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Abstract

Basaltic degassing is driven by the release of, G0, and SQ@ Hitherto, the measurement

of SO, has beercommonplace due to the lack sifjnificantambient atmospheric content.

UV camera technolggis currentlyamong the best of techniques to meashieSG0, release

from volcanoes giveits high spatial and temporal resolutioi@@ven that an elevated GO

flux can be an indication of magma movement gitklea reliable method of measuring this
speciesat similaty high temporalresolutions would be valuable. A techniqgue making this
possible is describeldere. This technique combingsasurements of $SGlux at Mt. Etna

using a UV camera, with G50, gas ratios, which when multiplied together allow the
creation of a contemporaneous £Ol ux dat asets at a time reso
allowed the comparison of dagsing with mfrasonic and seismic datasets. This comparison

was facilitated by thelevelopment of a new analysis technique to investigate correlative
trends between noisy environmental datasets. The technique works by combining the
continuous wavelet transform of twseparatesignals,with correlation of their respective
coefficients atmat chi ng t i mesc al e sto poducenaygisuelypietuativema n 6 s

graphical plot. This revealed intriguing links between,@€gassing and seismicity.

Stromboli isrenownedor its regular explosive activity. Through a permanent network of UV
caneras at the summit area, a large number of explosive (120) and peNéngs (80) were
characterise@h terms of theiexplosve andcoda masss termed the total strombolian event

mass. Through this analysis, it was discovered that a largeortion of gas for each
strombolian event i s c on taadifarleooitowientdv0to84t he <c o
%. The events were also characterised into six separate gacupsding to gas release

pattern following the main erupive burst Through compuational fluid dynamial

simulations, for a range of appropriate strombolian eruption gas masses, the results
demonstrated that there is potential for the release of daughter bubbles from the base of rising
slugs. These daughter bubbles act to reduce thes mfaslugsand can make slug flow
unsustainable.Models were initiated over a suitable range of event masses, which
demonstrated that a 43 dswas eedsed info the Haaeghtérni t i .
bubble trainBy applying the average mass loserat o f &, viitl3totdl evéngmasses,

slugs are unlikely to be sedtistainable belowlepths ofda 7 4 B nomlinear relationship

between the dimensionless inverse viscosity t&rmand mass loss rate was also discovered.



Also notedfor its explosive activity is Mt. Etna. This activitpcludes hard to measure
strombolian activityDur i ng a rare period of actiarity at
minutes offrequentbut mild strombolianbehaviourwas captured using a UV came@iven

the unorthodox use of a rock background for the reflectance of light, calibration was tested
and performed successfully on a basaltic background at the summit. Reémltsan S©Q

mas s r an @ &4 kgahda total @as inass range, on combinatigth measured Multi

GAS ratios, off 0 742kg.Compared to events at Stromboli the activity was more frequent
with an a 4 s withadch lower osgpab massesa @ndinvestigating temporal
trends between events it was observed tiatargest mass events were followed by longer
repose periods before another event occurred, smaller events occooiedgrequently a
feature which is termed repose gap behavi@iven the rapidity and mass of events it is
reasonable that this activity was i by gas slugs and that they were travelling in close
proximity to each other. Using existing fluid dynaalianodelsfor the wake interaction
length, an area behind a slug where a trailing slug can begin to interact with a leadibg one,
is possible thiaslugs are close enough to interact andlesce. Indeedhis would provide a

plausible mechanism for the repose gap.

Building on the observations in the field at Mt. Etna a series of analogue laboratory
experiments and computational fluid dynamics nedeere devised to investigate rapid
strombolian activity, that driven by slugs. Behaviour of slugs acting independently of one
another in a singtelug volcanic regime have been investigated thoroughly, however, the
behaviour of slugs in a mulslug volanic regime have been neglected, largely a result of its
comparative complexity. Laboratory experiments allowed the investigation of a series of
average gas flow rates and hence slug leng#overallgas volume fractions)he rates of
expansion werelso varied to simulate slug flow at depth and nearer to the magma surface. In
particular the process of coalescence was investigated. By comparing slug length at burst
with repose time the repose gap feature was also identified. Given that valuee fpeesl,

liquid, and conduitimensionsare knownthis enabld the definition of the minimum period

of repose as the wake length plus the length of the slug all divided by the rise speed of the
base of the slug. This relation is validated successfultyhenaboratory data and also on the
collected Etna data. Additionally the laboratory analysis identified a previously unidentified
feature whereby coalescence can occur between rising slugs, even when the trailing slug base
is rising at a slower speed th#me leading. This is likely related to the expansions of gas

slugs. Computational fluid dynamics identified similar processes whereby the gap between



identically massed slugs was maintained by slug expansion which acted to increase the speed
of slugs abog them. It is only when slugs are initiated within the wake length that
coalescence occurs. Further relationships were discovered between slug rise speed and gas
volume fraction, whereby the average rise speed of a slug increases with regime volume

fraction, and burst slug length and volume fraction.

Finally, building on the repose gap observations and developed relation, the observed
relationships between slug length and gas rise speed with gas volume fraction are used to
develop two separate models categing the styles of volcanic activity which will be
prevalent. The first, slug length model, is based upon repose time and slug lengths, with the
second based upon overall volume fraction and repose time. The slug length model splits
activity into: passie, puffing, strombolian explosive and strombolian rapid. This model
performs well when applied tstrombolian events, successfully differentiating between
explosive and passive events. The volume fraction model applies fluid dylamic
relationships for @nsitions to churn and annular flow, in addition to the already defined
strombolian relationships, assumed here to play some part in defining the transition to
hawaiian lava fountaining activityThis allows the definition of critical volume fractions
abowe which large gas slugs or pockets can burst with increasing frequencyulinidva
fountainingbehaviouris realised. Both models allow eruption parameters to be estimated via
the delay time between events or vice versa. On comparison of known oaerelat
relationships between gas emissions and seismicity a log relationship is discovered when all
events are normalised to comparable parameters, suggesting that seismicity could also be
incorporated into such a model in the future. In particuter Jatte volume fractiormodel is

the first step in developing a unifying theory of basaltic degassing based on a varying delay
between events and could be particularly useful when used in tandem with real time gas
emission data for eruption forecasting and ustderding the fluid dynamad flow processes

occurring in the sulsurface.
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Figure Summary

Fig. 1.1: The spectacular eruption of Chaitén, Chile with a lightning sheattounding the eruption column.
(National Geographic, 2008) p.1

Fig. 1.2: Examplemethods for monitoring volcanic gas emissions. Drawings are overlain onto the view of the
North-East Crater from the Pizzi Deneri volcano observatory. p.2

Fig. 1.3: The range of most common basaltic activities prevalent on the Earth, split into two main sections
:Passive and Explosive Degassing. p.4

Fig. 14: Example flow regimes which can be present in liquids and magmas. Annular and Mist flow are
highlighted red as there is no current direct proof that these are sustainable in terrestrial volcanism.p.5

Fig. 15: Example bubble nmphologies in a magma. 1, perfectly spherical, 2, deformed bubbles, 3, a spherical
cap bubble, 4, a gas slug (sometimes referred to as a Taylor bubibke)lésormed slug. p.6

Fig. 16: Vulcanian eruption at Sakurajimdgpan. p.7

Fig. 1.7: The Apogee Alta U260 two camera , two filter,-spt A cylindrical lens DOAS is also attached to aid
with the calibration procedure. p.9

Fig. 1.8: The view of the NorttEast Crater plume of Mt. Etna form the PiBaneri Volcano Observatorp.11

Fig. 21: Digital Elevation Model (DEM) of the summit area of Mt. Etna courtesy of Alessandro Aiuppa
(Palermo University) and its location within Sicily and Italy. The black arrow aill(sfrates the plume
direction; inset (lower right) shows an example,@0sorption image during acquisition, where (b) shows the
point of integration for determining the Integrated Column Amount (ICA) of &Bo shown at (cReprinted

with permissiorfrom Elsevier. p.21

Fig. 22: The results of a laboratory controlled test of the MGIAS analyser (data courtesy of Giancarlo
Tamburello and Alessandro Aiuppa, Palermo UniversRgprinted with permission from Elsevier.  p.23

Fig. 2.3: An example mother wavelet, the Morlet wavelet (Morlet et al. 1982), generated using the Matlab®
wavelet toolboxReprinted with permission from Elsevier. p.24

Fig. 2.4:1n a) the synthetic signals with no lag and sinusoidal oscillations infused with random noise used for

i mpl ementing the ficorrplotd technique, b) the resul
oscillation, and ¢) and d) whichoow t he PSDS of each separate sinusoida
125 s (0.008 Hz)Reprinted with permission from Elsevier. p.26

Fig.250ut put from the fAcorrplotd code: a)lingimFeg2dp r r el at i
b) the wavelet coefficients extracted at the scale of maximum correlation, and d) those at minimum correlation
Reprinted with permission from Elsevier. p.26

Fig. 2.6: Perfect oscillatory correlation between two identical signals. Theevihe shows the location of the

1:1 line.Reprinted with permission from Elsevier. p.27

Fig.272a) example cosinusoidal and sinusoidal signals (i
code which shows the result ofosscorrelation of each wavelet coefficient at each scale, this enables the
identification of lagsReprinted with permission from Elsevier. p.28

Fig. 28: a) temperature and relative humidity data taken from the University of Sheflefghartment of
Geography weather station (data courtesy of Edward Hanna, University of Sheffield), in b) the resultant

ficorrploto output showing strong links on a timescal
for the raw data, and ie) and f) the wavelet coherence and cross wavelet spectrum respectively, clearly
demonstrating that it i s easier t o i d Reprinted with ¢ 0 mmo n
permission from Elsevier. p.28

Fig. 29:a)Out put from t he ,SiandCQO dath fvoma@ Me@AS eensorrplaced within the
NEC of Mt. Etna, b) the same data but output ini3bis can occasionally enhance clarity and identification of
shared period€keprinted with permission from &dvier. p.29
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Fig. 210: a) scatter plot showing GCagainst S@ (background corrected) collected using the MGIAS
analyser, the grey oval shows a break in the trend caused by spikes,if)CGDcropped 3 minute period
demonstratinghe correlation and links between Me@AS derived C@and SQ, with UV camera S©flux, c)
Multi-GAS CG and SQ during the period of acquisition, similarly in d), e) and f), plotted are temporally
coincident CQ/SGO, molar ratio, calculated CCflux (through multiplication of S@flux with CO,/SO, mass
ratios) and S@flux respectivelyReprinted with permission from Elsevier. p.30

Fig. 2.11: Continuous wavelet transforms using a Morlet wetvésee Fig. 2.3) for: a) GLB0O, molar ratio, b)

CO, flux, c) SG flux, d) seismicity from the EBCN station, and e) infrasound from the EBCN station.

Al ongside each wavel et pl otRepinted withipermisBiéhbrem Hiseviem g We |l ¢ h ¢
p.31

Fig. 2.12: Presented are a seriesanfirplot images (see section 2.3.2.) to investigate oscillatory links between
CO,, SO, seismicity and infrasoun&eprinted with permission from Elsevier. p.32

Fig. 213. a) seismic RMS during the period of acquisition from the EBCN station oiNG& network b)
wavelet coefficients extracted between 30@00 s and integrated for GOCO,/SO,, and seismicity. This

suggests that the negativeo r r el at i on observed i n Filp0s, vzith sei@nlicityi s dr i v
leading CQ. Thelink is strongest in the grey shaded area, which also happens to coincide witlmxCaeaks
observed in Fig. 2.10®eprinted with permission from Elsevier. p.33

Fig. 214: Graphic depicting some of the potential causes for periodicity in volcagasding. In a) the

periodic structure as a result of the natural arrangement of gas into layers (e.g. Manga, 1996), b) the pulsing of
magma in batches (e.g. Oppenheimer et al. 2009; Peters et al. 2014), ¢) convection in the conduit caused by
stratificaion or variation in magma density (e.g. Kazahaya et al. 1994) , and d) the collection of gas at conduit
discontinuities which allows the periodic release of bubbles, akin t the foam collapse mechanism (e.g. Jaupart
and Vergniolle, 1988). p.36

Fig. 3.1: A strombolian explosion occurring from tlaesummit crater at the summit of Strombglhoto taken
by the author. p.39

Fig. 3.2: Here, an example sequence of UV camera &Borption images during a hornito degassing event is
presented (a) along with associated parameters used for the calculation of flux (b); includifgAS©),
plume speed determined using optical flow algorithms, the resultanfi8Qb), and VLP diplacement (d).
Data and graph provided by Giancarlo Tamburello (Palermo University). p.41

Fig. 3.3: Here every single measured strombolian and hornito event is displayed, after subtraction of the
minimum value and dividing bthe maximum. From (a) through to (e) the typically degassing regimes observed
have been split and categorised together. In each subplot the event in bold denotes a typical event style, although
this is by no means a hard and fast rule, while the blacktltwe top of each subplot represents the maximum
observed event time during the observation period, where an event is deemed to cease on return of flux to
background levels. For a full description of how the events have been characterised, s8¢l Ballehe text.

p.42

Fig. 3.4: Three examples (a, b, and c) of determined explosion and coda mass by integrating underneath the
initial flux peak to determine the explosion mass and integrating beneath the rest of freakwintil flux has
returned to background levels seen period to the explosion (black line). p.44

Fig. 3.5: The distribution of total gas masses contained in hornito (a) and strombolian events (b). The black lines
show theminimum, median and maximum coda masses respectively. p.45

Fig. 36: The relationship between explosion mass and a) coda mass, b) explosion plus coda mass (i.e. event
mass), and c¢) coda to explosion mass ratio. No cidationship is apparent in @), as explosion mass increases

so does explosion plus coda mass in b), while in ¢) hornito events demonstrate a decreasing portion of gas
within the coda as explosion mass increases. This relationship is clouded with strorebetits. p.46

Fig. 3.7: Figure showing the performance of Ansys Fluent® against theoretical values. For details on error bars
see section 3.3 and fro details on calculation of theoretical film thicknesses and rise spepttess 3.1 to
3.4 in section 3.3. p.51
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Fig. 3.8: In a) a snapshot of slugs from a series of validation model runs showing the production and non
production of daughter bubbles. All models images were captured ataft2rsmodel initiation. In b) an
example slug from the Stromboli specific model runs with mesh density displayed. p.52

Fig. 39: This plot shows the relationship betwedrand mass lost per second for both validation and Stromboli
specific model runs. The nenircular coloured points refer to different gradients, which are illustrated and
annotated in Fig3.10. p.53

Fig. 3.10: These plotshow the mass of a slug as a function of time for all Stromboli specific model runs. The
trend lines with determined mass loss rates are also displayed. For rur&33he change in magma surface
height, and positions of the slug nose and slug baselapedisplayed. In S4 bubble length is displayed
alongside mass. Increased variability is evident in S1 and S2 compared to S3, largely associated with the larger
mass of the rising slug. In S4 images of a slug which eventually transitions to a cap beldidplayed along

with their associated times. p.55

Fig. 311 Example artificial geophysical signals generated during Stromboli specific model run S1. In a) a
proxy seismic signal showing general pressure increase eaid @at burst, with inset differentiated pressure
pulse. In b) a proxy infrasonic signal with inset differentiated pressure trace showing the characteréste N

of a volcanic infrasonic pulse. p.55

Fig. 3.12 A graphic summarising the hypothesis presented for stable slug flow based on the daughter bubble
model presented in this chapter. The ranges of distance needed to generate strombolian and hornito coda is
indicated along with approximate the VLP source dept p.60

Fig. 41: A diagram of the important features of a rising gas slug. Of particular relevance for this chapter are the
wake interaction length and trailing wake length. Point 1 illustrates the basic concept detbpeed
dependent model (Wilson, 1980; Parfitt and Wilson, 1995), point 2 the foam collapse model (Jaupart and
Vergniolle, 1988; Vergniolle and Brandeis, 1994), and point 3 the eventual transition to slug morphology.
Reprinted with permission from Elger. p.64

Fig. 42: Map of the summit of Mt. Etna including location and orientation of the UV camera,-8lAE unit,

the vent, EBCN seismic station and wind direction. For locations of other seismicassdn this study the

reader is referred to the google maps file available, see Appendix C. Reprinted with permission from Elsevier.
p. 65

Fig. 43: In a) a visible image showing a typical explosion during period of observations with ejection of
limited incandescent material. In b) a test calibration performed at the summit of Mt. Etna whésekS@vn

to be negligible, this test demonstrated that the linear calibration is possible over a rock background regardless
of where within the S@cell the absorption value is derived (black circle and coloured boxes represent the
outline of the S@cell and points used for the calibration line on the right). In c) an example absorption image
showing the locations of IVAs for determining slug.S@ass (IVA1) and for background correction (IVA2 and

IVA3). Also depicted is ICAL for determining gas flux al@A2 to calculate background fluctuations. In d) the
intense strombolian activity prior to our acquisition period, which is indicated between black lines is
demonstratedReprinted with permission from Elsevier. p.67

Fig. 44: From 1 to 5 at 1 second intervals the explosion and wireframésefaof explosive cloud are

il lustrated. The red arrow illustrate the direction
first appears from the vent. The red box is thpraximate equivalent of IVA1 in Figl.3c which is used for
determining explosive Sas massReprinted with permission from Elsevier. p.68

Fig. 45: a) a histogram showing the spread of total gas masseshijogram of intelevent durations, c) a

scatter graph showing a general trend between time after a burst and total slug mass, also shaded in grey is the
repose gap where larger bursts are followed by longer wait times before another can occur, dpftignaph

duration before a burst showing no such relationgbgprinted with permission from Elsevier. p.70

Fig. 4.6 An illustration of burst vectors for all 195 bursts during the period of acquisition. For a plot of this data
see Fig4.7. p.72

Fig. 4.7 a) The emission vector for all bursts, plotted in degrees from vertical, with the average vector
illustrated. In b) the relationship between total slug mass and emission speed shows a similar area without bursts
(shaded) as the repose gap feature seen in4F8g suggesting that larger bursts have a higher minimum
emission speeds. p.72
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Fig. 48: a) frequency characteristics of the seismic signal at the EBCN stations, b) RMS, and c) the raw
unprocessed seismic signal. In d) and e) PSDs showingndotrperiods present at the EBCN and EBEL
stations respectively, with oscillations at BA20 s present at EBEL. In f) and g) for EBCN and EBEL the
dominant oscillations show that wind noise occludes any potential infrasonic signal. p.73

Fig. 49: Here the Del Bello et al. (2012) static pressure model is used to estimate values for magma viscosity
and conduit radius, based on the assumption that all bursting slugs must have some form of overpressure, given
the audible bang accompanying each burke percentage of bursts with overpressure is plotted ondesy

This plot demonstrates that smaller radii and/or higher magma viscosities expedite overpressure. p.75

Fig. 410: An approximation of possible maximum conduit geometry based on visugésmaf the vent. Also
indicated is the position of the small lava flow which had ceased prior to the UV camera acquisitiorppésiod.

Fig. 411 Example output from the James et al. (2008) slug model (equaBipnHere, the results of four of
the largest sequential bursts and their potential separation distances and burst lengths as a function of time are
plotted. See the main text for further details on calculation. p.78

Fig. 412 Here the Reynolds bubble number (equation 5.8) is appliedutomeasured gas masses to
approximate bubble morphology during rising from depth. The blue line shows results with water mass of the
slug included and black without, this is done because of the shallow exsolution depth of H p.79

Fig. 413: The results of VolatileCalc (Newman and Lowernstern (2002), showing the source depth based on
matched ratios and a range of water weight percentages. The dashed lines show the saturation depth and hence
when water will begin to exsolve from the melt. p.81

Fig. 4.14: This schematic illustrates the ranges of bubble source depths using the Burton et al. (2007) method
over an approximation of the magma system at Etna. The tremor source is located (black solid circle) and the
usual location of tremor d&tna. The grey box at the top of the conduit illustrates where the transition to slug
based activity could occur. p.86

Fig. 51: The experimental setp included a vertical tube with a bubble injectached to the base to simulate

a range of flow rates. Tube pressure was varied via connection to a vacuum pump at the top of the tube, but was
kept constant during experiments. Two cameras, a DSLR (Canon EOS 1100D), and a slow motion camera

(Basler A602f, were aligned to image the rising slugs in the tube. Pressure transducers were placed at the top

and the base of the tube. p.91

Fig. 52: Example images from each lab experiment demonstrshirgglength and overall gas volume fraction
of the simulated regimes (see Table 1.1 for information on each flow regime). p.92

Fig. 5.3: Stills showing the coalescence process for two ascending gas slugs (circled in blue at time 0 and 0.38
s). As the trailing slug expands it begins to enter the area of influence and the whole of the slug begins to
accelerate, on entering the slug wake rthse elongates, ending in coalescence. p.94

Fig. 54: Example tracks and speeds of a selection of coalescence events (continued in Figs. 5.5 and 5.6). The
gap length is the distance between the leading slug base amndilihg slug nose. In (a), (b), (d), and (e), slugs

are rising at a rate faster than the predicted theoretical rise speed, in (c) they are rising at that speed, and in (f)
below the speed. Rapid oscillations in rise speed, obvious in (a), (b), (dg)are (elated to the bursting and

drain back of liquid from the burst of a slug at the surface affecting the whole magma column. (c) represents
expected behaviour of coalescing slugs in a normal single slug regime, whilst in (f), the rising bubbldédas yet
transition to a full slug. For a detailed discussion of features see the text at section 5.3.1. p.97

Fig. 55: A continuation of Fig. 5.4. In (a) the rising slugs are behaving as though they are in a single slug
system. In (b), (c), and (d), both slugs are rising above the theoretical speed, and demonstrate a generally
increasing gap plus trailing length before lesaence. For a detailed discussion of features see the text at
section 5.3.1. p.98

Fig. 56: A continuation of Fig. 5.4 and 5.5. Here, all plots show a faster than predicted base rise speed.

