________________________________________ 


The British Palaeogene Igneous Province (BPIP) has long been an area of interest, both for British 
volcanology and in the context of the early stages of opening of the North Atlantic ([2], [8]). Previous 
studies have investigated the evolution of the Mull lavas ([7], [2]) and the evolution of the igneous 
centres associated with the BPIP, such as those on Skye (including [3], [4]) and Arran [5]. However, 
since the Mull Memoir was published by Bailey et. al. [1], little substantive research has been carried 
out on the early evolution of the Mull central complex. Following the success of a similar PhD study by 
Gooday [6] on the Isle of Arran, this work aims to use similar volcanological, geochemical and 
geochronological methods to undertake a study of the early evolution of centres one and two on the 
Isle of Mull. Field mapping and relationships of volcanological and intrusive units and their link to 
faulting apparent across the area, combined with sampling over multiple field campaigns, will build up 
a more-detailed understanding of the early evolution of the Mull volcano. Geochemical analysis of 
samples will help to elucidate processes such as magma mixing and crustal contamination as well as 
helping to determine links between sub-surface magma conduits and erupted deposits. Isotopic and 
elemental fingerprinting will be used to investigate the nature of the basement rocks through which 
magmas have risen and evolved between the two centres. U-Pb zircon dating will allow constraints to 
be placed on the timescales of formation of the centres.  


This study will develop an updated volcanological and petrological model of the early evolution of the 
Mull central complex. The results of this study will both add to our understanding of the BPIP and more 
generally will have implications for our understanding of explosive volcanism, particularly in young and 
evolving environments. 
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Volcanic calderas are enclosed topographic depressions delimited by steep annular cliffs of up to 


several hundred meters in height. The cliffs, or caldera walls, represent the degraded scarps of faults 


that accommodated subsidence of a magma chamber roof. Here, we assess the mechanical controls 


on caldera morphology by analysing: (i) slope properties of several natural calderas, and (ii) results of 


a classical analytical solution and of new Distinct Element Method (DEM) numerical modelling. The 


latter explicitly simulates progressive caldera collapse such that slope morphology emerges as a 


function of increasing subsidence and varied mechanical properties. 


The natural caldera slope angles range from 20 – 65° and slope heights range from 99 – 1085 m. We 


find that smaller slope heights are not as robustly tied to greater slope angle as previously suggested. 


When compared to both analytical predictions and DEM modelling results, the natural slope-height 


data yield expected rock mass cohesion values of 0.25 - 0.38 MPa, which is 2-3 orders of magnitude 


less than typical laboratory-scale values. The DEM models further indicate that friction is the dominant 


control on slope evolution. During early collapse stages, failure mechanisms in the DEM models 


include: (1) granular flow with low friction and cohesion, and (2) block toppling at high friction and 


cohesion. During later collapse stages, shear failure dominates regardless of cohesion. At higher 


cohesion and/or friction values, the DEM model slope profiles become non-linear and concave-


upward, as seen at many natural calderas. 
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A wide range of behaviour can be displayed by basaltic fissure systems during their eruptive episodes 
which poses danger to people and infrastructure in the vicinity. Within the subsurface plumbing 
systems that feed basaltic fissure eruptions, stored magmas physically and chemically interact, with 
strong evidence that physically distinct magmas can mix during ascent. The extent and success of 
interaction can determine eruption longevity and the nature of eruptive products. Previous analogue 
experimental studies investigating the interaction of magma in plumbing systems have typically used 
chamber-like or pipe-like geometries (i.e. cuboid or cylindrical respectively) and immiscible fluids 
representing magma mingling. These findings are difficult to extrapolate to high aspect ratio, dyke 
geometries that characterise fissure systems and to situations of mixed magma. Therefore, we have 
designed a new analogue experimental setup to further explore magma mixing in a high aspect ratio 
geometry and use miscible fluids to capture these dynamics.  
 
We present results from scaled analogue experiments where an array of miscible fluid pairs, 
representing magmas of differing composition, interact in a dyke-like geometry. The higher density 
fluid is arranged below the lower density fluid in a stable configuration, after which the apparatus is 
inverted to initiate the interaction between the fluids. Over the course of an experiment, images were 
captured and later processed to quantify mixing and change in Reynolds number over time. Fluid 
samples were taken to accompany the visual data and track the evolving fluid physical properties 
(density, viscosity) during mixing. We relate our results to the evolution of magma viscosity and 
chemistry during subsurface magma replenishment and eruption, and to a composite dyke system in 
Iceland that displays physical and chemical interaction of multiple magmas.  
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___________________________________________________________________________ 
During the Carboniferous (ca. 359-259 Ma), rifting of the Midland Valley of Scotland  formed many 
volcanoes that are associated with eruption of (mainly) mildly alkaline olivine basalts. These volcanoes 
were short-lived (ca. 30 Myr) [1] and the remains of these volcanoes are today preserved as intrusive 
rocks (e.g., micro-gabbro, phonolite) exposed at the Earth’s surface. These rocks comprise world 
famous geological sites, such as Arthur’s Seat, Edinburgh. Although mapping work has broadly 
established a relative stratigraphy for the Carboniferous rocks of the Midland Valley, current 
geochronology suffers from poor precision and/or poor accuracy.  


The lack of an accurate and precise temporal framework leaves the Carboniferous rocks of Scotland 
‘floating’ in time with reference to the Geological Time Scale. High precision (0.1% uncertainties) 
geochronology can provide temporal resolution of sequences of events in the magmatic and volcanic 
history of the Midland Valley, including explosive volcanic eruptions, effusive emplacement of lavas. 


Further, by combining the geochronological analyses with a suite of geochemical data (e.g., Nd, Sr and 
Pb isotopes) it will be possible to track evolution of the magmatic systems and evolution of the rift 
through time.  


This project aims to date the Carboniferous volcanic rocks throughout the Midland Valley, utilising 
both high precision ⁴⁰Ar/³⁹Ar (lavas and explosive eruptions) and CA- ID-TIMS U-Pb zircon (intrusive 
rocks and explosive eruptions) geochronology. The data will allow me to construct a robust temporal 
framework, track the evolution of the magmatic systems of the Midland Valley and place these 
sequences of rocks within the global Geological Time Scale, constraining the ages of key fossil-bearing 
sediments.  


By linking the magmatic-volcanic framework to evolution of sedimentary basins in the Midland Valley 
through absolute dating of intercalated tephras, my project will provide a high precision chronology to 
track climate change during the Carboniferous and evolution of both flora and fauna.  
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___________________________________________________________________________ 
 
The direction of lava flow propagation is fundamental, though often elusive in the geological record, 


to understanding the source and evolution of large igneous provinces. Palaeoflow indicators are used 


to help determine the source of lava flows, and include inclined vesicles, lava tubes, ropy surface 


structures and internal flow banding. There are several studies concerning tree fossils within lava 


fields, both in modern and ancient examples, as an indicator of palaeoflow. However, these studies 


examine small and local populations of trees. Within the Palaeogene Mull Lava Field, NW Scotland, 


through detailed field mapping we identify over 300 tree fossils over a 25 km area of coastline, 


preserved throughout the entire exposed stratigraphy. This study therefore presents a unique dataset 


of a regionally extensive and statistically significant tree fossil population. The tree fossils are 


preserved in a range of forms including moulds, casts, mineralised or a combination of each, found in 


predominantly a sub-horizontal orientation, with some more rare vertical examples. The alignment of 


these hitherto undocumented tree fossils forms a key dataset within a region where extensive faulting, 


including syn and post-volcanic faults, has hampered regional correlation of lava flows. Periods of 


volcanic hiatus, at least locally, are indicated by the widespread occurrence of these tree fossils and 


intra-lava sediments which aid both correlation and palaeoflow interpretation. The lava flows of this 


area are presumed to be sourced from multiple fissures, though their location has historically been 


unknown. By integrating our tree fossil measurements with additional palaeoflow indicators such as 


vesicle alignment, we identify radial propagation from a linear zone, which we interpret as one site of 


multiple fissures and ultimate source of many of the flows of the north-west portion of the Mull Lava 


Field. Our study demonstrates how tree fossils can be used both as palaeoflow indicators for individual 


flows and an overall lava field. We anticipate that the orientation of tree fossils found in other lava 


fields, both modern and ancient could be utilised in a similar way. Further studies examining flow 


structures around an individual or small clusters of trees could be combined to enhance accuracy of 


palaeoflow predictions.  
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___________________________________________________________________________ 
 
The Azores islands are considered unusual examples of oceanic intraplate volcanism [1]. One reason is 
the geodynamic setting, with the islands seated on an expansive bathymetric high, known as the 
Azores Plateau, coupled with the Plateau occurring over a triple junction between plate boundaries 
(the American, Eurasian and African plates). The Azores are also the subject of longstanding debate, 
over the origin and geochemical characteristics of the Azores mantle source [2]. 
 
The central group of islands in the Azores (Terceira, Graciosa, São Jorge, Pico and Faial) are ideal for 
studying unusual geochemical signatures because of their location on the predicted occurrence of a 
mantle plume beneath the Azores. The islands of Pico and Faial are sited on a corresponding ridge to 
the Terceira rift. Both islands have lava flows that contain mantle xenoliths. Study of volcanic xenoliths 
allows direct observation of the petrology and geochemistry of the underlying mantle. Initial 
observations and mineral chemical data from mantle xenoliths collected on Faial and Pico are 
presented here. In particular, detailed petrography, as well as Scanning Electron Microscopy (SEM) and 
Electron Probe Micro Analysis (EPMA) analyses, of both xenolith sample suites has been carried out.  
Results show that the mantle xenoliths from Faial are pyroxenitic in nature, dominated by 
clinopyroxene. Lower crustal gabbros form a minor component of the Faial suite. Xenoliths from Pico  
include pyroxenites and dunites, consistent with previous studies on the xenoliths from these areas 
[3].  
 
Pico and Faial xenolith bulk rock and mineral separates have been prepared for neutron irradiation 
noble gas mass spectrometry to determine halogen abundances and noble gas isotope analyses [4, 5]. 
Combined with the petrological observations, the noble gas and halogen ratios will be used as tracers 
for potential Azorian mantle source components (e.g. MORB, OIB, recycled sediments). Future work 
will also examine xenoliths from additional islands in the Azores, to constrain heterogeneity between 
the islands.  
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___________________________________________________________________________ 
The Carnegie and Cocos aseismic ridges extend westwards for almost 1000km from the Galapagos 
islands to the continental margin of Central and South America, tracking the movement of the 
Galapagos hotspot. Variations in the bathymetry of these ridges and dating of ridge-based 
seamounts has led to the suggestion that, due to interaction of the mantle plume and adjacent mid 
ocean ridge, volcanism has historically been subaerial in this region [1][2]. By synthesising data from 
previous studies and using a rare-earth element inversion code for combined active and passive 
melting [3], we assess variations in excess crust generated along the hotspot track. This information 
is combined with published literature on timescales of species evolution [4] to establish the link 
between variable melt generation in the Galapagos plume and the emergence of volcanic landforms. 
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___________________________________________________________________________ 
 
Mexico City is home to one of the largest populations in the world, with more than 25 million people 
in its metropolitan area. Lying within the Trans-Mexican Volcanic Belt, the city is exposed to a variety 
of volcanic hazards from both polygenetic and monogenetic volcanoes. In order to better understand 
these hazards, it is important to further understand the volcanic history of the region, the most 
hazardous volcanic sources, and the processes involved in past eruptions. Furthermore, establishing 
an accurate chronology for this long-term record (c.500 ka) is crucial to picking apart the tempo of 
volcanism in the region.  
 
In 2016, a drilling project at Lake Chalco, on SE edge of Mexico City, commenced. This International 
Continental Scientific Drilling Program (ICDP) funded project recovered c.550 m of composite core (mc). 
These deposits have been sub-divided into three Stages: (1) Stage I, Lava-dominated section, 448.86 – 
553.93 mc; (2) Stage II, Pre-lacustrine section, 293.71 - 448.86 mc; (3) Stage III, Lacustrine-dominated 
section, 0 – 293.71 mc. We interpret Stage I to comprise 8 lavas and minor scoria deposits; Stage II to 
comprise a lateral collapse deposit and successive laharic reworking; and Stage III to comprise 
predominantly lacustrine sediments with at least 450 visible tephra layers and minor laharic deposits.  
 
Glass chemistry of the volcanic deposits in the Chalco core indicates that they are typically from nearby 
polygenetic and monogenetic sources, including Popocatépetl and the Sierra Chichinautzin Volcanic 
Field. However more distal caldera-forming eruptions have also been correlated to the succession, 
including visible ash layers from the Xaltipan Ignimbrite eruption, Los Humeros Caldera, Mexico and 
the Los Chocoyos (LCY) eruption, Lake Atitlan Caldera, Guatemala at 75 ± 2 ka and 164 ± 4.3 ka, 
respectively. These chronological markers and along with 12 new 40Ar/39Ar ages have been used to 
generate a Bayesian age-depth model for the MexiDrill core sequence.  
 
The volcanic record of Lake Chalco reveals that monogenetic input into the lake is as high as 
polygenetic sources, although is more episodic and forms clusters, contrasting from deposits sourced 
from nearby stratovolcanoes. Dominant polygenetic sources include Popocatépetl as well as 
Iztaccíhuatl, Nevado de Toluca and La Malinche volcanoes, although from major element glass 
geochemistry alone, distinguishing between the latter three volcanoes is difficult. From a hazards 
perspective, this long-term record reveals that explosive eruptions which have deposited tephra over 
Mexico City have gradually decreased over time, although the city remains extremely vulnerable to a 
range of hazards from diverse eruptions from multiples sources, including Strombolian to Ultra-Plinian 
eruptions styles from proximal (<5 km) and distal volcanoes (>100 km).  
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___________________________________________________________________________  
Understanding the mechanical evolution of a sub-volcanic magmatic system requires a careful 
understanding of the rheological representation of the system. Growing evidence for a transcrustal 
magmatic system suggests that magma reservoirs are dominated by crystal mush, rather than melt. 
Existing volcano deformation models often implement a static magma source as a cavity, which 
simulates a melt-rich magma reservoir and thus ignores the likely poroelastic or poroviscoelastic 
mechanical behaviour of the crystal mush. Here, we extend our previous work [1] to account for 
poroviscoelastic magma mush and thermo-viscoelastic wall rock rheologies. The crystal mush is 
expected to exhibit both elastic and viscous behaviours, as it resides between the viscous melt and 
elastic solid crystal framework. Crystals within the mush slide past each other with the application of 
stress, causing the matrix to deform in a time-dependent fashion. Consequently, the mush can be 
described by a poroviscoelastic constitutive model which couples viscoelastic deformation and melt 
flow. We use a Finite Element model to identify and investigate the rheological response to melt 
injection in a Maxwell poroviscoelastic "mushy" reservoir within a temperature-dependent Standard 
Linear Solid viscoelastic ("thermo-viscoelastic") crust. Our models consider the role of poroelastic 
diffusion and viscoelastic creep; two time-dependent mechanisms that affect induced stresses and 
deformation. Results show that in the case of a poroviscoelastic reservoir and elastic crust, the 
poroelastic diffusion deformation dominates when considering a high-temperature low-viscosity 
mush, due to the short relaxation times compared to the injection timescales. The component of 
viscoelastic deformation increases with the viscosity of the mush (i.e., lower temperatures), 
supplementing the poroelastic diffusion deformation. However, if the injection timescale is long 
compared to the viscous relaxation timescale of the mush, post-injection deformation due to diffusion 
can overcome the viscous deformation. When combining the poroviscoelastic reservoir with a thermo-
viscoelastic crustal rheology, surface deformation continues to develop at a decreasing rate 
proportional to the reservoir temperature. Crustal thermo-viscoelasticity amplifies the poroelastic 
deformation response of the mush, leading to increased time-dependent post-injection deformation. 
Over long post-injection timescales, the thermo-viscoelastic response of the crust dominates the 
observed deformation signal. Our study demonstrates that the rheological representation of the 
coupled reservoir-crust system controls the induced deformation, and is greatly impacted by variations 
in thermal conditions when combining a poroviscoelastic reservoir with a thermo-viscoelastic crustal 
rheology.  
 
References:  
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___________________________________________________________________________ 
 
Interpreting the causes and forecasting likely evolution of new deformation signals at volcanoes is 
challenging, particularly if the deforming volcanic system is poorly monitored or lacks historical 
deformation data. An established approach to overcome this, which can be utilised by monitoring 
authorities and observatories, is to compare the deforming volcano to similar systems or ‘analogue 
volcanoes’, which may provide clues to the context of deformation or other unrest [1,2]. 
 
Previous databases have compiled and compared published global catalogues of volcano deformation 
episodes, detailing spatio-temporal characteristics of the deformation including deformation duration, 
direction, rate, area and more [3,4]. Here, we first combine the previous catalogues of deformation to 
create a new catalogue with a wider and more complete range of spatio-temporal characteristics for 
each deformation episode. The preliminary resulting catalogue contains >400 records of deformation 
with constrained temporal characteristics, and ~200 records with constrained spatial characteristics. 
 
We then apply Principal Component Analysis (PCA) and a hierarchical clustering algorithm to the 
catalogue to group together deformation episodes with similar characteristics and analyse the relative 
importance of the individual parameters for distinctly clustering the data. From the resulting clusters, 
we attempt to interpret the degree to which the clusters could respond to physical processes or 
measurable characteristics of volcanoes such as rheology and morphology. Further development of 
this approach could aid in the identification of analogue systems and feed into volcano forecasting. 
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___________________________________________________________________________ 
 
Surface deformation is one of several geophysical phenomena routinely used as a guide to the present 
‘state of health’ of a volcano, commonly preceding and accompanying volcanic eruptions. Changes in 
deformation patterns contain essential information about the ongoing subsurface processes during 
episodes of unrest, offering an important window to interpret the nature of a deforming magmatic 
system and assess its mechanical stability. Understanding how the observed deformation patterns 
relate to the underlying mechanisms, and the capacity for the formation and propagation of magma-
filled cracks, is critical for assessing the eruptive potential of a volcano. However, geodetic models are 
inherently non-unique, and the inferred dynamics of a deforming magmatic system are heavily reliant 
on the assumed crustal rheology. Shallow or long-lived magmatic systems can significantly perturb the 
regional geothermal gradient, which limits the typical assumption of elastic behaviour by altering the 
rheology of the surrounding crustal rock. Viscoelastic materials comprise an additional component of 
behaviour that varies with time, and can be used to account for the thermal heterogeneity and 
increased ductility induced by the magmatic system. 
 
In this talk, we present key findings from our paper ‘Exploring the impact of thermally controlled crustal 
viscosity on volcanic ground deformation’, for which this keynote was awarded, and a subsequent 
paper ‘Rheological controls on magma reservoir failure in a thermo-viscoelastic crust’. These studies 
compare the implementation of two linear viscoelastic models, Maxwell and Standard Linear Solid, 
commonly used in geodetic modelling. We provide a parametric investigation of temperature-
dependent viscoelasticity (“thermo-viscoelasticity") in the context of geodetic modelling; exploring the 
impact of imposed thermal conditions (i.e., reservoir temperature and geothermal gradient) on the 
resultant deformation patterns and the mechanical stability of the magmatic system. Foremost, our 
studies demonstrate significant differences between the nature of the two viscoelastic models, with 
implications for the use of Maxwell viscoelasticity. Our results indicate that reservoir temperature is a 
primary control on the magnitude of deformation attained by both viscoelastic models, as well as the 
magmatic overpressures that can be sustained prior to failure when using a Standard Linear Solid 
crustal rheology. Overall, we highlight the importance of i) incorporating appropriate crustal behaviour 
and ii) ensuring accurate model constraints and parameterisations when using geodetic models to 
interpret episodes of volcanic unrest. 
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___________________________________________________________________________ 
 
Since 2000, 61% of VEI >3 eruptions exhibit signs of both explosive and effusive phases in a single 


eruption. The transition in eruption styles may happen in minutes to hours, which is challenging to 


forecast via monitoring. Here we produce a simple numerical model to simulate time-dependant 


evolution of magma properties during an eruption and link them to measurements of deformation 


and degassing. Specifically, we track the gas content of the reservoir, which modulates magma 


compressibility and thus the volume change of the reservoir. This simulation is performed by 


removing a fraction of degassed plug or a gas-rich cap in each time step. We calculate for the total 


gas volume fraction in the reservoir, bulk magma compressibility, and SO2 gas and volume change 


per unit volume erupted magma using the weighted average of degassed plug/ gas-rich cap and 


undegassed magma. Our results show that by removing a degassed plug from the system, the gas 


content in the reservoir increases, which increases magma compressibility and thus decreases the 


volume change of the reservoir and ground deformation; the opposite is true when removing a gas-


rich cap from the system. Lastly, we apply this forward model to the 2004 eruption of Mount St 


Helens, which exhibits decreasing normalised volume change and displacement, consistent with the 


removal of a degassed plug. In contrast, the 2011 eruption of Cordón Caulle showed increasing 


normalised displacement, consistent with the removal of a compressible gas-rich cap. While these 


case study examples are end members, additional factors such as magma recharge would complicate 


the interpretation, and the framework presented here provides quantitative measurements of 


changes in gas volume fraction during eruptions. The time-dependant evolution of magma properties 


shown in this work has implications for forecasting transitions between explosive and effusive 


behaviour. 
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_________________________________________________________________________________________________________________ 


 


In 2018 a MultiGAS station was installed at Nevado del Ruiz (Colombia), providing daily volcanic gas 


compositions of the main plume. Here, those measurements are coupled with SO2 flux data acquired 


by the NOVAC network, and satellite thermal emissions derived from MIROVA to evaluate the role of 


magma degassing as a crucial driver of the current unrest at Nevado del Ruiz. CO2/ST ratios up to 7.7 


likely reflect the input of CO2-rich fluids from a deeper, less-evolved magma source. The hypothesis of 


two distinct magmas in play beneath Nevado del Ruiz was tested by modelling our volcanic gas 


compositions within the wide range of SiO2 and volatile contents (H2O, CO2 and S) reported for 1985 


and 1989 erupted products. The volatile saturation code shows that in open-system conditions the 


CO2/ST ratio varies more drastically upon pressure decrease, which may justify the CO2/ST upper range 


(7.7) at pressures of approximately 40 MPa (~2 km depth). Contrarily, decreasing CO2/ST ratios are 


better fitted to a closed-system model, with such conditions yielding a highly confined range of volatile 


exsolution depths (~0-20MPa), most probably representative of the degassing of the top of the magma 


column. The gas is efficiently transferred through the conduit system given that less than 1% of the 


intruded magma reaches the surface (Vsupplied >> Vthermal >> Verupted). Additionally, the lack of 


deformation supports that counterflows of ascending non-degassed and descending degassed magma, 


which coexist in the volcanic conduit, are responsible for the continuous exchange of magma between 


the 1-3 km-deep reservoir and the top of the conduit. Occasional inputs of volatile-rich magma (high 


CO2/ST ratios) from deep may disturb normal rates of shallow magma convection and cause conduit 


overflow, resulting in the dome extrusion events recorded in this study between 2018 and 2021.  
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___________________________________________________________________________ 


Ice core records provide one of the most complete records of past volcanic activity. When volcanic 


sulfate is deposited on polar ice sheets it results in a peak in sulfate concentration above background 


levels. Thus, records of ice core sulfate concentration can be used as a proxy for atmospheric sulfate 


load (and volcanic activity) through time.  However, these records can be biased by the presence of 


volcanic sulfate from proximal volcanoes. To get around this issue, sulfur isotopes (in particular mass-


independent fractionation (MIF)) can be used to distinguish between stratospheric (long-range) sulfate 


and tropospheric (proximal) sulfate. Here we apply this technique to investigate a record of volcanism 


covering the last 200,000 years from Dome C in Antarctica to explore if there is any evidence for a 


change in volcanic frequency through time [1].  High-resolution sulfur isotope measurements from 


some of the major volcanic eruptions over this time period allow us to revise the sulfur loading, and 


thus radiative forcing, associated with these events.  
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___________________________________________________________________________ 
 
Rigorous assessment of volcanic hazards relies on setting contemporary monitoring observations 


within an accurate, longer-term geological context. Revealing that geological context requires detailed 


fieldwork, mapping and laboratory analysis of the erupted materials. However, many of the world’s 


most dangerous volcanic systems are located on or near coasts (e.g. the continental arcs of the 


Americas), are islands (e.g. the volcanic archipelagos of the Pacific, south-east Asia, and Eastern 


Caribbean), or are underwater (e.g. the recently erupting Hunga Tonga–Hunga Ha'apai volcano) 


meaning that much of their erupted material is deposited on the sea bed. The only way to sample this 


material directly is through seafloor sediment cores.  


This presentation demonstrates how marine sediment cores are a vital, yet underused resource for 


assessing volcanic hazards by. It will 1. review existing case studies [1,2] where ocean sediment cores 


have invaluably informed volcanological studies; 2. describe the case study of a new International 


Ocean Drilling Project cruise (IODP 398) dedicated to investigating volcanism and tectonics in the 


Hellenic island Arc, Aegean Sea, and 3. identify regions of the world where existing marine sediment 


cores are available but have not yet been employed in volcanological studies. 
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___________________________________________________________________________ 
The Solfatara-Pisciarelli area, within Campi Flegrei caldera, represent the site site of small phreatic, 
phreatomagmatic and effusive eruptions, which emplaced domes and crypto-domes. One of the open 
scientific problems concerns the deeper feeding system of the Pisciarelli hydrothermal field, its relation 
to the Solfatara system, and the main structures governing the fluid rising.  
The present study aims to define in detail the surface and buried volcano-tectonic structures and their 
interaction with hydrothermal fluids in the Solfatara-Pisciarelli area and to characterize the presently 
unknown feeding zones. 


Through the geological-structural field surveys, we reconstructed the geological map of the 
area and implemented the fault and fracture orientation and kinematic dataset. On the other hand, 
geoelectric surveys were carried out along profiles of different lengths to characterize the structure in 
depth of the investigated sector and assess any changes as a function of electrical resistivity. Electrical 
resistivity tomographies (ERT), which reach a depth of investigation up to about 100 m, show strata 
with variations as a function of electrical resistivity and present sub-vertical discontinuities that can be 
interpreted mainly as normal faults. The results of the electrical tomography and the geo-
volcanological and structural survey allowed the reconstruction of geological sections showing the 
main structures that characterize the Solfatara and Pisciarelli area. 


A detailed 3D survey of the shallowest part of the Pisciarelli hydrothermal system (down to a 
depth of 20 m) was reconstructed using high-resolution electrical geophysical surveys. The results of 
the multiparameter survey, including high-resolution measurements of electrical resistivity, induced 
polarization, and self-potential, allowed us to derive a model of the shallow part of the fumarolic field 
that provides fundamental information about the processes governing fluid circulation and gas/vapor 
emission in the area. Results indicate that the major fault systems in the area control the circulation 
of fluids, promoting their accumulation in a deep reservoir (already identified by the deeper ERT 
investigations) and subsequently, in response to pressure changes, their upward migration into the 
shallower system. 


An Audio-MagnetoTelluric (AMT) survey was carried out in the central sector of the Campi 
Flegrei caldera to obtain information on the deeper feeding system of the Pisciarelli fumarolic field and 
its relations with that of the Solfatara and the volcano-tectonic structures of the area,. The survey 
involved 47 measurement sites whose inversion produced a 3D resistivity imaging, which identified 
the electrical pattern of the investigated structure down to a depth of 2.5 km below sea level, 
highlighting several electrical resistivity anomalies related to distinct processes and physical conditions 
in the system. 


The model represents the first three-dimensional image of the first few kilometers of the 
central sector of the Phlegraean area. Results highlight the main volcano-tectonic structures already 
hypothesized by previous shallower electrical surveys by describing their development in depth. 
The analysis of the 3D resistivity model, together with volcano-tectonic and more superficial ERT 
investigations, identified the main structures playing a major role in the ongoing dynamics of the 
investigated area. They further indicate how studies on the volcano-tectonic characterization of 
hydrothermal systems are necessary and crucial to shed light on their evolution, which recently, in 
several cases worldwide, rapidly evolves in impulsive events such as hydrothermal and phreatic 
explosions causing human losses. 
Although the Solfatara-Pisciarelli area monitoring by the INGV-OV surveillance system is intensive, 
highly detailed geophysical measurements reiterated in time or in continuously, are useful to detect 
any changes in the relationships between the faults and the hydrothermal fluid circulation.
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___________________________________________________________________________ 
 
The Cumbre Vieja 2021 eruption led to significant air travel disruptions, with multiple days of airport 
closure due to ash deposition on the runway and high ash concentrations in the vicinity of the airport. 
Whilst safety measures were taken when ash concentrations posed a danger to aircrafts, sulphur 
dioxide, the third most abundant gas in volcanic eruptions, was not considered, despite its high 
concentration throughout most of the eruption. A single aircraft was followed throughout the eruption 
(data provided by Flightradar24) and plotted with the SO2 plume results from TROPOMI, processed 
through PlumeTraj, an analysis toolkit which calculates plume flux, mass, and altitude. The 
concentration and altitude of SO2 compared to the altitude and the 3D location of the aircraft 
determined the SO2 exposure on the aircraft. This method was applied for the entire eruption. 
Preliminary results show that SO2 exposure to SO2 in the short term is not problematic, but it becomes 
so in the long term. This aircraft, like many others which flew during the eruption, should be checked 
for SO2 damage. 
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___________________________________________________________________________ 
 
Volcanoes experience physical and chemical changes spanning their entire life-cycle, giving rise to a 
range of behaviour, including changes in eruptive style, magnitude and frequency. This makes long-
term reconstructions of past activity essential for accurate forecasting of future eruptive scenarios. 
Routinely, tephra deposits preserved close to the volcano are examined to reconstruct past behaviour, 
which in turn helps informs hazard assessments. Unfortunately, the burial and destruction of older 
eruption deposits by more recent activities regularly leads to gaps in the near-source eruption record, 
and while this is particularly problematic for low- to mid-intensity eruptions, it also extends to large 
magnitude events [1], all of which has negative implications for the accuracy of hazard assessments.  


