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Abstract

In this thesis, we analyse the long-term evolution of historical vol-

canic eruptions and identify different patterns of behaviour at the

volcanoes. In some cases the volumetric flux, or eruption rate, decays

exponentially over years. In other cases, the eruption involves periods

of ground inflation and deflation. In still other cases, the eruption

rate first wanes at one rate and then changes to a different rate.

Historically, long-term eruptive trends have beeen interpreted in terms

of a closed or open magma plumbing system. A closed system leads

to simple exponential decay as magma leaves a storage reservoir or

chamber. An open system, in which a storage reservoir is recharged

with magma, allows for more complexity.

In this thesis we develop a series of models that allow for the possibil-

ity of more than one magma chamber. We build a generalised picture

to allow for multiple chambers at different depths in the earth’s crust.

We illustrate how combining multiple chambers with a critical cham-

ber overpressure at which an eruption starts and stops can lead to

rich dynamics in which the timescale of eruption can be initially con-

trolled by a shallow reservoir and later by a deeper reservoir. We use

our model to interpret historical eruption data.

Additionally, we develop laboratory experiments to model the effects

of recharge to a chamber. These illustrate how an eruption may con-

verge to steady state following a period of relatively intense or mild

eruption activity, as controlled by resistance in the conduit and the

critical pressure at which eruptions are initiated.

We consider the implications of our models for monitoring the long-

term evolution of volcanic events.
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Chapter 1

Introduction

1.1 Abstract

In this chapter, we describe our motivation for studying the magma plumbing

system of a volcano and present a series of observations of the time evolution

of volcanic eruptions. We review models in the literature that explain features

including processes that drive explosive and effusive eruptions, and present litera-

ture that explains the controls of a magma chamber on eruptions. This motivates

the main topic of the thesis, in which a more detailed model of a magma plumb-

ing system, allowing for two or more magma reservoirs which may be open or

closed, is developed and compared with historical data. We conclude the chapter

by presenting the structure of the thesis and the topics that will be included in

each chapter. Our hypothesis is that one or more magma chambers, in which a

critical overpressure is required to start and stop an eruption, can explain some

of the trends observed in volcanic eruptions.
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1.2 Motivation

The study of volcanoes is important both in terms of forecasting and managing

hazards associated with eruptions, and in terms of general scientific interest.

Two examples of hazards associated with recent eruptions include Iceland’s

Eyjafjallajokull eruption in 2010, where ash released to the atmosphere halted air

traffic for weeks; and the Soufriere Hills Volcano eruption beginning in 1995, dur-

ing which the southern half of Montserrat had to be evacuated due to pyroclastic

flows. Gaining a better understanding of how eruptions proceed is important for

better informing hazard management.

Items that are important to understand regarding volcanic hazards include

the timing, duration, intensity, and style of eruptive events. Ability to forecast

is important for planning how the hazards will be managed. Cities and countries

can try to minimise volcanic eruptions’ impacts by responding appropriately to

predicted hazards, and by managing their existence within a volcanic environment

in which ongoing eruptions may cause effects for years to decades.

Providing a fundamental understanding of volcanoes and adding to the body

of scientific knowledge is another reason to study volcanoes. It is interesting to

understand why and how volcanoes erupt, how long they erupt, in what style

they erupt, and the controls on all of these items. Many different factors control

eruptions, and there have been many studies on the processes that occur follow-

ing the injection of magma into the Earth’s crust which ultimately leads to an

eruption.

In this thesis, an analysis of observations at volcanoes around the world leads

us to focus on the importance of understanding of how magma chambers interact.
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1.2.1 Observations

Much can be learned about eruptions from observations of emitted magma and

gases, eruption style and duration, and ground deformation. There is enormous

variability in all of these properties and the data is extremely complex. One of

the most interesting things to observe is how eruptive episodes unfold.

Over the last few decades, volcanic eruptions around the world have been

monitored in great detail, enabling a new understanding of the range of phe-

nomena that occur and of the different possible styles of an eruption. The data

suggest complex transitions in eruption styles.

Understanding and quantifying the behaviour of eruptions relies on data gath-

ered in many forms. Lava domes - both areal extent and gas emission - are

monitored via satellite imaging. Ground surface deformation in the vicinity of

a volcano is measured by GPS units. Some volcanoes have seismic monitoring

networks which record activity below the surface in addition to seismic tremor

associated with lava dome collapse. Observations of magma petrology and crystal

content provide constraints on the depth of magma reservoirs that feed eruptions

and on possible magma mixing in these reservoirs.

Some volcanic eruptions seem to wane with time, while others show complex

behaviour, such as waning and then stopping or waning and then increasing in rate

again. However, the long-term eruption may wane overall regardless of the shorter

term patterns. Three historic eruptions for which the long-term eruption rate was

monitored show simple waning eruptions with time, as shown in plots of erupted

volume for Mexico’s Paricutin volcano in 1943-1952; Chile’s Lonquimay volcano

in 1988-1990; and the Windward Islands’ La Soufriere de St Vincent volcano in

1979 in Figure 1.1 Stasiuk et al. [1993]. Stasiuk showed that these eruptions

might be explained by exponential decay. We will revisit these eruptions later in

this chapter as well as in Chapters 3 and 4 where we show how they demonstrate

certain behaviours and compare them to a model which we develop.
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Figure 1.1: a) Paricutin 1943-1952 , b) Lonquimay 1988-1990, and c) La Soufriere
de St Vincent 1979 erupted volume. Light curves show exponential eruption rate
and dark curves show best-fit to the data Stasiuk et al. [1993].
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Other eruptions show cyclic behaviour with periods of eruption separated by

pauses during which no magma is produced, as we demonstrate with data from

the Soufriere Hills Volcano at Montserrat in the West Indies from 1995-2007. The

Soufriere Hills Volcano is one of the best monitored volcanoes in the world. This

volcano gradually formed a lava dome, but also had intermittent dome collapse

events that led to pyroclastic flows. Additionally, explosive eruptions of ash, gas,

and pumice occurred over the course of the eruption. Day-to-day observations

show complex behvaiour, but the behaviour shows different patterns over the

longer term.

Figure 1.2 shows the multi-year pattern of erupted volume from the lava dome-

building eruption at the Soufriere Hills Volcano. This shows that the eruption

proceeded for two years and then paused for two years; then proceeded for over

three years and paused for another two years; and the third phase of eruption

lasted for only one year. We refer to these periods during which an eruption

proceeds as eruptive episodes or events, and the periods between eruptions are

refered to as pauses. A period of dormancy would refer to years or decades over

which no sign of activity occurred.

Geophysical measurements of seismic activity and surface deformation at the

Soufriere Hills Volcano show that cycles in seismic and surface deformation data

correlate with these eruptive episodes, and we will present this data and discuss

it in more detail in Chapter 2. As a result of such observations, we have evidence

that the whole volcano inflated and deflated as the eruption evolved.

Even though the long-term phases of eruption are apparent at the Soufriere

Hills Volcano, data from day-to-day monitoring of the volcano reveals more intri-

cate patterns of activity associated with dome collapse events. For example, in

Figure 1.3, seismic and ground deformation data from 6 days during the summer

of 1997 reveal changes that occur on a timescale of hours. All the activity in

this diagram occurs at the point marked by the red arrow on Figure 1.2, during

the first eruptive event. It seems that a series of ground inflation and deflation

events, each associated with a small collapse of the growing lava dome, generated

small pyroclastic flows along the flanks of the volcano Wylie et al. [1999].

This illustrates that although time-averaged data captures a long-term trend,

detailed activity is more complex. The day-to-day trends are more important for
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Figure 1.2: The erupted volume data from the Soufriere Hills Volcano shows
cycles of eruptions that occur over a timescale of years. The eruptive episodes
depicted by grey shading, during which the volume increases, last for different
amounts of time; while the pauses, during which no volume is erupted, last for
equal lengths of time. Detail of the eruption at the time marked by the red arrow
is presented in Figure 1.3.

hazard management and predicting when volcanic activity might be imminent,

but the overall trend is important for long-term monitoring.

We will revisit the Soufriere Hills Volcano data in Chapter 2, along with

data from Mt Fugen of Japan’s Unzen volcano complex (1990-1995), Washington

State’s Mt St Helens (1980-1986), and Mt Etna (1865-present) which also show

how eruptive episodes persist from years to centuries. We will analyse these

eruptions in detail and study the history of eruption rate with time to provide

an understanding of ways in which volcanoes evolve.
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Figure 1.3: Surface deformation (top), pulsed seismic amplitude (middle), and
triggered earthquakes (bottom) at the Soufriere Hills Volcano from 30 July to
5 August 1997 Wylie et al. [1999]. This shows the complexity of short-term
fluctuations that occur during eruptions. All the activity in this diagram occurs
at the point marked by the red arrow on Figure 1.2
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1.3 Conduit models and explosive eruptions

Effort has been made to model aspects of volcanic eruptions, which are often

categorised into two groups: explosive eruptions, in which gas-rich magma frag-

ments and erupts as a cloud of ash and gas, and lava dome eruptions, in which

viscous degassed magma erupts slowly from the crater and forms a lava dome. In

this thesis we refer to the lava dome eruption as an effusive eruption; however, it

is worth noting that effusive eruptions also comprise the outpouring of lava onto

the ground, such as basaltic lava flowing from Mauna Loa in Hawaii in 1984.

One set of models focuses on the dynamics of magma flow in a conduit. This

is of interest because during an explosive eruption, viscous magma becomes frag-

mented, meaning that it erupts as a gas continuum with dispersed particles. In

an effusive eruption, magma releases volatiles and erupts as a viscous plug. We

will review models of conduit processes, and then investigate how the role of a

magma chamber couples to these models.

In these models, the conduit is a cylindrical tube. This is not representative

of a real conduit, which would likely come in a range of geometries; however, for

the sake of modeling, a cylindrical approximation is often adopted. Aspects of an

eruption have been studied in various levels of detail. Wilson and Head carried

out some of the original work exploring explosive eruption dynamics Wilson and

Head III [1981].

Magma contains dissolved volatiles, mostly water, CO2, and SO2, when it is

in a subsurface magma chamber. Gas bubbles in the magma nucleate at some

depth, and volatiles continue to exsolve and bubbles grow as magma ascends

the conduit Sparks [1997]. As magma ascends the conduit, pressure drop causes

volatiles to exsolve and bubbles to expand, and bubbles may be released from the

melt Wilson and Head III [1981]. Since the magma is very viscous, the bubbles

remain locked with the liquid melt and the mixture becomes progressively more

foamy as it rises to the surface. The liquid films around the bubbles eventually

fracture and the gas changes to a continuous phase with suspended fragments of

liquid Chassignet et al. [2012]. This leads to the explosive eruption.

Figure 1.4 provides a schematic of some of the subsurface processes involved

in explosive eruptions Sparks [1978, 1997].
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Figure 1.4: Schematic illustration of some of the basic subsurface processes in a
volcano Sparks [1978].

The detailed dynamics of fragmentation, in which magma undergoes transfor-

mation from bubbly liquid to gas, has been a rich area of research. It is thought

that in the region of the conduit, liquid and gas may become a continuous phase.

This can have an important impact on the development of permeability, which

allows the gas to separate from the melt, and can impact the size distribution of

fragments produced Blower [2001]; Blower et al. [2001]. This is not the dominant

control on long-term dynamics but is mostly relevant to explosive events.
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1.4 Degassing and effusive eruptions

Magma can also erupt effusively as viscous, degassed magma which piles over the

eruption vent as a lava dome. It has been observed that the same sort of magma

erupts both explosively and effusively, because it can reduce its gas content and

erupt at the surface more slowly as a viscous, dense phase.

Jaupart originally demonstrated that if gas can escape from the magma, the

eruption can proceed effusively Jaupart and Allègre [1991]. The literature looks

at controls on cycles between explosive and effusive events.

Woods and Koyaguchi developed models that look at conduit flow and an

effusion rate that depends on the ability of the magma to degas Woods and

Koyaguchi [1994]. Transition from explosive to effusive events is due to gas loss

through permeable conduit walls or through the magma itself (or, in some cases,

emanating through groundwater heated by volcanic action), at a rate inversely

proportional to eruption rate Jaupart and Allègre [1991]. If the magma degasses

on a timescale faster than the time of its ascent through the conduit, it erupts as

a degassed magma that has lost its buoyancy force. Melnik and Sparks demon-

strated that crystallised magma increases its viscosity as well, and the association

of viscosity with crystallisation is an additional mechanism for transition of explo-

sive to effusive eruptions when coupled with permeable flow Melnik and Sparks

[1999]; Sparks [1978]. Figure 1.5 shows some of these explosive-effusion transition

processes.

10



Figure 1.5: Transition from explosive to effusive events is due to gas loss through
permeable conduit walls or gas diffusing through permeable magma itself. If the
magma has not had time to degas, it fragments and erupts explosively. If it has
degassed, it erupts effusively.
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1.5 Reservoir models

Several models explore how the pressure in a magma reservoir evolves with

recharge and eruption and drives the magma through the conduit during an

eruption.

One of the basic concepts involves a single magma chamber in which magma

erupts at a rate proportional to chamber pressure, and shows exponential decay of

eruption rate Wadge [1977]. Sparks and Druitt add to the concept by modeling

the Earth’s crust, in which the magma chamber resides, as an elastic medium

so that the chamber has an elastic response to pressurisation Druitt and Sparks

[1984]. Stasiuk looked at data from different volcanoes and proposed that a theory

of exponential decay of eruption rate is overly simplified Stasiuk et al. [1993]. He

plotted eruption data to indicate a more complex evolution of eruption rate with

time, and interpreted the complexity as arising from erosion of the conduit and

changes in magma rheology. Stasiuk argued that an exponential eruption rate

provides a good fit to the eruption of Mexico’s Paricutin volcano in 1943-1952 as

shown in Figure 1.1a, but does not fully describe Chile’s Lonquimay volcano in

1988-1990 or the Windward Islands’ La Soufriere de St Vincent volcano in 1979

eruptions as shown in Figure 1.1 b and c. Light curves show exponential eruption

rate and dark curves show best-fit to the data Stasiuk et al. [1993].

Since this work, it has been shown that magma evolves as it ascends the

conduit. Initial models assumed different steady state eruptions, but more recent

numerical models allow flow to evolve in time depending on magma properties

Melnik and Sparks [2005]. By including time constants for crystallisation, gas

exsolution, and permeability of flow, the travel time of magma compared to the

timescale of these other processes means that different timescales of eruption are

possible.

Barmin illustrated a range of non-periodic cycles which develop as a result

of evolution of chamber pressure when the ability of magma to flow depends on

the rate of crystallisation Barmin et al. [2002]. Melnik and Sparks showed that

as magma degasses, it can produce crystals which lead to an increase in viscosity

and a slower flow Melnik and Sparks [2005]. Denlinger showed that there is a

critical level of resistance reached in the conduit after which magma will not flow
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and proceeds by stick/slip boundary conditions, rather than as a cylindrical pipe

flow Denlinger and Hoblitt [1999]. Bower and Woods added that the decay rate

of the eruption depends on the magma composition: a more compressible magma

makes an eruption last longer, while magma compressibility varies due to volatile

content Bower and Woods [1997, 1998]; Huppert and Woods [2002].

The key feature of these processes is that they lead to the prediction of erup-

tion rate. A critical chamber overpressure may be required to start and stop a

‘fast’ rate of effusive eruption, as shown in Figure 1.6 with red and blue lines

delineating the transitions. This transition in rate can be associated with the

magma’s ability to release gas, crystallise, or stick and slip along the conduit

wall. The common feature is the prediction of a critical overpressure at which a

relatively fast eruption slows, and a relatively slow eruption speeds up.

In this thesis, we build this critical chamber overpressure into a model. We

use a simple parametric model for the transition between fast and slow eruption

rates, assuming a critical overpressure. As a simplification, we assume that the

slow phase is significantly slow such that no material erupts (other models in the

literature assume slow effusion rates with small amounts of material output e.g.

Melnik and Sparks [2005]; however we look at the extreme case of ‘slow’ phases

in which no material is produced). Then we re-interpret data from historical

eruptions in the context of this model.
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Figure 1.6: Eruption rate depends on chamber overpressure: there may be a
critical overpressure at which a ‘Fast’ eruption drops to a ‘Slow’ regime (red),
and another critical overpressure at which a ‘Slow’ eruption increases to a ‘Fast’
regime (blue). A basic description follows: During the ‘slow’ regime, chamber
pressure increases because influx into the chamber from a deep source is higher
than outflux Barmin et al. [2002], possibly because magma degasses and crys-
tallises thus forming a crystalline plug. The chamber overpressure builds until
further increase is impossible, or is sufficient to remove the crystalline plug, and
the eruption rate transitions to the ‘fast’ regime (blue). Then the magma begins
to cool, becoming more viscous and losing momentum, and the chamber over-
pressure drops as magma is removed. Eruption rate begins to slow, eventually
transitioning to the ‘slow’ regime (red) and allowing overpressure to rebuild again,
leading to periodic behaviour of eruption rate and chamber pressure. The dashed
line that suggests a third possible eruption rate associated with a given chamber
overpressure is mathematically but not physically possible Barmin et al. [2002].
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1.6 Different magma petrology and multiple cham-

bers

Another area of the literature shows that while the same type of magma can

erupt both effusively and explosively depending on its gas content, a huge variety

of rocks and magma chemistry in eruption products suggest that magma is likely

to have spent time at different depths in the Earth’s crust Annen and Sparks

[2002]; Barclay et al. [1998]; Blundy and Cashman [2001, 2005]; Sparks [1997].

Petrological studies support a picture of multiple dykes and sills which inject

magma during the formation of volcanic centers Gudmundsson [2006]. Magma

rising into the crust interacts with a complex geometry of dykes and sills dis-

tributed through the crust. This suggests a plumbing system more complex than

a single chamber.

Seismic data from the 2010 eruption of Eyjafjallajokull in Iceland shows multi-

ple chambers at different depths which have been interpreted as erupting in series,

as different types of magma are erupted at different times Tarasewicz et al. [2012].

Different magma types have been observed to erupt simultaneously as enclaves

of basalt and andesite at the Unzen volcanic complex Nakada et al. [1999]. If new

magma from depth recharges a chamber that already contains evolved magma,

the incoming heated magma may generate sufficient overpressure to trigger a

slow effusive eruption of the overlying evolved magma, with components of both

magmas apparent in the eruption products Woods and Huppert [2003]. A sketch

of this situation is included in Figure 1.7.

This introduces the concept of an ‘open’ magma system, which allows for

more complexity by allowing recharge of magma from a deep mantle source to

the chamber. The recharge also allows the chamber overpressure to persist over

time as illustrated in Figure 1.8 Blake [1984]. New magma may pond in the

chamber, while magma that already resides in the chamber erupts to the surface.

But describing a system as closed or open may be too simplistic because

petrology indicates magma that has spent time at different depths. This leads to

the hypothesis that an eruption may involve two or more chambers, which affects

the overall eruption in complex ways. We provide a framework for a magma

plumbing system that shows the impact of magma spending time at different
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Figure 1.7: Enclaves such as those found at Unzen may occur when basaltic
magma from a deep mantle source recharges a chamber that already contains
evolved silicic magma Woods and Huppert [2003].

Figure 1.8: Recharge from a deeper source such as the mantle to a magma cham-
ber drives an overpressure in the chamber. New magma may pond in the cham-
ber, while magma that already resides in the chamber erupts to the surface. A
sustained overpressure means that an eruption may persist.

depths.

In this thesis, we review data from volcanoes to interpret the evolution of

an eruption by combining a model of one or more magma chambers operating

as an open or closed system, together with a model of critical overpressure at

which an eruption starts and stops, to rationalise the complex patterns observed

at volcanoes around the world.
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1.7 Structure of thesis

The general picture of how we structure this thesis is to analyse data from various

volcanoes; then to build a model of a single chamber system; then to extend the

model to a double chamber system. We explore how the single and double cham-

ber models affect surface deformation predictions, and show how these models

lead to understanding of trends at certain volcanoes

In Chapter 2, we present data from volcanoes which have interesting features

illustrating the long-term evolution of an eruption. In particular, the Soufriere

Hills Volcano reveals multiple ground inflation and deflation events, and we argue

that these patterns show that it behaves as an open system with magma supply

from depth. We also describe the 2010 eruption of Eyjafjallajokull in Iceland,

where high resolution seismic data reveal the presence of multiple sills interacting

below the volcano and informs the model we develop of effusive systems at other

volcanoes.

In Chapter 3, we review a model of a single chamber erupting to the surface,

and describe the character of the eruption for both closed and open systems. As

the magma chamber pressure drops over months to years, the eruption rate falls

to zero. The detailed mechanism for this decreasing pressure is not understood

but may be associated with the flow rate of magma slowing sufficiently to form a

crystalline plug that can no longer be displaced Barmin et al. [2002]; Melnik and

Sparks [2005].

We assume that the eruption stops at a critical pressure which is no longer

sufficient to drive magma to the surface. After an eruption, the chamber is

recharged with magma up to a pressure sufficient to start the eruption again.

In this way, we develop a model of an eruption that predicts nonlinear cycles of

chamber inflation and deflation. The timescale for degassing and crystallisation

is assumed to be shorter than the timescale for the magma to ascend to the

surface, so the focus of our model is effusive eruptions. This corresponds to

magma eruption on the order of 1 m3/s, which is an effusive eruption rate.

Using the closed system model, we interpret the long-term eruption trends

at Unzen and Mount St Helens. We review the data from Stasiuk on Paricutin

volcano and La Soufriere de St Vincent, as they also are consistent with the
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picture of a closed system. However, the Soufriere Hills Volcano eruption stops

and then resumes in several cycles, which we rationalise by positing an open

system in which a chamber is recharged as it erupts. We also observe that the

1979 eruption of Lonquimay volcano in Chile erupts on two different timescales.

Petrological data suggests that magma ponds at 12 km and 6 km depth

beneath the Soufriere Hills Volcano Barclay et al. [1998]; Devine et al. [2003];

Edmonds et al. [2001]. Evolving surface deformation in the vicinity of this volcano

also suggests a complex system of chambers. This leads us to look at how a closed

two-chamber system works and may lead to two timescales of eruption such as

occurred at Lonquimay.

In Chapter 4, we develop a model of a two-chamber system. This provides

a mechanism for an eruption that proceeds on two different timescales, as well

as for a source of recharge to a shallow chamber. We use this to rationalise the

Lonquimay eruption, which erupts rapidly at first and then slowly: this could

be controlled by a shallow chamber that drains rapidly, then a slowly draining

deep chamber becomes the dominant control on the eruption rate. We show how a

recharge to the deeper of two chambers can lead to steady state cycles of eruption.

We use a closed two chamber system to re-interpret the discrete episodes of lava

dome growth at Mount St Helens, where a shallow chamber provides a nonlinear

control on the flow while the deep chamber wanes in time.

In Chapter 5, we predict the evolving shape of ground surface deformation

near a volcano owing to two magma chambers whose pressures evolve differently

over time. If the chamber pressures are not linearly proportional to each other at

all times, the shape of the surface deformation due to subsurface pressurisation

changes in time. A detailed data set of surface deformation exists for the Soufriere

Hills Volcano, and shows different surface deformation in time. This may be

rationalised by the deformation due to two unequally pressurised chambers.

Finally, in Chapter 6, we test the model of a two-chamber system with an

experimental system. The experiment models recharge of the second chamber

from a deep source at a constant pressure. We model the transient evolution of a

weak and a strong plug in the conduit, or whether an eruption proceeds rapidly

and then slowly or vice versa. This is one way to rationalise the fast then slow

eruption at Lonquimay volcano.
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Chapter 2

Observing patterns at volcanoes

around the world

2.1 Abstract

In this chapter, we discuss the activity from five volcanoes which have received

much attention in the literature due to the broad range of information which is

available regarding their eruptions. We identify features in the eruption style,

magma composition, and seismic activity at these volcanoes. Features include

years of activity that cycle between periods of lava extrusion; ground deformation

in the vicinity of the volcanoes that parallels periods of extrusion; seismic activity

that reaches to a range of depths; and magma composition that contains both

basaltic and andesitic elements. Key differences from one volcano to the next that

interest us include the duration, rate, and frequency of periods of lava extrusion.

We discuss how these principles motivate new insights into a model of a magma

plumbing system, which is the main contribution of this thesis as discussed in the

introductory chapter.

We discuss eruptions at Mount Etna, Italy; Mount St Helens, Washington

state; the Soufriere Hills Volcano at Montserrat, West Indies; Mount Fugen of

the Unzen complex, Japan; and Eyjafjallajokull, Iceland.
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2.2 Introduction

There is a range of styles and patterns that arise in effusive eruptions. Historical

data from Paricutin, Lonquimay, and La Soufriere de St Vincent presented in

Chapter 1 seem to indicate a waning eruption with time. More recently monitored

volcanoes show richer trends in eruption patterns. We will describe these in detail

to help motivate the models developed later in the thesis.

2.3 Mount Etna

2.3.1 Abstract

Mount Etna is a stratovolcano in Sicily, Italy, as shown in Figure 2.1 and pictured

in Figure 2.2, and has been used in one of the early examples of a single chamber

magma plumbing system model. It is of interest to us because its long-term

history since the 19th century shows a complex series of eruptions that last for

years, starting and stopping by a mechanism that is not fully understood. A

single flank eruption within this series, in 1950-51, has provided the framework

for a model of a magma plumbing system comprised of a single depressurising

chamber Wadge [1977]. We present a timeline for Mount Etna’s activity from

1863 until the present day, as well as erupted volume data from these events,

to show the cycles of eruption and an overall increase in erupted volume over

the decades. We then focus on the 1950-51 eruption and show how it appears

to behave as simple exponential decay. We present Wadge’s model and other

literature regarding Mount Etna petrological data, which shows multiple magma

types erupted in the volcano’s history, and seismic data that covers a range of

depths Behncke and Neri [2003]; GVP. Our main purpose for discussing Mount

Etna is to provide context for the Wadge model and a background for the thesis.
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Figure 2.1: Location of Mount Etna in Sicily, Italy

Figure 2.2: Mount Etna volcano
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2.3.2 Background and timeline

The stratovolcano lies above the subduction zone where the African and Eurasian

plates collide, near the boundary between two regions that exhibit different types

of volcanism: to the north, the Aeolian islands are thought to be related to

subduction. However, no chemical or seismological evidence exist on Sicily itself

for subduction related volcanism, and activity at Etna is thought to stem from

upwelling of mantle material Schiano et al. [2001].

Mount Etna provides an opportunity to investigate long-term controls be-

cause the history of eruptions is sufficiently documented that extremely long-term

trends can be observed. It also provides the opportunity to focus on a single event

in the long-term series that has been studied in detail and supplies a framework

for magma plumbing models

Eruptions at Mount Etna have been recorded in detail since 1865, and records

continue to the present day. The years since 1865 show five cycles of eruption and

involve summit and flank eruptions. One period of eruption from 1950 to 1951

involved lava dome growth whose volume was recorded in detail over time, and

provides an example of an effusive eruption whose output rate wanes with time.

Wadge proposed a model based on this period, comprising a pressurised magma

chamber that decompresses over time, extruding magma until there is no longer

sufficient pressure or volume to continue the eruption Wadge [1977]. Mount Etna

provides an important example of one of the earlier models of a deflating magma

chamber.

Next we present a timeline of the Mount Etna eruptive events in four episodes

from 1865 to the present day. After the timeline, we present eruption data from

the longterm history of Mount Etna, followed by data from the 1950-51 event.
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2.3.2.1 Timeline of events 1865 - 2001 Behncke and Neri [2003]

• Cycle I (1865 - 1892)

– Summit eruption followed by 5 flank eruptions, mean interval between

flank eruptions 3.6 years.

• Cycle II (1892 - 1928)

– Summit eruption followed by 6 flank eruptions. Lower mean output

rate than in previous cycle.

• Cycle III (1928 - 1951)

– Summit eruption followed by 4 flank eruptions. Higher mean output

rate than in previous cycles.

• Cycle IV (1951 - 1993)

– Summit eruption followed by 12 flank eruptions, mean interval between

flank eruptions 1.5 years. Higher mean output rate than previous

cycles.

• Cycle V (1993 - ?)

– Summit eruption followed by 2+ flank eruptions (ongoing). Flank

eruptions occur much earlier after summit eruption than in previous

cycles. Summit activity more varied and more vigorous, including 120

brief episodes of violent explosions accompanied by lava flows. Higher

mean output rate than in previous cycles.
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2.3.3 Eruption data

Figure 2.3 shows the cumulative magma volume output of Etna from 1866 to

2003. Notable features of these cycles are discussed in the timeline in the previous

section. There are five noted cycles of activity, delineated by dashed red lines

Behncke and Neri [2003]. Each cycle consists of a period of inactivity, followed

by a period of summit activity (explosive events), followed by a series of flank

eruptions.

For the overall history of Etna from the 16th century to the 1970s, Wadge

proposed that magma reaches the surface at a rate that is uniform over tens to

hundreds of years, although eruptive activity is not continuous Wadge and Walker

[1975]. This background uniform rate is evident from the dashed black line in

Figure 2.3, suggesting a mean rate of 0.39 m3/s for the 1865 - present period

Behncke and Neri [2003].