However, a mixture of interaction behaviour, witmanincreasing gap plus trailing length shown in (a) but
increasing in (b), and (c). For a detailed discussion of features see the text at section 5.3.1. p.99
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Fig. 5.7: Example positional tracks of four sets of coalescing slugs. In (dotlescence event demonstrated in
Fig. 5.6a shows a constant trailing base speed until acceleration and eventual coalescence. In (a), (b), and (c) the
bulk behaviour of rising slugs is demonstrated. p.99

Fig. 5.8 Relationship between base rise sp€kable 5.2) and volume fraction of each lab experiment. Here a
linear relationship is demonstrated (red line). The black dashed line represents the theoretical rise speed for a
slug in a single system. Rising bubbles below this have yet to transit@ofulicslug flow regime. p.102

Fig. 5.9 The exponential relationship between slug length and gas volume fraction using averages of slug
length at burst. p.102

Fig. 5.1Q Plot showing the repose time and lengths of slugs (or cap bubbles) at burst for each laboratory
regime. The data for producing this plot were taken from DSLR videos (see Appendix D for description and
videos). Each set of experiments is given its own acotmde and is associated with a linear trend, with a
gradient that decreases in regimes with higher gas volume fraction. p.103

Fig. 5.11 The relationship between linear gradient of each laboratory regime and associated gas volume
fraction, shows a strong and predictable trend. p.104

Fig. 5.12: In this plot each slug has been converted to volume at burst. This revealtan reipose gap type
behaviour as described in Chapter 4. Here, the repose gap (black line) has been defined using equation 5.4 in the
text. Also displayed is the repose transition line (dashed red line). Between the transition and repose gap line,
slugs nay begin to interact with one another. Above the transition line slugs may behave as though they are in a
single slug environment, at least in so far as rise speed is concerned. p.105

Fig. 513: A plot demonstrating the differentiated acoustic pressure trace from six slug bursts during experiment
Lab 3. Here we see the characteridtisvaveof a volcanic infrasonic pressure wave is evident. Here, the larger
acoustic signal s lagjestvélume ofburstsespond t o t he p.106

Fig. 5.14: An attempt at finding a correlation between slug lengths and the acoustic pressure generated by the
bursting of slugs. Here, there is little relationship evident. p.106

Fig. 5.15. Example base pressure of the experimental tube for three laboratory experiments: Lab 1, 2 and 3. A
higher variability and oscillation range is evident for the larger volume fractioned experiments. The lower
pressure at higher volume fraction is assodiatéth the higher proportion of lower density gas within the
column. p.107

Fig. 5.18 Initial model parameters for each computational experiment listed in Table 5.3. The blue colours
represent gas, and the red, magma. Models C7,aBti3C19 all produced coalescence. p.109

Fig. 5172 Pl ot showing the results of the Acontrold comput
and base prior to burst is displayed, while in (b) the speed of the nose and bdsplayed alongside the

predicted theoretical speed of 1.27 T Blere the predicted speed is seen to match well with that modelled, as

the model validation suggests in Chapter 3. Slug burst occurs at the far right hand side of the plop.110

Fig. 5.18: Stills showing the coalescence process of two ascending gas slugs within volcanic regime C7. Here
similar features are observed as with Fig. 5.3, slug acceleration increases within the wake area, causing nose
elongation and eventual coalescentiee tracks for this slug coalescence can be seen in Fig. 5.20. p.112

Fig. 5.19 Here, tracks for experiment C2 (left hand side) and C6 (right hand side) are shown. In addition to the

speed traces for all slugs (c) and (f), in (b) andple}s containing identical information to those in the

laboratory regimes demonstrate the distances between slugs, and their relationship with regards to wake length

and trailing length. In each computational simulation the gap plus trailing length enelere coalescence

i sndt observed. The theoretical speed is shpl iin gr e

Fig. 520: A continuation of Figs. 5.18 and 5.19. Here the first pair of coalescence slugs are analysed. Given that
both slugs are of idwically mass, it takes model initiation of the two slugs within the interaction length for
coalescence to occur. Rapid variability of slug rise speeds is caused by the manual tracking process. Here the
trailing length is seen to increase rapidly into ldeding slug, suggesting that the trailing slug is stretched into

the leading slug. Indeed, the base of the trailing slug (a) seems to accelerate little prior to the point of
coalescence. The theoretical speed is shown in gray (c) for reference. p.115

XVIII



Fig. 5.21: Here, tracks for experiments C9 (left hand column) and C15 (right hand column) are presented. (c),
(d), and (e) display the rise speeds of the leading, middle and lower slugs respectively for C9 and (h), (i), and (j)
for C15. The dser the slugs are to one another, the greater the effect of slug expansion on rise speed. This is
particular clear in (f), where slug expansion appears to push the slug above it at a faster pace. The gap plus
trailing length in each instance is observedntrease, indicating that the leading slug is indeed rising at a faster
pace than the trailing slug. The theoretical speed is shown in gray (c, d, e ,h, i, j) for reference. p.116

Fig. 5.22 Here, tracks for experiments C13 (left hammdumn) and C18 (right hand column) are presented. As

per Fig. 5.21, (c), (d), and (e) refer to the leading, middle and trailing slug speeds, and speeds for the four slugs
are depicted in (g), (h), (i), and (j). For experiment C13 one coalescence ewanst tloe middle slug into the

upper slug. Following on from this the gap plus trailing length is seen to increase again demonstrating that this
can increase even when coalescence occurs. C18 again demonstrates this increase in slug rise speed, influenced
by the slug below. The theoretical speed is shown in gray (c, d, €, g, h, i, j) for reference. p.117

Fig. 5.23 Here, burst data pertaining to data collected during Etnean activity at the Bocca Nuova crater
(described in full in Chapter 4) apgesented. All data have been converted to burst volumes. Above the data
plotted on a normal plot, below the data plotted on ddggplot. Also added to both plots is the repose gap line
(equation 5.4) and the repose transition line (equation 5.5)a Feagma density of 2600 kg>nviscosity of

2000 Pa$ and conduit radius 1.5 m these parameters seem to match well with the observed activity, with the
exception of a number of bursts less than*imvolume. p.118

Fig. 5.24 Over 34,000 strombolian events from activity on the NEC on tH&JLify 2014, which generated an
infrasonic pressure pulse, are plotted here. Two areas of interest are identified, the first red line indicates a
repose gap type feature, while the blue cirelezh appears to indicate an area which may break this feature. It is
possible that the red line is related to the repose gap behaviour, while smaller bursts, associated with lower
acoustic pressures can disrupt this trend. Data courtesy of Andrea CaN@aAfa Qsservatoria Etneop.119

Fig. 5.25 Here, the repose gap and transition equations are applied to data from Kremers et al. (2013) relating

to strombolian activity from Yasur volcano. Again the criteria seem to hold up well, given parameters for

magna density of 2600 kgn®, viscosity of 1000 Pa’sand conduit radius of 1.5 m (this is also the dimension

used to convert length data to volume data). Only one burst may have been influenced by those preceding it,
while all others can be considered to be fspl@gl ed bur

Fig. 6.1: Reproduced from Chapter 1 to illustrate the flow regimes which drive basaltic volcanic activity. The
flow regimes highlighted with red text, particularly mist flow, indicate flow regimes with no direct field
analogue evidence ougntification. p.126

Fig. 62: Idealised bubble length model indicating the areas which are defined by the equations 6.1 to 6.6 in the
text. In (a) a passive or effusive area where bubbles are near to spherical. In (b) bubbles sized between spherical
transition and before a bubble bewes a slug. In (c) an area defined using equation 6.4 which indicates the
burst of slugs in a neaxplosive manner i.e. puffing. In (d) all slugs with lengths above the puffing area in (c)

will be explosive, while in (e) slug bursts occur so rapidly thay can begin to interact, the rapid strombolian

area. The repose gap, where no bursts can occur is shown in (f). In (g) and (h) it is assumed that as bubbles get
smaller they can burst more rapidly. p.131

Fig. 6.3: Critical volume fractions QVF), for a range of conduit radii, conduit lengths, and gas volume
fractions. This demonstrates that by increasing the conduit lengt&¥Whefor transitioning towards lava
fountaining decreases, while decreasing the conduit radius achieves the same result. p.133

Fig. 64: In (a) the gas transition speeds to churn flow are displayed for a range dérshtigs and conduit
diameters (D). These are calculated using equation 6.12. In (b) the gas at which transition speed to annular flow
occurs is displayed for a range of magma densities. These speeds were calculated with equatiom. 6343.

Fig. 65: Demonstrating the idealised volume fraction model. Here the colours represent the different areas
which the model defines, similar to the areas in Fig. 6.2. The blue passive and puffing area refers to all single
bubbles and slugahich do not burst explosively. The yellow area represents all slugs which burst as though
they are in a single slug regime, and the purple area those in a rapid environment. The orange and pink areas
show the volume fractions and repose times where pctign be assumed to transition towards Hawaiian lava
fountaining activity. At the same time the repose gap area reduces allowing individual bubbles or pulses to burst
more rapidly. Also shown on this plot is a grey shaded area where ontgmestrial ativity could exist on the

plot. p.135
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Fig. 6.6: The bubble length model applied to data from Stromboli demonstrating that the model works well for
activity at Stromboli. Data for slug lengths were taken from Tamburello et al. (2012) and Chaptep.3.36

Fig. 6.7: Examplebubble length models with two different sets of parameters (a) and (b), where the viscosity is

higher in (b). p.138

Fig. 6.8: Example bubble length model for another two sets of basaltic parameters (b). aheke the data are
demonstrated using a log plot on the y axis. p.139

Fig. 69: Examplev o0l ume fraction model for two sample basaltic
m the lava fountaining transition (hawaiian activity) occurs at very high volume fractions of > 90 %. For the

longer conduit of 2,000 m this transition occurs fawér gas volume fraction. p.140

Fig. 6.10: Example volume fraction model for another two sets of basaltic degassing parameters. Here the
repose (y) axis is displayed on a log scale. The wider conduit and lower rdagsity in (a) demonstrates that

lava fountaining (hawaiian) occurs for low repose intervals and high gas volume fractions. In (b) the smaller
conduit radius allows for transition to lava fountaining at rather lower gas volume fractions. p.141

Fig. 6.11: The volume fraction model applied to three estaestrial cases: (a) lo, (b) Mars and\enus.
p.142

Fig. 612 The relationship between $@ux and theoretical vertical displacement for four volcanoes. For
details see the text in section 6.4. p.144

Fig. 7.1: a) an example model initiated in Ansys Fluent showing a slug rising in a conduitwitiiekentually

enter and burst in a lava lake, b) an example model of a lava fountain ejected at'5@ith a gas volume

fraction of 0.6, and a conduit radius of 5 m, c) water vapour flux calculated 300 m above the surface, with a
negative flux indicing upward movement of gas and positive flux indicating the downward movement of gas,

(d) periodicities calculated show a dominanpglbgperiod ¢
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Table Summary

Table 31: A summary of the degassing regimes identified following on from strombolian explosions. The raw
data is presented in Fig.3). p.43

Table 32: A summary of determined explosive and event, ®d@sses, with equivalent total gas masses
calculated using Burton et al. (2007) gas ratios. p.45

Table 33: A summary of model validation runs, modelled, and theordiloalnd slug base speedtalicised
rows are those simulations which produced daughter bubbles. p.50

Table 34: A summary of Stromboli specific model runs from 5§84, including final results for slug length,
final exploded mass, and percentage of massritsthe coda. p.53

Table 3.5: A summary of parameters used in the Stromboli specific model runs, selected according to the
current understanding of the magmatic system at Stronffdliergniolle and Brandeis (1996), Métrich et al.,
(2001);° Vergniolle et al. (1996, 2007§Harris and Stevenson (2007)Harris and Stevenson (1997), Donne

and Ripepe (2012§Chouet et al. (1999YJames et al. (2008) p.54

Table 5.1: Summary of the laboratory experiments, theiriggparameters, average slug length and average gas
volume fraction of each regime observed. p.90

Table 5.2: A summary of the rise speeds of the bases of the trailingemting slugs during a number of
coalescence events. The speeds were calculated during the whole sequence, during coalescence (defined by the
last <1 s before coalescence), and pre coalescence. All italicised rows refer to coalescence events where the
leading slug base is travelling at a faster speed than the trailing slug base. *Slug 1 refers to the leading slug and
slug 2 to the trailing slug, all values are in th Refer to Table 5.1 for experimental conditions, error on these

values is + 4 x 16m s*(i.e. length error of + 0.01 m multiplied by time error of + 0.04 s). p.96
Table 5.3: A summary of slug base speeds calculated forauatescing slugs only. p.100
Table 5.4: Table summarising the calculated average slug base rise speeds of slugs (see Table 5.3 for all values)
in each laboratory experiment (calculated using the slow motion camera images). p.101
Table 5.5 Summary of computational experiments. p.108

Table 5.6: The average rise speedstbé baseof all slugs within the computational simulations. The slugs are
numbered according to their depth with Slug 1 being the closest to the surface. p.113

Table 5.7: A summary ofourst data used from Kremers et al. (2013). p.121

Table 6.1: Taken from Table 1 in James et al. (2011), based on the original Table 1 in Suckale et Bb). (2010
These values show the maximum stable bubble radii for given magma densiigcnsity values. p.130
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1. Introduction

The aim of this chapter i® briefly introduce bothhe importance of monitoring volcanoes,

in particular for basalts which are the focus of this thesis, and the types of degassing which
are prevalent at such volcano&b/ (Ultra-Violet) camera theory is introduced along with a
number of previous studies menstrating the utility othis technology. Finally the other
theme of the thesisplcanic conduit fluid dynamicahodelling, is introduced, with particular

reference to laboratory and computational studies.

1.1. The importance of volcanic monitoring

Volcanic eruptions are one of the most spectacular natural events to occur on thigHpdanet
1.1.) With a large numbeof people living on or near to the flanks and at risk from these
events(approximat el'y 10% of E @edittingdimpengiogpaativity ts ia &ay )
focus for volcanologists (Peterson, 1986; Tilling & Lipman, 1993; Small and Naumann
2001). The majodriver of this volcanic activityrangingfrom basaltic to rhyoliticandfrom
strombolian to plinian, is gas (Mather, 2015). Monitoring and measuring gaseous emissions is
therefore a vital part of eruption prediction. Volcanic monitoring of gas emissamse
performed in avariety of ways ranging fronthe use of satellites, which provide global but

low temporal and spatial resolution of gas emissions from point sources (McCormick et al.
2014), to manual sampling (Giggenback, 19&ymonds et al. 1994and ground based
remote sensing (Francis et al. 1998; Oppenheimer et al. 1998; Galle et al. 2003; Mori and

Fig. 1.1 The spectacular eruption of Chaitén, Chile with a lightning shea
surrounding the eruption column. (National Geographic, 2008).



Burton, 2006; Burton et al. 2007), see Fig. 1.2.

One of the major success stories with volcanic gas measurewasitsidoubtedly prior to
the eryption of Pinatubo on the f5June 1991, where the successful identification of a rapid
increase in gas release in the weeks leading up to the erupticombination with seismic

monitoring led to the successful evacuation which saved thusaf lives(Harlow et al.

Satellites /
077

Fig. 1.2: Examplemethods for monitoring volcanic gas emissions. Drawings are overlain onto the viev
North-East Crater from the Pizzi Deneri volcano observatory .

1999. More recently, the recent volcanic activity in Iceland: Eyjafjallajokull, Grimsvétn, and
Holuhraun (Bardarbunga), has reiterated the importance of gas emissions to public health
(Hansell and Oppenheimer, 2004) and aviation (Brod@&tQ; Gudmundsson et al. 201).
particular the sustained basaltic fissure activity at Holuhigantained echoesf the Laki

fissure eruptions of 1788784, where the emission of large amount§lwdrine, in addition

to other sulphurous gaséStevensn et al. 2003; Self et al. 20PBaused widespread famine

in Iceland Yasey, 1991; Thordarson and Self, 2)G#d potentially affected parts of Europe
(Budd et al. 201}, including the United Kingdonilhese events highlight the importance of
monitoring vdcanic gas emissions as both a forecaster of impending actiipga et al.

2007 and monitoring emissions during events to predict dispersablcanic pollutants

(Delmelle et al. 2002 and henc@reventavoidable deaths.



The obvious and deviading direct effects of volcanic eruptions include those involving
pyroclastic density currents and lahdgroclastic density currents are the hot clouds of ash,

gas and rock which collapse from an eruption column and rtheilly move along the

ground Lahars occur when ashfall mixes with rainwater, or the rapid melting of snow, to
create torrents which have the energy to carry large amotimiaterial and destroy homes

Here there are two infamous examplegstly, the suddenflank collapse and pyoastic

density currents associated with the eruption of Mt. St Helens (USA) invi®iga killed 57
people,(Bernstein et al. 1986%5econdlyin one of the most deadhgcentvolcanic episodes

when Nevado Del Ruiz (Colombiagrupted, causingpyroclastic density currentswvhich

mixed with snow and ice at the summaitd generated laharfse adi ng t o t he deat

people in Armero (Pierson et al. 19%Dight, 1990.

The specific hazards of volcanic activity vary on a volebpwolcano basis. This #sis is
particularly concerned with those caused as a result of basaltic degadsicig have been
hitherto undeiinvestigatedat the high temporal resolutions necessary to delve into and
understand the range of activitipessibleand their respective driver3he next section
outlines the most common types of basaltic degassing, and the specific drivers of each style,

relevant to the content of this thesis.

1.2. Types of basaltic degassing

Basaltic volcanisms manifestin a variety of forms (Fig. 1.3), each driven by a different
dominant flow regimgFig. 1.4), withdistinctive dominant bubblenorphologiegFig. 1.5).
Basaltic volcanisncan be split into thredroad ranges of activityeffusive, passiveand
explaosive. Effusive activity is specifically related to the production of lava flows from single
or multiple ventslt can often be accompanied by minor explosive activity at the vent area.
Passive activity encompasses the quiescent state of a volcano, involving the rfetese o

a nonexplosive manner from conduits, fumaroles, or lava lakes (Fig.Aa83ive degassing
activity is dominated by the ascent and bursting of small spherical to deformed bubbles (see
bubbles 1 and 2 in Fig. 1.5) at lower gas volume fractionise flow (Fig. 1.4). This activity

can be considered to be driven by a bubbly flow redirng 1.4) with bubbles that are both
dependently and independenthising of the magma, whichtself could be stagnant,

downwardor upwardmoving



Conduits, Fractures Lava Lakes  Strombolian Hawaiian Vulcanian Icelandic

and Fumaroles and Rapid Fire Fountain Sub and Supra-Glacial
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Passive Degassing Explosive Degassing

Fig. 1.3: Therange of most common basaltic activities prevalent on the Earth, split into two main s
Passive and Explosive Degassing.

The transition to explosive activity can be gradual or rapiarfitt and Wilson, 1995 As

bubble size increasethe chances of producing explosive activity increes@mmensurately
(James et al. 2009The physics and fluid dynamics defining the rise speed and how these
bubbles travel and interact also begin to chaigall{s, 1969. The major factors in defining
eventual bubble sizes relate to their initial exsolution depth, and their ability to interact during
ascent $parks, 1978 The overwhelming bulk of volcanic gases exsolve at depths of less

t han a4 Wiwond8e Gérlack, 1986; Giggenbach, 1R98s they ascend, each
individual bubble experiences a reduction in pressure allowing the bubble to expand. It is this
decompression which forces bubble formd #low regimes to transition (Aloui et al. 1999)

Following on from a spherical or broadly sphefibait deformed or elongated bubble, a
bubble transitions to a fspherdeehaubdble8inffigd mor p
5). A cap bubble rises at a speed which is limited by a falling film of liquid either side of the
bubble, and hence the ahnt width, with the rise speed also dependent on m#tgma
parameters\(iana et al. 2003; Llewellin et al. 20L.2n cap form a bubble is unlikely to burst
explosively allis, 1969; James et al. 200d8ut could be observed at the surface thrabhegh

increased speed of gases at the surface, for example the puffing activity often referred to at
Stromboli Ripepe et al. 2002; Tamburello et al. 2i1a@nd Mt. Etna Tamburello et al.



2013) A cap bubble can be present in bubbly flow, through to cap asiaslug flow (Fig.
1.4). Cap bubbles could also be the drivers between the larger but passive bubble bursts at
lava lakes (Bouche et &010.

<—Liquid Flow Gas Flow =
Bubbly  Cap Slug Churn Annular  Mist

Gas Volume Fraction %

Fig. 1.4 Example flow regimes which can be present in liguids and magmas. Annular and Mist f
highlighted red as there is no current direct proof that these are sustainable in terrestrial volcanism.

A cap bubble themgraduates to a slugorphology also termed a Taylor bubble. ubble
becomes a slug when the falling film around the sides reaches its minimum value and has a
lengthequal toor above the diameter of the condibafies and Taylor, 195@allis, 1969.