Fortunately, tephra deposits preserved in long, continuous and undisturbed sedimentary successions 
offer opportunities to fill the gaps in explosive eruption records. Here we exploit distal tephra deposits 
preserved in Mediterranean marine sediment cores from both the Tyrrhenian (DED87-08) and Adriatic 
(MD909-16) seas to help better constrain the timing and scale of past explosive volcanism at the active 
Campanian volcanoes (Campi Flegrei, Ischia Island and Vesuvius), Southern Italy. In this contribution 
we present major (EMP) and trace element (LA-ICP-MS) volcanic glass chemistry for newly identified 
visible and crypto- tephra deposits identified in the two examined marine sediment sequences. These 
geochemical fingerprints are used to identify the volcanic source of the tephra deposits, and to provide 
new insights into the frequency, scale, and ash dispersal of past eruptions at Campi Flegrei and Ischia. 
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__________________________________________________________________________ 


In the event of a volcanic eruption airlines need to make fast decisions about which routes are safe 
to operate and to ensure airborne aircraft land safely. Currently these high-impact decisions are 
made using qualitative forecasts produced without any indication of uncertainty. These qualitative 
forecasts are produced using dispersion models which rely heavily on estimates of the source term 
characteristics, including the plume height, mass release rate and the vertical distribution of ash, 
along with numerical weather prediction data. However, due to the remote location of many 
volcanoes, there is substantial uncertainty about the timing, amount and vertical distribution of 
volcanic ash released when they erupt. 
 
One approach to determine these properties is to combine a “first-guess” estimate with satellite 
observations and simulations from atmospheric dispersion models to create posterior emission 
estimates, consistent with both the observations and the “first-guess” estimates, using a technique 
known as source inversion. However, the results are dependent not only on the accuracy of the 
“first-guess” assumptions, the atmospheric dispersion model and the observations used, but also on 
the accuracy of the meteorological data used in the dispersion simulations.  
 
In this presentation, we extend the source inversion approach by using an ensemble of 
meteorological data from the Met Office Global and Regional Ensemble Prediction System to 
represent the uncertainty in the meteorological data and apply it to the 2019 eruption of Raikoke. 
This technique gives a set of plausible source term characteristics for this eruption which are 
consistent with independent satellite observations. Further work, using a risk approach, shows that 
by using these posterior emissions estimates the area deemed to have the highest risk to aviation is 
reduced by 49%. 
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___________________________________________________________________________ 
 
The Soufrière Hills volcano has not erupted ash since 2011 yet still emits roughly 350 tonnes per day 
of sulphur dioxide (SO2) with recent spikes reaching up to 1000 tonnes per day [1]. Depending on the 
meteorological conditions, local communities on Montserrat may be exposed to highly variable and 
potentially dangerous concentrations of SO2 and other key air pollutant species such as PM2.5 and PM10. 
Given that SO2 is known to cause health problems even in low concentrations [2], it is of concern to 
local government that little research has been conducted to assess the chronic health risks of volcanic 
air pollution in Montserrat.  
 
This project aims to employ direct sampling methods (including the use of filter packs and cascade 
impactors) across a monitoring network of ambient sensors, to collect data for laboratory-based 
chemical analysis. A time series of samples will be collected both at the volcanic vent and at different 
distances downwind, along with samples of other important local pollution sources (e.g. traffic, 
industry). These results will then be used to inform dispersion modelling across the island, with the 
ultimate aim of creating a tool which may be used to forecast the health risk implications of changes 
in volcanic aerosol emissions, meteorological conditions or eruptive activity on Montserrat. 
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___________________________________________________________________________ 
 
The holy grail for many volcanologists is to accurately forecast volcanic eruptions. Numerical or 
automated methods rarely stand up to the success from experts with a lifetime of tacit knowledge. 
However, recent advances in machine learning have shown promise when they were used to ‘forecast’ 
the 2019 catastrophic event at Whakaari, New Zealand [3]. Utilising RSAM tremor timeseries data, at 
least two eruption precursors were identified using machine learning algorithms and were used to 
correctly forecast 4 out of 5 historical eruptions, including the December 2019 eruption [3]. 
 
Although models trained with a single data stream may have good skill identifying precursors already 
seen in the model training, they can be prone to overfitting, meaning they may have low skill at 
predicting eruptions with precursors different to the data the model was trained with. We aim to feed 
a machine learning model timeseries data from multiple data streams identified to be precursors to 
volcanic eruptions, e.g., tremor, deformation, and geochemistry and compare the results to more 
traditional methods attained through expert elicitation [1].  
 
Mt. Ruapehu is an active andesitic stratovolcano located in the Taupo Volcanic Zone in New Zealand. 
Since the first historically recorded eruption in 1830, Ruapehu has had 35 significant eruptions [4]. The 
largest eruption in recent history occurred on 17th September 1995 and underwent 10 eruptive phases 
until December 1996 [2]. Retrospective analysis of the 1995 eruption showed that an increase in 
seismicity in the Erua region 20 km west of Mt. Ruapehu more than five months prior to the eruption, 
may have been a precursor to this event [4].  
 
Data from the earthquake catalogue hosted by GeoNet was downloaded dating from 1991-2022. 
Preliminary results show evidence of earthquake swarms at three sites >20 km from Ruapehu months 
before the 1995 eruption. Yet, there appears to be a long period of quiescence for the seismic sensors 
at the Ruapehu summit prior to the eruption. Earthquake swarms at Erua were observed in the 
earthquake catalogue at depths between 5-12 km during March-April 1995, which are consistent with 
the precursors described in Hurst [4]. There is also evidence of an increase in seismicity at Waiourou, 
20 km south-east of Ruapehu during the same period. However, a lot of these earthquakes have been 
recorded at 12km depth, which could be a limitation of the methodology for calculating earthquake 
depths at the time. An earthquake swarm like those observed at Erua may also be present at Tongariro 
in the weeks preceding the initial eruption. Further analysis will investigate whether this pattern is 
typical of Mt. Ruapehu and other analogue systems. 
 
 


References: 


[1] Aspinall WP (2006) SIV 1:15–30 
[2] Bryan C.J, Sherburn S (1999) Journal of Volcanology and Geothermal Research, Volume 90, Issues 1–2, 1999, 
Pages 1-18. 
[3] Dempsey D.E., Cronin S.J., Mei S. (2020) Nat Commun 11, 3562 
[4] Hurst T., Kilgour G., Hamling I. (2018) Geophysical Research Letters, 45, 12,776– 12,783 


 


  



mailto:s.mitchinson@uea.ac.uk

mailto:jessica.johnson@uea.ac.uk





RETURN TO PROGRAMME  
Session 3: Hazard, risk and the environment          Poster Presentations 


 


Volcanic and Magmatic Studies Group 2023 Meeting – Programme and Abstracts  


89 


A GIS tool to assess roof vulnerability to tephra fall: combining probabilistic 
modelling, laboratory tests and building data 
Osman S.1, Crummy J.2, Thomas, M. 1 and Carver, S.3  
 
1 School of Earth and Environment, University of Leeds, Woodhouse, Leeds LS2 9JT, UK  
SO email: eesjo@leeds.ac.uk 
2 British Geological Survey, The Lyell Centre, Research Avenue South, Edinburgh EH14 4AP, UK 
3 School of Geography, University of Leeds, Woodhouse, Leeds LS2 9JT, UK  


___________________________________________________________________________ 
 
During an eruption, additional loading from tephra fall can lead to roof collapse, as seen during the 
2021 Cumbre Vieja eruption on La Palma, Canary Islands. Many factors, including the depth and density 
of the deposit, as well as roof material and shape, influence the tephra load. We have created a GIS 
tool to help identify buildings at risk, enabling vulnerable roofs to be prioritised for clearing during and 
after eruptions. Our tool, available for ArcGIS and QGIS, combines modelled tephra loads with sliding 
coefficients derived from laboratory tephra sliding tests and data on individual buildings. 
 
We have taken Ascension Island (a strategically important, volcanically active island in the south 
Atlantic) as a case study. The most recent explosive eruptions (~ 60 ka) produced monogenetic basaltic 
cones across much of the south and west of the island, an area where the main settlements and key 
infrastructure are now located. We modelled a range of eruption scenarios with TephraProb, using a 
grid of possible vent locations to take account of vent uncertainty, and output probabilistic tephra load 
maps. Roof sliding coefficients from our small-scale laboratory tests enabled roof loads to be estimated 
from the modelled tephra ground loads. We combined these with data on individual buildings (roof 
material, pitch and building condition) to identify where the tephra load may exceed a roof’s critical 
(failure) load. This enabled us to produce maps showing buildings at risk of collapse, for different 
eruption scenarios. We envisage that this tool can be used by emergency managers to aid planning 
and response to volcanic eruptions.  
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___________________________________________________________________________ 


 
The 2021 and 2022 eruptions of Fagradalsfjall in Iceland resulted in the sustained emission of volcanic 


pollutants, including SO2 gas, fine particulate matter (PM2.5 and PM1) and environmentally reactive 


trace elements (ERT) into the atmosphere. Based on observations from Kilauea in 2018 it has been 


proposed that the dispersion patterns and lifetimes of trace elements within volcanic plumes vary 


according to element volatility and solubility, with more volatile elements being depleted in the plume 


faster than refractory elements [1]. Nonetheless, this relationship has yet to be investigated in relation 


to the recent Icelandic eruptions, which also offer the opportunity to study trace element plume 


dispersion behaviour under lower temperature background atmospheric conditions. The dispersion of 


the volcanic aerosol plume varied according to wind strength and direction and thus resulted in 


spatially variable but sustained environmental exposure over the course of both 2021 and 2022 


eruptions. Air quality stations suggest the presence of the plume in far-field locations up to 300km 


away.  


 


Through the use of ground and drone-based sampling methods we report the concentrations of 


volcanic gases and ERT within the volcanic plumes for both 2021 and 2022 Fagradalsfjall eruptions. 


Samples include at-crater, downwind and far-field measurements which allow us to trace the 


compositional and chemical evolution of the plume with distance from the vent. Precipitation datasets 


are also included allowing us to investigate the wet deposition of ERT from the volcanic plume. 


Understanding the behaviour of ERT elements within volcanic plumes and through both air and water-


borne pathways during sustained eruptive events has critical implications for understanding additional 


longer-term volcanic hazards, where chronic exposure to environmentally reactive and potentially 


toxic elements such as Pb, As, Mo, and Cd may be associated with severe effects on both human health 


and the environment [2]. 
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___________________________________________________________________________ 
 
Tephra is widely used to provide absolute age constraints for and correlations between different 
paleoclimate, paleoenvironmental and/or archaeological records. The advent of chemical, and later 
density separation techniques for tephra within sedimentary records led to a proliferation of 
tephrochronology studies and a step change in our understanding of the nuanced timing of 
paleoclimatic processes. However, these processing approaches are laborious and provide 
opportunity for contamination, sample loss and potentially a bias towards lower density silicic tephra 
[1-2]. The debate between which of these methods is preferable is still on-going [3-5] thus other 
alternatives may prove useful. We discuss a new approach in which the processing step is removed, 
where the sample is mounted directly in epoxy resin and investigated using backscatter electron 
(BSE) microscopy. Ombrotrophic peat is optimum for this approach due to lower grain counts relative 
to sedimentary samples. 
 
The core is sampled at 5 cm then 1 cm resolution. Samples are ashed at 550˚C for 4 hours, mounted 
in epoxy, ground with 1200 SiC paper and polished with diamond abrasive. Sample mounts are then 
coated with 12 nm of carbon, introduced into a SEM (scanning electron microscope), and imaged 
using BSE where brightness contrast reflects bulk composition. Heavier elements are brighter, 
allowing different mineral phases including tephra to be identified. A secondary advantage is the 
distinguishment between tephra and organic matter, such as biogenic silica, which is often physically 
similar to tephra in visible microscopy [1]. We use SEM-EDX (energy dispersive x-ray spectroscopy) to 
determine the major element chemistry in AZtec software by Oxford Instruments. Feature Analysis is 
used to count the number of grains within defined greyscale thresholds. The grains that meet these 
thresholds are then rapidly analysed for basic major element geochemistry and categorised based on 
composition at pre-defined wt % thresholds per element. Therefore, tephra can be preliminarily 
identified by composition, accounting for loss of sodium, especially where chronology is also known. 
This Feature Analysis technique allows a through-put of approximately 8 samples in a 24hr period, 
depending on how populated the mount is. However, the BSE image of the entire resin mount can 
also be utilised for offline mapping by greyscale using Image J to define different populations. Our 
approach offers the advantage that shard counts can be expressed as a percentage of the total grain 
count and extrapolated to the ash content of the sample. Additionally, this method removes the 
potential bias due to alteration or non-separation of mafic shards, providing a tool to investigate the 
apparent gap in the Icelandic basaltic cryptotephra record in North-West Europe [6]. The technique is 
demonstrated on an ombrotrophic peat sample doped with the bimodal Vedde Ash and is then 
applied to a series of highly minerogenic samples from Brackloon Wood, Co. Mayo, Ireland, where 
basaltic shards from the Laki 1783-84 eruption are successfully identified.  
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___________________________________________________________________________ 
 
Icelandic fissure eruptions pose severe hazards in terms of air quality and environmental pollution. The 
939 Eldgjá eruption was the largest Icelandic lava flood eruption of the Common Era and has been 
linked to northern hemisphere summer cooling in 940 CE based on tree ring reconstructions. Despite 
the magnitude and potential impacts of this event key uncertainties remain. For example, it is unclear 
whether Eldgjá had a stratospheric plume which could explain the long-term cooling. In addition, 
previous low-time resolution ice core studies have identified a roughly contemporaneous dacitic 
eruption, complicating the attribution of climate-change to Eldgjá. 


We present new high-time resolution Greenland ice records of the 939–940 CE period to unravel the 
precise timing and climate impacts of volcanism. Multiple sulfur isotopes are used to fingerprint 
stratospheric SO2 emissions, while cryptotephra are used to pinpoint the volcanic source of these 
emissions. We show that the main Eldgjá ice core S peak has a Δ33S of 0 ± 0.2 ‰, consistent with a 
tropospheric SO2 injection. Δ33S values down to –0.4 ‰ do however follow the main S peak and 
evidence a stratospheric component and hence a climate impacting phase.  


Cryptotephra provide vital insights into the sources of volcanism. We show that basaltic tephra which 
match Eldgjá compositions are found during the main S peak when Δ33S displays typical tropospheric 
values. Tephra associated with the anomalous Δ33S values that follow the main S peak do not show 
geochemical affinity to Eldgjá and instead show arc-like signatures. This suggests that an unidentified 
arc volcano, rather than Eldgjá may be the culprit for the stratospheric S component. Our study shows 
how the combination of high-time-resolution S isotopes and cryptotephra can be used to gain valuable 
new insights into the precise timing and potential climate impacts of these major volcanic episodes. 
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___________________________________________________________________________ 
 
In 2014-2015, volcanic gas emissions from the Holuhraun effusive eruption in Iceland resulted in 


widespread air pollution that impacted the local and regional-scale atmosphere across Europe. 


Elevated concentrations of sulfur dioxide gas (SO2) and particulate sulfate were reported at several 


European atmospheric monitoring stations, e.g. [1]. Elevated levels of particulate matter containing 


heavy metals were observed around Iceland, e.g. [2]. Particles play a key role in the climate, eco-


deposition and societal health impacts during volcanic eruptions. However, the gas-to-particle 


formation processes are still not well understood in volcanic plume environments. In particular, 


observation- and model-based estimates of the rate of atmospheric oxidation of SO2-to-sulfate in 


volcanic plumes differ and span many orders of magnitude.  


 


We perform an in-depth analysis to quantify the volcanic plume SO2-to-sulfate oxidation rates based 


on European air quality datasets alongside satellite observations and Flexpart back-trajectory 


modelling. We find that both the plume residence time and local chemical environment influence the 


degree of SO2-to-sulfate oxidation. We derive an SO2 e-folding lifetime of several hundred hours that 


is longer than SO2 lifetimes in the background atmosphere and many observation-based estimates in 


volcanic plumes, e.g. [3, 4 and discussion therein], but is consistent with model simulations, e.g. [5], 


that find slow SO2 oxidation in highly acidic volcanic plume environments where SO2 concentrations 


are elevated. Nevertheless, the formation of sulfate from volcanic SO2 may be enhanced when the 


local atmospheric conditions include neutralizing-agents, e.g. ammonium or sea-salt to counter high 


particle acidity. The analysis also finds first evidence for particulate mercury in the Holuhraun eruption 


plume. The fate and impacts of volcanic mercury emissions are poorly constrained, and the presence 


of particulate mercury in the plume is relevant as the form that is most easily deposited with potential 


for ecological or health impacts. 
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___________________________________________________________________________ 
 
Volcanic aerosols from large-scale eruptions, particularly stratospheric sulfates, are key drivers of 
past climate perturbation through their impacts on radiative forcing [1] [2]. Records of the fallout 
from these massive eruptions are recorded in polar ice-cores as sulfate peaks. Identifying the source 
of the volcanic sulfate in ice cores is extremely challenging, and in the past 2500 years only 6 of the 
25 largest ice-core sulfate peaks have been linked to a known eruption [3]. One such known volcanic 
event is the 1600 CE eruption of Huaynaputina in southern Perú. Speculated to be one of the largest 
eruptions of the past 500 years, Huaynaputina is firmly linked through climate proxy data derived 
from ice-core and Northern Hemisphere (NH) tree-ring chronologies to the anomalous period of NH 
cooling present at the dawn of the 17th century [4] [5]. However, it remains complicated to assess 
the true climate forcing of the Huaynaputina eruption due to eruption timing uncertainty as well as 
the presence of a distinct doublet sulfate peak in the Greenland ice-cores. As the glass compositions 
found in context of the ice-core’s earlier peak do not match Huaynaputina, past studies suggest that 
another contemporaneous, unidentified, NH eruption took place [5]. Recent work regarding 
extratropical eruptions and their impact on hemisphere scale cooling demonstrate that a large NH 
eruption, instead of reducing the radiative forcing, works primarily to focus the radiative impacts 
within the NH and amplifies the climate impacts on a hemisphere scale [6]. This means that 
alternatively, an unidentified NH eruption at the start of the 17th century may be the culprit for the 
cooling.  
 
We aim to disentangle these dual volcanic sulfate signals and identify the eruptions responsible 
through novel methods in cryptotephra extraction and microanalysis [7], as well as through high time 
resolution multiple sulfur isotopes in ice-core layers [2]. By analyzing the chemistry of cryptotephra 
found in ice-cores, we may be able to discern the source volcano of the earlier peak and its setting. 
Thus far, we have found the glass shards preserved in ice-cores to be sufficient for high-precision 
chemical analysis by both electron microprobe (EPMA) and laser ablation (LA-ICP-MS). Additionally, 
we will use sulfur isotope measurements as means to constrain eruption latitude which will also give 
insight into the transport and residence time of sulfate aerosols from the unidentified earlier 
eruption [2].  
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___________________________________________________________________________ 
The Early Eocene Climatic Optimum (EECO) between 53-50 Ma [1], had temperatures ca.9-12°C higher than 
the present day with consequences for the Cenozoic carbon cycle and global climate. However, there is still 
controversy regarding deciphering the main driving mechanism of the EECO, with Mid-Oceanic Ridges 
(MORs), Large Igneous Provinces (LIPs), Continental rifts, silicate weathering, and continental arc volcanism 
and its associated metamorphic decarbonation all considered as possible drivers. A recent review paper 
suggested that pervasive Early Eocene Linzizong volcanic rocks in the Gangdese arc, southern Tibet were a 
key driving mechanism for the EECO [2].  


In this study, we conducted detailed fieldwork on the Gangdese volcanic rocks distributed nearly 
1200 km from east to west in Tibet, and undertook geochronological and geochemical analyses out of the 
samples. In combination with geological materials (reports and maps) and previously published data, the 
spatial and temporal distribution of the Early Eocene Gangdese volcanic rocks were reconstructed (Fig. 1). 
The results showed that the Gangdese volcanic rocks erupted at ca.52-50 Ma, consistent with proposed 
timing of the EECO and that volcanism was distributed across Tibet with an area and volume of 16572 km2 
and 129264 km3, respectively. Subsequently, the carbon flux of the Early Eocene Gangdese volcanic rocks 
was determined by two different methods, the results indicate that the carbon flux can be up to 28.1 Tg 
C/yr, which is a minimum estimate [3]. Recently, these Early Eocene volcanic rocks were discovered to 
extend from Tibet to Sumatra (> 6000 km), Southeast Asia [4]. As a result, the estimated decarbonation C 
flux is up to 81-112.4 Tg C/yr, which is comparable with the C flux during the Late Cretaceous Thermal 
Maximum [5-6]. In summary, a compilation of our new and published data, combined with quantitative 
calculations show a potential link between pervasive Early Eocene Gangdese volcanic rocks and the EECO. 
Particularly if the Early Eocene volcanic rocks extend to Sumatra. 


 
Figure. 1 Geological map of the Tibet Plateau showing the distribution of volcanic and intrusive rocks 
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Evaluating the magnitude of volcanic risk to the global maritime industry 
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___________________________________________________________________________ 
 
With a global economy dependent on marine traffic there has been little study or recognition of the 


risk posed to this industry by volcanism. Most major shipping lanes pass close to active volcanoes, or 


through straits and channels which can be impacted by volcanic debris. We set out the main hazards 


presented by volcanoes to shipping, and reflect on the magnitude of risk that these pose.  


 


There is a demonstrated track record of losses and damages caused by volcanic events in the past, 


and as shipping volumes increase the exposure to similar events in the future also increases. As 


remote sensing techniques, and observation of active volcanism improves the occurrence of marine 


volcanic events has clearly been under-reported. We suggest there is a dangerous lack of recognition 


of the scale of the risk posed to the maritime industry, and to the supply chains it feeds. There is 


much volcanologists can do to begin to address these shortcomings. 
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___________________________________________________________________________ 
 
VolcanoRoots is an open educational resource that aims to popularize the emerging paradigm for 


magma storage and differentiation. The starting premise is that the public’s perception of what 


happens to magma before it is erupted is outdated. Most people are familiar with the visible part of 


the magmatic system: the volcanic edifice. But few have even a rudimentary understanding of the 


structures and processes in the deeper magmatic system. The modern scientific understanding is that 


magmatic systems are multi-layered, vertically extensive, and dominated by crystal mush. However, 


most popular representations of the roots of volcanoes are still tied to the idea of a single molten 


cauldron or magma chamber. In an effort to bring the popular view in line with the modern scientific 


consensus, we have created a series of scientifically accurate illustrations of the magmatic systems of 


seven active volcanoes including Santorini, Katla, Uturuncu, Montserrat, Aso caldera, Volcan de Colima 


and Axial volcano. We have chosen a set of volcanoes that display a wide diversity in the characteristics 


of the volcanic edifice, the eruptive products, the tectonic setting, and the geographic location. The 


illustrations are based on the latest geophysical images and other geological constraints. A 


considerable amount of interpretation and personal opinion has gone into producing the illustrations 


therefore we consider them a first draft that we hope to improve on with input from the volcanological 


community. Comments and suggestions can be submitted on the project website: 


www.volcanoroots.org. 
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___________________________________________________________________________ 
 
Social contexts affect the use and success of Volcano Early Warning Systems (VEWS) far more than 
previously acknowledged. Volcanic crises management requires careful consideration and 
understanding of how to act in the context of extreme uncertainty and complexity, both scientifically 
and socially. To do this successfully a VEWS should be fully integrated to cover everything from 
monitoring, to the analysis and interpretation of the data, establishing and analysing the risks, to 
communicating information to stakeholders, and generating an effective response. This requires a 
number of different processes such as: planning, cooperation, the execution of drills, education, and 
discussion; and using a wide range of communication tools such as alerts, bulletins, SMS messages, 
phone conversations, between all actors so that effective and timely decisions can be made. Essentially 
this requires reconceptualizing a VEWS as a complex adaptive system of communication networks.  
 
This research highlights some key findings following a review of the evolution of early warning systems 
from linear to complex systems over the last 100 years. Of most relevance to VEWS includes the need 
to be (i) multi-directional between stakeholders; (ii) focus on the links and relationships between key 
aspects of the EWS (in contrast to UN based models), (iii) to use standardisation with caution, and (iv) 
be adaptive and simple by using complexity models and concepts. These four findings enable a more 
nuanced understanding of how VEWS can better manage and interact with a number of complex 
systems, including the volcano, society, and environment.  
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___________________________________________________________________________ 
 
Frank Alvord Perret (1867-1943) was a successful US inventor and entrepreneur, until he experienced 


a health crisis in 19021. The Mont Pelée eruption of May 1902 persuaded him to turn his training in 


physics and electrical engineering into a second career in volcanology2. Perret moved to Naples in 


December 1903, and soon began working as an honorary associate in the Royal Vesuvian Observatory. 


His experience of living in the observatory during the ‘thrilling days’ of the 1906 eruption3, and the 


opportunities this gave him to develop new instruments for sensing volcanic phenomena – electricity, 


sound, light, seismicity and gases – inspired him further.  


Without a salary, Perret relied on a network of benefactors to sustain his work; and he grew a 


network of academic scientists with whom he collaborated. Perret first met Thomas Jaggar on Vesuvius 


in 1906, where they discovered a mutual passion for the close observation of active volcanoes. In 1911, 


Jaggar invited Perret to Hawaii. Here, Perret built a ‘Technology Station’ on the edge of the 


Halemaʿumaʿu pit crater to make continuous, close-range observations4. This was the forerunner to 


the Hawaii Volcano Observatory. Perret and Jaggar met again on Sakurajima, in 1914.  


In 1929, following renewed activity at Pelée, Perret moved to Martinique where he built a field 


hut, and established a volcanological museum and research centre. From his base in Saint Pierre, Perret 


continued to fund-raise: for his unfulfilled vision of a ‘Volcano Hall and Institute of Volcanology’ in 


Washington, D.C.; and for the continued support of his endeavours in volcanology, which were 


sustained by a small annual grant from the Carnegie Institution of Washington. In 1934, Perret was 


invited to respond to a seismic crisis on Montserrat. Over the next 5 years, and a dozen visits, Perret 


established and reoccupied an experimental field station at Gages Soufrière. He measured earthquake 


shocks, first with a mercury bath and pendulums, and later with a 3-component ‘seismeter’. He 


listened to the hum of the fumaroles, measured temperatures and compositions of steam vents, and 


exposed himself to so much volcanic fume that he was hospitalised. Perret’s persistence in monitoring 


and reporting the ongoing crisis is captured in his correspondence in the Carnegie Institution Archives, 


and in a monograph5. His intersections with the scientific establishment in the US (Thomas Jaggar, 


Arthur Day), and with the 1936 Royal Society expedition to Montserrat, are recorded in contemporary 


reports in The National Archives, and in Royal Society and British Geological Survey archives. Our 


analysis of these records sheds light on themes including the roles of innovation and networks of 


expertise in the adoption of new instruments for volcano monitoring; and on the scientific response 


to crises at restless volcanoes. More broadly, Perret’s writings reveal his role in the development of 


the ‘social aspects of volcanology’2.  


 


References: 


[1] Belkin HE & Gidwitz T (2020), in De Vivo et al., eds, Vesuvius, Campi Flegrei, and Campanian Volcanism. 


[2] Perret FA (1935) Carnegie Inst Washington, publ. 458 


[3] Perret FA (1924) Carnegie Inst Washington, publ. 339 


[4] Jaggar TA (1912) Report of the Hawaiian Volcano Observatory 


[5] Perret FA (1939) Carnegie Inst Washington, publ. 512  



mailto:David.Pyle@earth.ox.ac.uk





RETURN TO PROGRAMME  
Session 4: Volcanoes and Society          Poster Presentations 


 


Volcanic and Magmatic Studies Group 2023 Meeting – Programme and Abstracts  


100 


Notebooks and networks: the value of the hidden stories from volcanic crisis 
response 
Yonish, J.,1, Scarlett, J.2^, Barclay, J.2*, Mahony, M.2 and Pyle, D.M3.  
 
1School of Geography, Earth and Environmental Sciences, University of Birmingham, U.K.  
2School of Environmental Sciences, University of East Anglia, U.K. 
3Department of Earth Sciences, University of Oxford 
*  Corresponding Author J.Barclay@uea.ac.uk 
^ Now at: The UK Environment Agency.  


___________________________________________________________________________ 
 
Volcanic crises occur when actions are required to mitigate the risks associated with a volcanic 
eruption1. Given that volcanoes can enter states of unrest which rapidly escalate into full-blown crisis 
via eruption, a critical challenge for volcanologists, authorities and communities at risk is to anticipate 
the moment when unrest (or a more limited eruption) is signalling the need for crisis response. 
Instrumental data only record part of the story, often they only offer hindsight on when that threshold 
is reached. Further, full instrumental archives, still challenging to sustain now, have only been available 
for the last 50 years or so of volcano monitoring at best. 
 
