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ABSTRACT

Pore fluids play &eyrolein how crustal rocks defornparticularly in a volcanic environment
where fluidsspan a wide range of types, and exist across a wide specttempdrature, pressure,
and phaseinfluenced by the presence of the magmatic system at.déptlonlydo pressurized
pore fluidsaffect the mechanical properties and the elastic velocities diogterock mass
(volcanic edifice) butthey arealso responsible in the generation ahage of seismic signals,
characterized bizow Frequency and longoda as compared to the seismigignerated by simple
shear, resulting iWolcanc Tectonicevents

While great progress has been made in understanditu;uvG Tectonicevents, fluidinduced
signalsresulting in Low Frequency seismicigye not fully understogdand how these signals
evolvefrom other signal types in time and spabe investigate,liis studypresents geries ofrock
triaxial deformation (in both wet and dry conditions) and fluid depressurizakparimentsusing
a servecontrolled triaxial testing machine and stafehe-art acoustic emission (AE)
instrumentationAE signals are the laboratory analogue of fistdle earthquakesepresering the
key to understand the physics of the megrale events.

Consideringshallow volcanic conditions (up to 1.6 km dedhjs thesis shows thathe presence
of pore fluid delays the fracturirend the onset of microseismic activity, likely explaining sudden
increase of precursory seismic activity befor&eaaic eruptions. Fluids also homogenilke rock
material, decreasinthe elastic wave anisotropy #eey flowinside the newly formed cracks. In
addition, the depressurization of fluids reveals how different fluid phases contributes to form
different spectral peaks, characterizing the flmduced signals. Finally fandanental
microseismicevent, (which presents a remarkable similarity withatural volcanic earthquake,
Tornillo), has beemenerated during gas depressurizatiepresering a newkey link between
earthquake features (such as amplitude modulationy phgsical properties (such as pressure

drop).
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1.0 NTRODUCTI ON

1.1. VOLCANO: A THREATENING NEIGHBOUR

Hundredsof millions of people sleep with a dangerous threat just outside thair @@olcano.
Some of the largesities in the world (e.g. Mexico City, Seattle, Quito, Manila, Tokyo and
Naples) can bait by a nearby volcanic eruption. Although volcasdl constitutes a fertile
substratunfor harvesting and provides unique materidis, very process creating suptounds
can destroy everything in a matter of seconds.

In ancient history, it is believed that the Minoan civilization, living the island of Crete
(Mediterranean Seayaswiped out by a calderBorming eruption at Santorini, a volcarigland
some 100 knmorth. What previodg was a coneshaped edificés now a calderawith a new cone
building inside.

Perhaps the mogtnown historicakruption occurred in 79 AD at Mt. Vesuvius, south of Naples
(Italy). Its presenshapewith a central conandthe arcute shapedonteSommais the result of
the long eruptive history followinthe plinian eruption. The Roman civilization built several cities
around the volcano (e.glerculaneunand Pompeii) which were destroyed bistmajor event.

The remains of those cities are now worldwide heritgs What makes this eruption so famous
is theuniquelydetailed description made IRliny theYounger, which constitutd the firstrecorded
volcanological observation.

Volcanic eruptims do not onlyhavelocal effects. Depending on their magnitude and location,
they may haveglobalconsequences. The eruption of Mt. Tambora in 1815, largely considered as
the most powerful eruption in recorded historyhisughtto be the cause of the-salledfiyear
without a summerin 1816, characterized by a global lowering of the average temperature. More
recently, in 2010, a relative small eruption occurreygafjallajokull volcano (Iceland). Thiarge
amount of asksgenerated and dispersed in the atmosphere was carried by thenteritie
commercial routeof transatlantic aviatigrcausing almost 2 months of disruption in Europe.

Therefore understanding the physics of volcanoes, particttgrlgnechanisms precedimajor
eruptiorsis without doubt the great challenge for all people fascinated by such a powerful, yet

dangerous geologic feature.
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1.2. VOLCANO TECTONICS AND SEISMOLOGY

Seismicity and ground deformatioepresent two of the most commsimortterm phenomena
detected beforeolcanic unrest, whether this results in an eruption or otherwise. For cases when an
eruption does result, the final approasltommonly preceded naccelerating occurrence rate of
different geophysical indicatorSeismologically key dataarehigh-frequencyolcanctectonic
(VT) earthquakes andow-Frequency(LF) andharmonic tremoevents both of which are
generated in the volcartectonic system but with different dominant frequenclé®ese
characteristic seismic signals are unique to volcanoebharelbeen linked tthe interplay of
magma ascent and volcanic edifice respanvasthe final hours before eruption. Because of this,
for a time there was hope that a better understanditigesfgeneration might give way to more
accurate forecasting methods, but this has since been proven overly op{Ndstierg et al.,

2006) This is partly due to our lack of understanding of the Hftidkl coupling that generates
these signals and undelevant pressure, stress, and trigger conditiorthis thesisnew insighs
into the details of the roeltuid coupling are presented under conditions relevamblcanic
conditionsusinglaboratorysimulations ¢ reproduce scaledown volcanic eahgquakes.

The laboratory analogudf macrescale earthquakes are microseismic signals, known as
Acoustic Emission (AE), and have become a wskd proxy for laboratory studies of rock
deformation for many years (e.g. Scholz 1968a, 1968b; Ohnaka & Modl).TH&se signals are
characterized by very low magnitude (eMagnitude-4), high frequeay content (tens of kHz to
MHz), limitedpr opagat i on ( antaré recordled Bygpiezodiectrac ingnsdudas t
convert the generated mechanical stress into a voltage. For the purposes of this research, the sour
of the AE signals is either thHeacturingprocess at the micrscale (microcracking), or subsequent
movement of small quamits of fluidthrough the geerated damage zone.

Importantly, the physics of the generation process is the same as theeéilddarthquakes,
except for scale: with field sources being LA.C° times larger. On the other hand, the frequency
content of ABis 10*1 10° times highe, which contribute to applythe sizefrequency scaling law
to relate these two scenarios (e.g. Burlini et al., 2007). However, even if AEs and earthquakes do
have different magnitude, frequency and source size, they share similar frequegrojude
distribution (i.e.b-value, temporal evolution of number of events, locations and spectral pattern.

For these reasons, the study of laboratory generated events under controlled conditions of stress
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and pressure can provide imgort new information about figélgenerated signals that cannot be

directly accessed.

1.3. AIMS AND OBJECTIVES

The aim of this research project is to produce AE activity due to specific set of relevant volcanic
conditions(state of stress, temperatuasd porepressurefluring the processexs rockfracturing
and fluids movementdn doing so, this study explores how differing types of signals are generated,
similar to those occurring at volcanoes, linking them to the known generation conditions and hence
to the physical process. In this walie analysis of volcanic earthquakes could provide us precious
new information regarding the state of the volcano. The great advantage of laboratory simulations
is that several different parameters, such as stress and strain, porosity and permeaipttattire
and fluid composition, are directly measured and controlled. On a volcano, most of these
parametersamot be measuredeading tanterpretationsand assumptions about the origin of
volcanic earthquakes.

