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Life cycles of volcanoes




Grand Challenges

Eruption forecasting

Life cycles of volcanoes

Short-term forecasts require
understanding of shallow
magmatic systems and
eruption processes

Long-term forecasts require
understanding of the larger
magmatic system
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Volcano basics & conceptual
models
Eruption styles and processes

Case studies
Beyond theory

Magmatic systems
Some deep controls on
volcanic processes

Volcano unrest and eruption
forecasts




Variations in time scales of eruptive activity
1st order question

Incessant eruption Tranquil effusion Paroxysms with long repose

Stromboli Kilauea Cordon Caulle

Scrope (1862)



Variations in eruption styles
within individual volcanoes and/or eruptive episodes

Santa Maria 1902
eruption occurred after ~25ka dormancy

Santiaguito 1922—present

Volume: ~ 1.75 km3 (1922-2002; Durst, 2008)
~0.02 km3/yr, or 2 km3/kyr

Volume: >6.4 km3 (DRE; Berry 2018)



Styles of Eruption

At the most
fundamental level, we
can classify volcanic
eruptions as
explosive or effusive,
and
pulsatory or steady

Explosive Effusive
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Effusive eruptions produce lava flows,
domes and spines, and secondary cones

Channelized flows

Rootless cones

BASALT RHYOLITE



Compound eruption styles

Sequential changes between
explosive and effusive activity:
characteristic of dome-building

eruptions
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Occurence of climatic explosion within the
lifetime of an eruptive period (normalised %)
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Simultaneous explosive and effusive
~activity

Cassidy et al. (2018)




Explosive eruptions also occur when
magma encounters external water

Magmatic eruptions Hydromagmatic Phreatic
eruptions eruptions
|

Submarine Groundwater Surface water

Ken Parker

NOAA /NSE / WHOI

West Mata, Ukinrek Maars, Surtsey, Iceland
Pacific (2009) Alaska (1977) (1963)



Eruption intensity

Magnitude-Intensity scale

Erupted mass (kg) flood basalts
super volcanoes?
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Process-based classification scheme

Log, , decompression
rate (MPa/s)
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Compositional controls on viscosity
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PPitch Tar Drop
experiment




Decompression rate (volatile exsolution)

a b
Silicic effusive with Sustained explosive with
shear fragmentation very low water-to-melt ratio

Volcanic gas

and pyroclasts

Berkeley bubble man

Outgassing .
Crystal nucleation

3 and growth Brittle fragmentation
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A Bubble
behavior

growth, coalescence
c d e modulates
Phreatomagmatic with Strombolian-style

Hawaiian-style (lava fountain)
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Bubble formation
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Vesiculation is the inevitable
consequence of decompression
(magma ascent)

Decompression rate (dP/dt) controls

kinetics
(relative importance of bubble
nucleation and growth)
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Bubble expansion

Kilauea

Cretaio; Mazama; Taupo . .
Mt Pelee; Vesuvius; Mount St. ?—Ielens P“n lan

Subplinieln Spurr; Mount S|. Helens

Soufriere Hills; fascar
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Magma fragmentation

Steady state Vesicular and/or
angular pyroclasts

fluidal pyroclasts

Vesiculation/
acceleration
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bubble
interaction

Murtagh & White (2013)

strain rate




Fragmentation style affects the
size distribution of pyroclasts
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Inertial fragmentation

Photo by Bruce Omori

ketchup

soup

whipped cream

treacle

Fragmentation process
and products are not
well understood for
complex fluids

LuanchGme
aclviy?



Inertia driven Brittle

fragmentation fragmentation
B E——
Brittle fragmentation 108 e

Namiki and Manga (2008)

(A)

Slow

Transition from inertial to brittle
fragmentation occurs when melt crosses the
glass transition

Strain rate

Decompression-driven bubble expansion
is one cause of high strain rates

Brittle behavior Overpressure = PB - PA
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Cashman and Scheu (2015)



Fragmentation can also be “top-down”

dP/dt # magma
ascent rate PYROCLAST
EJECTION
| FRAGMENTATION
WAVE

DECOMPRESSION
WAVE

Associated with unsteady
conditions during eruption
initiation, Vulcanian explosions and
flank failures




Fragmentation by thermal stresses

Rapid quenching in water:
residual stresses are -

quenched into the glass //

molten glass



PRINCE RUPERT'S DROPS

These large stresses cause
explosive fragmentation
when released

from “Smarter Every Day”

molten glass

another fun video



Fragmented particle shapes reflect the
Ao complex stress field caused by outer
S quenching and internal bubbles