We explore here the value of contemporary correspondence, field notebooks and the eyewitness 
records contained within them to understanding the barriers and enablers to crisis response. We have 
examined, transcribed and analysed the correspondence from scientists responding to the volcanic 
disaster on St. Vincent in 1902, and the ‘crisis’ of unrest on Montserrat in 1933-37.  We predominantly 
focus on the footprint created by scientists, but triangulation with the archival colonial 
correspondence helps us to understand the drivers (and barriers) that turn scientific warnings into 
political and social response.  
 
Without the benefit of regular email and teleconferences, individual scientists kept diaries and 
evaluated hypotheses and speculated in their field notebooks. E.O. Hovey (American Museum of 
Natural History) and John Flett (later, British Geological Survey) visited St. Vincent in the immediate 
aftermath of the paroxysmal 7th May 1902 eruption, and X.X. McGregor (British Geological Survey) was 
commissioned by the Royal Society to join an expedition to Montserrat in 1936, while Frank A. Perret2 
arrived earlier (1934) at the request of the Montserrat Colonial Government. He was funded 
independently by the Carnegie Corporation via the Carnegie Institution. Each of these organisations 
archived these scientists’ correspondence and notebooks.  They provide rich and multivariate insights 
into the crisis record.   
 


These notebooks reveal the ‘timeless’ frustrations of improving monitoring processes in the face of 


elevated risk of eruption, and reconstruct events through the eyewitness accounts of the people they 


encountered on the islands. They also reveal the prejudices (both scientific and personal) of the 


scientists. They expressed scepticism towards each other, some of their informants, and sometimes 


only recorded partial information. Our analysis of their correspondence networks also reveals issues 


with partial information, and a lack of objective scientific discourse across and between some 


scientific groups or hierarchies. The richest record of past activity is revealed by the ‘indiscriminate’ 


gathering of evidence against which later hypotheses were tested, and then openly discussed.  
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___________________________________________________________________________ 
 
During a volcanic crisis, a wealth of data, stories and other resources emerge, that once consolidated 


and compiled become key in reflecting on the crisis; and learning lessons and embedding preparedness 


for future events [1,2]. However, often during and after a volcanic crisis, intense pressure and 


workloads may prevent or delay the efficient compilation of datasets which may be key when reflecting 


on the eruption response [3]. GeoTenerife were in a unique position during the 2021 Volcán de 


Tajogaite eruption in La Palma in this respect, being a geoscience institution researching and reporting 


on the eruption away from the frontline of the official emergency response. Twinned with a network 


of local citizens and collaborators on La Palma, this meant we were able to create a framework to 


capture, record, archive and reflect on a variety of datasets in the moment. 


 


The result of this project is VolcanoStories, an ongoing free and open web resource preserving a 


compilation of fully open primary and secondary data, intimate syn-eruptive witness testimony, day-


by-day updates, 3D drone models of the affected area, and educational resources related to the 2021 


Volcán de Tajogaite eruption, highlighting the unique dynamics of the ocean island eruption. 


VolcanoStories is also supplemented by Lava Bombs, a documentary analysing key themes of 


communication, trust, pressure, preparedness and collaboration related to the eruption, distilled from 


VolcanoStories research. The aims of these resources are to maximise dissemination of the research 


and lessons learnt, both to the local population in La Palma [4] and to researchers in other areas where 


the lessons learnt from the disaster may be applicable. VolcanoStories has also fostered collaboration 


with international scientific institutions for research and geoscience training camps, the results of 


which will be shared in an open-access format as part of the ongoing nature of the project. 
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___________________________________________________________________________ 
Long-dormant volcanoes with highly explosive past eruptions are particularly dangerous and 
frequently disproportionately impact vulnerable and marginalised societal groups. Thus, the necessity 
for a paradigm shift from response to anticipation in the study and monitoring of such systems. For 
this reason, the PREVIA Project (Preparación y Resistencia a las Erupciones Volcánicas 
Iberoamericanas) has been developing actions addressing the case of potential eruptions and activity 
of Apoyeque volcano in Nicaragua (last known eruption 50 BCE, tephrochronology, VEI 6, located ~30 
km from Managua, population ~1 million). The project is interdisciplinary and aims to combine 
techniques from both the natural and social sciences to address the issue of how society might become 
more resilient to natural hazards and risks. The evaluation and monitoring of the attitudes of the 
community members are, therefore, key for promoting resilience and, in general, for facilitating 
decision-making. It has been observed that the most relevant variables are: knowledge about the 
hazard; risk perception; sense of preparedness and knowledge of emergency actions and plans; level 
of trust and legitimacy in authorities; as well as values and sense of community [1, 2].  
 
We present preliminary results from a sub-sample of community members from Managua N=204 (111 
women, M age=30.68; SD=13.39). An online survey was released in collaboration with the Nicaraguan 
Institute for Territorial Studies (INETER) and the National Autonomous University of Nicaragua (UNAN-
Managua). Participants indicated their perception attitudes and sense of preparedness in the case of 
a volcanic eruption scenario. The survey contained questions related to perceived volcanic risk. Also, 
we adapted the Psychological Preparedness for Disaster Threat Scale (PPDTS) [3] to measure volcanic 
risk. It comprises two sub-scales: a 10-item Knowledge and Management (KM) of external situational 
environment and an 8-item Anticipation, Awareness and Management (AAM) sub-scale measuring 
one’s psychological response. Overall, results showed that only 47% of the participants believe they 
live in a volcanic risk area. Conversely, 67% consider it possible that Apoyeque will have an eruption at 
any moment, and 40% think that this eruption will be of a significant impact. Only 30% reported 
knowing the local plans in a volcanic emergency scenario, and 42% considered that the local authorities 
are prepared to manage an eruption of Apoyeque. Most participants (88%) indicated they would like 
to receive more training in volcanic risk management. Data showed a good internal consistency in both 
subscales (α>0.91). Participants displayed significantly higher scores for AAM than for KM (t(193)=6.45; 
p<0.001, M= 2.20, SD=0.67; M=1.80, SD=0.73, respectively). This suggests a tendency to rely more 
strongly on their own psychological response rather than on the knowledge and preparation strategies 
to manage the environment. Results are discussed considering implications and limitations within the 
project. 
 
References: 
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___________________________________________________________________________ 
 
Volcanica was introduced to VMSG in January 2018, having launched only six weeks prior. Proposed as 
“an alternative publishing solution for volcano-related research,” the goal of Volcanica was simple: to 
provide a free and open access venue for general volcanology research. Now—as then—Volcanica is a 
diamond open access scholarly journal, providing access to high-quality volcano-focussed research to 
people around the world. Since its launch, Volcanica has published over 90 Research, Review, and 
Reports articles at zero cost to the 400+ authors involved. These articles have been freely downloaded 
over 41,000 times, with more than 75,000 article views from 166 countries. 


Volcanica is predicated on the idea that anyone should be able to publish their science, and 
anyone in the world should be able to access and read it, as a commitment to the free and open 
exchange of ideas. Equity, diversity, and inclusion are at the heart of Volcanica’s mission. Some of the 
EDI initiatives that we have implemented include a frictionless name-change policy for Volcanica 
authors, option of including abstracts in languages other than English, and an early-career editor 
mentorship program. This work involves and facilitates cross-cultural communication and 
collaboration, offers opportunities to early-career researchers (Volcanica is the only volcanology 
journal with ECRs in senior editorial positions [1]), and affords opportunities for research dissemination 
to under-served communities. A concrete example of this the publication of a fully bilingual, fully free 
and open access Special Issue [2] involving every official volcano monitoring agency in Latin America; 
organisations that don’t always have the capacity or opportunity to contribute their expertise to the 
scientific literature. With 25% of the world’s official volcano monitoring agencies represented, this 
international collaboration stands alongside other Volcanica initiatives as a vehicle for combatting 
inequalities in volcanology and directly enriching the broader research community. Similar projects in 
development aim to improve representation of other geographic areas. 


Volcanica’s diverse editorial board has grown from around 25 in 2018 to 43 in late 2022, 
including a dedicated technical and typesetting team. As well as being indexed in Scopus and other 
selective databases, Volcanica has also been presented with the Directory of Open Access Journals 
seal, a signifier of open access best-practice.  


So what’s next for Volcanica? Thanks to a Fonds National pour la Science Ouvert grant 
(France’s National Fund for Open Science), Volcanica is forging ahead with more innovative publishing 
ideas, including the inclusion of georeferenced metadata and the delivery of executable code-based 
articles. These projects are being carried out in collaboration with external partners, but we are also 
developing in-house tools to streamline submission and production workflows as well. Other technical 
developments involve generating new article formats for improved readability and accessibility. More 
broadly, we are addressing strategies for scaling and growth of Volcanica over time. We look forward 
to sharing all these developments with you in the future! 
 
[1] Kavanagh et al. Volcanologists—who are we and where are we going?. Bull Volcanol 84, 53 (2022). 
https://doi.org/10.1007/s00445-022-01547-7 
[2] https://www.jvolcanica.org/ojs/index.php/volcanica/issue/view/9 
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___________________________________________________________________________ 
In March of 2021, after a 14-month long period of seismic unrest, an effusive eruption started to 
develop on the Reykjanes peninsula in south-west Iceland. The eruption was characterised by five 
phases of activity. During the later stages (phases IV and V), activity was characterised by pulsatory 
behaviour [1]. Phase IV (June 28 - September 2, 2021) consisted of lava effusion from the main vent 
separated by pauses in activity lasting for several hours. After a week-long pause, cyclic activity 
resumed briefly until the end of the eruption (phase V: September 2-18). In this work, we document 
changes in the intensity and composition of the degassing during cycles alternating between lava 
effusion (“on”) and passive degassing (“off”), as measured during a field campaign conducted during 
Phase IV (August 10-18, 2021). The flux of sulphur dioxide (SO2) was measured by performing repeated 
car traverses underneath the plume with a UV with an upward-looking ultraviolet (UV) spectrometer. 
SO2 slant column amounts were retrieved using the iFit method [2]. SO2 emission rates during effusive 
activity range between 80 and 120 kg.s-1, and fall to values of 5-10 kg.s-1 when the activity pauses. 
These values are consistent with those measured over the course of Phase IV by the Icelandic 


Meteorological Office (“on”: 90  37 kg.s-1; “off”: 6  2 kg.s-1; personal communication). In addition, 
we measured the plume composition at the vent during an effusive “on” phase - SO2, water vapour 
(H2O), carbon dioxide (CO2), hydrogen chloride (HCl), hydrogen fluoride (HF) and carbon monoxide 
(CO) gases, as well as sulphate aerosols (SA) - using an Open Path Fourier Transform Infrared (OP-FTIR) 
spectrometer using the lava fountain as a source of IR radiation. The SO2/SA mass ratio of ∼54 indicates 
the presence of large amounts of primary sulphates in the plume at the vent. Finally, we also 
performed solar occultation measurements with the OP-FTIR instrument on the downwind plume (3-
5 km from vent), documenting plume composition during both effusive activity and passive degassing. 
We notice clear changes in composition between the two modes of activity, both in terms of major 
gases (SO2/HCl ratios) and in terms of aerosol content (SO2/SA). The values we report here also differ 
significantly from those measured during the early stages of the eruption [3]. This study supports the 
use of OP-FTIR for extended measurement campaigns during cyclic eruptive activity.  
 
 


References cited: 
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[2] Esse et al. (2020) J. Volc. Getherm. Res. 163 


[3] Halldórsson et al. (2022) Nature 609(7927): 529-534  
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___________________________________________________________________________________________ 


The East African Rift System (EARS) hosts large silicic calderas and volcanic centres which contain 
significant reserves of untapped geothermal energy. While the architecture of the magmatic-
hydrothermal system of the volcanic centres is poorly understood, recent surface exploration studies 
revealed the presence of a recoverable geothermal resource of ~10,000MW in the rift. Here we 
combine soil-gas CO2 survey and field observations to investigate the structural permeability and 
geothermal characteristics of the Tulu Moye volcanic complex, Ethiopia’s most promising geothermal 
site, in the Central Main Ethiopian Rift. Soil gas CO2 surveys indicated that the most elevated values 
are associated with hydrothermally altered surfaces, often associated with fumarolic activity and 
steaming grounds. The NNE-SSW aligned normal faults of the Wonji fault belt of the Main Ethiopian 
Rift in close proximity to the Gnaro obsidian dome are particularly permeable to gas and hydrothermal 
fluids with elevated CO2 flux (~11,600 g m-2 d-1). Samples taken from fumaroles and the locations with 
the highest CO2 flux show ẟ13C values ranging from -12.0 and -1.0 ‰, suggesting that a magmatic 
outgassing is the dominant source feeding to the surface. The combination of the field survey and ẟ13C 
measurements adds to our understanding of the tectonomagmatic architecture and the geothermal 
potential of the Tulu Moye volcanic complex and has implications for exploration along other parts of 
the rift system.   
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___________________________________________________________________________ 
 
Connectivity of pore space within magma is a dominant control on permeable gas escape, and thus 
fragmentation and likelihood of effusive, or explosive, activity. There are abundant data on 
connectivity and permeability of volcanic rock hand samples and cm-scale cores. However, more data 
from microanalytical methods are required to understand how pore size and shape affect these 
properties. These data can be collected in 2D by Scanning Electron Microscopy (SEM imagery) or 3D 
by X-Ray Tomography (XRT). The methods are complimentary as they have different advantages and 
limitations: what appear to be separate pores in a 2D SEM image can represent intersections of a single 
gas pathway that is connected in 3D; on the other hand the higher resolution of SEM can image 
porosity connections that are too small to resolve by XRT. We compare the two techniques for a suite 
of 10 natural and experimental samples with similar degassing histories. 
 
We determined porosity, pore size and shape distributions, connectivity, and pore tortuosity of crystal-
rich (30-40 vol.%) basaltic ash grains from Volcán de Fuego, 1974 and crystalline (10-35 vol.%) basaltic 
decompression experiments [1]. Comparison of 2D and 3D data shows that complicated connected 3D 
gas pathways can appear as ‘apparent’ isolated pores in 2D. In both experimental and natural samples, 
2D (apparent) pore shape become less circular and convex with increasing pore size, up to some pore 
size. The convexity of the largest (apparent) pores is comparable to the exterior morphologies of mm-
sized ash grains from the 1974 Volcán de Fuego fall deposits, which may reflect fragmentation 
exploiting surfaces along permeable pathway walls. Notably, the dominant sizes of the mafic, crystal-
rich ash particles do not correspond to the sizes of apparent bubbles in 2D images, as it does for low-
crystallinity, felsic, Plinian eruptions. The porosities of experiments vary significantly between 2D and 
3D measurements. 2D porosities are consistently overestimated by as much as 127%. This highlights 
the drawback in using one plane for porosity measurements of irregular bubble shapes. Both 
impermeable and permeable experimental samples show a range of 3D connectivity, with tortuosity 
increasing in pore space with increasing connectivity. 3D pore shape analysis also reveals a higher 
degree of shape anisotropy in larger pores within a watershedded connected pore network. Our study 
highlights the continued need to compare 2D and 3D pore textures in samples with mature, developed 
permeable pathways. 2D connectivity can be very deceiving, even in very low porosity samples with 
apparent isolated vesicles. Small insights in 3D porosity and connectivity at high resolution coupled 
with higher resolution 2D imaging, and bulk pycnometry and porometry analysis, can give a fully 
comprehensive view of permeable gas escape and fragmentation in explosive mafic volcanism.  
 
[1] Lindoo et al. (2017) Geol 45(9): 831-834  
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___________________________________________________________________________ 
Studies of pyroclast texture (e.g., vesicle size and shape) provide essential insights into melt-gas-


crystal-strain interactions in ascending melt and hence are regularly employed to reconstruct controls 


on ascent and eruption dynamics. Vesicle size distribution (VSD) studies from 2D datasets are common 


due to the relative ease of data collection and analysis. However, the need for 2D – 3D stereological 


conversion means vesicle textures are less adequately captured in samples with complex networks. 


Recent advances in x-ray computed tomography (XCT) – technological and theoretical – mean these 


complexities can now be captured and 3D studies are more common. However, XCT data processing is 


non-trivial and a one-size-fits-all approach not possible as bubble characteristics vary with magma 


composition, volatile content, ascent rate and crystallinity. We analysed vesicles in 2D and 3D for a 


texturally complex basalt-rhyolite mingled clast from Ascension Island to investigate the limitations 


and strengths of each approach. Independent assessment of 2D and 3D VSD curves for the same 


samples/ sample regions resulted in conflicting interpretations of vesiculation history. In addition, the 


FOAMS software[1] typically employed for 2D studies was unable to effectively reconstruct bubble 


textures in some sub-regions of the mingled clast, indicating for some samples not traditionally 


excluded from FOAMS analysis (e.g., no obvious elongation of vesicles), 3D analyses are indeed more 


appropriate. However, the 3D VSD curves for pumiceous regions of the clast showed unexpected 


bubble number densities for equivalent diameters < 20 µm, well within the resolution of the data. The 


shape observed in our VSD curves is not uncommon for XCT data but its origin is poorly understood. 


Further, for studies of vesicle shape parameters, 3D measures produced anomalous values at small 


bubble volumes that did not correspond to observed textures in high-resolution 2D images. These 


results highlight gaps in our understanding of how segmentation and thin-film reconstruction during 


XCT data processing impacts measures of bubble shape and size. We propose that 3D techniques 


should not be applied in isolation - processing and analysis of XCT data should incorporate geological 


context provided by high resolution 2D imaging of samples - and may not always be the best use of 


time and resource. Further, our results highlight that when applied to appropriate samples, studies of 


vesicle shape in 2D can provide useful insights into eruption dynamics that hold up when compared to 


their 3D equivalents and can be readily compared with global datasets.  


References:  
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___________________________________________________________________________ 


Our knowledge of volcanic eruption styles and forecasting relies on understanding the multiphase 
behaviour of magmas in shallow plumbing systems. Eruption dynamics are primarily driven by the 
rise and burst of gas from within volcanic conduits, and low viscosity magmatic systems exhibit a 
variety of eruption styles. Specific gas regimes are attributed to specific eruption types, and their 
ascent dynamics within the upper kilometre of the conduit are a major control for surface explosivity.  


Current models cannot suitably explain natural system complexity because they assume simple rise 
conditions (rheologically uniform media and a vertical cylindrical conduit) but kinks, flares, diameter 
variations, wall roughness, storage zones, and internal obstacles are common features of shallow 
plumbing systems. It is thus vital to consider the effects of complex internal conduit geometries on 
bubble ascent parameters to improve our understanding of volcano-scale flow dynamics and their 
implications for basaltic eruption explosivity.  


Here, we consider the combined effects of variable viscosity, gas fraction, and conduit geometry on 
bubble ascent parameters using a suite of novel experiments. The current focus is to examine 
continuous flow within inclined tubes and with the addition of storage zones to simulate complex, 
multi-vent, shallow plumbing systems like Stromboli and, for the first time, experimentally 
investigate a potential mechanism for paroxysms. 


Dimensionless parameters are derived to describe specific flow characteristics at laboratory and 
volcanic scales, and demonstrate the viability of current framework for true-scale application. 
Preliminary results indicate that internal conduit geometry controls for eruption explosivity as a 
direct consequence of its influence on gas ascent dynamics independently of (and in addition to) the 
factors currently attributed to eruption triggering in the literature, i.e., magma viscosity, gas flux and 
related controlling characteristics. 
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___________________________________________________________________________ 


 
The dynamics of volcanic fissure eruptions can determine the style and longevity of an eruption and 
the hazards they pose. To understand magmatic fluid flow and deformation processes during the 
ascent of magma, crystal alignment, shape and size can be used. Where the rock is well exposed and 
grains can be identified, crystal fabrics may be measured and mapped in the field, however in most 
cases microanalysis (optical microscopy and scanning electron microscopy) combined with image 
analysis of hand samples are required. Here we examine deposits of a basaltic eruption from the Budj 
Bim Volcanic Complex (BBVC), the only known fissure-fed eruption in the Newer Volcanics Province 
(NVP), south east Australia. The study of active fissure eruptions is often inhibited as their structures 
are frequently covered by layers of lava and scoria, built up over days to months. However, the BBVC 
provides excellent exposure of the internal architecture of a fissure eruption due to extensive erosion 
and quarrying, allowing us to study its subsurface feeding system. Samples have been taken from the 
main pathway for magma ascent in the Little Mount scoria cone and typically comprise of zoned olivine 
phenocrysts (<0.2 mm), clinopyroxenes (<0.1 mm), and a fine-grained plagioclase-rich groundmass 
with <0.05 mm oxides. Preliminary optical and scanning electron microscopy data show rare and 
texturally complex microscale quartz xenocrysts have been incorporated into the dyke. Pyroclasts from 
the scoria cone deposits also include rare, black and white bubbly fragments, which are inferred to 
have occurred by physical mingling of the basalt with a quartz-rich material during their ascent. 
Electron backscattered diffraction (EBSD) observations show that plagioclase crystals share a 
crystallographic preferred orientation (CPO). CPO in plagioclase can be used as an indicator of magma 
flow, as elongate crystals are expected to align parallel to flow direction. Intracrystalline distortion of 
plagioclase crystals can also be used to investigate the pressures and strains a magma has experienced 
during the final stages of eruption, when rapid crystallisation causes the magma to lock-up. 
Understanding the dynamics of historic fissure eruptions such as the BBVC is important as they can 
guide interpretations and constrain the physical and chemical processes of the feeder dykes, their 
impacts from future fissure eruptions and allow for hazard mitigation. 
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___________________________________________________________________________ 
 
The 2021 Fagradalsfjall eruption in Iceland included episodes of fountaining that produced unusual 
pyroclasts that have the appearance of glazed reticulite. Initial investigation of these clasts show that 
they have a smooth, dark grey or light brown glassy surface that is <0.3 mm thick, surrounding a light 
brown to dark grey interior that is highly vesicular (71–92%). The vesicles range in diameter from <20 
μm to >20 mm, with the majority <1 mm. Most vesicles near the exterior of the clasts are spherical or 
elliptical and are highly connected to the vesicles surrounding them. Towards the centre of the 
pyroclasts, the vesicles are irregularly shaped with “wrinkled” vesicle walls. We present the results of 
scanning electron microscope imaging of polished section through the clasts, and x-ray computed 
tomography of whole clasts. Imagery was analysed to characterise the distinctive glazed surfaces and 
vesicle shapes, and to determine the processes that formed them. 
 
In order to infer a formation mechanism for these various glazed pyroclasts, we consider the timescales 
of clast emplacement, clast cooling, bubble growth, outgassing, and capillary retraction and relaxation 
of melt films. Based on our observations and analyses, we interpret that the glazed pyroclasts spent a 
sufficient length of time within the fountain to keep the external faces of the pyroclasts hot for longer 
than is typical of fountain products. This allowed time for bubbles in the centre of the clasts to mature 
and collapse, and for bubbles near the edge of the clast to burst. Bubble burst at the margins led to 
liquid film retraction, forming a smooth, glazed surface that cooled once the clast left the hot fountain 
environment. These textures therefore inform on the nature of the fountain environment in which 
they formed.  
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___________________________________________________________________________ 


 
Following the 2021 Fagradalsfjall eruption on the Reykjanes Peninsula, SW Iceland, a 260m fissure vent 
opened in Meradalir on the 3rd of August 2022. The activity became localized onto five vents, with two 
vents staying active for the following 10 days when the activity focused on a single vent for the 
reminder of the eruption (i.e., to 21st August). 
 
Throughout the eruption, changes to the lava surface were monitored using a DJI Matrice 300 RTK 
unmanned aerial vehicle (UAV or drone) with a DJI L1 lidar module. Automated grid flights were used 
to cover the full area around the fissure and the lava deposited in the Meradalir valley from the 2021 
and 2022 eruptions. A DJI D-RTK 2 GNSS mobile station was used to increase positional accuracy of the 
UAV to the centimetre-scale. 
 
The lidar data was pre-processed in DJI Terra to reconstruct colourised point clouds. The large subject 
area necessitated multiple grid flights and this, together with internal instrumental errors required 
flight strip alignment using the program StripAlign. Digital surface model rasters were produced in 
CloudCompare with a resolution of 10 cm. 
 
Volumes were calculated in QGIS with thickness profiles made in select locations. The resulting time 
series of volume allows the calculation of high-time-resolution mass eruption rates. Additionally, the 
high spatial resolution allowed for the identification of phenomenon such as the compaction, 
mobilisation, and squeeze-out of molten lava stored within the 2021 Meradalir lava pile by the 
emplacement of the 2022 lava field. 
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___________________________________________________________________________ 
 
Interpreting volcanic stratigraphy is the fundamental method used by volcanologists to understand 
and reconstruct a volcano’s past behaviour. General understanding of the products and processes of 
Plinian and subplinian eruptions also informs numerical models that aim to mitigate against future 
hazards. However, the frameworks we use to understand volcanic lithofacies can sometimes be overly 
simplified, with interpretations falling into distinct categories. For example, pyroclastic deposits are 
often considered from either a fallout or pyroclastic density current (PDC) perspective, with little 
attention given to facies exhibiting characteristics of both processes. Such hybrid facies may be created 
where fallout and PDC processes act simultaneously, where a transitional phase between the two 
occurs, and/or due to reworking.  
 
Our study [1] defined a novel hybrid pyroclastic lithofacies found on Tenerife (Canary Islands) and 
Pantelleria (Italy). The facies is proposed to record the simultaneous interaction of very proximal 
fallout and turbulent PDCs, and reveals a fuller spectrum of hybrid deposition than previously reported. 
It is widely appreciated that complexities such as bypass and erosion are inherent aspects of PDC 
activity that can be cryptic in the rock record; this work highlights that hybrid processes may be 
similarly cryptic, leading to potential uncertainty in the interpretation of volcanic lithofacies.  
 
How important is resolving this uncertainty in the proximal zone, when the hazard is high regardless 
of specific processes? We argue that recognizing hybrid deposition, and identifying potential 
complexity and uncertainty, improves our understanding of volcanic processes. Furthermore, 
numerical models of lateral transport of pyroclastic material rely on proper assessment of eruption 
column conditions, therefore interpreting these conditions from proximal units can lead to 
improvements in hazard modelling. 
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___________________________________________________________________________ 
 
The April 2021 explosive eruption of La Soufriere St Vincent generated a bulk volume of approximately 


1.2 x 108 m3 of tephra, indicating that this was a low VEI 4 event. The explosive phase lasted two weeks 


and, after an initial explosion, became semi continuous for ~48 hours, comprising numerous closely 


spaced explosions forming eruption columns ~ 15km high. Later explosions became more Vulcanian-


like with lengthening time gaps between events. We identified 7 fallout units, U1 –U7. 


Field evidence indicates that the first Pyroclastic density currents (PDCs) to travel out of the crater did 


not occur until ~30 hrs after the onset of explosive activity, associated with Unit 3, and we propose 


this is related to vent widening, following destruction of lava domes during the initial explosive activity 


(Unit 1).  


PDC deposits extended to the sea in two valleys the Lariaki and Roseau Valleys on the west flank 


draining the lowest part of the crater rim, 3.2 and 4.2km from the Summit crater rim respectively. 


These PDCs had low velocities and any associated dilute surge was absent in distal regions. To the 


south and southeast, dense PDCs reached 2.8 km and 1.2 km respectively. Dilute PDCs engulfing ridges 


between the valleys were less extensive, extending a maximum of 2.5 km from the Summit crater rim. 


Both dilute and dense deposits comprise numerous units interbedded with fallout layers (at least Unit 


3, 4 and 5), indicating PDCs were formed by column collapse associated with several explosions. PDCs 


comprise around 40-50% of the total volume erupted of associated explosions (Units 3-7).  


The impact of the PDCs on vegetation in proximal (< 2km) regions provides insight on their dynamics. 


Trees were extensively abraded and in the most proximal regions felled, however locally many trees 


were broken only at heights ~ 2m above the base, suggesting a marked velocity/density stratification 


to the moving dilute current. On ridges and in the valleys to the southeast PDCs were not able to char 


vegetation, indicating temperatures < 250oC. Dense PDCs in valleys to the west were notably hotter, 


showing extensive vegetation charring. We speculate that the column collapse mechanism, involving 


extensive mixing with moist air, cooled the dilute PDCs. Dilute PDCs formed by column collapse at La 


Soufriere in 1902, albeit larger and more extensive, also had similar low temperatures, particularly in 


distal regions.  
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___________________________________________________________________________ 
 
Pyroclastic density currents (PDCs) are the most lethal volcanic process on Earth. Forecasting their 
inundation area is essential to mitigate their risk, but existing models are limited by our poor 
understanding of their dynamics. Here, we explore the role of evolving grain-size distribution in 
controlling the runout of the most common and deadliest PDCs known as block-and-ash flows (BAFs). 
Through a combination of theory, analysis of deposits and experiments of natural mixtures, we show 
that rapid changes of the grain-size distribution transported in BAFs result in the reduction of pore 
volume (compaction) within the first kilometres of their runout. We then use a multiphase flow model 
to show how the compressibility of granular mixtures leads to fragmentation-induced fluidization (FIF) 
and excess pore-fluid pressure in BAFs. This process dominates the first ~2 km of their runout, where 
the effective friction coefficient is progressively reduced. Beyond that distance, transport is modulated 
by diffusion of the excess pore pressure. Fragmentation induced fluidization provides a physical basis 
to explain the decades-long use of low effective friction coefficients used in depth-averaged 
simulations required to match observed flow inundation. 
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___________________________________________________________________________ 


Silicic caldera-forming eruptions are among the largest volcanic events on Earth, capable of erupting 


thousands of cubic kilometers of ash and pumice, therefore they pose a substantial hazard. A key 


component of these eruptions is the piecemeal subsidence of foundering crustal blocks and the 


generation of caldera ring faults in which large volumes of (mostly) fragmental magma erupt through. 