Figure 2.3: Mount Etna erupted volume, including tephra and lava from summit
and flank eruptions, since 1866 Behncke and Neri [2003]. Five cycles of contrasted
outputs are denoted by dashed red lines. A uniform rate is suggested over the
entire history of eruption for these years (black line), but output rate within each
cycle varies.
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Having presented the long-term picture of Mount Etna, we now focus on a

single flank eruption in 1950-51 for which detailed erupted volume data exist.

The incremental erupted volume is shown in Figure 2.4 Cumin [1954]. This

includes both lava efflux, plus a small amount of tephra from an explosive event in

November 1950. The individual data points are not separate extrusive events, but

rather measurements of the overall extrusion from the flank eruptions. The total

efflux of lava is of order 100×106 m3, while the total tephra from the explosion

is of order less than 1×106 m3. We suggest that this magma output behaves as

simple exponential decay (Figure 2.5).

The exponential decay of the 1950-51 eruption provides the basis for a model

of a simple elastic magma chamber that we will discuss in the next chapter Wadge

[1977].

Figure 2.4: Incremental erupted volume (extruded lava) measured during flank
eruptions from 1950-51 Cumin [1954]; Wadge [1977]. The explosive activity was
during the first month and is included in the total volume shown in the figure.
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Figure 2.5: Log plot of incremental erupted volume (extruded lava) measured
during flank eruptions from 1950-51 Cumin [1954]; Wadge [1977]. The data in
Figure 2.4 suggest an exponential decay.
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2.3.4 Additional data and interpretation

Mount Etna provides motivation for one of the classic models of a single magma

chamber system. The model comprises a system into which magma rises from

the mantle into a broad conduit or ‘chasm’ that extends beneath the surface and

acts as a magma reservoir for eruptions on the flanks Wadge [1977]. When the

reservoir has been filled by magma and is in a critical state, failure may result in

an eruption and the reservoir is drained. The large volumes in historic eruptions

require a source in addition to the reservoir, and this is thought to be either

new magma from depth or from some other reservoir Wadge [1977]. Theoretical

behaviour of the magma is modeled by calculating the magmatic pressure, which

is a balance between lithostatic pressure and hydrostatic pressure and the pressure

of the enclosing rocks. This provides the groundwork for further models of a

magma chamber that sits in bedrock, where tensile and elastic properties of the

rock may affect the draining and filling rate of the chamber. We discuss this

model in more detail in later chapters.

The complex cycles described in the timeline and in Figure 2.3 need a more

detailed explanation, however, and we look to other data for more information.

Seismic data exist from various events in the 20th century. In a 1987 eruption,

seismic activity was detected from 4-15 km depth in the pre-eruptive months,

which extended to 20 km depth accompanying the opening of a fissure [GVP].

From 1993-2005, eruptions are preceded by seismic activity ranging from 3 to 20

km depth; additionally, ground deformation measured by GPS systems accom-

panied periods of eruption and inflation accompanied periods between eruptions

Allard [1997]. These could indicate movement of magma at various depths and

times throughout an eruption.

Magma erupted from Mount Etna has become more mafic since 1974, and

recent eruptions of Mount Etna in the 21st century were the first to produce

two types of magma simultaneously: one is more mafic than most other magmas

erupted from Etna since 1669 Behncke and Neri [2003]. SO2 gas output during

the summit activity also indicates that not all of the magma from a mantle source

is erupted Allard [1997]; Tanguy [1978]. Differentiation of magma types implies

crystal fractionation - that is, when a mineral precipitates from a melt to form
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crystals, changing the composition of the melt - at varying levels in the crust

Tanguy [1978]. Changes in magma composition suggest that magma may pool

in sills or chambers in the crust, indicating deep migration of basalt which mix

with more evolved magmas Annen and Sparks [2002].

2.3.5 Key characteristics

Mount Etna undergoes cycles of activity which change in rate and intensity but

exhibit a relatively constant long-term output rate, while individual cycles com-

prise summit activity followed by ongoing flank activity over a period of months

to years. The erupted material becomes more mafic over time and in recent

eruptions has included two different types of magma. Seismic activity and GPS

ground deformation data suggest ongoing activity. A single eruption in 1950-51

provides an example of an eruption whose rate wanes with time. These traits

combine to imply further complexity in Mount Etna’s magma plumbing system.

The next three volcanoes that we discuss share the characteristic of erupting

evolved andesitic magma as well as more primitive magma.
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2.4 Soufriere Hills Volcano at Montserrat, West

Indies

2.4.1 Abstract

The Soufriere Hills Volcano occupies the southern half of Montserrat, an island

in the Lesser Antilles chain of islands in the West Indies in the Caribbean Sea as

shown in Figure 2.6. After several years of seismic unrest, phreatic activity began

at the volcano in July 1995 for the first time since the 17th century, and was later

accompanied by lava extrusion and pyroclastic flows. On 18 July, the central

vent eruption shown on the left in Figure 2.7 produced pyroclastic flows, and

lava dome extrusion led to mudflows and land and property damage. Until 2007,

the volcano experienced 3 episodes of lava extrusion, each lasting two to three

years and separated by two-year pauses. Since then, there have been incidents of

dome collapse and shorter and vigorous episodes of lava extrusions and bursts of

ash Wadge et al. [2010].

Since 1995, Soufriere Hills Volcano has been one of the most closely monitored

volcanoes in the world. Monitoring of the volcano has included details of short

term cycles, including shallow earthquake swarms, surface deformation changes

over periods of hours, and variation in SO2 emission rates over the course of a

month. The former has been explained in the literature by models including a

conduit whose elastic walls allow oscillatory magma flow for a steady flow input

Wylie et al. [1999]. The latter has been explained by gas emission rate increasing

during pressure buildup but varying as gas is relesed via cracks in the conduit wall

or dome Watson et al. [2000]. But the long-term output and cycles are controlled

by the deep magma plumbing system, which is what interests us.

We present data showing phases of eruption from 1996 to 2006, and illustrate

how these phases are correlated to dome growth and collapse as well as ground

surface deformation in the vicinity of the volcano Wadge et al. [2010]. Then we

present more information regarding other characteristics of the Soufriere Hills Vol-

cano eruption including seismic activity preceding eruption; ground deformation

correlated to eruptions; and crystal-rich andesitic magma that suggests magma

that has evolved between 5 and 10 km depths Barclay et al. [1998]; Devine et al.
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[2003]; Mattioli et al. [1998, 2010]; Wadge et al. [2010]. The periods of extrusion

exhibit different rates, but the overall eruption for 10 years exhibits a constant

rate. The magma plumbing system at the Soufriere Hills Volcano is thought to

comprise a chamber and a deep source of magma recharge in order to sustain

this constant background rate Elsworth et al. [2008]; Sparks et al. [1998]; Wadge

et al. [2010].

Figure 2.6: Location of Soufriere Hills Volcano at Montserrat, West Indies.
.
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2.4.2 Background and timeline

The lava dome at the Soufriere Hills volcano has been growing slowly at a steady

rate since 1995. A recent lava dome is shown on the right in Figure 2.7. The

volcano’s eruption exhibits a pattern comprised of a several year extrusive event,

then a several year pause, then another several-year eruption. The growth rate

is different from one cycle to the next.

We present a timeline of eruptive events from 1995 to 2008. In the next

section, we present the erupted volume and some surface deformation data from

these events.

Figure 2.7: Soufriere Hills Volcano erupting in 1995 (left) and the lava dome in
2006 (right)
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2.4.2.1 Timeline of events 1995 - 2008 Wadge et al. [2010]

• Pre-eruption: 18 July 1995

– Phreatic activity (explosions of steam, water, ash, and rock) begins at

Soufriere Hills volcano, accompanied by swarms of hybrid earthquakes

Miller et al. [1998]

• Eruption 1: 15 Nov 1995 - 10 March 1998

– Andesite lava dome begins to grow (846 days, 331M m3, extrusion

rate 4.5 m3/s), accompanied by initial phreatic explosions. The lava

dome collapses on 26 December 1997

– Swarms of earthquakes precede an explosive event on 17 Sept 2006, and

earthquakes increase in frequency and accompany surface deformation

until dome collapses Luckett et al. [2007]

• Pause 1: 10 March 1998 - Nov 1998

– Pause in growth (627 days), and lava dome collapses with minor ex-

plosive activity after 3 July 1998

• Eruption 2: 27 Nov 1999 - 28 July 2003

– Lava dome growth (1339 days, 336M m3, extrusion rate: 2.9 m3/s).

This is the slowest rate of eruption, and the largest dome built after 2

major collapses. Dome collapses three times during this eruption.

• Pause 2: July 2003 - Oct 2005

– Pause in growth (735 days), minimal residual activity

• Eruption 3: 1 Aug 2005 - 20 April 2007

– Lava dome growth (627 days, 282M m3, extrusion rate 5.3 m3/s).

Dome collapses but episode ends with largest dome in place. This is

the fastest extrusion rate so far.

• Pause 3: April 2007 - July 2008
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– Pause in dome growth (465 days)

• After Pause 3 (not included in Figure 2.8): 28 July 2008 - 2011

– Slow extrusion of 39M m3 at 2.9 m3/s on western flank of dome until 3

January 2009. Pause in dome growth for 10 months until 1 Nov 2010,

when a new lava dome began to grow in conjunction with a swarm of

earthquakes. Further rapid growth ocurred in early February 2010 and

followed by dome collapse. Vigorous explosions occurred five times in

Jan - Feb 2010. There was been no observed dome growth as of 30

April 2011 Cole et al. [2011], but surface deformation returned and gas

measurements indicate that the system remains active [GVP].

33



2.4.3 Eruption and surface deformation data

Figure 2.8 shows the lava dome (efflux) volumes and durations of pauses and

extrusions at the eruption of the Soufriere Hills Volcano Wadge et al. [2010]. The

extrusion beginning in 1996 lasted around 2 years; the second extrusive phase was

longer at 3.5 years and had the slowest eruption rate; and the extrusion beginning

in 2006 lasted 1 year and had the fastest eruption rate. But the volume (dense

rock equivalent) produced in each episode is roughly equal at about 300 million

cubic meters per event. The pauses between eruptions were fairly consistant at

about two years each. It is not obvious why the extrusions should last different

times yet produce the same amount of material, while the pauses are similar

durations. The periods of dome growth activity up until 2007 are apparent but

the overall trend could be described as a linear increase in volume over time

(shown by the red line) Elsworth et al. [2008].

Figure 2.8: Soufriere Hills Volcano volume efflux data, and time labels for each
eruptive event (gray shaded) and pause. The average rate is constant over 12
years (red dashed straight line fit), with multi-year cycles of eruption and pauses
Elsworth et al. [2008]; Wadge et al. [2010].
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Not only does the Soufriere Hills volcano lava dome grow in phases, but ground

surface deformation around the volcano accompanies each phase of growth and

repose. Global Positioning System (GPS) geodesy enables measurement of surface

deformation, which has become common in volcano monitoring because of its high

precision, relatively low cost, and ease of use. This provides vertical site residuals

for all of ten sites on the volcano, and attempts have been made to define the

geometry of the magma chamber system beneath the volcano by inverting the

data. During each phase of extrusion at Soufriere Hills Volcano, the surface

deformation decreased. During each pause, the surface deformation increased.

This indicates magma movement beneath the volcano.

Figure 2.9 gives an example of data from GPS station labeled HARR, located

3.7 km almost due north of the central volcano vent Mattioli et al. [2010]. Each

red dot represents a 24 hour average absolute point position estimate relative to

the Earth’s centre of mass. Three dome growth periods are represented by grey

shading (subsidence), while unshaded periods (uplift) are periods with minimal

surface lava efflux. The sites are continuous GPS sites, meaning that deformation

of these sites is monitored in near real-time. Such data exist for 10 different

stations with varying degrees of completeness, and we will address these data in

more detail in later chapters.

Figure 2.9: GPS data from station ‘HARR’ Mattioli et al. [2010]. Three dome
growth periods are represented by grey shading (subsidence), while unshaded
periods (uplift) are periods with minimal surface lava efflux.
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2.4.4 Additional data and interpretation

The Monserrat Volcano Observatory “provides impartial advice to the authorities

on the volcanic activity and its associated hazards and risks.” A dilatometer,

seismometer, tiltmeter, and surface GPS station recorded surface deformation

and seismic activity during the eruptions. Inversion of surface deformation data

and modeling of multi-chamber systems provides insights to some features of

the Soufriere Hills magma supply system, but the size, depth, orientation, and

other properties of any chambers are not well understood Elsworth et al. [2008];

Foroozan et al. [2011].

The crystal-rich andesite produced by the 1995-1999 eruption includes mafic

inclusions which show evidence of having been molten when incorporated into the

host magma or a deep supply of basalt Annen and Sparks [2002]; Murphy et al.

[1998]. The low temperature and high crystallinity of the erupted magma are

thought to indicate a cool, highly crystalline magma body beneath the volcano.

Hot mafic magma may underplate a less dense resident magma, and intrude into

highly crystalline andesite Murphy et al. [1998]. Additional analysis suggests that

magma contained a set of minerals that are stable at 115-130 MPa, equivalent to

a minimum depth for a water-saturated magma chamber of 5-6 km depth Barclay

et al. [1998]. Release of SO2 gas from the volcano suggest that mafic intrusions

recharged the sulphur content of a shallow magma system, further supporting a

chamber at 5-7 km depth Edmonds et al. [2001]. Further petrological analysis

has been interpreted as evidence of magma ponding at 10-12 km depth Devine

et al. [2003]

Early seismicity in June 1995 occurred at mostly less than 7 km depth Aspinall

et al. [1998]. While there were swarms of seismic events just before and after

the lava extrusions, most were shallow and near the crater. Long-period and

hybrid earthquakes were present before explosive activity, presumably when gas

pressures were elevated Miller et al. [1998]. Watson notes that SO2 emission

rates, which may indicate basaltic magma ponding in the crust, before the 1997

dome collapse correlate with the amplitude of ground deformation cycles Watson

et al. [2000]. Seismic data at Montserrat precedes volcanic activity and suggests

ongoing activity throughout the 1995 eruption that continues to the present.
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However, many of the existing observations only record shallow seismicity and

are not well resolved.

2.4.5 Key characteristics

The Soufriere Hills Volcano erupted in several phases from 1995-2006, with dif-

ferent eruption rates for different extrusive events. The overall eruption rate,

however, was constant.

Seismic data suggest ongoing activity at the volcano, and ground deformation

data that correlate with extrusions and pauses suggests inflation and deflation of

at least one magma chamber. The andesite crystal content suggests magma that

pools at different depths in the crust.

The data from Soufriere Hills Volcano suggest further complexity in the magma

plumbing system, including at least a magma chamber and deep source of magma

recharge.
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2.5 Mount St Helens

2.5.1 Abstract

Washington state’s Mount St Helens 1980-86 eruption exhibits many of the same

patterns as Soufriere Hills volcano - cycles of dome growth and collapse, evolving

magma types, and seismic activity over a range of depths.

Mount St Helens began a series of eruptions in 1980 when a large landslide

and powerful explosive eruption created a large crater. The following five years

showed a series of lava extrusions and dome growth, punctuated by several smaller

explosive events Brantley and Myers [2000]. The location of the volcano is shown

in Figure 2.10, and a photo of the lava dome in 2007 is shown in Figure 2.11

After a large explosive eruption, Mount St Helens went into cycles of dome

growth and collapse but the overall extrusion rate waned with time. In this

section, we present data for the lava dome eruptions and illustrate the waning

growth rate. We then provide more detail from the literature regarding seismic

evidence for magma residing at depths of 7-14 km and changes in dacite com-

position and crystallinity one eruption to the next Blundy and Cashman [2001];

Gardner et al. [1995]; Scandone and Malone [1985]. We conclude with a brief

discussion of literature which suggests different ways in which an eruption may

be triggered Blake [1984]; Blundy and Cashman [2005]; Tait et al. [1989].

2.5.2 Background and timeline

At 8.32am PST on 18 May 1980, a magnitude 5.1 earthquake was recorded at

Mount St Helens and, 15 to 20 seconds later, the bulging north flank and summit

fell away in a landslide Brantley and Myers [2000]. This depressurised the volcano

magma system and triggered an explosive eruption. This blast produced a column

of ash and gas (eruption column) 24 km into the atmosphere. Less than an hour

later, a second eruption column formed during an explosive eruption from the

crater. Just after noon pyroclastic flows, or avalanches of hot ash, pumice, and

gas, flowed from the crater at 80 to 130 km per hour. In the years that followed,

there were periods of lava dome growth that gradually waned. The last period

of growth in this sequence was recorded in 1986, although brief explosive events
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were observed in 1989 and 1990 [GVP].

We present a timeline of the activity in the 1980-86 eruption. In the next

section, we present data regarding the erupted volume and eruption rate.

Figure 2.10: Mount St Helens location in Washington State, USA

Figure 2.11: Close-up view of Mount St Helens lava dome in 2007.
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2.5.2.1 Timeline of events in 1980-1986 eruptive series Brantley and

Myers [2000]; Swanson and Holcomb [1989]

• Before I: 16 March 1980 to 17 May 1980

– Increasing number of earthquakes in days leading up to 18 May explo-

sion. Steam explosions and 150m bulge in volcano north flank. April

shows major increase in seismic energy release Qamar et al. [1983]

• I: 18 May 1980 - Jan 1983

– 18 May explosion: Magnitude 5.1 earthquake at 8.32am, then sum-

mit falls away in landslide. Explosive eruption of rock, ash, gas, and

steam to the north sends eruption column 15 miles into atmosphere.

Second eruption column builds during explosive column from crater.

At noon, pyroclastic flows of hot ash, pumice, and gas are measured at

80 to 130 km per hour. Mineral content in the pumice indicates rapid

ascent from reservoir, and some lava includes minerals representing

“old” magma stored in conduit that is displaced by magma travelling

from source to surface Eichelberger [1995].

– 25 May - 16 Oct 1980: five smaller explosive episodes, eruption columns

12-15 km above sea level, each explosive event followed by aftershock-

like series of earthquakes located 7 to 14 km beneath volcano Scandone

and Malone [1985]. Lava extrusion begins to form lava dome.

– 16 Oct 1980 - 21 Oct 1983: Lava dome building episodes, with minor

explosive activity accompanying each episode. Each dome building

episode adds 1 to 20 cubic km of new lava to the dome. By November

1980, electronic tiltmeter indicates net subsidence of 20-70cm (perhaps

indicating deeper source of magma) Scandone and Malone [1985]

• II: Jan 1983 - May 1986

– Four more dome building episodes show a slower rate of lava dome

growth than in period I.

• III: May 1986 - Oct 1986
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– Last dome growth building episode adds larger volume than previous

slow growth rate apparent in period II.

• After III

– Bursts of brief but intense seismic activity, lasting minutes to hours;

accompanied by several small explosions with eruption columns from

dome. After the 1980-1986 eruption series, dome growth ceased and

Mount St Helens entered a period of dormancy. In 2004, a 20m diame-

ter vent formed as a small explosion broke through a 150m thick glacier

that had grown on the southern part of the crater since 1986. A dacite

lava dome grew from 23 September 2004 to 31 December 2005 and

exhibited sustained, near-equilibrium behaviour; the lava extruded in

each episode was bubbly, and emitted volcanic gasses indicated the

presence of magma with exsolved gas content lower than during the

1980s eruption Iverson et al. [2006].
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2.5.3 Eruption data

The lava dome growth can be divided into three periods, delineated by the red

lines in Figure 2.12. We include lava dome volume since 18 October 1980, as

the eruption data from before 18 October contains both tephra deposits and lava

dome in one figure, and lava domes between May and October were destroyed by

subsequent explosive activity. The lava dome volume is measured by topographic

maps (length, width, and depth) at the end of each extrusive episode, and each

episode is represented by one point in the figure. The overall dome growth is

divided into three periods: The extrusion rate increases rapidly at first (I) and

becomes slower with time (II), and a final large dome growth event has a faster

extrusion rate (III) and could be characterised as a separate event. Plotting

the overall growth rate of the dome since 18 October 1980, we see that the rate

decreases with time as shown in Figure 2.13. Significant explosive events occurred

only in the first year of a multi-year eruptive sequence.

The duration of each extrusion remains fairly constant with the exception of

the February 1983 event as shown in Figure 2.15, but the period between dome-

building events increased with time as shown in Figure 2.13 Swanson and Holcomb

[1989]. Additionally, explosive activity usually lasted hours while dome-building

usually lasted days Swanson and Holcomb [1989].

In the next section we provide more detail about the Mount St Helens 1980-

1986 eruption series.
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Figure 2.12: Mount St Helens lava dome growth, as measured by topographic
maps (length, width, depth) at the end of each extrusive episode since 18 Oct
1980. Each point represents one episode. Information regarding lava dome volume
before October 1980 does not separate tephra from lava dome, and domes between
May and October were destroyed by subsequent explosive activity. The overall
dome growth can be divided into three periods: Period I comprises a steady
overall growth rate, period II is waning, and period III could be interpreted as
a separate event. Pauses between events increase in duration as the eruptive
sequence progresses, and dome growth stops after 1986 Swanson and Holcomb
[1989].
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Figure 2.13: Mount St Helens lava dome growth rate wanes with time. This is a
plot of the overall growth rate of the dome since 18 May 1980, using the dome
growth data since 18 Oct 1980 Swanson and Holcomb [1989].
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Figure 2.14: Durations of dome growth episodes remains fairly constant with the
exception of two events including one in February 1983, which lasted for an entire
year Swanson and Holcomb [1989]).

Figure 2.15: Period between dome growth events increases over time Swanson
and Holcomb [1989].
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2.5.4 Additional data and interpretation

The US Geological Survey has monitored erupted material and seismic data at

Mount St Helens.

Earthquakes located 7-14 km beneath the volcano followed each explosive

event in 1980, and the energy of each event was proportional to the corresponding

volume of erupted magma Scandone and Malone [1985]. In later years, before an

episode of dome growth, seismicity was typically low-frequency and situated in

a vertically elongate volume at shallow depth beneath the soon-to-be-active vent

Eichelberger [1995].

Mount St Helens’ 1980 explosive events all erupted dacitic (silica content

around 65 weight percent, and containing plagioclase feldsbar and hydrous min-

erals) magma, but these vary greatly in temperature, water content, crystallinity,

and thus vicsosity. The erupted volume of dacite during explosive eruptions is

correlated with the length of the preceding quiescent period Gardner et al. [1995].

There are compositional changes to more mafic and less hydrous lavas during ex-

plosive events of 1980 Scandone and Malone [1985]. Crystal content suggests that

the explosive products from 18 May 1980 had crystallised at depths of >6 km

Blundy and Cashman [2001].

The lava dome itself comprises dacitic magma with crystallinity that increased

rapidly through 1980 then slowly through 1985; with silica content decreasing

through 1981, then gradually increasing through 1986 Cashman [1992]; Murase

et al. [1985]. And at least one mixed magma was recorded during the 18 May

eruption Cashman [1992].

The literature has interpreted this information to suggest that a shallow in-

trusion fed the 18 May explosive eruption, and a deeper reservoir of silicic magma

continued to supply the eruption after that Cashman [1992]. Additionally, Blake

proposed and Tait further developed a mechanism by which the pressure in the

reservoir does not require a deep source of recharge to trigger or sustain an erup-

tion: rather, crystallisation of the magma causes it to become saturated with

volatiles, leading to gas bubbles and thus pressure increase Blake [1984]; Tait

et al. [1989]. Blundy and Cashman suggest this model is applicable to Mount St

Helens based on crystal size and water content Blundy and Cashman [2005].
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2.5.5 Key characteristics

After a large explosive eruption, Mount St Helens settled into cycles of dome

growth and collapse but the overall extrusion rate waned with time. The short-

term nature of the dome growth cycles (each extrusive event lasted for a roughly

equal number of days) may be controlled by the conduit rather than a deep

source, but we are interested in the long term effusion rate that wanes with time.

Seismic activity and changes in dacite crystallinity and composition both suggest

complex behaviour in the subsurface.
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2.6 Mount Fugen, Unzen volcanic complex

2.6.1 Abstract

Mount Fugen of the Unzen volcanic complex in Japan included two main phases

of eruption from 1990-95. The eruption comprised four episodes of dome growth

that vary in rate (first fast, then slow, then fast, and finally slowing to nothing).

Explosive events accompanied only the initial stages of dome growth.

The Unzen volcanic complex includes three large volcanoes on Japan’s Shimabara

Peninsula, east of Nagasaki, as shown in Figure 2.16. Seismic activity was de-

tected at the volcano’s flanks in the early stages of the eruption until it focused

almost entirely beneath the summit crater. In this section, we present data show-

ing the decreasing effusion rate, and a chart showing the positioning of seismic

events during this time. We also discuss variations in magma composition that

indicates new magma mingling with ponded old magma Nakada et al. [1999];

Nakamura [1995]. The eruption may indicate a chamber which is recharged from

depth, with the end of the the eruption brought about by the recharge stopping.
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Figure 2.16: Unzen volcano complex, on the Shimabara peninsula in southwest
Japan
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2.6.2 Background and timeline

In 1989, a swarm of earthquakes began below the western flank of Mount Fugen.

After 198 years of dormancy (the most recent historical eruptions occurred in

1663 and 1792), an eruption started at the summit of the volcano Mount Fugen

in November 1990. The ash cloud is shown in the top panel of Figure 2.17, and

the lava dome after the eruption is shown in the bottom panel.

We present a timeline of the episodes of dome growth during the Mount Fugen

1990. In the next section, we present eruption and seismic data.

Figure 2.17: Ash cloud and pyroclastic flows on northeast flope of Mount Fugen
at Unzen volcanic complex, 24 June 1993 (top), and the lava dome after the
eruption (bottom) Nakada et al. [1999]
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2.6.2.1 Timeline of events in 1990 - 1995 Nakada et al. [1999]

• I: November 1990 - December 1991

– A phreatic eruption, preceded by earthquake swarms migrating toward

the summit, begins in November 1990. Phreatic eruptions continue

until May 1991 along with a first pulse of lava dome growth, and

growth pauses for two weeks until later in May, at which point dome

growth continues and pyroclastic flows and dome collapse begin to

occur. Explosions occured in June 1991. In September 1991, the

largest pyroclastic flow due to dome collapses releases up to 4×106 m3

of debris.

• II: December 1991 - October 1992

– A very slow period of lava extrusion

• III: October 1992 - February 1993

– Onset of a second pulse of lava extrusion in the form of a new lobe,

and pyroclastic flows continue.

• IV: February 1993 - February 1995

– Summit earthquakes continue and February 1995 sees the halt of lava

effusion, followed by slow deformation of dome.

• After IV: The volcano has remained inactive since the 1995 activity.
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2.6.3 Eruption data

Mount Fugen experienced explosive eruptions in its initial stages of dome growth

during the 1990-95 eruption but was mostly a continuous effusion of magma.

The cumulative volume for the lava dome growth, including volumes of dome-

collapse pyroclastic flows, is shown in Figure 2.18 Nakada et al. [1999]. The total

volume of lava erupted was 2.1×108 m3, half of which remained as the summit

lava dome. The data suggest four periods of dome growth I to IV, with rates 8.3,

2, 6.2, and 0.2×106 m3 per month respectively. The periods of dome growth are

delineated by dashed red lines, and the growth rates by dashed black lines. The

overall growth rate of the lava dome (although these data are cumulative erupted

volume, so also includes some pyroclastic material) is shown to wane with time

in Figure 2.19.

Figure 2.18: Mount Fugen, Unzen volcano complex, shows a gradually decreas-
ing rate of effusion in 1990-95, and growth can be divided into episodes I-IV (red
dashed lines) with four different eruption rates (black dashed lines). The individ-
ual data points do not corrrespond directly to pulses of growth; rather, they are
cumulative dome volumes Nakada et al. [1999].
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Figure 2.19: Mount Fugen, Unzen volcano complex, growth rate from November
1990 through 1995.

Earthquakes around the volcano indicate evolution of a subsurface system, or

at least magma movement from east to west beneath the volcano. Seismic events

shifted position from around the flanks to nearly directly beneath the summit

as the eruptive sequence progressed. Figure 2.20 shows the change in epicen-

ter positions over time. The top image provides a map of the area with dots

indicating all the earthquakes during the 1990-95 eruption. The bottom image

separates these events by date: the x-axis is the east-west position corresponding

to the top image, and the y-axis shows the timing of events. Up until 1991, most

earthquakes were located west of the summit. From 1991 to 1995, they were con-

centrated mostly underneath the summit. Low-frequency summit earthquakes

coincide with emergence of a dome. We do not have detailed information regard-

ing the depth of the earthquakes, although volcano-tectonic (V-T) earthquakes

have been associated with 13 km depth [GVP] and the injection of magma into

surrounding rock; and they became shallower as they migrated eastward Nakada

et al. [1999].