It is these slugs that expand rapidly and cause strombolian eru@figng.3)such as those
at Stromboli.How such large slugs and rising gas masses areetbiig still a matter of
debate although it seems that both potential formation mechanismst the risespeed
dependent modeMilson, 1980; Parfitt and Wilson, 199%r foam collapseJaupart and
Vergniolle, 1988Jaupart and Vergniolle, 1989grgniolle and Brandeis, 199Aawe merit at
different volcanoeand for different activityconditions(Vergniolle and Jaupart 1990; Parfitt,
2009. Slugs @& a major focus of this thesibore indepth detail on their behaviour is
contained within chapters 4, 5, and 6. Similarly to a cap bulablslug, under certain

conditions can still burst neexplosivdy at the surfaceJames et al. 2009



If gas supply and gas volume fraction begin to increiseflow regime will begin to
transition towards churn flomDuring churn flow, the normallgxisymmetric shapes afas

slugs will begin to deform (bubble 5 irFig. 1.5), breaking down the more predictable
behaviour of gas slugdditel et al. 198D As volume fraction begins to increase again, a
transition to annular flow will occur. It is during this transition thatlenge towards
hawaiian lava fountaining W occur . Annular flow is characterised by a liquid film and core

of gas which can also suspend liquid droplets witfinp{ett et al. 1999; Seyfried and
Freundt, 2000; Lane et al. 2001ava fountainingwhich can occur from a single vent or
fissure involves the coupled ejection of large volumes of magma, which can then go on to
feed lava flows,at speeds sufficient to push the fountain hundredsetfes above the vent
The final flow regime is mist or dispersed fldiig. 1.4) Here the gas phasmmpletely
disrupts the liquid film and is capable of entraining all of the liquid within the gas phase
(Barnea, 1986; Triplett et al. 1999

1 2 3 + 5
Fig. 1.5 Example bubble morphologies in a magma. 1, perl

spherical, 2, deformed bubbles, 3, a spherea bubble, 4, a gas s
(sometimes referred to as a Taylor bubblé),ebdeformed slug.

Other common forms of basial volcanism include wicanian, typical of volcanoes such as
Sakurajima Fig. 1.6), typical Icelandic volcanism which can occur sub @rasglacially

(Fig. 1.3) andphreaticexplosive volcanism which can occur on interaction with seawater
The current preferred method of measuring emissions from volcanoes in general, not only
those which are basaltic, is tineonitoring of SG,, which, not only has low background

concentrationbut absorbs strongly within the UV spectrum.

Of all the described degassing styles, passive degassing and strombolian activity have
received the most focuslhe overwhelming majority ofsuch studies have only been
guantitative in nature, with little consideration of the dynamics of the driving activity, style
i.e. existing studies on gas emissions tend to list only released amounts of gas without

considering how that gas reaches the surfabés thesis aims to address this research gap



through additional observations of basaltactivity and through comparison with
mathematical and laboratory based models.

The next section provides an overview of,3@asurement techniques, including a enio¥
depth look at the method used within this thesis, the UV camera.

Fig. 1.6 Vulcanian eruption at Sakurajima, Japan.

1.3. A brief history of SO, measurement

Initially, the measurement of S@vas very limited and involved manual teajures such as

direct sampling atumaroles andvents (Symonds et al. 1994)/Vhilst these methods did
allow a first determination of SOlux (sometimes referred to asnission rate kg9 there

were a multitude ofassociatedissues, including time resolution, thpotential for
contamination in transport of samples to the laboratory for analysis and the potential dangers

or inaccessibility of the sampling area/summit of the volcano (Tamburelloag011

In light of these difficulties, the benefits of using remaasing technigues to measure gases

became more apparent, including both airborme $atellitesnot discussed here) and ground



based measurements. One of the earliest of these techniques was Correlation Spectrometry
using Correlation SpectrometglSOSHECs Newcomb and Millan, 1970; Moffat et al. 1971,
Moffat and Millan 1971; Stoiber et al. 1983). Theshnique is based upon the solution to the
LambertBeer Law:

0. o_ X °° (Eqg. 1.2
wherel ( is-the light intensity after passing through the plume (or target dgga)-) i s t he
Il i ght intensity before passi ng tsactioofogtie t he |

particular gas of interested (e.g. $N is the number of molecules tine optical path and L
is the plume width. SPwas quickly identified as an ideal target gas for these observations
over the other commonlypne volatiles e.g., COand HO, due to its comparatively low

background concentration and strong absorption feat{framburet), 201%).

COSPEC was then succeeded by Differential Optical Absorption Spectroscopy (DOAS)
(Platt and Stutz, 2008). DOAS involved the use of smaller and less expensive USB
spectrometers that were easier to use in a volcanic setting and inemlabgis across the

UV spectrum (McGonigle et al. 2002; Galle et al. 2003; Tamburello, 0There are
several differing DOAS techniques includingaversing DOAS, scanning DOAS and the
cylindrical lens DOAS. Traversing DOAS, possibly the least useful of the three, involves
travelling beneath a plume or area of interest (by car, boat grviatbt a vertically pointing

USB spectrometer collecting dowvelling skylight. An integrated columamount(ICA) can

then be determined over the length of the traversentegratingoverhead concentrations

over the plume width. Thiseading can then be used to determing fBQes with knowlege

of the plume transport spegdamburello et al. 2011a). Scannif@OAS involves an
instrument which is in a fixed position; it can be particylarseful for permanent stations

and offered a marked improvement in time resolution (a measurement every few minutes).
An excellent example of such an application is the FLAME (FLux Automatic Measurement)
network which allowed the resime monitoring andransmission of S@flux information at
Stromboli to bemeasured by the observatofgurton et al 2009; Burton et al. 2018).
Finally, cylindrical lens DOAS achieved significant time resolution improvements with
sampling periods reduced to 1 s (McGonigle et al. 2007). However, this technique was also
not without its disadvantages, in particular in terms of a complex alignmenequre

(Tamburello et al. 2011a). This eventually led to the development of the UV camera for the



remote sensing of SArom volcanoess a way of improving the time resolution of collected

data angotentially reducingrrors, in a straightforward measment configuration.

Fig.1.7: The Apogee Alta U2€
two camera , two filter, saip. A
cylindrical lens DOAS is als
attached to aid with tl
calibration procedure.

1.3.1. The UV Camera

The UV camera technique was originalya s ed on t he-thasshel ¢ 6 tAlpe® gé

instruments. The two most commonly used models are the Apogee Alta U260 (shagn in F
1.7) and the Apogee Alta E6, although otltameras by differearmanufacturers are now in
use The technique was first gastoyed by Mori and Burton (2006) and Bluth et al. (2007) and
has since been frequently used by others in the study eoffl®0 There are two main
techniques for determining flux based on these units. The first technique, which is
recommended by Kantzasat (2010), uses two images from parallel mounted UV cameras
(or by some authors single camera with rotating filters) and compares the images on a pixel
by pixel basis. The cameras are fitted with bandpass filters, which permit trahghtcat

310 nm and 330 nm, respectively, where ;30 the plume absorbs/does not absorb down
welling skylight. This technique allows a very high time resolution, potentiaflyoab s @ 4

s when a single camemused [Mori and Burton, 20068nd uses th&llowing equation to
calculateSO, concentration:



o) 1T ¢C— (Eq. 1.2

where I P is the i1 mage of the plume and | B

which detects S@a bsor pti on and b refers to the filte

here that S@absorption occurs in a window between B0 nm {andaele et al. 1994).
The filters are usually centred between -320 nm for the absorption of $@nd 326340

nm if not. A final SQ concentration is achieved by calibrating the instruments prior to or
during acquisition against cells of known S@oncentration (Kantzas et al. 2010;
Tamburello, 2014). Calibration using a caligned DOAS instrument is preferred bgme
researcher@ern et al.2010a; 2010k

Alternatively, the second method is based upon the use of a single filter, solely inthe SO
absorption band (Bluth et al. 2007). This does not allow résolution between the
attenuation of gas and thattenuation of aerosols, which also absorb in the ultraviolet
(Kantzas 2010; Tamburello, 2041 Therefore the equation for determining SO

concentration becomes:
o) 11 c— (Eq. 1.3

omitting a direct comparison to a background imagmwever, whilst this is an intrinsically

simpler approach, ignoring the aerosol absorption ¢awnlgractice create larger errors.

Despite the increasing popularity of this camera there are still several challenges faced when
using this approactror indance,achieving an ideal location for acquisition can be difficult
due to the location of the sun and the vignetting issues that this results in: e.g., due to
inhomogeneous solar illumination of the background @antzas et al. 2030The light

dilution effect, with some recent attemptsgatantification (Campion et al. 2015), whéight
intensity is effectively reduced by scattey amongst other lighpathscan also induce large
errors. In addition, climatic conditions can also play a part; if thane is not visible due to

fog or cloud cover then acquisition cannot occur. For a detailed discussibaldv camera
technique please sdeantzas et al. (2010). In addition, Tamburello et al. (2011b) have
devised a useiriendly program, Vulcamera, whicknables the use of the twamera twe

filter setup in the field wih relative ease and subsequpmcessg SO, flux data. As a

result of these developments, the UV camera can now be used to investigate, for the first

10



time, the gas driven dynamics of rapidly occurring volcanic processes suorabolian

eruptions.

Fig.1. 8: The view of the NorttEast Crater plume of
Mt. Etna form the Pizzi Deneri Volcano Observatol

1.3.2. Application of UV cameras to degassing

The main application of the UV camera to explosiveasaltic eruptions, has been to
strombolian activity due to issues with ash making gas remote sensing impossible in other
classes of explosion, whose eruption plumes are rather more ash rich (Tamburelp, 2011
Dalton et al. (2010) used @4 s resolution dataset to quantify the amount of gas released
during a singlestrombolian eruption in combination with infrasonic data. This built on earlier
work by Vergniolle and Brandeis (1996) and Vergniolle et al. §198ho developed a
method for assessing gas release using infrasonic measurements. Mori and Burton (2009)
then used the UV camera to estimate gas mass from sirgiebolian eruptionat Stromboli

and discovered that the acoustic method wedémates th size of gas mass. Gas mass is an
important feature in understanding degassiitigcan unlock details about the exsolution
source depth and potentially revaaformation regarding the shallow plumbing system

beneath volcanoes, particularly when usingudtindataset approach.

In general, there has been a lot of investigation into the mechanisms and the processes
affecting the explosive aspects of basaltic volcanism. However, a very recent discovery
concerning passive degassing, whichigcdssed in Tamirello et al. (201Band Chapter 2
highlights the great importance of this rather less spectacular degassing style. In this paper
the authors propose that a periodic, 88gassing activity, which is observed on timescales of
40-250 s at tb NorthEast cragr of Mt. Etna is caused by waves of bubbles which rise

11



within the conduit and burst at the surface producing the oscillating flux signal captured with

the UV camera. This shepper i od degassing is referred to
Tamburello e@al. (2013 also noed the presence of a longer period >2000 s flux modulation,
however,they did notcomment further due to the relatively short duration of the dataset. In
addition a 2000 s variation is mentioned in Nadeau et al. (2011). These autpmsepthat

the shortterm variation is likely caused by waves in line with an earlier model detailed in
Manga (1996) and furtheuggesthat the cause may be related to tidependent changes in

bubble size and magmatic vesicularity. The process is llkalied to the upper 1 km of the

conduit due to the lack of correlation with the seismic signal, which is generated at greater
depth; however the authors do matrsueinto this in detail. This work is important as it
demonstrates that these charactessthay be present at other opamt volcanoesindeed,

Peters et al. (208}, Girona et al(2015), llanko et al. (20520150, have all identified a
periodic structure to degassi ggOandgaEmtedus ov
This cyclic degassing process therefore warrants further research. Aiuppa et al. (2007) further
signify the importance of studying passive degassing as it may prove useful in eruption

forecasting.

Developments such as these have cabeut because of the higlemporal resolution
capabilities of the UV camera. $@ux data can now therefore reveal aspects of basaltic
degassing in much more detail than possible hitherto. Due to the low time resolution of
collected SQ@ data in the past it was incomparable to méisdata. However, as sampling
frequencies approached 1 Hz and faster it became possible to compafiexS@ata to
similarly high resolution seismic and infrasonic data (McGonigle et al. 2009). There are
several such examples of such work including Nadet al. (2011) at Fuego Volcano
(Guatemala) who observed a correlation between &fiission rates and volcanic tremor
indicating that the generation of the seismic tremor and the rise and fall ,dfu8Qates
originate from the same source process. Waegk confirmed the londpeld belief that there is

a link between a rising gas slug and tremor as is discussed in Chouet et al. (2003). However,
the mechanism is still highly unconstrained and Nadeau et al. (2011) conjecture that it could
be caused by thescillation of bubbles, a resonance in the conduit, the movement of the
magma or the coalescence of bubbl€ke high temporal resolution ability of the UV
cameras allow the measurement of much more rapid strombolian, on the order of seconds, a

goal whichhas yet to be achieved.
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Due to its ease of access and frequent eruptions, Stromboli has been a strong target for study
with the UV camera. A recent study by Tamburello et 2019 produced an in depth
summary of both passive and active formsgl@fassing at Stromboli. The authors managed to
extract the slug size and relate the size of the VLP (Zeng Period) seismic signal to the
amount of SQreleased during an explosive eruptiemmilarly to McGonigle et al.2009).

This was key as it allwed the corroboration of the analysis by Chouet et al. (2003) which
revealed that the source depth of tremor is at 300 m. However, the analysis by Tamburello et
al. (2012 did more to highlight the small amount that explosive processes contribute to the
daly SO, budget at Stromboli, a meée7%. In total, active degassing (explosive events and
puffing) was calculated to contribuée23% of SQ and passivéd 77%. This highlights the
importance of further studyto passive degassingn@ modelling of theserpcessesindeed,
because Stromboli possessegh reliable activity it is an ideal location to monitor and
collect a large number of observationsstfombolian activity This will then enable this
thesis to investigate variability and phenomena presghinvsuch a database

Often the UV camera can be used in combination with other gas measurement or sampling
equipmentOne such instrument is the MuBAS analyser, which extractively samples gas

at resolution® f tempor al r e s o lgasesiinglimde CCESO, QandbHOH ze. Thes
major constituents of gas within a magnt@hinohara 2005; Aiuppa et al. 2008y

combining measurement0, flux with spot measurements gas ratios usinghe Multi-

GAS analyserit is possible to estimate total fluxérom a source (e.g. Aiuppa et al. 2008).

particular, the UV camera is particularly useful when used in combination with aG&Si

analyseras the spatial capabilities of the camera can be usedltzate the two instruments
(Tamburello et al. 20Hl).

The UV camera has also be usedniestigatethe degassing of more viscous magmas such

as thoset Santiaguito volcano (Guatemala), where a rheologically stiff lava dome is in place.
Holland et al. (2011) used the camera to investigate degassing processes during the extrusion
of the dome which has occurred since 1922. The high time resolutipful@ata allowed a

full assessment of the mode of degassing, which would have been difficult with previous
methods. This work highlights the utility and adaptability of the camera to a variety of
situations and further illustrates that volatiles are importanall varieties of volcanic

settings.
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1.4. A brief introduction to modelling basaltic degassing

Modelling of basaltic degassing is performed in two maays: Firstly through analogue
laboratory experiments, and secondly through computational fluid dyna@fB)( The
purpose of analogue experiments is to reduce the size of a volcanic system into a manageabl
and controllable environmenfThese then enable the investigation of scaled volcanic
phenomena includingyf particular importance fothis thesis, sluglow (Del Bello et al.

2012, 2015Jaupart and Vergniolle, 1988; James et al. 2004, 2006, 2008, 2009; Lane et al.
2013; Llewellin et al. 2012, 2013, 2044 CFD provides an excellent way of modelling
volcanic scale phenomenduckale et al. 20H) 20108, although, validation of observations
using laboratory experimentslgmes et al. 2008 field-based observations, or exigf

mathematical relationships still needed.

The majority of analogue experants are directed at slug flostudies by James et al.

(2008) and Del Bello et al. (2012) seek to provide a way to estimate final lengths of gas slugs
at burst, along with values for overpressure which are a way of estimating explosivity of an
event. James et al. (2009) followed oonfrthis, devising a way to predict whether a gas slug

will burst with or without overpressure. Previous experiments have also endeavoured to
characterise geophysical signals associated with the ascent and burst of a gas slug (James et
al. 2004; Lane et al2013). A series of more recent studies have focused on the burst
mechanism of a slug, with a specific focus on Stromboli (Taddeucci 202, Del Bello et

al. 2015). In particulaDel Bello et al. (2015) suggest that rheological heterogeneities nearer

to the surface of the conduit at Stromboli (i.e. a more viscous cap) could act to disrupt and

alter the wayhatslugs burstat the surface.

The studies cited in the last paragraph, to this point, have all concerned small scale laboratory
experiments oveconduits on the ordesf cmsin diameter and several metres in length.
Llewellin et al. (2012) used a larger scale tube on the order of a metre in diameter and tens of
metres in length to improve previ®estimatesn liquid film thicknesses between tbenduit

wall and the gas phase of the bubf#talford, 1964; Karapantsios et al. 1989; Lel et al. 2005,
Zhou et al. 2009)Llewellin et al. (2013; 2018 are also among the first to begin to
investigate the effects of multiple slugs in a conduit, as ogptmssingle slugs, beyond the
postulations of Seyfried and Freundt (2000). Seyfried and Freundt (2000), in addition to

James et al. (2004) began to consider the effects of an inclined condudtanddmeities in
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the conduit on the stability and signajenerated during slug flow. Witham et al. (2006) take

this work furtheybut investigat oscillations in lava lakes.

JaupartandVergniolle (1988 have investigated the formation and collapse of foams, with a
particular focus on Kilauea. Here, they usethrek (i.e. a magma chamber or storage zone)
with a tube attached to the top to simulate a conduit. They then allowed the collection of
bubblesat the top of the tank whichdeto the formation of a foam, which after a certain
period collapsed in the coniduo produce a slug. Jaupaaind Vergniolle (1989) then
guantified this process.

Studies on slug flow using CFD are less commonplace within the volcanic liter@kide.
operates by solving the Naw&tokes equations for given liquids, predicting theation. In
particular CFD in a basaltic context solves the problem of how a gas would move within a
magma James et al. (2008) used 3D models to validate a mathematical shgiiéor
predicting the length of volcanic slugs. Suckale et 201(b), using their own developed
CFD model (Suckale et al. (20)Qand fluid dynamial consideration on the stability of
bubbles (Clift et al1978; Grace et al. 19798suggested minimum viscosity limits for stable
slug flow (Suckale et al. 20bp James et ak011). Capponi et al. (2014) hawdroduced
CFD in an attempt to compare laboratory regime simulationa dfeologicallythicker
viscous cap to a full volcanic scal&@he nonvolcanic literature has used CFD to characterise
the behaviour of coalescinglugs (Araujo et al2012, 2013 and characterise important
features of a slug including its wakégmpos and Guedes de Carvalho, 1988; Nogueira et al.
2009.

The have been a large number of modelling studies conducted, partictharsofgle slugs

which drivestrombolianactivity. However, these studiesareselo nt ai ned and don:q
the useof empirical datdor comparison. This thesis will therefore address this by combining,

in unprecedented detail degassing measurements wotfelimg studies using CFD and

existing mathematical models. In additiomork discussing the transitions between different

styles of activity has been neglected for decades (e.g. Parfitt et al. 1995), this thesis will also

look to build on this in a bagal context but bringing in almost completely neglected drivers

of more explosive styles of degassing such as hawaiian lava fountaining.
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1.5.0Objectives

The overall objective of this work is to combine measurements using UV cameras, with
computational and analoguaodels of gas flow, to investigate the dynamics of basaltic

degassingThe main objectives are described below.

1.5.1.0bjective 1

Investigate trends inpassive degassingsing UV cameradere, the UV camera will be used
to investigag recentlyobservedrends in passive degassing and potential links to geophysical
activity. Trends in passive degassing following on from explosive degasmiaalso

important and will be investigated in combination with Objective 2.

1.5.2.0bjective 2

Investigate explosive degassinging UV camerasTo address this objective, UV cameras
will be usedto measure strombolian activity at Mt. Etna ando@ipoli. Here, | am

particularly interested in activity generated by the rising andibgrst volcanicslugs.

1.5.3.0bjective 3

Model explosive degassinglere, models of slug driven activity will be developed and
applied to understand the UV camera data collected for the purpose of addressing Objective
2. Two methods will be used, laboratory experiments and QRbe has been done to
compare measurements of explosive degassing (as part of Objective 2) with models. This
thesis will address this issue.

1.5.4.0bjective 4

Investigate transitions betwa different styles of activitffhere is a larggap in the volcanic
literature addressing regime transitions between different styles of activity, particularly across
the whole range of bakkia degassing from passive tcawaiian lava fountaining. This
objective will draw on the results of investigations into Objective @ @hjective 3, with the

aim of developing a model to characterise and categorise basaltic degassing.
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1.6. Thesis Structure

During thecourse of conducting the research for this thesis a number of the chapters and
material containedherein have been prepared and submitted to international journals for
publication. The following descriptions of each chapteutline where material has been

published and the objectives which #rerebyaddressed.

Chapter 2 supports Objective 1The work inthis chapter has been included in three

publications. The major portion of the work is contained in:

Pering, T. D. Tamburello, G., McGonigle, A.J.S., Aiuppa, A., Cannata, A., Giudice, G.,
Patane, D., 2014a. High time resolution measurements of volcarbort dioxide degassing

on Mt Etna. Journal of Volcanology and Geothermal Research 2701215
doi:10.1016/j.jvolgeores.2013.11.014.

This publication addressed thmeasurement of COfluxes during passive degassirgy
combining UVcamera measurements of S4hd a MulttGAS analyserthis then enabled the
comparison of these datasets with geophysical #etaever, a new technique, based on the

continuous wavelet trafiorm, was needed to undertake this:

Pering T.D., Tamburello, G., McGonigle, A.J.S., Hanna, E., Aiuppa, A.b2Cbtrelation
of oscillatory behaviour in Matlab using wavelets, Computers and Geosciences 721206
doi:10.1016/j.cage0.2014.06.006

The finalportion of this chapter with a contribution from a publication is from the following:

Tamburello, G., Aiuppa, A., McGonigle, A.J.S., Allard, P., Cannata, A., Gil@ic&antzas,
E.P., Pering, T.D.,2013, Periodic volcanic degassing: The Mount Etna Example
Geophysical Research Letters 4651 doi:10.1002/grl.50924

This paper described the patio nature of degassing at Mount Etna, with my work
specifically on investigating the volcanogenic nature of these links included here.