Fragmental magma flux and associated caldera subsidence rates are poorly constrained, particularly 


as large caldera-forming eruptions have never been witnessed, so our understanding relies on 


numerical model predictions, experimental work and conceptional frameworks built from field 


observations. The ‘superfault’ model, in which caldera fault slip rates are high enough to cause 


frictional melting, was proposed due to the presence of aphanitic deposits in some caldera ring faults 


(Spray et al, 1997; Kokelaar, 2007). Since the development of this hypothesis, our understanding of 


caldera structure (for example, the outward dip of caldera faults) and magma fragmentation (in non-


caldera scenarios) has developed significantly, therefore, we revisit the superfault hypothesis in order 


to test its application to the modern scientific understanding of eruption dynamics. Here, we re-assess 


this model using textural analyses at the classic 435-425 Ma Glencoe volcano locality, Scotland, and 


find that the caldera fault fill is the sintered remnant of the fragmented eruptive products, and that 


fault-related frictional melting is not required. We support this with geochemical mass balance 


calculations that lead us to conclude that: (1) the fault fill is a volcanic remnant associated with the 


eruption; (2) partially resorbed quartz grains in the glassy groundmass originate from the country rock 


quartzite; and (3) that the late-stage fault intrusions represent the mush from which the eruptive melts 


are derived. In the context of caldera-forming eruptions, our model implies that caldera fault zones 


can be dominated by magmatic processes rather than fault-related processes.  


References: 


[1] Kokelaar, P., 2007. Friction melting, catastrophic dilation and breccia formation along caldera 


superfaults. Journal of the Geological Society, 164(4), pp.751-754. 
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___________________________________________________________________________ 


The Borrowdale Volcanic Group (BVG) of the English Lake District comprises over 6 km of basaltic to 
rhyolitic lavas, intrusions and pyroclastic deposits that formed during the closure of the Iapetus Ocean 
in the Late Ordovician. Whilst the lower part of the BVG comprises mostly effusive lavas, the upper 
part is dominated by large-scale caldera-forming deposits [1].  
 
Research of caldera volcanoes are greatly hindered at modern examples due to critical features such 


as caldera faults, eruption conduits and caldera fill deposits being concealed [2]. However, those 


within the BVG present a unique situation whereby tectonic uplift and glacial erosion have exhumed 


and dissected the calderas, allowing for detailed internal examinations [1].  


 


Scafell Caldera is one such BVG caldera that provides world-class internal exposures, gaining 


international interest on the subject [3,4]. However, due to intense faulting, alteration and 


impersistent exposure in other parts of the Lake District, similar in-depth research at other BVG 


calderas has been prevented using standard field-mapping techniques. This leaves most of the 


understanding for the overall nested caldera complex to be inferred [1]. 


 


This project utilises whole-rock geochemistry as an alternative method to investigate the BVG 


calderas. The data aims to: (1) establish potential correlations between pyroclastic deposits across 


large distances, (2) determine key geochemical differences between individual caldera-collapse 


events, and (3) observe the geochemical evolution of the nested caldera complex within the upper 


BVG. This will allow for relationships between individual calderas to be investigated and determine 


any cyclic patterns in caldera-formation that could be applied to other nested caldera complexes 


across the globe.  


 


Preliminary results indicate that several aspects of the BVG stratigraphy are far more complex than 


currently perceived. Major deposits of the Haweswater Caldera and Helvellyn Basin successions show 


significant differentiations in geochemistry at different localities. This suggests that either the 


deposits have been misidentified at localities and could therefore be part of separate eruption 


events, or dramatic changes in the underlying magmatic system occur during caldera-collapses. 
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___________________________________________________________________________ 


Armenia is the site of extensive volcanism, resulting from the collision of Eurasian and Arabian plates 
[1]. The eruptive products of Plio -Pleistocene post collisional volcanism dominate the landscape 
covering >10,000km2 across both east and west Armenia. Deposits range from basaltic lava flows and 
scoria to extensive tephra fall out and obsidian rich tuffs. The extensive distribution of volcanic 
products has also played an important part in the dating of archaeological sites throughout Armenia 
which have shown the presence and movement of humans through the area as early as 335ka [2].  


Extensive regional uplift has led to deep incision by the Hrazdan River providing excellent exposure of 
long volcanic successions. This study focusses on a volcaniclastic sequence sampled on the Hrazdan 
gorge in Aragyugh. Aragyugh is positioned between the Aragats volcanic zone to the West and the 
Gutanasar and Gegham volcanic plateaus to the East making it an ideal section for assessing volcanic 
activity in both East and West Armenia. In addition its location on the Hrazdan River gorge along with 
other archaeological sites provides an opportunity to understand the potential implications of volcanic 
eruptions on early humans in Armenia.  


To assess how volcanic activity in Armenia affected the early human movement and the eruptive 
history of Armenian volcanoes. 31 samples were taken across multiple units and analysed for; particle 
size distribution, chemical analysis of volcanic glasses via laser ablation ICPMS and analysis of 
pyroclastic material. This will provide information on the eruptive behaviour and the magnitude, the 
source volcano and the potential hazards it posed to early hominid communities. 
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___________________________________________________________________________ 
 
Since the publication of two classic papers in the 1960s [1,2], the volcanic sequence at Þingmúli 


central volcano, Iceland [3], has been considered a classic example of tholeiitic differentiation from 


(olivine) basalts to rhyolites.  


 


In these two classic papers [1,2], the magmatic differentiation at Þingmúli was interpreted to be a 


simple fractional crystallisation model. However, this simple model seems inconsistent with rhyolite 


abundance, which was double that which could be produced by simple fractional crystallisation from 


a basaltic melt. In addition, the volcanic sequence lacks the necessary volumes of intermediate 


compositions (andesites and dacites) to support rhyolite production; and the intermediate volcanics 


that do occur are in the wrong stratigraphic position to support simple tholeiitic differentiation. 


Despite these long-known issues, the geochemistry of the volcanic sequence has continued to be 


modelled as an exemplar of simple fractional crystallisation model, and a more recent refinement 


has been that it represents two slightly different fractionation trends operating at different oxidation 


states [4].  


 


Fieldwork during July 2022 has produced a new geological map of the volcano, investigated the 


nature of its plumbing system, and provided a re-classification and re-calculation of abundances of 


Þingmúli's eruptive products. Preliminary results indicate an increased volume of rhyolites, further 


widening the volume problem mentioned above. The new volume estimations based on our mapping 


suggest that ~25% of the volcanic products are rhyolites in contrast with the ~12% estimated by [1], 


however it is still unknown as to what percentage lies at depth.  


 


Our results also suggests that Þingmúli went through multiple cycles of rhyolitic magma production 


and eruption, including the formation of a rhyolitic dome on its eastern flank and multiple pyroclastic 


flow deposits within the lower deposits. Furthermore, a new lateral fissure is identified at Þingmúli, 


and a new edifice is defined further north than originally proposed in [1]. Classic papers such as (1, 


2] have been important cornerstones in our science for decades, but with advances in our 


understanding of processes there is high value in revisiting past benchmark studies to 


evaluate whether new insights can be gained for future models.  
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___________________________________________________________________________ 
 
Relating the mass eruption rate (MER) of explosive volcanic eruptions to their column height is key to 
reconstructing past eruptions and managing hazards during eruptive crises. Here we re-assess the 
MER-height relationship using the new Independent Volcanic Eruption Source Parameter Archive 
(IVESPA, http://www.ivespa.co.uk/), which contains required parameters for an unprecedented 
number of eruptive events. We calibrate the canonical power law relationship between the MER and 
four different types of column height (top, spreading, sulfur dioxide and isopleth), which significantly 
differ. For the top height, this empirical relationship outperforms analytical relationships that also 
account for atmospheric conditions. Overall, our simple analyses reveal no clear footprint of 
atmospheric wind and humidity on the MER-height relationship in IVESPA. This contradicts our 
understanding of volcanic column dynamics and we discuss how it might be explained by IVESPA 
limitations, such as measurement bias or the use of time-averaged eruption source parameters. 
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___________________________________________________________________________ 
 
The large summit caldera at Sierra Negra is defined by a complex asymmetric trapdoor fault system 


(TDF), which protrudes over 150m above the caldera floor. This fault is a permanent record of 


resurgence and deformation within the caldera during previous eruptions. Over 6.5 m of uplift was 


recorded in the 13 years prior to the 2018 eruption, driven by magma storage pressures and stresses 


on the TDF. The 2018 eruption lasted two months, with fissures opening across the north and 


northwestern flanks of the volcano. During the co-eruptive period, the caldera subsided by over 8 m, 


whilst seismicity continued at a decreasing rate.  


Here we present a comprehensive study of the co-eruptive seismicity at for the 8 weeks following 


the eruption onset. We use PhaseNet, a deep neural network phase picking method, to generate an 


updated catalogue of seismicity. In particular, this approach identifies low magnitude events during 


episodes of persistent tremor, which have been previously hard to identify. We further examine the 


tremor which continues for up to 3 weeks after the eruption onset, and relate these episodes to 


trends in the seismicity and subsidence rates. We also demonstrate evidence of large-magnitude 


earthquake and quiescence cycles in the first week following the onset of the eruption. These 


apparent cycles suggest a staggered deflation period and that subsidence does not follow a smooth 


exponential decay. The total subsidence experienced in the caldera in 2018 was nearly twice that 


recorded in 2005 (5.0 m). Additionally, reinflation of the caldera did not commence until 60 days 


after the 2018 eruption initiation in contrast to 2005 when inflation was recorded after only 10 days. 


A net uplift of ~1.5 m and pre- and co-eruptive M>4 earthquakes indicates anelastic deformation of 


the caldera. We discuss the implications this has for further dynamical modelling.  
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___________________________________________________________________________ 
 
Eruptions at long-inactive volcanoes are usually preceded by days to months of unrest [1] as magma 


migrates gradually to shallower depths. This is built into plans by civil protection agencies for societal 


response. Here we show that at São Jorge, Azores, after 60 years of repose, magma reached almost 


the surface in a vertical dyke intrusion within a few hours of the seismicity onset with no previous 


precursory signals. Recent eruptions at São Jorge have produced pyroclastic density currents [2], and 


the potential for an eruption to occur with little warning poses a great risk. 


 


We base our model on measurements of seismicity and land surface deformation (GNSS network and 


Sentinel-1 InSAR). Deformation associated with the event reached other neighboring islands over a 


distance of at least 45 km away from São Jorge. Deformation was high in the first day of activity (>50 


mm per day between March 19 and 20) and significantly decreased afterward. Although unrest 


continued for weeks, subsequent magma intrusion after the first day was below 4 km. São Jorge lies in 


a rift zone where extensional stress is expected to be built over time [3] to accommodate magma at 


depth. 


 


We interpret the cause of the initial shallow injection to be due to the deviatoric stress there being so 


high that the suction due to opening was greater than the force required to reach a greater height. 


After relaxing the stress field at shallow levels, the next most energetically favourable location for 


magma injection was deeper. This implies that an eruption was unlikely during the first hours, despite 


reaching such shallow depth. The São Jorge event indicates that elastic strain accumulated from long-


term periods of tectonic spreading at dormant volcanoes can be released by sudden, episodic shallow 


dyking events triggering the activity of deeper magmatic processes. 
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___________________________________________________________________________ 
 
Pyroclastic Density Currents (PDCs) are high-temperature, rapidly moving flows that can form 
extensive ignimbrite deposits. As a PDC propagates, entrainment from both internal and external 
environments can decrease temperatures and introduce water vapour (e.g., exsolving juvenile magma, 
external hydrological factors, combusting plant matter, water-laden sediment). As a PDC flows away 
from source the comminution of grains will lead to fragmentation and subsequent higher ash content. 
These factors are expected to affect cohesive and frictional behaviours within the flow, and the 
resulting deposits. 


Fluidisation within PDCs plays a substantial role in their high mobility and is accepted as an outcome 
of excess pore pressure from exsolution and entrainment [1]. Defluidising material may alter the 
profile of a deposit by remobilising grains through gas escape structures (i.e., elutriation pipes) and 
can cause secondary hydroeruptions in a deposit [2]. The ability for gas escape to reorganise the 
deposit will be affected by the mechanical properties of the deposit, which will include cohesion.  


Experiments investigating the cohesive behaviour of analogue and ignimbrite material have been 
undertaken to explore how static packs of sediment respond to gas escapes under a range of 
conditions. Material properties including angle of repose, bulk and tapped density and fluidisation 
behaviour have been recorded under varying moisture content conditions to better understand the 
static and dynamic behaviours of these materials.  


Results show just small amounts of moisture (0.25 – 0.50 %) greatly affect the behaviour of analogue 
and volcanic material. Increasing moisture content results in higher angle of repose and minimum 
fluidisation velocity values. As materials becomes fluidised, cohesional variations within the deposit 
affect bubble and channel formations and can create vertical pressure profiles. These results begin to 
explore the impact of capillary cohesion and its implications for PDC dynamics, deposit architecture 
and validity of different analogue materials in experimental modelling. 
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__________________________________________________________________________ 
 
Transitions between effusive and explosive styles at basaltic volcanoes are strongly affected by magma 


permeability, which is controlled by bubbles nucleation, growth and coalescence during ascent. A 


series of in-situ vesiculation experiments were performed using a synchrotron radiation source on 


basaltic samples from Mt Etna, Italy. Experiments were performed at high pressure and high 


temperature under water saturated conditions at Diamond Light Source, UK. X-ray synchrotron 


radiography was combined with a unique Internally Heated Pressure Vessel to simulate magma storage 


and ascent within the crust at pressure ≤100 MPa.  


 


This new study provides unique quantitative information on bubble growth, expansion and 


coalescence through time, as function of water content and decompression rate. All these parameters 


are strongly dependent on melt viscosity: for low viscosity conditions bubbles are spherical and can 


easily grow and coalesce, while for more viscous conditions (e.g. due to higher crystal content) bubbles 


are always deformed and growth and coalescence are inhibited. We noticed that, for the investigated 


decompression rates (0.05-0.1 MPa/s), bubble growth decreases with time, as previously reported in 


the literature. Furthermore, we observed that bubbles nucleated at later times grow faster than those 


nucleated at earlier times.  


Regarding coalescence, we recorded this process, occurring in the order of tens of seconds, at high 


temporal and spatial resolution. We captured when separated bubbles enter into contact, thin their 


walls, rupture their film and finally coalesce up to recover a spherical shape. Finally, we observed 


through time with decreasing pressure an increase in the coalescence events of several bubbles that 


tend to form a single large bubble. 


 


This new apparatus combined with X-ray synchrotron radiography is an invaluable tool to capture and 


quantify bubble kinetics in basaltic magma at natural pre- and syn-eruptive conditions, which are 


fundamental to improve our understanding of magma behaviour and mitigating the volcanic risk 


associated with basaltic systems. 
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___________________________________________________________________________ 
 
Silicic volcanic eruptions range in style from effusive flows to highly explosive events, often 
transitioning between these extremes. The 2008 eruption of Chaitén, Chile and the 2011-2012 
eruption of Cordon Caulle, Chile further demonstrated that silicic eruptions may simultaneously exhibit 
explosive and effusive activity (i.e., as a hybrid eruption), which has led to renewed efforts to model 
shallow conduit dynamics that allows for such behaviour [1]. Volcanic bombs, relatively large ballistic 
pyroclasts, are ejected energetically throughout hybrid behaviour, and can represent a snapshot of the 
shallow conduit [2].  
 
Here, we describe two extraordinary volcanic bombs; one from the 946-947 CE “Millennium Eruption” 
of Mt. Changbaishan/Paektu (China/DPRK), and one from the 2011-2012 eruption of Cordón Caulle 
(Chile). Both bombs are relatively small (~10s centimetre), rounded, with a millimetric glassy, obsidian-
like margin (“crust”) and a light-coloured, pumiceous core. Both samples display evidence for 
aerodynamic shaping by viscous deformation during ejection, and continued volatile exsolution [3][4].  
 
We characterise both samples using a combination of petrographic microscopy, SEM (with EDX), TGA, 
and FTIR, to describe their internal textures at a range of scales and characterise volatile content and 
distribution. We then develop a conceptual model for their formation in the context of hybrid eruptive 
behaviour. Importantly, the example of this clast type from the Cordón Caulle eruption can potentially 
be linked to direct eruption observations [5], which may allow us to infer that similar eruption 
dynamics were active during the Millennium Eruption of Mt. Changbaishan/Paektu. 
 
Our results have implications for shallow conduit dynamics for both eruptions, and we speculate about 
their applicability to silicic volcanic systems in general.  
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[5] Wadsworth F et al. (2022) in press, Journal of Volcanology and Geothermal Research 107672 







RETURN TO PROGRAMME  
Sessions 6 & 7: Magmatic Systems               Poster Presentations 


 


Volcanic and Magmatic Studies Group 2023 Meeting – Programme and Abstracts  


125 


Determining magma storage conditions at Campi Flegrei (Italy) through 
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1Department of Geology, Trinity College Dublin, Dublin 2, Ireland; amstutzf@tcd.ie 
2School of Archaeology, University of Oxford, Oxford, UK. 
3Instituto Nazionale di Geofisica e Vulcanologia, Osservatorio Vesuviano, Naples, Italy.  


___________________________________________________________________________ 
 
Campi Flegrei volcano (CF, central Italy) has produced >60 eruptions in the last 15 kyr. These span a 
wide range of eruptive styles (lava domes to explosive Plinian events) and compositions (basanites to 
phonolites) and occurred in different spatial/structural locations within a larger caldera system [1]. 
Geophysical and petrological data support multi-level magma storage beneath CF, with post-15 kyr 
eruptions primarily fed by mid- to lower-crustal storage zones and ephemeral sills at shallow levels [2]. 
However, several authors have identified that the major element compositions of CF magmas cannot 
be produced through simple fractional crystallisation, and instead suggest that country rock 
assimilation must play a significant role in controlling their compositional evolution [3].  
  
The Rhyolite-MELTS software package allows thermodynamic modelling of phase equilibria in hydrous 
silicic systems [4] and has been used previously to constrain the range of intensive variables (i.e. 
magma storage conditions) which could produce the observed compositional diversity of pre-15 kyr 
CF eruption deposits [3]. Following this, we ran >2000 Rhyolite-MELTS models of fractional 
crystallisation, with starting compositions chosen from the most primitive glass compositions 
measured in post-15 kyr CF deposits. We varied the model pressure (from 50 to 500 MPa), initial water 
content (from 0.5 to 6 wt%) and oxygen fugacity (from QFM-2 to +3). We built on recent studies [5] to 
statistically assess the fit between our model outputs and a literature composition of glass analyses 
from recent CF eruptions. This allowed us to identify a set of intensive variables which produced the 
best fit and hence represent the most likely conditions of natural magma storage. Dividing eruptions 
into different time periods and locations within the CF caldera allows us to place spatial and temporal 
constraints on variations in magma storage conditions. 
 
We find that CF eruptions are best produced by models with oxygen fugacity at QFM to QFM +1, initial 
water contents of 3 – 4 wt% and pressures of 300 to 500 MPa, although best-fit conditions vary across 
the caldera. However, our results are consistent with previous studies in failing to fully reproduce the 
diversity of CF magma compositions for all elements through fractional crystallisation and highlight the 
important role of country rock assimilation. More advanced thermodynamic models can predict how 
assimilating different types/quantities of crustal material impact phase equilibria during magma 
evolution and are currently being incorporated into our investigation. As with other storage conditions, 
the results of these models will be used to identify spatial variations in assimilation dynamics at 
different times and in different locations around the caldera, demonstrating how crustal assimilation 
plays an important role in dictating the timing and style of eruptions. 
 
References: 
[1] Isaia et al. (2009) JVGR. 133: 171-192 
[2] Stock et al. (2018) J. Pet. 59: 2463-2492 
[3] Fowler et al. (2007) J. Pet. 48: 459-493 
[4 Gualda et al. (2012) J. Pet. 53: 875-890 
[5] Gleeson et al. (2017) JVGR. 337: 44-61 
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___________________________________________________________________________ 
 
Ocean Island Basalts are thought to be plume-derived, and a study of olivine-hosted melt inclusions 
can provide information on the characteristics of these mantle plumes.  Melt inclusions in primitive 
phenocrysts have the advantage of being more primitive than their whole-rock hosts, and are 
considered to represent a closed system, capturing aspects of the chemistry of the mantle source of 
the magma.  Whilst much work has already been done on Ocean Islands such as Hawaii and Iceland, 
studies on Jan Mayen’s geochemistry are few.  At present, it is unclear whether Jan Mayen exists as a 
result of association with the Mid-Atlantic Ridge, is an offshoot of the Iceland Plume, or is in fact a 
discrete plume in its own right.   
 
A suite of lavas collected during several University of London expeditions in the early 1960s has been 
examined, and samples with olivine phenocrysts were selected for the present study.   Jan Mayen 
basalts are predominantly alkaline, and include rock types such as ankaramites, tristanites, tephrites 
and trachytes.  In hand specimen, the rocks are porphyritic, occasionally vesicular, and have olivine 
and pyroxene phenocrysts. 
 
Electron probe micro-analysis of 23 thin sections has revealed many crystalline olivine-hosted melt 
inclusions of varying sizes.  EDS area analysis gave an average composition of each melt inclusion.  A 
TAS diagram of melt inclusions confirms an alkaline fractionation trend, with some scatter resulting 
from measurements of unrepresentative coarse-grained inclusions.  Olivine phenocrysts have values 
(Fo63-97) and are unzoned with relatively high CaO contents (>0.2 wt.%) but a few very-high forsterite 
(Fo>94) olivines have rather low CaO contents (around 0.1 wt.%) and are interpreted as mantle 
xenocrysts from a depleted source.  The most primitive samples will be further analysed (and may have 
to be re-homogenised) using LA-ICP-MS to obtain trace element data.  This data should reveal the 
characteristics of the mantle source and melting processes beneath Jan Mayen and will extend our 
understanding of mantle plumes in the North Atlantic. 
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__________________________________________________________________________ 
 
It is widely believed that mantle plumes originate at the thermal boundary layer between the core and 
deep mantle. The nature of the deep Earth remains largely speculative, and the presence, or not, of 
primordial mantle material that has not been mixed into mantle that has been depleted by melting or 
enriched by slabs and lithosphere has important implications for Earth evolution and thermal budget.  
The modern Iceland mantle plume is one of the Earth’s most vigorous, it has a volume flux (49 ± 14 
km3 yr−1) more than 4 times higher than Hawaiian plume.  Icelandic basalts are generated by melting 
mantle at ~200oC hotter than beneath mid-ocean ridges have the highest 3He/4He.  The preservation 
of basalts erupted over the 62 Myr history of Iceland plume (IP) provides the possibility to study how 
the chemical and thermal state of the upwelling mantle has evolved.  The mid-Miocene basalts in NW 
Iceland are the earliest Iceland plume lavas that have not erupted through continental crust and are a 
key piece in the jigsaw. 


From a suite of olivine-bearing basalts fourteen have 3He/4He > 30 Ra.  Olivine δ18O (3.8-4.6 ‰) of the 
high 3He/4He basalts are significantly lower than canonical depleted mantle (5.2 ± 0.3 ‰). This overlaps 
the range recorded by high 3He/4He modern Iceland basalts (3.9-5.2 ‰, n=9) but contrasts with narrow 
range of 62 Ma proto-Iceland plume picrites (5.0-5.3 ‰). The low δ18O is mostly easily explained by 
incorporation of ancient recycled oceanic crust (ROC) into the upwelling mantle in the deep mantle.  
The high 3He/4He NWI basalts have a rather narrow range of trace element ratios (e.g. Nb/Zr = 0.07 – 
0.13, [La/Sm]n = 1.26 – 1.70) and positive ΔNb values (0.05-0.30), indicative of a largely enriched mantle 
source.  There is no indication that the depleted mantle source that dominates the 3He-rich basalts 
erupted by the earliest Iceland plume basalts is present after 16 Ma, and it appears that the enriched 
mantle source is compositionally distinct.  The Miocene NW Iceland basalts have O-Sr-Nd-Pb isotopes, 
trace elements and mantle potential temperature that overlap the modern Iceland plume.  This 
contrasts with a major change in the maximum 3He/4He, which appears to have decreased significantly. 
The decoupling of the primordial volatiles from all other tracers removes the need for an isolated deep 
mantle reservoir containing most of the primordial helium. High 3He/4He signatures in Iceland plume 
are either resulted from mixtures with 3He-rich sources or added to the mantle reservoirs through 
diffusion of 3He from the core. Since the origin of the former still seems unclear, the possible source 
of 3He from the core and its diffusion to the deep mantle remains a viable solution. 
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___________________________________________________________________________ 
 
The Cape Verde archipelago exhibits seismicity associated with several islands and many historic 


eruptions have occurred at Fogo, including the most recent in 2014/2015.  These features signify 


potential impacts of volcanic hazards to the local residents and thriving tourist industry in Cape Verde. 


Yet long-term magma storage at Cape Verde, like most Ocean Islands is deep seated occurring below 


the mantle-crust transition zone. Therefore, we use the minerals to investigate the processes of 


magma ascent to feed eruptions at Cape Verde. Clinopyroxene is ubiquitous at Cape Verde found at 


both the mafic volcanoes such as Santiago and Fogo and the more evolved locations such as Brava and 


the Cadamosto Seamount. Clinopyroxene crystals often display discordant variations in Mg#, Ti, and 


Mn compositions. Clinopyroxene thermobarometry indicates that crystallisation occurs at 


temperatures of 925 to 1250°C and depths of 12 to 40 km, relative to Moho depths of 12 to 18 km. A 


few crustal xenoliths have been reported plus sulphur and oxygen isotopes of phonolites from the 


Cadamosto Seamount are elevated over mantle values. The crystal population indicates significant 


chemical and thermal disequilibrium and mixing, suggesting very dynamic magma chamber conditions. 


There is evidence for periods of differentiation as well as episodes of recharge, which likely occurred 


heterogeneously. The crystallisation conditions imply that all these magmatic processes occurred in 


long-term deep magma storage zones. It is likely that the density structure and changes in viscosity 


control the storage and ascent of the magmas. Shallow magma storage is indicated by crustal 


assimilation, seismicity, surface deformation and active geothermal systems. Transient magma storage 


occurs as magmas ascend to the surface initiating eruptions. It is recorded by seismicity, fluid inclusion 


re-equilibration and diffusion chronometry and all evidence implies short timescales of hours to days 


between mobilisation of magma from the lithospheric mantle to eruption. 
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___________________________________________________________________________ 
 
The Palaeogene Carlingford Complex (Co. Louth, Ireland) comprises a series of granitic bodies and 
layered gabbros with well-exposed intrusion margins, formed through impingement of the proto-
Iceland plume on the base of the lithosphere during the initial opening of the North Atlantic. The 
complex was the subject of intense petrological study in early 20th Century [1] and informed many 
contemporary ideas of magma system development. More recently, it has captured the interest of 
several exploration companies [2], attracted by signs of sulphide mineralisation. However, despite its 
economic potential and formative impact on igneous petrology, the Carlingford Complex has received 
little academic attention in the past half-century (cf. geologically related intrusions in east Greenland 
or the Scottish Hebrides). Key units lack basic geochemical characterisation, and the emplacement 
dynamics remain unknown. Given the excellent exposure and availability of high-quality baseline 
geophysical data [3], further petrological investigation has the potential to elucidate magmatic 
processes during the earliest opening of the North Atlantic and, crucially, during formation of 
mafic/ultramafic magmatic sulphide mineral deposits. 


This study aims to characterise modal, geochemical and textural layering within the Carlingford 
gabbros to constrain the first-order magmatic processes operating during emplacement of the mafic 
intrusion. Previous studies have suggested that the gabbros contain four mineralogically distinct layers 
[1], which have been exposed through glacial erosion. We collected samples every ~5–10 m along a 
transect cross-cutting these large-scale modal layers and analysed their bulk major and trace element 
compositions. Results show that the complex is characterised by mafic compositions at the base, 
evolving upwards, indicating progressive fractionation of the magma. The modal layers correlate with 
localised compositional reversals where the system is reset to more mafic compositions, potentially 
due to periodic injections of new melt into the magma reservoir. Alongside this compositional 
variation, some layers contain clear shape preferred crystal orientations; these lineation/foliation 
fabrics suggest that crystals are deposited from a liquid-rich magma reservoir and are consistent with 
other North Atlantic intrusions [4]. 
 