In the next section, we present additional information regarding magma com-

position at Unzen.
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Figure 2.20: Unzen volcano complex change in position of earthquakes from 1989 -
1995. Top: map of all earthquakes during 1989-95 eruption. Bottom: earthquakes
separated by date (y-axis) to show east-west position over time (x-axis). VT
EQs = volcano-tectonic earthquakes, associated with deeper seismicity [GVP].
Summit EQs = mainly low-frequency earthquakes. Earthquakes shifted position
from around the flanks to nearly directly beneath the summit Nakada et al. [1999].
V-T earthquakes are associated with 13 km depth [GVP] and are thought to be
the result of injection of magma into surrounding rock.
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2.6.4 Additional data and interpretation

Phases II and IV in Figure 2.18 show periods during which dome growth was very

slow, indicating slow magma ascent and allowing for cooling and crystallisation.

Variation in magma crystallinity also correlated to the lava effusion rate: lower

effusion rate had higher crystallinity Nakada et al. [1999].

Ground deformation trends include old parts of the dome swelling and uplift-

ing during periods II and IV, preceding the main pulses of activity, in November

1991 to December 1992 and February to March 1993 Nakada et al. [1999]. The

dome began to deform slowly after magma effusion ceased in February 1995, and

absence of surface deformation characterised the end of the eruption. Nakada

et al. [1999].

The dome lava is dacite (silicic) with small but significant variations in com-

position, marked by mixing of high- and low-temperature magmas and the as-

sociated phenocryst (relatively large crystal) abundance Nakamura [1995]. Some

enclaves (‘blobs’ containing two types of magma) in lavas further indicate mix-

ing of new and old magmas during the eruption Nakada et al. [1999]; Nakamura

[1995]. This follows from a chamber that contains old magma being replenished

with new magma from depth (also indicated by deep seismicity).

2.6.5 Key characteristics

The 1990-95 eruption at Unzen is another example of a largely effusive eruption

that decreased in rate. Seismic activity shifted from the flanks of the volcano in

the early part of the eruption to beneath the summit in 1991, after which the

lava dome kept growing. The dome growth was faster in phase I than in later

phase III, and the dacite magma evolved compositionally and contained enclaves

of basalt. These factors lead to a complex picture of a chamber which is recharged

from a deep source or has been subjected to cooling and crystallisation of magma

in order to build up the pressure required to exhibit two pulses of eruption.
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2.7 Eyjafjallajokull

2.7.1 Abstract

The last volcano we discuss is Eyjafjallajokull. Eyjafjallajokull is an ice-covered

stratovolcano on the south coast of Iceland as shown in Figure 2.21, just south of

the mid-Atlantic Ridge, where the North American and Eurasian plates are mov-

ing apart. We discuss this volcano to provide context for a system whose seismic

and magma composition data suggest magma that pools at multiple locations in

Earth’s crust.

Eyjafjallajokull erupted most recently in 2010. Its position at a divergent

plate boundary means that it has a magma source derived from a rifting zone.

We provide a compilation of seismic data that highlight specific areas of magma

movement followed by a timeline describing the events of its 2010 eruption. We

then discuss how these data has been interpreted to create a picture of multiple

sills which erupt magma at different times, with the magma from a deeper sill

bypassing the upper sills.

Figure 2.21: Location of Eyjafjallajokull
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2.7.2 Background and timeline

The last historical eruption prior to 2010 was from December 1821 to January

1823 and produced intermediate-to-silicic tephra from the central caldera. Neigh-

bouring Katla volcano historically erupts in the months after Eyjafjallajokull,

producing basalt and dacite and rhyolite, which suggests a magma chamber com-

plex with dykes and sills beneath Eyjafjallajokull and its neighbours. The 2010

eruption was preceded by deep-source ground inflation and deeper seismicity and

consisted of both flank eruptions and explosive summit eruptions, one of which

is pictured in Figure 2.22.

We provide a timeline of the activity during the 2010 eruption, and in the

next section we provide seismic data showing the downward-propagating clusters

of earthquakes during the eruption.

Figure 2.22: Eyjafjallajokull erupts in March 2010
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2.7.2.1 Timeline of events: 2010 eruption series Sigmarsson et al.

[2011]

• Dec 2009 - 20 March 2010: deep-source ground inflation begins, along with

decreasing depth of seismicity. Thousands of microearthquakes detected

under northeast flank Tarasewicz et al. [2012]

• 20 March 2010: Flank eruption produces olivine and plagioclase-phyric

primitive and homogeneous mildly-alkaline basalt until 12 April; no ground

deformation

• 14 April 2010: Explosive eruption from summit accompanied by seismic-

ity at 5 km depth directly beneath summit. Suggests deflation of shallow

magma chamber. Three types of basaltic, intermediate, and silicic magma

compositions erupt until 19 April Sigmundsson et al. [2010]. Purely mag-

matic discharge from 21 - 27 April at rate of 10×106 kgs−1

• Late April - early May: magmatic discharge 104 to 105 kgs−1. Melting of

200m of overlying ice from summit region could reduce pressure on vent

by 2 MPa Tarasewicz et al. [2012]. New injection of deep-derived basalt

inferred by deep seismicity and the appearance of more primitive basalt

(magnesium-rich olivine phenocrysts).

• 5 May 2010: Begin first of 3 explosive episodes, lasting 1-2 days each,

preceded by seismicity at depths of 10-13 km, 19 km, and 24 km depth

Tarasewicz et al. [2012]. Magmatic discharge increase to 105 kgs−1. Melt

composition changes from less mafic to more silicic than first explosive

phase.

• 6 May to late May: Decline in discharge until end of eruption.
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2.7.3 Seismic data

The earthquakes during the Eyjafjallajokull 2010 eruption propagate downward

through the crust. In Figure 2.23, red dots highlight 270 earthquakes deeper than

10 km, and blue dots show other earthquakes recorded in April and May during

the summit eruption. The map in the top of the figure shows cross sections of the

volcano subsurface along A-B and C-D, which describe where the earthquakes

occur Tarasewicz et al. [2012]. Earthquakes are clustered at distinct depths.

The 2010 eruption effused 1.4×107 m3 of lava and exploded 1.4×108 m3 of

tephra. In the next section, we explore information about the types of magma

erupted and how this information has been used to build a picture of a multi-sill

magma plumbing system.
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Figure 2.23: Epicenters of 502 microearthquakes (blue and red dots) recorded
from 13 April to 17 May 2010 during the summit eruption. Red dots highlight
earthquakes above 10 km depth that form a downward-propagating series of
clusters; blue dots show all other events during the period. In the map, black
triangles are seismometer locations, thin black lines are extent of glaciers, and
yellow stars are eruption sites Tarasewicz et al. [2012]. The discrete clusters of
events suggest areas in which magma movement occurs.
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2.7.4 Additional data and interpretation

Eyjafjallajokull is composed of a combination of basaltic and andesitic lavas Sig-

mundsson et al. [2010]. Presence in the tephra record of basaltic, intermediate,

and silicic compositions suggests magma mingling without homogenisation. Over

time the mafic component became more primitive but formed a smaller pro-

portion of the melt, and the silicic component became less evolved but formed

a larger proportion of the melt Sigmarsson et al. [2011]. Rapid compositional

changes in products suggest that basalt mixing with silicic magma occurs on a

timescale of a few hours to days, while the interval between first detected magma

injection (indicated by volcano-tectonic earthquakes) and eruption was several

months Sigmarsson et al. [2011].

Ground deformatio n was rapid but negligible before the first eruption (0.5

mm per day) Sigmundsson et al. [2010]. The lack of surface deformation during

the eruption indicates that the amount of magma drained from shallow depth was

small; rather, magma flowed from considerable depth Sigmundsson et al. [2010].

One interpretation is that mafic magma either bypassed the shallow magma cham-

ber or counterbalanced the erupted volume with inflow of fresh magma Tarasewicz

et al. [2012].

As shown in Figure 2.23, many of the 270 earthquakes at Eyjafjallajokull

deeper than 10 km occurred in clusters at 24 km and 15 km depth separated

in time, indicating that there may be a response of each sill to the draining of

another Tarasewicz et al. [2012]. The progressive deepening of seismic activity

can be likened to a decompression wave propagating downward through the crust

and causing sequential depressurisation of vertically stacked magma chambers as

melt is mobilised and moved Tarasewicz et al. [2012].
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2.7.5 Key characteristics

Eyjafjallajokull is a stratovolcano situated near a rift zone. It erupted explosively

alongside an extrusive flank eruption in 2010, and changing magma composition

over the course of the eruption has been interpreted as evidence of multiple sills

from which magma may at times mingle but also bypass each other. Seismic

evidence indicates a downward-propagating sequence in which chambers erupt

successively. This provides context for a highly complex system of chambers at

multiple locations in Earth’s crust.

62



2.8 Discussion and conclusions

In this chapter, we have discussed the activity from five volcanoes which have

experienced long-lived effusive eruptions with cycles of activity and repose. Fea-

tures in the eruption style, magma composition, and seismic activity at these

volcanoes are important indicators of processes that may be controlled by a deep

plumbing system.

The long-term eruption rate of these effusive eruptions is either constant

(Soufriere Hills Volcano and Mount Etna) or waning (Mount St Helens and Un-

zen). However, the eruption rates vary from one cycle to the next at each volcano.

A constant eruption rate suggests a magma plumbing system that comprises at

least a chamber and a deep source magma recharge.

Magma composition changes in time and sometimes involves two types of

magma at the same volcano. Changes in crystal content and chemistry suggest

the depth at which the magma pools in the crust, as crystal fractionation can

be linked to certain pressures. Eruption of multiple magma types, or magmas

that have evolved as mixing of multiple types over time, suggest a deep source

injection of new magma into older, evolved magma.

Seismic activity is detected at different depths in the crust as well as different

horizontal positions relative to the main eruptions, and these positions and depths

change over the course of an eruption. This, along with ground deformation data

in the vicinity of the volcano that shows inflation and deflation in conjunction

with eruptive activity, suggests complex behaviour of magma in the subsurface.

Mount Etna has been used in one of the early examples of a single chamber

magma plumbing system model, built by Wadge, which provides a framework

in which to think about magma plumbing systems. Similarly, Eyjafjallajokull

provides context for a model of multiple chambers that evolve over time.

We need to understand how a deep magma system controls the evolution of

these eruptions and will generate a simple theoretical model to do so. In the next

chapter, we begin with a model of a single chamber with and without recharge

from a deep mantle source.
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Chapter 3

A single chamber model

3.1 Abstract

The purpose of this chapter is to explore how the long-term trends of eruptions

discussed in the previous chapter are controlled by a deep magma plumbing sys-

tem. We build on the Wadge single chamber model to include the following com-

ponents involved in establishing a long-term eruption trend: an elastic magma

chamber and the relationship between chamber pressure and magma outflow vol-

ume; the rate of eruption from chamber to surface; the rate of recharge of magma

into the chamber; and critical chamber overpressures at which the eruption starts

and stops.

We refer to the literature models that focus on both chamber and conduit and

focus on effusive eruptions as the type of event which is responsible for the major-

ity of lava output in a multi-year eruptive cycle. We provide a model of a waning

eruption and include a magma recharge to the chamber. We calculate eruption

and pause duration for an eruptive series that experiences multiple episodes of

effusion. We impose a critical value of overpressure for which the eruption starts

and stops, which is a key element of our model. We conduct a parameter study

in which we investigate the effects of conduit resistance, critical pressure at which

an eruption starts and stops, and chamber volume on the efflux rate and volume.

Changing the recharge rate allows for changes in eruption and pause durations

from one cycle to the next.
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A key result of this chapter is the application of the model to data from Mount

St Helens and Unzen, whose eruptions wane with time, to calculate an effective

conduit radius at these volcanoes. We also apply the recharge model to surface

deformation and efflux data from the Soufriere Hills Volcano to calculate a magma

recharge rate during the 1996-2007 eruption. We discuss these applications in

the context of Stasiuk’s model of an exponentially decaying eruption rate and

eruption data from La Soufriere de St Vincent and Lonquimay.

65



3.2 Effusive eruption model, single chamber

We recall from the introduction that the literature refers to several models of

a volcano in which the dynamics of a magma chamber control the onset and

termination of an eruption, as well as the volume of magma which is released.

If the system becomes sufficiently pressurised, magma may erupt to the surface;

but if the degasses and crystallises rapidly, it may solidify in the crust.

We are interested in modeling slow effusive flow. Over the course of a lava

extrusion, dome collapse generates pyroclastic flow, but chamber pressure is the

main mechanism for the effusive eruption itself. In an effusive eruption, a slow

viscous flow of lava erupts slowly, as gas escapes from the magma. The eruption

rate needs to be slow enough for bubbles to escape by gas loss through permeable

magma and conduit walls Jaupart and Allègre [1991]; Melnik and Sparks [1999].

Blake provides a model of a magma chamber in which inflow of material to

the chamber from below leads to magma pressure P which exceeds lithostatic

pressure PL by an amount greater than the tensile strength of the chamber walls

Blake [1981]. The rate of pressurisation of the magma reservoir as new magma

is injected depends on the compressibility of the magma and the elasticity of the

surrounding crust Bower and Woods [1997]; Huppert and Woods [2002]. The

volume V of a liquid magma with bulk modulus κ changes with pressure P as

dV

dP
=
V

κ
(3.1)

Blake [1981]; Druitt and Sparks [1984].
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3.2.1 Understanding a model of slow effusive flow

We consider a low Reynolds number flow driven by a pressure gradient G through

a pipe that is described by Poiseuille flow relations Melnik and Sparks [2006];

Wilson and Head III [1981]

G =
8µQ

πr4
(3.2)

for a pipe of radius r, effective magma viscosity µ, and volume flux Q.

Magma ascending a conduit of length L goes from a chamber at pressure PCH

to a surface pressure PS. At depth, it also has the weight of the magma column

adding to the pressure. Thus

PCH − PS − ρgL

L
=

8µQ

πr4
(3.3)

for effective magma density ρ. In equilibrium, we suppose that

PCH = PS + ρgL (3.4)

If the chamber is overpressured by ∆P then

Q =
πr4∆P

8µ
(3.5)

This leads us to the flow law

Qer(t) = F∆P (t) (3.6)

where 1/F is representative of the resistance to flow within the conduit.

Figure 3.1 gives a diagram of the model components. The magma chamber

has volume Vc, pressure P , and the resistance factor in the conduit connecting

the chamber to the surface due to viscosity, crystallisation, and friction is 1/F .

Eruption rate to the surface is Qer, and a recharge rate of magma from a deep

source is Qin; though we do not consider recharge in this example, we include

this for future reference.
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Figure 3.1: Diagram of single chamber model: volume Vc, pressure P , resistance
in conduit connecting chamber to surface 1/F , eruption rate to surface Qer, and
recharge rate of magma from deep source Qin
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The pressure change in the chamber associated with the flow in Equation 3.6

is
d∆P

dt
=

−F∆P (t)

βVc
(3.7)

for chamber volume Vc, magma bulk compressibility β (inverse of bulk modulus

κ from Equation 3.1), and conduit resistance 1/F . Solving this equation leads to

a chamber overpressure that evolves as simple exponential decay

∆P = ∆P (0)exp(− Ft

βVc
) (3.8)

for initial chamber overpressure ∆P (0).

The volume efflux Qer also follows exponential decay

Qer =
dV

dt
= F∆P (0)exp(

−Ft
βVc

) (3.9)

Equation 3.9 shows that the flow rate scales as F∆P (0) and the time of eruption

scales as βVc/F as shown in dimensionless plot Figure 3.2.

Figure 3.2: Efflux rate Qer decays exponentially with time in a single depressuris-
ing chamber.
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3.2.2 Applying the model

We solve Equation 3.9 for the erupted volume V (t)

V (t) = βVc∆P (0)(1 − exp(− Ft

βVc
)) (3.10)

Equation 3.10 shows that the total erupted volume Vtot after a large time t is

Vtot = βVc∆P (0) (3.11)

and

ln(1 − V (t)

Vtot
) =

−Ft
βVc

(3.12)

To compare data from real volcanoes with this model, we begin by compar-

ing measurements of erupted volume V (t) at a series of times t. We plot ln(1-

V(t)/Vtot) as a function of time. The purpose of this exercise is to find a value for

Vtot that makes the relationship in Equation 3.12 linear, and thus consistent with

an exponential decay rate. Once we have this value, we can gain some insight

into other parameters in the righthand side of Equation 3.12.

The significance of Vtot is as follows. From the data for V (t) at a volcano

we want to estimate the total volume Vtot that would erupt if the chamber de-

pressurises completely, and the timescale over which it erupts. If we assume that

the eruption stops smoothly and has erupted the entire available volume due to

chamber pressure change, we can estimate the maximum value of V (t) as Vtot.

Then we can calculate the time constant of the eruption.

From Equation 3.12, once we verify a value for Vtot, we can also estimate

F/βVc, which is the slope of a plot of ln(1-V(t)/Vtot) versus time. However, we

choose estimated values of magma bulk compressibility β and initial chamber

overpressure ∆P (0), and use these, based on Equation 3.11, to estimate the size

of the chamber Vc. Thus we only gain knowledge of F in relation to several

broadly defined parameters (variability discussed in next section).

Using Vtot and estimated values of ∆P (0), β, and Vc allows us to find a range

of effective values for F for a given eruption. If we know magma viscosity µ, we

can then get a range of effective conduit radius from Equations 3.5 and 3.6.
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Next we apply the model as described above to various eruptions, beginning

with finding values of Vtot for La Soufriere de St Vincent and Paricutin to demon-

strate their behaviour as exponentially decaying eruptions, and showing a range

of chamber volumes and overpressures associated with these values.

3.2.3 Application of model to St Vincent and Paricutin

First we look at the 1979 eruption of La Soufriere de St Vincent in the Windward

Islands of the Caribbean. This data was collected by plots of the lava dome in

time, assuming an edge angle of 30 degrees and a flat top, which leads to error of

at least 10% Huppert et al. [1982]. In Figure 3.3, we plot

ln(1 − V (t)

Vtot
) (3.13)

as a function of time. Recall from the previous section that, according to Equa-

tion 3.12, this relationship will be linear for exponential decay. The purpose of

this plot is to find a value of Vtot.

We estimate Vtot to be 4.8×107 m3, which is the volume that was erupted by

the end of the data set. At the end of the eruption, if the estimate of Vtot is in-

correct, the effective error is amplified, which may explain the apparent deviation

in the last point. However, as shown in Figure 3.4, our model provides a good

fit to the St Vincent erupted volume data. We selected Vtot to minimise the root

square error of volume compared to the data points. Although this is the best

fit, Vtot between 46 and 50×106 m3 gives a least squares correlation in excess of

0.99.

We also argue that the eruption really started after the first seven days of

monitoring. In the original data set, there was uncertainty regarding when the

eruption began. Our model shows it started in earnest on Day 7, and the erupted

volume before this was negligible.
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Figure 3.3: Application of exponential decay model to La Soufriere de St Vincent
1979 eruption. Plot of ln(1-V/Vtot) for Vtot equal to the maximum observed
lava dome volume is linear (slope is −F/βVc), showing a good exponential fit for
Vtot=48×106 m3. Data is from Huppert et al. [1982]

Figure 3.4: Application of exponential decay model to La Soufriere de St Vincent
1979 eruption data. Erupted volume shows good fit to exponential decay with
the time constant from our model, and shows that eruption started at t=7 days.
Data is from Huppert et al. [1982]
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Mexico’s Paricutin volcano began erupting in 1943 and stopped 1952, after

erupting 1.385×109 m3 of magma Fries [1990] as presented in Stasiuk et al. [1993].

Stasiuk showed an exponential fit of the data but according to our model, the

erupted volume Vtot should have been larger at 1.475×109 m3. We show our

model using this value of Vtot in Figure 3.5. We argue that it only actually

erupted 1385×106 m3 because other conduit dynamics caused it to stop although

the chamber was still overpressured. Although the errors associated with lava

dome measurements are not known, we plot error bars of 10%.

Figure 3.5: Application of exponential decay model to Paricutin 1943 eruption.
Plot of ln(1-V/Vtot) for Vtot equal to the maximum observed lava dome volume is
linear (slope is −F/βVc), showing a good exponential fit for Vtot=1475×106 m3.
Data is from Fries [1990] as presented in Stasiuk et al. [1993].

73



The likely range of chamber overpressures at volcanoes such as La Soufriere

de St Vincent and Paricutin is 106 to 107 Pa Bower and Woods [1998]; Huppert

and Woods [2002]; Sparks [1978]. Choosing Vtot for each volcano, and magma

bulk compressibility β=10−9 Pa−1 for a degassed magma Huppert and Woods

[2002], allows us to show the chamber overpressure as a function of chamber

volume Vc based on Equation 3.11. In Figure 3.6 we show the initial chamber

overpressure ∆P (0) as a function of chamber volume Vc for overpressures from 1

to 10 MPa. The consequence is that the chamber volumes fall within a huge range

between 147 and 1475 km3 at Paricutin (top) and 5 and 50 km3 at St Vincent

(bottom). However, the value of Vtot is nonetheless important for evaluating

time dependency of the eruption, and showing behaviour associated with a single

chamber model.

Initial chamber overpressure ∆P (0) is a value sufficient to fracture the country

rock Bower and Woods [1998]; Druitt and Sparks [1984]. This must be above the

magma reservoir lithostatic pressure, and whether the walls adjust elastically

or not contributes to the variability in overpressure Scandone [1996]. Effect of

pressure variations with depth in the chamber are small and thus neglected Druitt

and Sparks [1984]. The precise value of overpressure may depend on regional

stress field, local stratigraphy, and chamber size and geometry, and may vary

significantly from one volcano to the next Bower and Woods [1998].

Bulk compressibility β depends on detailed properties of the magma, particu-

larly rheology and crystallisation sequence, and this varies from case to case and

is not fully understood Huppert and Woods [2002]. One standard assumption

for slow effusive eruptions is that bubbles and crystals remain well mixed within

the magma layer in which they form. Bulk compressibilities are assumed to be

the same for basaltic and silicic magmas, and throughout the country rock, but

precise values depend on specific locations and rock properties. Bulk magma den-

sity and hence compressibility varies with pressure, exsolved volatile content, and

crystal content, and thus with depth Bower and Woods [1997]. The model values

of β are a representative average. This leads to variability in input parameters.

We acknowledge that estimates with one order of magnitude variation are

problematic. The more useful implication is that of time dependencies of vol-

ume efflux rate on chamber pressure and volume. A summary of different time
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dependencies for different model configurations is provided in Chapter 7.

Figure 3.6: Initial chamber overpressures ∆P (0) from 1 to 10 MPa imply values
of chamber volume Vc from 147 to 1475 km3 at Paricutin (top) and 5 to 50 km3

at La Soufriere de St Vincent (bottom).
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3.2.4 Application of model to Mount St Helens

Next we use the model to find a Vtot value for Mount St Helens. The volcano

appears to erupt until the end of Phase I as shown in Figure 3.7, followed by

a period of much reduced eruption in Phase II. Phase III seemed to increase in

eruption rate. We will model Phase I of the Mount St Helens 1980-86 eruption,

after which the eruption appears to have slowed but has not reached an asymp-

tote. Volumes are topographic images of dome height, width, and length, which

are likely to provide an upper bound on actual volume.

Figure 3.7: Mount St Helens lava dome growth, as measured by topographic maps
(length, width, depth) at the end of each extrusive episode since 18 Oct 1980
Swanson and Holcomb [1989]. We will model Phase I as a single depressurising
chamber. Reprinted from Chapter 2.
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We estimate the effective Vtot which corresponds to the volume that would have

erupted had there not been some other control on the eruption which brought

about the end of the phase. The volume erupted as shown in Figure 3.7 is a lower

bound on Vtot.

We take the erupted volume data for Phase I (the first 800 days of eruption

since measurements of ongoing dome growth began on 18 May 1980) and fit the

curve in which we estimate βVc∆P (0) and the best fit slope. This provides Vtot

between 0.3 and 0.5 km3 with a least squares correlation factor of at least 0.99.

These values give slopes F/βVc from 1.5 to 3× 10−4s−1. In Figure 3.8 we show

the plot of ln(1-V/Vtot) vs time for Vtot=0.4 km3. The volume measurements have

some uncertainty which we do not know, but we assume the value is an upper

bound and suggest that a 7% error in each dimension leads to error bars of at

least 20%.

Figure 3.8: The first 800 days of the Mount St Helens 1980 eruption (Phase I)
fit our exponential decay single chamber model: Plot of ln(1-V/Vtot) is linear for
Vtot=0.4 km3.
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Chamber overpressure ∆P (0) is expected to lie within the range 106 to 107

Pa Bower and Woods [1998]; Huppert and Woods [2002]; Sparks [1978]. For

Vtot=0.4km3 and magma bulk compressibility β=10−9 Pa−1 for a degassed magma,

we show the chamber overpressure as a function of chamber volume Vc based on

Equation 3.11. In Figure 3.9 we show the initial chamber overpressure ∆P (0)

as a function of chamber volume Vc for overpressures from 1 to 10 MPa. This

suggests a chamber volume Vc between 20 and 400 km3, which is a huge range

and requires further constraint.

Figure 3.9: Initial chamber overpressure ∆P (0) from 1 to 10 MPa suggests a
chamber volume Vc between 20 and 400 km3 at Mount St Helens.

Mount St Helens can be difficult to interpret in terms of an eruption rate

because, as shown in Chapter 2, it comprises a series of discrete lava dome erup-

tions. This means that Figure 3.8 is a rate of volume change at the surface rather

than an overall eruption rate and suggests that nonlinear dynamics in the shallow

conduit may regulate eruption at the surface. However, the overall magma flow

rate is waning. The model points to a chamber decompressing even though the

surface displays discrete eruptions. We will return to this in Chapter 4.
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3.2.5 Application of model to Unzen

We investigate the eruption of Mount Fugen of the Unzen volcano complex 1990-

95 eruption in a similar way using data to evaluate a value of Vtot appropriate

for a single chamber system. Unzen’s magma efflux nearly stops in Phases II

and IV, as shown in Figure 3.10. This requires an explanation for the re-starting

of the eruption, such as re-pressurisation of the chamber by a magma recharge.

However, it is interesting to understand whether the first phase can be interpreted

in the context of a single chamber decompressing.

Phases I and II of the eruption decreased in rate, but there was a discrete

change at the end of Phase II with the formation of a new lobe of the lava dome.

This might have arisen from a deep magma supply becoming active. Noting the

caveat that a deep supply may cause the eruption rate to increase, we will model

Phases I and II as a single chamber erupting without the influence of another

source of magma.

Figure 3.10: Mount Fugen, Unzen volcano complex, lava dome volume in 1990-95
eruption, re-printed from Chapter 2 Nakada et al. [1999].
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We take the erupted volume data for Phases I and II and find a value of

Vtot=1.50×107 m3 that gives a good fit for a plot of ln(1-V/Vtot) vs time as shown

in Figure 3.11. Values of Vtot from 1.48 to 1.52×107 m3 give a least squares

correlation factor of at least 0.99. A single decompressing chamber seems to be a

good model of the first 23 months of the Unzen eruption. We do not know error

associated with lava dome measurements, but we plot error bars of 10%.

Figure 3.11: The first 23 months of the Unzen 1990 eruption (Phases I and II)
fit our exponential decay single chamber model: Plot of ln(1-V/Vtot) is linear for
Vtot=150×106 m3.
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For Vtot=1.50×107 m3 and magma bulk compressibility β=10−9 Pa−1 for a

degassed magma, we can again show the chamber overpressure as a function of

chamber volume Vc based on Equation 3.11. In Figure 3.12 we show the initial

chamber overpressure ∆P (0) as a function of chamber volume Vc for overpressures

from 1 to 10 MPa. This suggests a chamber volume Vc between 15 and 150 km3.

Figure 3.12: Initial chamber overpressure ∆P (0) from 1 to 10 MPa suggests a
chamber volume Vc between 15 and 150 km3 at Unzen.
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Finally, we can estimate a conduit radius at Unzen for a range of effective

magma viscosities by combining Equations 3.5 and 3.12, where F is obtained

from the model in Figure 3.11: slopes F/βVc range from 2.8×10−6 to 3×10−7 s−1

so F is calculated for a selected combination of β, Vc, and Vtot.

We choose several chamber volumes Vc from Figure 3.12, conduit length or

chamber depth L = 10km, bulk compressibility β=10−9Pa−1, and a range of

effective viscosities µ from 105 to 107 Pas which have been proposed at other

volcanoes, and used here as a constraint on values at Unzen Bower and Woods

[1998]; Gardner et al. [1995]; Scandone and Malone [1985]. In Figure 3.13, we

plot the effective conduit radius for this range of viscosities.

This analysis suggests that the first 23 months of the Unzen eruption behave as

a single decompressing chamber. After this, in Phases III and IV from Figure 3.10,

the eruption rate appears to increase. This requires further complexity than can

be explained by a single chamber, and may suggest the presence of a second

chamber or recharge to the original chamber.

Figure 3.13: Unzen effective conduit radius for magma viscosities µ from 105 to
107 Pas and chamber volumes 15, 50, and 150 km3.
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3.2.6 A more complex system

Finally, we discuss the 1988-1990 eruption of Lonquimay volcano in Chile, which

we presented in Chapter 1. The erupted volume since 25 December 1988 is shown

to deviate from an exponential decay in Figure 3.14 which Stasiuk interprets as a

result of conduit erosion and changing magma Stasiuk et al. [1993]. It appears to

have a fast efflux rate until 75 days, then a slower efflux rate for the remainder of

the eruption. We will consider the interpretation of this data in terms of a more

complex magma chamber system.