In the case o¥olcano seismicitghefamily of low-frequency activitycanbe further split into
Tremor, Long Period (LP), Verkong Period (VLP) and Tornillo events. Over the years,
numerous models (discussed in chapter 2) have been developed to explain their origin. The
generally accepted dlory is that these signals are generated as a direct result ehfiwigiment
through fractures and cracks. Following thiee thesisexploresthe role played by high pressure
pore fluids in a damaged rock mass undergoing deformation (which leads e &ty at the
macrascale, eruption). And, when the same fluids move through the fractured rock, providing a

mechanism for the loirequency activity.

1.4. THESIS OUTLINE

In the Chapters 2 and 3 a detailed literature review is presented: Chapter 2 dethis with
concept of Volcangeismology and the classification of the different type of signals recorded on
volcanoes, together with the several theories regarding the source mechanism. In, adulitédn
overview of the methods used for eruption forecassmdjscussed. Chapter 3 develops this
concept further and introduces the integration of AE data with rock deformation experiments, with

particular emphasis on the AEs and their use to characterize the level of deformation and to
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investigate the fluidnducel seismicity. Scaling laws between AEs and fietdle earthquakes are
also discussed.

Chapter 4 introduces the methods used to obtain data, including rock characterization and
sample preparation, the equipment used to collect mechanical and acoustic data, and experimental
protocol, while Chapte4 alsodescribes the types of data collecietaboratoryand gatheredy
external institution (i.e. fielécale volcanic earthquakes). Chafdirst describes the physical
properties of the rock materidiirtherdividing these aspeciato two sections. The first section
lists the result®btained during the triaxial deformation stagehe experimentsvhich include
stressstrain data, Rvave velocities and AEs features (counts, location, magnitude, frequency). The
second section details the resgitdheredduringthe pore pressure rekastage, mainly focusing
on the frequency content and amplitude of both continuous and transient signals.

Chapter6 is thediscussion of the results. First, the effect of pore fluid on the mechanical and
acoustic properties of the sample, during deforomatis discussed. Second, the relationships
between the physical properties of the pore fluids used and the AE activity generated by the
movement of that fluids explored

Finally, Chaptef7 presents the conclusions of this study, including implicationthe data in

interpreting fieldscale events and eruption forecasting.
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2VOLCANO SEI SMOLOGY

2.1. TERMINOLOGY

Volcanoseismologyisit he study of earthquakes as well
and other physical properties of earth matetizds affect the passagé seismic waves at
v o | ¢ a(MacNets 1®96 p.100) Earthquakes occurringt volcanoesor caused by volcanic
processesare therefore called volcanic earthquaiedcan beraditionally classified in terms of
spectral features of their seismograieNutt, 1996) although different local terminologies have
been widely used in the past (TaBl&). Malone et al. (1983)ecognized the spectral similarity
between tectonic andT activity on Mount St. Helens (USA), with tlectonic eventocatedat
some distanctom the volcano and ualated to the volcanic activity. Although characterized by
different arrival timesthe shallow volcanic earthquakes, medium frequeneyyfm)and low
frequency (type) events all share similar frequency content.

A number of key studi es, atiyanfoimadgcigntdicokinioneam t h e
theinterpretation, understanding, and observatiovoitano seismologyThe firsttomography
images of the volcano plumbing systerarederived fromearthquake travelmesasdevelopedn
the pioneering work ofki et al. (1973 together withAki & Lee (1976) Aki et al. (L976),
Husebye et al. (1976andAki (1977). For the first tine, scientists were able study volcanic
structuresand associated magma reservbiased on the diagnostic seismicity generated due to the
interaction between the stressed volcanic edifice and movemaratgrhatic fluidgAki et al,,
19770. Early obserations ofthese signala/eregiven the nam&-Type and volcanic trempr
where thé& source wasssociated to fluidiriven cracksThe first estimations of agma transport
budgetbeneath Kilauea Volcano (Hawaii, USRS possible vigeismic observation bgki &
Koyanagi (1981)with the energetics of volcanic tremioeneath Long Valley Caldera (USA)

quantifiedby Aki (1984).
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Table2.1: Volcanic earthquakes terminology

PAPER VOLCANO BASED ON TYPES OF VOLCANIC EARTHQUAKES
Minakami (1974) | Japan Frequency A-type - B-type - xglﬁi?'c -
Ruapehu Mt. . .
Latter (1979) Ngauruhoe (New Frequency VO'CaF“* Mediurm Volcanic - Volcanic -
tectonic (VT) frequency tremor
Zealand)
Malone et Location and Tectonic like(t- .
al.(1983) Mt St. Helens (USA) frequency and htype) Shallow volcanic (rand ttype) - - -
Lahr et al. (1994) (Rjg;f:t L\J/g!:)ano Source VT Hybrid (HB) Long-Period (LP) - Tremor -
Julian (1994) - ;rg:)iency and I - LP (Tornillo seen as subclass) :ﬁglﬁi?'c -
) High-frequency | Mixed-frequency 3 ) Volcanic )
McNutt (1996) Frequency (HF) (MF) Low-frequency (LF) tremor
Ohminato et al. ; ; ) ) Very Long
(1998) Kilauea (USA) Frequency Short period LP Tremor Period (VLP)
Neuberg (2000) (Sl\%:;rtf:r;')”S Source VT Low frequency (HB, LP, Tremor) -
McNutt (2005) | - Frequency HF HB LF - \T/f’;‘;?:r'c VLP
Alparone et al Monochromatic
(2810) ' Vulcano (Italy) Frequency HF LP (HB and Mixed events) (Tornillo seen as - -
subclass)
‘(];gf;at etal. Mt. Merapi (Indonesia) | Source VT Long Period Seismicity (Multiphase, LP, tremor, VLP)
Mt Etna (ltaly),
Bean et al. (2014) TurrialbaVolcano Source Stress driven mechanical class (VT, LP) Tornillo

(Costa Rica), Ubinas
(Peru)
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While Minakami (1974) postulated that both higaquency (HF) Atype and lowfrequency
(LF) B-type earthquakes were relatiedock fracture processdsuytdiffering in terms of locations
(the latter being deepeesulting in the high frequencies being attenuated), Latter (1979) suggested
that LFeventsandvolcanictremorwere essentially the sanasevidencedy similar spectral
featuresand that the swarms of Ldtgnalsmaysimply merge intoquastcontinuougremor.

Furtherwaveform categoriesalledL-type andm-type, became bettdtnown asLP (Long
Period)andHB (hybrid) earthquakesespectivelywith the termihybridod highlighting the mixed
characteristics ahe high energy¥/T-like onset and theP-like resonant codé_ahr et al, 1994)

In line with Malone et al. (1983Neuberg (2000bhengrouped the LP andB eventsin the same
LF (Low-Frequencyklass, as they represent the two-emeimbers of a continuum of signals.

Tornillos (Spanish fofiscrew®) i which arelong-coda event$ have alsdeen recorded on a
wide range of/olcanoes (e.g. Galeras, Colombind were includeth the LP class bylulian
(1994) Meanwhile Alparone et al. (2010Wwhendescribing the seismicity occurriggVulcano
(Italy), considered them as a particularly long event pertaining to the monochromatic €gaals.
et al. (201) also considefornillo as a separate class from &ignals with the latter included in a
broaderstressdriven mechanical class together with the &arthquake<On the other hand,
Jousset et al. (2018youped LP, MultiphaseHybrid), tremor and VLReventsn the Long Period
Seismicity (LPS) classnd thus separatirgittle failureprocesses (VT) from the fluithduced
seismicity (LPSYriven procssesSuffice to say, the wide range of different opinions and
possibilities for classification makes the task a challenge.