Chapter 3 supports Objectives, 12 and 3. Both the explosive portion of a strombolian
explosion from Stromboli and the¢leased passively following an event are investigated and

then compared to computational models. This weak presented at EGU in 2015
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http://www.sciencedirect.com/science/article/pii/S0098300414001484
http://onlinelibrary.wiley.com/doi/10.1002/grl.50924/full

Pering, T.D., McGonigle, A.J.S., James, M.R., Tamburello, G., Aiuppa, A.,a.2015
Comparing computational models gtig rise at Stromboli with UV camera measurements of
SO2 flux. In: EGU General Assembly 2015, Vienna.

Chapter 4 supports Objectives 2 and Jhis chapter describesieasurements of rapid
strombolian activity from the Bocca Nuova crater of Mt. Etna. Basidets are applied to
aid the understanding and dynamics of the activity. This work is contained in the following

publication:

Pering, T.D. Tamburello, G., McGonigle, A.J.S., Aiuppa, A., James, M.R., Lane, S.J., Sciotto,
M., Cannata, A., Patané, D., 2di.5Dynamics of mild strombolian activity on Mt. Etna.
Journal of Volcanology and Geothermal Research300, 103111,
doi:10.1016/).volgeores.2014.12.013

Chapter 5 supports Objectives 3 and By using laboratory experiments and computational
fluid dynamics rapid strombolian activity, driven by multiple rising slugs, is investigated.
This builds on observations made in Chapter 4 ianghsed on work presented at AGU
2014:

Pering, T. D. McGonigle, A. J. S., James, M.R., Lane, S.J., Capponi, A., Tamburello, G.,
Aiuppa, A., 201d Observations on MuHkblug Activity i Implications for Volcanic

Processes. In: AGU Fall Meeting 2014 San Francisco.

Chapter 6 supports Objetive 4. This final results chapter brings together the discoveries and
observations in Chapters 4 and 5, with particular reference to unifyingttidy of the
differing forms of basaltic degassingased on the rapidity of degassing. This work was
introduced at AGU in 2014:

Pering, T. D. McGonigle, A. J. S., James, M.R., Lane, S.J., Capponi, A., Tamburello, G.,
Aiuppa, A., 2014. Observations on MuHlblug Activity i Implications for Volcanic

Processes. In: AGU Fall Meeting 2014 San Francisco

Chapter 7 concludes the thesis with a discussiontbe themes presented in Chapters 2
through 6 and the important take home messages for future studies advancing the
combination of measurements of degassing with models. The conclusions of each chapter are

also reterated here.
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2. High temporal resolution measurements
of COj,and SO using ultra-violet
cameras

In Chapter 2the UV camera in combination with a MultiGAS analyserwas usedat Mt.
Etnafor the measurement of $@nd CQ. This enablesfor the firsttime, comparisons at
high temporal resolutions of 1 Hz, between,SOO, degassingand geophysical datasets.
Within these datasets several periodic degassing and geoptgsitaksare identified and
discussedThis chapter and outlined techniques arsellaon work already published in three
journals, includingPering, T. D.Tamburello, G., McGonigle, A.J.S., Aiuppa, A., Cannata,
A., Giudice, G., Patan®., 2014, High time resolution measurements of volcanic carbon
dioxide degassing on Mt. Etndournal of Volcanology and Geotherniésearci270, 115
121, doi:10.1016/j.jvolgeores.2013.11.QRering T.D, Tamburello, G., McGonigle, A.J.S.,
Hanna, E., Aiuppa, A., 20b4Correlation of oscillatory behaviour in Matlab using wavelets
Computers andseosciences 70, 28812, doi:10.1016/j.cage0.2014.06.0G6d on analysis
contributed toTamburellg G., Aiuppa, A., McGonigle, A.J.S., Allard, P., Cannata, A.,
Giudice, G., Kantzas, E.P., Pering, T.D.,20Pgriodic volcanic degassing: The Mount Etnha
Exanple, Geophysical Research Letters 4051 doi:10.1002/grl.50924

2.1.An introduction to gas measurement at Mt. Etna

Mt. Etna(37.734°N, 15.004°E) is arato-volcano located in Sicilyifaly (see Fig2.1) and is

the largest timaveraged contributor to volcanogenic emissions of both &@ CQ in

Europe (Allard et al. 1991; Gerlach, 1991). The latter results from magmas which are already
CQOurich (Spilliaert, et al. 2006), increasing the importance aet®ction and measurement.

Mt. Etnafluctuates between periods of quiescence, where passive degassing dominates, and
active periods dominated by fAparoxysmso ass:
activity (GVP, 2013. There are currently five sumit craters which demonstrate open vent
persstent degassing behaviouBocca Nuova(BN), Voragine (VOR), North East Crater

(NEC), South East Crater (SE@hd the recently formetlew South East Crater (NSEC)

Each of these craters, which have varying gaié emissionexhibit dominant forms of

activity (e.g.Caltabiano et al. 2004; Aiuppa et al. 2008).
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CO, is a vitally important
volcanogenic species e
measure as it exsolves at mu
greater depths than other mo
common species (Giggenbacl
1996). It therefore acts as

better measure of magm
movement & depth compared
to the more commonly
measured S§ and has greatel
potential for early warning of
eruptive activiy (Aiuppa et al.
2010). To date, CQ flux

determinations at volcanic

targets globally have been Fig. 2.1: Digital Elevation Model (DEM) of the summit area
Mt. Etna courtesy of Alessandro Aiuppa (Palermo University

limited and are generally its location within Sicily and lItaly. The black arrow at
illustrates the plume direction; inset (lower right) shows

restricted to lower time example S@ absorption image during acquisition, where
. shows the point of integration for determining the Integ
resolutions on the order of  coumn Amount (ICA) of S@ also showrat (c). Reprinted wit

minutes to hours, and permission from Elsevier.

associated witlestimates based on ratios gn&though contributions have been made by:
Wardell et al. (2004) for Mount Erebus, Antarctica; Koepenick et al. (1996) for Ol Doinyo
Lengai, Tanzami; Werner et al. (2006) for White Island, New Zealand; Werner et al. 2012
2012 for Redoubt, Alaska and Poland et al. (2012) for Kilauea, Hawarelatively recent
development is the use of portable gas analysers, calledGH8i analysers (see Aipa et

al. 2005; Shinohara, 2005)hese allow the measurement of a number of gas species at high
resol ut i on,sanddéve Beensed suddessfully on Mt. Etna, particularly for the
measurement of rapidly altering gas ratios prior to eruptions paiugtal. 2008; 201Q)
Advancement in capabilities of measuri@O, fluxes particularly at high temporal
resolution on the order of secondsuld represent a significant advancement in volcanic
remote sensingallowing, for the first time comparison wittontemporaneously acquired

geophysical data

By combining measurement$ SO,, using UV cameras, with a MUGAS analyser (Aiuppa

et al., 2005; Shinohara, 2005) it is possible to create a contemporaneptiexCdataset at
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equivalent temporal resolutisto that of the UV camera. THellowing sections describe the

application of this technique to the Noiast Crater of Mt. Etna and subsequent analysis.

2.2.Measurements of SQflux and CO,/SO, ratios at Mt. Etna

UV cameras were located at the Piz2eneri volcanic observatory37.765B3°N,
15.016640E), a 2 km f r omfortheeurpddE<LCof mdasunng SE€mission

rates from the NECwhich is typically the larges$O, contributor of all the summit craters
(Aiuppa et al. 2008)For this campaign we used Apogee Alta U260 cameras. These cameras
operate with 16 bit, 512 512 pixel KodakkAF-0261E cooled CCD array detectdsV

|l enses (Pentax B2528) of focal |l ength = 25
of each cameraFollowing this, 10 nm filters, centred at 310 nm for the absorption gf SO
and 330 nm for wher80, d 0 e salsdrti incident UV radiatigrrespectively, are placed in

front of the lensesAbsorption images were capturadat e mp o r a | residHzit i on
usingthe Vulcamera software developed by Tamburello e28lL1). Vulcameraallows the

user to fully control the UV cameras, includindark current imageacquisition (for
correction of the natural noise of the CCD arraf)ering exposuresettings(to ensure that

the CCD array does not become saturated with light), vignetting image capture (to correct for
the nonuniform distribution of light, as a result sfthomogeneousolar illumination and lens
shape), and for calibratio@alibrationwas performed with four quartz cells which contained
known concentrations of S@100, 200 1000and 2000 ppm), resulting in a calibration line

with an R of > 0.99 When placed in front of eadens this allows the conversion of
collected absorption imageto calibrated valued-or full details of the methodology see
Kantzas et al. (2010).

Conditions on th measurement dag2" September 201 etween 08:45 and 09:45 GWIT
weresuitable, with a clear and uniformly lit backgrousid/ behind the nomgrounded plume.

Work by Lubcke et al. (2013) suggests that the cell calibration technique during measurement
conditions such as those observedtiuding a neatransparent plume (i.e. not completely
condensed) is suitablevithout the needor additional DOAS assisted calibratioand is
subject to lowlevels of error (see also Kern et al1P@). Recent attempts by Campion et al.
(2015) to provide estimates of potential error due to radiative transfer (i.e. via the light
dilution effect), povide a step in the right direction for UV camera measurements. This work

suggests that at a distance of < 4,kenror related to radiative transfer, during clear
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conditions, coul d r es uinhB80O fluncaleulatddALthe cémerander e

was situated only &4 2 km from the source, on

Following the successful calibratiaf absorption images (example in Fig, SO flux was
calculated using the Vulcamera cadamburello et al. @L1b). Thisinvolves integratiorof
column amount valueglongthe plume crossection, in a perpendicular orientation to plume
travel direction, to determine the integrated column amount (ICA) of(S@ Fig.2.1, line

[b] in inset calibrated absorption image, also shown is this line with respectNi&@erater
at[c]). SG flux can then be calculated by multiplying by the plume speed. Plume speed can
be calculated in a number of ways, includihg use obptical flow algorithms (e.g. Petees

al. 205). However, here we use the frequently used ecoseelation technique (McGonigle

et al. 2005; WilliamsJones et al. 2006yvhich works by taking two points along the plume
and calculating two separate ICne series By combining knowledge of the distance
between these two lines, cressrrelation can then produce a plume speed. Duhaghour

of acquisition this rate was relatively constant at 13.4 Ehe final step in the production

of an SQflux dataset,gven the instability of acquisitio
1 Hz,requiredlinear interpolation t@ uniform 1 Hzlataset.

Simultaneouly, a Multi-GAS analyser was placed in the plume of the NECgrated 100 m
away from the vent, toneasure C@SO, ratios (see Fig.2.1 for location). A Multi-GAS

analyser is a selfontained unit used to measure a range of volcanogenic gases at high
resolution, including: kD, CG,, SO, H,, CO, and HS. Hereone wasspecifically interested

in the measurement of COand SO, concentration and their associated ratio. For the
measurement of CQhe Muli-GAS uses an infrared sens&d{nburghinstruments, Gascard

II). This sensor has sensing range of D 3000 ppm suitable for use in a volcanic
environment and an error of+ 2% The SQ sensor is an electrochemical sensor (City
Technology 3ST/FQ with a range of @ 200 ppm similar accuracy of + 2%Prior to use in

the field the Multi-GAS analyser was calibrated in the ladith over the sensaorangesas

well asusing a mix of C@ and SQ to simulate a volcanic pluméuring all tests pure

nitrogen was used as a zevaseline. Given the difference in response times of the two
sensors (theyd figure i i.e. the time taken to reach 90 % of actual valoggasured error is

hi gher at a 15 %. Gi-GAS analysdr ® sample at 0.5,Hze rapid t he |
response and ability of the sensors to react to changes in gas concentratiential @ss.

one need to be sure that observed oscillations in ratios are not a result of differences in

sensor response timéjg. 22 shows the results of a test using a known concentration of CO
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and SQ pumped into the MultiGAS inlet at a constanate. Duringt he f i r st a 70
test, constant concentratigrof CO, and SQ wereu s e d , demonstrating an
Gas concentrations of $@nd CQ were increasedimultaneousifoda 30 ppm and a
ppmrespectively(again see Fig2.2) andthen subsequently decreased. This test demonstrates

that on periordsof 10 s there i s aad shmhds¥ciateadnwdtthat o f
differences in sensor response tifhkis gives confidence in the ability of the MuBAS to

measure rapid changesCO,/SG; ratio.

Readings of S@from the MulttGAS analyser need no correction due to low atmospheric
background levels; however, G@oes need to be corrected. By plotting raw,G@lues
against SQthe background level of C(s taken as the intercept of the regression line with
theyaxisa | evel o f TheaGP&iMestamppdviulti-GAS readings were then
interpolated to 1 Hz to allow direct comparison and combination with UMI8&es.
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20 —700
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3 15[ 600
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3 g
S sk 400
Is) — Error
&
o —300
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Fig. 2.2 The results of a laboratory controlled test of the MBIAS analyser (data courtesy of Giancarlo
Tamburello and Alessandro Aiuppa, Palermo UniversRgprinted with permission from Elsevier.
SGflux estimation (i .e. the |l ocation of | C

downwind of MulttGAS. To temporally synchronise the UVtdset with the MuliGAS the
|l ag between the two was <calcul at ede.gathe & 13

different view configuration between the UV camera and MBWS unit needed to be
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corrected for)Ind e e d , this value I1Is corroborated as

crosscorrelating UV SQflux with Multi-GAS SQ readings.

2.2.1. Existing techniquesfor analysing and comparing trends in

volcanic data

A number of techniques are used pomobe periotc behavious which areparticularly
prevalent in environmental signasmongst the most popular are the Fourier transform (e.qg.
Welch, 1967; Harris, 1978; Oppenheim et al. 1999), and the wavelet trar{sfgrivorlet et

al. 1982;Daubechies, 1990; Colestock, 1993; Huang et al. IB88gnce and Compo, 1998
Grinstead et al. 2004Fourier transformgalso known as powelpsctral densitiefPSD$)
probe the frequecy characteristics of a signaiith no regard to stability of an a#ation

with time, solely the power (Welch, 1967). Hence, Fourier analysis is valuable felivedg

but stable periods. However,
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Normalised

continuous wavelet transform (CWT3 % -6 4 -2 0 2 4 6 8
Wavelet Scale [Arbitrary Units]

the one which can potentially provide
Fig. 2.3 An example mother wavelet, the Morlet wav

more detailed information about the(Morlet et al. 1982), generated using the Matl
frequency characteristics (i.e.\llzvlas\éeyiztr_ toolbox. Reprinted with permission fr
periodicities) and power of each

frequencywithin a signal as a function of time. The wavelet technique works by conjugating
a mother wavelet with the target signal. During this process the mother wisvststled,
according toa set of scales defined by the sampling rate of the sigoalexamfe, for a

signal 1000 s long, at a sampling rate of 1 s, 500 different scales of wavelet are created, equal
to the theoretical leng#of a periodic oscillation at a scale of, s, 3s, etc.The range of
scales is set at half the signal length accortbrtie Nyquist criterioriNyquist, 2002) which

states thaho oscillation longer than half the signal can be reliably detected, purely because
only one full oscillation could be observed within the signal len@tie resultant wavelet

spectrum produced bthe CWT then provides a normalised scale of match between the

24



varying scaled mother waveketwith time. Of importance is the style of ather wavelet
chosen.Here and throughout this work we use the Morlet wavedek (Fig. 2.3). It is
necessary to use aawvelet with a shape similar to any expected target oscillai@niterion

which the Morlet wavelet meets (other appropriate wavelets include the Gaussian wavelet).
The Morlet wavelet function is created as follofMorlet et al. 1982; Grinstead et al.Q2):

- AT o 7 (Eq. 2.1

where, — is the Morlet wavelet functiowith associated dimensionless time frequency,
with 7 also a dimensionless frequency for the wavetetlowing this the ®VT can be

calculated:
w i —B w ‘& & — (Eq. 2.2

wheret is the time stepw the target signal) represents the maximum Nyquist defined

scale¢ the length of the target signalthe conjugate, an@d i the scale of the wavelet.

The describedechniques are used to probe the periodic characteristics of a single dataset
only. Often, when investigating links in datasets, particularly in the climatic sciences (e.g.
Philander, 1990; Hurrell, 1995; Hurrell et al. 2003; Lockwood, 2012) where atimati
oscillations such as the North Atlantic Oscillation and El Nifio are frequently cited as
influenceson local and regional climates, it is necessary to probe links between two datasets.
Traditional techniques such as cdaBon, regression, andteésts are less successful at
extracting informatioron correlation between inherently noisy natural signials for this
reason that wavelet coherence, which takes advantage of the smoothing associated with the
wavelet process (i.&ia convolution) is often $sed (e.g. Grinstead et al. 2004; Cannata et al.
2013; 2013h. However, the outputs associated with wavelet coherence are unintuitive and
hard to interpret as a result. In the followsegrtiona new and easy to use technique, based in
Matlab® is outlined to enable the easy comparison of two noisy datasgtsficantly
expeditng the comparison of volcanic datasets. The technique is described in detail in section
2.22 and implementedn collected volcanic datasets from Mt. Etna in sec2d®
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2.2.2. A new technique for comparing trends in geopysical datasets

By correlating the output of the CWT at each séatéwo different signalgnormalised prior
to processing)f equal length and sampling ratei t h t he Spear manés r .
coefficient { ; Spearman, 1904; Zar, 1972)visual representation of correlation in a single

plot can be produced:

[ p — (Eq. 2.3

whereQ is the value associated with the ranked output at each specific CWT auddeis
the length of the datased codefi C o r r lfas bedndeveloped in Matlab® (Pering et al.
2014b, and is available iMAppendix A An example application of this technique using

associated Matlab® code on
200

synthetic signals is demonstrate

180} 0.8 -
in Fig. 2.4 and 2.5 which shows 3
g 2 160} 06
that on artificially generatec 49! 04%
- - - —_— | ' U
sinusoi dal 5|g:1zo- 025
with added random noise, th 'y 100} o &
= ] s)

developed tehnique clearly & 30 65
{028

highlights the shared period ¢ &0 -04%
- 40} T E
within the range of 75 150 s 050

Reassuringly, no further

-0.8

. . 0 20 40 60 80 100 120 140 160 180 200
correlations over longer period Scales X’ [s]

rEi 26 h nFig. 2.6: Perfect oscillatory correlation between two iden
appear. Fg. 0. Shows a signals. The white line shows the location of the 1:1

example of perfectoscillatory Reprinted with permission from Elsevier.

correlation (i.e. essentially identical signalBhe code o extracts data along the white 1:1
line, for examplein Fig. 24b. It is along this line thabne would expect that mutual
oscillations would best match (i.e. a period of 300 s is unlikely to be related to a period of ~
10 9. This is illustratedn Fig. 25. To aid with oscillatory identification the CWT scales at
the points of maximum and minimum correlation als generatedSimilarly, these outputs

can be used to aid in identification of any potential lags present in the dataketber part

of the tooluses crossorrelation over the range of scales to quantify and identify the power
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and stability of lags with timeWe demonstrate this on two septe artificially generated

signals of period 90 s, one a cosinusoid and the other a sinusoidanépimase (Fig. Z).

To demonstrate the ease of identifying oscillatory links between two datasets, we applied the
code on temperature and relattvemidity data from the University of Sheffield, Department

of Geography weather station (data courtesy of Edward Hanna, University of Sheffield), the
results are illustrated in Fig.&.Here, we also produced plots of wavelet coherence (Fig.
2.8e) andthe cross wavelet spectrufig. 28f). In Fig. 28b it is clearly apparent that there
are strong | i nkisB006 mourp(eer 838 dags)andht 8 42@@ hour s
strong anticorrelation at R = -0.94 (associated with thdiurnal cycle) On interrogation of

the results of wavelet coherence these links are much more difficult to idemtifyntrast to

the ready visualisation provided by the corrplot code

The final demonstration of the developed code is on M&#E data, for CO and 43, whilst

the Mult-GAS analyser was placed inside the plume of the No&s$t CraterHere, we
demonstrate | inks between the two dadab@set s
s, although the level of correlation is < 0.4, Ruggesting somenks between the datasets

(Fig. 29). The benefit of using this technique on MWBAS data is that links can still be
identified, regardless of theemporalresponse characteristics of the sensor. Figh also
illustrates the results of the corrplot eoth 3D, which can give even greater clarity to the

relative strength between a range of potentially present oscillatory features.
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2.3.Resultsand Analysis

Fig. 2.00a-d show data from the MuBAS analyser during the period of acquisition and
overlap with collected UV camera data. The background subtractee 6O, scatter plot in
Fig. 2.10a demonstrates a goatkgree of matcghwhile in Fig. 2.0c CO, and SQ show a
visual degree of matchbetween thegas time series The exception here is a period
highlighted by a grey oval in Fig. 2.11a and a grey bar across Fg-£.ivhere two large
spikes in CQ show a brelain the trend Thislink between datasets Bghlighted further in
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Fig. 2.1Q a) scatter plot showing GOagainst S@ (background correcte
collected using the MUulGAS analyser, the grey oval shows a break in the
caused by spikes in GOb) a cropped 3 minute period demonstrating
correlation and links between MUBAS derived C@ and SQ, with UV camer.
SO, flux, ¢) Multi-GAS CQ and SQ during the period of acquisition, similarly
d), e) and f), plotted are temporally coincident 30, molar ratio, calculated C4
flux (through multiplication of S@flux with CO,/SO, mass ratios) and SAlux
respectively Reprinted with permission from Elsevier.
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Fig. 2.10b, overa cropped 3 minute period, showing a strong match between peaks and
troughs with UV cameradafas hi ft ed wusi ng de Gieenthécomendn | ag o
time-stamp between MutiGAS derived CQ@ SQ, and the UV camera SQlatg it is
possible to create an equivalently high temporal resolution and empirigall&Qlataset.