Figure 3.14: Erupted volume at Lonquimay in 1998-1990. The light curve is an
exponential fit to the erupted volume data shown by dots and fitted with the thick
black least-squares curve Stasiuk et al. [1993]. The data deviate from exponential
decay, and appears to erupt rapidly until 75 days and then slow down.
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Using a curve fit for the erupted volume data as shown in Figure 3.14, Stasiuk

calculated a dimensionless eruption rate Q∗ and plotted this as a function of

erupted volume 1 − V ∗, as shown by the light curve shown in Figure 3.15. The

dark lines show two nearly linear sections A and B with A the first 100 days of

eruption and B the last 125 days. This suggests two phases of eruption, each

of which demostrates a linear relationship between eruption rate and volume

erupted.

The model of the eruption from a single closed chamber suggests a linear rela-

tionship between erupted volume and eruption rate as described in Equations 3.9

and 3.10. The observation that Lonquimay can be broken into two such straight

line curves suggests that there might have been one chamber which initially con-

trolled the eruption. Once this decompressed, a second chamber with a longer

time constant, perhaps situated deeper in the Earth’s crust, became the source

of overpressure driving the eruption.

The fact that the early phase of the eruption appears to behave as a closed

single chamber until it decompressed is consistent with the picture of Unzen.

However, subsequent evolution of these two eruptions are different: At Unzen, the

eruption rate subsequently increased, whereas at Lonquimay, the rate decreased.

This introduces the concept of a recharge of magma to the system, which is

the topic of the next section. In Chapter 4, we will introduce the concept of a

second chamber that feeds the erupting chamber, as a possible method by which

this recharge is added.
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Figure 3.15: Eruption rate at Lonquimay in 1998-1990. Dimensionless eruption
rate Q∗ (light curve) calculated by Stasiuk Stasiuk et al. [1993]. The dark lines
show two nearly linear sections A and B with A the first 100 days of eruption
and B the last 125 days. This shows two phases of eruption, each of which seems
to display a linear relationship between eruption rate and mass erupted.
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3.3 Effusive eruption model, single chamber with

recharge

The single chamber model in the previous section shows how an effusive eruption

efflux rate may decay exponentially. The model does not explain how an eruption

starts and stops nor how the eruption rate could deviate from exponential.

In this section, we allow for a constant rate of magma recharge to the chamber.

This can lead to an increase in chamber overpressure, so we introduce a critical

overpressure at which an eruption starts. Since an eruption leads to a decrease in

chamber overpressure, we introduce a second lower pressure at which we assume

an eruption ceases and a plug forms in the volcanic conduit. The mechanism

for this may be associated with crystallisation of magma following decompression

and exsolution of volatiles, which can occur on a timescale faster than the flow

for sufficiently small overpressures Melnik and Sparks [2005].

The end of the eruptive event implies a slow flow that has had time to cool

or crystallise, and forms an immobile plug in the conduit. The subsequent influx

of magma builds up sufficient pressure to remobilise the plug and start the new

eruption. Alternatively, the critical pressure which is no longer sufficient to drive

the plug from the conduit can be interpreted as a yield stress condition, a non-

Newtonian magma stops flowing as long as it reaches the yield stress before

it reaches the pressure required to pump it out Denlinger and Hoblitt [1999];

McBirney and Murase [1984].

For simplicity, in the present model we continue to assume that flow rate

is linearly proportional to chamber overpressure. We account for nonlinearity

by requiring chamber overpressure to increase to a maximum value prior to the

resumption of an eruption once a conduit plug has been formed.

We build on the exponential decay model in the previous section by adding

a magma input to the chamber, Qin, and modifying Equation 3.7 for pressure

change to be

βVc
d∆P

dt
= Qin − F∆P (t) (3.14)

for chamber overpressure ∆P (t), chamber volume Vc, magma bulk compressibility
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β, and conduit resistance 1/F . Solving for the chamber overpressure ∆P

∆P = exp(
−Ft
Vcβ

)(∆P (0) − Qin

F
) (3.15)

For an eruption that starts at time t = 0 and ends at time t = t∗, the pressure

change proceeds as exponential decay. We write the overpressures at which an

eruption starts and stops as

∆P (0) = ∆PSTART (3.16)

and

∆P (t∗) = ∆PSTOP (3.17)

The time it takes for an effusive eruption to re-start again once the chamber has

been sufficiently repressurised due to magma recharge is t = t∗∗. The recharge

duration t∗∗ is

t∗∗ =
βVc
Qin

(∆PSTART − ∆PSTOP ) (3.18)

Once this time has ellapsed, the next effusive event begins. Then cycles proceed

with eruptions lasting time t∗ and pauses t∗∗. These cycle durations are a key

feature of our model.

Combining the recharge time expression with the ∆P expression gives

exp(
−Ft∗

βVc
) =

∆PSTOP − QIN

F

∆PSTART − QIN

F

(3.19)

so the eruption duration t∗ and condition for stopping the eruption are

t∗ =
βVc
F
ln

∆PSTOP − QIN

F

∆PSTART − QIN

F

(3.20)

PSTOP >
QIN

F
(3.21)

Our model allows an investigation of how recharge rate, chamber volume,

and conduit resistance affect duration of eruption t∗ and duration of recharge

t∗∗. Both scale linearly with chamber volume and bulk modulus; thus different
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chamber volumes change the duration but not the characteristics of the eruption.

Eruption duration depends on magma input rate Qin, conduit resistance F , and

pressures ∆PSTOP and ∆PSTART . Recharge duration depends only on recharge

rate Qin and both pressures.

In the next section, we provide examples of how these factors affect effusion

cycle duration and rate. Each example in the following section is initiated at

chamber overpressure ∆PSTART .

3.3.1 Parameter study

We imagine a magma recharge that supplies the chamber for a time period of 1

unit. For each subset of the parameter study, we look at a time interval scaled to

give three cycles for the ‘middle’ chamber size used in the study when all other

parameters are held the same, so time t is scaled as t/τ , where τ is the time it

takes for the ‘middle’ chamber to erupt three cycles and corresponds to the ratio

βV /F with compressibility β contained in volume parameter V . The erupted

volume is normalised to the total volume supplied to the chamber for this case

expressed as flux Q, so volume V is scaled as V/Qτ .
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3.3.1.1 Chamber volume

A smaller chamber has a shorter eruption duration and releases less magma than

a larger chamber because there is a smaller amount of magma in the system

overall. Figure 3.16 shows the effect of different chamber volumes on eruption

volume and duration. The ‘large’ chamber (orange) is 1.5 times the size of the

‘small’ chamber (blue). The recharge period t∗∗ is longer for the largest chamber

than for the smallest chamber (0.3 and 0.2 respectively), and the eruption period

t∗ is also longer for the largest chamber than for the smallest chamber (0.2 and

0.1 respectively). Thus a larger chamber would be expected to have a smaller

number of eruptive events in the same time that a smaller chamber would have

a larger number of events, and a larger volume output would be expected from a

larger chamber.

Figure 3.16: Single chamber: Larger chamber volumes give longer eruption dura-
tion t∗, longer recharge duration t∗∗, and larger output volumes in each effusion.
‘Large’ chamber (orange) is 1.5 times the volume of ‘small’ chamber (blue).
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3.3.1.2 Recharge rate Qin

It takes more time for a slower magma recharge rate to pressurise the chamber

sufficiently to restart the eruption. Figure 3.17 shows the effect of different magma

input rates on eruption volume and duration. The fastest Qin (orange) is twice

as fast as the slowest Qin (blue). The recharge period t∗∗ is shorter for the fastest

Qin than for the slowest (0.15 and 0.5 respectively), and the eruption period t∗ is

longer for the fastest Qin than the slowest (0.2 and 0.1 respectively).

Figure 3.17: Single chamber: Faster recharge rate gives longer eruption duration
t∗ and shorter recharge duration t∗∗; slower recharge rate gives shorter eruption
duration and longer recharge duration. ‘Large’ Qin (orange) is twice as fast as
‘small’ Qin (blue).
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3.3.1.3 Conduit resistance

The resistance in the conduit connecting the magma chamber to the surface

comprises magma viscosity and restrictive conduit walls, all of which impede

the magma’s ability to flow freely. Figure 3.18 shows the effect of changing the

conduit resistance. The recharge period t∗∗ is the same for all resistances (0.2),

because no material is erupting and thus the conduit resistance has no effect.

The eruption period t∗ is longer for the largest resistance than the smallest (0.3

and 0.1 respectively), as it is more difficult for the magma to move through the

conduit and thus takes longer to reach ∆PSTOP .

Figure 3.18: Single chamber: Larger conduit resistance gives longer period of
eruption but has no effect on period of recharge. ‘Large’ resistance (orange,
F=1) is twice as large as ‘small’ resistance (blue, F=0.5). Medium resistance is
pink (F=0.67), resistance values dimensionless
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3.3.1.4 Stopping overpressure ∆PSTOP

The overpressure that the chamber must reach for the eruptive event to stop

determines how long an eruption can continue. Figure 3.19 shows the effect of

changing the value of this overpressure, ∆PSTOP . The largest value of ∆PSTOP

(orange) is 1.2 times the smallest (blue). The recharge period t∗∗ is longer for the

smaller ∆PSTOP than for the larger (0.5 and 0.2 respectively), and the eruption

period t∗ is also longer for the smaller ∆PSTOP than the larger (0.3 and 0.1 re-

spectively). The volume output is thus larger for a smaller stopping overpressure

as more magma must be removed before a smaller ∆PSTOP is reached.

Figure 3.19: Single chamber: smaller ∆PSTOP values give longer periods of both
eruption and recharge, and larger output volumes. ‘Large’ ∆PSTOP (orange) is
1.2 times as large as ‘small’ ∆PSTOP (blue).
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3.3.1.5 Starting pressure ∆PSTART

The overpressure that the chamber must reach for a new eruptive event to begin

determines how long the chamber will recharge. Figure 3.20 shows the effect of

changing the value of this overpressure, ∆PSTART . The largest value of ∆PSTART

(orange) is 1.2 times the smallest (blue). The recharge period t∗∗ is longer for

the largest ∆PSTART than for the smallest (0.45 and 0.15 respectively), and the

eruption period t∗ is also longer for largest ∆PSTART than for the smallest (0.25

and 0.05 respectively). The volume output during one event is thus larger for a

larger starting overpressure as more magma must be removed before a smaller

∆PSTART is reached.

Figure 3.20: Single chamber: larger ∆PSTART values give longer periods of both
pause and eruption, and larger output volumes. ‘Large’ ∆PSTART (orange) is 1.2
times as large as ‘small’ ∆PSTART (blue).
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3.3.2 Varying recharge rate Qin

One question arising from this study is what it is that regulates both the individ-

ual cycles and the long-term eruption trend. The volcanoes discussed in Chapter

2 show complex cycles of eruption that have not reached steady state. The

Soufriere Hills volcano and Mount Etna long-term eruptions appear to progress

at a constant rate, but the cycles of eruption do not have the same rate each

time. Mount St Helens and Unzen eruption rates wane with time.

We can model different eruption duration with a variable recharge rate. Chang-

ing the recharge rate Qin allows for changes in eruption and pause durations. We

consider the effects if the recharge rate changes over time, as shown in Figure 3.21.

Figure 3.21: Single chamber: Recharge rate Qin does not have to be a constant
value (blue). A zero recharge rate (pink) will cause an eruption to cease once the
initial overpressure drops. A decreasing recharge rate (orange, Qin=exp(-t)) will
decrease the eruption duration t∗ and increase the recharge duration t∗∗ from one
cycle to the next.
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Varying Qin allows us to model cycles in which eruption duration t∗ and

recharge duration t∗∗ change from one cycle to the next, as shown in Figure 3.22.

A constant Qin (blue) gives constant t∗ and t∗∗ for each cycle and will carry on this

way until another factor (conduit resistance or start/stop overpressure) changes.

A zero Qin (pink) provides no mechanism to restart an eruption, and the eruption

ceases once the critical overpressure has been reached. A decreasing Qin (orange)

gives shorter eruption durations and longer recharge durations. Eventually, as

Qin approaches 0, the eruption duration will reach 0 and the eruptive sequence

will stop. However, the question still remains of what causes a change in recharge

rate.

Figure 3.22: Single chamber: Steady recharge rate (blue) gives constant eruption
and pause durations from one cycle to the next; zero recharge rate (pink) provides
no mechanism to restart an eruption so the eruption ceases once the critical
overpressure has been reached; and a decreasing recharge rate (orange) gives
shorter eruption and longer recharge durations.
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3.4 Application to Soufriere Hills Volcano

While we do not know what controls the recharge rate, we can use our model to

provide an estimate of the recharge rate at the Soufriere Hills Volcano.

The rate of chamber volume change dV/dt is simply the difference between

magma input Qin and magma erupted Qer

dV

dt
= Qin −Qer (3.22)

The chamber volume inflates when magma flows into the chamber, and deflates

when magma flows out of the chamber. Therefore at some point during each

eruption and pause, the chamber volume will go back to a reference ‘0’ value.

We refer back to our discussion of the Soufriere Hills Volcano in Chapter

2 and note that ground surface deformation measured by GPS units around the

volcano accompanies each phase of eruption and repose. This surface deformation

is proportional to the chamber volume change Elsworth et al. [2008]; Mattioli et al.

[1998]; Mogi [1958]. When the surface deformation is 0 relative to some reference

point, the rate of chamber volume change is also 0. Because we know the eruption

rate during each cycle of eruption at Soufriere Hills Volcano, we can calculate a

reasonable Qin during each cycle as well as for the overall eruption.

First we present more detail on the surface deformation that we referred to

in Chapter 2. In Figure 3.23, we present vertical surface deformation (residual)

data from four GPS stations around Montserrat, along with mass efflux data.

Mattioli notes that ‘episode duration is not uniform and that these bounds are

closely, although not exactly, aligned in time with initiation and cessation of lava

efflux at SHV’ Mattioli et al. [2010]; Sparks et al. [1998]; Wadge et al. [2010].

Each red dot represents a 24 hour average absolute point position estimate

relative to the Earth’s centre of mass. Three dome growth periods are represented

by gray shading (subsidence), while unshaded periods (uplift) are periods with

minimal surface lava efflux. We sketch an average value with black lines. Dashed

horizontal black lines show the 0 reference point, bisecting the Pause 2 period at

t3, which we choose as the point at which chamber volume is not changing. This

occurs in December 2005, blue ‘t3’ in the figure.
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Figure 3.23: Erupted volume (top panel) and vertical surface deformation at four
GPS stations around Soufriere Hills Volcano Mattioli et al. [1998]. Average sur-
face deformation values have been sketched by hand (black lines). Horizontal
black lines show reference point, bisecting Pause 2 period, at which surface de-
formation is 0. Average surface deformation is 0 at the times indicated by blue
arrows.
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We then note the time at which the average surface deformation crosses the

0 reference line in each episode from Pause 1 through Eruption 3 (1998-2007),

indicated by red arrows in Figure 3.24. Surface deformation data for Eruption

1 (1996-1998) is incomplete so we disregard it. These are the points at which

volume change crosses 0. We find the value at each station and take the average

time t1∗ through t4∗ over all the stations. Then we choose an input flux value

Qin and, using Equation 3.22, calculate the chamber volume change during each

episode for the eruption rate Qer indicated by the eruptions in the top panel of

Figure 3.23.

We choose 14 values of Qin and calculate chamber volume change for each

of them. This chamber volume change, relative to a reference volume, from

1998 through 2006 is shown in Figure 3.24, with different colour lines indicating

different Qin values. The chamber volume change crosses 0 at times t1 through

t4 for each pause and erupt event. We calculate the error associated with each

of these points with respect to the average values from the data, t1∗ through t4∗.

From the error calculations, shown in Figure 3.25, we determine that the best fit

value of magma recharge rate Qin is 5.4×106 m3/month.

In Figure 3.26, we show the chamber volume change associated with this

Qin and times t∗ from the Mattioli data at which surface deformation and thus

chamber volume change are 0 relative to reference time in late 2004. For this best

fit model, there is some variation in crossing time (orange ticks). This points to

some of the additional complexity associated with a magma plumbing system,

which we discuss in Chapter 4.

This analysis has allowed us to approximate a magma recharge rate to a single

chamber. This recharge rate rationalises the surface deformation and efflux data,

and provides a tool that can be applied to other volcanoes for which similar data

exist.
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Figure 3.24: Chamber volume change calculated for each of 14 values of recharge
rate Qin (shown in different colours). We note the times t1 through t4 at which
the chamber volume is 0 relative to reference time and volume in late 2004. The
chamber volume increase and decrease correspond to the pauses and eruptions
shown in Figure 3.23.

Figure 3.25: Error associated with volume change dV = 0 points in model from
Figure 3.24 compared with Mattioli data.
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Figure 3.26: Chamber volume change calculated for Qin = 5.4×106 m3/month,
and times t∗ from the Mattioli data at which surface deformation and thus cham-
ber volume change are 0 relative to reference time and volume in late 2004 Mattioli
et al. [1998].
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3.5 Discussion and conclusions

In this chapter we have developed a model of a single closed chamber system and

interpreted data from La Soufriere de St Vincent, Paracutin, Mount St Helens,

and Unzen in the context of this model. We have analysed data from Lonquimay

and used this, along with patterns at Unzen, as motivation to add a recharge to

the chamber. We developed a single open chamber model to allow for magma

recharge and nonlinearity of a plug in the conduit which leads to cycles of eruption

that start and stop such as at the Soufriere Hills Volcano.

A key result of this chapter is our application of the closed single chamber

model to Mount St Helens and Unzen to provide an estimate for the chamber

volume and effective conduit radius at these two volcanoes. We combined the

recharged single chamber model with surface deformation data from the Soufriere

Hills Volcano to provide an estimate of the recharge rate to the magma chamber.

We also noted that Unzen and Lonquimay seem to indicate two timescales of

eruption: Unzen erupted and waned then suddenly increased eruption rate in a

new phase, while Lonquimay erupted and waned, then became much slower as

though a second source took control of the eruption. In both cases, the first phase

could be controlled by a single chamber erupting, then a second source may begin

to take control.

3.5.1 Motivation for further work

The current model does not explain what controls the recharge rate of the cham-

ber, nor what dictates the pressure at which an eruption starts and stops. In the

next chapter, we develop the model to include a second chamber, which may act

as a buffer to the recharge rate by storing and releasing magma over time.

Multiple magma types and changing magma type over time at Mount St

Helens, Unzen, Soufriere Hills Volcano, and Eyjafjallajokull also suggest multi-

ple chambers that interact with each other. The ground deformation data at

Soufriere Hills volcano demonstrates complex cycles which correlate to the stop-

ping and starting of an eruption, and thus to chamber overpressures ∆PSTART

and ∆PSTOP , and has been interpreted in the context of multiple magma cham-

bers Elsworth et al. [2008]. Seismic events that change location and intensity
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preceding and during an eruption also suggest a magma plumbing system that is

more extensive than a single point source.

Drawing on work in the literature, in the next chapter we expand our version

of the recharged single chamber model to incorporate a second chamber. In

Chapter 5 we combine this with a Mogi model which uses the dual chamber model

to predict surface deformation trends. This will expand our understanding of a

deep chamber as the main mechanism by which an effusive eruption produces

large amounts of magma. The focus of the next chapters will be to develop this

model and investigate how it predicts flow rate and surface deformation patterns.
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Chapter 4

A two chamber model

4.1 Abstract

In the previous chapter, we explored a closed single chamber system, and then

investigated how a steady recharge of magma from below can lead to cycles of

chamber inflation and deflation. In this chapter, we will develop a series of

models to explore how such a supply of magma may be regulated by a deeper

chamber, and investigate the long-term control of a deep source. These models

are motivated partly by evidence of magma ponding at multiple depths in the

Soufriere Hills Volcano, and we return to data from Mount St Helens to show

that the building blocks of the model are able to provide a framework in which

to interpret the data.

We present a quantitative two chamber model and derive an analytical so-

lution which relates the surface eruption rate to the evolution of the chamber

pressures. The two chambers’ pressures evolve on different timescales. Typically,

the upper chamber evolves more rapidly, and the lower chamber evolves on a

longer timescale. We explore the effects of chamber size and conduit resistance

on the timescales of pressure change and eruption rate. We present a solution for

a closed two chamber system, and then explore the effects of recharge in an open

system.

By introducing a critical pressure in the upper chamber at which the eruption

starts and stops, we show that magma recharge can lead to nonlinear cycles of
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eruption. The transient evolution may involve series of eruption-repose cycles

which are controlled by the deep chamber.

We interpret data on the evolution of eruption rate at various volcanoes in the

context of this model. Lonquimay volcano in Chile shows two phases of eruption,

which we interpret as being controlled first by a shallow chamber and then by a

deeper chamber. At Unzen, the initial waning phase of eruption appears to be

similarly controlled by an overpressurised shallow chamber, and then the eruption

rate increases as the result of a deeper source of magma. If recharge to the shallow

chamber decreases in rate, the period between cycles of inflation and deflation can

become longer, which is reminiscent of Mount St Helens where intervals between

successive dome-building events increase over time.
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4.2 Introduction

Erupted magma at the Soufriere Hills Volcano contains minerals that are stable

at 115-130MPa, suggesting that the magma has spent time at a depth of 5-6km

beneath the Earth’s crust Barclay et al. [1998]. This has led to the hypothesis

of a magma reservoir situated at 5-6 km depth. Further, there is evidence that

new basalt which triggered the eruption reached this magma chamber, due to the

presence of mafic inclusions in erupted material and SO2 gas emitted from the

volcano which is derived from new mafic magma Edmonds et al. [2001]; Murphy

et al. [1998]. However, the majority of the erupted material at the Soufriere Hills

Volcano 1995-1999 eruption is crystal-rich andesite.

In addition, it has been hypothesised based on fractionation of mafic inclusions

that the new mafic magma formed a second reservoir or intrusion at a depth of

10-12 km in the Earth’s crust as it ascended Devine et al. [2003]. This motivates

the development of a more complex model in which two connected reservoirs are

situated in the crust. The lower chamber is supplied by a deeper source of mafic

magma, but it also supplies the shallow chamber while the shallow chamber erupts

andesite to the surface. This more complex picture of multiple sills or reservoirs

is consistent with an emerging view of magma genesis and fractionation Annen

and Sparks [2002].

Observations of eruptions at other volcanic systems such as Unzen and Lon-

quimay also suggest a magma plumbing system that is more complex than the

single chamber model in Chapter 3, as evidenced by continuing activity after the

first phase of eruption which we interpreted to behave as a closed single chamber

system. At Unzen in 1990-95, the eruption waned in the first phase and then

increased in rate, suggesting a rapid recharge from a high pressure source. At

Lonquimay in 1988, the eruption waned after the first phase, then continued at

a slower rate as though a deeper reservoir had taken control of the eruption.

We also note that at Mount St Helens, our analysis showed that the whole

system could appear as a closed single chamber system, but details at the surface

suggest a shallow system that regulates surface eruptions. We interpret these

episodes of lava dome growth in terms of a shallow elastic magma reservoir that

responds to the decompression of a deeper source reservoir at 7-10 km.
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4.3 General model

We develop a two chamber model with which to explore the dynamics of a magma

system and investigate the differences from a single chamber system.

Figure 4.1 is a diagram of the 2-chamber model. The lower and upper cham-

bers have volumes V2 and V1, overpressures ∆P2 and ∆P1, and the resistance

to magma flow in the conduit connecting lower to upper chamber is 1/F2 and

shallow to surface is 1/F1. Additionally, the upper and lower chambers have bulk

compressibility β1 and β2, respectively. As in the single chamber model, we treat

β as a constant in order to focus on the simplest dynamics. The volume eruption

rate to the surface is Qer, and the lower chamber is recharged from a deep mantle

source at rate Qin. The transfer of magma between chambers occurs at rate Q2,1.

We assume that

Qer = F1∆P1 (4.1)

and

Q2,1 = F2(∆P2 − ∆P1) (4.2)

This leads to the rate of pressure change d∆P2/dt in the lower chamber is

d∆P2

dt
=

1

β2V2
Qin −

F2

β2V2
(∆P2 − ∆P1) (4.3)

for magma recharge to lower chamber Qin, resistance between chambers 1/F2,

and elastic modulus β2. The pressure change in the upper chamber is similarly

d∆P1

dt
=

F2

β1V1
(∆P2 − ∆P1) −

F1

β1V1
∆P1 (4.4)

for conduit resistance 1/F1, and compressibility β1.

At equilibrium, the chamber pressures are constant and given by

∆P1(eq) =
Qin

F1

(4.5)

and

∆P2(eq) = (
1

F1

+
1

F2

)Qin (4.6)
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In the next sections, we will explore the model and show what it predicts regarding

chamber pressure evolution and how the chambers interact with each other.

Figure 4.1: Diagram of two chamber model: lower and upper chamber volumes
are V2 and V1, pressures are P2 and P1; resistance in conduit connecting lower to
upper chamber is 1/F2 and upper to surface is 1/F1. Eruption rate to surface is
Qer; recharge rate from deep mantle source is Qin; transfer of magma between
chambers is at rate Q2,1.
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4.4 Analytical solution

In this section, we derive a series of solutions for the evolution of eruption rate and

chamber overpressures in the system described in section 4.3, and consider a two-

chamber magma system with a constant recharge to the lower chamber. We then

describe how the system evolves to the steady state described in Equations 4.5

and 4.6. In the next section, we extend the model further to allow for a critical

overpressure ∆Pcrit at which the eruption continues and show that for a constant

magma recharge, this leads to a series of eruption cycles analagous to but different

in detail from those in Chapter 3. We also describe the transient evolution in

which there is no recharge, but a deep chamber continues to pressurise the shallow

chamber leading to a series of eruption episodes with progressively longer time

intervals between eruptions.

4.4.1 Solution

First we look at the adjustment to steady state. The lower and upper chamber

pressures are expressed in the pressure change equations 4.3 and 4.4, rewritten

below, with equlibrium components described in equations 4.5 and 4.6.

d∆P2

dt
= − F2

β2V2
(∆P2 − ∆P1) +

1

β2V2
Qin (4.7)

d∆P1

dt
=

F2

β1V1
(∆P2) −

1

β1V1
(F2 + F1)∆P1 (4.8)

We rewrite the pressure rate change equations as a matrix M

d

dt

(
∆P2

∆P1

)
= M =

(
−F2

β2V2

F2

β2V2
F2

β1V1
−1
β1V1

(F2 + F1)

)(
∆P2

∆P1

)
+

(
Qin

β2V2

0

)
(4.9)

The solution to Equation 4.9 has the form(
∆P2

∆P1

)
=

(
a

b

)
exp(−λ+ t) + γ (4.10)
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where a, b, and γ are constants, and λ satisfies

0 =

∣∣∣∣∣ λ− F2

β2V2

F2

β2V2
F2

β1V1
λ− 1

β1V1
(F2 + F1)

∣∣∣∣∣ (4.11)

To simplify the notation, we introduce some dimensionless parameters for

compressibility constants β, resistance constants F , and volumes V , as

F =
F2

F1

(4.12)

B =
β2
β1

(4.13)

V =
V2
V1

(4.14)

G =
BF

V
(4.15)

and we express λ in terms of ω and upper chamber constants

λ = ω
F1

β1V1
(4.16)

Equation 4.16 means that ω is the eruption rate scaled to the upper cham-

ber timescale, which is F1/β1V1 as indicated by Equation 3.15. Further, G in

Equation 4.15 represents the ratio of timescales for upper and lower chamber

overpressure changes, which depend on the same parameters for the respective

chambers. A small G corresponds to a lower chamber that quickly settles into

a steady decay, and a large G corresponds to an upper chamber that responds

quickly.

We can expand and rewrite equation 4.11 as

ω2 − [F + 1 +G]ω +G = 0 (4.17)

and solving for ω

ω+ =
F + 1 +G+

√
(F + 1 +G)2 − 4G

2
(4.18)
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This is the scaled decay rate, relative to the upper chamber, of overpressures

∆P1 and ∆P2 in the upper and lower chambers. Items to note about decay rate

ω from Equation 4.18 include

• ω>0 so the chamber pressures always decrease to equilibrium

• ω is real and positive

We next apply boundary conditions in order to show values for ∆P1 and ∆P2

during the transition to steady state for the general solution

(
∆P2

∆P1

)
= α

(
a+

b+

)
exp(−λ+t) + β

(
a−

b−

)
exp(−λ−t) +

(
γa

γb

)
(4.19)

where α and β are unknown, γ is ∆P (eq) from Equations 4.5 and 4.6, and (a+b+)′

and (a−b−)′ are eigenvectors of M . We need to find the eigenvectors and apply

the boundary conditions at time t = 0 to find α and β.