Key to recording and subsequent understanding all of these unique evegteatlysenhanced
with the development ardeployment obroadbad seismometers (period up to 1§0more
recentlyextending toVery-Long-Period orVLP signalsat periodaup to 200s(Ohminato et a).

1998) However, he use of the terii | o n g ase ariticiaed By McNutt}996; 2005for a
number of reasongirstly becausgwhile manyauthors (e.g. Lahr et.all994) described the events
in terms of the sources, thisnded tause this asa purelydescriptive termSecondly in

seismology long period represent both the instrumentation and the energy of earthquakes with
period longer than the Earth noise peafkaround 10sNIcNutt, 1996)making this subjective
description less than idedor these reasonts,h e t e r m efnla@dspreferredoq

classificationas it wasbased on the spectral featuagsl using generierms inplaceof source
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based terminology. Stilthe term LP has been preferredrbgny authors (e.d§Vaite et al.2008;
Alparone et al.2010; Jousset et aR013; Zecevic et 312013; Bean et gl2014; Cauchie et al.
2015)whenreferring to this particular clas®ue to thisthe terminologyfor the field datan this
thesis idbased on a combination béhr et al (1994), Ohminato edl. (1998) and Alparone et.al
(2010): VT,LP, Tremor,HB, Tornillo, and VLPevents

To date the most used terminology is still that published in Lahr et al. (1994), with the addition
of the VLP term (Cassisi et al., 2016; Curilem et al., 2016; De Arcangelis et al., 201-&usara
et al., 2016; La Rocca Galluzzo, 2016). While these souita®d terms are becoming a standard,
avoiding confusion among researchers, they a
section 2.3, some events still lacks of a univocal interpretation leading to different-geingtic
processes to gengéesseismic signals having the same name. To avoid this, a freqbasest
terminology should be adapted, which incorporates both time frequencylomain features. This
could be achieved by combining McNutt (1996, 2005) and Alparone et al. (2010) lrethis.

way, for example, Tornillo may be called ALF

2.2.CHARACTERISTIC FEATURES

VT events resemblectonicearthquakes in terms of spectral compondnishave asource
located at or near a volcanic systé@houef 1996)and are generally of low magnitudgp(to 4.
They are characterized by enpulsive onset, clear-Rand S phase arrivals and a short cdf&y.
2.1,Lahr et al, 1994) In terms of frequencyheypossess broadband signal witthe majority of
seismicenergy between 5 and 25 K& parone et al.2010) apeak energy of the-Rand Sphases
rangingbetween 6 and 8 Hz and coddh energy up to 15 H@d ahr et al, 1994) Shallow VT
events show a slightly longer and narrower band coda than desjghais(Fig. 2.1Ja and 2.1}
with amore emergent-&nd Swave onset due to scatteriaffects(Fig. 2.1b and 2.1e,
Wasserman2012). However, lhey are still distinguishable fromBHor LP signals(Chouet 1996)
In terms ofpolarity, VT eventshow amix of first motion polaritiesvith hypocentresvell-spaced

both in space and tim€houet 1996)
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Figure 2.1: (a, d)spectrograms(b, e)waveforms andc, f) spectra of a shallow and a deep VT
signalrespectivelyecorded at Redoubtolcang Alaska,USA Modified fromLahr et al.(1994)

While tectonic earthquakes generally occuséguences dbreshockd mainshock
aftershock, VolcanoTectonic events are characterisedslsarms of events with less than 0.5
magnitude unit between the largest and second laegests(McNutt, 1996) The absence of
classic foreshocdknainshockaftershock pattern for V&ventss due to a higlnate ofseismicevent
generatiorduring seismic asis, which has the effect of makingdividual events undetectahle
many caseélraversa & Grass@®010) Another difference between tectonic avid signals is the
GutenbereRichter magnitude distribution: both show a typical behavimarall(Lahr etal.,
1994) but, while tectonic events haugvalueclose to 10 (Frohlich and Davis1993), VT evens
have agenerally higheb-valuethat can vary significantlyboth in spacée.g. zones oéxsolution
level of gaseaMicNutt, 2005)and in time (e.geruptive phasefoberts et al2015)

LP signas differ from VT events in that they have amplitude envelope similar to that of
tectonic earthqualse but with aspectum moresimilar to that of tremor (Chouet992).They are
characterized by an emergent high frequency (up to 10 Hz) onset, followed by a harmonic, quasi
monochromatic, 20 to 38econdlong coda (Chouetl992) Sharp gakfrequenciesreusually in
the range 0.5 Hz (Fig. 2.2ae.g.Lahr et al. 1994; Neuberg000; Alparone et al2010) with the
S-phasegenerallyabsen{Fig. 2.2b,McNutt, 1996)and sometimes with several spectral peaks

equally space(@Fig. 2.2c, e.gFehler & Chouet, 1982ousset et al. 200First motions of LP
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signals are dilatationandconsistent with crack collapgkahr et al, 1994; Waite et al2008)
Whenforming a swarmLP signals have highly consistemtiveforms and spectfdousset et al.
2003; Saccorotti et al2007; Waite et al2008; Alparone et gl2010)in terms of frequency and
duration

Importantly, and nlike VT events or tectonic earthquakeB,eventsdo not follow a linear
GutenbereRichter magnitude distributiofahr et al, 1994; Bean et gl2014; Cauchie et aJ.
2015) and ofterpossess b-valueup to -3, indicatinga very large number ofmall magnitude
events originating from a small sour@d@cNutt, 1996) The reason for this is straightforward, as
they are not generated due to a fracture event, but instead form due-tliicbckupling hence

explaining the lack of a foreshock activity.
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Figure 2.2: (a) spectrogram(b) waveform andc) spectra of a LP evemécorded at Redoubt
Volcana Modified fromLahr et al.(1994)

Tremor is a limiteebandwidth continuousignal of sustained amplitud€&ig. 2.3, Chouet
1992)lastingseveral minutes, days or even monf@fouet, 1996)It startswith an emergent
onset(Hofstetter& Malone, 1986;Chouet 2003)at high frequencies .0 Hz) and moderate
amplitude Signals then evolve tolawer frequeng (1.5-3 Hz) and higher amplitude, with
sporadic(but weak) higher frequencies towards the ewidthe signalAki & Koyanagi, 1981)
These systematic variations in timeefenly spacedspectral peaks produome of the more
peculiar features of tremdtnown aggliding lines(McNutt, 1996; Neuberg2000) probably
causeddue to gas bubble oscillatiofidnglert & Jellinek 2015) Like LP signals theypossess a
dominantspectralcontent inthe 15 Hzfrequency bandMcNutt, 1996) similar spectral
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peaks recordedcross differenstations(Aki & Koyanagi 1981) andaspectrum consigtg of
regularly spacednarrow peakgJulian 1994) Generally, howevetremorspectra are more
chaotic with no clear dominant frequencies and irregularly spdcgidn 1994) In addition
tremorhas been observed that appears to consist of a parsegjaence of LRctivity (e.g.
Minakami 1974)suggesting thagawarms of LReventscould merge into tremarnder certain
conditions(Latter, 1981;Neuberg 2000) Negativeandpositivefirst motionsoccur equally in
tremor signals, antbcationsusuallylie in the same source area of the é&\Rent(Aki &

Koyanagj 1981; Chougt2003)

Frequency (Hz)
Frequency (Hz)

2 : v { -
0 4 8 12 16 20 0 4 8 12 16 20 0 4 8 12 16 20
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Figure 23: (a) 3-dayslong waveforms an¢b) spectrogranof the tremor recorded at EHierro
Island, Spain.Modified fromTarraga et al.(2014).