Kilauea Iki 1959

Kilauea 1983-present

Degassing

Log,, viscosity (Pa s)
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Degassing

PERMEABLE TWO-PHASE

OOOo

Oo 00

o°0

Products of lower intensity or
intermittent eruptive activity
have a wide vesicularity range;
this requires pre- or syn-
eruptive gas loss

Kilauea

Cretaio; Mazama; Taupo

Mt pnwfunt St.Helens Plinian
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0.01

Bubble diameter, in meters

0.001

MR Closed-system

I |ava fountains

() .
L . »

0.001

0.01 0.1 1
Magma rise speed, in meters per second

Mangan et al. (2074)

B cgassing Hawaiian ;

Individual bubble rise
occurs for low
viscosity melts, large
bubbles and low
magma rise rates

CLOSED
SYSTEM



Stability of large (conduit-filling)
bubbles depends on geometry

undisturbed middle break-up
rise thinning
< ()
8 ' |
U (3
J 10s

undisturbed middle reconsolidation
rise thinning

T

Qin et al. (2018)
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Connected porosity (%)

Permeable flow

Melt viscosity does not permit
bubble rise
Bubbles expand and coalesce
*Requires melt film thinning and
rupture (time)

Once connections formed,
magma (lava) can remain

permeable as it loses pore space
(densifies)
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Connected porosity (%)

Permeable flow

Leads to hysteresis
vesiculating # densifying

~ Bubbles deform
and outgas

= Permeability
threshold

Magma

densifies . r . Bubbles
Ql;‘ \| connect
g“&_} limiting

vesicularity
Percolation
threshold

Isolated bubbles expand

Permeability

Vesicularity
Cassidy et al. (2018)



Parallel Perpendicular

Permeability anisotropy can be
large, and will cause anisotropic
patterns of gas escape

Wright et al. (2006)

Bubbles deform

F<=. = and outgas
Permeability
. threshold
acite spine Ma gma
- rater floor L
crytaline pug. densifies P Bubbles

N

£ “% connect
({;&:f‘ limiting

'vesicularity
Percolation
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Isolated bubbles expand

Permeability

conduit

top
] of magma chamber

Vesicularity
Schneider et al. (2012) Cassidy et al. (2018)




Crystals also affect permeable pathways
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Average finger width (mm)

o

particle volume fraction normalized to random maximum packing

Oppenheimer et al. (2015)

Particle content (%)
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Behavior changes from fingering to

‘fracturing’ as the particle
concentration approaches random
maximum packing

Gas loss is most
efficient in the fracture
regime



Syn-eruptive changes in crystal content caused by degassing
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Crystallinity (%)

Extent of crystallisation depends on
decompression time
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Cashman and Blundy (2000); Geschwind and Rutherford (1995)

Fast decompression



Case studies

In a lab you’re in near-control;
you’re the giant puppet master
making your subject dance to
your tune.

In the field you’re inside your
subject matter and the power
relationship is totally different.

paraphrased from Underland, Robert Macfarland (2019)




Stromboli




Stromboli

SW vent ., tr#ixezts NE vent
55% crystals | 9 50-55% crystals

crystals

Landi et al. (2011)
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Suggests that fracture

mechanism may apply

Suckale et al. (2016)



Stromboli ;

o

o
SW vent Central vents NE vent

55% crystals “" fring 50-55% crystals
i .

crystals

Landi et al. (2011)

Side flow
Deformed

5cm
Trapped bubble

Analogue experiments show
that addition of particles
generates asymmetric and
pulsatory bubble bursts, as
well as trapping of bubbles
within the particle-rich cap

increasing particle volume fraction

Oppenheimer et al. (in revision)



Paricutin, Mexico
1943-1952




A different mode of two
phase flow




A different mode of two
phase flow

10°
MER (kg/s)

B Chikurachki
@ Paricutin

B Cerro Negro
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+ Vesuvius



Mount St. Helens 1980-1986
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Mount St. Helens 1988-2017

Dzurisin (2018)
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Mount St. Helens 1988-2017
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Earthquakes/day

Distance (m)

SO, (tonnes/day)

- 888 8

0.1

o

1995 1996 1997 1998 1999

Christopher et al. (2015)

2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015

Alternating eruptive and
non-eruptive phases

Mirrored by deformation
signal



0

Christopher et al. (2015)

from magma flux

Lava

Lava flux

Cumulative SO, flux, Mt

1997 1999 2001 2003 2005 2007 2009 2011 2013

1995 1996 1997 1998 199920002@1 2002 200G 2004 200520062007200820092010 2011 2012 2013 2014 2015

How are volatiles stored at depth, and
transported to the Earth’s surface?