We choose initial values at time t = 0 for lower and upper chamber pressures(
∆P2(0)

∆P1(0)

)
(4.20)

and put these into the general solution at time t = 0

∆P2(0) − γa = αa+ + βa− (4.21)

∆P1(0) − γb = αb+ + βb− (4.22)

The eigenvectors of the original matrix M , assuming that M has real eigen-

values, are

− λ+

(
a+

b+

)
= M

(
a+

b+

)
(4.23)

− λ−

(
a−

b−

)
= M

(
a−

b−

)
(4.24)

Using the substitutions for ω and dimensionless values in equations 4.12
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through to 4.16, the root λ+ can be expressed as

− ω+

(
a+

b+

)
=

(
−G G

F −(1 + F )

)(
a+

b+

)
(4.25)

or

− ω+a+ = −Ga+ +Gb+ (4.26)

and

− ω+b+ = Fa+ − (1 + F )b+ (4.27)

b+ =
G− ω+

G
a+ (4.28)

so the eigenvectors are (
a+

b+

)
=

(
G

G− ω+

)
(4.29)

and, similarly for λ− (
a−

b−

)
=

(
G

G− ω−

)
(4.30)

Returning to equations 4.21 and 4.22 for initial pressures, we can now solve

for α and β

∆P2(0) − γa = αG+ βG (4.31)

∆P1(0) − γb = α(G− ω+) + β(G− ω−) (4.32)

Solving for α and β leads to

β =
(∆P2(0) − γa)(G− ω+) − (∆P1(0) − γb)G

G(ω− − ω+)
(4.33)

α =
∆P2(0) − γa −Gβ

G
(4.34)

The complete solution for the rate of change of overpressures ∆P1 and ∆P2

in the upper and lower chambers is

∆P1(t) = α(G− ω+)e−λ+t + β(G− ω−)e−λ−t +
Qin

F1

(4.35)
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∆P2(t) = αGe−λ+t + βGe−λ−t +
(1 + F )Qin

F2

(4.36)

In the limit as t approaches infinity, Equations 4.35 and 4.36 go to equilibrium

values in Equations 4.5 and 4.6.

4.4.2 Transition to steady state

The eruption rate is directly related to the upper chamber overpressure. In this

section, we investigate how the rate of pressure decay in both chambers depends

on different properties of the system.

We investigate how different properties of the system affect the decay rates and

pressure changes. The ratio of lower to upper chamber volumes V could range

from 1 to 100, with the latter case corresponding to a relatively small upper

chamber. The ratio of lower to upper chamber compressibilities B is around 1,

because there should not be a vast difference in the properties of the rock in which

the two chambers are situated. The resistance in the deep and shallow conduits,

F , could vary with conduit size and magma viscosity, which is related to magma

pressure Blundy and Cashman [2005]; Woods and Koyaguchi [1994]. We consider

values from 1 to 100. This means that G, which is the ratio of upper chamber

to lower chamber timescale (G = BF/V ), ranges from 0.01 to 100. A small G

corresponds to a lower chamber that responds quickly, and a large G corresponds

to an upper chamber that responds quickly. We imagine that magma recharge

rate Qin = 0, to illustrate the principle of overpressurised chambers transitioning

to equilibrium.

4.4.2.1 Chamber volume

First we show the effect of chamber volume ratio on decay rate, and set B = 1,

F = 1, and V from 1 to 100. The upper chamber decay rate ω+ (pink) approaches

a value of 2 (pink dashed) for the limit of large V , as shown in Figure 4.2. This

corresponds to the early time decompression rate of the upper chamber, before

the lower chamber’s effect is apparent. The lower chamber decay rate ω− (blue)

approaches a value of G/2 (blue dashed), corresponding to the recharge from
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lower chamber and thus to the ratio of upper to lower chamber timescales. This

corresponds to a slow evolution which is controlled by the lower chamber. Both

V and ω are displayed on a log scale. Decay rates are dimensionless.

Figure 4.2: Decay rate vs chamber volume ratio. Upper chamber decay rate ω+

(pink) approaches value of 2 (pink dashed) for large value of V . Lower chamber
decay rate ω− (blue) approaches a value of G/2 (blue dashed), corresponding to
the recharge from lower chamber, for large value of V . Decay rates are scaled to
the timescale of the upper chamber.
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To illustrate how the system behaves for the limit V = 100 (large lower

chamber), we look at how the upper and lower chamber pressures change over

time. In Figure 4.3, both pressures decay to 0, but the lower chamber (blue)

decays more gradually and consistently for the entire time. The upper chamber

(pink) decays rapidly at first, then settles into a gradual decay alongside the

lower chamber. The inset chart highlights the first 5 time units of upper chamber

decay, to show that it is a smooth curve. The study of large V , indicating a

tiny upper chamber and huge lower chamber, indicates a rapidly adjusting upper

chamber decay rate (ω+) and a slowly adjusting lower chamber decay rate (ω−).

While both chamber pressures decay to 0, the large lower chamber controls the

long term evolution. Decay rates are dimensionless.

Figure 4.3: Chamber pressures for lower:upper chamber ratio 100. Both chamber
pressures decay to 0. Lower chamber (blue) decays gradually and consistantly.
Upper chamber (pink) decays rapidly at first, then settles into gradual decay.
Inset chart highlights initial upper chamber decay, which is also a smooth curve.
Decay rates are dimensionless.
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To illustrate how the system behaves for the limit V = 1 (equal size chambers),

we look at how the upper and lower chamber pressures change over time for equal

size chambers. In Figure 4.4, the upper chamber (pink) decays rapidly at first,

then settles into a gradual decay alongside the lower chamber. The lower chamber

(blue) decays more gradually. The study of small V indicates similar pressure

decay rates in both chambers at later times.

Figure 4.4: Chamber pressures for lower:upper chamber ratio 1. Both chamber
pressures decay to 0 at similar rates. Lower chamber (blue) decays gradually and
consistantly. Upper chamber (pink) decays somewhat more rapidly at first, then
settles into gradual decay. Decay rates are dimensionless.
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Finally, we look at the case for V = 0.1, indicating an upper chamber larger

than a lower chamber. In Figure 4.5, the chambers decay at similar rates, with

upper chamber (pink) decaying slightly more rapidly than lower chamber (blue)

at first. A larger upper chamber dominates pressure change effects such that

the system behaves as a single draining chamber, similarly as for chambers with

minimal resistance between them (large F as in Figure 4.7). Reducing the ratio

further to V = 0.01 leads to yet smaller difference in the two chambers’ pressure

change rates.

Figure 4.5: Chamber pressures for lower:upper chamber ratio 0.1. Both cham-
ber pressures (upper, pink; lower, blue) decay to 0 at similar rates, with upper
chamber decaying more rapidly at first. Decay rates are dimensionless.
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4.4.2.2 Conduit resistance

Next we illustrate how a system behaves for different F . Recall that 1/F2 is the

resistance value and that F is F2/F1, so a large F corresponds to a low resistance

between the two chambers. We choose B = 1 and V = 1, and F can range from

0.01 to 100. A small F corresponds to a situation in which magma cannot move

easily from the lower to upper chamber, and the lower chamber catches up with

the upper chamber. A large F corresponds to a situation in which magma flows

relatively freely between the two chambers.

We show how the decay rates evolve for different F in Figure 4.6. Lower

chamber decay rate ω+ (blue) is 0 for small F and approaches a value of 2G (blue

dashed), indicating the timescale ratio of upper to lower chambers, for large F .

Upper chamber decay rate ω− (pink) is small for small F , as the two chambers

are not in communication, then increases to a value of 1/2 (pink dashed) for

large F when the chambers are in good communication and decay together. The

lower chamber takes longer to adjust for small F , and the upper chamber keeps

erupting. Decay rates are dimensionless.

Figure 4.6: Decay rate vs resistance ratio F expressed on log scale. Lower cham-
ber decay rate ω+ (blue) is 0 for small F and approaches value of 2G (blue dashed),
indicating timescale ratio of chambers, for large F . Upper chamber decay rate
ω− (pink) is small for small F , increases to value of 1/2 (pink dashed) for large
F when chambers are in good communication. Decay rates are dimensionless.
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To illustrate how the system behaves for the limit F = 100, we look at how the

upper and lower chamber pressures change when the two chambers are in good

communication. Figure 4.7 shows that both upper (pink) and lower (blue) decay

to 0, gradually and consistantly, at a similar rate. The two chambers effectively

act as a single chamber, as there is minimal inhibition to flow between the two.

The inset shows that lower chamber pressure (blue) initially decays more slowly

than upper chamber (pink) at early times, but it is only in very early times that

this difference is apparent.

Figure 4.7: Chamber pressures for lower:upper resistance ratio F = 100. Upper
(pink) and lower (blue) chamber pressures decay at similar rate. Inset shows that
lower chamber pressure (blue) decays more slowly than upper chamber (pink) for
early times. The two chambers effectively act as a single chamber.
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Finally, we illustrate how the system behaves for the limit of small F = 0.1,

corresponding to a situation in which magma cannot move easily from the lower to

upper chamber. Figure 4.8 shows that both upper (pink) and lower (blue) decay

to 0, but the upper chamber decays rapidly at first while the lower chamber takes

time to catch up. That is, the lower chamber pressure lags behind upper chamber

pressure.

Figure 4.8: Chamber pressures for lower:upper resistance ratio F = 0.1. Upper
(pink) decays rapidly at first while lower (blue) decays steadily, taking time to
catch up and lagging behind the upper chamber. Decay rates are dimensionless.

In this section, we have investigated how different properties of the system

affect the decay rates and pressure changes. Pressure changes are directly corre-

lated to eruption rate, so we have provided insight to how a dual chamber magma

system behaves when there is no magma recharge.
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4.4.3 Application to Lonquimay 1988 eruption

In Chapter 3, we noted that Lonquimay volcano appeared to progress in two

phases, with a rapid phase followed by a slow phase, as shown in Stasiuk’s model

in Figure 3.14. Figure 4.8 is reminiscent of this pattern, as the efflux rate is

proportional to the top chamber pressure (Equation 4.1). This corresponds to

the change in pressure in Figure 4.8 at around t = 4, going from a rapid eruption

rate to a gradual eruption rate. There is error associated with the lava dome

measurements, but we do not have an idea of what value such error takes.

In a comparison to the Lonquimay eruption, we assume the initial overpressure

in each chamber to be the same. Then the shallow chamber controls the eruption,

as it evolves on a rapid timescale. The change in character of the eruption occurs

after around 0.45 of the volume has been erupted. We fit the Lonquimay data

with equal chamber volumes of 12.5 km3, bulk compressibility 10−9Pa−1, initial

chamber overpressure 106 Pa, and lower conduit resistance larger than that of

the upper conduit (small F = 0.1).

Figure 4.9 is a plot of this model scaled on the timescale of the erupting shallow

chamber. This is not a unique solution: we have assumed the two chambers

are the same size, and allow for a shorter timescale for the upper and a longer

timescale for the lower chamber, which constrain F . We choose comparable

chamber volumes Vc because both phases of eruption produce roughly the same

amount of magma. Time is scaled as Vcβ/F , so the solution is non-unique.

From this application we get two time constants and a chamber volume linked

to elastic modulus and initial overpressure as βVc∆P (0). The Vc is obtained by

assuming β and ∆P (0) as stated above. This provides a good fit, but if we had

more information we could get different values for Vc.

The eruption stops because there is no recharge to maintain chamber pressure.

In the next section, we investigate cycles that could occur if the lower chamber

is repressurised.

This interpretation uses a two chamber model with resistance from deep to

shallow chamber much larger than resistance from conduit to surface. This is

consistent with our earlier picture of an intrusion of magma that has cooled and

evolved, and is more viscous when it starts to feed the shallow chamber.
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Figure 4.9: Erupted volume at Lonquimay volcano 1988 eruption, and model
of two chambers with small F (magma cannot move easily from lower to upper
chamber). The eruption progresses rapidly at first and then slowly after time =
25, as the eruption rate transitions to a second regime. Model has equal chamber
volumes 12.5 km3, bulk compressibility 10−9Pa−1, initial chamber overpressure
106 Pa, and lower conduit resistance larger than that of the upper conduit (small
F = 0.1).
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4.5 Eruption cycles

4.5.1 Start/stop pressure model

In the previous section, we modeled a two chamber system that had no magma

recharge rate (Qin = 0) and no control on when an eruption starts or stops. This

meant that both upper and lower chamber pressures decreased to 0.

Now we draw on Chapter 3 and say that the chamber must reach a critical

overpressure ∆PSTART to begin an eruption and decrease to overpressure ∆PSTOP

before an eruption stops. As magma decompresses, it becomes more viscous and

forms a plug in the shallow system. The critical start/stop overpressures in the

shallow chamber relate to the formation of the plug, and the pressure buildup to

remove the plug. We imagine that the critical overpressure occurs in the shallow

chamber, because this is where crystallisation occurs. We couple the shallow

chamber to a deep chamber which repressurises the shallow chamber. This gives

a control on the recharge rate to the shallow chamber in terms of the dynamics

of a second chamber.

We provide a diagram showing the influence of recharge on eruption rate and

chamber overpressure. In Figure 4.10 we show how an eruption can increase or

decrease to a steady state depending on recharge rate. We first sketch an eruption

rate Qer that is proportional to upper chamber overpressure ∆P (black). As long

as the upper chamber overpressure is above ∆PSTOP the system will erupt. When

the upper chamber overpressure is ∆PSTART , the eruption can either build up or

decay to steady state, depending on the recharge from the deep chamber.

For an eruption that begins at ∆PSTART and has no recharge Qin = 0 (pink),

the chamber overpressure decays from ∆PSTART at point A until it reaches

∆PSTOP and the eruption ceases. For an eruption that begins at ∆PSTART and

is supplied by critical recharge rate Q∗in (blue), the chamber overpressure de-

cays from ∆PSTART at point A until overpressure ∆P (B) which is just larger

than ∆PSTOP , and the eruption continues at steady state as described by Equa-

tions 4.5 and 4.6 which requires that Qin = Qer. This critical recharge rate

sustains the eruption and maintains chamber overpressure larger than ∆PSTOP .

For an eruption that begins at ∆PSTART and is supplied by ‘large’ recharge rate
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Q∗∗in (red), the chamber overpressure increases from ∆PSTART at point A until

overpressure ∆P (C) and the eruption continues at steady state.

However, if recharge rate Qin,cycle is between Q∗in and Q∗∗in (green), as long as

overpressure is not larger than ∆P (A), the lower chamber still builds up pressure

and feeds magma into the upper chamber. The upper chamber overpressure builds

up until it reaches ∆PSTART . The sudden increase to eruption rate at point A

upon reaching ∆PSTART at point D could be due to sufficient pressure building

up to remove a plug that has formed in the conduit. At this point the chamber

erupts from point A until upper chamber pressure reaches ∆PSTOP . Then the

overpressure builds back up until it reaches ∆PSTART at point D again, leading

to a series of cycles between ∆PSTART and ∆PSTOP .

Figure 4.10: Diagram showing the influence of recharge on eruption rate for sketch
of eruption rate proportional to upper chamber overpressure (black). Eruption
that begins at ∆PSTART and has no magma recharge Qin = 0 (pink) decays
and ceases at ∆PSTOP . Critical recharge rate Q∗in (blue) sustains chamber over-
pressure decays from A until ∆P (B) which is slightly larger than ∆PSTOP and
eruption continues at steady state as described by Equations 4.5 and 4.6. Large
recharge rate Q∗∗in (red) leads to increase in chamber overpressure and eruption
at higher steady state C. Recharge rate between Q∗in and Q∗∗in (green) leads to
cycles in chamber overpressure.
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Modification of the equations in Section 4.3 leads to a model that shows cycles

of chamber overpressure and eruption rate with time. Combined with the rate of

pressure change in lower chamber from Equation 4.3 and magma transfer between

chambers as in Equation 4.2, the following equations give the cycles in chamber

overpressure and eruption rate for a system in which an eruption starts and stops

at a critical upper chamber overpressure.

Upper chamber overpressure ∆P1 is initiated at value ∆PSTART . While

∆PSTOP ≤ ∆P1 ≤ ∆PSTART (4.37)

and eruption rate Qer takes a positive value as in Equation 4.1 (which corresponds

to the last term in Equation 4.4/4.41) the rate of pressure change in the upper

chamber takes a negative value as chamber pressure drops during an eruption:

d∆P1

dt
=

F2

β1V1
(∆P2 − ∆P1) −

F1

β1V1
∆P1 (4.38)

This case is identical to that in Equation 4.4. However, when the upper

chamber overpressure drops to ∆P1 = ∆PSTOP , the eruption rate Qer ceases so

Qer = 0 (4.39)

As long as Qer = 0 and

∆PSTART > ∆P1 > ∆PSTOP (4.40)

the rate of pressure change in the upper chamber becomes

d∆P1

dt
=

F2

β1V1
(∆P2 − ∆P1) (4.41)

which takes a positive value, with the upper chamber overpressure building

up until ∆P1 = ∆PSTART and an eruption begins again.

The cycles between ∆PSTART and ∆PSTOP from the above discussion are

depicted in Figure 4.11. This indicates cycles in eruption rate. The lower chamber

pressure also oscillates, as the lower chamber still builds up pressure and feeds
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magma into the upper chamber. The recharge rate indicates when an eruption

proceeds in cycles and when it adjusts to steady state without cycles, as shown

by the different cases in Figure 4.10. We next show this cyclic behaviour using

a numerical simulation of the solution to the pressure change equations from

Section 4.4.

Figure 4.11: Steady state cycles of changing pressure in upper chamber. De-
pending on whether recharge rate is sufficient to sustain an eruption, the upper
chamber cycles between ∆PSTART and ∆PSTOP . When the chamber is repres-
surising until an eruption can begin at ∆PSTART , the eruption rate Qer = 0.
When the pressure is dropping, the chamber is erupting and Qer > 0.
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4.5.2 Cycles at equilibrium

We conduct a brief parameter study to explore the effects of chamber volume and

conduit resistance on the equilibrium pressure cycles’ timescales. Referring again

to values in equations 4.12 through to 4.15, we investigate the effects of increasing

lower to upper chamber volume ratio V and increasing resistance between the two

chambers F . Recall that upper conduit resistance is 1/F1 and resistance between

chambers is 1/F2, so a large F1 or F2 corresponds to a small resistance. Thus a

larger F , brought about by increasing F2 or decreasing F1, corresponds to a larger

resistance in the upper conduit and a lower resistance between the two chambers.

In Figure 4.12 we set chamber volumes equal (V = 1) and explore the chamber

pressure effects of F = 1, 10, and 50. Dashed lines represent lower chamber over-

pressure ∆P2, solid lines represent upper chamber overpressure ∆P1. Both cham-

bers are initiated below the overpressure required to start an eruption, ∆PSTART .

In all cases in this study, we use stepwise Euler integration to numerically

solve Equations 4.37 through 4.41 in Microsoft Excel. The initial overpressure in

each chamber is specified as halfway between critical starting pressure PSTART

and PSTOP , with eruption rate Qer = 0 so the chamber overpressure is initially

increasing and the outflux is paused. The rate of overpressure change ∆P in each

chamber is calculated at time t, multiplied by the timestep dt, and added to the

overpressure at time t− 1. We perform resolution checks for double the number

of timesteps in the original figures from Sections 4.5.2.1 to 4.5.2.3, with examples

shown at the end of this section (section 4.5.2.4).

4.5.2.1 Equal chamber volumes V = 1

For equal resistances F = 1 (blue), the lower chamber settles into steady cy-

cles of overpressure (from t = 10), while the upper chamber oscillates between

∆PSTART = 1 and ∆PSTOP = 2. The upper chamber loses pressure as fast as F1

allows it to drain, and the lower chamber cannot refill it fast enough to maintain

pressure. Thus the upper and lower chambers act separately, with upper conduit

resistance controlling the upper chamber pressure change and recharge rate Qin

controlling the lower chamber pressure change. When the eruption stops (t = 4),

the upper chamber increases pressure rapidly and the lower chamber continues to
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lose pressure at first, because it has to fill the upper chamber, then it follows the

upper chamber rate of change. Thus as long as the eruption rate and recharge

rate occur on similar timescales, the cycles are steady and rapid compared to

those for larger F .

Increasing F to 10 (orange) means that the two chambers are in better com-

munication with each other and the resistance from upper chamber to surface is

larger than the resistance between the two chambers. The upper and lower cham-

bers behave similarly; both oscillating between ∆PSTART = 1 and ∆PSTOP = 2

with slightly longer cycles than for F = 1. The timescale of cycles is slower

than for F = 1. The lower chamber overpressure lags behind the upper chamber

during an eruption as the upper chamber loses its volume first, but they soon

lose pressure at the same rate. The upper chamber overpressure lags behind the

lower chamber during recharge as the lower chamber first needs to feed the upper

chamber, but they are soon both fed by Qin at the same rate. Thus the pressure

buildup during recharge is slower than for F = 1 and cycles are longer overall.

Further increasing F to 50 (pink) gives a case in which the two chambers have

such little resistance between them that they act effectively as a single chamber,

and follow identical pressure patterns controlled by the resistance from upper

chamber to surface. The timescale of cycles is faster than for F = 10 because

there is negligible lag between upper and lower chamber pressure change. During

recharge, Qin reaches both chambers simultaneously; during eruption, F1 slows

both chambers simultaneously. Thus the cycles are those of a single large chamber

without the delay that occurs for F = 10.
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Figure 4.12: Steady state overpressure cycles (from t = 10) for equal chamber
volumes V = 1. Dashed lines represent lower chamber overpressure ∆P2, solid
lines represent upper chamber overpressure ∆P1. For equal resistances F = 1
(blue), the lower chamber settles into steady cycles of overpressure. The upper
chamber has rapid pressure change cycles controlled by upper conduit resistance
1/F1 while recharge rate Qin controls the lower chamber pressure change. For F =
10 (orange), resistance from upper chamber to surface is larger than resistance
between the two chambers so both behave similarly. For F = 50 (pink), the two
chambers have minimal resistance between them and act as a single chamber,
following an identical pressure pattern. The timescale of cycles is faster for F =
100 than F = 10 because coupling between the chambers occurs more rapidly
and there is no delay recharge Qin reaches both at the same time. The timescale
of cycles for F = 1 is faster because there is sufficiently high resistance that
the lower chamber never loses a significant amount of pressure, thus overpressure
change happens faster.
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In Figure 4.13, we plot the erupted volume V associated with these overpres-

sures. Recall that eruption rate is

Qer = F1∆P1 (4.42)

so erupted volume is simply the integral of the rate. As in the overpressure

plot, erupted volume is shown for equal resistances between conduits (F = 1,

blue); resistance from upper chamber to surface larger than resistance between

two chambers (F = 10, orange); and minimal resistance between two chambers

(F = 50, pink). All erupt a similar amount of magma, with shorter recharge

durations for F = 1.

Figure 4.13: Steady state erupted volume cycles (from t = 15) for equal cham-
ber volumes V = 1. Each example shows a similar erupted volume over time.
Shown for equal resistances between conduits (F = 1, blue); resistance from up-
per chamber to surface larger than resistance between two chambers (F = 10,
orange); and minimal resistance between two chambers (F = 50, pink).

129



4.5.2.2 Lower chamber larger than upper chamber V = 10

In Figure 4.14 we increase the lower chamber volume (V = 10) and explore

the chamber pressure effects of F = 1, 10, and 50. Dashed lines represent lower

chamber overpressure ∆P2, solid lines represent upper chamber overpressure ∆P1.

Both chambers are initiated below the overpressure required to start an eruption,

∆PSTART . Until time t = 10, both chambers are building up to ∆PSTART , which

takes more time than for V = 1 because of the lower chamber’s larger volume.

For equal resistances F = 1 (blue), the lower chamber settles into steady

cycles of overpressure at about t = 20, while the upper chamber oscillates between

∆PSTART = 1 and ∆PSTOP = 2. The variation in lower chamber pressure (blue

dashed) is small because the large volume responds less to the recharge Qin.

The resistance between the two chambers is sufficient that the upper chamber

pressure (blue solid) changes rapidly and does not see the minimal pressure loss

in the lower chamber.

As before, increasing F to 10 (orange) means that the two chambers are in

better communication with each other and the resistance from upper chamber to

surface is larger than the resistance between the two chambers. Once the upper

chamber reaches ∆PSTART = 2, just after t = 10, its pressure drops rapidly as the

small upper chamber erupts its magma and then decreases gradually alongside

the deep chamber. When the upper chamber reaches ∆PSTOP = 1, at t = 23, its

overpressure increases rapidly for less than one time unit and then increases grad-

ually alongside the deep chamber. The lower chamber overpressure lags behind

the upper chamber during an eruption as the upper chamber loses its volume

first, but the upper chamber lags behind the lower chamber during recharge as

Qin needs time to reach both chambers. This lag is very small for V = 10. The

lower chamber controls the eruption rate when it is much larger than the upper

chamber, because the time it takes for the small upper chamber to fill and empty

is very small compared to the ovearll timescale of the cycles.

Further increasing F to 50 (pink) means that the two chambers have such little

resistance between them that they act effectively as a single chamber, and follow

an identical pressure pattern controlled by the resistance from upper chamber

to surface. As with F = 10 (orange), there is a very brief rapid drop in upper
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chamber overpressure at the beginning and end of an eruption as it empties and

fills, then couples to the large lower chamber which takes more time to change

pressure. However, the lag is negligible compared to F = 10, so the controlling

factor is the large lower chamber and the cycles are slower than for F = 10

because the chambers couple more rapidly. It takes longer for Qin to cause a

pressure change in the larger volume.

The lower chamber controls the eruption rate when it is much larger than

the upper chamber, as the time it takes for the small upper chamber to fill and

empty is very small compared to the overall timescale of the cycles. The largest

F (pink) has the longest timescales because it takes longer for Qin to create a

pressure change in what is effectively one large chamber than it does for the

chambers to achieve the coupled state as was the case in V = 1.
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Figure 4.14: Steady state (from t = 23− 58 shows a complete cycle) overpressure
cycles for large lower chamber V = 10: cycles are slower than for equal chamber
volumes. Dashed lines represent lower chamber overpressure ∆P2, solid lines rep-
resent upper chamber overpressure ∆P1. For equal resistances F = 1 (blue), the
lower chamber settles into steady cycles of slight overpressure while the upper
chamber undergoes large pressure changes as it drains and fills. For F = 10 (or-
ange), resistance from upper chamber to surface is larger than resistance between
the two chambers so both behave similarly after a rapid initial change in upper
chamber pressure while it fills or empties (t = 10, 23). For F = 50 (pink), the
two chambers have minimal resistance between them and act as a single cham-
ber, following an identical pressure pattern, and the rapid initial change in upper
chamber pressure (t = 10, 23) is less pronounced. The largest F (pink) has the
longest timescales because it takes longer for Qin to create a pressure change in
what is effectively one large chamber than it does for the chambers to achieve a
coupled state.
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In Figure 4.15, we plot the erupted volume V associated with these overpres-

sures. As in the pressure plot, erupted volume is shown for equal resistances

between conduits (F = 1, blue); resistance from upper chamber to surface larger

than resistance between two chambers (F = 10, orange); and minimal resistance

between two chambers (F = 50, pink). The volume erupted is largest for minimal

resistance (pink).

Figure 4.15: Steady state erupted volume cycles (from t = 23 − 58 shows a
complete cycle) for chamber volume ratio V = 10. The erupted volume at a
given time is largest for minimal resistance between chambers (pink). Shown for
equal resistances between conduits (F = 1, blue); resistance from upper chamber
to surface larger than resistance between two chambers (F = 10, orange); and
minimal resistance between two chambers (F = 50, pink).
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In Figure 4.16, we also explore cases for F between 1 and 10, adding plots of

F = 1.5 (red), F = 2 (black), and F = 5 (turquoise) to the original plot of F = 1

(blue). We note that F = 5 behaves similarly to F = 10 (orange in Figure 4.14)

but on a shorter timescale, so for ease of visualisation, we leave out F = 10 and

F = 50 in this figure.

As before, increasing F means that the two chambers are in better commu-

nication with each other and the resistance from upper chamber to surface is

larger than the resistance between the two chambers. Once the upper chamber

reaches ∆PSTART , its pressure drops rapidly as it erupts its magma and then de-

creases gradually alongside the deep chamber. When the upper chamber reaches

∆PSTOP , its overpressure increases rapidly at first and then increases gradually

alongside the deep chamber. This leads to two apparent phases of eruption rate,

with shift from fast to slow pressure drop in the upper chamber occuring more

rapidly for increasing values of F , from F = 1.5 (red) to F = 2 (black) to F = 5

(turquoise). For extremely large values of F , the shift becomes less apparent

as the chambers couple rapidly (illustrated by pink in Figure 4.14). The lower

chamber overpressure lags behind the upper chamber during an eruption as the

upper chamber loses its volume first, but the upper chamber lags behind the

lower chamber during recharge as Qin needs time to reach both chambers. The

largest F (turquoise) has the longest cycles because it takes longer for Qin to

create a pressure change in what is effectively one large chamber than it does for

the chambers to achieve the coupled state as was the case in V = 1.

In Figure 4.17, we plot the erupted volume associated with these overpressures.

As in the pressure plot, erupted volume is shown for equal resistances between

conduits (F = 1, blue); resistance from upper chamber to surface larger than

resistance between two chambers (F = 1.5, red; F = 2, black; F = 5, turquoise;

F = 10, orange); and minimal resistance between two chambers (F = 50, pink).