HB events share features from both VT andsighals they have an impulsive, highequency
onset(Fig. 24a) showing mixed polaritieike VT signal9, butwith a longercoda(Fig. 24b) and
characterized by nedispersive harmonic frequenci@sg. 24c) typical of the LPsignals(Lahr et
al.,,1994) WhenHB eventsoccur in swarmsthey oftershow a high degree of waveform similarity
(Jousset et gl2003; Alparone et 3l2010)Their hypocentres are found to lie abdypical
sources olVT earthquakes buielow thesource ofLP events(Lahr et al, 1994) with the
proportion of high frequency energy indicating the depth of the s¢Nimgberget al, 1998.
Because LRignalshavehighly emergent onsethey are dficult to locate,HB events are
oftenused to ifier the source dimension &P events as a proxyn terms ofmagnitude
distributionthey show aimilar behaviourto that of LPsignals with a rectangular shape, rather

thanthelinearsignaltypical of VT eventgLahr et al, 1994)
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Figure 24: (a) spectrogram(b) waveformand(c) spectraof a HB eventecorded at Redoubt
Volcano.Maodified fromLahr et al.(1994)

An unusualand distinctseismic signalfirst recorded aGaleras have been termadlith the
Spanish name&ornillos, due to the resemblance of thievelopego a screw(Julian 1994; Torres et
al., 1996; Gomez & Torred997) These events, later recognized in several other volcanoes and
distinguished from the LP signals, are characterizedlbyag quasiinear decaying codas
sometimes wittamplitude modulation effe¢Fig. 25a). They have awrationof up to several
minutes andjuastmonochromatic waveforms at low frequensgmetimes with weakigh
frequency onsgFig. 25b, Torres et al.1996) The onset itselfs emergentand commonlywith
apositive polarity or a weak negative impafsllowed by a larger positive polariffcomez &
Torres 1997) Spectral analysis shovessmall number (B) narrow peakgFig. 25c), with the
same valueecordedat all stationgTorres efal., 1996; Gomez & Torresl997) butwith
differentcharacteristidrequenciesneasured adifferent volcanoesgin the range 0.9 8.0 Hz
Gomez & Torres1997) Crosscorrelation analysis revealsgh waveform similaritfAlparone
et al, 2010)and relatively ballow hypocentrebave been inferredy the attenuation pattern
(Gomez & Torres1997)

To distinguish Tornillos from LElatg aSlendernesparametewasfirst introduced by
Gomez & Torres (1997)This is definedasthe ratio between duration and maximum amplitude,
revealingthat Tornillos have mah larger valuesf slendernesthan LPevents up to a factor
of 10. Another parameter that distinguish Tornillos from the other cladsedcano
seismicityis the dampingoefficientfor coda waves. This parameter, depending on the shape

of the waveform, compares the amplitude at any point in the coda with the amplitude at the
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end and increases for sharply decaying coda. It was found that the damping coefticiest
from 0.002 to 0.02or Tornillos, whereas this parameteanges from 0.01 to 0.025 for the LP

signalsand from 0.01 to 0.04 for the V@vents (Gomez & Torres1997)
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Figure 25: (a) waveforms(b) spectrogramand (c) spectraof four Tornillos eventecorded at
Vulcano(ltaly). Modified fromMilluzzo et al.(2010)

Finally VLP events have been observexdageries of sawtooth displacement pulses with rise
time of few minutes and drop time ofl® s at Kilauea (Fig. 2.&@hminato et al., 1998 hese
signals have been call&tery Long Feriod events, because they have similar harmonic behaviour
with LP evens and tremor, but the energy of these signals is concentrated at lower frequencies,
between 0.01 and 0.3 H&IcNutt, 2005) All first motions are either compressional or dilatational
(Ohminato et al., 1998; Jousset et al., 2GB), like all other classes but \Attivity, a high
degree of waveform similarity has been observed for these si@tatsinato et al., 1998; Waite et

al., 2008; Caudh et al., 2015)
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Figure 2.6:Series of VLP pulsesecorded at different seismic stations at Kilaughe signals has
been bandpadiitered between 0.02 0.125 Hz and amplitude normalizétbdified fromOhminato
et al.(L998)

2.3.POSSIBLE SOURCE MECHANISMS

Shear failure ostick-slip processesn faults are widely accepted as the causes of VT activity
(e.g. McNutt, 1996; 2005; Lahr et al., 19@houet, 1996Neuberg, 2000). This destructive source
mechanics is also suggested by a low degree of waveform sim(kalpgrone et al., 2010Yhe
saurce of elastic strain energggardless of rocfailure or stick-slip, is provided by magmatic
processes where fluid movemavithin fracture networksffect the structurahtegrity of the
volcano, buiwhich are themselves ndirectly involved(Chouetl996) Other sources have been
suggestedor the triggering of VT events, including regional tectonic forces, gravitational loading
(Moran, 2003) and largemoteearthquakes (e.g. Power et al., 2001).

The high degree of waveform similarigombined witha small source region suggests a
repetitive, nordestructive source mechanism for all other classes of efgegt€houet, 1992;
Gomez & Torres, 199 Qhminato et al., 1998Jeuberg, 2000; Jousset et al., 2003; Waite et al.,
2008 Cauchie et al., 20)}50riginally LP eventswere thought to differ from the V&ventsin
terms ofsourcelocation, with the transition between HB and ¢iBnalsdue to different rock types
affected by the maximum deformation front (Minakami etk874;Malone et al.1983)

However, although focal mechanismere not availabldylalone et al. (19833uggested another
explanation for LP signalga thesource mechanisiitself. Further evidence for this idea comes

from the relativeconsistencyn terms offrequeng recorded atlastations,implying thata source
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effect rather than a pad#ifect was responsibte explain the frequency content (eAki &
Koyanagj 1981) In such a scenario, fluids magactively involved in the generation siich
signals (Chouetl992).

The similarities between Leventand tremor suggest a common source process for both types
of seismicity(Julian, 1994; Chouet1996; Jousset et aR003) LP eventsareviewed as a response
of the tremor generating system to a sudden transitory pressvhilst tremois generated by
pressure fluctuation®.g.Aki et al,, 1977b; Aki & Koyanagi1981;Chouet 1996) The fluid-filled
crack mode(Fig. 2.7)originally proposed byAki et al. (1977b)s the most regarded source
mechanism for both LBignalsand tremor, wheranexcess of magmatic pressunglucesa
fluid-filled crackto resonateandin turn, generag¢ a farfield seismic response recorded as
tremor. A competing idea was proposed Bki & Koyanagi (1981)consisting of astationary
model comprisinga preexisting chain of cracks, filled by magnaadconnected by narrow
channelsthesewill then resonatén response to a constant exce$pressureln this way the
crackdimensions are likely to be critical in generating the charactefigipiencyof tremor
This modelalsoassumed a periodic excitation of the craéldifferent modeas proposed by
Aki et al. (1977b)and Chouet (1981), who assumed randomyjenening ¢ the channel
between cracks.