This is achievedby converting the C&SO, molar ratio to a mass ratio (converted using the
molar masses of COof 44.01 gmol* and SQ of 64.066 gmol®) and then directly
multiplying the new C@SQO, mass ratio (Fig. 2ad) by the temporally aligned UV camera
SO, data (Fig. 2.0f), to produce C@flux in kg s*. This shows that COflux experience

order of magnitude variatiorzetweerd QO 12kg s* over very short timescales, a similar
range tothe variationobserved S©f | u x (18 kg@"). As discussedve can assign an
approximate error of + 15 % to the calculated,@ldx, based on error in MUHGAS sensor

response times.
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Fig. 2.11:Continuous wavelet transforms using a Morlet vietvésee Fig. 2.3) for: a) G50, molar ratio, b
CO, flux, ¢) SQ flux, d) seismicity from the EBCN station, and e) infrasound from the EBCN s
Al onaside each wavelet pblot are the PSDs wusin
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To the authds knowledge, this

. ) o : 3007) !
is the first quantitative estimat: . .

. . — 0.5
of high temporal resolution GO =

300

flux for a wvolcano to date. st

SO, Perioc

Previously, high time resolution

100
trends in SQ@ degassing have / i
0fgy Q)

o
N o
Correlation Coefficient
Colouration

been identified at a number c
volcanoes globally: .g. Erebus .
(Boichu et al. 2010; llanko et al
201%), Kilauea (Poland et al.
2012),and Fuego(Nadeau et al.

500 et
2011), amongst otherdndeed, () (e)

300 e

200

Seismic Period [s]

100

Tamburello et al. (2013have éwo
also identified periodic feature:% S
in SO, degassing, in particulaé 200
over periods'l'kgloo
1200 s. The capture of GSO; %0 100 200 300 400 500 100 200 300 400 500

CO, Period [s] SO, Period [s]
ratios, CQ flux, and SQ flux Fig. 2.12: Presented are a series of corrplot images ésetion

. . .. 2.3.2)) to investigate oscillatory links between £80,, seismicit;
provides the unique Opportunlt-and infrasound. Reprinted with permission from Elsevier.

to probe for potential peratic

links betweerthese series and wittontemporaneous geophysical datasejgsseismicity and
infrasound.Geophysical instrumentatiomere located at the EBCBbtation(see Fig. 2.1 of

the Istituto Naziorale de Geofigia e Vulcanologia(INGV) network (data provided by

Andrea Cannata, INGVY Osservatorio Etneayhich was selected as the infrasonic sensor

that was the leasiaffected by wind noise of the instrumental network on the volcano
(although the signéb-noise ratio was still relatively high). Weerformed CWTs on all
collected gas based and geophysical datgseesFig. 2L1), in addition, we performed PSD

anal ysis wusing Wel c todadentifyrtieetdbnondnt fedde dachtseriesl 9 6 7 )
The results show that all gaseous datasetsifes non-stationary degassing, a feature shared

by the geophysical datasets over periibtRssPeromda 406 a 89 s
between C@and SQ, while a similar peri ody)/SOG,mol&c 85 s

ratio. At & 340 s there is a matching period bet\
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Usi ng t h etechin@eer(segqion@2.pwe investigate whether these periogere

shared between the variodatasets (see Fig. 22)1 Firstly, there are strong linkgdrrelation

coefficeints> 0.5 on average) between €énd SQf | u x , parti clul280rsl ' y bet
and 4 508 S5, With a brief breakdown between thesertavmges i . ei.3508(Fig.5 0

2.12a). Fig. 2.2d confirms the correlation between seismicity anb$0 ux atanda 340
also hints at the possibility of I|Iinks at | o
less prominent with low correlatiocoefficient valuesof < 0.5. There are suggestions that

there may be links between infrasonic amdgla s si n g, over pied00sods be
Fig. 2.13b shows some intriguing trends between @@x and seismicity, primarilythat

there are T30@&ss at Hawew4o s thisalink bdaks3dovin and is

replaced by negative correlatien-0.5. Intriguingly this is also theeriod range at which

correlation breaks down betweg¢he CO, and SQ fluxes To investigate this link we
extracted the wavel ef 400 oferfCQ iCEISE,nahdsseidmieitywe e n ¢
and integratedver this period rangewith the aim of capturing the characteristics of the
oscillation.Fig. 2.13 shows that the negative correlation is driven by a lag between the CO

and seismic dialsas(eith €0, mitasedpreceding the seismicityyith
ozillationsmost pronounced n t he first & 20 minutes of th
where coincident peaks are also present in thgS& and CQ flux records (grey shaded

areas (Fig. 21), and where wavelet coefficients also show strongetlasons (Fig. 2.1).

By shiftingtheCO,f | ux dat aset f o’ofwd@®didachieedd 125 s an F
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s

Fig. 2.13:a) seismic RMS during the period of acquisition from the EBCN station of the INGV neth)
wavelet coefficients extracted between 30@00 s and integrated for GOCO,/SO,, and seismicity. Th
suggests thatthe negatibeo r r el at i on observed i n Filp0s, wth sei@nticit
leading CQ. The link is strongest in the grey shaded area, which also happens to coincide wilix@®ak:
obsrved in Fig. 2.10eReprinted with permission from Elsevier.
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2.4.Discussion

The presence of matching periods betw€&n/SO,, CO, and SQ( i . e i 89 &) sidests

that the oscillations present at this level and above are volcanogenic in nature as atmospheric
processes (e.g. diffusion, entrainmeanhd eddy based turbulence or convegtionc a n 0t
modulate oscillations in gas ratidAle ruleout possible species and aerosol interacteng.

the possibility of chemical modification of the plume in trangdiig to the extreme proximity

to the vent (i.e. < 200 ngs a cause for this observatiorHowever, atmospheric processes
could modulate @riods of all gas species simultaneously. For example turbulent diffusion
(i.e. a high concentration of gas moving into an area with lower concentration) could smooth
observed flux signals. We can calculate the upgaiod limit of turbulent diffusion ¢ )

using Tiesi et al. (2006):

8

(Eq. 2.4)

whereo is the time taken for the gas, on emission from the magma, to travel to the point of
measuremeny is the plume speed, afithe atmospheric dispersion coefficieat ( “nf s

1. Instead of taking values of plume speed from this measurement campaign we take a range,
typical for the siulmmist In adbitioM assumiBg theamaxdmund
possible travel distance to the point of gas measurefrentthe magma surface, femtially

a 200 m ( per s o i dléessaodoomiuppa, Univarsity af Ralermo), this gives

0 val ue si 2bsf clearly Below observed values.

Crater geometry can also play a strong role in modulating plume abapell ageriodic gas

release The key process related toater geometry is the turbulent generation of eddias (

Woods, 2005 which will be related to the diameter of the NEIGe. the constraining
parameter on where the gas can flow (Pope, 2008ta et al. 2005 wh i €00 m.iTle a

largest eddies will therefore be generated as the plume leaves theandhteill be equal to
approximately half the crater and plume wi dt
the same plume speeds, we can estimate the time takenfan eddy of di amet
rotate around one circumference as a proxy for the maximum period gendtagedives

esti mat & 81s,adain,ahis is ®elow observed values. This demonstrates that caution

needs to be applied when consideringquidcilinks of < 40 s.

This leaves a number of othgotentialdrivers for periodicityincluding
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1 Magma convection in conduits, magma chambers or storage systeyeg(chi et
al. 1993;Kazahaya et al. 1994; Boichu et al. 2010; Cassidy et al. 28d%)ng rates
of convectionor even steadgtate convection could help drive periodicity.

1 Pulsing of magmas into conduits, chambers or storage systems, for example this has
been invoked at Erebus as a cause foaa 10 mi nut e peri od
(Oppenheirer et al. 2009; Peters et al. 2612014b.

1 Natural arrangement of rising gas into bubble layers associated with bubble
coalescence and velocity fieldhis has been observed and characterised in basaltic
lavas(e.g. Manga, 1996; Herd and Pinkerton, 1997

1 Real changes in gas flux associated with a change in gas supply from depth
(Kazahaya et al. 2002).

1 Changes in the rheology of a magma (e.g. density and viscosity). In some systems this
is proven to be a pivotal component of magma flow within conduitste to
convection (i.e. Kazahaya et al. 1994; Boichu et al. 2010). However, changes could be
much more local (e.g. associated with crystal growth) and associated with changes in
heat flux through the magma. Of course these changes can be short omong te

1 Heterogeneities in plumbing systems, such as conduit wall roughlsegsa(t, 1998
discontinuities which could allow the collection of gas (e.g. James et al. 2006; Palma
et al. 2011) or more specificalljed to thecollapse of foams which has alseemn
associated with strombolian and Hawaiian type activity (e.g. Jaupart and Vergniolle,
1988; Vergniolle and Brandeis, 1994; Allard et al. 2005).

It is likely thatsome or all of the abovemay apply to single volcanic systems, particularly
where lowerviscosity m@mas are involved which allow much more dynamic behaviour
particularly where bubbles are concernétiese are illustrated in Fig. 2.1Eachof the

above described potential drivers of periodic degassing would likely instigate differing
timescales of fluctuations, however, an expanded dataset would be needed to characterise and

develop these idedsrther.

A number of periods within both GGnd SQ have been observed from the NEC of Mt.
Etna, which are above the minimum limits for volcanically generated phenomena. Given the
greater exsolution depth of Gthan SQ (Giggenbach, 1996), the ability to create datasets of
CO, flux at high resolutia could open up a new avenue for understanding degassing

associated at open vent volcanoes globally. Indeed, this also enables the possibility of

35



Fig. 2.14: Graphic depicting some of the potential causes for periodicity in volcanic degassing. Irpajidli
structure as a result of the natural arrangement of gas into layers (e.g. Manga, 1996), b) the pulsing of
batches (e.g. Oppenheimer et al. 2009; Peters et al. 2014a; 2014b), ¢) convection in the conduit
stratification or varition in magma density (e.g. Kazahaya et al. 1994), and d) the collection of gas at
discontinuities which allows the periodic release of bubbles, akin t the foam collapse mechanism (e.g. Ji
Vergniolle, 1988).
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comparison to contemporary geophysical datasets. We observe strong links betwaad SO
seismicity oV e (lsomeservedaver sinilér tinkescales @y Tamburello et al.
(2013)andthe negtive correlation present withO, and seismicibat a8 340 s, caus
observed lag between datasets (Fig3R.This suggests that the release of,@Om the vent

is followed by a consequé h80 s giter eeleas(accourdiregi s mi c i
for gas travel time to point of measurement). This process seems to be strongest in the earlier
portions of our dataset (between 08:50 and 09:00 GNEIYyen the coincident peaks in

CO,/SO;, ratios at the beginning of the dataset, this is suggestive that gas driving these peaks
was sourced from greater depths (i.e. a pulse of magma or gas formed at adgpaateue

to a change in heat or pressure allowing the exsolution gfaC& greatedepth).This would

result inthe magmawhich contains the newly exsolved @ reduce in density causing it

to rise.During the rise of this pulse local pressure fields following the magma could allow for

the exsolution of SPover a similar period, woh as SQe x s ol ves at a3/dshall o
km at Etna:Carroll andHolloway, 1994; Métrich et al., 2004; Métrich and Mandeville,

2010, may be able to generate a stronger seismic signal than the deeper degassEadeCO

fact that there is a correlatidnetween S@ and seismicity but not directly with CQ

suggests that the release of £C&hd SQ could become decoupled analigrate largely
independent of one anotherhich would back up this hypothesig\lthough, it is also
plausiblethat the seismicityould precede the gas reledab¢his is related to a convection

based procesdt is possible therefore, that the release of gas from the magma causes a

readjustment of the magma level, which then generates seismicity.

During the measum&0e a5 GHE a NV displacentent i trednor
locati on, at a 1a0@ m,t decured (i.eat the QoBationassociated with
degassing under the NECoften the main source of seismicity under Mt. Einpersonal
communication, Giuseppe Di GrazilGV). This is followed by several large peaks in
COJ/SO, and CQf | ux ( a fi t9@s) which iS @ithin a reasonable travel time for
bubbles from such depths (e.g. Manga, 199®js is more consistent with a process based

on convection or the exsolah of gasesnd suggests that movement of magma and gas at
depth is more likely to affect gas release and seismicity than magma level realignment, unless
the latter is rather dramatic in naturkgain, however, much longer datasets are needed to
investigde these processes and links in more detail. in particular, to look for changes during

periods leading up to eruptive episodes.
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This work also has implications for global volcanic estimates of e{@ase, of particularly
importance for estimating and coarng to anthropogenic emissiorBufton et al.2013.
Given the two order of magnitude variations in COl u x { 42 k@ $")lon rapid
timescale of seconds it is conceivable thidierestimates at a range of volcanoes could also

be subject to similar rapid variations.

2.5.Concluding Remarks

Here, we have demonstrated the combined use of a UV camera andzM8ltanalyser to
produce ahigh time resolutionCO, flux dataset. This has identified that rates of ,CO
degassing can fluctuate over two orders of magnitude within secadrus.high temporal
resolution has also enabled, for the first time, comparison and analysis with
contemporaneously acquired $@nd gophysical datasetscluding the use of our newly
designed techniquéndeed, the intriguing links, including temporal lag, between seismic and
CO, periods suggest that future campaigns on Mt. Etna using longer dataséts be

valuable in improving ouanderstanding of links between degassing and seismicity
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3. Measuring and modelling explosive
degassing at Stromboli

Chapter3 presents the results of a combingd camerameasurement andomputational
modelling study focussed on degassing at Stromboli volcano. It demonstrates the value of
analysing not just the explosive gas mass but that contained within the coda and the
relationshipsbetween these two degassing modesughter bubble production ssiggested

to be responsible fahe production of the gas flux coda at Stromboli for the firsg, with
evidencepresent within the measurements and computational models. This chapter is based
on the followingpresentationPering, T.D., McGonigle, A.J.Slames, M.R., Tamburello, G.,
Aiuppa, A., 2015a. Comparing computational models of slug rise at Stromboli with UV

camera measurements of Sx. In: EGU General Assembly 2015, Vienna

3.1. Stromboli Background

Stromboli, often referred to as the liglduse of the Mediterraneamas been dominated for
centuriesby persistent activity associated witlequent explosionéFig. 3.1)which occur on

aver age ieiDenmnytes Ghoust et
al. 1974, GVP, 2015) These explosions
after the name of the island itself, are term

as strombolian. Given the explosi
frequency and ease of access to the su
areg Stromboli is one of the most widel
studied basaltic volcanoeshese studies
include petrological (e.g. Metrich et al.
200]), seismic (e.g. Chouet et al. 199¢

Fig. 3.1 A strombolian explosion occurring from th
2003), infrasonic (e.g. Ripepe et &002), summit crater at the summit of Strombgihoto take

by the author.
thermal (e.g. Patrick et a2007), explosion
dynamicsfocused(e.g. Taddeucci et a012, the dynamics of slug generation (e.g. Jaupart
and Vergniolle, 198; Wilson, 198Q Parfitt and Wilson 1995, modelling (e.g. James et al.
2004;2006; 2008; Suckale et al. 20t @el Bello et al. P12; 2015)and degassing orientated
(e.g. McGonigle et aR007; 2009 Mori and Burton, 2007 Burton et al2007 Tamburello et

al. 2012. This is by no means an exhaustive list but gives an overview of the importance of
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Stromboli as a volcanic target oftugly. Within this chapter the focus tsvo-fold, on
measurements of degassing events using UV cameras and modelling slug flow using
computational fluid dynamics, all in a bid to understand the dynamics of slug flow and the
generation of slugs at Stromboli.

The introduction to this thesis has already provided an overview of the development of the
UV camera technique; the reader is therefore referred tbat chapter for further
methodolgicalinformation. Previous studies on gas emissions at Stromboli mawstly
focussed on the explosive aspects (&gri and Burton, 206; McGonigle et al.2009
Tamburello et al. 2002 Burton et al. (2007) specifically looked at gas ratios for a range of
degassing types, while Tamburello et al. (2012) as a result of veipents in UV camera
technology began to be able to identify gas mafses puffing in addition tocharacterising
explosivegas releaselamburello et al. (2012)ere also the first to note the presence of an
extended gas coda following on from strombwoliexplosions. This is an aspect which is

investigated further ithis chapter.

Strombolian events are generally accepted to be caused by the ascent and bursting of a gas
slug Chouet et al. 1978lackburn et al. 1976 also referred to in the nerolcanicliterature

as Taylor bubbleg.g. Taha and Cu2006. Hence, understanding how thdaéblesbehave

within the conduit and how they emit gas when they reach the surface isStitahbolian

events occur from the summit craters at Stromboli, whilallemhornito degassing events
sometimes referred to as puffihg.g, Tamburelloet al. 2012) occur fromsmaller hornito

features on the sides of the main crateirs important to note here that there are differences

in the wuse of t IBeombwelio aaddevef glabally. iSange cauthars.d.
TaddeuccietakO01l)2 refer to puffing as the constant
clouds of gas released from smaller vent openings (e.g. hornitos). Here, however, we refer to
puffing as eventsvhich occur without the ejection of explosive material (e.g. Tamburello et

al. 2012), which can be accompanied by an infrasonic signal (alttawagiot always 9and

occur over longer repose period$iese puffing events are also associated with thstibgr

of larger gas bubbles.
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3.2UV Camera Measurements

Data was collectedising the UV camera network operated by Baermoand Firenze
Universities The UV camera network allows the calculation of entire crater terrage SO
fluxes which, in turn also allows the calculatiohexplosive S@mass for events occurring
from individual craters and from a horni(eee Fig.3.2a for exampé images of a hornito
event) For further details on the UV camera procedure and data calledhe reader is
referred tosections 1.3.1, 2.2, and 4Rach event is typified by an initial rapid increase in

SO, flux, followed by a coda of varying length before returning to background flux levels.
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Fig. 3.2: Here, an example sequence of UV camera &i3orption images during a hornito degas
event is presented (a) along with associated parameters used for the calculation of flux (b); incly
ICA (c), plume speed determined using optical flow algorithms, the resultanfi8O(b), and VLF
displacement (d). Data and graph provided by Giancarlo Tamburello (Palermo University).
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Fig. 3.2 illustrates this process for a single mty event including example SACA, plume
speed (calculated using optical flow algorithine.g. Horn and Schunk, 198Beters et al.
2015), and VLP (verylong-period) displacement which is often associated with strombolian
events (Chouet et al. 200B)it only sporadically for hornito events (data and figure courtesy

of Giancarlo Tamburello Palermo University This process was repeated for 120

strombolian events and 80 hornito events.
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Fig. 3.3 Here, every single measured strombolian and homitnt is displayed within our dataset, ¢
subtraction of the minimum value and dividing by the maximum. From (a) through to (e) the typically de
regimes observed have been split and categorised together. In each subplot the event in bold tygicd
event style, although this is by no means a hard and fast rule, while the black bar at the top of ea
represents the maximum observed event time during the observation period, where an event is deem
on return of flux to backgund levels.For a full description of how the events have been characterise
Table 3.1 and the text.

Fig. 33 shows all of these analysed events. To enable comparison of strombolian and hornito
events, which are of varying magnitude both intra and iex@tosion the minimum value

was subtracted (i.e. approximately the background flux level) thehestivents 6me series

were divided by their respective maximum value (usually the initial flux peak). Thisggoc
highlighted a certain array of events whigppeared tshare similar patterns following the
initial flux peak associated with the initial bursting tbe slug (e.g. see Tamburello et al.
2012). These have been splft and are illustrated in Fig.3 The dominant stykeof post
explosive degassing are associated with thodeid. 3.3a and Fig. 3.3d. In Fig.3& events

are associated with an initiduk peakin magnitudefollowed by a small secondary peak, not

ng the fi

maximum event time (calculated as the point that flux returns to levels seen prior to the

exceedi rst f | ux30p efdhk initiauexplosiodTbeu r r i n g

explosion)i s a

Th2 8venss .irFig. 33b have an initial flux peak and then a smooth
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codanot exceedi ngThéaeveh irFig. 3Bcare significgntlymore prominant

with initial peaks followed by multiple sub:
initial event. The subsequent peaks are occasionally observed (as in the black characteristic
event of Fig. 3c) to be of a larger magnitude (but notessarily darger mass). Fig..3d

events, the second most commolass of evens, are associated with multiple peaks
following the initial burst; however, each peak is lower in magnitude than the previous peak
(i.e. decaying peaks) untiheyreturn b background fix levels. Fig. 3eeventsexperience

two peaks following from the initial flux peaRhese are of varying magnitude with second
peaks occur r i nigp0sd andhethiel pebks pcsurringie t2we e in80& 50
Finally, events in Fig. 3f havemultiple peaks, up to a total of 4, withe second peaks
occurring in the first & 30 s anidl4ashThesel and
events are also the | ongest Table 31 suthmasises the ma X i
selection andcharacterisation of these degassing patterns following from evaiits.
descriptions and duration estimates are relevant to the collected data only. Stromboli is a
highly dynamic degassing system (Taddeucchi @12 Tamburello et al2012 Burton et

al. 2007, as such, significant variability in patterns, timescales and magnitude is expected.

Table 31: A summary of the degassing regimes identified following on from strombolian explosions. The raw
data ispresented in Fig..3.

Event Type Description Event Time (s)

Type a An initial flux peak wi 80h 307 120 s
s of the initial peak. Coda can experience smaller rapid
fluctuations.