The erupted volume in a single cycle is largest for minimal resistance between

chambers (pink). Although not shown here, we note that for V = 1, values of

F between 1 and 10 cause small shifts in pressure change cycle durations; for

V = 100, trends are similar to the cases shown here for V = 10 but occur on a

longer timescale.
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Figure 4.16: Steady state pressure cycles including F between 1 and 5 for chamber
volume ratio V = 10. Dashed lines represent lower chamber overpressure ∆P2,
solid lines represent upper chamber overpressure ∆P1. For equal resistances F =
1 (blue), the lower chamber settles into steady cycles of slight overpressure while
the upper chamber undergoes large pressure changes as it drains and fills. For F =
5 (turquoise), resistance from upper chamber to surface is larger than resistance
between the two chambers so both behave similarly after a rapid initial change
in upper chamber pressure while it fills or empties. This shift from fast to slow
pressure drop in the upper chamber occurs more rapidly for increasing values of
F , from F = 1.5 (red) to F = 2 (black) to F = 5 (turquoise). The largest F
(turquoise) has the longest timescales because it takes longer for Qin to create
a pressure change in what is effectively one large chamber than it does for the
chambers to achieve a coupled state.
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Figure 4.17: Steady state erupted volume cycles for more values of F , and cham-
ber volume ratio V = 10. The erupted volume in a single cycle is largest for min-
imal resistance between chambers (pink). Shown for equal resistances between
conduits (F = 1, blue); resistance from upper chamber to surface larger than re-
sistance between two chambers (F = 1.5, red; F = 1.5, black; F = 5, turquoise;
F = 10, orange); and minimal resistance between two chambers (F = 50, pink).
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4.5.2.3 Lower chamber much larger than upper chamber V = 100

In Figure 4.14 we increase the lower chamber volume (V = 100) and explore the

chamber overpressure effects of F = 1, 10, and 50. Dashed lines represent lower

chamber overpressure ∆P2, solid lines represent upper chamber overpressure ∆P1.

Both chambers are initiated below the overpressure required to start an eruption,

∆PSTART . Until time t = 100, both chambers require more time to build up to

∆PSTART because of the lower chamber’s larger volume.

The behaviour of each chamber pair for the extremely large V is the same as

for V = 10 but the timescale for pressure buildup in each cycle is significantly

longer. A massive lower chamber requires more magma input to build up to

∆PSTART and, similarly, to drain to ∆PSTOP . When F = 1, the lower chamber

overpressure (blue dashed) undergoes minimal change in each cycle because the

upper chamber erupts and refills rapidly without coupling to the deep chamber.

For larger F , with the exception of the immediate initial filling or emptying, the

upper chamber has minimal effect on the overall eruption pattern and merely

acts as a tiny extension of the lower chamber. The timescale of cycles for F = 10

and F = 50 are indistinguishable because any lag due to the upper chamber is

dampened by the coupling to the huge lower chamber.
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Figure 4.18: Steady state overpressure cycles for large lower chamber V = 100:
cycles are slower than for V = 1 or V = 10. Dashed lines represent lower chamber
overpressure ∆P2, solid lines represent upper chamber overpressure ∆P1. For
equal resistances F = 1 (blue),the lower chamber overpressure (blue dashed)
undergoes minimal change in each cycle because the upper chamber erupts and
refills rapidly without coupling to the deep chamber. For F = 10 (orange),
resistance from upper chamber to surface is larger than resistance between the two
chambers so both behave similarly after a rapid initial change in upper chamber
overpressure while it fills or empties (t = 10 and t = 210). For F = 50 (pink),
the two chambers have minimal resistance between them and act as a single
chamber, following an identical pressure pattern, and the rapid initial change
in upper chamber overpressure (t = 100 and t = 210) is less pronounced. The
timescale of cycles for F = 10 and F = 50 are indistinguishable because any
lag due to the upper chamber is dampened by the coupling to the huge lower
chamber.
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In Figure 4.15, we plot the erupted volume V associated with these pressures.

As in the pressure plot, erupted volume is shown for equal resistances between

conduits (F = 1, blue); resistance from upper chamber to surface larger than

resistance between two chambers (F = 10, orange); and minimal resistance be-

tween two chambers (F = 50, pink). The behaviour for the extremely large V is

the same as for V = 10 but the timescale is significantly longer.

Figure 4.19: Steady state erupted volume cycles for equal chamber volumes V =
1. The erupted volume at a given time is largest for minimal resistance between
chambers (pink). Shown for equal resistances between conduits (F = 1, blue);
resistance from upper chamber to surface larger than resistance between two
chambers (F = 10, orange); and minimal resistance between two chambers (F =
50, pink).
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4.5.2.4 Resolution checks

To check the resolution of the timescale used in the pressure cycle diagrams, we

replot Figures 4.12, 4.14, and 4.18, with a timestep dt = 0.01. This is at least

double the number of timesteps and at most five times the number of timesteps

in the original figures, as not all the cases in the original figures had the same

timesteps.

Figure 4.20: Resolution check: overpressure cycles for equal chamber volumes
V = 1. See Figure 4.12 for detailed discussion of cycles.
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Figure 4.21: Resolution check: overpressure cycles for larger lower chamber V =
10, doubling the number of timesteps from the original figure. See Figure 4.14
for detailed discussion of cycles.

Figure 4.22: Resolution check: overpressure cycles for largest lower chamber V =
100, doubling the number of timesteps from the original figure. See Figure 4.18
for detailed description of cycles.
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4.5.3 Steady state cycles accounting for magma density

In all of our calculations until now, we have neglected the effect of magma weight

in the conduit on the pressure in the lower chamber: a column of fluid above the

chamber will increase the chamber pressure. The effective magma density is the

difference in density between the density of the magma, ρmagma and the density

of the crust ρcrust, so effective magma density ∆ρ is

∆ρ = ρmagma − ρcrust (4.43)

This adds a term to the eruption rate Qer and flux Q2,1 between the two

chambers:

Qer = F1(∆P1 − ∆ρgh1) (4.44)

Q2,1 = F2(∆P2 − ∆ρgh2 − ∆P1) (4.45)

for resistances 1/F1 and 1/F2, and conduit lengths h1 and h2. This means that

overpressure change equations 4.3 and 4.4 become

d∆P2

dt
=

1

β2V2
Qin −

F2

β2V2
(∆P2 − ∆P1 − ∆ρgh2) (4.46)

and

d∆P1

dt
=

F2

β1V1
(∆P2 − ∆P1 − ∆ρgh2) −

F1

β1V1
(∆P1 − ∆ρgh1) (4.47)

The effect of adding this density is to shift the chamber overpressures to higher

values. As an example, we consider a lower chamber which contains magma of

higher density than the surrounding crust. This denser magma is injected to

the upper chamber, which contains magma of comparable density to that of the

crust. An analagous situation happens if the shallow chamber contains a denser

magma.

We recalculate the equilibrium overpressure cycles shown in Figure 4.12, for

equal chamber volumes and equal resistance both between chambers and from

upper chamber to surface, in Figure 4.23. We show both the overpressure cycles

without this added magma pressure (blue), and the new calculation (pink). The
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lower chamber (dashed) has a higher pressure than it did without the added

magma density. The upper chamber (solid) has smaller fluctuations relative to

the absolute overpressure in the deep chamber. This will be important to our

analysis of surface deformation data in later chapters.

In the next section, we investigate how an over- or under-pressured lower

chamber adjusts to the steady state cycles described in this section.

Figure 4.23: Steady state pressure cycles for equal chamber volumes (V = 1)
and equal resistance between chambers and to surface (F = 1). Calculations
ignoring the density of magma adding to the overpressure in the lower chamber
are shown in blue; including the density of magma are shown in pink. The upper
chamber (solid) has smaller fluctuations relative to absolute overpressure in the
deep chamber (dashed) when the density is included.
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4.5.4 Impact of different initial overpressure in chambers

Until now, our calculations have assumed that both chambers begin their eruption

cycle at PSTART . Now we investigate what happens if the chambers do not start

at equilibrium: in the following calculations, we initiate the upper and lower

chambers at over- and underpressures.

Figure 4.24 shows the evolution of lower chamber pressure for several cases.

If the initial lower chamber overpressure ∆P2(0) is the pressure required to start

an eruption (∆P2(0) = ∆PSTART , blue), the lower chamber pressure immedi-

ately synchronises to equilibrium cycles of equal period. If the lower chamber is

overpressured by a small amount (∆P2(0) > ∆PSTART , orange), it may undergo

a few shorter cycles before adjusting to steady state. These could appear as a

steady state system in the early time of an ongoing eruption. If the lower chamber

pressure overpressured by a large amount (∆P2(0) >> ∆PSTART , green), it may

take an entire cycle to adjust. This could appear as a waning eruption without

recharge. If the lower chamber is underpressured (∆P2(0) < ∆PSTART , pink), it

may also take an entire cycle to adjust. The corresponding cycles in the upper

chamber are shown in Figure 4.25.

144



Figure 4.24: Over- and underpressured lower chamber (∆P2) adjustment to
steady state cycles: Slightly overpressured lower chamber (orange) undergoes
a small number of shorter cycles. Significantly overpressured chamber (green)
takes a full cycle to adjust. Underpressured chamber (pink) takes at least a full
cycle to adjust. For early times of an ongoing eruption, these adjustment periods
could be interpreted as a different steady state or waning or constantly increasing
eruption.

Figure 4.25: Over- and underpressured lower chamber (∆P2) adjustment to
steady state cycles: corresponding upper chamber pressures (∆P1).
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4.5.5 Application to Mount St Helens

We have provided an interpretation of how Lonquimay volcano erupts, with a sec-

ond chamber beginning to erupt after a first chamber is depleted. More complex

data exists for the Soufriere Hills Volcano and Mount St Helens. The Soufriere

Hills Volcano is complicated because its cycles of eruption and pauses and surface

deformation are not periodic and the eruption involves different magma types.

In Chapter 3 we calculated a magma recharge rate for this volcano, but the

non-periodic cycles of surface deformation make it difficult to provide a unique

interpretation in terms of a two-chamber model.

Mount St Helens is interesting because it showed an overall waning rate of

eruption, but the eruption is comprised of sixteen discrete episodes with increasing

periods between events, as shown in Figure 4.26 (reprinted from Chapter 2). In

Chapter 3 we showed that Phase I can be modelled by an exponential decay

rate. Now we propose that the discrete eruptive events can be accounted for by

the cycles shown in our two-chamber model, with a slow recharge from deep to

shallow chamber which rebuilds the critical pressure necessary for an eruption to

resume.

Figure 4.26: Mount St Helens lava dome growth, as measured by topographic
maps (length, width, depth) at the end of each extrusive episode since 18 Oct
1980 Swanson and Holcomb [1989]. Each data point represents a discrete eruptive
episode. Re-printed from Chapter 2.
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We choose chamber volumes, conduit resistances, and critical starting and

stopping pressures to model these cycles and demonstrate an increase in period

between eruptions. For a larger lower chamber and a greater resistance between

the chambers than from upper chamber to surface, we calculate chamber pressures

and erupted volume when the recharge to the deep chamber is 0. Figure 4.27

shows the deep chamber (dashed) and shallow chamber (solid) pressures over time

as predicted by the model. The deep chamber pressure decays exponentially, while

the shallow chamber pressure carries on in cycles with increasing time between

eruptions.

Figure 4.27: Two-chamber model with parameters chosen to give increasing pe-
riods between eruptions: deep chamber pressure (dashed) decays exponentially,
while shallow chamber pressure (solid) carries on in cycles.
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The model prediction of the period between eruptions is shown in Figure 4.28,

and the time between eruptive events increases. Mount St Helens data is shown in

pink on the plot. The data fits the model for upper conduit resistance 105 Pas/m3

and lower conduit resistance 108 Pas/m3 (based on timescales); bulk magma

compressibility 10−9 Pa−1; upper chamber volume 3 km3 and lower chamber 50

km3. We scale times t to the lower chamber: dimensionless time τ=β2V2/F2 for

upper chamber volume V2, compressibility β2, and conduit resistance factor 1/F2.

Finally, Figure 4.29 shows the erupted volume predicted by the model (blue),

and Mount St Helens data (pink). Times are scaled to the lower chamber. The

initial lower chamber overpressure ∆P (0) is 10 MPa, while the upper chamber

stops and starts at overpressures 2 and 1 MPa. This is not a perfect fit, but

assuming 20% error in lava dome measurement, is consistent with the model for

an eruption that produces 0.25 to 0.3 km3 of magma. It indicates the principle

that the deep chamber pressure is much stronger than the resistance in the upper

conduit. Once this resistance is overcome, there is low resistance to eruption and

the eruption will progress in cycles.

This model shows that a gradually waning deep chamber that feeds a shal-

low chamber which erupts in cycles can rationalise lava dome building episodes

observed at Mount St Helens.
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Figure 4.28: Two-chamber model with deep chamber pressure decaying exponen-
tially and shallow chamber pressure cycling: period between eruptions increases
for model (blue) and Mount St Helens lava dome growth data (pink). Data from
Swanson and Holcomb [1989]. Scaled to lower chamber timescale.

Figure 4.29: Erupted volume at Mount St Helens volcano. Time 0 indicates 18
May 1980. Suggests exponential decay of deep chamber.
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4.6 Discussion and conclusions

In this chapter, we presented a model of a dual chamber magma system and de-

rived an analytical solution for chamber overpressures during an erupting system’s

transition to steady state. We provided a simulation for the cycles of eruptions

that occur during steady state.

We identify two timescales for the pressure changes during transition to steady

state, with recharge rate Qin = 0 corresponding to a situation in which both

chamber overpressures decay to 0. If the lower chamber is much larger than the

upper chamber, the upper chamber overpressure drops rapidly and then settles

into gradual decay alongside the lower chamber. If the resistance between cham-

bers is small during transition to steady state, the two chambers act as one large

chamber and both decay gradually. If the resistance between chambers makes it

difficult for magma to transfer from lower to upper chamber, the upper chamber

pressure drops rapidly and the lower chamber pressure lags behind. The Lon-

quimay volcano eruption in 1988 provides an example which can be interpreted

by a two chamber system with large resistance between chambers.

Supplying the lower chamber with a constant magma recharge Qin > 0 allows

the steady state pressure to cycle between two critical values, resulting in cycles of

eruption and pause. Increasing the lower chamber volume leads to longer duration

cycles, while changing conduit resistance ratio F adds complex effects on the cycle

duration. Including the density of magma in the conduit as contributing to the

chamber overpressure means that the upper chamber has smaller fluctuations

relative to the absolute overpressure in the deep chamber.

It is possible for cycles to occur during the transient adjustment period before

steady state cycles are reached. Whether these occur, and their timescale, is

controlled by whether the lower chamber is over or underpressured.

We have shown how a large deep chamber decaying exponentially can control

the overall rate of an eruption such as Mount St Helens, while the eruption rate

at the surface is rapid compared to the deep chamber evolution. Lonquimay and

Mount St Helens both show examples of an eruption in which a deep chamber

input to a shallow chamber occurs more slowly than the shallow chamber eruption

to the surface. This is due to a higher resistance between deep and shallow
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chambers.

In the next chapter, we use the Soufriere Hills Volcano surface deformation

rate to illustrate that a single chamber may be too simple to describe this volcano

because the surface deformation shape changes in time. We will illustrate how

surface deformation data is interpreted by a two-chamber system.
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Chapter 5

Surface deformation model and

application to Soufriere Hills

Volcano

5.1 Abstract

In this chapter, we combine our magma chamber model with a Mogi model to

understand the effects of magma chamber dynamics on the Earth’s surface Mogi

[1958]. We calculate profiles of ground deformation in the vicinity of the volcano

during an eruptive event as described by the decaying pressure solution in Chapter

4, thus investigating the surface deformation change in both space and time that

correlates to a magma effusion.

First we present a single chamber Mogi model Mogi [1958], and show that

the profile of the deformation over a horizontal cross section changes only in

amplitude. We then present a double chamber Mogi model, and show that the

effect of a second equally pressurised chamber is to change the surface deformation

rate. For two chambers that depressurise at different rates, as shown by our model

in Chapter 4, the shape of the surface deformation over a horizontal cross section

changes in time. Finally, we show that if two chambers are offset horizontally,

the surface deformation profile is asymmetric on either side of the volcano vent.

We analyse surface deformation data from the Soufriere Hills volcano and
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observe a spatial change in surface deformation over time, as indicated by our

model of a dual chamber system with different pressurisations. The fact that

these deformations do not change the same amount from one station to the next

suggest asymmetry in a profile of the surface deformation and thus a horizontal

offset between magma chambers.

We conclude that inverting a surface deformation data set to gain detailed

information about the magma chamber system can become very complex.
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5.2 Introduction

Since the early 1990s, Global Positioning System (GPS) geodesy has become

common in volcano monitoring because of its high precision, relatively low cost,

and ease of use. As discussed in Chapter 4, inversions of surface deformation data

from the Soufriere Hills volcano has led to models of multiple magma chambers

whose inflation and deflation translates to deformation of the ground.

Elsworth Elsworth et al. [2008] proposes a model for the Soufriere Hills volcano

of two stacked magma reservoirs at depths of 6 and 12 km, connected from surface

to deep crust and mantle by vertical conduits. The model co-inverts surface efflux

and GPS data to recover rates of crustal magma transfer throughout the eruption.

Mattioli Mattioli et al. [2010] did a series of best-fit solutions of Soufriere Hills

surface deformation data for different shapes of a single chamber, and showed that

any number of plausible geometries fit the data equally well. They conclude that

the Soufriere Hills magma plumbing system cannot be uniquely defined based

solely on surface deformation data. Voight suggested a ‘magma sponge hypoth-

esis’ in which magma transferred into or out of a crustal reservoir could be ac-

commodated by compression or decompression of stored reservoir magma, and

erupted magma is approximately balanced by deep influx Voight et al. [2010].

These models acknowledge that it is not possible to assess the geometry of

the Soufriere Hills Volcano plumbing system nor the inferred volume changes

in great detail Foroozan et al. [2010]. Numerical simulations suggest that the

shallow chamber may control periodic behaviour for a system with 5 and 19 km

depth chambers Foroozan et al. [2011], with efflux resuming when the shallow

chamber reinflates to its initial threshold pre-eruptive volume and ceases when it

loses some amount of its volume. The Foroozan numerical model searches a full

parameter space of potential chamber depths.

Many inversions of surface deformation data for volcanic systems assume a

homogeneous crust. But homogeneous elastic crustal models underestimate both

the depth and excess pressure of the deformation source. Use of an elastic crust

in reservoir models is justified based on observation of constant rates of surface

deformation and comparisons of erupted volume to ground deformation adjusted

for surface load Voight et al. [2010]. However, crustal layering should be taken
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into acccount when inverting ground deformation data Crescentini and Amoruso

[2007]. Considering a heterogeneous crust by varying the elastic modulus with

depth leads to model predictions of a deeper pressure source than inferred by

a homogenous elastic model Foroozan et al. [2010]. Further, in a dual reservoir

model within a nonhomogeneous crust, the deeper chamber undergoes volume

changes an order of magnitude larger than the shallow chamber Foroozan et al.

[2010]. And while a homogeneous elastic model has led to the conclusion that

a precise geometry of the subsurface cannot be inferred Mattioli et al. [2010],

accounting for crustal heterogeneity can provide some further insight. Models

incorporating a heterogeneous crust show that horizontal deformation is amplified

for a spherical source geometry; maximum horizontal deformation at the free

surface is closer to the source; radial extent to which vertical surface deformation

occurs is smaller; and differences from a homogeneous model are more pronounced

for certain chamber geometries Hautmann et al. [2010].

It may be even more than two magma reservoirs driving an eruption. Tryggva-

son suggested several magma reservoirs feeding magma toward a shallow reservoir

situated beneath the center of Iceland’s Krafla volcano caldera Tryggvason [1986].

This is based on seismic discontinuities in several regions, and speculation on the

timing at which each reservoir contributed to the flow. At Eyjafjallajokull in

2010, changes in magma chemistry suggest a complex chamber system and sys-

tematic downward propagation of seismicity through the crust occurred in a series

of steps Tarasewicz et al. [2012]. They suggest that the magma release came from

elastic sills 1 to 10 km3 in size.

We now explore how patterns of surface deformation might evolve with a

dual chamber magma system. A system with two chambers that pressurise at

different rates shows surface effects different from two chambers that pressurise at

the same rate. The unique feature of our model is that it shows how the surface

deformation profile around a volcano will evolve in time for different combinations

of magma chambers.
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5.3 Single chamber Mogi model

To calculate surface deformation based on the volume change of a subsurface

chamber, we use the Mogi model presented by Elsworth Elsworth et al. [2008].

As shown in Figure 5.1, R is the hypotenuse of the triangle made by the GPS

station at distance r from the center of the volcano, and the chamber at depth

z with volume V . If the volume undergoes change, via pressurisation from a

magma recharge or depressurisation from an eruption, the change is translated

to the surface as radial deformation rates ṙ1 and ṙ2 and vertical deformation rate

ż1 and ż2 at stations 1 and 2.

Figure 5.1: Diagram of Mogi model application to single chamber magma system.
Chamber is depth z beneath the surface, volume V , and GPS stations are located
at positions r1 and r2. An inflation or deflation in chamber volume due to magma
recharge or eruption translates to the surface as radial deformation rates ṙ1 and
ṙ2 and vertical deformation rate ż1 and ż2 at stations 1 and 2.
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The resulting radial surface deformation rate at stations r1 and r2 for a cham-

ber volume change dV are

ṙ1 = a1dV (5.1)

ṙ2 = a2dV (5.2)

with coefficients

a1 =
3

4π

r1
(R1)3

(5.3)

a2 =
3

4π

r2
(R2)3

(5.4)

The vertical surface deformation at stations r1 and r2 for a chamber volume

change dV are

ż1 = b1dV (5.5)

ż2 = b2dV (5.6)

with strain nucleus coefficients

b1 =
−3

4π

z

(R1)3
(5.7)

b2 =
−3

4π

z

(R2)3
(5.8)

This represents the effect of an inflating chamber collapsed to a point within a

homogeneous elastic half-space bounded by a horizontal surface, and for a Poisson

ratio of 0.25 Elsworth et al. [2008].

The chamber volume change dV is related to pressure change dP by the

chamber volume V and the bulk compressibility in the chamber β Blake [1981].

dV = V dPβ (5.9)

Using the Mogi model, we calculate the radial and vertical surface deformation

rates ṙ and ż for a range of positions r in the vicinity of a volcano brought about

by a single deflationg chamber at depth z = 10 km (Figure 5.2). Deformation

rates are normalised: actual deformation decreases relative to a reference value

during an eruption as chambers depressurise. We choose dP early in the eruption
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to be twice the value of dP later in the eruption, and show profiles of the surface

deformation 60km on either side of the volcano (the chamber is situated below

the volcano vent at r = 0, and positions to the left of centre are negative). We

provide curves for the deflation rate early in the eruption (blue) and the deflation

rate later in the eruption (pink).

The radial displacement rate (top panel) is zero immediately over the chamber,

and increases until r = z. Then it decreases until it is not detectable at larger r.

The vertical displacement (bottom panel) is maximised at the volcano vent r = 0

and decreases further away from the volcano.

The key point of the single chamber Mogi model is that the surface deforma-

tion profile over a horizontal cross section changes only in magnitude: the ratio

of deformation rate at any two times is the same at all r; that is, ṙ(early)/ṙ(late)

and ż(early)/ż(late) always take the same value. Only the magnitude of the

deformation rate changes in time.
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Figure 5.2: Single chamber eruption: profile of radial (ṙ, top) and vertical (ż,
bottom) surface deformation rates for 60 km to the left and right of a volcano
with central vent at r = 0 and single chamber at depth z = 10 km. Deformation
rates are normalised: actual deformation decreases relative to reference value
during an eruption. The profile early in an eruption (blue), with a high pressure
change rate, has a higher magnitude surface deformation rate than at the end of
an eruption (pink). Only the magnitude of deformation changes in time.
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5.4 Double chamber Mogi model

To calculate surface deformation based on the volume change of a subsurface

chamber, we use the Mogi model extended to two point sources. The effect of

multiple reservoirs may be accommodated by superposition of inflation veloci-

ties, and Elsworth assumes the two chambers are pressurised the same amount

Elsworth et al. [2008]. This requires an understanding of the volume changes in

upper and lower chambers dV1 and dV2. Our model predicts these volume changes,

as they are directly proportional to pressure changes dP1 and dP2. To calculate

surface deformation rate from two chambers, the signal from two chambers are

added.

As shown in Figure 5.3, Ri
1 and Ri

2 are the hypotenuses of the triangles made

by GPS stations at distances r1 and r2 from the center of the volcano to the upper

chamber of volume V1 at depth z1, as shown in Figure 5.3. Similar coefficients

exist for the lower chamber of volume V2 at depth z2 chambers, designated as

Rii
1 and Rii

2 . If the upper chamber undergoes a volume change dV1, via pressuri-

sation from a magma recharge or depressurisation from an eruption, the change

is translated to the surface as radial deformation rates ṙi1 and ṙi2 and horizontal

deformation rate żi1 and żi2 at stations 1 and 2. Similar deformation rates exist

in response to volume change dV2 in the lower chamber.

Other potential effects in the dual chamber system include changes in the lower

chamber and conduit which may influence the upper chamber: as the signal from

a subsurface chamber is transmitted through the crust to the surface, so could

the signal from a lower chamber be transmitted through the crust to the upper

chamber. However, the further the two chambers are separated, the less the effect

will be. Models treat chamber pressurisation as independent of source volumes,

thus neglecting interactions within the crust besides the pressure changes within

the chambers themselves Hautmann et al. [2012]. The effect of topographic relief,

or variations in pressure due to surface mass, increases for sources at shallower

depths Hautmann et al. [2010], so the influence of the lower chamber on the

upper may be less noticeable due to buffering by the mass of crust separating the

two chambers. Shear stress along the shallow conduit wall could also generate

surface deformation Green et al. [2006] but it would not be enough to influence
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strain records, and the connection between the two chambers would not generate

any surface deformation Hautmann et al. [2012]. Further, a cylindrical conduit

as assumed in the model would not be able to explain deformation variations

recorded in the tangential direction Hautmann et al. [2009].

Additionally, we assume the free surface to be flat at z = 0 Hautmann et al.

[2010]. This is justified by the fact that effect of topography on the deformation

pattern decreases with increasing depth of the pressure source Cayol and Cornet

[1998]; Hautmann et al. [2012]. However, the volcanic edifice has an effect on

chamber pressures and thus surface deformation, as the pressure imposed on

each point extending radially from centre varies with edifice shapes from shield

volcanoes with gentle slopes to stratovolcanoes with deeper flanks. For example,

an edifice situated directly above the centre of a magma chamber means that the

maximum stress is reach ed at the top of the chamber Pinel and Jaupart [2003].

Further justification is provided by surface deformation patterns that remained

robust during a dome collapse at the Soufriere Hills Volcano Widiwijayanti et al.

[2005].
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Figure 5.3: Diagram of Mogi model application to 2-chamber magma system.
Upper chamber is volume V1 at depth z1, lower chamber is volume V2 at depth z2.
GPS stations are distances r1 and r2 from the center of the volcano. An inflation
or deflation in upper chamber volume dV1 due to pressurisation or magma release

translates to the surface as radial deformation rate ṙi1 and ṙi2 and horizontal

deformation rate żi1 and żi2 at stations 1 and 2. Similar deformation rates exist
in response to lower chamber volume change dV2.
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The radial deformation rates ṙn at points rn from the volcano, using the

dimensions indicated in the diagram and chamber volume changes dV , are found

by superposing the effects from the two chambers:

ṙn = aindV1 + aiindV2 (5.10)

with strain nucleus coefficients for upper and lower chambers respectively

ain =
3

4π

rn
(Ri

n)3
(5.11)

aiin =
3

4π

rn
(Rii

n)3
(5.12)

The vertical deformation rates żn at points rn are similarly:

żn = bindV1 + biindV2 (5.13)

with strain nucleus coefficients for upper and lower chambers respectively

bin =
−3

4π

zn
(Ri

n)3
(5.14)

biin =
−3

4π

zn
(Rii

n)3
(5.15)

These represent the effect of an inflating chamber collapsed to a point within a

homogeneous elastic half-space bounded by a horizontal surface, and for a Poisson

ratio of 0.25 Elsworth et al. [2008].
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5.4.1 Surface profile: adding a second chamber

Next we explore the pressure decay model from Chapter 4 for two chambers at

different depths. Adding a second chamber changes the surface deformation rate,

as the GPS units detect effects from the lower chamber as well.