The abrupt impedance contrastthe rockfluid interface generaganterfaces waves at low
frequencies (e.dAki et al, 1977b; Chouet1988; Neuberg2000) called crack wavesxplainng
the much longer than expected resonant period of afilied crack Their existence,
demonstrated analytically by Ferrazz&idki (1987) and experimentally by Tang & Cheng
(1989), suggests thahe source sizes reasonably smaif compared to the diension of the

magma chambddousset et al., 2003
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Figure 27: Schematic model of a fluifilled crack. The shaded area in thentreof the crack
marks the zone where the fluid provide the pressure transient whichlisdapp both walls of the
crack.Redrawn fromChouet(2003)

Thecompositionof the fluid involvedcan be determined by studyitite dominant frequency
andthe quality factor @) of the damped codaf LP evens (Chouet 2003) as the coddescriles
thedamping oscillations of specific mosl@A\ki & Richards 1980). AsQ increases with the
impedance contraghe observediigh values of) aregenerated ifjas bubbles are present in the
fluid which act toincreag the impedance contrast between the fluid solid. These gas pockets
reduce the sound speed of the fluid (Kieffid77) the speed of the crack wawand consequently
lower the dominant frequen§Zhouet 1992).Alternative theories on the meaningtbé variation
of Q and dominantrequencies were postulated byusset et al. (201andTary et al. (2014)the
formerassociatedhem to the excitation afifferent resonatw; the latteto the physical state and
fluid flow respectively.

In the context of a fluidilled crack, seveldgphenomena were taken into account asrhial
trigger of the excitation of the crackhese includeepressurisation during eruptive activity
(Chouet 1996) sudden pressuecrease@Neuberg 2000) repeated collapse of the crater floor
that in turn generate transient pressurisat{gagsaperla et §12002) compound choking of the
flow triggering acoustic oscillations of the liquid/gas mixt(@ouet 2003) degassing processes
(Waite et al. 2008; Cauchie et al2015) and the rapidliischarge of hydrothermal flusdZecevic

et al, 2013)
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For the shallow tremagvents, magmedegassinghatcreats asustained pressure oscillatitn
easilyinvoked. Howevertremor occurring at depth of 3D km needs another mechanisniras
gas pockets are unlikely to be present as such depth (Chea&). This is explained biki &
Koyanagi (1981)assuning that magma transport occurs aseismicatlgr@at depthgdeep
tremor may begeneratedvhen magma passes through sostif channelor barrier. The
presencef suchabarrier is also evident during eruptiote start of unrest often commences
with avigoroustremorsignaldue tostiff channel barrierdater exhbiting lower amplitude
tremor/ LPeventsasthesebarriersbecame weakgiChouet 1992)

The role of the magmatic pressureaisoparamount in the model dulian (1994)who
develoda tremor modelvhere arincreasing pressuia thesteady flow regimeand initially
with no oscillations, passes to simple and complex oscillations causing harmonic &ednor
finally to chaotic oscillations. Channel geometry and compliance strongly affects the efficiency of
flow at excitingsuchoscillations. Above a critical threshold, flow speed may generateezelfed
oscillations, which in turn cause tremor. Below this thresholdsigRak may form as a response
of an external disturbance, which create decaying oscillation that returns to thesttte.

In addition to fluids, the tittle failure of magmamovingthroughthe glass transition has been
proposed by Neuberg et al. (20p&heremagmapressure transients are the resfiligh strain,
high viscosity at the conduit walFig. 2.8) At the wallof a conduitloss of heat and gas occur
resulting in viscosity gradients, in turn leading to the bujdof shear stress that eventually causes

the magma to fail in a brittle manner.
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Figure 2.8:Schematic model of a rising plug of magmigh the formation of fractures into magma
generating LP event&rom Neuberg et al(2006)

In recent yearsrather source mechanismhere fluids are not actively involveldas also been
takeninto accounto explain the origin of LRvents McNutt (2005)suggested that sons@gnals
may be normal earthquakebut featuringuptureover a muctslower timescaldt was this concept
that was taken bBean et al(2008; 204). Here, theath effecthave been found to exert a
significantinfluence on the LBeismicity(Bean et al., 2008and going further stillBean et al.
(2014) suggested that weak brittle signaiay generate LP events if deformingaitargely ductile
deformation field. In particular, they proposed that &/entsmorph to LPsignak whernweak low
stiffness materials promote slower rupture speeds. This implies that soevehf (but excluding
Tornillo) are caused by brittle failure where no fhaidven source model is requiréas well as VT
evens), forming altogether a stressivenmechanical class. They finally suggested that these
swarms of pulsdike LP signak are due to failure in material close to britllectility transition in
shallow volcanic materials, primary controlled by low internal friction angle rather than high
pressire/temperature conditions.

Hybrid eventsaremainly viewed as a result of the combination of brittle failure zone and
excitation of a fluidfilled crackbecauseof their features shared with both VT and etent
(Lahr et al, 1994 Chouet, 1995 In particular, the opening of a crack (hiffiequency onset)

generats apressure gradienwhich drag the fluids into it (lowfrequency coda)However,
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White et al. (1998) argued that the periodicity and similarity ofdithalsoccurring in
swarms may b caused by violent degassing into adjacent fractures.

Thegeneration mechanisof Tornillos has been debated sirtbelate 199 0 @Akparone et a.
201Q Lesage &Surong 1995. Here, arelativdy simple source model accoimg for the
monochromatic featuresas proposedwhile Julian(1994)consider thenan intermediate signal
between LReventsand tremorstating thathey do not require special explanatidm fact, source
effects are invoked for the consistency of the fregies at all stationsimilarly to LPsignals
(Chouet 1992;Gomez & Torres1997) More recent idefocus on the free vibration of a fluid
filled crack in response to a pressure transi€hb(ef 1992 Alparone et al.2010) as already
observed foLP eventsand tremorHowever, to justify the higher quality factor observed for the
Tornillos (up to 400Milluzzo et al, 2010) a higher gas fractiofChouet 1992 Kumagai &

Chouet 2000)or a smaller aspect ratio of the crdslkumagai & Chouet2001)hasbeen

postulated, alloimg a larger velocity contragtetween the fluid and the cradkhe amplitude
modulation could be explained in terms of either slow waves along the interface and the cracks,
which is reflected back at the end of the cré@turton &Neuberg, 2006)or beatingwhich

describes thalternating constructive and destructive interference of two or more waves at different
frequencies, with the frequency of modulation being the difference between the two initials
frequenciegMilluzzo et al, 2010)