Typeb A smoothflux decay over 30 90 s 307 90's

Type c 3 or more peaks of a similar size within 60 $ofst, 507 120 s
superimposedver a coda with length 50120 s

Typed An initial burst followed by decaying peaks, superimpbse 307 60 s
over a coda with length 3090 s

Type e An initial burst with a small coda < 30 s, followed by a 607 100 s

secondary fluwpeak of varying magnitude after 260 s, a
similar small coda and/or a tertiary peak may also be
present
Type f An initial burst, followed rapidly by a secondary flux peak 1207 180 s
within 40 s of a similar or greater magnitude, these can t
followed by tertiary and quaternary peaks betweeii 640
s, a small coda < 30 s is present following each peak

From this data it is then possible to calculate explosion mass and coda mass for each
strombolian and hornito evenExplosion mass is calculated as per the procedure of
Tamburello et al2012and Pering et al.2015h, by integrating underneath the inititux

peak. Here, we reasonably assume that the initial flux peak is associatadeniitipulsive
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burst event when a gas slug arrives at the surface and vigorously bursts, releasing gas rapidly
towards the point of integration (i.e. the ICA). An eventdeemed to have ceased on
returning to background flux levels, calculated as the flux prior to the initiation of an
individual event. The coda mass can then be calculated as the explosion mass subtracted from

the event mass. This process is illustratedtae strombolian events in Fig43
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Fig. 3.4 Three examples (a, b, and c) of determined explosion an
mass by integrating underneath the initial flux peak to determir
explosion mass and integrating beneath the rest of the flux pealux
has returned to background levels seen prior to the explosion (blacl

Strombolian explosion SOma s s es r an gie8d kgfwithotatal évent8S@® mass

bet we ein225%g. Hd@nito explosion SOnasses rangedl 0 5.2 kg, with total event

SO mass betiwl6.eky. Bi colbining these values with gas ratios {860 and

44



H,O/SQ) determined by Burton et al. (2008) it is possible to approximate the total gas mass
released from strombolian and hornito events. The results ofribéegs B2 summarised in
Table 32. This demonstrates thmagnitude difference between strombolian and hornito

events.

Table 32: A summary of determined explosive and even} B@sses, with equivalent total gas masses
calculated usinghe Burton et al. (2007) gas ratios.

Minimum  Mean Maximum
Strombolian Explosion [kg SGQJ] 8 30 82
Strombolian Event [kg SO, 18 87 225
Strombolian Explosion Total Gas Mass [kg] 181 708 1,949
Strombolian Event Total Gas Mass [kg] 428 2,072 5,360
Hornito Explosion [kg SO} 0.2 1.9 5.3
Hornito Event [kg SO,] 2 7.5 19.6
Hornito Explosion Total Gas Mass [kg] 5 46 125
Hornito Event Total Gas Mass [kg] 47 179 467

Prior to this work the amount of gas releas~~

passively after an explosion has receiv  Hornito (").12
relatively little focus. Tamburello et al. (201Z -
briefly remark on thdength and pesence of a 1(2) “L?'S
gas coda. In Fig. .8 the range of determine: 8 g
coda masses is illustrated, highlighting the rar i §
of coda for both hornito Fig. 358 and 2

50 100 150 200 250 300 350 400

strombolian events (Fig. .Bb). Again, the
(Fig } Ag Total Coda Mass [kg]

magnitude difference betweestyle is evident; ' = St'ronibol'ian'(b)30

however, some overlap in the upper ranges 2 .
hornito coda and lower ranges of strombolia 120 E’
coda is present. The majority ofttoda (i.e. 115 ’*é
between the Stand 3" quartiles) for hornitacoda 110 —qé
are | ocat ed 148 kgt(medianF 12% s 2

kg), and for stromboliagodad 81615750 kg TR TR TR TR
Total Coda Mass [kg]

Fig. 35: The distribution of total gas mas
contained in hornito (a) and stromboliaments (b’
The black lines show the minimum, median
maximum coda masses respectively.

majority of gas is contained within the coda f..
hornito e\ 844 while, farstrodd|170an evenit7i%t his is a 5.

(median = 1,120 kg)A much smaller range ol
coda masses is apparent for hornitos than

strombolian events In percentage termsthe
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In Fig. 36 the potential relationship: (3 @
between explosive SO mass and

varying parameters is investigated. Fi E’J °’ .

3.6a shows a lack of correlatiol %102' 3 .' :d:
between explosive and coda mdes > 8 T *‘:.

all the measured event¥here is also %101_ N ‘A :.'0“”

no clear correlatiorof this nature for '§ 5 :f:“*&:? .o,

either of the event styles(both 42 -

producing R &  (Fig..36b shows a  10° " - (b)103

general relationship @R= 0.84)for the

strombolian and hornito events betwes
explosive mass and total event ma
(explosion plis coda), highlighting, that
as explosion mass increases so does

total event massFinally, in part (c) of

Fig. 36, explosive mass is compared

the coda:explosion mass ratio. Here t
hornito ratio shows a strong®R 0.79,

#= Strombolian

#®Fig. 3.3a Events
®Fig 3.3b Events
®FLig 3.3c Events

A = Hornito

#Fig. 3.3d Events
®Fig 3.3e Events
Fig. 3.3f Events

Explosion + Coda SO, Mass [kg]

(c)

demonstrating that as explosion ma
the ge
contained within the coda decrease

increases proportion  of
This is a tend which may also be

with

—
o)
o

present strombolian  ratios

Mass:Explosion Mass Ratio

however, therare a significant numbel "
o
o}

@

-1
10
107!

of events with low explosive mass an e 1ol
Explosion SO, Mass [kg]
Overall, he data here showhat there Fig. 3.6: The relationship between explosion mass and a)
mass, b) explosion plus coda mass (i.e. event mass),
ﬂcoda to explosion mass ratio. No clear relationship is ap|
masses of the explosive and COtin a), as explosion magscreases so does explosion plus
mass in b), while in ¢) hornito events demonstrate a decr
portions of strombolian and hornitiortion of gas within the coda as explosion mass incre
This relationship is clouded with strombolian events.
there

lower coda:explosion mass ratios <

are clear differences between

events. Within this analysis
appears to béttle evidence ofsignificant relationshipgssociated with the ddfent event
categorief Fig. 3.3 (described in Tablel3, i.e. events seem taehbnterspersed with each

otherwith little clustering
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3.3.Behaviour of bubbles atStromboli

To understand and begin to probe possyiiigsical causes of the observeada it is first
essential to understand how rising bubbles behave within the conduit at Strolaotie
number of studieshave demonstrated that gas slugs argénsimoniougxplanationfor the

cause of strombolian eruptiofs.g. Chouet et al. 197 Blackburn et al. 1976, Seyfried and
Freundt, 2000 and references thereidy such, the behaviour of gas slufgas received
considerable attentiofe.g.James et al2008; DelBello et al. 2012 2015; and references
thereir). Indeed, the behaviour of ga&lugs is predictable based the media in which they

flow, according tomagma density, conduit radius, and magma viscgsagduit inclination

also plays a partA gas slug rising in a vertical cylinder has a hemispherical anda gap
between thedges of a slug and the cylinder (or conduit) wall which is called the falling film.

A slug is considered to be a slug when it is at least as long as it can be wide, i.e. around the
conduit diameter (Wallis, 196€lift, et al. 1978). As the slug ascends the base of a slug rises

at a constant velocity (Viana et al. 2003), while the raseit approaches the surfaesll
accelerate, due to depressurisation increasing the volume of the slug prior to burst at the
surface of the liquidSeyfried and Freundt, 2000; James e2@08. During this process the
falling film is pulled down the sides of the slug. The falling film thickness can be estimated
based on the relation of Llewellin et £2012):

_ MnNTcoOApEppu I @ (Eq. 3.1)

where 0 is the dimensionless inverse viscosity term which is used to characterise the

system (Wallis, 1969)

6 — Qqa . (Eq. 3.2)

Here” is the magma density, is magma viscosityg is the acceleration due to gravity and

i is the conduit radiug) can also be used in predicting the rise speed of the base of a slug,

here thé=roude numberOj) is calculated (Viana et &2003 Llewellin et al. 2012):

g ° °
O Mtp — (Eqg. 3.3)

which then allows the calculation of the rise speed of the base of the s|uas follows:
0 Oi ¢ (Eq. 3.4)

47



Another important feature of a slug is the form of the slug base, termed the wake) Here,

has been used in a series of studies (e.g.pésm@mnd Guedes de Carvalho, 1988; Noguiera et

al. 2006) to categorise the form of the slug wake. A slug wake can be completely closed and
axisymmetric, with little or no interaction witthe surrounding mediupnor can be open and

actively turbulent. Noguiera et al. (2006) demonstrated that fer 500 the wake of a slug is

closed and interactionedreases a8 decreaseddowever, for an) of > 500 a wake can

open and become increasinglyldulent. Thisturbulence, if severe enough, can even involve

the shearing of small bubblesofn t he gas sl ug itself. These |
bubbl esd and can either be reincorporated i
1988) or ejected from the inknce of the slug and of the waterise as separate trains of
bubbles (Bouche et al. 2010).

By using parameters appropriate to Stromboli we can begin to probe how these slugs,
particularly from a turbulence perspective, may start to behave withirotigit. By using a
magma density of 2700 kg*rtMergniolle and Brandeis, 1996; Métrich et al. 2001), a magma
viscosity range of 200 500 Pa § (Vergniolle et al. 1996; James et al. 20a8)d values for
conduit radius of I 3 m (Harris and Stevenson, 98 Donne and Ripepe, 2012), the
relation gives a broad range of valuesiofvalues =477 621.This demonstrates that there
may well be some turbulence and daughter bubble production within the volcanic regime at
Stromboli. As such, its entirelyplausible thathe gas coda of sectioB2 are caused by the
production of daughter bubbles from the base mfagcending slug. The possibility of
daughter bubble productian a volcanic environmerttas been discussed previously (James

et al. 2006Bouche et b 2010; Llewellin et al. 2018 and in the next sectidhe importance

of slug mass loss duringubbleascentwill be assessedsing computational fluid dynamics

(CFD)in comparson tothe observation®f section 32.

3.4.CFD modelling of slug flov at Stromboli

Models of volcanic gas slugs were implemented in the commercially available CFD software
package Ansys Fluent®. Teimplify the model and reduce rdime a 2D axisymmetric
simulation was used, which effectively simulates a small wedge efteal cylinder (i.e. the
volcanic conduit)A small quadrilateral gridded ek (mapped face meshing) of Gnlby 0.1

m wasused (see Fig3.8). Here we use the ihuilt volumeof-fluid solver within Ansys

Fluent ® with the implicit body force option enabled which allows the sharper definition of
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boundaries between magma and slug gas. The model is prbaserk(as opposed to density
based) as this allows the full scaling of a model to a volcanic situation ingokiug
expansion and includes thermal effects (which effects the expansion of the slug). All
equations defining the models, which are based on thémolof the compressibiBlavier

Stokes equations are available from the software sugphebsiteat http://www.ansys.com/

wherethe readecan findfurther detailsThe timing scheme was explicite. thesolution of

the NavierStokes equations was performed for a defined futinme-step A fixed time-step

of 10% s was usedduring slug riseand 10° s when the slug is approaching burst, this is to
allow the maximum Courant number to remain below 0.25. Thingeodf the Courant
number allovs the correct solution of theartial differential equations and is basedtbe

velocity of every gridcell within the simulation (Courant et al. 196Data was outpted

from the model at a resolution of 10 HAe simulated conduit has a closed base (i.e. no free
flow of magma or gas) and an open top set at a constant atmiogpiessure of 101,325 Pa.

In contrast to previous models (e.g. James et al. 2008), three fluids are simulated, these
include: the magma, dry air for the atmosphere above the magma column, and water vapour
for the slug. Water vapour is chosen as Burtoal.ef2007 demonstrated that 83% of a slugs
molar mass at Stromboli is indeed water vapour (this is a common feature of most volcanic
gas slugs)The magma and dry air phases are simulated as incompressible fluids, with water
vapour the only compressible fluid (i.e. behaving as an ideal gas in accordance with the ideal
gas lawi 0 @ £ 'Y WhereP is pressureV is volume,n the number of molesR the

universal gas constant, amdemperaturg

Ansys Fluent® has been used by Taha and Cui (2006) and Araujo et al. (2012; 2013) to
simulate slug flow. However, in each instance this was for smaller conduits and markedly
different fluids. To investigatethe applicability of the Ansys Fluent® volureé-fluid

method to a volcanic situation a number of validation models were run. These were
i mpl emented with a conduit radius of 1m, al/|l
a magma density of 2700 kg?, but with varying magma viscosities (betweeni 52000 Pa

s1). This is to simulate a range 6f numbers( & i %#28) and hence a range of slugs with
differing wakesAll other model parameters are as described in the previous paragoaah.
summary of validation model runs (M1V27) seeTable3.3. | can then compare the results

of these validation simulations with theoretical values for film thickness (Llewellin et al.
2012 and slug base rise speed (Viana et al. 2003; Llewellin 20&R).Within the models

the film thickness was taken as the distance between the conduit wall and the point that the
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density of the material within a cell (on a horizontal transect through the conduit), on filled
density contour plotss < 2700 kg m, i.e. transitioning to water vapour and the slug gas. The
distance between pure maguahensityandthat of pure slug gas s + G813 m in each model
simulation;this is therefore taken as model error in film thicknd$se inmodel slug base

rise speed isaken at two different model simulation timgd s apartand as the distance
travelled by the base of the sHodq&, i®ihsh sl uc

<

is taken to be equal to the time step of the model simulation and the edbfsiz1 m).

Table 33: A summary of model validation runs, modelled, and theordiloalnd slug base speedtlicised
rows are those simulations which produced daughter bubbles.

Name Nf Viscosity(Pas) Th.Fiim(m) Th.Speedms’) M.Film(m) M. Speed(m s")

V1 478 50 0.16 1.49 0.1 1.19
V2 435 55 0.16 1.48 0.1 1.18
V3 399 60 0.16 1.48 0.1 1.16
V4 342 70 0.17 1.47 0.12 1.13
V5 299 80 0.18 1.47 0.15 1.15
V6 266 90 0.19 1.46 0.15 1.10
V7 240 100 0.19 1.45 0.18 1.07
v8 199 120 0.2 1.4 0.19 1.06
V9 120 200 0.24 1.37 0.19 1.05
Vi0 80 300 0.26 1.28 0.20 0.95
V1l 60 400 0.27 1.19 0.22 0.%4
V12 48 500 0.28 111 0.24 0.93
V13 40 600 0.29 1.03 0.26 0.90
Vi 34 700 0.29 0.97 0.26 0.89
V15 30 800 0.30 0.90 0.27 0.86
vVie 27 900 0.30 0.85 0.28 0.8
V17 24 1000 0.30 0.79 0.28 0.80
Vi 22 1100 0.30 0.75 0.28 0.75
V1o 20 1200 0.31 0.71 0.29 0.72
V20 18 1300 0.31 0.67 0.29 0.67
V21 17 1400 0.31 0.63 0.29 0.63
V22 16 1500 0.31 0.60 0.29 0.60
V23 15 1600 0.31 0.57 0.29 0.58
V24 14 1700 0.31 0.5 0.29 0.55
V25 13 1800 0.31 0.52 0.29 0.53
V26 13 1900 0.31 0.50 0.30 0.50
V27 12 2000 0.31 0.48 0.30 0.48
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Fig. 3.7 shows the results of these validation model runs, while3/@Bg. gives a snapshot of

slugs at the same tirstep but atdiffering viscosities. An excellent degree of match is
demonstrated for CFD modelled shmyjt vi scosi t T, eswiadfh @ramr sPa fs
0.01 m &. At values of < 900 Pa'snodelled slug speed is slower than the theoretimaies,

with errorso f  18259%2, o r i A.380n.80TRis error is nodinear, with a rapid increase

in modelled speeds at viscosities < 200 Pa/s large amount of this disparity is likely a

result of converging values of cell size, film thickness and simulationgtee Meanwhile,

a similar degree of match is seen for™filmt
The difference between modelled and theoretical film thickness values diverge slightly below

this. The average difference between modellatithaoretical filmt hi cknesses is &
& %.2n a similar manner modelled film thicknessiégedto rapidly change at < 200 Pa. s

To the authordés knowledge, this is the first

CFD for simulating wlcanic gas slugs in comparison to theoretical values.
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Fig. 3.7: Figure showing the performance of Ansys Fluent® against theoretical values. For details oarg
see section 3.3 and fdetails on calculation of theoretical film thicknesses asé speed see equations 3.
3.4 in section 3.3.

Overall, these results demonstrate the ability to model a volcanic system well at higher
viscosities with loweld values, with slightly more divergence at higliervalues. This is

potentially causedby the production of daughter bubbles from the base of slugs (which are
not considered in the theoretical estimat@jughter bubbles aiedeedseen as a common
featureal) val ues O Itk aldh imPartansto restate here that while the Kitians

are 2D and axisymmetric the underlying features and physics will be broadly the same as a
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full 3D simulation,although a certain amount of model error is likely. An important aspect in

all volumeof-fluid simulations is the conservation of volumearticularly of the
incompressible phase, in this case the magma (dry air can be released from the open top of
the conduit, and the slug gas is compressible). Results show that the volume of the magma is
conserved to a value of <1 %, this gives furth@rfidence in our models. Average mass loss

rate from each validation model run which produced daughter bubbles was also calculated

(see italicised model runs in Tal8e8), this was then plotted against (see Fig.3.9). This
shows a noilinear relatioship betwee® and mass loss rate worthy of further investigation

in a lab or CFD setting.
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Bl -2m Inverse Viscosity Number Ny -2

226

Fig. 3.8 In a) a snapshot of slugs from a series of validation model runs showing the produc
nonproduction of daughter bubbles. All models imagese captured at 12 s after model initiatior
b) an example slug from the Stromboli specific model runs with mesh density displayed.

This validation then allows us to have a degree of confidence in our Stromboli specific model
runs. In totalfour Stromtoli specific model runs (S S4) were chosen over a range of slug
masses and two initial slug depths. The first three model ruris $8)wereinitiated with an
initial slug depth of & 300 m, and a range

33M@ kg, S3 = 5096 kg. This initial depth was chosen as this corresponds to the source of
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VLP as determined by Chouet et al. (1999). The final run (S4) was initiated with a slug depth

of & 900 m and slug mass = 3515belhagouroveia h t he
longer ascent distance. This infeation is summarised in Table43

Table 34: A summary of Stromboli specific model runs fromiS$4, including final results for slug length,
final exploded mass, and percentage of mass lost into tlae cod

Name Mass (kg) Depth (m) Final Length (m) Final Mass (kg, % Mass Losi

S1 1537 300 28.3 477 69
S2 3303 300 72.8 1576 53
S3 5096 300 95.7 2932 43
S4 3515 900 5.0 26 >99

For these Stromboli specific models the following model parameters are usedjnaama
density of 2700 kg rh(Vergniolle and Brandeis, 1996; Métrich et al. 2001), a magma
viscosity of 300 Pa’s(Vergniolle et al. 1996), a magma surface tensiorai 0.4 N nf
(Seyfried and Freundt, 2000; James et al. 20@8)l a conduit radius of 2 niHérris and
Stevenson, 1997; Donne and Ripepe, 2012). The magma is set at a temperature of 1000°C,
with the dry air at 20°C. The slug water vapour is initialised at the same temperature as the
magma, with a thermal conductivity = 0.0261 W ™ (in-built Ansys Fluent® value) anal

ratio of specific heats of 1.4 (James et al. 2008). These values are summaredale 86T

40) e
¢ Validation Model Runs

35t . Stromboli Model Runs

+ Slug Length > 5r,

W
(o]
&

¥ Slug Length > 21, and < 57,

o
N

= Slug Length < 27,

v Cap Bubbles (> minimum film thickness)
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— N
(}/. o

A
A k-4
£y

—_—
=
L
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Dimensionless Inverse Viscosity - N,

Fig. 3.9: This plot shows the relationship betwedyand mass lost peecond for both validation and Stroml
specific model runs. The naircular coloured points refer to different gradients, which are illustrate
annotated in Fig. 3.10.
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The first observation from all Stromboli runs is that they all demonstrate the prodattion
daughter bubbles (see Fig.88 andAppendx B). The overwhelming majority of these
daughter bubbles, whichldadg&gi f maasns abet we
released from the influence tfe slugs, which leads to a subsequent large reduction in the

mass of each slug. From each rapdlug mass, magma surface level, and the position of the

slug nose and base as a function of time was ttegbuModel S4 shows bubble length

instead of slug base and nose position due to length of the bubble and total distance travelled.
Fig. 3.10 demonstrates mass loss rates (Kgand it quickly becomes clear that the mass loss

rate is not constant during each slugs ascent. In S1 the slug loses 69 % of its initial mass and
has three dominant mass loss rates: 13k& 9 kg sl and 0.6 kg5 At some points during
ascentthe slug dips below the minimum criteria for categorisation as a slug. In S2 the slug
loses 53 % of its initial mass, bstistains @onstant mass loss rate of 11.2 Kg $n S3, the

largest massed of the slugs injecte®@® m,int he i ni ti al a sly@ass of s
lost at 38.9 kg'$ before reverting to 15.4 kg'dor the renainder of the simulation prior to

burst, resulting in a loss of %3 of its mass. In these simulations (S1 to S3) more rapid
variability is seen with S1 and S2 than with S3. S4, initiated from a depth of 9Qises,

almost all of its mass (e.g, 99%). There are also two dominant mass loss rates 13.2 kg s

for the first & 200 s'foofr tthhee srienmdhisntrgeogn &a n2d
reduction reduces the bubfdemass to such an extent that it reverts to a more primitive cap
bubble morphology with very little daugt bubble production (see Fig..18d for

il lustrati on si)250 slhe dsinglihble gatns rnéafso@ Préviously emitted

daughter bubbles which have caught up with the rising bubble (seeswdessimulations

described in Appendix B

Table 3.5: A summary of parameters used in the Stromboli specific model runs, selected according to the

current understanding of the magmatic system at Stronibwlrgniolle and Brandeis (1996), Métrich et al.,

(2001);"Vergniolle et al. (1996):Harris and Steenson (2007)!Harriset al.(1997), Donne and Ripepe
(2012);®Chouet et al. (1999%James et al. (2008)

Parameter Value
Magma Density? 2700 kg m
Magma Viscosity’ 300 Pad
Magma Temperature® 1000 °C
Conduit Radius" 2m
Atmospheric Pressure 101325 Pa
Initial Slug Depth® 300 m

Ratio of Specific Heat§ 1.4
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Fig. 3.1Q These plots show the mass of a slug as a funcfidime for all Stromboli specific model runs. The trend |
with determined mass loss rates are also displayed. For riin§%1he change in magma surface height, and positit
the slug nose and slug base are also displayed. In S4 bubble ledigplaged alongside mass. Increased variabil
evident in S1 and S2 compared to S3, largely associated with the larger mass of the rising slug. In S4 image
which eventually transitions to a cap bubble are displayed along with their asddiias.
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Fig. 3.11:Example artificial geophysical signals generated during Stromboli specific model rur
a) a proxy seismic signal showing geal pressure increase and paakurst, with inset differentiat
pressure pulse. In b) a proxy infrasonic signal with inset differentiated pressure trace sho
characteristic Nvave of a volcanic infrasonic pulse.
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3.4.1.Proxy geophysical signals

The Ansys Fluent® software package also allows the extraction of geophysical signals
generated during the ascentof agassBilyg. i nt egrating prig8@mure at
abovethe magma (at point of burst) the conduit, at a time resolution equal to the model
time-step (well above geophysical data collection rates), the passage of an infrasonic pressure
wave can be detected. As a proxy for seismicity the pressure entihemagma column is

summed at edictimestep, this takes into account the changes in pressure associated with gas

flow andmovement of the magma. This fits with the general theory that seismicity is caused

by resonance of the magmaas mi xt ure as it moves aw t hi n
Bean,2008) By differentiatingeach signabne can extraa proxy ofhow this signal would

appeain theraw geophysical data.