Samples close to the roof of the Carlingford gabbros contain limestone xenoliths, with cm-scale 
reaction rims, characterised by abundant magmatic carbonate minerals. Further research will 
investigate the extent of assimilation within the gabbroic complex and how this has impacted the 
magmatic evolution. Specifically, we will investigate how assimilation controls the onset of sulphide 
saturation and the spatial distribution of sulphide minerals within the layered sequence. 
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___________________________________________________________________________ 
 
Geophysical, geochemical and petrological evidence suggests that magma storage and chemical 
differentiation can occur at multiple levels in the continental crust [1]. Exposed sections through 
ancient magmatic systems in the continental crust also show a continuum from a refractory lower crust 
to a silica-rich upper crust e.g. Jagoutz [2]. How magma is stored within these vertically extensive 
magmatic systems, as well as the cause of the vertical compositional trends observed in exposed 
sections of these systems are the subjects of a long-running debate on magma storage and 
differentiation in vertically extensive magmatic systems.  


Models for magma storage and chemical differentiation within the crust vary between the 
endmembers of (i) a low crystallinity body of magma within which differentiation is primarily 
controlled by fractional crystallisation and partial melting of the surrounding crust [3], or (ii) a trans-
crustal, high crystallinity ‘mush’ reservoir which comprises of a porous and permeable crystal matrix 
with melt in the pore space [1]. Chemical differentiation in these reservoirs is controlled by the 
compaction of the crystal matrix, the buoyant upwards reactive flow of melt, as well as partial melting 
of the surrounding crust [4].  


In this study, we used a numerical model to explore magma storage and chemical 
differentiation in the continental crust. We assume a magmatic system is created and sustained by 
intrusion of mantle-derived basalt into the lower crust. Results show that a high crystallinity reservoir 
forms in which reactive flow and compaction causes melt to accumulate at the top of this reservoir, 
creating low crystallinity, chemically differentiated magma. This low crystallinity magma can evacuate 
via dykes and intrude the mid-crust to form a second high crystallinity mush reservoir. Reactive flow 
and compaction again causes melt to accumulate at the top of this reservoir, creating low crystallinity, 
evolved magma that can evacuate and intrude the upper-crust to drive volcanic eruption or form a 
shallow pluton. 


Critical controls on the compositional evolution of magma as it moves upwards through the 
system are the flux of parental basalt and the fertility of the crust. High basalt flux creates warmer 
reservoirs that evacuate less evolved magma. Infertile crust does not melt, so the reservoir is formed 
only from hot, parental magma, which also leads to evacuation of less evolved magma. Partial melting 
of fertile crust allows melt to percolate upwards and accumulate in cool crust, leading to evacuation 
of evolved (silicic) magma. 


For reasonable parental basalt flux, reservoirs remain separate with magma transfer via dykes; 
a trans-crustal reservoir never forms. The lower-crust reservoir typically evacuates the widest range of 
magma compositions; the cooler mid-crust reservoir evacuates mostly evolved, silicic magma. Both 
reservoirs primarily comprise low melt fraction mush, consistent with geophysical data; the layer of 
accumulated magma at the top of the reservoir is transient and may be too thin to resolve. The volume, 
composition and frequency of episodic magma intrusions into the upper crust are consistent with 
observed data from large volcanic eruptions. Our results suggest reactive flow in multiple mush 
reservoirs controls magma storage and chemical evolution. 
 
References: 
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[4] Jackson M. D (2018) Nature 564: 405-409 
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_________________________________________________________ 


The Kamchatka arc, formed from the subduction of the old, cold, hydrous Pacific plate beneath the 


continental Eurasia plate, is located on the Pacific Ring of Fire and is one of the most densely active 


volcanic regions on Earth [1]. The dominant rationale behind the study of Kamchatka has focused on 


the region’s high magma production rates, frequent eruptions and the mafic compositions of lavas 


compared to other arcs [2]. 


The dormant Kozelsky volcano sits only 20km away from Petropavlovsk, a city that homes ~200,000 
people. The volcano is situated in the Pleistocene-Holocene, Avacha volcanic group [3]. Kozelsky is 
thought to be the protocone to the active Avachinsky and samples shallow depth to slab ~90km [4]. 
However, it is very poorly studied. Therefore, using petrological and geochemical techniques including 
Sr-Nd-B isotope systematics, and major and trace element concentrations of primitive melt inclusions 
and whole-rock we will categorise these arc magmas, contextualising the volcanic products and 
system.  
 
Preliminary results show that the sample suite hosts olivine-rich basalts and basaltic-andesites which 
have unusually high MgO contents: between 7-14 wt%. Most arc lavas have a much lower MgO content 
~4-6 wt % [5]. The emplacement and source of these Mg-rich arc lavas and their potential relation to 
explosive eruptions is poorly constrained.  Hence, we focus on this high-Mg series, which also features 
at the nearby Avachinsky and Tolbachik volcanoes [6]. The lavas also are elevated in Cr and Ni contents 
with the majority of the olivine phenocryst close to equilibrium with the mantle (Fo# >75). This 
suggests that the high-Mg series is representative of primitive melts, we hypothesise that it will show 
little crustal contamination or AFC processing. Therefore, these samples are ideal for further analysis 
to address the primitive melt volatile contents and sources, and these forearc volcanoes will sample a 
large fluid flux from shallow slab devolatilisation to the sub-arc mantle. 
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___________________________________________________________________________ 
 
Arc magmas experience a wide range of processes, including fractionation, mafic recharge and fluid 


saturation. No one mineral records the full range of processes, so a combination of minerals is required 


to fully understand their petrogenesis. Textural (and temporal) information is lost when using mineral 


separates, but this can be preserved by analysing minerals in-situ. Here we show how in-situ analysis 


of apatite inclusions within chemically-zoned amphibole phenocrysts from Pinatubo offer an insight 


into the evolution of the silicate melt and magmatic fluid. Apatite, Ca5(PO4)3(F,Cl,OH), records volatile 


elements including Cl which is highly sensitive to fluid saturation, so the F/Cl ratio in apatite can track 


evolution of magmatic fluids while the amphibole host chemistry tracks evolution of the silicate melt. 


Through SEM-EDS analysis of apatite inclusion and amphibole host chemistry, we find that 


simultaneous changes between F/Cl ratios in apatite inclusions and major element concentrations in 


the adjacent zone of the amphibole host can be identified. Repeated minor fluctuations in major 


element concentrations in the host are matched by fluctuation in F/Cl ratios in the apatite inclusions. 


There is a negative correlation between the Mg content of the host amphibole and the F/Cl ratio in the 


apatite inclusions. In regions of increasing Mg in the host, F/Cl in apatite decreases and vice versa. 


Changes in F/Cl in apatite inclusions from core to rim of the host range from a 31% increase to a 56% 


decrease. The greatest decreases in F/Cl are associated with amphibole hosts that have a prominent 


rim of high Mg, demonstrating how the two are linked and that these simultaneous changes are likely 


reflecting the impact of the same magmatic processes on both host and inclusion chemistry. 


Establishing the identity of these processes requires further analysis of amphibole host chemistry, but 


processes such as mafic recharge or fluid saturation would be consistent with current knowledge of 


the magmatic history of Pinatubo. 


Our results show that an in-situ combined mineral approach can establish a record of magmatic 


evolution by capturing the occurrence of multiple processes and their relative timing. By applying this 


technique to broader suites of minerals capturing a wider range of elements, it is possible to achieve 


an ever-greater understanding of the evolution of arc magmas.  
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Measurements of permeability at high-pressure and high-temperature are critical to model and 
understand the behaviour and evolution of volcanic hydrothermal and geothermal systems. To 
perform such measurements and provide constraints on the permeability of crustal rocks, we 
designed and tested a new apparatus. Our high-pressure high-temperatus permeameter consists in 
three independant parts: (1-5) the permeant gas circuit, (6-7) the confining fluid circuit and (8-9) the 
heating element. For each measurement, a 20 x 40 mm cylindrical sample (3) is placed between the 
up- (1) and downstream (5) platens, into an annular viton jacket (2) which is secured within the 
pressure vessel (4). A confining pressure can be applied to the sample by filling the void space 
between the vessel and jacket through the inlet (6) with kerosene and increasing the confining 
pressure to up to 50 MPa using a high-pressure hand pump (7). The temperature of the system can 
then be increased from room-temperature to up to 150 °C through a heating mantle wraped around 
the pressure vessel (red square) and connected to a control box. After the confining pressure and 
temperature have been applied to the system, the permeability measurement is performed by 
flowding nitrogen (the permeant gas) through the sample while monitoring the pressure differential 
between the upstream pressure transducer and atmospheric pressure downstream of the sample at 
different volumetric flow rates, measured using the downstream flowmeter. This new experimental 
apparatus allows us to measure permeability under various conditions of pressure (1-50 MPa) and 
temperature (20-150°C) and can therefore be used to study diverse settings, from geothermal 
reservoirs to volcanoes.  
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Geochemical evolution of large igneous province volcanism in the Antrim 
Lava Group (North Atlantic Igneous Province), Northern Ireland 
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___________________________________________________________________________ 
 
The Antrim Lava Group in Northern Ireland is among the largest and earliest-formed surface 


expressions of the British and Irish Paleogene Igneous Province (BIPIP), which comprises part of the 


larger North Atlantic Igneous Province [1]. Despite this, it remains comparatively little-researched, 


with very few geochemical or petrological investigations undertaken in the past 30 years[2-4]. 


Addressing this shortcoming represents an excellent opportunity to develop our understanding of 


the mantle sources, melting conditions (temperature, depth) and crustal interactions associated with 


initiation of large igneous province (LIP) volcanism in the North Atlantic. 


 


During a field campaign in autumn–winter 2020, 208 new samples were collected from active 


quarries and cliff sections across the area of the Antrim Plateau and from cores held by the 


Geological Survey of Northern Ireland (GSNI). The rocks  comprise (olivine-) basalts from massive, 


stacked flows (5–20 m thick) and smaller lobate flows, as well as rare, evolved units. A further field 


campaign in summer 2021 yielded an additional 14 samples from the Tardree Rhyolite Complex. 


These evolved rocks formed just prior to a hiatus in basaltic volcanism which bisects the lava 


stratigraphy. 


 


Major element geochemistry of stratigraphically controlled samples from two cores spanning the 


succession indicates broad upsection evolution of lavas to more evolved compositions in each of the 


two major packages of basaltic lavas (Lower and Upper Basalt Formations). Across the hiatus 


between these two major formations there is a marked discontinuity in compositions seen in a range 


of incompatible and high field strength trace elements. These data, combined with in situ analyses of 


olivine phenocrysts and chrome-spinel inclusions, provide evidence of gradually changing magma 


storage conditions and suggest waning magma production rates towards the hiatus. The causes of 


the subsequent resurgence in magmatism are currently under investigation and may include tectonic 


reorganisation during rifting and/or temporal evolution in plume temperatures or location. 
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Economic eruptions: modelling the genesis of magnetite-apatite deposits by 
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___________________________________________________________________________ 
 
Magnetite-apatite (MtAp) deposits, also known as iron-oxide-apatite or Kiruna-type, are important 
sources of high-grade iron ore and phosphate minerals enriched in Rare Earth Elements, Cobalt or 
Uranium. In recent years, the genesis of MtAp deposits has been subject of much debate. While there 
is good evidence of an origin involving sub-volcanic intrusion to volcanic extrusion of an Fe- enriched 
orthomagmatic melt, the exact nature and source of that ore melt as well as the mechanics of its 
emplacement remain controversial.  
 
Here we investigate a model proposing that unmixing is followed by separation of the ore melt from 
the parent magma and fracture-bound ore emplacement accompanied by release of Fe-enriched 
magmatic brine and high-temperature volatile vapour2. We implement a numerical model of three-
phase flow based on the theoretical framework of Keller and Suckale1. The same model is used to 
explore settling and porous flow, which provides a consistent comparison between the time scales of 
each phase segregation process. To investigate the range of ore melt segregation speeds and spatial 
patterns emerging as melt unmixing and crystallization proceed, a parameter study is performed 
testing the mechanical model evolution at different crystallinities. Initial model simulations show 
relatively slow settling of Fe-rich melt droplets through a liquid-dominated parent magma transitioning 
to more rapid porous flow percolation of an interconnected Fe-melt phase through a densely packed 
crystal matrix. Phase segregation in a closed system suggests that the Fe melt-rich and Si melt-rich 
boundary layers form at the bottom and top respectively, and the boundary layer thickness changes 
as phase segregation progresses. In addition to the study of conditions and time scales involved in the 
genesis of MtAp ore deposits, similar models are directly applicable to other ore forming processes 
involving immiscible fluid phases (e.g., the segregation of Ni-Cu-Co-enriched sulphide melts to form 
orthomagmatic Cu-Ni-sulphide deposits and that of variably metal-enriched magmatic brines in the 
formation of porphyry copper deposits). 
 
References: 
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Silicic eruptions are highly explosive, driven by gases trapped in high viscosity silicic magmas, and have 
the potential to culminate in disasters for communities, both nearby and further afield. Field and 
geophysical evidence from the 2008 Chaitén and 2011-2012 Cordón Caulle eruptions demonstrated 
that these were produced by fissure systems, and that eruptions in general can undergo multiple 
explosive-effusive transitions as well as display hybrid activity. Silicic eruptions remain poorly 
understood, with currently available eruption models failing to account for factors such as rheological 
transitions and changes in eruptive styles. Another knowledge gap is the lack of understanding of the 
nature of magmatic fluids propagating in silicic dykes and sills. To gain a better understanding of the 
eruption styles, magma transport mechanism, and precursors to the eruptions, we studied the silicic 
Sosa Dyke of the dissected Chachahuén Volcanic Complex (CVC), Argentina, now exposed by the 
prolonged erosion of the host rock. The Cerro Bayo cryptodome and Great and Sosa dykes were 
emplaced at 67 ± 0.3 Ma and intrude the block-ash flow volcanic unit of the CVC [1]. The CVC runs 
parallel to the Southern Volcanic Zone (SVZ); the age of volcanic activities in SVZ roughly coincide with 
those of the emplacement of the dykes, thus suggesting a possible deep source for the magma bodies.  
 
Previous studies on the Sosa Dyke show that the dyke fill along the walls is clastic in nature, and several 
external tuffisites cut the country rock at an angle to the dyke walls. We conducted geochemical and 
textural analyses across the Sosa Dyke to further investigate the nature of the dyke fill and reconstruct 
magma emplacement during opening of the dyke. Textural analyses indicate the presence of densely 
compacted pyroclastic material including glassy clasts displaying collapsed vesicles, together with 
bands of fractured phenocrysts. The initial injection into the propagating dyke therefore involved 
initially-vesicular, melt-rich magma fragments that subsequently compacted and deformed in a 
coherent state. This deformation rotated crystals and crystal fragments to be largely parallel to the 
dyke walls and therefore to the predominant tectonic trend within the SVZ. 
 
Geochemical analyses conducted using TGA-DSC and FTIR techniques complement textural 
observations and characterise volatile concentrations. FTIR results indicate that crystal-rich bands 
close to the dyke margins have a lower average water content (~0.7 wt%) than glass-rich regions (1.05 
wt%), as expected. Moreover, the total volatile concentrations (TGA) gradually increase inwards from 
the dyke margins (~1 wt %) towards the dyke centre (~1.4 wt %). As there is no decrease in crystallinity 
towards the dyke centre, this implies that the magmatic volatile content must increase inwards. To 
explain this, we propose a model in which welding and compaction of the early fragmented magma 
sealed off the dyke walls, reducing their permeability, and hindering lateral gas escape. Alternatively, 
this may reflect particle size control in a dyke containing magma of a clastic origin with more efficient 
outgassing of smaller particles at the dyke walls – but we currently lack the across-dyke particle size 
data needed to test this model.  
 
Overall, the complex clastic textures at the dyke margins suggest that emplacement of Sosa Dyke was 
a multiphase, multi-pulse event with a clastic beginning.  


 
References:  
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___________________________________________________________________________ 
 
Defining magma storage conditions is critical for our understanding of how magmatic systems evolve 
and lead to an eruption. Compositions of minerals and co-existing liquids are often used to determine 
water contents, temperatures and crystallisation depths of magmas. However, distal tephra formed 
from Plinian eruptions comprises mainly of silicic glass shards, and mineral assemblages are typically 
not preserved, limiting the use of petrological techniques (i.e., mineral-melt/mineral-only 
thermobarometry and hygrometry) to characterise pre-eruptive magma conditions [1]. 
 
Here we present a range of plagioclase-liquid and new liquid-only models, developed using random 
forest machine learning algorithms [2], that can calculate multiple intensive parameters, including 
pressure, temperature, equilibrium anorthite (An) content, H2O content and fluid saturation (molar 
fraction of water, XH2O). All models are calibrated using a filtered set of experimental plagioclase-liquid 
pairs (n=536) across a wide compositional range (SiO2: 44.3-79.9 wt.%; Na2O + K2O: 0.2-12.4 wt.%). The 
root mean square error (RMSE) and coefficient of determination (R2) values from all models are 
evaluated by three approaches: 1) Monte Carlo cross-validation, 2) independent testing datasets, and 
3) error propagation from mean analytical (i.e. electron microprobe) uncertainties of experimental 
plagioclase and liquid compositions. A notable outcome is that the liquid-only models perform as well 
as the plagioclase-liquid models with similar metrics (liquid RMSEs: hygrometer = 0.73 wt.%; water-
independent thermometer = 44°C; water-dependent thermometer = 27°C; barometer = 51 MPa; XH2O 
= 0.04; temperature-independent An content = 0.05 mole fraction), thereby providing an opportunity 
to probe geochemical insights into the melt crystallisation conditions behind large-scale explosive 
volcanism.   
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___________________________________________________________________________ 
Plutons are essential in the formation of continental crust [1], therefore it is important to understand 


the timescales of pluton formation and how it relates to magma generation, transport, segregation 


and storage [2, 3]. Advances in zircon U-Pb geochronology show plutons are accreted by addition of 


small magma batches to the middle-upper crust over 10,000-to-100,000-year timescales. A complex 


of nested plutons can accumulate to form batholiths over 1,000,000-to-10,000,000 years [4]. During 


these periods pulses of high magma flux can be followed by relative quiescence with magmatic flare-


up periods proposed to explain non-linear growth of large batholiths [5].  


This project will build temporal frameworks for the formation (and cooling histories) of nested plutons 


by conducting high-precision U-Pb, 40Ar/39Ar and (U-Th)/He geochronology on the Cuillin Mountains 


(Isle of Skye) and the Cornubian Batholith (southwest England). Despite both areas being intensely 


studied, the Cuillin Complex has been sparsely dated and ages for the Cornubian granites lack precision 


preventing direct interrogation of the rates of magmatic processes.  


SEM-CL characterisation of samples and LA-ICP-MS U-Pb dating are underway. Determining a spread 


of ages via LA-ICP-MS U-Pb dating will allow for specific zircons to be selected for high-precision U-Pb 


CA-ID-TIMS-TEA. High-precision age data will provide the temporal resolution required to reconstruct 


pluton growth. Prolonged zircon growth in the magmatic system yields geochemical changes as a 


function of time, which we can exploit to provide a chronology of differentiation.  


Cooling histories derived from 40Ar/39Ar and (U-Th)/He geochronology on hornblende and biotite mica 


from the granites of the Cornubian Batholith will be integrated with the differentiation chronology to 


provide a detailed record of system thermal evolution. Our geochronologic and geochemical data for 


these nested plutons will advance the growing database of research investigating how nested plutons 


develop and how they contribute to the growth of the continental crust. 


[1] Glazner et al (2004), GSA Today, 14, 4/5  


[2] Schoene et al (2012), Earth and Planetary Science Letters, 355-356, 162-173 


[3] Matzel et al (2006), GSA Bulletin, 118 (11-12), 1412-1430 


[4] Coleman et al (2004), Geology, 32(5), 433-436 


[5] Ardila et al (2019), Lithos, 326-327, 19-27 
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___________________________________________________________________________ 
 
The islands of the Azores archipelago result from the interaction between the triple junction of the 
North American, Nubian, and Eurasian plates and a mantle upwelling often referred to as the Azores 
plume. The largest island of the archipelago, São Miguel, consists of five active volcanic systems: three 
central volcanoes with calderas (Sete Cidades, Fogo – also known as Água de Pau, and Furnas) 
separated by two mostly mafic fissure systems (Picos and Congro). There are additionally two extinct 
volcanic systems (Povoação and Nordeste) in the eastern part of the island. In historical times the 
volcanoes of Fogo and Furnas have erupted explosively in 1563, and in 1439/43 and 1630, respectively, 
and minor eruptions occurred within the Picos fissure system in 1563 and 1652. 


Previous studies dealing with a limited number of mafic samples from across the Azorean 
archipelago found low-δ18O values in olivine from some samples requiring assimilation of material 
hydrothermally altered with meteoric waters at high temperatures. This signal was attributed to come 
from the plume itself [1, 2] or from assimilation within the oceanic crust [3]. To further investigate the 
extent of these low-δ18O magmas we carried out an island-wide survey of São Miguel volcanism. Bulk 
rock geochemical compositions in both major and trace elements require crystal fractionation to be 
the dominant process of magmatic evolution. Yet, some of the evolved magmas have phenocrysts with 
low-δ18O values, 1-2 per mil lower than expected from closed-system fractionation of mantle 
derivatives). At the westernmost volcanic centre, Sete Cidades, these evolved magmas commonly have 
lower δ18O values than the coeval mafic magmas of the same volcano. This relationship implies that 
the lowering of magma δ18O values occurred during evolution from basalts to trachytes.  


A commonly-invoked mechanism for generating low-δ18O evolved magmas involves down-
dropping of hydrothermally altered material within poly-cyclic caldera systems [4]. However, this 
requires transporting the altered material from the surface or near-surface to depths where melting 
may occur (>3-4 km). The relatively small-volume nature of the calderas on ocean islands in general, 
and São Miguel specifically, argues against down-dropping as a feasible mechanism. Rather, we 
propose that altered crystalline or near-solidus magmas from the same episode of volcanism are 
assimilated. Such plutonic or near-plutonic lithologies are common components of pyroclastic deposits 
globally and in many cases they are hydrothermally altered [5]. Further, in many large rhyolitic systems 
(including Yellowstone – the ‘type locality’ of the down-dropping model) zircons with extremely high-
U cores are found [6]. These high-U zircons (with similar ages to eruption) reflect crystallisation at very 
low melt fractions and implicate remobilisation of crystal-rich mushes or plutonic rocks. We thus 
suggest that the assimilation of hydrothermally altered mushy or plutonic lithologies may be a general 
process that is more apparent at smaller-scale ocean island volcanoes.  
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___________________________________________________________________________ 
 
Determining the spatial and temporal evolution of melt compositions is integral to our understanding 
of crustal magmatic processes, surface volcanism and the formation of magmatic ore deposits. During 
the Palaeogene, Northern Ireland and the north of Ireland was subject to extensive magmatism and 
volcanic activity, driven by mantle melting where the proto-Iceland plume impacted on the base of the 
lithosphere. This activity led to the development of the North Atlantic Igneous Province (NAIP). In 
Northern Ireland and the north of Ireland, activity saw the emplacement of regionally significant dyke 
swarms associated with the development of the Antrim Lava Group and central complexes. The dykes 
have been mapped in detail using aero-magnetic data captured for the Tellus geophysical survey [1], 
and five major swarms have been identified, with relative age constraints provided by their cross-
cutting relationships [1,2,3]. Combining these relative ages with geochemical characterisation of the 
dyke compositions provides an opportunity to investigate temporal variations in both mantle melting 
and crustal magma processing during emplacement of the Antrim Lava Group. 
 
We have sampled and analysed 68 dykes from the region, characterising the major and trace element 
diversity of the five swarms identified. While the compositions of dykes in the different swarms 
overlap, they show a general temporal progression, with melt compositions following a fractional 
crystallisation trend which suggests increasing crustal evolution. The dyke compositions are consistent 
with the geochemistry of erupted material from the Antrim Lava Group [4], supporting the hypothesis 
that the dykes represent feeder conduits for the flood basalt sequence. 
 
Two distinct Rare Earth Element (REE) trends are seen in the dyke compositions: the first is 
characterised by light REE depletion and a convex-down spider diagram profile, while the second is 
enriched in LREEs and displays a slight convex-up profile. The two trends can be differentiated by their 
distinct La/Nd and Nd/Lu ratios and are similar to those identified previously in the Antrim Lava Group 
[5]. The different REE compositions indicate variations in mantle melting during the emplacement of 
the Antrim Lava Group, possibly due to changes in the behaviour of the plume (i.e. temperature or 
depth of melting) or melting of different mantle compositions. Further work will look to constrain the 
processes controlling these temporal variations in the dyke swarm compositions and will aim to resolve 
along-strike variations to investigate changes in dyke compositions with distance from their magma 
source. 
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___________________________________________________________________________ 
 
Crystal interactions in shallow magmatic systems can have profound impacts on magma mobility and 
evolution, through the formation and disaggregation of clusters and mush zones. Nucleation of crystals 
on pre-existing surfaces (heterogeneous nucleation) is common in experiments, suggesting that it is 
likely also common in natural igneous systems. However, identifying the prevalence of heterogeneous 
nucleation is challenging, as the resultant clusters can be difficult to distinguish from clusters formed 
by growth twinning, synneusis, or dendritic crystallisation, especially if there has been subsequent 
grain-boundary adjustment. 
 
We apply electron backscatter diffraction (EBSD) to obtain detailed crystal-orientation data in a 
particularly well-developed orbicular granodiorite from Karamea, New Zealand. The “orbs” are 5–30 
cm in diameter, and are composed of concentric modally and texturally defined layers around a central 
core. Orbs are thought to form by heterogeneous nucleation in a supercooled melt. Our samples 
contain both dendritic and non-dendritic plagioclase layers, allowing a detailed characterisation of the 
crystal morphologies and orientation relationships resulting from heterogeneous nucleation. 
 
Our preliminary results reveal that layers that grew as dendrites contain substantial misorientations, 
even in samples that have subsequently undergone extensive grain-boundary adjustment. Dendrite 
orientations are strongly controlled by the orientations of pre-existing substrate crystals, and the 
direction of growth is approximately normal to the substrate surface, irrespective of crystallographic 
orientation. Non-dendritic layers exhibit subtle internal layering within the granoblastic plagioclase, 
with the [100] axes aligned dominantly tangential then radial in alternating layers. These observations 
reveal that orb growth involved a complex history of microstructural development that can only be 
fully appreciated with orientation data from EBSD, and suggest that the crystallography of orbs 
provides a sensitive record of magmatic processes. 
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___________________________________________________________________________ 
 
Four billion years ago, the Earth’s surface was composed of a 25-50 km thick basaltic crustal lid that 


began to differentiate to form the oldest stable continental crust. However, the tectonic processes 


responsible for the formation of this continental material remain controversial. Suggested 


explanations include plate tectonic-like processes similar to those operating today and a variety of 


relatively shallow (<50 km) non-plate tectonic intraplate mechanisms. We show, with laboratory 


experiments, that the mineralogy of the basaltic lid below ~50 km cannot give rise to magmas with 


continental compositions. Continental magmas can only be formed in much deeper (>50 km) 


subduction-like environments. Our results show that subduction-like processes are required on the 


early Earth and that a primitive type of plate tectonics must have been in operation. 
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geochemistry and geophysics 
Higgins. O.1, Stock M.1, Pankhurst. M.2,3 and D’Auria. L.2,3 
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___________________________________________________________________________ 
 
The 2021 eruption of the Cumbre Vieja ridge (La Palma, Canary Islands) was one of the best monitored 
ocean island eruptions in history. The volcanic explosivity index (VEI) 3 event spanned 85 days from 
the 19th September – 13th December, demolishing homes, destabilising the tourist economy, and 
closing local airspace. Here we present methodology, rationale, and initial results of a time-integrated 
geochemical study of the eruption. We focus on major and trace element mineral chemistry of lavas 
spanning the duration of the crisis. Our analyses are acquired using in situ 2D chemical maps which 
retain textural and growth-controlled temporal information of minerals. This allows us to fingerprint 
discrete crystal populations using a novel image segmentation methodology, as well as perform 
thermobarometric and chemometric inversion of minerals. 
 
These mineral chemistry data will be combined with geophysics, gas chemistry, and other directly 
monitored parameters of the eruption to quantitatively link mineral chemistry and eruptive dynamics 
on the scale of a single eruption. Even when systematic variability of bulk rock is evident, as is the case 
during the Cumbre Vieja eruption, a mineral-focussed approach is crucial due to its well-known 
tendency to decouple from bulk rock chemistry in a range of geological systems. 
 
Our ability to syn-eruptively forecast changes in style, duration and magnitude of an eruption remains 
presently incomplete. Syn-eruptive petrological monitoring, particularly using mineral chemistry, is yet 
to be completely appraised for its use in volcano monitoring. Therefore, this study provides a test on 
a remarkably well-studied, modern eruption which may be used as a benchmark for future efforts. 
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Water-rich versus water-poor: maximising the outgassing metal flux from arc 
volcanoes  
Hogg O.R.1,2, Edmonds M.1,2, Blundy J.3 
 
1Department of Earth Sciences, University of Cambridge, Downing Site, UK, orh23@cam.ac.uk 
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3Department of Earth Sciences, University of Oxford, South Parks Road, UK 


___________________________________________________________________________ 
 
Volcanoes emit significant fluxes of chalcophile volatile metals in the form of gas and aerosols and play 


an important role in global geochemical cycling of these elements, which are nutrients and/or 


pollutants in the surface environment.  Volcanoes in different tectonic settings emit characteristic 


assemblages of volatile metals; arc volcanoes outgas high fluxes of chalcophiles and specific metal 


assemblages that are linked to slab devolatilization and the high chlorine content of arc magmas [1]. 