The direction of the first motioabserved on the VLP signdlxdicatesheadditionof mass,
and upwardnigration ofmagma (upward first motionplternatively,adownward first motia
points towardg mass loss and gas relegdeusset et g2013) In fact,Ohminato et al. (1998)
assumed that in a volcanic context, volume changes associated with magma transport and
degassing play fundamettolesin the source processes and analysing the recorded abents,
authorgnterpreted the rising part of the signal as a slow accumulation phase of magma and a gas
pressure buildup in cracklike source (Fig. 2.9a), while the second part was linked to a rapid
deflation phase (Fig. 2.9ecause of this and their long periodttea, VLPevens may be used
to map the conduit structure and to resolve mass transport @getet 2003) A close
relationship has been found between VLP andigRalswhere asimultaneous occurreneeas
observed byVaite et al. (2008)vho suggested that th&_P evenst are a passive response of the

magmatic syem to the active LP mechanism, which is thought tetbady rates of degassing and
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crystallizaton. ConverselySaccorotti et al. (200 roposed that abP eventis caused byhe
generation o VLP signal In particular,LP eventforms in response to the intrusion of a-gab
phase in a gagoor phasewhile VLP signal iscaused by movement and decompression of the gas
slugitself. Cannata et al. (200®)so suggested a causalationship between them, but rather than

a common source, LP and VigRens have differentonnectedources

Figure 2.9:Schematiomodel of a separated gdiguid flow in a crack in the proximity of a nozzle.
(a) phase of magma accumulation grdssure builelp; (b) phase of rapid deflation. The gas slug
is stationary in front of the nozzle (Mach numbeg<Nl), while the gas flow is choked inside it
(Mg = 1). After the nozzle the flow is supersonig¥M). Redrawn fromOhminato et al(1998)
2.4 MOMENT TENSOR SOLUTION

To understand the genetic process behind an earthquakesefisto derive asource
mechanism. The simplest representatbthis is the classic view offault plane solution, which
requires the polarity of the firstwave arivals recorded on the seismograms. The polarity of the
arrival indicate whether the first motion is compressional (positive arrival) or dilatational (negative
arrival). Once the earthquake is localized, azimuth and plunge of Hpataypetween sourcac
each seismometer are calculatBy.plotting each polarity on a lower hemisphere stereomet

graphical representation of the motion of the fault may be derivish tfpresented by the classic

beach baltype diagramFor a sheafaulting process, thpolarities can be divided by two
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orthogonal planes, in which only one plane represents the fault plane, while the other is called the
auxiliary plane. Without any other information (e.g. visual inspection) it is impossible to
distinguish them (Pettitt, BB). For such casethe forces occurring at the source are modelled as a
pair of complementary couples, or double couple (Bi@. 2.10, centie which produce no net
torque.The majority ofearthquakes are modelled as DC (Shearer, 2009).

However fornonDC sources, the fault plane solution give ambiguous information and a more
sophisticated method, called moment tensor (MT) solution, is needed. MT solution requires both
amplitude and polarity of the first®Wave arrival and corresponds to a 3x3 matAttitt, 1998),
where each component represents a force couple (Shearer, 2009). By decomposing the MT
solution, an isotropic (ISCFig. 2.10, left and a deviatoric component are extracted. The ISO
component is a measure of volume change, which is peiriple shear process (Shearer, 2009).
The deviatoric part is in turn decomposed into a-bstg DC and a second term called
compensated linear vector dipole (CLVEg. 2.10, right Therefore the MT solution can be

expressed in terms of its soul@mMponents as:

Y Y kre e (Ea-2.)

A MT solution is useful for better describing the relatbomtribution of pure brittle
(mechanical) movement (such as DC), compared to the processes that gemssti®p volume,
as derived frm ISO or CLVD components. Although difficult, this have been achiéetd in the

field (Pettitt, 1998 and the laboratory (Benson et al., 2008).
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Figure 210: Representation of thgeft) ISO, (centre) DCand (right) CLVD source components in
terms of(a) forces couplén principal axis coordinateand (b) compres®nal wave radiation
pattern Modified fromJulian, 1998.
2.5.ERUPTION FORECASTING

As discussed earlier, the use of VT and other seismic earthquake swarms has been heralded as
new tool for the forecasting of volcanic unrest. This is possible dntiepproach to eruption is
commonly preceded by accelerating occurrence rates oMIo#md LP events (e.g. Tokarev,
1971; Malone et al., 1983; Swanson et al., 1983; Voight, 1988; Kilburn, 2003)

The importance of the increase of number and energy of volcanic earthquakes in eruption
forecasting dates back to 1970®karev, 1971; Malonet al., 1983), with a first quantitative
method described by Voight in 1988. The Voight method (1888)rediction of volcanic
eruptionds based on the fundamental povaw for fracture in brittle materials, known as the
Failure Foreast Method (FFM)The FFM can be applied with any observable quantity describing
the behaviour that precede a volcanic eruption (e.g. seismic, tilt and displacement dagkatend
the logarithmic of rate and the logarithmic of acceleration of the observable quiamityh two
empirical constantsd andU Under certain circumstances the time of eruption is simply the time of

failure which can be graphically evaluated by using the reciprataturve, where the inverse
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rate decreasesont i nuously in time. For volcanic edi
that the time of failure lies at the intersection between the inverse rate and the time axis in the

reciprocairate curve plot (Fig. 210.
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Figure 2.11: (left) rateand (right) inverse rateagainst time for the change in length of the dome at
Mount St Hel ens. Different I|lines represent d
to infinity and the inverse rate decreases linearly to intercept the timeFawis. Voight (1988).

The model of Kilburn (2003), following the study of Voight (1988), linked the change in peak
event rate to the development of the major pathway, generated by progressive (but not necessarily
forward) coalescence of existing fracturadowing for forecasting the time of an eruption. This
highlighted the importance of distinguishing between LP and VT data, as only the latter reveal
information on the fracturing processes. In particular, Kilburn (2003) observeththagh the
noncumdative VT rate shows an accelerating overall pattern of seismicity, oscillations occur
where the accelerating trend of the seismic rate were associated to fault extension and coalescence
while the decelerating one to the energy dissipation at coalestemcklition, while Voight
(1988) assumed a constant value of U through
rate), Kilburn (2003) argued that VT inverse
from 1 to 2, as the eruption approagh€his method works well due to the scale invariance of rock
fracturing, permitting a scale fracturing law at small scales to take the same form of those at large
scales. However while this method is applicable to all cases when a new pathway leads to an
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eruption (e.g. Mt. Pinatubo, Philippines, Fig.2),lit would be less useful in oper@nt conditions
(e.g. 1992 second eruption at Mt. Spurr, USA, McNutt, 1996) or in volcanoes with short repose
intervals (e.g. Mt. Etna, ItalyDna following paperKilbun (2012) extended this model to the
earlier stages in precursory sequences, showing that an exponential trend characterizes the

deformation process at constant compression rate up to about 90% of the strain at failure.
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Figure 2.22: Inverseevent rde vs. time diagram shows the charig recorded seismicity before
1991 eruption on Mt. Pinatubo. Open triangles connected by small dashed lines represent
sequences of energy dissipation, while filed triangles linked by large dashed lines represent fault
extension and correspond to the peaks in the event rate (i.e. the minima in the inverse rate curve).
The arrow E marks the onset of the eruption. In this occasion, this model could have provided a 48
h warning of eruptionFrom Kilburn (2003).

