
How volcanoes work: 
A 100 year perspective

Kathy Cashman
University of Bristol



Where were we 100 years ago?

Sakurajima 1914

Mont Pelee 1902

Santa Maria 1902

Vesuvius 1906

Katmai 1912

Soufriere St. Vincent 1902

Kilauea

Mauna Loa 1919

Lassen 1915



Omori 
Mercalli

Lacroix

Perret

DalyHarker

Jaggar 

“…we must seek the immediate cause of igneous 
action, not in the generation of heat, but chiefly in 

relief of pressure
Harker (1909)

Where were we 100 years ago?



Fundamentals of volcanology

“Any differentiation which depends on 
sinking of crystals under gravity 

belongs necessarily to a somewhat 
early stage of crystallization, when 
the bulk of the magma was still in a 

liquid condition. At a later stage, when 
the crystals formed are so numerous or 

large as to touch an support one 
another, the condition may be likened 

to that of a sponge full of water…

Fractionation and Mixing

Daly 1911

“While we picture each 
distinct volcanic centre as 
possessing its own proper 

reservoir of lava, it is 
necessary to suppose that 

such reservoir is of 
relatively small 

dimensions and of 
temporary status” Harker 1909



Overview

The fundamentals of volcano science were in 
place 100 years ago, driven by a 
combination of: 

• Key eruptions 

• Advances in technology

• Development of conceptual models

The same combination has 
continued to propel our science 

forward



1920s and 1930s

Santiaguito 1922

Start of protracted dome extrusion

Explosions at Halemaumau 1924

Lava flow diversion
Mauna Loa 1935



Conceptual advances

N.L. Bowen

Howel Williams



Paricutin 1943-1952

Krauskopf (1948)

Wilcox (1954)

Fries (1953)

ROLE OF 
ASSIMILATION

CHANGING 
PROPORTIONS 

OF TEPHRA 
AND LAVA

SEGREGATION OF 
GAS AND LAVA



Showa Shinzan 1944-1945

Mimatsu diagram

Goto and Tomiya (2019)



Hekla 1947

Thorarinsson (1950)

Thordarsson and Larson (2007)

Thorarinsson developed the 
field of tephra studies, 

including use of √area 
diagrams for tephra 

thickness and grain size



Kilauea Iki eruption provided first geophysical evidence for lava 
drainage and collapse

Lava lake drilling projects provided a natural laboratory for studying the 
chemical and physical evolution of Hawaiian lava during cooling

Helz et al. (2014)

Eaton & Murata (1960)

Kilauea lava lakes 1959-65



Surtsey	1963-1967:		The	birth	of	an	island

A natural laboratory for geologists and biologists

Surtseyan:
A new eruption 

style



The first 20th century eruption to 
produce a demonstrable effect 

on global temperatures

Agung 1963 Zen and Hadikusumo (1964)



World-Wide Network of 
Seismograph Stations

(WWNSS)

Developed in the 1960s as 
part of the limited test ban 

treaty

Surveys of the ocean floor

EPMA

First commercial 
instrument 

constructed in 1956

Set the stage for 
thermobarometry

Some technological advances: 1940s-1960s

Mason	and	Raff	
(1961)

Lateral blast 
documented -

Bezymianny 1956

Gorshkov (1959)



Some	conceptual	advances

Smith & Bailey (1968)
Caldera resurgence

Mogi (1958)
Model of point source 

inflation

PLATE	TECTONICS

Plate Tectonics explained:

• Age progression of Hawaiian Islands (Macdonald 1953)

Williams (1953):
• Distribution of volcanoes in orogenic belts
• Source of magma
• Source of volatiles



Heimaey 1973

Known primarily for lava flow diversion
but also inspired a diverse range of 

investigations

(1973)

(1973)

Mroz and Zoller (1975)

(1974)

(1975)



Fuego 1974

Multi-disciplinary study of a volcanic 
eruption including measurements of 

volatiles in melts
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Conceptual advances of the 1970s: 
Quantifying approaches to physical volcanology 

LAVA FLOWS 
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Effusion rate (m3/s)

Walker et al. (1973)

Wilson et al. (1978)

PLUMES

FRAGMENTATION

Sparks (1978)

Walker (1973)

PYROCLASTIC DEPOSITS





Carey and Sparks (1986)

Satellite observations combined with rapid 
mapping allowed testing of new plume models

ISOPLETHS TO 
PLUME HEIGHTS

ISOMASS
LINES

offset by lateral blast

PLUME
TRAJECTORY

Sarna-Wocjicki et al. (1981)



É

Monitoring activity 1980-1986

Swanson et al. (1985)

Scandone and Malone (1985)

Accurate predictions of dome-
building events 

New insights into 
eruption transitions



Kilauea and Mauna Loa
VESICULATION

LAVA FLOW ADVANCE 

PAHOEHOE-AA TRANSITION

PUU-OO 1983-2018 

MAUNA LOA 1984Cashman & Mangan (2014); Mangan et al. (2014)