Initially, we suppose that both chambers depressurise at equal rates during

an eruption so dP1 = dP2 and dV1 = dV2. In Figure 5.4, we plot the radial (top

panel) and vertical (bottom panel) surface deformation rate profiles from 40km

to the left and right of a volcano with central vent at r = 0. Deformation rates

are normalised: actual deformation decreases relative to a reference value during

an eruption as chambers depressurise. The upper chamber is z1 = 5 km depth,

and the lower chamber is z2 = 10 km depth. For the lower chamber alone (pink),

surface deformation rate is minimal. The upper chamber alone (blue) shows a

significant surface effect: maximum ratio of deformation rate of upper chamber

alone to lower chamber alone is 4:1. The two chambers superposed (orange)

show the maximum surface deformation ratio: both chambers combined to lower

chamber alone is 5:1.
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Figure 5.4: Upper chamber at depth z1 = 5 km, lower chamber at depth z2 = 10
km: profile of radial (ṙ, top) and vertical (ż, bottom) surface deformation rates for
40 km to the left and right of a volcano with central vent at r = 0. Deformation
rates are normalised: actual deformation decreases relative to reference value
during an eruption. Lower chamber alone (pink) shows minimal surface effect;
upper chamber alone (blue) shows larger surface effect; two chambers superposed
(orange) show maximum surface effect. Maximum ratio of upper chamber alone
to lower chamber alone is 4:1; of both chambers combined to lower chamber alone
is 5:1.
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Figures 5.5 and 5.6 show surface deformation rates for deeper second cham-

bers (z2 = 15 km and z2 = 20 km respectively). Again, deformation rates are

normalised: actual deformation decreases relative to a reference value during an

eruption as chambers depressurise. Increasing the chamber’s depth reduces its

independent expression at the surface (pink), and the deformation due to the

lower chamber alone eventually becomes barely noticeable. The deformation pro-

file from a single upper chamber (blue) and superposed upper and lower (orange)

become more similar for a deep lower chamber: as the lower chamber becomes

deeper, the upper chamber will be the only one whose effect is detectable at the

surface.

Adding a lower chamber to the magma system changes the surface deformation

rate. How deep the chamber is determines how much it impacts the deformation.

In this section we have investigated the effect of two chambers that are pressurised

equally at a given time, but a situation in which the two chambers are pressurised

at different rates will affect how much the effect of each is seen at the surface.
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Figure 5.5: Upper chamber at depth z1 = 5 km, lower chamber at depth z2 =
15 km: profile of radial (ṙ, top) and vertical (ż, bottom) surface deformation
rates. Deformation rates are normalised: actual deformation decreases relative to
reference value during an eruption. Deeper lower chamber alone (pink) becomes
less noticeable at the surface, and has less contribution to combined effect with
upper chamber (orange and blue are more similar than in Figure 5.4). Maximum
ratio of upper chamber alone to lower chamber alone is 9:1; of both chambers
combined to lower chamber alone is 10:1.
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Figure 5.6: Upper chamber at depth z1 = 5 km, lower chamber at depth z2 = 20
km: profile of radial (ṙ, top) and vertical (ż, bottom) surface deformation rates.
Deformation rates are normalised: actual deformation decreases relative to ref-
erence value during an eruption. Very deep lower chamber alone (pink) is barely
noticeable at the surface, and entire surface effect is due to upper chamber (blue
and orange are less distinguishable than for shallower deep chamber). Maximum
ratio of upper chamber alone to lower chamber alone is 19:1; of both chambers
to lower chamber alone is 20:1.
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5.4.2 Surface profile: shape change over time

In the previous section, we showed that a deep chamber enhances surface defor-

mation when it is not too deep to be seen by the GPS unit. The deep chamber

changed the magnitude of surface deformation at a given time when the rate of

depressurisation in the two chambers dP1 and dP2 were equal. In our dual magma

chamber model from Chapter 4, there is evidence that dP1 and dP2 are different

at different times. If dP1 is not equal to dP2, this changes how much the effect of

the each chamber is translated to the surface deformation.

Recall from Chapter 4 the solution for chamber pressures P1 and P2, equa-

tions 4.35 and 4.36. For a single eruption, we are interested in the surface defor-

mation rate at times t1 through t7 in Figure 5.7. The rates of pressure change

dP1 and dP2 are different at each of these times.

Figure 5.7: For a waning eruption, we provide a profile of surface deformation
(negative values indicate deflation during eruption) at times t1 through t7 as
shown in the plot of upper and lower chamber pressures. The rates of pressure
changes dP1 and dP2 take different values at each of these times.
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In Figure 5.8, we plot the radial (top panel) and vertical (bottom panel)

surface deformation from 40 km to the left (negative value) and right of a volcano

with central vent at r = 0. We calculate the actual deformation, rather than

deformation rate, simply by integrating deformation rates ṙ and ż over the time

interval:

r(t) =

∫
ṙdt (5.16)

z(t) =

∫
żdt (5.17)

Deformation values are normalised to the value at time t1: actual deformation

decreases relative to reference value during an eruption. The upper chamber is

at z1 = 5 km depth, and the lower chamber is at z2 = 10 km depth.

In Figure 5.9, we re-plot the surface profile scaling each time to have maximum

deformation value 1. This highlights the different shape of deformation profile

over time, which is much more pronounced for radial deformation (top) than

vertical deformation (bottom). Note that the radial distance r from the volcano

is critical for observing how different the deformation is from one time to the

next.

The key point is that for chambers that pressurise at unequal rates, the shape

of the surface deformation changes over time.
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Figure 5.8: Profile of radial (top) and vertical (bottom) surface deformation for 40
km to the left and right of a volcano with central vent at r = 0. Two pressurised
chambers whose pressures decay at different rates during an eruption for times t1
(orange) through t7 (turquoise). Deformation values are normalised to value at
t1: actual deformation decreases relative to reference value during eruption. The
profile of surface deformation changes shape over time.
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Figure 5.9: Profile of radial (top) and vertical (bottom) surface deformation for
40 km to the left and right of a volcano with central vent at r = 0, normalised to
maximum value at each time. This highlights the change in deformation profile
over time.
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5.4.3 Horizontally offset chambers

Finally, we investigate the surface deformation rates if the two magma chambers

are offset horizontally. If the two chambers are situated beneath each other to

the left and right of the central vent, as shown in Figure 5.10, it is reasonable

to expect the surface deformation at different positions r to behave differently.

Points A and B will respond more to the shallow chamber, while the deep chamber

will have more effect on points C and D. This adds an extra layer of complexity

to inverting surface deformation data to get information about the subsurface.

Figure 5.10: Horizontally offset magma chambers. Points A and B will respond
more to the shallow chamber, while the deep chamber will have more effect on
points C and D.
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In Figure 5.11, we show surface deformation for horizontally offset chambers,

adjusting the Mogi model calculations to account for the shift. We plot the radial

(top panel) and vertical (bottom panel) surface deformation from 40 km to the

left (negative value) and right of a volcano with central vent at r = 0 for times t1

through t7 as marked in Figure 5.7. We calculate the actual deformation, rather

than deformation rate, simply by integrating deformation rates. Deformation

values are normalised to the value at t1: actual deformation decreases relative to

reference value during eruption. The profile of surface deformation changes shape

over time. The two chambers are situated at 5 km and 10 km depth, and we

show surface deformation rate from 30 km to the left (negative) to 30 km to the

right (positive) of the central volcanic vent. The upper chamber is shifted 1 km

to the left of center, and the lower chamber is shifted 1km to the right of center.

The key point is that horizontally offset chambers lead to an asymmetric surface

deformation profile.

In Figure 5.12, we re-plot the surface profile scaling each time to have max-

imum deformation value 1. This highlights the different shape of deformation

profile over time, which is much more pronounced for radial deformation (top)

than vertical deformation (bottom). Note that the radial distance r from the

volcano is critical for observing how different the deformation is from one time

to the next.

In the next section, we will look at how the surface profile of the Soufriere

Hills Volcano changes in time.

174



Figure 5.11: Horizontally offset magma chambers surface deformation radial (top
panel) and vertical (lower panel). Chambers at 5 km and 10 km depth, upper
chamber shifted 1km to the left of center, lower chamber shifted 1 km to the
right. Two pressurised chambers whose pressures decay at different rates during
an eruption for times t1 (orange) through t7 (turquoise). Deformation values are
normalised to value at t1: actual deformation decreases relative to reference value
during eruption. The profile of surface deformation is asymmetric.

175



Figure 5.12: Profile of radial (top) and vertical (bottom) surface deformation for
offset chambers, 40 km to the left and right of a volcano with central vent at
r = 0, normalised to maximum value at each time. This highlights the change in
deformation profile over time.

176



5.5 Application to Soufriere Hills Volcano

5.5.1 Data

Our model may help to explain some of the differences in surface deformation

profiles brought about by a single magma chamber, two uniformly pressurised

chambers, two nonuniformly pressurised chambers, and horizontally offset cham-

bers. In this section, we refer back to surface deformation data from the GPS

stations at the Soufriere Hills volcano that we presented in Figure 3.23 and explain

it in the context of our model.

Mattioli 2010 Mattioli et al. [2010] reports on GPS data collected over the

period 1995 to 2009 at the Soufrire Hills Volcano (SHV), Montserrat, West Indies.

Foroozan provide surface deformation rates for ten sites around the volcano by

inverting the Mattioli data for dual Mogi sources at 5 km and 19 km depth

Foroozan et al. [2011]. The Foroozan data are interesting but we save these for a

later study, as they do not include the detailed raw data provided by Mattioli. In

this study, we are interested in the profile of surface deformation in the vicinity

of a volcano. We look to the most complete raw vertical surface deformation

data provided by Mattioli and discuss what can be learned from their relative

temporal and spatial changes.

Figure 5.13 shows the locations of four GPS stations of interest to us based

on the completeness of their data sets, each identified by a four-letter label and

a red triangle, around the volcano.
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Figure 5.13: GPS stations around Soufriere Hills Volcano. Numbers in red boxes
are horizontal distance from central vent. Central vent is marked ‘+’ labelled
‘SHV’. Black arrows and ellipses are observed site velocities and errors as given
by Mattioli Mattioli et al. [2010]
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Elsworth 2008 Elsworth et al. [2008] provides average surface deformation

rates (vertical and horizontal) for two phases of eruption and two phases of

recharge. In Figure 5.14, we sketch these values through the Mattioli vertical

surface deformation data at four stations to come up with a different set of num-

bers than those provided by Elsworth. We will refer to our average values as the

‘new model,’ though we acknowledge that there are many possible values that

could be used. To plot the Elsworth vertical data (ż) which is given as mm/year

rate of surface deformation, we took the given ż for an episode, multiplied it by

the time period for that episode, and added this to the end value of the previous

episode to plot the next point on the graph.

Figure 5.14: Mean tilt values from Elsworth at GPS station ‘HARR’ (bottom),
interpreted as mm/yr Elsworth et al. [2008]. The values do not coincide with the
‘new model’ we draw on top of the raw data from Mattioli (top): note that the
values at the end of each eruption (grey-shaded region) decrease in Elsworth but
increase in New Model.
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The values given by Elsworth for ż might also be interpreted as change in

surface deformation z over the time in that episode, not per year as is indicated.

Taking that to be the case, we sketch the Elsworth values over the Mattioli data

alongside our ‘new model’ values in Figure 5.15. These exercises justify the use

of our ‘new model’ values.

Figure 5.15: Another interpretation of Elsworth data at GPS station ‘HARR’
(blue), supposing that the given values are the total surface deformation change
during the duration of the episode, rather than deformation rate. The values do
not coincide with the ‘new model’ we draw on top of the raw data from Mattioli
(red dots, black line average).

We re-print the Soufriere Hills Volcano surface deformation data from the

four stations around Montserrat, along with mass efflux data, in Figure 5.16, and

draw average values of surface deformation within each episode. We assume that

the erupted volume suggests a correlation to the tilt end/erupt phases. The key

observation is that deformation rates are different at different stations around the

volcano.
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Figure 5.16: Erupted volume and vertical surface deformation at four GPS sta-
tions around Soufriere Hills Volcano Mattioli et al. [1998]. New model average
surface deformation values have been sketched as solid black lines.
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5.5.2 Surface deformation comparison

In our general Mogi model for a dual chamber system, we compared surface

deformation rates over a range of locations. Data at the Soufriere Hills volcano

exists for up to ten different locations, and we only have the complete raw data

for four different locations, so it is not practical to compare the overall profile of

surface deformation rate. Instead, we take the value of surface deformation at

the end of each pause and each eruption. Comparison of these values provide a

summary view of the surface deformation changes in time and space.

The top panel of Figure 5.17 shows the vertical surface deformation at the

end of two pauses and two eruptions from the Soufriere Hills volcano. The data

show different values at different times and places. At the end of the pauses (dark

blue and yellow), the values are similar at SOUF and MVOI, but there is a big

difference at WTYD and HARR. At the end of eruptions (pink and light blue),

the values are similar at stations SOUF and MVOI but different at WTYD and

HARR. These observations suggest a spatial change in surface deformation rates

over time, as indicated by our model of a dual chamber system with differently

pressurised chambers. Further, the surface deformation at WTYD at the end

of eruption t2 is less than at the end of eruption t1. For all other stations, the

deformation at the end of eruption t2 is larger than at the end of eruption t1.

In the bottom panel of Figure 5.17, we assign station SOUF a value 1 at

all times and normalise the deformation at all other locations relative to this

location. The scatter is smaller than implied by the raw data in the top panel.

This shows the importance of reference location for drawing information from

surface deformation data.
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Figure 5.17: Top: Surface deformation at Soufriere Hills volcano at end of each
pause (dark blue and yellow) and of each eruption (light blue and pink). Stations
are arranged in order from south to north about the central volcano vent, going
anticlockwise. The data show different magnitudes of surface deformation at
different times and places, suggesting a spatial change in surface deformation
over time. Bottom: Surface deformation at Soufriere Hills volcano at end of each
pause and of each eruption normalised to value at location SOUF.
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In Figure 5.18, we plot the ratio of vertical surface deformation at the end of

eruptions 1 and 2 (purple, time t2 and time t4), and at the end of pauses 1 and 2

(blue, time t1 and time t3). The ratio of deformation at the end of each eruption

(purple) is not the same from one station to the next: It nearly doubles from the

end of the first to the end of the second eruption at three stations, but reduces

to about 75% at station WTYD. The ratio of vertical deformation at the end of

the first pause to the end of the second pause (blue) varies from 0.3 to 0.6.

Figure 5.18: Ratio of surface deformation at end of each pause (blue) and each
eruption (purple). Stations are arranged in order from south to north about the
central volcano vent, going anticlockwise. These observations suggest a spatial
change in surface deformation rates over time, as well as asymmetry from one
location to the next.
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Our interpretation that two reservoirs at different depths and pressures evolve

at different rates helps to rationalise observations of changing surface deformation

shape at the surface.

Our model includes several parameters, including relative chamber volume,

relative chamber depth, and horizontal offset between chambers. The surface

deformation data set from Soufriere Hills Volcano is sparse spatially, with GPS

units monitoring a limited area. This makes the problem non-unique to invert.

However, while it is very difficult to invert the data, we rationalise why there

might be changes in surface deformation from one location to the next.

Different variables lead to similar magnitudes in surface deformation signal.

The Soufriere Hills Volcano deformation data to which we have access are only

collected within a 7 km radius of the volcano, yet the chambers are thought to

be situated at a depth of 6-12 km. Our model shows that there is variation in

the near-field data for small variations of the properties.

It is difficult to get helpful bounds on the surface deformation given that the

data set is so sparse. The chamber depth, aspect ratio, and horizontal positions

are all unknown. With further seismic studies it may be possible to constrain

these parameters better.
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5.6 Discussion and Conclusions

5.6.1 Summary of results

In this chapter, we presented a Mogi model for single and dual magma chamber

systems and explored the effects of pressure change as predicted by our magma

chamber model on surface deformation. We demonstrate the difficulty of model-

ing the complexity of surface deformation data.

We showed that the horizontal profile of surface deformation due to a single

chamber has a spatially correlated shape for different locations in the vicinity of a

volcano, and only the magnitude changes with time: thus a single chamber does

not suffice to explain surface deformation that changes spatially in time. We then

investigated how a dual chamber system affects surface deformation. We showed

how the effect of a second lower chamber changes the surface deformation, while

the depth of the chamber determines how much impact it has. If the two chambers

pressurise at different rates, the shape of the tilt changes in time. Offsetting the

two chambers horizontally leads to an asymmetrical surface deformation profile.

The upper and lower chambers have different effects at different points on the

surface.

We use our model to show that the Soufriere Hills Volcano surface deformation

data is consistent with more than one chamber whose pressures evolve differently.

Inverting this data set to gain detailed information about the subsurface magma

system can become very complicated.

This chapter has shown some principles and challenges regarding surface de-

formation associated with volcanic eruptions.
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Chapter 6

Experiments

6.1 Abstract

In this chapter we develop an analogue experimental model of the dual-chamber

volcanic plumbing system. After discussing some laboratory analogues of magma

chambers from the literature, we explain the experimental regimes that we will

address. Then we describe the development of the experimental apparatus and

how we measure the laboratory analogues of eruption rate and chamber pressure.

We present experimental results for steady state experiments, in which the

laboratory system represents a volcano erupting at an equilibrium rate. We also

present results for transient experiments in which opening the valve in a plastic

tube corresponds to breaking a plug in a volcanic conduit, after which the eruption

can continue to steady state. This represents an eruption that either increases or

decreases to steady state, as shown by the model in Chapter 4.

Finally, we consider an overturn of magma types within the lower chamber

of a volcanic system, and demonstrate the flow rate and pressure change with

an experiment. We modify the dual chamber magma system model developed in

Chapter 4 for application to the experimental system, and relate the experiment

to the 1988 Lonquimay eruption which is fast at first and then decreases to steady

state.
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6.2 Introduction

We present a set of experiments to provide a laboratory analogue of the two-

chamber volcanic system that we modeled in the previous chapter, in which a

large lower chamber feeds into a shallow upper chamber which erupts material to

the surface.

6.2.1 Magma chamber laboratory experiments in the lit-

erature

Magma chamber models in the literature handle non-linear valves and chamber

overturn.

Whitehead and Helfrich modeled periodic flow from a chamber through a

conduit with a non-linear valve. They did an experiment in which syrup flowed

from a reservoir, which received a constant influx of syrup, through a pipe placed

in a cooled bath to an exit hole Whitehead and Helfrich [1991]. Flow was steady

or periodic depending on the temperature of the bath and the flow rate into

the reservoir. Cold syrup resists flow more than warm syrup, so if the reservoir

pressure is not sufficient, the syrup stops flowing as it cools. When the reservoir

pressure increases sufficiently due to influx, the syrup flows again. This creates

periodic cycles in the flow rate.

Eruptions like the Soufriere Hills Volcano include elements of two magmas,

indicating that the underlying magma chamber has hosted at least two different

magmas. In some cases, two distinct layers of magma are erupted in sequence,

such as during the AD79 eruption of Mount Vesuvius: grey pumice erupted fol-

lowed by a transition to white pumice, leading to a layered fall deposit.

Such layering may be established when a pulse of new mafic magma is injected

beneath a more evolved silicic magma in the base of a chamber. The hot mafic

magma cools, with crystals and bubbles growing in the melt. If their production

rate exceeds their rate of separation from the mixture, the magma decreases in

density. The density of this lower layer of basaltic magma may decrease suffi-

ciently that it leads to an overturn of layers during the eruption Phillips and

Woods [2002]; Woods and Cowan [2009]. This overturn is accompanied by a
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change in pressure of the system resulting from the change in temperature of the

two magma layers and the associated change in exsolved volatile mass Phillips

and Woods [2002].

Cowan and Woods created a laboratory model in which two stratified layers

of polymer-laden water, the lower of which is volatile-rich and contains 5 wt%

salt, are decompressed using a vacuum pump such that gas comes out of solution

and causes the lower layer to reduce in density. The timescale of decompression

is sufficiently rapid that a large scale overturn of the layers ensues Woods and

Cowan [2009]. Phillips and Woods create a laboratory model in which the density

of the lower layer in a stratified tank decreases due to gas release via electrolysis.

If the lower layer fluid has sufficient viscosity, created by addition of a polymer,

a large-scale overturn occurs Phillips and Woods [2002].

Thomas’ experiments investigate how gas bubbles from an underlying mafic

magma layer in a chamber migrate into the more viscous upper silicic layer

Thomas et al. [1993]. Gas bubbles injected to a viscosity stratified system are al-

lowed to rise through the fluid. The experiments show two regimes, in which the

bubbles either move individually across the interface and entrain a small amount

of lower layer fluid; or they formed a foam layer at the interface which becomes

unstable and causes a coarse mixture of the layers.

While laboratory models of magma chambers in the literature investigate

overturn and mixing, gas release, and conduit effects, the development of further

laboratory analogues to explore eruptions from pressurised chambers and the

interaction amongst multiple chambers will greatly enhance this body of work.
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6.2.2 Experimental concept

Figure 6.1 shows how we translate a two chamber volcanic system into a labora-

tory analogue. The lower chamber (2) is represented by an open-top gravity feed

tank filled with glycerol, representative of ‘magma’ (red in the diagram). The

gravity feed tank is constantly topped up with glycerol to maintain its pressure,

indicating either a very large chamber volume (V2) or a constant recharge to the

chamber.

The ‘lower chamber’ is connected by a flexible plastic pipe (2a) to an upper

chamber (1), which is represented by a sealed-top tank filled partly with air and

partly with glycerol. The tank is situated beneath the gravity feed, so it represents

an upper chamber fed from the lower chamber due to pressure direction although

the actual position is reversed. The compressibility of the magma and elasticity

of the chamber is represented by the contracting and expanding of the air layer.

The conduit connecting the upper chamber to the surface (1a) is also repre-

sented by a flexible plastic pipe extending from (1) to a collection bucket. This

system represents the pressure gradient in a volcano, in which a deeper subsur-

face chamber has a higher pressure and the surface is effectively at atmospheric

pressure. In the actual volcano, both conduits have some degree of elasticity. In

our laboratory analogue, they are rigid.
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Figure 6.1: Diagram of laboratory analogue volcano experiment. Lower cham-
ber (2) is represented as a gravity feed filled with glycerol (‘magma,’ red) which
feeds into a sealed-top tank that represents an upper chamber (1) by a plastic
pipe (2a). This represents the pressure gradient in a volcano, in which a deeper
subsurface chamber has a higher pressure and the surface is effectively at atmo-
spheric pressure. The upper chamber is compressible, which is represented by an
air layer that expands and contracts according to the ideal gas law. Liquid is
released from the upper chamber to a collection bucket, representing the surface,
via another plastic pipe (1a).
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6.2.3 Conditions of experiment

Key elements of our experiment include the upper chamber having a large impact

in modulating the eruption rate, and acting as a buffer to pressure change in the

lower chamber. That is, the upper chamber has a larger pressure change per unit

time than does the lower chamber. This requires that the lower chamber volume

V2 is much larger than the upper chamber

V2 � V1 (6.1)

so the lower chamber volume is much larger than the volume erupted at rate Qer,

V2 �
∫
Qerdt (6.2)

While the lower chamber pressure change P2 is constant, upper chamber pres-

sure P1 changes in time. This is further explained by noting that, for lower

chamber volume V2 with compressibility β2 and upper chamber volume V1 with

compressibility β1, the pressure changes in upper and lower chambers are related

to volume change as, respectively,

dP2 =
1

β2V2
dV2 (6.3)

dP1 =
1

β1V1
dV1 (6.4)

We also note that compressibility β collectively describes compressible magma

and chamber wall elasticity (of the country rock). In order to model the pressure

response of a volcanic system we must account for liquid magma, crystals, ex-

solved bubbles, and compressibility of the wall rock Woods and Huppert [2003].

Our model incorporates all compressibility elements into one component. Ad-

ditionally, experiments are not scaled to a real volcanic system, but rather in-

corporate dimensions that are convenient given the available materials in the

laboratory.
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6.3 Eruption regimes to model

In the experiments we investigate steady state flow, transient flows, and a flow

triggered by a sudden pressure change due to magma overturn.

In the first situation we investigate steady state flows. The Soufriere Hills

volcano underwent periods of steady state eruption, at which magma efflux rate

was constant over periods of 2 - 3 years (t0, t2, and t4 in Figure 2.8). The steady

state flow experiment investigates the relationship between deep and shallow

chamber pressures at steady state.

A system in which lower chamber pressure P2 is initially higher than upper

chamber pressure P1 adjusts to a steady outflux rate Qout. The short timescale

is controlled by the upper chamber, but the long timescale at equilibrium is

controlled by the lower chamber. We show how the constantly recharged lower

chamber controls the equilibrium flow rate.

In the second situation, we investigate transient flows as they transition to

equilibrium. The Soufriere Hills volcano, Mount St Helens, the Unzen volcanic

complex, and Mount Etna all undergo cycles of eruption and pause. The start

and stop of an eruption could be caused by conditions in the conduit, which may

either inhibit an eruption starting or make it easy for an eruption to start.

This can be conceptualised by, respectively, a strong or a weak plug in the up-

per conduit. If there is a strong plug, the upper chamber pressure will build up to

a high pressure to remove the plug, then run down to equilibrium as the eruption

progresses. The Mount Etna 1950-51 eruption in Figure 2.4 is one example of a

single eruptive run-down event. If there is a weak plug, the upper chamber pres-

sure will increase rapidly at first but then slow to equilibrium as recharge from

the lower chamber is countered by gradual outflow. Our experiments demonstrate

both of these cases.

We also investigate a chamber in which magma overturn leads to a sudden

pressure drop and eruption of two layers of magma, as is indicated by Mount

Vesuvius’ two types of tephra.

In the next section, we explain the development of the experimental design.

We then present the results, data, and a model to explore the relationship between

lower and upper chambers and conduit resistance for these regimes.
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6.4 Development of experimental design

In this section we explain the development of the experimental design. The basic

principle is that glycerol flows through the dual chamber system from the gravity

feed (‘lower chamber’) through a pipe to the sealed-top tank (‘upper chamber’),

and out of another pipe to a collection bucket that sits on a scale. This outflux

rate, Qout, represents the volcano eruption rate.

In the experiments, we measure outflux Qout as well as the rate of pressure

change in the elastic upper chamber. The chamber overpressurises if influx rate

from the gravity feed is greater than the outflux rate to the collection box. The

pressure change is of key interest: it depends on the initial conditions of the lower

chamber gravity feed. The experiments involve varying the initial conditions and

observing the result on outflux rate and upper chamber pressure.

Figure 6.2 shows the structure of the experimental system, and Table 6.4.1

details the dimensions and materials. The lower chamber, an open-lid Perspex

tank, is placed height H above the scale on which the collection bucket sits. It

imposes pressure P2 above the collection bucket and is filled with glycerol. The

glycerol level is maintained in this tank throughout the experiment, such that the

pressure does not change. A flexible plastic tube connects the gravity feed to the

upper chamber and has conduit resistance 1/F2 (see Section 6.6). A valve allows

flow through the tube to be started and stopped.

A sealed Perspex chamber placed 1 m above the collection bucket represents

the upper magma chamber and has height dimension hmax and pressure P1. It

is filled to level h with glycerol. The remaining volume in the tank is comprised

of air volume Vair and is analogous to the pressurisation of a magma chamber:

its compression and decompression with pressure change due to influx from the

gravity feed and outflux to the collection bucket represents the expansion and

contraction of an elastic chamber. A flexible plastic tube connects the ‘upper

chamber’ to the collection bucket and has resistance 1/F1 (see Section 6.6). A

valve allows the flow through the tube to be started and stopped.
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Figure 6.2: Diagram of laboratory analogue volcano experiment. The lower cham-
ber (pressure P2), an open-lid Perspex tank, is height H above collection bucket.
Plastic tube connects gravity feed to the air-tight ‘upper chamber’, with con-
duit resistance 1/F2. Valves allow flow through pipes to be started and stopped.
Air-tight Perspex chamber 1 m above collection bucket represents upper magma
chamber (pressure P1, height dimension hmax) filled to height h with glycerol.
The remaining air layer in the box has volume Vair. Compression and decompres-
sion of air layer due to influx from gravity feed and outflux to collection bucket
represents pressurisation of magma chamber. Tube manometer measures pres-
sure in ‘upper chamber’, scale measures mass outflux Qout to open-top collection
bucket X below the sealed tank.
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Table 6.4.1 gives the dimensions and detailed properties of each element of

the design pictured in Figure 6.2. The glycerol ‘magma’ is vegetable glycerin

purchased from Univar UK, and diluted to 70% in our experiments. Height differ-

ences between tanks are achieved by positioning tanks on assortment of tabletops

and boxes available in the lab. In the table, we refer to ‘lower chamber’ desig-

nated by pressure P2 in Figure 6.2 as Tank 2, and ‘upper chamber’ designated

by pressure P1 as Tank 1.

Sources of error specific to the experimental design include potential air leak-

age in the sealed ‘upper chamber’, or Tank 1, and at joinings between plastic

tubing and tanks. The entire system is tested for air tight quality by filling each

chamber and pipe which will see pressure changes during the experiment to the

specified starting fluid level, sealing the valves, and allowing the system to sit,

sealed, overnight. The fluid levels in each chamber and in the manometer are

measured before and after a 24 hour period to confirm that no leakage occurs. As

a precautionary measure, all pipe attachments and the lid to the ‘upper chamber’

are coated in silicon grease.

Sources of measurement error in the experiments include fluid level in the

collection bucket (measured to within +/−3x10−3m, and used to adjust pressure

calculations involving X); fluid level in the ‘deep chamber’ (held constant to

within +/ − 2x10−2m); fluid level in the manometer (measured to within +/ −
2x10−3m); and mass outflux measured in the collection bucket (+/-5 grams).