Based on th&FM, several successful forecasts were issued (e.g. Pinatubo eruption in 1991,
Newhall & Punongbayan, 1996However, in recent years, the standaFM has been
supplemented by new theori&ell et al. (201) proposed the Generalized Linear Model (GLM),
which takes into account a n@aussian distribution of earthquakes occurrence uncertainties,
yielding greatly reduced error in the forecast as the sequence proceed, and the convergence of the
forecast to the true value if compared to larger variances eadier forecast time of failure of the
FFM. Both FFM and GLMwere questioned by Bell et al. (2013), who stated that both methods

requires regressions on bins of data, therefore leading biased farébasauthors then suggested

to usethe Maximum Likdihood (ML) estimation to analyse a point process like the earthquake
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occurrence, which provides the most accurate, least biased forecasts compared to the FFM and the
GLM.

All of the above methods, however,yr@n the use of VT events in order to geneeaterecast.
As LP seismicity is thought to be a sign of pressurization in a magmatic/hydrothermal system, its
rate can be related to the rate and magnitude of pressurisation and to the intensity of explosive
activity (Chouet, 1996)For exampleChouet etl. (1994) observed that the eruptions at Redoubt
Volcano in December 1989 were preceded by the onset of LP aébiv23 hoursafterwhich
graded into tremomlndno VT swarmsHammer & Neuberg (2009pplied the FFM to the average
seismic rate as applied to LP swarms preceding a dome collapse at Soufriere Hills (Montserrat) in
June 1997, finding improving estimates of the time of failure as more swarms were added. Here the
increase of event rate i&dily as a redtiof accelerated magma asteDespite these cases, the use
of LP data in forecasting appears to be difficult, with Saccorotti et al. (2000 amthta et al.
(2009)finding a general lack of correlatidretween the LRjenerating process @mherenewal of
effusive activity on Mt. Etna during the 20@905 eruption.

Because tremor is consideraghoriterm precursor and usualyconpaniesaneruption rather
than precedgit (McNutt, 1996), longterm forecasts baseblelyon tremor areare. For example,
it was observed that the eruption at @shima (Japan) in 1986 was precebgd months of
increased seismicity and 4 of tremor, with a shift from banded tremor to continuous wwigman
increasing energy release rateme 3 weeks bere the eruptionMcNutt, 1996). Howevera more
recent study correctly forecasted (in hindsight) four of five eruptions at White Island volcano (New
Zealand) between 2011 and 2014, modelling the amplitude of tremor with th¢Havtot et al.,
2015) This illustrates the variability and difficulty in applying LP data to-praptive conditions,
further reinforcing the need to better understand the physics that generate these events.

Finally, the use of Tornillos did not have a great sucae$srecastng either. WhileGomez &
Torres (1993) and Stix et al. (1993) found that all but one of the eruptions occurring at Galeras
during 19921993 were preceded by tornillos, showing a decrease in dominant frequency and
increase in duratiorat other volcanoethese events were recorded duyiafer oreven in periods

of quiscence (Gomez & Torres, 1997).
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2.6.WHAT IS MISSING FROM THIS PLETHORA OF STUDIES?

What emergefrom the several cited studies in the previous section is the lack of consensus
about the origin ball volcanic earthquakes, but \@vents Volcanic tremor and LP signals have
been recognized since the 700s, y®tpatchlagi r so
noteis the case of LRvens, where instead of pointing towardsiagleunivoal interpretation,
multiple theories involvin@ diverse rangef processes havgeen presented over tiiears
Whether these theories are all valid or not, it is unlikely that signals having the same characteristics
(both in time and in frequency domaigmes from different sources. It is likely, however, that
subtle differences exist requiring extra care when calling signals with the samelsasgdaerm.

VLP signak and Tornillos have the alithat they have been recognized about 20 years ago: the
former due to technical limitatienthe latter because confused with &rens. Tornillos in
particular have been rarely debattkiely due to their rare occurreng&ven though they show
unique characteristics, such as long duration, amplitude moduédtemt, narrow spectral peaks,
which make them a cleatandalone class of seismic signals.

The greatest limitation in studying such phenomena is the lack of knowledge about the
underlyingphysicalprocesses. However, smatiale laboratory experimertiave been proven to
provide hints, if not the solution, to geological problems. In fact, in a lab environment, parameters
such as temperature and pressure (which for the rsaate case are unknown) are measured and
controlled and the origin of geologi¢sgismological evesbetterundersbod as a resulThe use
of laboratory experiments in improving our knowledge in volesgismologyis presentedh

chapter 3.
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B3LABORATORY EXPERI MENTS

3.1.ROCK MECHANICS TESTING
While some materials, such aeetals havehighly standarised procedurefor strength and
othermechanicatests andwhich are considered constant for all samples, the mechanical
properties of rock depends arlarge number ofariablesdue to its inherent inhomogene(.g.
mineral compositiongrain size) that caevenvary between samples taken from the same block of
rock. Therefore, laboratory experiments are fundamental in rock mechanics studies (Jaeger et al.,
2007). AThe complete | SRM suggest exdimoniterindy o d s
19742 0 0 6 0, thantetnatidnal ISgciety for Rock Mechanics, spiesifa large number of
standard procedures to run rock mechanics tests (Jaeger et al., 2007).
In a hydrostatic test, the rock specimen undesgauniform hydrostatistress, such as the
stresses at the three orthogonal directian », @ndis) are all compressive (positive) and equal
and no shear is applied
I | (Eq.3.1)
The specimen is placed in a pressure vessel amdutrounded by a pressuriskgliid or gas
which builds up the confining pressure (Fig. 3.1a). The purpose of this type of test is to determine
the bulk modulus of the rock and poroelastic parametershiglgcompressibilityand pore
compressibility) Jager et al., 2007).
A uniaxial test consists of a compression of a rock specimen between twplaigids(Fig.
3.1b) andis normally run until the failure of the specimiencalculate¥ o ungoés modul us
unconfined compressive strength (UCS) arel thP 0 i s s oofhthersgetime@aedenej al.,
2007). As the namgsuggestsstress is only applied in one direction, such as:
" " " L. (Eq.3.2)
Finally, ina triaxial tes(the type used in this studygll stresses are compressive wvitte stress
greater than the other twahich are equal in conventional triax@dses to simplifghe
engineering requirements) as in
. " " TT, (Eq.3.3)
This represents state of stresthat suitssubsurface conditiorfer most casesHowe\er,

having,, » » Known simply azonfiningpressuremaybe considered an experimental
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limitation rather than true condition&s for the hydrostatic test, the specimen is placed inside a
pressure vessel, surrounded by pressurised fluid and loaded by gpigtélc) which generates
the differential stress,( ,, ) (Jaeger et al., 2007). In this stutttys method is used impose a

shallow, but not surface, volcanic conditiofhpressure.

a) b)

Confining
fluid

Specimen Specimen Specimen

Confining fluid -

Confining sytem Confining sytem

Figure 3.1 Schematic diagram of éa) hydrostatic,(b) uniaxial and(c) triaxial test.