Restless calderas

Battaglia et al. (1999)

The 1980s identified restlessness (seismicity, 
deformation) at several calderas around the world…

only one erupted

Rabaul 1994

Moretti et al. (2018)



A focus on hazards: lahars and civil aviation

As with the 1902 eruption of Mont 
Pelee, the loss of life during this 

event shocked the global 
volcanology community and 

prompted, among other things, 
the USGS VDAP program

Nevado	del	Ruiz	1985

The 1980s also saw an increase in ash-
aircraft encounters (Galunggung 1982; 

Redoubt 1989)



Conceptual models of the 1980s: 
Applications of geophysical fluid dynamics to volcanoes

Huppert and Sparks (1981)
Kerr and Lister (1988)

Tait et al. (1989)

MAGMA CHAMBER PROCESSES
ERUPTION 
TRIGGERS

PLUMES AS R-T 
INSTABILITIES



Pinatubo 1991

•Third largest eruption of the 20th century
•Successful prediction and evacuation
•Improved satellite observations



Dome-building eruptions: Unzen and Soufriere Hills, Montserrat

Nakada and Motumura (1995)

UNZEN
Detailed observations of 

the physical and chemical 
properties of the dome as 

a function of time
New insight into

Vulcanian eruption cycles

Clarke et al. (2015)



New insights from new measurements

Massonet et al. (1995)

InSAR provides a new way to 
measure volcano deformation

Lowenstern (1994)

Experimental volcanology 
constrains melt properties

modified from Dingwell (1996)

Volatile analyses of melt inclusions 
track decompression paths



Supervolcano eruptions

Hildreth (2004)
Bachmann & Bergantz (2006)

The early 21st century saw the onset of super volcano hysteria, but 
also advances in conceptual models for generating large volumes 

of both crystal-poor and crystal-rich magma



Volcanoes in the ocean

Soule et al. (2007)



Volcanoes in the ocean

Soule et al. (2007)

Wilcock et al. (2018)

Nooner and Chadwick (2016)

Wilcock et al. (2016)

TIDES

EQs



Volcanoes in the ocean

Soule et al. (2007)

Wilcock et al. (2018)

Nooner and Chadwick (2016)

Wilcock et al. (2016)

TIDES

EQs

NW Rota-1

2006

2009

Studies of submarine eruptions 
in the western Pacific are 

extending our understanding of 
global volcanism

West Mata



2010-2019:  renewed focus on 
forecasting and hazards

2010 Eyjafjallajökull eruption changed 
everything about ash forecasts

2013- Sinabung eruption
Forecasting by frequent updating of 

event trees aided by (near-) 
continuous monitoring data

Wright et al. (2018)



Forecasting	lava	
flow	paths

High	resolution	digital	
topography	documents	
collapsing	summit	region	Kilauea	2018

Neal et al. (2019)



Fuego 2018

Despite technological advances in 
satellite observations, eruption 

forecasts are still lacking in most 
parts of the world



Dzurisin (2018)

SMALL & TEMPORARY UPPER 
CRUSTAL STORAGE REGIONS 

(>50% MELT)

LARGE MID-CRUSTAL MAGMA 
ACCUMULATIONS (15-25% MELT)

Ward et al. (2014)

Jaxybutalov et al. (2014)

MAGMA STORAGE IN SILLS IN THE 
LOWER CRUST (<10% MELT)

21st century insights:
Geophysical imaging of magmatic systems



Cooper et al. (2012)

DIFFUSION TIMESCALES RECORD MAGMA 
ACCUMULATION IN UPPER CRUST

Druitt et al. (2012) Saunders et al. (2012)

COMPOSITIONAL EVIDENCE 
FOR MULTIPLE MAGMA 

RESERVOIRS

OLD CRYSTAL CORES ATTEST TO THE 
LONGEVITY OF MAGMATIC SYSTEMS

Cooper and Kent (2014)
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21st century insights:

Petrologic imaging of magmatic systems



Cashman et al. (2017)

Paradigm shift
Trans-crustal magmatic systems

Sparks et al. (2019)



Implications for volcanic eruptions

Christopher et al. (2015)
Cashman and Giordano (2014) redrafted from Tarasewicz et al. (2012)

Flaherty et al. (2018)

MAGMA 
ACCUMULATION BY 

MELT LENS 
DESTABILIZATION

SYN-ERUPTIVE 
TAPPING OF MULTIPLE 

MELT LENSES



Raikoke June 22, 2019
Rapid information flow in response to an unexpected eruption



NAS report  2017

A physics-based framework for 
forecasts, models and basic 

understanding of volcanic systems

Dzurisin et al. (2015) after Segall (2013)

Data assimilation from (near) real-
time monitoring data

What’s next?



Thanks to a century of volcanologists…
and apologies for everything I left out!
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