6.4.1 Step by step procedures

In this section, we provide a step-by-step procedure of the general process by

which an experiment is set up and run. The ‘Procedure’ list is for filling the tanks

with fluids and running the experiment once the setup is achieved as described in

Figure 6.2 and Table 6.4.1. Specifics in the context of steady state and transient

cases (changing the value of H) are elaborated on in Section 6.5.
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DIMENSION VALUE

(metres)

DETAIL

Glycerol level in Tank 2 ‘lower

chamber’

0.15 to

0.17

Tank 2 is plastic beaker 0.15m

diameter

H (Figure 6.2) 1.05 to

1.07

Tank 2 placed on boxes reach-

ing 0.58m above bench top

Pipe diameter (F2) 9x10−3 Tygon flexible plastic tubing

Pipe length (F2) 1.45 Tygon flexible plastic tub-

ing attached to plastic joiner

drilled to ≤1cm above bottom

of Tank 2. Pipe connects to lid

of Tank 1 and extends below

lid in separate unit to ≤ 0.5cm

above base of Tank 1.

h (Figure 6.2) 0.12 Glycerol, unpressurised system

hmax (Figure 6.2, Tank 1 ‘up-

per chamber’ vertical dimen-

sion)

0.25 2cm thick Perspex tank

Tank 1 horizontal dimension 0.2 2cm thick Perspex tank

Pipe diameter (F1) 7x10−3 Tygon flexible plastic tubing

Pipe length (F1) 0.5 Tygon flexible plastic tub-

ing attached to plastic joiner

drilled to 0.04m above bottom

of Tank 1

Bottom of Tank 1 above out-

let in collection bucket, X

(Figure 6.2)

0.37 Adjust value of X for chang-

ing fluid heights during exper-

iment

Collection bucket diameter 0.15m Plastic beaker

Bottom of manometer loop

from ground

0.23 Tygon flexible tubing attached

to plastic stand

Manomter tube diameter 2x10−3 Tygon flexible tubing attached

to plastic joiner drilled on top

of Tank 1

Manometer fluid above bot-

tom of loop, (y = 0)

0.517 Dyed water, unpressurised sys-

tem
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Procedure

• Drill and leave open a small connector joint on top of the Tank 1 lid for use

in connecting manometer (Section 6.4.2).

• Remove lid on ‘upper chamber’ Tank 1 and pour in glycerol to height h

while valve on outflux pipe F2 is shut.

• Replace and seal lid on Tank 1, so portion of influx pipe F2 on underside

of lid is immersed in Tank 1 glycerol.

• Using Peristaltic pump, fill influx pipe F2 from glycerol stock, thus raising

glycerol level in Tank 1.

• Attach influx pipe F2 to connector joint at bottom of Tank 2, and fill Tank

2 to 0.15m depth, while Tank 2 is placed below the level of fluid in Tank 1.

Allows any air bubbles in connector valve to pipe F2to be removed.

• Seal valve on influx pipe F2 and replace Tank 2 to desired pressure head

at height H.

• Open valve on outflux pipe F1, allowing glycerol to flow from Tank 1 into

Collection Bucket until outflux pipe is filled with glycerol and free of air

bubbles, and glycerol level in Tank 1 is back to h. Re-seal valve.

• Remove excess glycerol from Collection Bucket using syringe or cup, such

that end of outflux pipe is just submerged.

• Collection bucket should already be placed on mass balance, which in turn

is connected to computer.

• Attach free end of tube manometer to small connector joint on top of Tank

1 (see Section 6.4.2). Ensure water level in manometer is at equilibrium.

• To begin experiment, turn on data logger for mass balance. Open both

influx and outflux valves (second pair of hands useful).

• While glycerol is flowing between tanks, record time, water level in tube

manomter (see Section 6.4.2) and mass in Collection Bucket (via computer).
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6.4.2 Manometer tests

We connect a tube manometer to the upper chamber tank in order to estimate

the pressure in this tank while glycerol is flowing. We run a trial steady state

experiment to show that it works. To test the tube manometer, we maintain the

gravity feed at a constant height and pressurise the sealed chamber by opening

the valve connecting the two. Once equilibrium is reached between sealed cham-

ber and gravity feed, meaning that the glycerol height in the sealed chamber is

not changing, we confirm that the pressure measured by height of water in the

manometer tube is equal to the height difference between gravity feed head and

fluid level in the sealed chamber. We then calculate chamber pressure in the

following ways, and repeat the test for five different gravity feed heights. Their

agreement, and thus the robustness of the manometer, is apparent in Figure 6.3.

1. We measure the air level corresponding to glycerol level h inside the sealed

chamber before and after pressurisation (h(0) and h(t) respectively), and calcu-

late pressure change from the ideal gas law. The ideal gas law says that, assuming

constant temperature and number of gas molecules, the product PV of air pres-

sure and volume is the same at all times. We calculate the pressure increase dP

relative to original atmospheric pressure Patm (gas law, blue in Figure 6.3):

dP =
Patmh(0)

h(t)
(6.5)

2. The pressure change ∆P according to fluid level rise ∆y in the manometer

is calculated for water density ρ (yellow).

∆P = ρg∆y (6.6)

dP =
Patm + ∆P

Patm
(6.7)

3. We acquire a pressure gague for temporary use while we are testing the

manometer. Its value is noted before and after steady state is reached (pink).
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Figure 6.3: Testing tube manometer via pressurisation of the sealed chamber.
Overpressure measured by the fluid height in the box and ideal gas law (blue), a
digital pressure gauge (pink; loaned to us for temporary use while developing the
experimental design), and a tube manometer (yellow) fall on a straight line and
comfirm the robustness of the tube manometer for tracking pressure change over
time. Horizontal axis is gravity feed height above base of sealed ‘upper’ chamber.
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6.5 Results and interpretation

6.5.1 Steady state experiments

In the first set of experiments, we measure the steady state flow rate from upper

chamber to collection bucket, and the upper chamber pressure for a series of

gravity feed pressures.

A system in which lower chamber overpressure ∆P2 is in communication with

upper chamber overpressure ∆P1 adjusts to a steady outflux rate Qout. The

short timescale of adjustment is controlled by the upper chamber, but the long

timescale at equilibrium is controlled by the lower chamber. We show how the

constantly recharged lower chamber controls the equilibrium flow rate.

In the experiment, both valves are initially shut. The sealed tank upper

chamber is filled to level h with glycerol, and the gravity feed lower chamber

is filled to a level H with glycerol. Both valves are opened and the glycerol is

allowed to flow through both chambers, with the gravity feed being maintained

to a constant level (within +/-0.5 cm). The outflux and chamber pressure adjust

to a steady state value. At steady state, we measure the pressure in the upper

chamber using the manometer and the outflux rate to the collection bucket using

the scale. We run the steady state experiment for several different gravity feed

heights.

Figure 6.4 shows data from the steady state experiments. The volume outflux

rate Qout scales linearly with lower chamber overpressure. The lower chamber

overpressure is expressed as overpressure due to glycerol mass height above col-

lection bucket. This indicates that a higher overpressure from the lower chamber

of a dual-chamber system drives a faster eruption rate. The pressure imposed by

the gravity feed chamber is expressed in Pa above atmospheric pressure.
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Figure 6.4: Steady state experiment: outflux vs lower chamber overpressure (P2)
at equilibrium. Each data point is a separate steady state experiment. Volume
outflux rate Qout at steady state sales linearly with lower chamber overpressure.
The overpressure imposed by the gravity feed chamber is expressed in Pa above
atmospheric pressure. This indicates that a higher overpressure due to the lower
chamber of a dual-chamber system drives a faster steady state eruption rate.
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Figure 6.5 shows that the upper chamber overpressure ∆P1 scales linearly

with lower chamber overpressure ∆P2. Both are expressed as overpressure due to

glycerol mass height above collection bucket, with units Pa above atmospheric

pressure. This indicates that a higher overpressure from the lower chamber of a

dual-chamber system leads to a higher overpressure in the upper chamber. Our

model from the previous chapters suggest that this pressurised shallow chamber

controls the short term trends of the eruption, but the deep chamber controls the

long term steady state eruption rate. The steady state experiments demonstrate

only the long term trend, which is that the lower chamber directly controls both

efflux rate and upper chamber pressure.

Figure 6.5: Steady state experiment: upper vs lower chamber overpressure at
equilibrium. Each data point is a separate steady state experiment. Upper cham-
ber overpressure P1 scales linearly with lower chamber overpressure P2. Both are
expressed as overpressure due to glycerol mass height above collection bucket,
with units Pa above atmospheric pressure.
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6.5.2 Transient experiments

We investigate an eruption that either increases or decreases to steady state and

show that the transition phase is controlled by the upper chamber pressure, as

shown by the model in Chapter 4.

In each experiment, we begin by setting up a steady state experiment as

discussed in the previous section. This allows the system to adjust to a steady

flow. Then we impose a sudden pressure change by either increasing or decreasing

the gravity feed head H. This simply involves moving the gravity feed tank to

a different height. We measure the outflux rate Qout and the upper chamber

tank overpressure ∆P1 during the transition to steady state from the new initial

conditions.

First we investigate a decrease in deep chamber overpressure. The deep cham-

ber gravity feed is moved from a higher to a lower H. Figure 6.6 shows the outflux

rate Qout (top panel, converted to volume flux) and manometer height (bottom

panel, directly proportional to upper chamber pressure and the value we later use

in a model). Both decrease rapidly at first but then slow to a steady state. The

raw data show the transition from the newly imposed intial conditions (decreased

gravity feed pressure) to the steady state. This may correspond to a strong plug

in a volcanic conduit, in which there is significant resistance to an eruption be-

ginning. The upper chamber pressure must build up to remove the plug, then

will run down to equilibrium as the eruption progresses.
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Figure 6.6: Transition to lower deep chamber overpressure (raw data). Deep
chamber gravity feed is moved from a higher to a lower H. Outflux rate Qout

(top panel) and manometer height (bottom panel, directly proportional to upper
chamber pressure) both decrease rapidly at first but then slow to a new steady
state.
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Next we investigate an increase in deep chamber overpressure. The deep

chamber gravity feed is moved from a lower to a higher H. Figure 6.7 shows the

outflux rate Qout (top panel, converted to volume flux) and manometer height

(bottom panel, directly proportional to upper chamber pressure and the value we

later use in a model). Both increase rapidly at first but then slow to a new steady

state as recharge from the lower chamber is countered by gradual outflow. The

raw data show the transition from the newly imposed intial conditions (increased

gravity feed pressure) to the new steady state. This may correspond to a weak

plug in a volcanic conduit, in which there is little resistance to an eruption begin-

ning. The upper chamber pressure will increase rapidly at first but then slow to

equilibrium as recharge from the lower chamber is countered by gradual outflow.

Such increase could not occur in a single chamber system.
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Figure 6.7: Transition to higher deep chamber overpressure (raw data). Deep
chamber gravity feed is moved from a lower to a higher H. Outflux rate Qout

(top panel) and manometer height (bottom panel, directly proportional to upper
chamber pressure) both increase rapidly at first then slow to steady state.
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6.5.3 Overturn experiments: another interpretation of re-

sults

In the previous section, we presented the transient experimental results and in-

terpreted them as an eruption in which the upper chamber overpressure changes

due to input from the lower chamber. This is a model of an eruption increasing

or decreasing to steady state as shown in Chapter 4. However, a sudden increase

in lower chamber pressure could also be indicative of an overturn of magma in

the chamber Phillips and Woods [2002].

We represent this phenomenon with our apparatus by first setting up a steady

state experiment, allowing the outflux and upper chamber pressure to settle into

an equilibrium value. Then we impose a sudden pressure increase by raising the

gravity feed head H to twice its original value at time t = 75 s. Figure 6.8 shows

the transition to faster flow rate Qout (top panel) and higher chamber pressure

(bottom panel, indicated by manometer fluid height). Such a transition could

not occur with a single chamber alone. The second chamber increase to a higher

overpressure causes an increase in eruption rate. This could be attributed to the

magma overturn.
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Figure 6.8: Lower chamber overturn (raw data). Outflux and pressure reach
steady state, then deep chamber gravity feed is moved from a lower to a higher
H at time t = 75 s. Outflux rate Qout (top panel) and manometer height (bottom
panel, directly proportional upper chamber pressure) both increase rapidly at first
then slow to new steady state.
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6.6 Model

In this section we apply the two-chamber model developed in Chapter 4 to the

laboratory setting, and show that it fits both the steady state and transient data.

The entire model is a simplified version of that presented and solved in Chapter

4. Experiment dimensions referred to in the model are depicted in Figure 6.2.

The volume influx from the gravity feed chamber (referred to as lower cham-

ber) to the sealed tank (referred to as upper chamber) is referred to as Qin and is

driven by the pressure drop between the lower chamber (P2) and the upper (P1)

chamber, with resistance factor 1/F1:

Qin = F1(P2 − P1(t)) (6.8)

The outflux is the difference between chamber pressure and external pressure,

which is atmospheric pressure Pa plus the weight of the glycerol Wgly above the

outflow pipe, with resistance factor F2

Qout = F2(P1(t) − Pa +Wgly) (6.9)

Note that in all cases, Qout is measured as a mass flux dM/dt and converted

to volume flux of glycerol density ρg as

Qout =
1

ρg

dM

dt
(6.10)

The pressure in the upper chamber is measured using the tube manometer.

As the upper chamber pressure changes due to influx of glycerol from the gravity

feed and outflux of gylcerol to the collection box, the water in the tube manometer

rises height y from equilibrium. Thus the upper chamber pressure P1 is

P1(t) = Pa + ρwgy(t) (6.11)

for atmospheric pressure Pa, while the pressure in the lower chamber, for gravity

head height H, remains at

P2 = Pa + ρggH (6.12)
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6.6.1 Steady state solution

For glycerol height in the outflux bucket X, we have steady state solutions for vol-

ume flux between lower and upper chambers Qin and outflux from upper chamber

Qout in terms of measurable quantities

Qin = F2(ρggH − ρwgy) (6.13)

Qout = F1(ρwgy + ρgX) (6.14)

At steady state, flux into the upper chamber equals flux out of the upper chamber

Qin = Qout (6.15)

We use the steady state solutions to determine pipe resistance factors F1 and

F2. Running steady state experiments for five different lower chamber pressures

P2 - that is, maintaining a gravity feed at constant H and allowing y and Qout to

reach equilibrium - we measure y and Qout for each overpressure. From this, we

calculate F2 and F1. Figures 6.9 and 6.10 show F2 and F1 for different equilibrium

values of Qout. They both take a value of 2×10−9 m3/Pas in each steady state

experiment.
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Figure 6.9: Steady state in 2-chamber experiment, resistance constant F2

(m3/Pas) for influx to upper chamber calculated for several different steady state
outfluxes Qout. 1/F2 is the resistance in the pipe connecting connecting the upper
and lower chambers

Figure 6.10: Steady state in 2-chamber experiment, resistance constant F1

(m3/Pas)for upper chamber to surface calculated for several different steady
state outfluxes Qout. 1/F1 is the resistance in the pipe connecting the upper
chamber to the surface.
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6.6.2 Transient model and ideal gas law

We invoke the ideal gas law to test our model’s use of an air layer as the upper

chamber elasticity. From this we confirm the measured manometer height y and

outflux Qout based on fluid levels within the chamber. A complete analytical

solution for the two chamber model is provided in Chapter 4. The following

analysis is a basic application of this model to demonstrate the suitability of our

experiment. Dimensions in the model are noted in Figure 6.2.

The pressure P1 in the upper chamber and thus the glycerol level h(t) and

volume of air Vair inside the chamber of height hmax and area A are given by

the ideal gas law. The volume of air in the upper chamber changes over time as

glycerol enters and leaves the box, changing the pressure by amount dP .

P1(t)Vair(t) = P1(0)Vair(0) (6.16)

P1(t) = Pa + dP (t) (6.17)

dP (t) = ρwgy(t) (6.18)

Vair = (hmax − h(t))A (6.19)

This means that the glycerol level in the chamber is

h(t) =
P1(0)(hmax − h(0))

Pa + ∆P
=
P1(0)(hmax − h(0))

Pa + ρwgy(t)
(6.20)

Then the water level in the manometer is

y(t) =
1

ρwg
(
P1(0)(hmax − h(0))

(hmax − h(t))
− Pa) (6.21)

To evaluate the model, we measure y(t) and use the gas law to estimate the

glycerol level h(t) in the upper chamber using the above equation. From the y(t)

value we calculate

Qin(t) = F2(ρggH − ρwgy(t)) (6.22)

and

Qout(t) = F1(ρwgy(t) + ρgX(t)) (6.23)

213



using the steady state solutions (Equations 6.13 and 6.14) for F2 and F1. The

total volume rate of change in the upper chamber Q is

Q(t) = Qin(t) −Qout(t) (6.24)

We know the chamber area so for a time interval dt we can calculate the glyerol

level change dh(t) in the chamber

dh(t) =
Qin(t)dt

A
(6.25)

We confirm that the gas law-derived h(t) compares with the manometer height

y(t).

Figures 6.11 through 6.14 show the agreement of two transient experiments

with the gas law-based model. In each experiment, blue markers show the experi-

mental data with error bars and pink line shows the model. Figures 6.11 and 6.12

show the outflux and chamber pressure (manometer height y) in which the grav-

ity head is lowered so the pressure head decreases to steady state. Figures 6.13

and 6.14 show the outflux and chamber pressure (manometer height y) in which

the gravity head is raised so the pressure head increases to steady state.
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Figure 6.11: Transient experiment: Outflux when gravity head is lowered so the
upper chamber pressure decreases to steady state.

Figure 6.12: Transient experiment: Manometer height (upper chamber pressure)
when gravity head is lowered so the upper chamber pressure decreases to steady
state.
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Figure 6.13: Transient experiment: Outflux when gravity head is raised so the
upper chamber pressure increases to steady state.

Figure 6.14: Manometer height (upper chamber pressure) when gravity head is
raised so the upper chamber pressure increases to steady state.
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6.6.3 Application to Lonquimay 1988 eruption

The example shown in Figure 6.11 of an experiment with an initially rapid outflux

that slows to steady state, as in the case of an eruption with a strong conduit

plug that resists an eruption beginning. The upper chamber pressure must build

up to remove the plug. The efflux rate is reminiscent of the two-chamber model

that we used to interpret the Lonquimay 1988 eruption in Chapter 4.

In Figure 6.15, we show the erupted volume, along with the fit from our two-

chamber model. The experiments show a similar effect: at time t = 25 in the

Lonquimay model, the flow rate transitions from fast to slow, as it does around

time t = 50 s in the experiment in Figure 6.11. This provides experimental

support for the principles of a two-chamber system, in which the deep chamber

is maintained at constant pressure from a magma recharge. The adjustment of

an eruption from overpressure to steady state is one way to explain Lonquimay

volcano’s deviation from a simple exponential decay of eruption rate.

Figure 6.15: Erupted volume for Lonquimay 1988-1990 eruption (pink), with our
2-chamber model (blue). The flow rate slows to steady state from overpressure,
reminiscent of the transient experiments in Figure 6.11.
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6.7 Discussion and conclusions

In this chapter, we presented a set of experiments in support of the two chamber

eruption model presented in Chapter 4. We applied the model to a situation in

which an air layer in a sealed tank represents a pressurised elastic upper chamber,

and verify that this is a suitable laboratory analogue.

A system in which lower chamber pressure P2 is initially higher than upper

chamber pressure P1 adjusts to a steady outflux rate Qout. The short timescale of

transition is controlled by the upper chamber, but the long timescale at equilib-

rium is controlled by the lower chamber. The constantly recharged lower chamber

controls the equilibrium flow rate. Our experiments demonstrate two cases of an

eruption that transitions to a steady state flow. The conditions in the conduit

from upper chamber to surface may inhibit an eruption starting, or they may

make it easy for an eruption to start. This can be conceptualised by, respectively,

a strong or a weak plug in the upper conduit. If there is a strong plug, the up-

per chamber pressure will build up to a high pressure to remove the plug, then

run down to equilibrium as the eruption progresses. This is reminiscent of the

efflux rate at Lonquimay, and our two-chamber model of the eruption. If there is

a weak plug, the upper chamber pressure will increase rapidly at first but then

slow to equilibrium as recharge from the lower chamber is countered by gradual

outflow. This is also reminiscent of the 1980-86 eruptive sequence of Mount St

Helens which exhibits an overall waning eruption rate, erupting rapidly at first

and slowing as it goes.

Finally, we provide an alternative interpretation of a sudden pressure increase

in the lower chamber caused by an overturn of magma. This change takes a finite

time to appear as outflux rate at the surface, and may be important to under-

standing an eruption that has periods of increased eruption rate such as Soufriere

Hills volcano or two layers of eruption products such as at Mount Vesuvius.
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Chapter 7

Conclusions and future work

7.1 Summary and conclusions

In this chapter, we summarise the main contributions of this thesis, the key

elements of our model, and the scope for future work.

7.1.1 General summary

This thesis revisits observations from volcanic eruptions and builds a picture

of the complexity of the long-term evolution of these eruptions, as well as a

framework of how an eruption might be understood in terms of one or two coupled

magma reservoirs. It has built support for the hypothesis that the deep plumbing

system and interaction amongst magma chambers provide insight to the long-

term pattern of eruption, and that the long-term observable trends respond to

a magma reservoir. If a deep chamber wanes in pressure, the recharge to the

shallow chamber decreases in rate.

The main content of this thesis is an investigation of long-term controls on

volcanic events and the development of a model to explain these long-term trends

and investigate the parameters that affect the evolution of an eruptive episode.

We hypothesised that the long-term evolution rate of the eruption is controlled by

a deep magma chamber, and the shorter cycling between events is controlled by

the filling and emptying of a smaller shallow chamber. We applied the model to

interpret various aspects of eruptions at Lonquimay, La Soufriere de St Vincent,
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Mount St Helens, Unzen, and the Soufriere Hills Volcano. We did not simulate a

volcanic eruption, but rather modeled aspects of processes controlled by a deep

plumbing system.

We began the thesis by discussing the importance of studying volcanoes in

terms of both hazard management and scientific interest, and identified features in

the eruption style, magma composition, and seismic activity at these volcanoes

that lead to a picture of multiple magma chambers. We discussed how these

principles motivate new insights into a model of a magma plumbing system.

7.1.2 Key elements of models

We first developed a model of a closed single chamber system. A single chamber

does not allow for all the complexity shown at real volcanoes; however, we in-

terpret eruptions at Mount St Helens, Unzen, Paricutin, and La Soufriere de St

Vincent in terms of a depressurising closed chamber.

The Lonquimay eruption in 1988 provides motivation for including a source

of magma recharge to the chamber and developing a model of an open single

chamber system. The cycles of eruption and ground inflation and deflation ob-

served at Soufriere Hills Volcano provides motivation for assuming critical cham-

ber overpressures at which an eruption starts and stops, thus allowing for periodic

eruptions.

We rationalised surface deformation and eruption data in the context of an

open single chamber system, and our analysis invited the concept of a second

chamber in order to provide a source of magma recharge. We calculated a pos-

sible recharge rate for the Soufriere Hills Volcano. This led to a model with an

analytical solution, although applying it to real data becomes complicated.

We then developed the model to explore how a recharge of magma may be

regulated by a deeper chamber, and investigated the long-term control of a deep

source. We presented a quantitative two chamber model and derived an analytical

solution relating the surface eruption rate to the evolution of the chamber pres-

sures. We showed that the two chambers’ pressures evolve on different timescales,

with the upper chamber typically evolving more rapidly.

We derived an analytical solution for the eruption rate of a closed two chamber
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system and explored the effects of recharge in an open system. By introducing a

critical pressure in the upper chamber at which the eruption starts and stops, we

showed that magma recharge can lead to cycles of eruption. Lonquimay volcano

in Chile shows two phases of eruption, which we interpreted in the context of a

closed two-chamber system which is controlled first by a shallow chamber and

then by a deeper chamber. For an open two chamber system, if recharge to the

shallow chamber decreases in rate, the period between cycles of inflation and

deflation can become longer, which is reminiscent of Mount St Helens where

intervals between successive dome-building events increase over time.

Two chambers whose pressures evolve in different ways give a different surface

deformation shape and magnitude than a single chamber, so we investigated how

surface deformation profiles change over time.

Only the magnitude of surface deformation changes in time for a single cham-

ber, while a second equally pressurised chamber has the effect of changing the

shape. As for two chambers that depressurise at different rates, as shown by

our model, the shape of the surface deformation over a horizontal cross section

changes in time. Offsetting the chambers horizontally makes the profiles assy-

metric about the origin.

The Soufriere Hills Volcano deformation data changes in space and time, and

our model shows that there is huge variation in the near-field data for small

variations of properties on which there are few constraints. This makes it very

difficult to uniquely invert surface deformation data; however, it is possible to

rationalise why there might be changes in surface deformation from one location

to the next.

Finally, we verified the model principles with a laboratory experiment, and

presented results for steady state experiments which represent a volcano erupt-

ing at an equilibrium rate, as well as transient experiments which represent an

eruption that either increases or decreases to steady state as shown by the two

chamber model.
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7.1.2.1 Time dependencies of model configurations

It is also worth noting that while many of the parameters used in the stud-

ies are not well defined (order of magnitude approximations for initial chamber

overpressure and compressibility, for example), and thus the robustness of any

model configuration’s abilities to specify particular quantities is less important

than their ability to provide information regarding different time dependencies.

In that vein, Table 7.1.2.1 summarises the key traits of the model configurations

from this thesis (F is conduit resistance, β is magma compressibility, Vc is cham-

ber volume, ∆PSTART and ∆PSTOP refer to critical pressure at which eruption

starts and stops, F is the ratio of resistance in upper to lower conduits, and V

is the ratio of lower to upper chamber volume). For further detail on effects of

different parameters, refer back to Chapters 4 and 5.
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MODEL TIME DEPENDENCE COMMENTS

Single cham-

ber, no

recharge

Exponential decay, time con-

stant F/βVc

Deviation from exponen-

tial decay may indicate

more complex plumbing

Single cham-

ber, recharge

from depth

Phases of exponential de-

cay, time constant F/βVc;

period between eruptions is

(βVc/Qin)(∆PSTART −∆PSTOP )

Decreasing recharge rate

with time gives shorter

eruption and longer pe-

riod between eruptions

Double cham-

ber, no

recharge

Timescale of eruption rate is

given by Equation 4.16

Noticeable surface effect is

eruption that occurs on

two different time scales

before ceasing - fast then

slow (F = 0.1 indicating

magma that cannot move

easily from lower to up-

per chamber; V < 1 indi-

cating larger upper cham-

ber than lower chamber),

or fast then gradual (V =

100 indicating larger lower

than upper chamber), or

slow then fast (V = 1 in-

dicating same size cham-

bers); or in some cases

gradual (F = 100, indicat-

ing chambers which are in

good communication)

Double cham-

ber, recharge

from depth

Phases of eruption, timescale of

rate for each cycle is given by

Equation 4.16. Upper chamber

cycles between ∆PSTART and

∆PSTOP

Noticeable surface effect

is eruption cycles each of

which may occur on two

different time scales be-

fore ceasing, depending on

chamber volume ratio and

conduit resistance ratio
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7.1.3 What has been gained

From this study, we have gained a new model and a method by which to ratio-

nalise data from volcanoes that behave differently. Steady state cycles of effusive

lava dome-building eruptions are complex, and this complexity extends to sur-

face deformation observations. Our model demonstrates further understanding

of the degree of complexity that exists and how it may arise, and we now have

a broad framework in which to analyse different elements that contribute to the

complexity. The literature presents a picture of a two chamber magma system,

and we have presented a quantitative model that shows how such a system may

behave.

We presented different types of data including eruption rate and surface de-

formation, and showed how some aspects of these data may be dominated by a

deep or shallow chamber. We developed a framework for how a deeper source

of magma in the crust could influence the eruption from a shallower chamber.

The result of the work might help to identify which types of analysis are best for

understanding the long-term evolution of an eruption, and which data types are

most important to collect.

7.2 Future work

Our model provides a framework to which many more elements could be added in

order to investigate how such elements contribute to the complexity of volcanic

eruptions.

Tait describes an additional chamber pressurisation process by which crys-

tallisation and volatile release in the chamber itself leads to pressurisation of

the chamber Tait et al. [1989]. This second boiling may cause deviation from

exponential decay. Cooling may occur on a longer timescale than the eruptions

themselves, though this is not always the case if the magma reservoirs are thin sills

or magma has small viscosity (faster convective cooling). In this thesis, we focus

on higher viscosity andesite magma, though we cannot eliminate second boiling

as a mechanism by which chamber pressure evolves. Developing our model to

include this second boiling would provide new insights.
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Magma compressibility and viscosity are complex properties that change with

time, and it would enhance our model to include variation in magma density

and viscosity based on magma ascent velocity and gas content Bower and Woods

[1998]; Huppert and Woods [2002]. The depth at which the magma resides is also

important to its volatile content and thus compressibility and viscosity.

Other items of interest are the critical overpressures ∆P at which an eruption

starts and stops. Changing these values from one eruption cycle to the next

would allow the model to account for changes in magma properties over time.

Further investigation into the mechanisms of starting and stopping an eruption

would also enhance the model and allow it to address further complexity.

We have also laid some groundwork for further investigation into what actually

controls the magma supply rate to a chamber.

This thesis provides principles, a method by which to rationalise data from

volcanoes, and a quantitative model that shows how a two chamber system may

behave. More layers of complexity would enrich and enhance its descriptive abil-

ity.
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