Volcanic gases derive from an exsolved magmatic volatile phase (MVP), representative of those 


involved in the formation of ore deposits. MVPs play a pivotal role in trace metal transport within arc 


magmatic systems by acting as the reservoir into which metals partition. Some trace metals are 


chloride-speciating and partition strongly into a chloride-bearing MVP [2]. Here we ask: which factors 


are most important for maximising the metal content of the exsolved MVP and ultimately, the volcanic 


trace metal flux to the surface environment? Magmas with high water contents saturate in exsolved 


volatiles deep in the crust, promoting early and deep partitioning of trace metals into the MVP. Bulk 


chlorine contents of magmas likely influences the metal content of the exsolved MVP and is pressure-


dependent: deeper fluids are expected to be more saline. We expect bulk magma water and chlorine 


content, as well as the depth of magma storage and fractionation, to be important factors in 


determining the mass flux and chalcophile metal composition of arc volcanic gases and aerosols. 


 


We develop models based on four arc magmatic systems with variable water and chlorine contents to 


describe the development of MVPs during isobaric fractionation and decompression. We model the 


behaviour of three hypothetical trace metals with different speciation behaviours that partition 


between the melt and MVP.  Chloride-speciating trace metal concentrations in the MVP are highest 


for saline, deep-stored magmas. Metal fluxes carried via the MVP (in kg per kg of magma) are 


maximised by shallow, isobaric fractionation of water-rich magmas. The exsolved MVP associated with 


decompression degassing, is analogous to that generated during volcanic eruptions. In this case syn-


eruptive fluxes are maximised by decompression of volatile-rich magmas from mid-crustal reservoirs. 


 


References: 


[1] Edmonds et al., 2018. Nat Geosci, 11(10), pp.790-794 


[2] Tattitch et al., 2021. Nat Comms, 12(1), pp.1-11 
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Investigating the pre-eruptive volatile contents of magmas involved in the 
2014 eruption of Tavurvur (Rabaul Caldera Complex, Papua New Guinea) 
Höhn M.1, McCormick Kilbride B.1 and Hartley M.1 
 
1 Department of Earth and Environmental Sciences, University of Manchester, Manchester, M13 9PL, UK 
(melina.hohn@postgrad.manchester.ac.uk) 


___________________________________________________________________________ 
 


Rabaul is a large caldera system located at the northeastern tip of the island of New Britain, Papua 


New Guinea. Historically, it has been the most active volcano in Papua New Guinea. Rabaul is capable 


of large volume, high intensity caldera-forming eruptions (high risk, low probability events occurring 


every  2 ka, most recently the Rabaul Pyroclastics event  1400 years ago) and lower intensity but 


more frequent intra-caldera eruptions. All eruptions at Rabaul pose a significant risk to nearby 


populations and urban centres [1,2].  


 


Among the most striking but also least investigated features of the Rabaul Caldera Complex (RCC) are 


persistent and prodigious gas emissions, even between eruptions [3,4]. It is unknown why Rabaul is 


such a strong emitter of volcanic gases. The few studies investigating volcanic degassing at Rabaul are 


mostly limited to satellite-based observations of SO2 emissions [3,4], although studies of melt 


inclusions in the 1994 and 2006 eruption products indicate that magmatic volatiles (H2O, CO2, S) play 


a key control on the dynamics and strength of volcanic eruptions as well as the eruption style (effusive 


vs. explosive) at the RCC [5,6]. 


 


The main goal of this research is to discover how the composition, abundance, and origin of volatiles 


varies between magmas feeding eruptions of different styles, from different vents, and from different 


intervals in the caldera cycle of Rabaul volcano. Here, we present SIMS measurements of the 


pre-eruptive volatile contents (H2O, CO2, S, Cl) of plagioclase-, pyroxene-, and olivine-hosted melt 


inclusions, in the products of the 2014 eruption of Tavurvur, Rabaul’s most recently active vent. We 


will also obtain new electron microprobe and LA-ICP-MS analyses of major and trace elements in the 


same melt inclusions. We use our new data alongside previous studies of the 1994 [5] and 2006 [6] 


eruptions to build a time series describing the composition and evolution of Rabaul magmas during 


the current phase of activity. We explore trends of magma differentiation and mixing in the erupted 


products and reconstruct volatile budgets and fluxes for the 2014 activity. By comparing petrological 


and geochemical data with satellite observations of SO2 emissions, we aim to assess different scenarios 


of eruption triggering (e.g., rapid onset degassing versus accumulation of an excess vapour phase 


before eruption).  
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[6] Bouvet de Maisonneuve C et al. (2015) Geol Soc London Spec Publ 442:17-39 


  







RETURN TO PROGRAMME  
Sessions 6 & 7: Magmatic Systems               Poster Presentations 


 


Volcanic and Magmatic Studies Group 2023 Meeting – Programme and Abstracts  


146 


Isotopic heterogeneity in a magma mush reservoir 
Horn E. L.1, Taylor R.N.1, Gernon T.M.1, Stock M.J2  
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2Department of Geology, Trinity College Dublin, College Green, Dublin 2, Ireland. 


___________________________________________________________________________ 
 
An emerging philosophy is that surface volcanism is fed by transcrustal magmatic systems, however it 


is difficult to establish whether magma batches entering the crust are mixed and homogenised or 


remain isolated during their residence. Here we examine a suite of explosively-fragmented cumulate 


mush nodules ejected and quenched in a single eruptive phase on Tenerife [1], capturing a momentary 


snapshot of the reservoir. These melt-bearing mush nodules present an opportunity to measure high-


precision Pb isotopes on melt and crystals separated from these nodules. Alongside these nodules, the 


deposits include phonolitic pumice, which represents the bulk eruptive magma of this event. Utilising 


the existing record of Pb isotopic variation around this time period, we assess the ability of cumulate 


mush to preserve or homogenise mantle-derived heterogeneities emerging from the Canary plume 


[2]. Contrasting systematics are recognised between the mafic and felsic reservoirs. We show that at 


a single point in time interstitial melts in the crystal-mush reservoir are isotopically heterogeneous. 


This reflects the episodic influx of basaltic magma, each containing different proportions of 


components from the mantle. In contrast, homogeneity in the felsic phonolite reservoir reflects a melt-


rich environment that integrated the diversity of incoming magmas through a 20-50 ka period. Based 


on comparable isotopic and petrological data, a similar structure of magma reservoirs appears to have 


persisted through the last ~2 Myrs of development beneath Tenerife. Our findings carry important 


implications and show a fixed isotopic composition within a magmatic system cannot be assumed at a 


specific point in time.  
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Deep CO2 systematics at Lesser Antilles Arc Volcanoes 
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4Université de Paris, IPGP, F-75005 Paris, France 
5University of Plymouth, Plymouth, PL4 8AA.  
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Volatile species including CO2 can migrate from magma reservoirs towards the Earth’s surface. 
Characterisation of the fluxes of magmatic volatiles and their ratios can provide key constraints on 
magmatic processes. As volatiles can be exsolved and released at volcanoes before eruption of their 
parent magma, they provide useful information in terms of forecasting and hazard mitigation, 
especially at island arc settings, as these volcanoes are characterised by dome building and explosive 
eruptions and are therefore highly hazardous. We present ongoing work on melt inclusion CO2 and 
H2O from volcanic systems in the Lesser Antilles. 


The eruption of La Soufriere volcano, St Vincent [1] lasted approximately four months, beginning with 
lava dome building at the end of December 2020 and culminating in a series of explosive events in 
April 2021. Raman spectroscopy and SIMS carried out on melt inclusions will shed light on the controls 
of the explosive phase by providing pre-eruptive volatile concentrations for individual units within the 
eruption. Preliminary data from one unit indicate constant MI H2O throughout samples, with a large 
range of CO2 content. Low bulk sample magmatic H2O indicates derivation from the upper ~100 m of 
the conduit via explosive quarrying of shallow plugs. 


Soufriere Hills Volcano, Montserrat began erupting in 1995 [2]. It has been through five phases of 
eruption and is currently in a ‘pause’, signalling a break in surface activity. Melt inclusion work 
previously carried out on this volcano [3] was used to calculate P and T conditions and to create 
degassing models. However, this largely focused on the early phases of the eruption (1995-2001) and 
before the knowledge of CO2 sequestration into the bubble became apparent. Re-analysis of 2010 
‘Phase 5’ melt inclusions indicate up to three times more CO2 than previously calculated. 


Results will provide new constraints on magma storage depths, degassing systematics and controls on 
eruptive style at both volcanoes. 
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Determining the impact of magma water contents on porphyry Cu fertility: 
constraints from hydrous and nominally anhydrous mineral analysis 
Wenting Huang1,2, Michael J. Stock2, Huaying Liang1, Xiao-Ping Xia3, Zexian Cui3 
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___________________________________________________________________________ 
 
Most large-scale porphyry-style mineralization is genetically associated with oxidized, sulphur-rich and 


hydrous magmas, whose sources were enriched in mantle-derived or juvenile crustal-derived materials 


[1,2,3,4]. Geochemical indices for these features can distinguish fertile magmas and barren magmas 


[1,2,4]. However, fertile magmas which generate different sized porphyry deposits are usually 


geochemically indistinguishable and the factors controlling the size of porphyry mineralization are 


poorly understood [5]. Here, we use zircon H2O contents, and the compositions of apatite host in 


zircon, phenocrysts, and groundmass to compare the water contents and volatile evolution of fertile 


magmas in the Yulong ore belt, Tibet, which generated giant, large and medium sized porphyry 


deposits. We find that these porphyries have comparable major and trace element and zircon Hf-O 


isotope compositions, with high oxygen fugacity and sulphur contents. A negative correlation between 


𝑋𝐴𝑝
𝐶𝑙


𝑋𝐴𝑝
𝑂𝐻 vs. 


𝑋𝐴𝑝
𝐹


𝑋𝐴𝑝
𝐶𝑙  of apatites suggests that the magmas consistently achieved H2O saturation before zircon 


crystallization and zircon hydroxyl contents reveal that the melt water contents positively correlate 


with the size of the deposits, consistent with larger deposits achieving H2O saturation at deeper crustal 


levels. The deeper H2O saturation also caused the larger mass of Cl extraction, as indicated by the 


trends that 
𝑋𝐴𝑝
𝐹


𝑋𝐴𝑝
𝐶𝑙  increasing and the 


𝑋𝐴𝑝
𝐶𝑙


𝑋𝐴𝑝
𝑂𝐻 decreasing with the deposit sizes. These datasets can be 


reconciled by magmas forming larger deposits having higher H2O contents and suggest that the H2O 


content is a key control on their fertility. Our study highlights the utility of integrated hydrous and 


nominally anhydrous mineral analyses for constraining enigmatic magmatic volatile processes in 


magmatic ore-forming systems. 
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Pre-eruptive magmatic volatiles at Soufriere Hills volcano: comparing the 
record from melt inclusions, amphibole and apatite 
Humphreys M.C.S.1, de Hoog C.-J.2  
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___________________________________________________________________________ 
 
Dissolved magmatic volatile species (e.g. H2O, halogens, CO2) are an important control on phase 
equilibria, degassing behaviour and magma viscosity. Dissolved volatile concentrations are also one 
means to infer pressure, and thus the vertical distribution of magma storage and differentiation 
processes in the crust. But how good are these pressure records? We know that melt inclusions can be 
reset during prolonged magma storage by diffusive loss of hydrogen through the host crystal. What 
about other volatile-bearing phases? In this study we examine the fidelity of amphibole and apatite as 
mineralogical recorders of magmatic volatile compositions. 
 
We use secondary ion mass spectrometry (SIMS) to examine the H2O, F and Cl compositions of melt 
inclusions, amphibole and apatite crystals from dome rocks and gabbro nodules erupted from 
Soufrière Hills Volcano, Montserrat. From previous work, we know that plagioclase-hosted melt 
inclusions from rapidly quenched dome rocks have high H2O and Cl contents (>5000 ppm Cl and >6 
wt% H2O, [1]). Here we show that in contrast, plagioclase-hosted melt inclusions in slowly cooled dome 
rocks are heavily depleted in H2O, and amphiboles are also depleted in H2O. These H2O-depeleted 
amphibole compositions include the interiors of grains that have may have narrow decompression 
breakdown rims, but where the cores are texturally unaltered. In comparison, apatites (both inclusions 
and interstitial grains in gabbros) show no compositional differences between slowly-cooled and 
rapidly-cooled samples. The apatite compositions can be modelled successfully through approximately 
40% water-saturated fractional crystallisation at 850 °C, with an initial melt containing 6.5 wt% H2O 
and 0.55 wt% Cl, which is a good match to the volatile compositions of the least primitive melt 
inclusions from [1]. We conclude that whereas melt inclusion and amphibole H2O contents are easily 
reset during shallow dome storage, apatite can provide a faithful record of pre-eruptive magmatic 
volatile compositions, and therefore represents a useful tool for understanding pre-eruptive 
conditions when other methods are compromised. 
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Olivine-phyric shergottites as probes of Martian mantle structure 
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___________________________________________________________________________ 
 
Olivine-phyric shergottites are magmatic meteorites thought to originate from near the surface of 


Mars. Being relatively young (< 500 Ma) and primitive (Fo60–83), they provide a record the near-present 


thermal structure of Mars’ mantle which is a complementary to the geophysical record from orbital 


parameters and in-situ seismic measurements from InSight. This study examines the origin of olivine-


phyric shergottites using two approaches. 1) Whole-rock major element compositions are modelled as 


partial melts of Mars’ mantle using a newly-published thermodynamic model [1] and estimate of bulk 


Mars composition [2], focusing on the temperature and depth of the melting column. 2) Al-in-olivine 


thermometry [3] is performed on two olivine-phyric shergottites using the distribution of aluminium 


between olivine and spinel to constrain crystallisation temperature and mantle temperature. 


 


1) Thermodynamic modelling suggests that shergottites were formed through high-fraction (32%), 


moderate-pressure melting of hot mantle (1440 °C minimum estimate; 1550 °C preferred) under 100-


200 km thick lithosphere. 2) Because shergottites were subjected to extreme conditions as they were 


ejected from the surface of Mars by large impacts, the preservation of original crystal chemistry is 


carefully scrutinised. Olivine in DaG 476 has compositional changes to the sub-micron scale, resulting 


from aqueous alteration of a pervasive and difficult-to-see sub-micron melt vein network. It is 


unsuitable for thermometry. Despite shears, fractures and micron-scale exsolution, crystal chemistry 


in SaU 005 is, on the whole, preserved. The average crystallisation temperature of Fo>70 olivine in SaU 


005 is 1381 °C, which gives a potential temperature of ~1500 °C when corrected for equilibrium with 


Fo80 mantle olivine. This is ~130 °C hotter than ambient Mars mantle at the time of shergottite 


formation. 


 


Both lines of evidence argue for a moderately hot mantle plume in Mars’ near-recent mantle beneath 


a relatively thin lithosphere – certainly thinner than the ~500 km thickness identified from InSight data. 


The location of the shergottite source on Mars’ surface is unknown. These findings therefore require 


the Martian lithosphere to have a heterogeneous thickness, perhaps with lithospheric thinning at the 


shergottite source region.  
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Numerical Modelling of Multi-phase Dynamics and Geochemical Evolution of 
Magma Chambers 
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___________________________________________________________________________ 
 
Crustal magma chambers are conceptualised as loci of magmatic differentiation as well as sources of 


volcanic eruptions. Geochemical evolution within magma chambers is thought to result from fractional 


crystallisation, wall rock assimilation, mafic recharge, and volatile degassing. The process-based 


interpretation of geochemical data, however, has remained challenging. The long-term growth and 


eruption potential of magma chambers has been studied using 0-D box models [1]. Yet to resolve the 


spatial evolution of magma chemistry by complex reaction-transport dynamics of silicate melt and 


crystals, and volatile fluid bubbles, requires higher dimensional models of phase segregation and 


magma convection. To date, few models [2,3] have coupled fluid mechanics and thermo-chemistry of 


magma chamber dynamics, but their methods have not been reproduced, developed, or applied 


further in more than a decade. 


 


Here, I introduce a new 2-D numerical model of the three-phase fluid mechanics of crystals and 


bubbles suspended in melt. Phase change reactions are calculated by simplified chemical 


thermodynamics based on an idealised phase diagram calibrated to phase equilibria modelled with 


MAGEMin [4]. The model tracks the geochemical evolution of a suite of trace elements and isotope 


ratios to capture the signatures of fractionation, assimilation, and recharge. The mathematical model 


is based on a recent theory framework [5] and is numerically implemented in Matlab using the second 


order finite-difference staggered-grid method with semi-implicit time stepping. Material transport is 


resolved by a higher order, non-oscillating advection scheme (WENO5). The simulation code will be 


made available to the community. 


 


First results demonstrate the utility of the model for studying fractional crystallisation, wall rock 


assimilation, and mafic recharge in magma chambers. Various expressions of whole-chamber and 


stratified convection are observed. The key advance of the model is that it elucidates relationships 


between geochemical signatures and underlying magma dynamics, hence providing new avenues for 


the process-based interpretation of igneous rock chemistry. 
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Lunar magmatic degassing mechanisms and their relation to the Moon’s 
unique chlorine isotopic signature 
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___________________________________________________________________________ 
 
Stable chlorine isotope ratios in pristine lunar samples range from similar to terrestrial igneous 


material (δ37Cl = −0.2 ± 0.3‰ [1]) to the most extreme heavy values measured within the Solar System. 


In lunar highland samples, bulk rock δ37Cl has been measured up to 30.2‰ in the structurally-bound 


fraction [2], with ratios in apatites within mare basalts of up to +40‰ [3]. These extreme enrichments 


in heavy Cl are distinct from any other planetary material for which we have data [2]. Chlorine isotopes 


are not fractionated during magmatic differentiation [4] but may record evaporation/condensation 


processes through mass-dependent fractionation. Lunar Cl isotope ratios – coupled with reports of 


heavy isotope ratios of additional moderately volatile elements such as Zn [5] – therefore suggest 


Moon-wide evaporation event(s) wherein a large proportion of the light isotopes were preferentially 


lost to space. Causes of Moon-wide volatile loss have been proposed to be the Giant Impact [6] and/or 


magmatic degassing at various stages of lunar history [2][7]. Chlorine isotope fractionation during 


magmatic degassing will depend on the degassing species, and may be strongly linked to magmatic 


water content. For example, metal chlorides have been suggested to have degassed from water-poor 


lunar magmas based on observations of these species on the surface of lunar glasses [8], whereas 


water-rich lunar magmas have been proposed to have degassed HCl [9] similarly to terrestrial magmas. 


However, there is currently very little experimental data on how lunar magmas may have degassed, 


and the extent to which the degassing species fractionate Cl isotopes between melts of lunar 


composition and coexisting vapour. Diffusion in the melt may have acted as the rate-limiting step 


during evaporation and thus limited fractionation relative to the theoretical limit of Rayleigh 


distillation [10].  


Our research aims to determine how both dry and water-bearing lunar magmas lose volatiles, 


through time-series degassing experiments in a model lunar system. A synthetic powder corresponding 


to a Lunar Yellow Glass composition [11] was doped with additional volatiles (including Cl and H) and 


used as the starting material. The powder was melted and degassed at 1350°C at an oxygen fugacity 


corresponding to the Fe-FeO buffer in a 1-atm vertical tube furnace using H2/CO2 gas mixtures. The 


experiments show the development of [Cl] diffusion profiles and can be used to characterise changes 


in δ37Cl as a function of experimental duration and volatile content. In conjunction with experiments, 


we are constructing diffusion models to explore the role of diffusion in controlling the evolving 


composition of the degassing vapour and δ37Cl profiles in the residual melt. These experiments and 


models could provide further constraints on the degassing history of the Moon. 
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pp.316-340. [11] Delano, 1986 Journal of Geophysical Research: Solid Earth, 91(B4), pp.201-213.  
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Granitoid plutons in Iceland: An analogue for Early-Earth continent 
formation? 
Law, S.1*, Alan Hastie1, Geoff Bromiley1, Craig Storey2, Richard White3, Thorvaldur 
Thordarson4, Lindsay Young1. 
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4 Faculty of Earth Sciences, University of Iceland, Reykjavík, Iceland 


___________________________________________________________________________ 
 
Iceland has a relatively high proportion of silicic rocks (~10%) for an ocean island, where basaltic 
volcanism usually dominates. These Icelandic silicic rocks can be derived from the partial melting of 
hydrated basaltic rocks in the lower crust and/or extensive fractional crystallisation of mantle-derived 
tholeiitic basaltic magmas. The former mechanism is also frequently proposed as the geological 
process responsible for formation of early Archaean (4.0-3.5 billion years ago) tonalites, trondjheimites 
and granodiorites (TTGs), which makeup the oldest preserved continental crust. Therefore, the 
petrogenesis of Icelandic silicic rocks allows us to use a modern-day analogue to study the processes 
operating on the primordial Earth.  
 
Southeast Iceland is primarily comprised of old, tertiary aged basalt, the top couple of kilometres of 
which have been eroded by glaciation. This erosion has left exceptionally well exposed mid-crustal 
level granitoid plutons and provides an ideal opportunity to study silicic magma genesis in Iceland. We 
present a comprehensive new whole-rock, major and trace element geochemical dataset of ~120 
samples from 4 silicic plutons from Southeast Iceland. The majority of samples are granitic to 
granodioritic in composition, with minor volumes of tonalite or trondjheimite. Chondrite-normalised 
trace element profiles show enrichments in large ion lithophile elements (LILEs), sloped rare earth 
element (REE) profiles with small negative Europium anomalies, and small to absent negative Nb-Ta 
anomalies. Mass balance modelling shows the trace element compositions of the granites are best 
reproduced by partial melting of an Icelandic quartz tholeiite. However, partial melting of this Icelandic 
quartz tholeiite generates magmas with fundamentally different trace element profiles to that of early 
Archaean TTGs suggesting that intracrustal melting of Iceland-like compositions and settings cannot 
be responsible for producing TTG.  
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Revisiting plagioclase crystallization from cooling basaltic melts 
Lindoo A.1,2, Humphreys M.C.S1, Brooker, R.A.2, and Mangler M.F.1  
 
1Department of Earth Sciences, Durham University, Durham DH1 3LE, UK; Amanda.lindoo@durham.ac.uk 
2School of Earth Sciences, University of Bristol, Bristol BS8 1RJ, UK 


___________________________________________________________________________ 
 
The evolution of plagioclase volume fraction, size distribution, and shape during cooling affect the 


structure, porosity, and rheology of a crystal mush. In particular, crystal shape(s) is critical for 


determining bulk properties of the crystal mush. Elongate crystals form a rigid network at low crystal 


concentrations (e.g., 30% crystals) whereas more equant grains require a greater concentration of 


crystals (e.g., >50%) before a solid network can form [1]. Therefore, quantifying plagioclase shape as a 


function of undercooling and crystallization time is critical for understanding primary mush 


accumulation conditions, mush rheology, and its potential for remobilization.  


 


We have conducted cooling experiments on dry, basaltic melts to observe the progression of 


plagioclase shape as a function of crystallization time and undercooling. We simulate temperatures 


(1230-1290oC) and pressures (0.8 GPa) of a magma storage region using a piston-cylinder apparatus. 


Experiments were also performed in a 1 atmosphere, gas-mixing furnace to compare with the high-


pressure data. We focused our study on interface-controlled growth mechanisms and therefore 


imposed low to moderate undercoolings (10-50oC) via single-step and continuous cooling pathways. 


Plagioclase length and width measurements from back-scattered electron images were input into 


ShapeCalc, a stereological conversion program, to estimate 3D crystal-shapes [2]. We performed X-ray 


microtomography on a subset of experiments to compare with 2D derived shapes. Experiments that 


underwent a super-heating step (hold time above the liquidus) contained low crystal number densities 


(Na; <10 mm-2), and large (l >100um), tabular crystals. Experiments taken directly to run temperature 


contained pre-existing nucleation sites inherited from the sintered starting material (synthetic glass 


powder), which supported nucleation. This resulted in relatively higher crystal number densities (Na ~ 


104-105 mm-2), smaller crystal sizes (l <30 um), and prismatic shapes.  


 


Experiments that did not undergo a superheating step are analogous to partial melts in the crust or 


partially remobilised magmas, which likely have many pre-existing nucleation sites. These magmas 


would contain more equant crystals and therefore require a greater crystal volume fraction before 


locking. Our superheated experiments may approximate hydrous magmas ascending from the deep 


crust, which could become superheated relative to their liquidus. These magmas would be susceptible 


to delayed crystal nucleation, due to lack of significant nucleation sites. Their textures would tend 


towards highly tabular grains and therefore rheologically lock-up more readily. In intrusions, a range 


of shapes could be present as heterogeneous nucleation would be more favourable towards the 


margins due to an increase in nucleation sites (host rock surface, thermal gradient, shear rate). 


 


References: 
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Timing and rates of NAIP magmatism and volcanism prior to the Paleocene-
Eocene Thermal Maximum (PETM) 
Lisica, K. 1*, Mark D. F.1,2 Barfod D. N.1, Cristina Persano1,3 & Preece, K.J1,4  
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__________________________________________________________________________ 


 
The North Atlantic Igneous Province (NAIP) is one of the largest and most well-studied large igneous 
provinces (LIPs) in the Cenozoic, with an estimated total magma emplacement volume of 6.6 million 
km3 [1]. It consists of extensive flood basalt provinces and associated intrusions and dykes that extend 
over a vast area that includes east and west Greenland, the Faroe Islands, the Norwegian continental 
margin, the Rockall Bank, and the British Isles (Figure; [2]). Geochronological data suggests that NAIP 
began to form at ca. 63 Ma and was characterised by two phases; an early phase of magmatism centred 
around 61-59 Ma and a later pulse of magmatism between 56 and 54 Ma (e.g. [3]). The latter and more 
voluminous peak in magmatic activity coincided with active continental breakup between Greenland 
and Eurasia [4], and the hothouse conditions and the Paleocene- Eocene Thermal Maximum (PETM). 
The transition from the Paleocene to Eocene can be found within the lava flow successions in 
Greenland, the Faroe Islands, and the offshore Norwegian margin (e.g. [4,5]), and also within the 
volcanic ash records (e.g. [6]). 
 
This Project builds on the high-precision geochronological framework for the Scottish sector of the 


NAIP built by Mahajan (SUERC, 2021). We will use high precision Ar/Ar (plagioclase, groundmass) and 


U-Pb (zircon CA-ID-TIMS) geochronology to: 


1. Assess the age (relative to the PETM and extensive magmatism on East Greenland) and rates 


of emplacement of the magmatic central complexes on the Isles of Mull, Rum, St. Kilda and 


Rockall Bank, as well as Ardnamurchan on the Scottish mainland 


2. Determine the rate of eruption of volcanic rocks that precede the PETM on East Greenland 


including the assessment of the volatile (CO2) content of the melt inclusions to interrogate 


the atmospheric flux of greenhouse gases from plateau volcanism. 


 


The project will elucidate the sequence of events that led up to the PETM and assess if the volcanism 


on East Greenland may have contributed significantly to the atmospheric CO2 budget at the PETM. 


 


References: 
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[4] Larsen et al. (2016). Geological Magazine, 153(3), 487-511. 
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Insights into the volatile saturation state of porphyry copper deposits using 
apatite 
Lormand, C.1, Humphreys M.C.S.1, Coumans J.2, Chelle-Michou C.3, Li W.4 
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___________________________________________________________________________ 
 
Melt inclusion compositions are commonly probed to constrain the volatile evolution of magmatic 
systems. In the case of porphyry-ore-forming systems, the dissolved or exsolved volatile phases are 
directly recorded by fluid inclusions at the magmatic-hydrothermal transition. However, fluid 
inclusions are scarce, challenging to analyse, and may be affected by post-entrapment re-equilibration 
processes. We propose that in-situ analysis of the volatile-bearing mineral apatite may offer a robust 
alternative to melt inclusion analysis.  
 
We use apatite as a recorder of the volatile budget of magmas and derive the volatile saturation state 
of magmatic systems. We model the volatiles in apatite following [1] but with the improvement that 
we integrate the temperature-dependent exchange coefficients that reflect the non-ideal mixing of F-
Cl-OH in apatite [2]. We model the apatite dataset of the Corrocohuayco porphyry-skarn Cu deposit, 
Peru [3] which comprises early gabbrodiorites, mineralised hornblende(-biotite) porphyries, and later 
rhyodacite dykes. The modelling determines initial F, Cl and H2O of each magma and allows us to 
estimate the timing of volatile saturation relative to crystal fractionation. Further, we are able to 
retrieve both the melt and fluid compositions (e.g., salinity) at the point of volatile saturation. Our 
modelling results fall within the range of direct measurements of melt and fluid compositions. This 
provides a new way to determine whether there are fundamental differences in magma crystallisation 
and fluid evolution in barren and mineralised systems.  
 