3.2.ACOUSTIC EMISSIONS
An earthquake is the shaking ofeledsacausdddés sur
mostly, but not onlyby the movement dod fault due to shear stredgeasuring this intensity is
achieved via numerous scales such as thecMli intensity scaléMercalli, 1902)andRichter
magnitude scal@Richter, 193% The most commdy used scale is currently thegarithmic

Moment Magnitude scale, defined bianks &Kanamori (1979) as:

- -1 ¢ p & (Eq.3.4)
Where:My is the seismic moment, defineg Aki (1966) as:

B Te: (Eq.3.9)
And wherep is the shear modulu§)is the average displacement along the fault@iscfault

surface.
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Equations 3.4) and (3.5) show a correlation between fault dimensions and magnitude of the
earthquakethe bigger the fault, the higher the magnituliesmallerscales (cm), the energy
radiated by micrdracture has been recorded in the laboratory where it is known as Acoustic
Emission,andso amed as they could be heard by the h
Acoustic emissions (AEs) are charactediby having a small amount of enerdfi.€ -4), small
source dimensiofk 10 cm), high frequency content (> 10 kHz) and propagation of few
centimetres (Pettitt, 1998Ylore recent work, recognising this frequency content, Ssomestrefers
to these eventas nanoe seismicity (Selvadurai and Glaser, 2015), and at the metre scale events are
often referred to asicro - seismicity (Collins et al., 2002). In this work, the historical convention
is used, referring to these signals as AE.

Due to their charactistic frequencies, AEs agenerallyrecorded by ultrasonic piezoelectric
transducers (PZTs) which convert the mechanical energy generateedbgstic wave int@n
electrical signal (eltagé thatis preamplified by a factor ranging from 11000, and sbsequently
digitised by a dedicated Pleased recorder (e.g. Benson et al., 200/ inverse process also
occurs PZT canbe stimulated by high voltage pulse to generate a mechanical pulse. In this way,
thePZT sensoican be used either to record the maracking (so called passivRE) occurring in a
sample undergoing deformatiaor to generat®-waveand Swaveelasticwaves (hich here are

called surveys and used fowwve only).

3.3.EARLY RESEARCH USING AE AS A LABORATORY TOOL

One of the earliest studies involving the recording of AEs generated during rock deformation
experiment was carried oby Mogi (1962), whesuggested that crustal deformation may be scaled
by using laboratory fracture experiment$ie author appliedtaticstress to different types of rock
and measured whatas described adastic shocksnow known asAES) using 2 cartridgerystal
transducersOneof these wasttached to the specimen and pitecedon the groundo record
external noise. It was found thtaie onset oAE activity occurred at a particular stress statith
activity increasg with stress and heterogenefty particular before failute even when the
sample is at constant stress regitdrder suctconditiors, thetemporaldistribution of AEs
matchesan exponential distributioWhen investigatinghe magnitude distribution of AEs, Mogi

(1962)f ound that heterogeneities i n shalloevoléanic t hd s
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earthquakedn addition,the stress state of a regioould be estimated using temorifrequency
distributionof the earthquakes.

Scholz (1968pimproved the recording of micifwacturing by using newly developed
piezoelectric transducers composed of a disk of barium titanate, which have a relatively flat
broadband frequency response. In a related paper, Sdi®@2i{)noticed thathelocation of AE
events, generated during a uniaxial test on granite, showed evidence for clustering of AEs around
the eventual fault. This suggested a coalescence of microcracks at a certain level of stress (Fig.
3.2), coalescing to form a maesoale faul However, the fault did not develop from one end of

the specimen to the other, but rather a clustering around a point of weakness.

Figure 32: different point of views of a rock sample showing the clustering of the AE locations
(circles) around the entual fault (dashed lines) @) static and (b) dynamic cracking region
From Scholz et al.}968b).

Ohnaka & Mogi (1982jurther elucidated on the mechanisms of deformatiorebgrdingAE
with sensor®f different frequency responsBased on a se$ ofuniaxial experiments, five
different stages for microseismicigwolution was proposed) compaction at lower stresses
causing closure of large cracks, producing sigaa3400 kHz (low frequency (LF3vents), and

rupture of asperities, generatisiginals at 11.5 MHz (high frequenc{HF) events,)2) all pre

existing cracks are clodewiththe stress not high enough to create new fractures, a minghum
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AE activity is seen3) stresdnduced cracks start grow as the level of stress increasing causing
an exponential buildip of the seismic activity with a constant gtbwf both LF and HFsignals

4) the AE activity grows suprexponentially, with areaterincrease of LFeventsdue to the
formation of lar@r crackor dilatancy that attenuates the higher frequen&gilure is

anticipated by a rapid acceleration of HF events that continues immediatelyrefigdition,
Ohnaka & Mogi (1982) suggest#uat the frequency of AEs does not depend on thkeapgtress,
but rather on the change of microstructure within a deforming rock sample, and that the seismic
activity starts well before any sign of dilatancy has appeénedefore disproving the hypothesis of
Scholz (1968a)Similarly to the work of Ohaka & Mogi (1982), Read et al. (1995) carried on
triaxial experiments on Darley Dale sandstomeer watersaturated conditions, findiregmarked
shift from loweramplitude, higher frequency events to highaplitude, lower frequenogvents
recordedboth pre- andpost peak stressThis behaviour was correlatélthe rapid linkage and
coalescence of previously isolated dilatant cracks, manifested macroscogsth#ytransition
between straihardening and straisoftening.However no increase of HF adty was observed
before the failure.

The link between AE activity and microstructure changes (Ohnaka & Mogi, 88k#%ads to
thenotionthat even the linear elastic part of the stisain curve is characterized by small cracks
that do not deformri the elastic regime, proposing thiais sectiorof the stresstrain evolution
should bebettercalled pseudoelastiRelated to this concephe distribution of earthquake
magnitudes, whera large number admaller earthquakes occur more often thageaevents, can
be quantified by th&utenbergRichter frequencymagnitude distribution
aé "Qi »a (Eq.3.6)

WhereNis the number of earthquakes with magnitude equal or abpads a constant andb
is the seismit-value(Shearer, 2009). This is valid at all scales, and for the particular case of AE
signalsrecorded duringock deformatiorexperiments, the magnitude term can be replaced by the
amplitudes of the AEsSSammonds, 1999)jnaking this a very important scalevariant analysis
tool.

The temporal variations of thevalug calculatedusingAE eventsduringlaboratory
deformation was studied bileredith et al. (1990During triaxial tests they found that the

frequency magnitude distributiomas a function oftress history with a double minima in the
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valueanomaly for the most realistic case, i.e. where dynamic failure is preceded by strain
softening Theb-valueminimaareassociated with sheterm quiescence, because few larger
fractures (therefore produmg higher magnitude earthquakes) dominate the stress relaxation
impeding the formation of several smaller cra@{sin & Meredith, 1991). MaimandMeredith
(1991)also reportedhat during this shotterm quiescence, the stress intensity fadfQrirjcreased
despite a decrease in bdtivalueand applied stresSimilarly Sammonds et al. (1992) found an
inversecorrelation betweeK andb-valuethroughout their triaxial experiments, but observed a
doubleb-valueminima only when the pore fluid volume wagpt constant. This behaviour has
been linked to the onset of dilatancy, as a result of pore pressure decausmgla prolonged
phase of strain softeningvhen ombined withthe decrease iaxial stres@andrelaxation of the
stress intensitya net effet of a delay in the major shear zone is observed deaspit& growth
continuing A double minima trend inot observed for the experiments run at dry and constant pore

pressure conditions (Fig. 3.3).
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Figure 33: Stresstime curve (continuous line) and evolution of thedtue (discontinuous line) for
the triaxial experiments dt) dry conditions(b) constantfluid volumeand(c) constant pore
pressure Only the case at constant fluid volume stolwuble minima ithe bvalue.Modified

from Sammonds et al1992).
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