Gas emissions are decoupled
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My

Fimmvorouhals-Eyjafjallajokull

(a)

(b)

Eyjafjallajokull
d sdlmnr{it Fimm'v6r6uhéls
fissure
ol —
Highly evolved T Flank
silicic summit fissure #
chamber closed
st D .
Basaltic
flank
chamber

2 1 \
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9 15  silicicsill
©
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v
s
O
'8 2 Mafic (?)
é sills
a

25k

ST

35 Dimensions not to scale

Flank eruption driven by
melt injection from below

Tarasewicz et al. (2012)

Mafic melt injection triggers
first summit eruption

Eyjafjallajokull eruption was triggered
by a basaltic fissure eruption on the
flank of the volcano

Under what conditions do
neighboring melt lenses
interact
(critical stress threshold)?



Subsequent downward propagation

of decompression wave triggered a

new explosive eruption each time it
encountered a sill

fissure
closedf!

SUGGESTS THAT INDIVIDUAL MELT
LENSES ARE ISOLATED AND
PRESSURIZED

Mafic melt injection triggers Decompression triggers Subsequent eruptive phases
first summit eruption second explosive phase as decompression propagates

Tarasewicz et al. (2012)



Oregon

Portland
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McKenzie River
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[0a] Inaccessible
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[] Aluvium, seasonal lakes

Sand Mtn. Volcanic Field, OR

c. 3000ybp

Why the wide compositional range

in a single eruptive episode?
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Role of crustal extension?
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Quilotoa, Ecuador
800ybp

Quilotoa, 0’?
A &

Gua‘aquil

Volcano has shown a repeated pattern

of producing back-to-back ignimbrite
eruptions

Influence of magma
storage depth?
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200 yrs before climactic eruption

Cleetwood rhyodacite [~ 0.5 km3 fall; 0.6 km3 flow]

months before climactic eruption

What triggered the
main event?



Taupo Volcanic Zone
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Taupo Volcanic Zone
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TCMS
Trans-crustal magmatic
systems

Combined evidence from geophysics
and petrology/geochemistry provides
abundant evidence for magmatic
systems that traverse the crust

Changing the ways in which we think
about

magma evolution
melt accumulation and volcanic
eruptions
life cycles of volcanoes

UPEPER CRUST

Conrad
discondinuity

LOWER CRUST

- el FSd
Petrologic Moho

Cashman et al. (2017)



Magma to Mush Transition
Typically occurs at 30-50% melt

Rheology controlled largely by melt
wal
Fl
>

{
Th
Rheology controlled by crystalline
network

Melt Connectivity Transition
Large reduction in effective viscosity and strength

Unconnected
melt pockets

No melt



Log relative viscosity

Melt content controls rheology
Melt distribution controls permeability

maximum packing fraction

maximum packing fraction
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Stability of melt lenses

What conditions allow:

Rapid transfer to
shallow reservoirs
the upper crust?

/Storage of buoya nt
magmas in deep
_crustal regions?

J
Not to scale
g o[ EEEl-0 <-~sof <100 N
4 #9 = : > — —
s Particle vol. (%) =  Particle vol. (%) Silica content

Magee et al (2018)



Stability of melt lenses

Rayleigh-Taylor instability:

B B, it

time
Theory: For an infinite fluid layer, instability
wavelength is proportional to the viscosity
contrast

Not to scale

£ < ~50[ <100 N
S . . - = o
s Particle vol. (%) =  Particle vol. (%) Silica content

Magee et al (2018)



What is the stability of melt lenses of finite length?

Initial __ i
interface ‘

b -
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Initial “

. =i : | é i
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40 min =2h20min

interface

Seropian et al. (2018)

Growth rate unconfined . Wavelength unconfined
Growth rate confined B ~ "Wavelength confined

For B>1,




Timescale depends on mush strength and D

mush f Increase in D accelerates instability
D growth if f > 1
< >
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Seropian et al. (2018)
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Immature crust t transfer via dikes . Y
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Multiple timescale constraints for high-flux magma chamber assembly
prior to the Late Bronze Age eruption of Santorini (Greece)

T. Flaherty' - T. H. Druitt’ - H. Tuffen? - M. D. Higgins® - F. Costa® - A. Cadoux®

Stage 2
Runaway magma chamber assembly (~4.0to 3.6 ka)