References: 
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A Structural Analysis of the Layered Kakortokites within the Ilímaussaq 
Complex, South Greenland 
Madoff E.1, McCarthy W.1, Hutchison W.1, Magee C.2 and Humphreys M.3 
 
1School of Earth and Environmental Sciences, University of St Andrews, Bute Building, St Andrews, UK 
em208@st-andrews.ac.uk 
2School of Earth and Environment, University of Leeds, Priestly Building, Leeds, UK 
3Deparment of Earth Sciences, Durham University, Science Labs, Stockton Road, Durham, UK 


___________________________________________________________________________ 
 
Layered intrusions host some of society’s most strategically important Rare Earth Element (REE) 
deposits. Despite this, the mechanisms of layer formation and critical metal enrichment remain 
contentious. This study provides a new perspective on layer formation mechanisms in layered 
intrusions gleaned from the first structural and magnetic study at Ilímaussaq, South Greenland. 


The Ilímaussaq Complex (1160 Ma), part of the Gardar Province, contains a world class layered 
REE deposit that is spectacularly exposed in 3D owing to recent deglaciation and abrupt topographic 
relief, and thus provides an ideal natural laboratory to examine the process of mineral layer formation 
[1]. The most developed layering within the complex is within a series of agpaitic nepheline syenites 
known as the kakortokites. The kakortokites consist of several Units (-11 to +17), each Unit displays 
black (arfvedsonite), red (eudialyte) and white (feldspar/nepheline) modal layers [1]. Two popular 
hypotheses on the formation of layered kakortokites persist: one is a closed-system crystal mat 
formation model, the other is an open-system magma replenishment model. In the crystal mat 
formation model, the preferential nucleation, growth and gravitational settling of arfvedsonite forms 
horizontal, semi-permeable crystal ‘mats’, which create separate mush compartments within which 
crystallisation continues [2]. In the magma replenishment model, variations in volatile contents and 
magma mixing cause the in situ nucleation and growth of arfvedsonite, eudialyte, and 
feldspar/nepheline sequentially [3]. What is lacking in the literature is structural data on the preferred 
mineral orientations (i.e. fabrics) within the rocks to provide an effective test for these competing, 
mutually exclusive hypotheses. 


This study presents new structural data from kakortokite Units -1, 0, +1 and +2 to assess the 
preserved rock fabric record and test its compatibility with previously proposed open and closed 
magmatic system models. This can be achieved by determining whether preferred mineral orientations 
record gravitational settling and flotation cumulates expected from crystal mats, or if they record 
uniaxial flow and/or randomness expected from magma replenishment and in situ mineralisation. 
Detailed stratigraphic log sections and field structural measurements are presented alongside 
Anisotropy of Magnetic Susceptibility (AMS) results from 198 samples that reflect the textural and rock 
fabric characteristics of Unit 0. Preliminary temperature susceptibility results show that the 
susceptibility is dominated by arfvedsonite and aegirine, with a 10% contribution from magnetite. 
Preliminary AMS results show mean magnetic susceptibility values (Kmean) ranging from 2.60 x 10-4 to 
1.76 x 10-3, the highest Kmean values are recorded in the black layer at the start of each Unit. Shape 
factor (Tj) values range from 0.293 to -0.56 with layer parallel, oblate tensor shape typically recorded 
at the transition between black and red layers. Surprisingly, 77 % of sample sites return a dominantly 
prolate tensor shape, this reflects the presence of a previously unrecognised, prominent mineral 
lineation in this layered intrusion. Our results also show a consistent, progressive rotation of the 
magnetic lineation from the base towards the top of Unit 0. Critically, both AMS fabrics and field 
observed alkali feldspar foliations are consistently oblique to the modal layering of the kakortokites. 
These data support a new hypothesis comprising a multi-stage dynamic layering process. 
 


References: 
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Plagioclase crystallisation experiments close to the liquidus: a cautionary tale 
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___________________________________________________________________________ 
 
The liquidus of a magma and its individual mineral phases are thermodynamically well understood. In 
practice, liquidus and mineral-in conditions are often constrained using phase equilibrium 
experiments, which map whether a mineral is present at a range of P-T-X conditions. However, crystal 
growth and dissolution kinetics close to the liquidus are slow, particularly in silicic melts, posing 
challenges to experimental attempts at constraining mineral-in conditions. Here, we illustrate some of 
these challenges using the example of plagioclase crystallisation experiments in a hydrous rhyodacitic 
melt. 
 
Thermodynamic (rhyolite-MELTS_v1.1 [1]) modelling of the rhyodacite suggests the plagioclase 
liquidus to be at ~870°C for pH2O = 150 MPa. In a first set of experiments, finely powdered hydrous 
rhyodacitic starting glass was annealed at above-liquidus conditions (6.75 h at 930°C) before a single 
isobaric cooling step to experimental temperature. In these experiments, plagioclase is scarcely 
present at 850°C and 870°C (areal number density NA < 1 mm-2) but absent at 890°C after one week at 
temperature and pressure. Taking into account nucleation delays in silicic melts [2], this suggests a 
liquidus temperature of 880 - 890°C. In the second set of experiments, the finely powdered hydrous 
starting glass was not annealed at superliquidus temperatures first but was directly brought to 
temperatures between 830°C and 900°C. Plagioclase is abundantly present in all these reversal 
experiments (NA = 103 - 104 mm-2), including those at 900°C, and commonly contains sodic cores that 
crystallised during heating. Finally, these reversal experiments were repeated using mm-sized chips of 
hydrated rhyodacite glass instead of fine powder as starting material. Here, plagioclase number 
densities are slightly lower (NA = 101 - 102 mm-2) and crystals are spatially associated with original glass 
chip margins identifiable in some partially sintered experimental runs.  
 
We suggest that the discrepancy in apparent plagioclase-in temperatures and crystal number densities 
between the sets of experiments is due to differences in the number of available nucleation sites in 
the starting material. In the annealed experiments, initial superliquidus treatment produces a melt 
with no pre-existing surfaces that could act as a nucleation site once the plagioclase liquidus is reached. 
On the other hand, in the reversal experiments, the large surface area of the starting glass powder (or 
chips) supplies abundant nucleation sites, which drastically reduces the activation energy required for 
plagioclase to start crystallising. Once formed, these crystals will survive (at laboratory timescales) 
even at temperatures slightly above the liquidus (900°C). This highlights the crucial effect of 
heterogeneous nucleation on crystallisation kinetics close to the liquidus, which can lead to significant 
deviations from phase equilibria predicted by thermodynamics (i.e., liquidus conditions, modal mineral 
phase proportions), and to variations in crystal number density, size and shape. Our study thus 
illustrates the challenges – and opportunities – posed by heterogeneous nucleation in laboratory 
experiments. Moreover, we suggest that heterogeneous nucleation may also influence near-liquidus 
crystallisation of plagioclase in natural magmas, where nucleation sites are abundant (e.g., other 
crystals, chamber walls, bubbles).  
 
References: 
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PyMelt: An extensible Python engine for mantle melting 
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___________________________________________________________________________ 
 
Modelling the melting of Earth’s mantle is crucial for understanding the distribution of volcanic activity 
on Earth and for testing models of mantle convection and mantle lithological heterogeneity. PyMelt is 
a new open-source Python library for calculating the melting behaviour of multi-lithology mantle and 
can be used to predict a number of geophysical and petrological observations, including melt 
productivity, spreading centre crustal thickness, lava trace element concentrations, and olivine 
crystallisation temperatures. The library is designed to be easily extensible, allowing melting models 
to be added, different methods for calculating lava chemistry to be applied, and new melting dynamics 
and properties to be incorporated.  
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Constrain Middle Triassic feeding systems through the detailed study on 
clinopyroxene population: dynamics and timing of Ladinian magmatism in the 
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___________________________________________________________________________ 
 
The Southalpine tectonic domain hosts numerous magmatic manifestations related to the 
trachybasaltic to trachyandesitic high-K transitional magmatic event that shaped the area during the 
Ladinian age (Middle Triassic). The identification of systematic compositional zoning patterns in the 
clinopyroxene population among volcanic products allowed us to unravel the architecture and 
dynamics of the feeding systems of the main magmatic centres from the Dolomites (Southern Alps; 
Italy) that remained unknown until now.  
 
The recurrent zoning pattern consists of one or more high-Mg# and Cr2O3-rich diopsidic bands (Mg# 
78-91; Cr2O3 up to 1.2 wt%) growing in between augitic cores and rims with lower Mg# and Cr contents 
(Mg# 67-77; Cr2O3<0.1 wt%). The diopsidic composition could be also documented in cores that appear 
resorbed and coated with augitic rims. Chondrite-normalized incompatible trace element patterns of 
the augitic domains show Nb, Ta, Sr, Zr, and Ti negative and Th-U positive anomalies. The diopsidic 
domains have similar patterns but lower trace element abundances. REE patterns in both high-Mg# 
and low-Mg# domains have a convex-upward shape and La/YbN from 1.3 to 2.1.  
 
Thermobarometric models reveal that the diopsidic domain delivers an equilibrium temperature that 
ranges from 1030 to 1100°C, remarkably higher than the temperature calculated from the augitic 
domain which ranges from 966 to 1020°C. Since the barometric computation show the same range of 
pressure for both compositional domains (120-400 MPa), our proposed model involves periodic mafic 
recharge pulses of primitive and hot basaltic magma into a crystal mush in the shallower portion of the 
plumbing system (4-14 km) that led to the formation of the high-Mg# bands coating the already formed 
augitic cores. These new results support the model proposed for the Cima Pape volcano-plutonic 
complex [1] and extend it also to the other Dolomitic centres. 
 
Diffusion chronometry computations based upon Fe–Mg diffusion in clinopyroxene have been applied 
to evaluate the residence times for the crystals in each compositional zone with the NIDIS model [2]. 
This last step enables an extremely detailed description of the dynamics that fueled the Middle Triassic 
magmatism in the Southalpine domain. Our final aim is to discuss this ancient magmatism as a proxy 
for active volcanic complexes thanks to the forthcoming analysis of the outcropping plutonic 
counterparts, impossible to do in an active system, making this part of the Alps a volcanological 
laboratory for testing the approaches/models currently adopted for active volcanoes. 
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Plagioclase archives of depleted melts in the oceanic crust: refractory 
reservoirs hiding in plain sight 
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___________________________________________________________________________ 
 
Mid-ocean-ridge and ocean-island basalts provide important windows into the chemistry of Earth’s 


mantle. Over billions of years, lithospheric recycling at subduction zones has created chemically, 


isotopically and lithologically enriched mantle domains that are ultimately reflected in the 


compositions of erupted basalts. Concurrent melt extraction and crustal accretion has created 


refractory and depleted domains that are well documented in abyssal peridotites but rarely expressed 


in erupted records. Fortunately, primitive crystals record information about the melts from which they 


grow, and as volumetrically significant components of magmas and cumulates may better reflect the 


range of chemically distinct melts present at depth than erupted melts whose compositions are biased 


by mixing and crystallisation processes 


 


High-anorthite plagioclase (XAn > 0.8, where XAn = molar Ca/(Ca+Na+K)) is a major constituent of many 


basalts from ocean islands and slow- to intermediate-spreading mid-ocean ridges as well as from 


various cumulates in ophiolites and the lower oceanic crust. However, such crystals are rarely in major-


element equilibrium with erupted basalts. Moreover, they are often out of isotopic and incompatible-


element equilibrium with their carrier melts, implying origins from distinct mantle melt distributions. 


By integrating experimental observations with analyses of natural crystals and glasses, we infer that 


high-anorthite plagioclase grows from high-degree melts of refractory but otherwise unexotic mantle 


sources with depleted incompatible element compositions. The widespread occurrence of high-


anorthite plagioclase in oceanic basalts and the oceanic crust hence indicates that refractory melts 


pervade the uppermost mantle and lower crust. We thus suggest that refractory melts play much a 


greater role in crustal accretion than typically recognized, and that refractory and feasibly depleted 


peridotite is more prevalent in the upper mantle than previously thought. 
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___________________________________________________________________________ 
Over the past decades lithium (Li) has become an important raw material and receives increasingly 


more attention as a potential tracer of metamorphic, hydrothermal and magmatic processes, e.g., 


degassing or recycling of the crust. Lithium is a moderately incompatible element and its concentration 


increases with the increasing chemical evolution of the melt. Most of the current understanding about 


lithium behaviour during igneous processes is based on primitive magmas, whilst only a few studies 


have so far focused on chemically more evolved systems and even fewer on alkaline melts, e.g., 


phonolites. This limited knowledge of the partitioning behaviour of Li between alkaline melts and 


common mineral phases present in the melts prevents a better understanding of the Li cycle in more 


terminal stages of the evolution of continental crust and its derivatives. However, studying the 


partitioning behaviour of elements between a crystalline and melt phase is critical to be able to 


separate the effects of melting, crystallisation from compositionally different melts, changes in 


pressure, temperature and geochemical environment. 


 


Here we present combined new and literature data of Li concentrations and isotopic composition of 


samples that are from globally dispersed (e.g., USA, Italy, Greece) and tectonically diverse settings 


(e.g., continental hotspot, oceanic hotspot, subduction-extension) to compare the Li concentrations 


and δ7Li composition of multiple mineral phases of different melt compositions (from basaltic-trachy-


andesite to phonolite and from andesite to rhyolite). All mineral phases and groundmass glass were 


analysed for trace element contents using LA-ICP-MS; Li concentrations and isotope compositions of 


mineral phases and glass separates were obtained using solution ICP-MS and MC-ICP-MS, respectively. 


 


The Li concentration in the groundmass glass from the alkaline suites ranges from 10 to 120 ppm with 


an average Li content of ~20 ppm, whereas the rhyolitic samples have on average ~40 ppm Li. The 


calculated partition coefficients between groundmass glass and the different mineral phases range 


from 0.05 in clinopyroxene to > 20 in biotite, clearly attesting to preferential Li partitioning into biotite 


and feldspars, while olivine or clinopyroxene are minor phases to accommodate Li. 


 


Quartz is the isotopically heaviest phase in all investigated samples (10.1‰ to 11.5 ‰) due to 


preferential 7Li incorporation, followed by groundmass glass/bulk (–0.5 to 9.7‰) which records the 


loss of 6Li due to degassing either prior or post eruption. The isotopically lightest phase is biotite with 


δ7Li as low as –27.6‰ which records biotites trapping the coexisting exsolved fluid phase prior to 


eruption. 


 


We show that Li and its isotopes can be used to track syn- and post eruptive elemental mobility as well 


as record exsolved Li-rich volatile phase. This study highlights the relevance of Li as a tracer for different 


magmatic processes.  
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Pre-eruptive conditions of magmas of the Agnano-Monte Spina eruption: new 
constraints on saturation conditions from melt inclusions hosted in 
clinopyroxene 
Pingitore F.1, Esposito R.2, Frezzotti M.L.3 


1Dipartimento di Scienze dell’Ambiente e della Terra, Università Milano Bicocca, Piazza della Scienza 1-U4, 
20126 Milano, Italy. Email: f.pingitore@campus.unimib.it.                                                                                                                                                                  
2Dipartimento di Scienze dell’Ambiente e della Terra, Università Milano Bicocca, Piazza della Scienza 1-U4, 
20126 Milano, Italy.                                                                                                                                                                  
3Dipartimento di Scienze dell’Ambiente e della Terra, Università Milano Bicocca, Piazza della Scienza 1-U4, 
20126 Milano, Italy. 


Campi Flegrei caldera (CFc) is an active volcanic system in southern Italy and represents one of the 
most dangerous volcanoes in the world, due to the high urbanization of this area and the proximity to 
the city of Naples. Indeed, in the past CFc has produced super eruptions and it has been undergoing 
through several unrest crisis during the last one-hundred years. The Agnano-Monte Spina (A-MS) 
eruption is the most explosive event (VEI, Volcanic Explosivity Index, 5) since the last epoch of CFc 
volcanic history (5.5-3.5 ka), and it is a reference scenario for forecasting the volcanic risk for future 
eruptions [1].  


In this research work, we first handpicked 100 clinopyroxenes from pumices of an air fall deposit of 
the A-MS and analysed their major element compositions using an electron-microprobe. Secondly, we 
analysed the petrography of melt inclusions (MIs) hosted in these crystals. Finally, applying the Raman 
spectroscopy technique, we constrained the volatile contents of the bubble of MI observed in the 
selected samples. Based on the optical observations and geochemical analyses, the pyroxenes were 
divided in two different generations. The MgO-rich group was classified as diopsidic pyroxene 
(MgO=16-18 wt.%), presented a pale green colour, and showed reaction rims. MIs hosted in the first 
group were mostly crystallized, but in some cases was possible to notice a vapour bubble. The MgO-
poor group was classified as salitic pyroxene (MgO=12-14 wt.%), showing a dark green colour. The 
crystals showed bigger sizes than the diopsidic pyroxenes. MIs hosted in the MgO-poor crystals were 
mostly glassy or bubble-bearing. The bubbles of MI in MgO-poor clinopiroxenes displayed always 
shrinkage bubbles, but those in MgO-rich crystals were trapped heterogeneously together with the 
melt, suggesting two distinct magmatic stages. The bubbles hosted in the MIs of salitic pyroxenes did 
not present any Raman signals of volatile species, while those hosted in the MIs of MgO-rich 
clinopyroxenes showed CO2, carbonate, and H2S (only one) Raman signals. 


Based on these results, we suggest that a trachytic magma mush may have been interacted with a 
deeper and more evolved magma before the A-MS eruption. This interpretation corroborates previous 
funding relative to the A-MS [2], which affirm that A-MS eruption was triggered by a mingling within 
two magmas of distinct composition. Also, our hypothesis is that the magmatic fluids of the less 
evolved magma might have been CO2 and H2S(?) saturated, while the more evolved magma did not 
present evidence of volatile saturation. Other evidences of H2S in other bubbles could lead to 
paramount implications in understanding the vapour phases conditions before volcanic eruptions at 
CFc. 


References: 


[1] Orsi G., Di Vito M.A., & Isaia R. (2004). Bull Volcanol 66:514-530.                                                                           
[2] Arienzo I., Moretti R., Civetta L., Orsi G., & Papale P. (2010) Chem Geol 270 (1-4), 135-147. 
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Mineral records of magma storage and crystallization in basaltic systems on 
the Moon 
Ravy D.T.1, Joy K.H.1, Neave D.A.1, Bell S.K.1 and Hartley M.E.1 
 
1Dept. of Earth and Environmental Sciences, University of Manchester. 
divyareshmi.thottungalravy@manchester.ac.uk 


___________________________________________________________________________ 
 
Lunar basaltic lavas mainly erupted between 4.35 to 3 billion years ago, with some areas of the Moon 
thought to have been volcanically active as recently as a billion years ago [1]. Although different lunar 
magmas are thought to have reached the surface via a range storage and crystallization mechanisms 
[2], the pressures (P) and temperatures (T) governing these processes remain uncertain.  
 
This project aims to address the following questions: (i) Did lunar magmas stall and crystallize in magma 
reservoirs or did they ascend rapidly from melting region to surface? (ii) At what temperatures and 
pressures did crystals nucleate? (iii) What can crystal records tell us about subsurface magmatic 
systems and volcanic eruption styles on the Moon? We apply the principles of geothermobarometry 
to determine P-T conditions of magma storage and crystallization by exploiting the experimentally 
calibrated pressure and temperature sensitivity of key phase equilibria [3].  
 
We applied clinopyroxene-liquid (cpx-liq) thermobarometry to the low-Ti Apollo 15 mare basalts. Cpx 
compositions from the Apollo 15 mare basalts [4] were ‘matched' with Apollo 15 mare basalt whole 
rock compositions [5], Apollo 15 low-Ti picritic yellow glass [5], and olivine-hosted melt inclusion 
chemistry [6] to assess the number of matches and the range of P-T in each case. Maximum matches 
(73 in total; 33-QN and 40-ON) with the cpx compositions were found with the Apollo 15 whole rock 
mare basalt compositions and most of these calculations returned a pressure of 1 GPa corresponding 
to depths less than 200 km within the Moon [7]. Schnare [8] suggested a mantle source for the Apollo 
15 mare basalts at crustal levels, which coincides with the melt-matching observations here, but for 
proper validation of the P-T values and the corresponding depths, an experimental study is required. 
 
In the next phase of the project, we will be performing crystallization experiments on the basaltic 
compositions of the Apollo 15 Quartz Normative (QN) and Olivine Normative (ON) suites to validate 
and refine out pressure estimates. Crystallization experiments on synthetic Apollo 15 QN and ON 
parental rock compositions will be carried out at 1 atm pressure to identify the compositions that 
should be expected at surface conditions. This can be used to validate the high pressures obtained 
from computational studies.  
 
We next aim to apply the same approach to the high-Ti Apollo 17 mare basalts. We aim to compare 
computational observations with experimental data to investigate element partitioning into lunar 
minerals. Our ultimate aim is to develop mineral-mineral and mineral-melt thermobarometers 
calibrated specially for lunar magma compositions across the low- to high-Ti chemical range.  
 
 
References: 
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Formation of crystal-rich lavas at Marki, Cyprus: insight into formation of 
steep-sided domes on Venus 
Cao R.1, Saper L.M.1, Bromiley G.D.1 and Hastie A.R.  
 
1University of Edinburgh, School of GeoSciences, Grant Institute, EH9 3FE. Correspondence: r.cao-
4@sms.ed.ac.uk 


___________________________________________________________________________ 
 
Steep-sided volcanic domes (or “pancake” domes) are one of the most prominent volcanic landforms 
on Venus [1]. They are pivotal in (1) determining the range of magmatic processes operating on Venus, 
and (2) understanding geological evolution of stagnant lid regime planets. Steep-sided domes could 
represent eruption of highly viscous lava, which might be unusually silica-rich, and/or, unusually 
crystal-rich compared to most volcanism of Venus. However, the presence and formation mechanisms 
of large steep-sided domes remain poorly understood. Volcanic bodies near Marki, Cyprus, may 
provide insight into mechanisms for volcanic dome formation on Venus [2]. For instance, picritic lavas 
at Marki are unusually crystal-rich, must have been very viscous during eruption resulting in formation 
of a range of landforms, and generally lie within a basaltic terrain made of lava flows.  
 
In order to constrain the formation mechanism of crystal-rich lavas, we conducted fieldwork in the 
Troodos region of Cyprus (i.e., Marki), to sample a suite of picritic and other olivine-bearing upper 
pillow lava (UPL) rocks and observe field relations. The UPL unit consists of basalts to rare dacites with 
a variable boninitic signature, including olivine-phyric and aphyric lava [3]. Picrites within the UPL are 
distinct in having unusually high crystal contents (up to 70-80% mm to cm sized olivine by volume). 
They can form distinct volcanic domes, and on the basis of crystal content, would be considered 
‘uneruptible’. Therefore, it has been suggested that the eruption of picritic crystal mush was facilitated 
by large-scale extensional faulting [2].  
 
Here, we are determining mineral compositions (i.e., olivine forsterite content) from samples which 
will then be used to constrain thermodynamic models for crystallisation of parental magmas to aid the 
development of models about picritic dome formation. Furthermore, we are using the existing glass 
data from [3] and [4] across lower pillow lava (LPL) and UPL in order to (1) model magmatic evolution 
across UPL and LPL units and (2) constrain formation of crystal-rich picrites. We performed isobaric 
fractional crystallisation models using Rhyolite-MELTS software [5] in a closed system with respect to 
oxygen and compared the modelled liquid line of descent (LLD) with published glass data from [6] that 
documents fractionation trends across the whole extrusive sequence. The goal is to use the 
crystallisation model to constrain olivine formation, which will be beneficial for developing a better 
understanding of how picrite domes might develop.  
 
Initial results suggest that fractionation trends recorded by glasses from across the Troodos can only 
be reproduced using low initial bulk water content (i.e., ≈0.2 wt.% H2O) and at low pressures (i.e., 0.2 
GPa). However, there is an inconsistency in water content in modelled magmas with glass data. 
Therefore, more complex models with varying conditions (i.e., redox state), or multiple stages of 
fractionation (i.e., deep fractionation of olivine and shallow fractionation to explain glass data) should 
be considered for constraining the formation of steep-sided domes.  
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Plumbing system dynamics and eruption triggers: insights from clinopyroxene 
zoning patterns in Terceira, Azores 
Shepherd, K.1, Namur, O.1 and Charlier, B.2  
 
1Department of Earth and Environmental Sciences, KU Leuven, 3000 Leuven, Belgium 
kat.shepherd@kuleuven.be 
2Department of Geology, University of Liège, 4000 Sart Tilman, Belgium 


___________________________________________________________________________ 
A common early-crystallising mineral in basaltic to intermediate melts, clinopyroxene is perhaps one 
of the most useful minerals to study magmatic processes due in part to its large stability field, 
encompassing a broad range of P-T-X conditions, and its low chemical diffusivity. Zoning is a common 
feature in clinopyroxene (cpx) and reflects changes in the magmatic environment such as magma 
recharge and mixing events, which are widely acknowledged as eruption triggers. Deconvolution of 
cpx zoning patterns affords an insight into the recharge dynamics and eruption triggering timescales 
of magma reservoirs. Investigating cpx zoning has already proven to be a powerful tool for gaining 
information on the dynamics of magma plumbing systems in other basaltic to intermediate systems 
such as Mt. Etna, Sicily [1,2], and here we aim to employ this tool to reconstruct the crustal architecture 
and magma plumbing system beneath Terceira, Azores. 


Clinopyroxenes in basalts and trachybasalts from Terceira show diverse textural and zoning 
features, identified from thin section and backscattered electron (BSE) images. We combine electron 
microprobe analysis (EPMA), laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) 
and time-of-flight mass spectrometry (LA-ICP-TOFMS) to visualise and quantify cpx zoning patterns. 


Semi-quantitative major element (EPMA) maps show strong Al2O3 FeO, MgO, TiO2 and Cr2O3 zoning 
patterns, while trace element maps show detailed zoning of Sc and REE. Multi-element maps obtained 
by LA-ICP-TOFMS provide a rapid overview of major, minor and trace element zoning patterns.  Crystal 
populations can divided into six groups on the basis of their texture: Type I (sector/hourglass zoning); 
Type II (oscillatory zoning); Type III (abrupt zoning); Type IV (complex zoning); Type V (mottled cores) 
and Type VI (core/resorbed core). Cores are classified as diopside to diopside-augite, while mantles, 
rims and recharge bands are classified as augite. Major and trace element maps indicate that Cr and 
low charged metals such as Mn and Ni define the concentric zonation in Type II and Type IV crystals, 
while sector zoning is shown by Al and other highly charged elements such as Ti, Zr, Hf, V and REE. 
Chromium in particular is a slow-diffusing element that is highly compatible in cpx [3] which means 
that while the crystal grows, Cr zoning patterns track changes in the chemistry of the magma and 
effectively act as a time capsule [1,4,5].  


Rims that are characterised by an increase in compatible transition metals (Cr and Ni) and a 
depletion of incompatible elements, relative to the crystal core, indicate the injection and mixing of a 
mafic magma prior to eruption. Mottled cores suggest open-system cumulus growth of the crystal 
while it remains in contact with flowing magma. Such cores surrounded by (relatively) Cr-poor rims 
represent post-cumulus growth in a trapped intercumulus liquid within the crystal mush, which 
becomes progressively depleted in Cr due to the high compatibility of Cr in cpx. Conversely, cores that 
are overgrown with Cr-rich oscillatory zoned mantles record a continuous injection of a mafic magma 
that failed to trigger an eruption.  


Next steps include detailed in-situ major and trace element measurements, estimation of P-T-
fO2 conditions and ultimately the construction of a schematic model for the Terceira plumbing system. 
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Insights into the Campanian Ignimbrite magmatic system using glass, 
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___________________________________________________________________________ 
 
The Campanian Ignimbrite (CI) eruption from Campi Flegrei (CF), Italy, the largest eruption in Europe 
in the last 200 ka, erupted between 155 and 235 km3 of magma (dense rock equivalent) [1]. Here we 
share new insight into the magmatic system and volatile history by integrating new glass (matrix and 
melt inclusions), clinopyroxene and apatite data with published petrological evidence.  


Matrix glass compositions of the deposits in and around the caldera and from distal sites (100s 
to 1000s km from the vent) indicate two nearly homogenous melts were erupted. The first Plinian 
phase erupted the most evolved melt (7.02–7.53 wt% K2O; 1st melt). The 2nd melt (9.45–10.26 wt% 
K2O) was tapped during the later phases, which generated pyroclastic density currents (PDC), when 
the caldera collapsed [2]. Crystals were extracted from the Plinian eruption deposits and different flow 
unit facies at various locations around the caldera. Major element composition of the melt inclusions 
(MI) and matrix glass around biotite and clinopyroxene crystals from Plinian fallout samples associated 
with 1st melt composition were analysed. These melt compositions indicate that: (1) biotite only 
crystallised in the 2nd melt; (2) many clinopyroxenes started crystallising in the 2nd melt and then were 
transferred into the 1st melt, and some continued to crystallise while others, similar to the biotite 
crystals, did not; (3) some of the clinopyroxene crystals crystallised entirely in the 1st melt; and (4) 
some crystals crystallised in a more mafic melt that has not been detected in the deposits. Volatile 
elements within apatite microphenocrysts and inclusions within other crystal phases were analysed to 
investigate volatile changes during crystallisation. Two distinct trends are observed that are related to 
the two melts based on major element data of MI adjacent to the apatite inclusions. Temporal 
constraints were obtained from analyses of apatite within different phases (magnetite, clinopyroxene, 
biotite and feldspar) that crystallised at different times [cf. 3]. Apatite microphenocrysts from the PDC 
deposits are slightly compositionally different from the inclusions, with trends that are different from 
expected and more consistent with cooling [cf. 3]. These microphenocrysts in the PDCs were affected 
by post-emplacement cooling of the thick PDC. The apatite inclusion and Plinian microphenocryst data 
were examined using the numerical model developed and used in Humphreys et al. [4]. The model 
quantifies the volatile release from the two melts, and indicates melts were volatile undersaturated 
for almost all their crystallisation. 