Fig. 311 shows example geophysical sads for the S1 model. In Fig.13aa slow increase

in pressure within the magmsa observed, associated with the increasing length and passage
of the slug through the magma. This occurs over a similar time period to the VLP observed at
Stromboli. Afte the burst (indicated in Fig.Blg, a few oscillations appear which are likely
asseiated with the readjustment of the magma level and the ascent of trailing daughter
bubbles. Insein Fig. 311bis the characteristic Mave shape associated with a volcanic
infrasonic pulse (Ripepe et &002. Whilst nota focus ofthe study discussed hethis has
potential for the future applicatiasf models in combining gas flux measuremesith both
geophysichsignalsas well asmodels of gas flow with accompanying moeeligeophysical
signals

3.5.Discussion and Implications

A variety of degassing regimes are identified, as expected for such a dynamic degassing
environment. However, a degree of repeatability is demonstrated over the various event types
which leads toca number of possibleoot causes. There are four main patdndrivers of
variable degassing following a burst event: (1) atmospheric generation, (2) conduit geometry
heterogeneities, (3) magma rheology heterogeneities, and (4) physically varying flux from the

conduit (e.g. generated by the slug). Each of thebeow be discussed in turn.

Atmospherically generated flux variations can occur through the entrainment of ambient air

into the hot rising volcanic gas (Costa et al. 2005; Kaminski et al. 2005), additionally

56



diffusion, dispersion and turbulent eddy geatem can play a role, while crater geometry can
be keyto the latter (Woods, 2005; Tamburello et al. 2013). These will all act to smooth the

flux signal onexit from the conduit and will affect all the identified degassing regimes.

A volcanic conduit willrarely be perfectly cylindrical (e.g. Seyfried and Freundt, 2000),
indeed at Stromboli there is strong evidence for a kinked conduit (Chouet et al. 2008), while
observations at other volcanoes suggest that conduits can be tapered towards the surface
(Walker, 1993). Varying conduit wall roughness could also allow the collection and release
of gas intermittently (Jaupart and Vergniolle, 1988, 1999; Gilbert and Lane, 2008). For
example these could change the way that a slug behaves within the conduit arldeeven
stability of a slug. The opening of the conduit closer to the surface would increase the

turbulence of the slug wake (i.éncreasingthe 0 number) and could lead to increased

daughter bubble production.

Closer to the magma surface, felick of g¢ected pyroclasts and radiative cooling of the
upper portions of the magma could induce a viscosity contrast, which would have a resultant
effect on how a slug interacts with and eventually emits gas at the surface (e.g. Capponi et al.,
2014 Gaudin et al.2014n). One of these effects is the pinching of a gas slug, in effect
creatingtwo (or perhaps more) separate gas pockets which could emit as distinctly separate
entities(Del Bello et al. 2015)Indeed, within the flux measurements this is the case with the
most common events (Tyfe from Fig. 33) and events with large peaks in quick succession
following a burst (Types, d, e, and f from Fig..3). This also fits well with visual
observationsvhich demonstrate two distinct gas thrust phases (Tadduecci et al. 2012).

Evidently, a physically varying flux issuing from the magma can be generated via mechanism
(2) or (3), equally though it iplausible that gas directly generated by the rise addsasiug

(i.e. including daughter bubbles) could rise and burst to be observed in the flux records at the
surface. In particular, the most common event typesidb (from Fig. 33), which are also

the |l east peaky e v3dniGs, adsimilartin laigth toxhose epbded o f
in Tamburello et al. (2012yould be generated by the initial burst of a slug and bubble chain.

It is possible that pressure variations in the magma caused by the passage of the gas slug
could allow the exsolution addditional gas from the melt, which could also account for the
coda observed when the gas reaches the surface. Hypotheticayand f (from Fig. .3),

which have secondary, tertiary and even quaternary peaks bedwkxin 140 s after initial

burst caild be generated by the bursting of larger daughter bubbles created by coalescence
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and eventual expansion prior to bursting at the magmréace (seevideos described in

Appendix B and could even provide a causal mechanism for puffing activity.

Fig.36,whi ch col our codes the different categor
any clear separatioaf different styles of eventsThis suggests that the degassing patterns

could be a result of variability or a combination of a number of the discuakssexuts. For

example, hornito events regardless of degassing pattern all lie on the ssueline

(particularly in Fig. 36c).

Overall, measurements in the field show a relatively tight rémgmass loss from sluggith

a 5 3J5% and 70i 84% of thes | u g slést frgra strombolian and hornito events
respectivelyl n compari son, for moded sm,i ntihiisaitreadn e ¢
69%; whichis a particularly close match with the measured strombolian events. A degree of
caution with direct comparison is necessary however, due to the simplification of our models
and the complexity of the system at Strombslirthermore, s previously mentioree the
shallow portion of the conduit is likely inclined at 40° from the vertical. This will have
implications for the behaviour of the gas bubble both in rise speed and with the generation of
daughter bubblesC(ift et al. 198). A slug rising in aninclined conduit will rise with an
increased base veldgj with inclined conduits even promoting slug flodatmes et al. 2004

This will have an as yet unknown effect on the production of daughter bubbles, although
this behaviour remains, as is likely, lie# to the parameted then daughter bubble
production may remaisomewhat consistent. Althougis study has certainly demonstrated

the high variability of daughter bubble production rate even with constant magma and
conduit parameters. A further uncertainty in our modeis tee use of the 2D axisymmetric
environment, a necessity for allowingjaick model solution with manageable data amounts.
The calculation of mass released from daughter bubbles is therefore the sum of a series of tori
released from the base of the slug. Whilst, the variations seen between differing regimes will
be preservedthe estimates for mass loss rate will likely be esstimates and represent
upperlimits for potential mass lostFig. 3.9 and Fig. 3.10 demonstrate this further
complexity associated with differing conduit widths and bubble shapes. All this sugggsts th
further investigation using more sophisticated 3D models is necessary to enable the full
characterisation of both daughter bubble loss and the effect of inclined conduits.

Tot al gas masses of created daughi®Midkpubbl e
(mean a 2.7 kag) f 1 t measaredgas massek pf puffiag dventsvatt h t

58



Strombol i, e sit1D.m2«kgq (enelan a&f 6.67 &g), Bising Burton et al. (2007) gas
ratios and Tamburello et al. (2012) measurements ofr8&3s for ind/idual puffs (0.14i

0.45, mean 0.28 kg). The slight disparity between modelled and measured puffing event
averages could be a result of the inability of the UV camera to medmsmallest events
(Tamburello et al. 2012)Alternatively the physics andhodel mesh size could also be

contributing factors.

Based on our determined gas codaHornito andstrombolian events and our avesagas

mass loss rate from | u g s, & (this3scakulaked usimg the dominant mass loss rate

seen for mediuntengths of slgsi see red triangles of Fig.9. We can estimate the time

that it would take for a slug to rise to produce the observed coda. Using' tiued 13

interquartile valuegor total slugmass hi s gi ves ir2é0snumititasnedaaf oaf 133 0
190 m, andama xi mum of a 740 m (i.e. using the m
hornito events this is much shallema t & 23Im5for the T and & interquartile, and for

the maxi mum hor ni t Bhe larged mngemna sbserved stiofian rise

depths is certainly consistent with the variability observed in the coda:explosion mass ratio.

The clustering of depths at < 300 implies a possible change in conduit geometry in the
initiation of daughte bubble productionas this is also aund the depth of VLReneration

(Chouet et al. 1999) this ia reasonable possibility. Fig.68 shows a greater degree of

hornito trend strength and event repeatability. Given the obvious differences in gasewass (s

Fig. 36) between strombolian ankornito events, this suggests that there is a different
generation mechanism and/or a shallower source deptthe slugs. The largest coda and

maxi mum ascent depth of & 740 m suggests tha
throughout the condt, slug flow can only be sustained abaves level, i.e. during our
measurement period no larger coda were obseiveadddition smaller massed gas slugs

would destroy themselves, as in simulation 84.of the above datareillustrated in Fig.

3.12

Our models also have other implicatiopsrticularly associated with the modelling of gas

slugs In the case of the deepest modelled slug, daughter bubble production appears constant
for the initial & 450 m unt ichantettem(a | ® thgtt h o f
it is probably better teneda spherial cap bubble (e.g. Wallis, 196%t this stage, daughter

bubble production visuallglows (seevideos described in Appendix)BThis will inducea

disparity when using single slug models to predict slug length prior to and at burst. For

example the model of James et al. (2008) pre
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Average gas mass lost from daughter bubbles in CFD models = 13.2 kg s

1st Quartile - Hornito Event

Max - Hornito Event

——————— 130m
1st Quartile - Strombolian Event

250 3rd Quartile - Strombolian Event

—————— 260 m

VLP Source Depth

500

Sustained Slug Flow Possible

Approximate Depth [metres]

Max - Strombolian Event

750

1000

Fig. 3.12 A graphic summarising the hypothesis presented for stable slug flow based on the daught
model presented in this chapter. The ranges of distance needed to generate strombolian and horr
indicated along with approximate VLP source depth.

A4 2 m. These observations, associated with
same extent, with those of the shallower counterparts. This suggests that existing single slug
models (e.g. James et al. 2008; Del Bello et al. 2012) may ordgieable where: viscosity

and applicable magma parameters (e.g. magma density, conduit radius etc.) are above or
below certain critical values (i.e. below an appropriatenumber) where daughter bubble
production and full release of these bubbles from the influence of the slug wake does not

occur, and in the area dominated by the greatest decompressive expansion of the slug length.

This highlights the importance of considering tritume loss from a rising slug. Using the
ideal gas law, in combination with theverage gas mass loss rate,21Bg §', we can
approximate the depth at which volumetric expansion of the slug would begin to dominate

over daughter bubble loss. We estimiiis using three reasonable sized events, appropriate
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for our measurements: 500 kg, 2,000 kg, and 5,000 kg of gas. This subgéestsiumetric

Qo

expansion begins to dominate at & 350 m,
and large massed evenkdowever, over these ascent rangesconsideration is given the
time period of ascent and relea3he modelmerely demonstrasethe pointabovewhich
volumetric expansion would dominat e, 000mf a sl
it would lose more than the mass it originally contained, at around 13,200 (aglsulated

using ascent 3 Netethoen taf thisiis hgpothmetical and is not meant to
override the previousesults discovered by mass lpbsit doesserve toillustrate that large

enough slugs could flow at depth.

The possibility of daughter bubble production highlights the complexity of the magma system
at Stromboli and also presents questions about the slug formation mechanism at Stromboli
(i.e. foam collapse [Vergalle and Jaupart, 1986] or bubble coalesceaf[tt, 2009). It is

already clear that there are larger centimetre to metre sized bubbles (other than and including
slugs) contained within the conduit which cause hornito and puffing events. Any slug rising
in such a mixture will pick up and lose gas mass duriegras|f a rising slug is losing mass
through daughter bubble production during ascent, initial conduit injection mass will be
larger than measured at the surface. In short, given the dynamic regular nature of activity,
pinning sluggeneratiorat Strombolito arise froma single formation mechanism is likely a

significant oversimplification of the system.

3.6.Concluding Remarks

In this chapter, the value afombining measurements of degassing with computational
models is clearlylemonstrated. Further to thibe key need to investigate trends in passive
degassing (in this case associated with coda) after an explosivasidaritified Using this

it is hypothesied that daughter bubbles produced by the rising slugs themselves could be
implicated in the prduction of the gas flux coda. The models demonstrate that daughter
bubble production at Stromboli could be prolific, to the extent that if a slug was to rise from
depths of > 740 m, slug flow may not be able to sustain itself. Indeed, the attrition of mass
can even causeversionto more basic bubble fornssich as cap bubbleBhe complexity of
daughter bubble production in a volcanic environment is also demonstrated, where the

parametel is clearly not the only control on daughter bubble producfitis should lead
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to more indepth studies using 3D computational models to understand and characterise this

behaviour.

The dedailed characterisation of coda and their explosions is the first such study, building on
the original work of Tamburello et al. (2012). Significantly more information could be
gleaned from data such as this with combined geophysical analysis. In adddisleége of
changes in gas ratios for each individual event (through the use of an FTIR [Fourier
Transform InfraredSpectrometd) could unlock information about where the rising gas
completely decoupled from the melt (e.g. using the technique of Burt@h ¢2007]).

Equally this could demonstrate whether there are any changes in ratio between the initial
explosion and subsequent coda. Stable ratios during the explosion and coda could indicate

that the gas is sourced from the same locdtioe. the slugtself.

This work highlights the need for care when using existing slug models such as James et al.
(2008) and Del Bello et al. (2012) for predicting overpressures and final slug lengths,
particularly where the input parameters could be within the daugdhieble producing

regime. Further work will help to produce a universally applicable combined model.

62



4. Measuring and modelling rapid
strombolian activity

Chapter4 focuses on UV camera measurements during a rare period of Strombolian activity
at the Bocca Nuova crater on Mt. Etfidhe mass of strombolian everitem this targetis
estimated for the first timeBasic modelling is applied with a view to understanding more
aboutthe dynanics of the system and investigating the cause behind d@guing trend
observed whereby larger slugs ar®lfowed by longer repose timdsefore the following
explosion This chapteris based on the workPering, T.D. Tamburello, G., McGonigle,
A.J.S., Aiuppa, A., James, M.R., Lane, S.J., Sciotto, M., CannatRatane, D., 201b
Dynamics of mild strombolian activity on Mt. Etna. Journal of Volcanology and Geothermal
Researct800, 103111.

4.1.Introduction

The previous chapter discussed activity related to the bursting of single slugs at Stromboli
(Fig. 4.1) Here, the focus is on much more rapid strombolian activity occurring on timescales
of seconds instead of minute&n importantdistinction for this chapter is the difference
between the behaviour of slugs during strombolian activity in a single slugpement (e.g.
Davies and Taylor, 1950; Wallis; 1969, Cldt al. 198; James et al. 2008;2009; Llewellin et

al. 2012; Del Bello et al. 2012; 2018nd those in a muislug environment (Seyfried and
Freundt, 2000; James et al. 2004, Pioli et al. 2082)ug is considered to be operating in a
single slug environment when it iavelling at a sufficiendistance fronthe adjacent slugs

such that it is notimpeded or affected in any wayy the progress of neighbouring slugs
Defining this distanceand exporing inter-slug relationshipan much more detail (e.g.
investigatingthe potential timing of burstds the focus of Gapter5. Given the inherent
complexities surroundinglug behaviour in a muiglug environment, much ajur current
understanding islerived and extrapolated from the single slug literature, particularly in a
volcanic context (e.g. James et al. 2008; 2009; Llewellin et al. 2012; Del Bello et al. 2012;
2015). However, a number @tiid dynamial studies, e.g.Pinto and Campog1996); Pinto

et al. (1998 200); Krishna et al. (1999) do focus on the interaction between multiple
bubbles. In particulathese studies identifyne most important features of a slwghichare
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the wake interaction lengtle.g, Pinto and Camp4.996) andhe wake length (Campos and
Guedes de Carvalho, 1988; Noguiera et al. 208§. 4.1 illustrates these features.

The Wake length iS defined USing tbe Conduit Radius

criterion (described fully inChapter 3, S .
with the mathematical definitionepeated 4_,‘/‘ —
here): l‘s\l](l)lsge I m
0 — Qa . (Eq. 4.1)

Slug
From this we can us€amms and Guedes Egngfi

de Carvalho (1988) to calculate the wa

length @ ):
\ 5 . N VL
o ¢l T 10 pa C pmu . Trailing ‘ ' 4
Wake % : :
(Eqg. 4.2) _ ;
We can also use Pinto and Campos (19! T3 Wake
nteraction
to calculate the wake interaction leng OO Horgth
@ s O
o v
a Ci p& @ v pmMO . ol°°
(Eq. 4.3 2\
If we consider two slugs rising in |
Not To Scale ®e ..

conduit, the one closest to the Sunca(‘lgi'g. 4.1 A diagram of the important features c

(termed the leading slyigind a slug behincrising gas slug. Of particular relevance for
chapter are the wake interaction lengthd trailing

this termed the trailing slygthe effect of wake length. Point 1 illustrates the basic conce
) _ the risespeed dependent model (Wilson, 1980; P.
the wake length and wake interacticand wilson, 1995), point 2 the foam collapse m

. . (Jaupart and Vergniolle, 1988; Vergniolle
length can be determined (this pgrandeis, 1994), and point 3 the etead transition t

terminology will be used throughout thigéiv{gﬁrpho'ogy' Reprinted with permission f

chapter). The wake interaction length .,

longer than the wake length by approximately a factor of 4. As a trailing slug begins to
volumetrically expand (i.e. due to decompression) it maynbegenter the wake interaction
lengthof the leading IsugNormally a slug will rise with a constant base velocity (e.g. Viana
et al. 2003), however, on entering the wake interaction length the whole of the trailing slug,

including the base, will begirotacceleratesge videos described and explained in Appendix
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C). This processshortensthe gap between the trailing and leadslggs and begins the
coalescence process (Pinto and Campos, 1996). The trailing slug will then undergo a further
rapid accelerain, leading tocomplete capture into the base of the leading slug (Pinto et al.
1998; 2001)thereby endinge coalescence process (sém@ers for further discussioand
Appendix Cfor animationsof the coalescence process in action)

Another importantfactor in driving the behaviour of multiple slugs, in addition to the
coalescence process the overall gas volume fraction of the magma. At higher gas volume
fractions (i.e.where there arenany slugs), it is possible for the basesshigs to rise at

velocities farabove (up td times) those predicted for single slug systems, even when slugs

do not fall within oneanot her 6s wake i nteracti ohsisl engt h

important when considering travel times of gas slugs fpotential source depths.

Within this chaptertthe focus is on measurement rapid slug drivenstrombolian activity
observed withJV camera on Mt. Ethaand onapplication of the above modétsunderstand

the dynamics of the observadtivity.

4.2.UV Camera measurements of rapid strombolian activityat Mt.
Etna

UV camera theoryand the
experimental configuration have
already been discussed in deptt
in Chaptersl and 2. Here, the
sameequipmentsetup was used

at the summit of Mt. Etna during

a rare period of strombolian 199
activity originatingfrom a vent

in the Bocca Nuova (BN) crater

(N 37.7503°, E 14.9936°also

see Fig.4.2) on the 2¥ July ™\

200 : ,
2012.0n this particular dy, the - - AR
Fig. 4.2: Map of the summit of Mt. Etna including location i
orientation of the UV camera, MUWGAS unit, the vent, EBC
seismic station and wind direction. For locations of other se
sites used in this study the reader is referred to the google m:
available, see Appendix C. Reprinted with permission from Else

0 200

strombolian activity had beer

occurring from this vent from
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around midnight. Prior to our observation period #o#ivity was more vigorous and more
frequent, as evidenced in the seismic record (#i8d). This venthad beeractive for the
majority of July, indeed on the Z5ve observed the same vent puoihg sporadic astich
plumes.During the measurement peri¢@9:32:58 to 09:59:58 GM)Tthe activity was rapid
with explosive events occurring witkeparationof a few seconds to tens of seconflbe
measur ement r e s .oBadh explosion was accor@paniedi ky)an audible bang
and the ejection of ductile pyroclasts, which could be seen to. gibere was no visible
evidence of ash production at the surface of the vent. Prior to our measise
(approximately an hour beforé)ere was a small lava flow protruding from the edge of the
cone built up around the vefgersonal communication Sonia Calvari, INGV). This overflow
was not being fed at time of measuremelttis period of activity isdescribedin depth

throughthe INGV bulletins fttp://www.ct.ingv.it/en/rapporti.htipland Spampinato et al.