Using a combination of
Runaway transfar of silicic melt (+ source-denved crystals) to

transient hokding chamber (starting a few canturies prior to eruption) methods, the authors
o PN BN calculated that it took ~400
Foundering of the pluton ~ Amalgamation forms large melt lens years to construct the upper

Upward axpulsion of malt Mixing and homogeanisation
J P crustal magma chamber

that fed the Minoan
eruption

Interconnectivity of melt lensas

Flaherty et al. (2018)



Kameni Line

T~

|

28km

NE
A

T

injection of

intrusion of
high-Ba

andesitic-dioritic

magma

1
ng

injection of

silicic magma  high-Ba andesite

———
—

approximate real scale d b

Druitt (2014)

Eruption was triggered by
“recharge magma” (the
final lens destabilisation?)
that created a path to the
surface






Pinatubo 1991

Hammer et al. (1999)
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Ripepe et al. (2015)

Downward-propagating
decompression wave triggers influx of
volatile-rich magma from separate
reservoir at 7-10 km

Conduits are transient

Lava drainage causes
magmastatic head change
AP = 4.3-6.7 MPa

20

] La Felice and Landi (2011)
19

18-
17

N203 wit%

16

154

143

CaO wt%



Earthquake triggers?

Triggering of eruptions by
earthquakes has long been a
topic of discussion

Watt et al. (2009)
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[Zu 8. 106.]

A magnitude 7.5 earthquake preceded the
1902 eruption of Santa Maria by 6 months...
is this a coincidence?

c#""d'\.\ i Map showing extent of demage done by the Larthguake of
PR N\ Apri/ 18% 1902 832 PM.
\‘ \ EXPLANATION
HUEHUETENAP"GO! © Places complately ruined.

© Places considerably dameged and ruined
» Places damaged but not ruined.
% Plantations which suffered much in buildings
and maokinery.
8@ Jone of grestest destruction.
. Zone lessr damaged than the first one.

VERARAZ M.

B AJ

3 Limit of zone inside of which some
‘ damage was caused.

s> JSAN SALVADOR
S. SALVADOR

3 Jllhﬂhwolko des Santa Maria (mit Strerr’scher Wolke rechts).
nommen von FERNANDEZ y VALDEAVELLANO, von Quezaltenango aus.)
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Influence of tectonics?

Calderas commonly form in
extensional or trans-tensional
settings

>‘/

Robertson et al. (2015)



Forecasting

Short-term forecasting is
based on interpreting signals
of volcanic unrest

Probabilistic assessments
Physics-based models

Need forecasts for:
- eruption initiation

- eruption evolution
- eruption termination
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more important for forecasting is '\/\’
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/\ False negative
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Biggs et al. (2014)



A [ | | |

60°N
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Patterns of unrest vary, even for nearby
volcanoes with similar repose intervals

( a) Redoubt
fumarolic activity | | |
crater lake
thermal anomaly |
deformation
seismic activity -} ]
eruption FES——————
6600 6650 6700 6750 6800 6350 6900 6950 7000
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eruption e
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Number of days since last eruption (1/9/1986)

Phillipson et al. (2013)
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Depth (km BSL)
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KILOMETERS BELOW SEA LEVEL

A 6/2005 to ?

Gas, stress accumulate/,?x\
o0

near sea level :

(EQs and inflation)

Gas ascends
through cracks f

mixing forms ::-3 2
new, hybrid LSAZZY’ -
vb Y Newly injected

basalt

Hot, aseismie-
pathway of
frequent magma
acent

Early Precursory Phase

B

11/17/2005 to 1/11/2006

Gas breaks
pathway to
surface; phreatic
eruptions result

100 m/day——s

Late Precursory Phase

Larsen et al. (2010)

Difference between Augustine and

Redoubt attributed, in part to the role
of gas (and the presence/extent of a

hydrothermal system?)

Role of the magmatic-
hydrothermal interface?

Grapenthin et al. (2010)

Pre 2009 System »Post 2009 system
March 2009
2-4.5 km
Coombs et al., 2011
7-11.5 km Jan./Feb. K
This study 2009 o )
13.5 km - ""»'\) 2
This study V-
/ May 2008
-~ -~ -~ -~ -~
- ~ oA - - > 3 [ L 2 -
>25 km < "' o * ’v - 5’« 20 S o

Poweretal, 2011 & ‘jv




Forecasts - Probabilistic Event Trees

Probabilities sumto O

Activity

Restless
volcano

nodal |

cond.