These new glass, crystal and apatite data indicate that the CI eruption was fuelled by two 
volumetrically large magmas with different initial volatile, major and trace element compositions. 
Clinopyroxene-melt geobarometers and geothermometers [5] suggest the 2nd less evolved magma was 
hotter (987 ± 16oC) and stored deeper (2.7 ± 0.13 kbar) than the 1st. The physical and chemical 
differences of the melts indicate that they evolved separately, and the crystal exchange implies they 
interacted during crystallisation. Given that they were volatile undersaturated for almost all their time 
in the upper crust, it is possible that the volatile saturation of at least one of the magmas was the 
trigger for CI eruption.  
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Evolution of the Mount St. Helens crater since the 2004-2008 lava dome 
emplacement – insights from remote sensing data and geochemical analyses  
Sobolewski L.1, Stenner C.2 
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2Alberta Speleological Society, 146 Mt. Robson Close SE, Calgary, Alberta Canada 


___________________________________________________________________________ 
 
The crater of Mount St. Helens is a unique place to study landscape evolution impacted by volcano-ice 
interactions. Crater Glacier, which started forming after the 1980 eruption, is one of the world’s last 
expanding glaciers and provides a remarkable opportunity to characterize the expansion of a glacier in 
an area of significant thermal flux. Although the lava dome is gradually cooling, present thermal and 
physical interactions with the encircling glacier are considerable. Glacier surface structures caused by 
these interactions provide insight to the heat distribution of the dome and illustrate the dynamics of 
such environments. Morphological characteristics of the dome help to understand its structural 
evolution and current degassing regimes. By combining remote sensing data and geochemical analyses 
we provide a comprehensive overview of landscape evolution in the active Mount St. Helens crater 
following the volcano´s last eruption cycle. 
 
Glaciovolcanic cave systems which form due to the interaction of volcanic heat and ice provide insight 
into subglacial processes and the extreme environment which exists underneath glaciers. While glacier 
surface structures were detected via remote sensing, physical investigation revealed subglacial 
thermal interactions between the lava dome and Crater Glacier causing extensive  glaciovolcanic voids 
in firn and glacier ice. Caves within Crater Glacier are maintained by atmospheric advection and 
persistent subglacial fumarole degassing and thermal flux; their evolution is continuing as glacier 
accumulation causes increasing ice encroachment against the lava dome. The caves can serve as 
analogues for similar settings existing elsewhere in the solar system as the slow tempo of life found in 
these dark, oligotrophic, and low temperature environments is applicable to other ice worlds and are 
being used as testing sites for precursor robotic technologies for solar system exploration. 
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Growth of the upper crust in intra-oceanic island arcs by intrusion of basaltic 


magmas: the case of the Koloula Igneous Complex, Guadalcanal, Solomon 
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___________________________________________________________________________ 
 
The Pleistocene (2.2-1.5 Ma) Koloula Igneous Complex (KIC) on Guadalcanal in the Solomon intra-
oceanic island arc, SW Pacific, comprises a low-K calc-alkaline sequence of pyroxenites, gabbros, 
leucogabbros, anorthositic segregations, diorites, quartz diorites, tonalites, granodiorites, and aplites. 
This intrusive sequence is grouped into two cycles (Cycle 1 and 2), which each exhibit a single calc-
alkaline fractional crystallisation trend based on their respective major and trace element data. The 
Cycle 1 and 2 intrusions have distinct incompatible element and radiogenic isotope compositions that 
reflect slightly different mantle sources.  
 
The KIC formed by shallow (0.1 GPa, ~3 km) fractional crystallisation of mantle-derived high-Al basaltic 
parental magmas (~6-8 wt.% MgO) that were generated by lower crustal (0.7 GPa, ~20 km) 
fractionation of olivine and pyroxene from Mg-rich (~11 wt.% MgO) primary magmas in the ~20 km-
thick Solomon intra-oceanic island arc. Olivine, clinopyroxene, plagioclase, amphibole, biotite, apatite 
and Fe-Ti oxides fractionated from the KIC’s high-Al basaltic parental magmas to form calc-alkaline 
magmas. Fractional crystallisation trends determined for the KIC using mass balance calculations 
closely match the complex’s major element trends.  
 
The field relationships, petrology, mineral chemistry, and whole-rock major and trace geochemistry of 
the KIC is typical of other Cenozoic calc-alkaline ultramafic to felsic plutons (Tanzawa Plutonic Complex, 
Uasilau Yau-Yau Intrusive Complex, Hidden Bay and Kagalaska plutons) in Pacific island arcs. 
Hornblende fractionation played an important role in the formation of the calc-alkaline felsic plutonic 
rocks in these Cenozoic arc plutons and the KIC, leading to an enrichment of SiO2 and light rare earth 
elements. The KIC and other Cenozoic arc plutons represent the fossil magma systems of arc volcanoes, 
therefore, the upper arc crust is most likely generated by the migration of magmatic centres. 
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Clinopyroxene Fe-oxybarometry in magmatic systems – perspectives from 
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__________________________________________________________________________ 
 
The redox state of magmatic systems controls important physico-chemical processes and properties 
on the Earth, such as the composition of volcanic gases, the rheology of magma, and the transport and 
deposition of critical metals. In natural silicate magma, Fe is the most abundant multivalent element, 
and the redox state of the system can be determined if the relationship between Fe valence and fO2 is 
known. Popular oxybarometers (e.g., Fe3+/FeT in glass and oxide pairs) can accurately determine the 
redox state of magmatic systems but suffer limitations such as beam damage during analysis or the 
requirement of specific phases to be present.  
 
Clinopyroxene is a common igneous mineral that plays a key role in chemical cycling on Earth and is 
found in igneous rocks ranging from near-primary basalts to rhyolites. Clinopyroxene can incorporate 
both Fe2+ and Fe3+ and may capture a record of fO2 upon crystallisation. Establishing a relationship 
between magmatic fO2 and clinopyroxene Fe3+/FeT is key for developing a widely applicable 
oxybarometer. However, attempts to quantify how Fe valence in clinopyroxene varies as a function of 
fO2 are limited.  
 
In this study, natural clinopyroxenes from reduced, intermediate fO2, and oxidised magmatic systems 
are being analysed to determine if and how Fe valence records information on magmatic fO2. To 
complement the natural samples, gas mixing and pressure vessel experiments are being conducted to 
understand the effects of P-T-fO2 on Fe valence, along with a compilation of previously published 
experiments. We are developing analytical protocols to allow routine determination of Fe valence, 
along with machine learning models to improve on current methods for estimating Fe3+. Preliminary 
results from natural samples demonstrate the potential for clinopyroxene to record magmatic fO2. On-
going experimental work and the development of methods to measure and accurately estimate Fe3+ 
will prove crucial for clinopyroxene Fe-oxybarometry. 
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New constraints on the P-T-X dependence of basaltic phase equilibria 
Stock M.J.1, Holland T.J.B.2 and Neave D.A.3 
 
1Department of Geology, Trinity College Dublin, Dublin 2, Ireland; STOCKM@tcd.ie 
2Department of Earth Sciences, University of Cambridge, Cambridge, UK 
3Department of Earth and Environmental Sciences, The University of Manchester, Manchester, UK 


___________________________________________________________________________ 
 
Basalts dominate global magma budgets and form through direct partial melting of the mantle in a 
variety of tectonic settings. Depending on the dynamics of mantle melting and the composition of 
mantle sources, primary basaltic magmas can have wide-ranging major and trace element 
compositions which, in combination with their crustal storage conditions, induce variable equilibrium 
mineral assemblages. Most of our current understanding of basaltic phase equilibria derives from 
experiments which quench selected basaltic starting materials at known conditions; these allow direct 
observations of stable phase equilibria but are necessarily limited to discreet pressure-temperature-
composition (P-T-X) conditions. Where experiments are not feasible or available, experimentally 
calibrated thermodynamic models facilitate determination of phase equilibria over a wider range of P-
T-X parameter space. 
 
THERMOCALC and its internally consistent thermodynamic dataset [1] have been used successfully to 
model melting in the system KNCFMASTOCr [2] and, in a simpler system, to model high-pressure 
mantle dynamics [3], through improvements to activity models for the melt phase. Here, we 
demonstrate the utility of THERMOCALC for constraining phase equilibria in basaltic magmas. We model a 
wide range of basaltic bulk compositions and compare the model results with observed phase 
assemblages in quenched run products. We use our model to identify global controls on basaltic phase 
equilibria, focussing on oxygen fugacity (fO2), a parameter which is difficult to control experimentally. 
 
Our results demonstrate that THERMOCALC and its dataset can provide a reliable tool for predicting 
basaltic mineral assemblages, with calculated phase boundaries lying typically within ~20 °C/0.5 kbar 
of the corresponding experimentally constrained values. Furthermore, our calculated liquid lines of 
descent are consistent with experimental glass compositions for most major elements and fit as well 
as, or better than, other available thermodynamic models. 
 
We use model calculations in different systems to identify simple compositional parameters which 
control the liquidus temperatures of major crystal phases (bulk Mg in olivine, ln[Mg·Ca] in 
clinopyroxene, and ln[Al/Si+Na] in  plagioclase). These parameters have significant impacts on the melt 
fraction in a basaltic system at any given temperature, and on the solidus location. They also differ in 
enriched and depleted basalts and our results agree with previous studies suggesting that more 
enriched basalts can retain higher melt fractions at lower temperatures, potentially facilitating ascent 
to higher crustal levels and thus biasing these compositions in the erupted record [4]. Variations in the 
oxygen content of basalts, either natural or artificially controlled by fixing fO2, strongly impact liquidus 
temperatures, particularly at more oxidising conditions. Phase relations in nature, where bulk oxygen 
content is generally not controlled by buffers, may differ significantly from those of a buffered 
situation, and care must be taken when comparing experiments with natural systems.    
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Mapping the magma-mush interface 
Subbaraman R.1 *, Neave, D.1, Hartley M.1, Polacci M.1, and Tartèse R.1 
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___________________________________________________________________________ 
 
In areas of vigorous magmatism like mid-ocean ridges and volcanic arcs, active volcanoes are 


increasingly thought to be fed by geometrically complex and vertically extensive magma plumbing 


systems that extend through much of the Earth's crust [1]. These systems are dominated by cohesive 


frameworks of solid crystals – crystal mushes – through which melts and exsolved volatiles can 


percolate and coalesce to form eruptible magmas [2]. Crystal mushes, therefore, play a central role in 


mediating volcanic behaviour and resulting hazards. The physical and chemical structure of crystal 


mushes underneath active volcanoes is still very unclear, despite recent advances in our understanding 


[2]. To gain crucial insights into active magmatic systems, particularly crystal mush disaggregation, 


magma mixing, and magma transportation processes, it is imperative to reconstruct their textures and 


chemistries before and during an eruption [3]. Petrologists can often only investigate plutonic rocks 


that have undergone post-emplacement change during slow cooling or volcanic rocks that have lost 


their textures due to syn-eruptive crystal disaggregation [4]. This study aims to systematically map the 


textures and chemistry [using Backscattered Electron (BSE) Imaging, Scanning Electron Microscopy-


Energy Dispersive Spectroscopy (SEM-EDS), Electron Probe Microanalyser (EPMA), Laser Ablation-


Inductively Coupled Plasma-Mass Spectrometry (LA-ICP-MS), and X-ray tomography] of numerous 


large cognate xenoliths (gabbroic nodules) that erupted in the Northern Volcanic Zone of Iceland and 


extensively preserved mush textures. The textural and compositional complexity of minerals in these 


nodules, particularly plagioclase, allow us to infer the physiochemical conditions and reconstruct the 


processes occurring within the plumbing system [5]. Glassy (and sometimes, microcrystalline) melt 


inclusions trapped within these minerals, a common feature in volcanic rocks, may reflect one or more 


stages during the rock evolution [6]. Geochemical variability, particularly major and trace element 


compositions, shall be investigated at a range of scales: between whole-rock samples, between 


phenocrysts, and between melt inclusions hosted within them, to infer the origins and evolution of 


chemical complexity in magma reservoirs. Synchrotron X-ray computed microtomography (μCT) will 


be used for a detailed quantitative study of the content, size and distribution of vesicles and crystals 


in 3D in a statistically representative way [7]. We can then interpret all these observations in terms of 


mush formation and disaggregation processes to reconstruct the history of the mush zone. 
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Stirring the pot: Recovering arc magma end member compositions after 


recharge, mixing and fractionation, using numerical modelling. 


Swan, S.1, Keller T.2, Grima A.G.1, and Neill I.1   
  
1 University of Glasgow, Glasgow, G12, United Kingdom, 2381613S@student.gla.ac.uk  
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___________________________________________________________________________  
  
Understanding the origins of bulk rock geochemical variability within arc magma systems is essential 
for our understanding of continental crust formation, ore genesis and volcanic eruptions. Bulk rock 
geochemical data is one of the most abundant data sets available for igneous systems and is ubiquitous 
in studies of magma systems. Interpretation of this data is challenging due to the wide variety of 
processes associated with these systems including crystal fractionation, assimilation, recharge, and 
magma mixing [1,2].  
 
We are interested in determining whether bulk rock geochemical data can be used to determine the 
original compositions of two magmas that have undergone various degrees of fractionation and mixing 
following recharge of a crustal magma chamber. To test this, we will use a 2-dimensional, 3-phase 
(solid crystal grains, liquid melt, and volatile vapour bubbles) numerical model based on a recent 
igneous process modelling framework [3]. The model is implemented in MATLAB and uses a finite 
difference staggard grid method [4]. The model tracks the evolution of bulk composition including 
major and trace elements and isotope ratios. Phase change reactions are based on an idealised phase 
diagram. We will use modelled major, trace, and isotopic compositions to evaluate whether original 
magma end member compositions can be reconstructed after magma mixing and further fractionation 
following recharge of a crustal magma chamber.  
 


Comparing several model conditions, including an initial system with no recharge undergoing closed 
system evolution, a single discrete recharge event and an ongoing steady rate recharge system. We 
will vary parameters such as volatile content, silica content, temperature, and viscosity contrasts 
between two magmas to understand their influence on mixing and fractionation.  
Next, we will use machine learning techniques to reconstruct the original chemical signatures of the 
resident and recharge magmas prior to mixing. This study aims to test the extent to which the spatial 
density of traditional field sampling methods can be reliably used to interpret the generation of 
geochemical diversity in arc systems. 
  
 


References:  
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Experimental liquid lines of descent of mafic, alkaline magmas 
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___________________________________________________________________________ 
 
Alkaline magmas, characterized by a high K2O and Na2O content relative to silica, encompass a wide 


range of compositional diversity, while only accounting for a small volumetric percentage of all igneous 


rocks. The onset of crystallization of feldspathoids is one of the most obvious mineralogic features 


marking the boundary between silica-saturated and undersaturated alkaline magmas, however the 


conditions at which this occurs are poorly defined. Alongside composition, pressure and temperature, 


oxygen fugacity (fO2) is an important parameter that influences phase stability and composition, and 


hence the evolution of a given magma.  


This study examines the effect of fO2 and composition on liquid lines of descent in mafic alkaline 


magmas, with the aim of understanding controls on their evolution towards feldspathoid saturated 


compositions. Five primitive alkaline samples (9.3-11.1 wt% MgO), from Fogo (Cape Verde), Terceira 


(Azores), Tristan da Cunha, Nyamulagira (Democratic Republic of the Congo) and Nyiragongo 


(Democratic Republic of the Congo) were used as starting compositions. Equilibrium crystallization 


experiments were performed in a gas mixing furnace (CO-CO2) at 1 atm, in the temperature range 1220 


to 1100°C and oxygen fugacities corresponding to the fayalite-magnetite-quartz (FMQ) buffer, 


FMQ+1.5 and FMQ+3.  


Saturated phases include olivine + spinel + clinopyroxene ± plagioclase ± magnetite ± ilmenite. 


Increased fO2 enhances the stability of Fe-Ti oxides and spinel, replacing olivine as the liquidus phase 


at FMQ+3. Experiments at higher fO2 have lower melt fraction, as a result of earlier crystallisation of 


clinopyroxene (FMQ: 1130-1150°C , FMQ+3: 1150-1170°C) ± plagioclase (FMQ:1110-1140°C, FMQ+3: 


1130-1150°C), alongside Fe-Ti oxides. Melt CaO content and plagioclase anorthite content reflect 


increased clinopyroxene stability, falling with increasing fO2 at constant temperature. Absence of alkali 


rich phases means melt Na2O and K2O content increases steadily across all fO2 conditions. Our 


preliminary experiments demonstrate that higher fO2 promotes a greater degree of melt evolution, 


and less alkali rich liquid lines of descent.  
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A Deep Learning Approach to Plagioclase Textures 
Toth, N.1, Maclennan J. C.1 
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___________________________________________________________________________ 
 
Textural information, such as crystal size distributions (CSDs) or crystal aspect ratios are powerful tools 
in igneous petrography for interrogating the thermal history of magma and rocks [1-3]. They facilitate 
the investigation of crystal nucleation, growth and mixing as well as the cooling rate of the rock. 
Plagioclase feldspar has found extensive use as a reliable tracer for igneous thermal history and 
processes with both the apparent 2D [4] and 3D [5] morphologies shown to vary predictably with 
physical quantities such as crystallization time.  However, most textural studies require extensive data 
collection which can be cumbersome and time consuming when performed manually. The aim of our 
present work is to automate the most time-consuming aspects of the data collection process – crystal 
segmentation and subsequent measurements.  
 
We propose the use of a deep learning-based computer vision technique, termed instance 
segmentation [6-7], to automatically detect the exact pixel-by-pixel location of each plagioclase crystal 
(crystal masks) in thin section images. By re-training the models using a custom set of segmented 
geological thin section images, one can re-purpose these models for petrographic use, limitations 
notwithstanding based on the training data. The model outputs can then be used to measure the 
physical properties of the detected crystals, such as size and aspect ratio to automate the production 
of CSDs and aspect ratio distributions. Through our custom tiling procedure of large images, even 
entire thin section scans can be segmented without expensive hardware requirements.  
 
Our method is applied to a range of samples with published textural information to showcase the 
power and reliability of this approach. We show that it is now possible to gather large-scale textural 
information without days of manual segmentation or any human intervention, limitations and biases 
notwithstanding. Such a method is now ripe to exploit for future textural work on a scale never seen 
before. Furthermore, the data gathered is no longer subject to observer bias on how properties like 
aspect ratio should be defined as we can simply use automated geometric processing methods on the 
predicted image masks as default in many computer vision fields.  
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___________________________________________________________________________ 
 
The Mull Lava Sequence (MLS) is part of the remnants of the early Palaeogene (62-58 Ma) volcanic 
products of the North Atlantic Igneous Province (NAIP). This stratigraphically well-constrained 
sequence begins with subalkaline basaltic lava flows, progressively becoming more evolved into 
trachytes, finally returning into more primitive compositions in their younger lavas [1]. The focus of 
this study is to characterise in more detail this temporal geochemical evolution and produce a 
preliminary integrated petrogenetic model combining geochemical and mineralogical evolution.  
 
Whole-rock geochemical analyses has revealed that basaltic melts that partially supplied the MLS can 
be derived by partial melting of the depleted mantle. Using Harzburgite xenoliths compositions from 
the GEOROC database [2] as a starting melt, equilibrium partial melting was calculated using MELTS 
[3], fairly reproducing the basaltic products with ~11% degree of partial melting. Preliminary results 
from MELTS also indicate that the potential source region can be constrained to depths equivalent to 
pressures of 1 GPa. Equilibrium batch melting of whole rock trace elements has shown that 
assimilation of likely Lewisian gneiss is needed to account Sr, Ba, Rb, Nb and Zr enrichments. Mantle 
potential temperatures (◦C) and pressures of partial melting were estimated using the 
geothermobarometer from [4]. Preliminary results indicate potential mantle melting temperatures of 
1202-1346°C and pressures between 1.09 and 1.70 GPa, consistent with the MELTS calculations. 
 
Stratigraphically ordered Rare Earth Element (REE) trends show a repeating pattern of depletion and 
enrichment over time throughout the sequence. Most notably is a section of flows at the top of the 
sequence with a clear transition from a depleted N-MORB basalt, progressively enriching (E-MORB) 
and returning to N-MORB. This, coupled with modelling of the intrinsic conditions, suggest cyclic fertile 
mantle-generated pulses mixing with the N-MORB basalt, with crustal assimilation of the lower crust 
when the magma is ascending or ponded. 
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Melt Thermo-barometry of Arc Magma Sources using Machine Learning 
Weber G.  and Blundy J.  
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___________________________________________________________________________ 
 
Determining the pressure (P) and temperature (T) of magma sources is critical for a wide range of 
problems in volcanology and petrology. However, large uncertainties involved in thermo-barometry 
limit the usefulness of many models to resolve the structure of crustal magmatic systems. 
Nevertheless, two recent conceptual and methodological advances in thermo-barometry offer a 
promising perspective for improvement. 1) Melts percolating though crystal mush may be chemically 
buffered by the volumetrically dominant mush mineralogy, which in convergent margin settings is 
typically comprised of clinopyroxene-hornblende-orthopyroxene-magnetite-plagioclase-ilmenite 
(CHOMPI) assemblages. In turn, near-liquidus multiple saturation experiments may be inverted to 
recover the launch depth of erupted melts that have been extracted from CHOMPI mushes [1]. 2) 
Machine Learning methods can capture non-linear relationships in data and have been shown to 
perform well in challenging cases that require specific calibrations in conventional linear regression 
models [2]. We explore a combination of these approaches and test the generalisability of melt 
thermo-barometry models. 
 
To calibrate the melt thermo-barometer, we compiled 85 near-liquidus CHOMPI saturated melts from 
published experimental data and selected 243 experimental melts that were not multiply saturated at 
near-liquidus conditions to assess the sensitivity of the multiple saturation approach. The experimental 
liquids represent arc magmas within the temperature range 700 to 1140°C, pressures of 0.9 to 13 kbar, 
molar XH2O of 0.1 to 1, and span silica contents between 48 and 79 wt.%.  To predict P-T conditions of 
magma sources from the major element chemistry of melts, we built a random forest algorithm, a 
Machine Learning method that can be used for regression and classification tasks and is based on an 
ensemble of re-sampled hierarchical flowcharts (decision trees) to minimize group heterogeneity. 
Errors in P-T calculations were assessed by randomly splitting the experimental dataset into calibration 
and test sets in a ratio of 80:20. Using CHOMPI experiments, pressures can be recovered with root-
mean-square error (RMSE) of 1 kbar on calibration data and 2.3 kbar on testing data. Temperature 
errors are on the order of 25°C for the test set not used in the calibration. Classifying experiments into 
CHOMPI and non-CHOMPI liquids, also considering experimental P-T-XH2O, reveals a low true positive 
rate that hints towards a more general applicability of melt composition to recover P-T conditions. This 
is supported by comparable errors of 30°C and 1.9 kbar on test data, when the algorithm is calibrated 
on the full experimental data set (n=328).  
 
We will present applications of the newly developed melt thermo-barometric model to various natural 


datasets and compare the results to geophysical tomography of crustal magmatic systems. Our study 


demonstrates the large potential of using liquid compositions and machine learning methods in 


thermo-barometric reconstructions.  
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___________________________________________________________________________ 
Campi Flegrei, Italy, is one of the most populated caldera volcanoes on Earth and a detailed 
understanding of its sub-volcanic magma system and pre-eruptive processes is essential for effective 
hazard mitigation. Of particular interest are the depths and timescales of magma storage, as these can 
inform the interpretation of volcano monitoring data at the Earth’s surface, feeding into civil 
protection efforts. The most recent 1538 CE Monte Nuovo eruption was preceded by ~36 years of 
precursory activity at the Earth’s surface, characterised by persistent uplift and frequent seismicity, 
and recorded in historical chronicles [1]. Here, we place new constraints on the depths of magma 
storage and timescales of magma recharge preceding the Monte Nuovo eruption through state-of-the-
art petrological analysis of clinopyroxene crystals in the eruption deposits. 


Through backscattered electron imaging (BSE) of >200 erupted crystals, we have identified 
four texturally distinct clinopyroxene populations in Monte Nuovo deposits, each with a range 
characteristic zoning pattern. We characterised the full compositional diversity of these crystals by 
electron microprobe analysis (EPMA), before inputting these data into the python package Thermobar 
[2] to find equilibrium matches with published whole-rock and glass data and determine the pressures 
and temperatures of clinopyroxene crystallisation using the thermobarometers of Masotta et al. [3]. 
The compositional zoning preserved in the Monte Nuovo clinopyroxenes is consistent with an open 
magmatic system where mafic and felsic magma periodically mix. Our barometric modelling suggests 
that all the erupted clinopyroxene crystals formed at temperatures and pressures averaging ~987°C 
and ~2.5kbar. These depths correlate with a deep magma storage region at ~10 km inferred from 
Campi Flegrei seismic tomography [4] but do not record shallower crystallisation at the depth of recent 
bradyseismicity. Hence, our data agrees with previous studies which suggest that recent Campi Flegrei 
eruptions are fed by magmas ascending directly from the mid–lower crust with little or no shallow 
storage [5]. 


We extracted compositional profiles across the outermost rim zones in our clinopyroxene 
crystals using a novel ED-SEM method. These boundaries indicate the final transfer of the crystals from 
one magmatic environment to another prior to eruption, and we interpret them as recording recharge 
of the deep magma storage region. We modelled Mg-Fe diffusion across this zone boundary [6] and 
found that crystals typically record the onset of recharge ~36 years before eruption. This correlates 
with the onset of pre-eruptive uplift (within error) recorded in historical chronicles [1]. By placing 
geological constraints on the source of observed pre-eruptive uplift at Campi Flegrei, our data 
facilitates improved interpretation of volcano monitoring data at one of the world’s most hazardous 
volcanoes. 
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___________________________________________________________________________ 
 
The oldest preserved continental crust dates to the Eoarchaean and Palaeoarchaean (4.0-3.5 Ga) and 


is principally formed of a tonalite-trondhjemite-granodiorite (TTG) suite. However, the generation of 


these ancient TTG’s is still debated, with many studies suggesting intraplate (e.g., crustal resurfacing 


and overturn etc.) processes. Therefore, it would be advantageous if a modern analogue can be used 


to test an intraplate mechanism for forming early Earth TTG’s.  


With an approximately 30km thick basaltic crust, lack of active subduction zones and containing 


silicic intrusions, Iceland is a modern analogue to determine whether a subduction-free mechanism 


of TTG formation is viable on the early Earth. Here, we focus on the Slaufrudalur Pluton which is 


located in South-East Iceland and is the largest intrusive granitoid body within the thick basaltic 


Icelandic crust. Samples were collected from the pluton and roof contact, with XRF analysis 


undertaken to determine major and trace elements. The Slaufrudalur pluton was determined to be 


composed of granite, with only one localised trondhjemite.  


Using the geochemical data alongside mass balance partial melt models, it was determined that the 


Slaufrudalur rocks do not have TTG compositions but they can be formed by partial melting of the 


basaltic country rock. Our results suggest that ancient TTG’s may not be generated in a subduction-


free setting.  
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Volcanic deformation and the long-term evolution of magmatic  
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___________________________________________________________________________ 


Both volcanic deformation and eruption are driven by the inner pressure of the magmatic system. 


Volcanic deformation, which is a significant measurable phenomenon and reflects the pressure 


changes in the magma system inside a volcano, is crucial for understanding and forecasting volcano 


eruptions. The response of the magma system to newly injected magma depends on the structure and 


rheology of the magma system itself. But there is no single model that can be used to explain the all 


deformation of magmatic systems that has been observed[1].  


 
Over the past 20 years, the application of satellite technology has greatly improved traditional surface-


based geodetic methods due to its continuity and high resolution. There are numerous satellites 


currently available for InSAR measurements which generate high-resolution surface displacement 


maps by comparing the phases of successive radar images[2]. The number of volcanoes that have been 


observed to be deforming has grown from 44 in 1997 to more than 300 today[1]. However, most 


studies still focus on a single short-lived satellite system and geodetic surveys based on multiple 


satellites and long-time periods remain rare[3, 4].  


 


This study hypothesizes that the volcanic deformation pattern depends on the different magma 


systems at different volcanoes. We aim to find the connection between deformation (uplift and 


volume change) and long-term evolution of large calderas by comparing the magmatic systems, 


including historical activity, deformation, seismicity and magma storage. Two well-studied large 


caldera systems were chosen as the test volcanoes, Santorini in Greece and Laguna del Maule in Chile. 


Both these calderas have similar characteristics, with ~4-5 km-depth shallow chambers and similar 


erupted materials (rhyolite-dacite). However, Santorini experienced a short (~18 months) pulse of 


uplift after its long-term dormancy of 60 years whereas Laguna del Maule has been continuous 


uplifting for more than 10 years (since 2008)[3, 5, 6, 7]. In addition, seismic, petrologic and 


geochronological information suggests that the source of deformation at Laguna del Maule is a large 


(~450 km3), low-melt fraction (~5%) body [8], but Santorini’s source is smaller (35±8 km3), with a higher 


melt fraction (~4-13%)[9].  
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