<— mutually exclusive ————>»

Genesis Outcome max VEI
VEI =24
Magmatic
eruption
nodal | —
cond.
Magmatic
.intrusion
| nodal
cond.
VEI 2
cond.
VEI 0-1
nodal
cond.
No magmatic
eruption
nodal |
I |
cond.

<— parallel ——>»
Phenomena Extent

Populate as below

e Populate as below

Within x km

cond.

Past x km

Probabilities of each
branch determined by

past activity

analogue volcanoes

expert elicitation

~

No magmatic
intrusion (tectonic
or hydrothermal)

nodaH

cond.

Wright et al. (2018)



Unrest detected Type of unrest Type of trigger Eruption?

(a) reatic eruption
i Example:
| Rainfall induced 20% ‘
0%
0% S~ Deees Mount St. Helens 2004
Hydrothermal only 80%
0%
I &S  Important because of the
Fracture of self-seal 60%
.3 M media frenzy and
Agpicabl o snie ! memories of 1980
;%%“:I;i::;?:w Eruption | v?; 4 | eruption
or lower o: a day to 80% Erupts il 10%
day basis, depending [
on monitoring results 80% [ \;“E‘I,: |
Magmatic 30%

| 100% —

fili - VEI 1-2 most likely (50%)
" : - (0]
Magmatic e 0%
100% o 52— | Actual outcome (dome) 8%
10%

Dome collapse
| 0%
20%
Glacial shear
| 0%
0%
Dies out
| 0%
80%

Newhall and Pallister (2015)




Cumulative Extruded Lava Volume (x 1046 m~3)
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Lava Extrusion Rate (m"3/s)

End of the eruption?

Physics-based hind casting

Volume extruded (million cubic meters)

Bayesian, physics-based
assessment of volume predictions
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Dzurisin et al. (2015) after Segall (2013)
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Patterns of erupti\_le behavior
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1800
1850
1900
1950
2000

MER

Many volcanoes,

however, are not that 1
well behaved “
SAN
BEZ
Some reasons for complex por|
time histories: TUN
_ _ SHV
Vent migration HELl |
Conduit/source control
Compositional variations e |
External influences RED
UNZ
PEL
KUD
B Lava extrusion recorded —— Major explosive event (e.g. Plinian explosion)
[0 Persistent behaviour ? = Unknown regime

Sheldrake et al. (2016)



How to forecast transitions in eruptive behavior?

Example: Montserrat

Event trees updated every six months

Biggest concern was possibility of a major eruption

: RELATIVE
STOPS /IN_ <TDAYS SEOBS
QUIET , —_ 0,01 STOPSIN : STOPS <6 MTHS 0.09
[ ! CONTINUED e :
' GROWTH <6 MONTHS: DOME 0.1
NOTMAGMATIC 34 . 0.9 / + GROWIH , PFsONLYN
— j : : 0o 092 —£-056 0.55
058 : : \ © TARRIVER
T OUT= fong- svaLL CONTINUES 0.3
UNREST DOME T \__ PFsTO 08
JUL% . NORTHORWEST '
022 055 CONTINUES &
ESCALATES ! UNROOFEDBY  __1 o1
MAGMATIC : /DOME COLLAPSE ~
" TARGE" EXPLOSION 008 —L.0 64 EDFICE _
' : : Orcotapse 0.0
1SOUT-  2nd=BIG: t | ExPLOSIVE
EXPLOSION ~ EXPL] . | ERUPTION 0.32
: s Sy o
30MAR 96 27 AUGS
AP 55 [7 MONTHS] 5 MONTHS]
>
FIRST ELICITATIONS NEXT 6 MONTHS

Clarke et al. (2015)

Aspinall and Cooke (1998)



Downward counterfactual analysis:
Runaway eruption at SHV

30m

“I

; g
o ¢
3 Hills Volcano
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2
2
brittle failure ﬁ Conduit drawdown [m] for 8 January 2010 Vulcanian
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3 l 8 L 14000
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Ik 12000 3
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\_ ) Aspinall and Woo (in review)




Downward counterfactual analysis:
Runaway eruption at SHV
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Location
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Grand Challenges

Eruption forecasting

Life cycles of volcanoes

Short-term forecasts require
understanding of shallow
magmatic systems and
eruption processes

Long-term forecasts require
understanding of the larger
magmatic system




“It was the human contacts, not field
adventures which inspired me.
Gradually I realized that the killing of
thousands of persons by subterranean
machinery totally unknown to
geologists and then unexplainable was
worthy of a life’s work.”

Thomas Jaggar, quoted in The Last Volcano by John Dvorak (2015)




Magma chamber - Mark Rothko
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