(2015).During the UV camera measurememisViulti-GAS instrumeni(Aiuppa et al. 2007)
operaed by the Palermo Unviersityasrecording gas ratios

Calibration of the system required more investigation due to our use of rock as a background
source of lightThe UV camera was located at N 27.7925 14.9950whi ch was a 25
away from the activeeent This proximity to thevent minimised the light dilution effect
indeed the effect can be negligible at these distances (Kern etldlg ZD1M; 2013
Campion et al. 2005In addition,asthe only visible source of gagithin the cratewas the

vent itself, we can therefore be confident that the measuredagbat from thestrombolian
explosions. Howevethe basaltic rock face of the BN (see H@afor example background

rock) might potentiallyintroduce error as it differs fronmé¢ conventionally applied method of
using a clear sky background (e.g. Kantzas et al. 2010). All procedures descaadzas

et al. (2010) for thealibration and capture of vignette imagesr@therefore performed over

a clear basaltic rock backgroynaithin the crater, adjacent to the strombolian activiét,on

the opposite side to the direction of demvel (see Fig4.3c for illustration). An important

aspect of calibration is that absorptimuist beuniform within the image, regardless of where
within the SQ gas cells, the absorption value determined This angular aspect was
investigated in an area at the summit of Etna, with negligible 88ing four calibration

cells of 100, 200, 400, and 16@Pm SQ (the same cells used duritige measurement)t

was demonstrateé that a strongly correlated @R= 0.99) calibration linewas generated
regardless of where in the image thims determined The location used fothe test

calibration andhe resuling calibration line is shown in Fig..8b. This gives confidence in
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our method of calibrationfhe amount of light reflected from the background rock was 40 %
of the background sky value (a small strip of skylight is visible in each UV imbgee the
horizon), such that sufficient amount of lightvas incident orthe UV camerag-urthermore,

the use ofight reflected from rocky surfaces is not uncommon in the planetary sciemces

investigate surface propertigsg. Hendrix et al. 2003).

An example absorption image is displayedrig. 4.3c, where the vent degassingdkearly
visible. Also visible is a ring effect whiclis evidenttowards the topight corner of the
i mage. This 1isnodt a result of vignetting bu

gases along the walls of the crater.

2000
SCD = 8758%4-264 /
15001 R2=0.99

1000+

5004
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0+ i . . |
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Fig. 4.3 In a) a visible image showing a typical explosion during our period of observations with eje:
limited incandescent material. In b) a test calibration performed at the summit of Mt. Etna whésekSgvr
to be negligible, this test demonstratect tiwe linear calibration is possible over a rock background rege
of where within the S@cell the absorption value is derived (black circle and coloured boxes repres
outline of the S@cell and points used for the calibration line on the Jigimt ¢) an example absorption imi
showing the locations of IVAs for determining slug S@iass (IVA1) and for background correction (IVA2 .
IVA3). Also depicted is ICAL for determining gas flux and ICA2 to calculate background fluctuations. h
intense strombolian activity prior to our acquisition period, which is indicated between black
demonstrated. Reprinted with permission from Elsevier.

The first process in calculating the masses of individual strombolian explosionsowas
determinewhen each explosioncourred. This was achieved in two ways: by identifying in

the UV camera imagery where solid ejecta were visible, and by identifying chankeases
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in gas velocity from the vent. Following this the S@ass of each explosion was calculated
using the technique of Tamburello et al. (2012) which involves integrating within an area of
the UV camera imag® calculate the integrated volume amb(VA). This is illustrated in

Fig. 43c. The identification of an explosive gas mass appearing from the vent and subsequent
imagesshowing thetransitof this explosie cloud is illustrated in Fig..4. From (a) to (e) in

Fig. 44 the propagation and ape of the explosive cloud tracked, demonstrating the ability

to measure the mass of the entire

explosive event and also _ -
Time [GMT] 2500

calculation of the initial velocity
of each explosive cloud on
frame by frame basissiven the 03900
relatively high background SO
concentration a  correction
procedure was employed b 09:39:01
taking two additional IVAs
(IVA 2 and IVA 3)in the area of
high background SO

concentration similar to tha

09:39:02

behindthe explosbn masses but
completely away from potentia
contamination by the explosiv 09:39:03
masses themselvegsee Fig
4.3c) To correct IVAL (that

used for the explosiohsthe

09:39:04
average of IVA2and IVA3 was

subtracted from IVAl. IVA2

and IVA3 were separated bFig. 4.4 From 1 to 5 at 1 second intervals the explosion
o wireframes (a €) of explosive cloud are illustrated. The red at
onlya 6 A%upplementaryj | | ustrate the direction of
. . . ... where the cloud first appears from the vent. The red box i
video showing the activity Inapproximate equivalent of IVA1l in Fig. 4.3c which is used
visible wavelengths and tW((éT:terr_ninirg explosive S@gas mass Reprinted with permission f
sevier.

periods of UV camera imager,

is described in Appendix C
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To enable comparison with seismicity, gasxftime series weralso calculated usinthe

ICA procedure described inh@ptersl and 2. The location used to calculate the ICA is
shown in Fig. 88¢c. The crossorrelation technique was used to determine plume rise speed
(e.g. McGonigle et al. 2005; WiamsJones et al. 2006). The plume rise speed was
determined at a significant distance away from the vent and between explosions, with a result

of als5 m s

Thesedata allowed the SOmass to be determinddr 195 strombolian events. However, to
be of use for modelling the observed actithg total gas masses need to be estimated. This
was achieved with a MuHBAS analyser, which was located on the seadht crater edge of
the BN crater (N 3.7409°, E 14.9838°), see Fig. 2, & 200 m from the
acquisition winds were 4SE, with wind speed of 10 14 m §'. Due togiven thedistance
from the vent to MulttGAS unit,it was not possible to constragas ratios on an explosion
by explosion basis. Wénérefore use the timeaveragefor the period, with molar gas ratios
of: CO/SO;, = 2.8, HO/SG, = 8.5, and HO/CQO;, = 3. There was little variatiom theratios
during acquisition with errors of betweeni 415 %, the reader is referred tdh&pter2 for
further discussion on MultiGAS errorquantification From these data we can infer that the
proportion of molar mass contained within the slug is as follows:S8%, CQ = 22 %,

H.O 70 %. We base this on the assumption that the majority of gas tehtdstma isvia
these three species (e.g. Aiuppa et al. 20DFgse molar ratio values wetteen be converted

to mass ratios and multiplied biye determined S@slug masses to give a rough estimate of

the total slug mass.

Three seismometers belonging to the INGV (Osservatorio Etneo) were usedestigate
seismicity duringand preceding the period of acquisition, these included: EBCN (N
37.752365°, E 14.986281°), EBEL (N 37.740238°, E 15.008239°), and ETFI (N 37.738195°,
E 15000649°). The location ofhe closest of these is in Fig.24 Infrasound was also
measurecdut on the day of question, the microphones were too pollugesind noise to

pick up any signal from the BNrater. Fig. 43d demonstrates the more intense stvohan
activity in the early hoursassociated with more intense seismicity, displayed as seismic RMS
(RootMeanSquare) During the acquisition perigdseismicity waned in tandem with a
reduction in explosivity of the vents activitpetailed nvestigatimmn into potential links
between seismicity and gas flux was performed by Andrea Cannata and Mariangela Sciotto
(INGV, Osservatoria Etneb sezione di Cataniajvith techniques described fully in Martini

et al. (2009); Cannata et al. (2®)3and Zuccarellet al. (2013)
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4.3.Results and analysis . i : ,
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activity.

In Fig. 45c and d the relationship between total slug mass andewet duration is
investigated Here there are two separate plots referring to the-event duratiorafter a

burst befoe the next one occurs (event onset is determined as the time when the explosive
gas cloud is firsbbscuredwithin the vent) and the intexvent duratiorbeforea burst (i.e.
comparing burst masses withlaygs before, Fig. £d, and after, Figd.5c, eachburst).Fig.

4.5c¢, illustrates that fothe larger bursts there isralatively longdelay beforehe following

burst of any magnitude can occlihe snaller mass eventsavesmallerpostexplosiveinter-

event durations. This is illustrated by tlgeey shaded area in Fig. .8¢c, whichtermed
henceforththe repose gap areBhere is also a mild correlation of R 0.61, giving a besit

line with equation ofto T®w?8 . This area is not present within theopof interevent

durations before an event (Fig5d).

Fig. 4.6 shows the results of burst vectors, where the base of the arrow (at the edge of the
vent, see red crosses in Figd4¥denotes where the centre of the cloud is first visiatel the

arrow tip the direction and distance travelled between separate UV camera imageés
dominant orientation of gas release from tamt is apparent Fig. 4.6 However, a varying

array of directions is presented. Indeed the supplementary vided9sef&33in video
described in Appendix XCshow that burstsan occur from markedly different directions in
rapid successiorkig. 47a shows time series of burst trajectories such timtelationship is
evidentfrom burst to burstThe average vectoanglei s & 5 FeAvertical (grey line on

Fig. 47a).In Fig. 47b the relationship between emission speed and total slug mass shows a
similar trend to the earlier described repose gap behawodin, that there were no large slug
mass- low emission speed eventshis is likely linked to the fact thdahe largest massslugs

will experience more expansion and therefore explode with an initial higher velocity.
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Fig. 4.6 An illustration of burst vectors for all 195 bursts during
period of acquisition. For a plot of this data see Fig. 4.7.
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Fig. 4.7 a) The emission vector for all bursts, plotted in degrees from vertical, with the average vector illi
In b) the relationship betweeantal slug mass and emission speed shows a similar area without bursts (st
the repose gap feature seen in Fig. 4.5¢c suggesting that larger bursts have a higher minimum emission sg

An analysis by Andrea Cannata and Mariangela Sc{pttosonal communicatiom)jscovered

that there were no definitive links disgered between any of the analysed data series,
including gas flux and a varying array of seismic RMS signals which were averaged over
different windows(from 30 s to 5 minutes, with lags of up to £ 10 mif3y. 4.8 shows the

raw data associated with tleequisition period: in a) frequency characteristics, b) seismic

RMS, and c) the raw pyerocessed seismic sign&rom thesedata, power spectral density
analysis was perfor med, 1967 onnhg seireid (EA.8dandme t h o C
e) and infraonic (Fig. 48f and g signalsfrom the EBCN and EBEL seismgtations(the
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Fig. 4.8 a) frequency characteristics of the seismic signal at the EBCN stations, b) RMS, and c
unprocessed seismic signal. In d) and e) PSDs showing dominant periods present at the EBCN
stations respectively, with oscillations at 5020 s presat at EBEL. In f) and g) for EBCN and EB

the dominant oscillations show that wind noise occludes any potential infrasonic signal.

.kmz Google Earth file showing these locations is available in AppeniliHEre,one can

observa h e

high

frequency

characteri

st

imdHdz. at

Similar frequency behaviour iglso presented at EBEL, bilere are alssome longer period

oscillations between 50 120 s, whichare likely related to activity beneath the NEC (see
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Chapter 2, Tamburello et al. 281 The infrasonic PSDs demonstrate the dominance of wind

noise.

4.4.Basic modelling of the activity

In an effortto understand the dynamics of the measured actmity, musftirst constrainthe
bubble morphology and hencthe gas regime in operation. This has been achieved in a

number of ways. Firstly, usirthe ideal gas law:
0w &Y (Eq. 4.4)

whereP = pressurey = volume,n = number of molespergas slug), R = 8.314 J K mol™

(i.e. the universal gas constant), dnd the temperature in Kelvin. At the summit of Mt. Etna

(a 3,350 m) atmospheric pressure is & 69 kI
1,273.15 K (e.g.Armienti et al. 2012 which will give a similar tempature just above the

vent. Given our knowledge of total gas mass and the approximate proportions, QGO

and HO, the molar mass of each explosion taereforebe calculated, which, when applied

to the ideal gas | aw giidilers If wpdake acanduitradius of a n g e s
a 1 m (with the assumption that the bubble i

the equation for the volume of a cylinder:

® “iQ (Eq. 4.5)

the length otheslugs (e.g.h in equation4.5), asa 0.17 53 m. A bubblecan be classified as

a slug when its length reachesexceedsipproximately the width of the condujDavies and
Taylor, 1950 Wallis, 1969), minus the film thicknesghich reaches a minimunaalue
during the slug flow regime (Llewellin et al. 2012). For a full discussion of slug behaviour
seesection 4.1Part of the complexitarisingfrom modelling this activity is th@rior non
existence oany developed modé&br multiple rising slugs. For thpurpose®f the remainder

of this section] implementthe only volcanic slug models availaplghich applyto slugs
rising without anyneighbourinteractiors, i.e. single slug models (e.g. James et al. 2008; Del
Bello et al. 2012)

This initial basicanalysis suggests that some of the explosixentsmay be being driven by
slugs bursting at the surface. However, the key parameter conduit, rediasrelative

unknown.Reliancemust beplaced upon literature estimates of similar activity (&eyfried
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and Freundt, 200Q@ames et al. 2008The Del Bello et al. (2012) static pressure model can

be appliecen masseo all of the measured explosive eventameffortto estimate a range of
conduit and magma parameters. The Del Bello et al. (2012) maddekadhe calculation of

burst overpressure with information on gas mass or volume (see above calculation), magma
viscosity, and conduit radius. Given that each burst was accompanied by an audible bang it is
reasonable to assume that each explosion hadverpressure. The model output gives
positive values where overpressure is present and meaningless negative values in the absence
of overpressure. For a range of magma viscosities betweies,000 Pa$ and conduit radii

0.57 5 mthe modelcan estimatéhe number of bursts that lsiwith overpressure (see Fig.

4.9). Fig. 49 demonstrates thatverpressure is favoured femaller conduit radii and magma
viscosities of > 500 Pa'salthough athe smallest conduit radii of 0.5 m lower viscosities of

100 Pa ¢ do alsoproduce a strong percentage of bursts with overpressure (at these lower
conduit radii gas masses are also more likely to be sIRggjardless of whether any rising

gas bubble hasa slug morphologythe model will provide a reasonable estimate of the

likelihood of explaivity.
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Fig. 4.9: Here the DeBello et al. (2012) static pressure model is used to estimate values for magma '
and conduit radius, based on the assumption that all bursting slugs must have some form of overpres
the audible bang accompanying each burst. The perceotdmyests with overpressure is plotted on thaxis
This plot demonstrates that smaller radii and/or higher magma viscosities expedite overpressure.

By consideringthe morphology of the vent (using visual images of the geninetryi e.qg.

Fig.4.3a) an upper estimate for conduit radfs~ 3.5 mis assigned (see Fig.10), based on
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the inclination of the interior angle tiecone and aredimate for magma level change. This

corroborates the Del Bello et al. (2012) analysis.

Scale ~10 m

Small Lava Flow

Fig. 4.1Q An approximation of possible maximum conduit geometry bas
visual images of the vent. Also indicated is the position of the small lava
which had ceased prior to the UV camera acquisition period.

A number of previously introducedimensionless parameteiiscluding0d can be used to
estimate the form of gas slugs (Seapter3d) and hence turbulen@nd stabilitywithin the
operatingregime.Based on tis initial analysis magma viscositys taken to rang&007 1000

Pa §', andconduit radii 0.5 1.5 m.A magma densi t3isusel, inkee@ir00 kg
with other literature estimates of basaltagmas (e.g. James et al. 2D@8/en limited
knowledge of magma vesicularity at depfhis givesard r a n g e 7 428 (see ediation
4.1), with lower values generatdyy larger visosities s ismore likely for Ethneamagmag
e.g.Pinkerton and Norton, 1995; Giordano and Dingwell, 2008is suggests that there is
little turbulence within the regim@ll current single slug models assume a negligible magma
velocity (i.e. a stagnant magma column). This will affect the turbulence and interaction of
individual bubbles and slugs. Given the aimamounts of material released dse
supplementary video and Fig34) it is likely that the upward velocity of the magma is low,

affirming the applicability of the single slug modelssimmeextent.

To probe the behaviour of the observed activity ieatgr detail the model of James et al.
(2008) is usedto estimate finalslug lengths and the depth at which rising gas Bs®s
transition to slug flow. According to this model hie following allows the calculation of the

time, position, and length of augj:
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-7 p 60 00D Q "TQuQ Yo , (Eq. 4.6)
where” is the density of the magma, is:
o) — (Eq. 4.7)

andother parameters includesthe ratio of specit heats using the samelwaof 1.4 asin

Chapter3, L the length of the slug) is the initial pressuref the slug added to atomspheric
pressure (& 69 kPa). The slug radius is take
determined using Llewellin et al. (2012), see equa8dn The model also requires initial

estimates for slug base rise speed, which are calculated using eq@&ti(see alsd.1), 3.3

and3.4 (see sectiod.3). Estimates for film thickness over tlbe range 8 424 aretherefore

& 0.13 to O0.bda3sem,r ivshei |sep8eseidug s & 0. 24

To estimate potential slug transition depsimgle valus for the following parametersare

taken, including: 1 m for conduit radius, 500 Pdar magma visocsitywhich givesan0 =

46, film thickness of 0.28 m and slug base rise speeds of 171 The James et al. (2008)

model (equatior.6) is initialised at depths known to be greater than the transition depth (i.e.
through a simple estimate using the ideal gas,lanyl the pont at which the rising gas
masgsreachedengthsequal to the conduit diametey taken to indicatslug transition For
themajority ofbur st s this occurs at v stthg largebtaslugl ow d «
could transition at a depth of a7 27/ Om. Thi
combining these estimates with the range of slug base rise spsedines couldangea 9 3

T 708 s from a depth of 170 mM\n example of a sexs of model runs using the model of

James et al. (2008) is illustrated in FHll, showingthe potential position and transition

depths of four othe measuredlugs.
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Fig. 4.11 Example output from the James et al. (2008) slug model (equatiortHér). the results of four
the largest sequential bursts and their potential separation distances and burst lengths as a function
plotted. See the main text for further details on calculation.

Using equations 4.2 and.g the wake length and wake interaction length can be calculated
overthel range 8 4 2 3 a si:2.4 d andh.15- 10.4 m respectively. These valume

particularly important indeterminingthe possibdity of coalescence between rising slugs

(Pinto and Campos, 1996)This implies that with stability and a lack of turbulence in the

magma frequentexplosiveactivity could occur with rising slugs separated by little fluid in

between bursts. During sluge the whole of the slug will decompress which will allow the

slug to expand, increasing tipeobability of a trailing slug entering the wake ineteraction
length(see Fig4.1 and4.11) and hence increasing thkelihood of coalescence. With wake

interat i on | engtllds 4ofm, &t he5 base riil.82enssgnéthed of s
modal temporalexplosions e par ati on of a 4 s, it i'S PpPoOSS
separated by @a22n ofmeltIsggestisg that there G significant

interaction between slugs, both within slug esknd wake interaction lengths.

The estimated sl udl7@ m atnomgly suggests thdteiging bas masses O
transition to full slug flow late on durinthe rise process This implies that bubbles will be
rising in anon-slug morphologyorm for the majority of travel inside the condusection 1.1
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outlines the transitions of bubble forni$he precursor to a slug is the cap bubblavies and
Taylor, 1950; Wallis, 1969White and Beardmore, 195Zap bubbleshare many features

of a slug includinga mae variable film thicknesayake and interaction lengtffand hence

the same coalescence mechanjsand a constant base speed sthihe bubble retains a
constant shapeD@vies and Taylor, 1950; White and Beardmore, 1962; Wallis, 1969; Viana
et al. 2003).The dimensionless Reynolds bubble num@p€éi), which is an approximate
measure obubble morphologySuckale et al. 201) James et al. 20}1suggests thafor
values 0f0.3 a bubble will beha as a spherical particfee. stokes law can be applied).Q

can be calculated as follows:

YQ oL (Eq. 4.8)

10°

— H20 Included
—= Mo H2O Included

Max Mass

Reynolds Nurmnber (dimensionless)

/EETITI R ATTT | BN N B AW R AT B AW R T B AW AT

Min Mass

LB RN |IIIIII| T T 111711

l Re < 0.3 Stokes Law applies

| 1 | | |
500 1000 1500 2000 2500 3000
Depth from vent (m)

Fig. 4.12 Here the Reynolds bubble number (equation 4.8) is applied to our measured gas n
approximate bubblenorphology during rising from depth. The blue line shows results with water mas:
slug included and black without, this is done because of the shallow exsolution depth of H

By applyingthis equation (seequations3.2 (also 41) and3.3for 0 andFr) to the collected
Etnean datdor all the bursts therising bubbles (assuming no interaction whatsoever) would
be nonspherical from dejs < 3000 m §ee Fig. 4.12for the moment ignoring potential
source depthi see sectiod.4.1). This hagmportant consequences for the gas flow regime

which initiates andirivesthe activity James et al. 2013; Vergniolle and Gaudemer, 015
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4.4.1. Activity Source Depth

In Burton etal. (2007), a method was detailed to determine the source depth of slug driven
explosions at Stromboli. Here, a similar methodpplied to the explosions detectediina.

Given the knowledge of relative concentrations (discussed below), ratios of slug mass
(H0/SGa 2 .,®SG ak.5 and HO/CO, & 3) and rock composition (S al ue of & ¢
wt% [e.g. Métrich and Clocchiatti, 1989 the VolatileCalc software (Newmaand
Lowenstern, 2002) can be used to calculate: the solubility (the amount of a volatile which can

be dissolved within a magma at a cerfaiassurgversus pressure of GQopm) and HO in

wt % (this was ao completed in Collins et al. [200%ig. 1A), andthe degassing pathway

and saturation pressure of these volatiles. To date there has been only a limited amount of
work on volatile content of D and CQ in Etnean magns According to Corsaro and

Pompilio 2004 the average ¥ content of Etneama gmas rangesi b3t ween
wt %, whil st M®trich and Rutherford (1998) di
basaltichawaiitic magmasTogether, Del Carlo and Pompilio (200and Metrich et al.
(1993), det er mii3 Meamavhidr, determisedC®fc odhtlent s range
2007 1500 ppm, with theipper limit derivedrom the large sup | i ni an e39380pt i on
BP (Del Carlo and Pompilio, 2@ In this analysis itvas decided to take thmore realistic

rangesfor this type of ativity: 1 7 2.5 wt % HO and 2001 1000 ppm CQ for the
determination of degassing path of these volatiles. Due to the nature of the BN activity it was
alsoassumedhat an opetvent system was operating. The Md&Calc software (Newman

and Lowernstern2002) compute®n this basighe molar volumes of ¥ and CQ. The

point at whichthe derivedratios matchaslug HO/CO,r at i @ can beak&n as a proxy

for approximate slug source depttith results shown iffrig. 4.13. Depending on thegolatile
cortentthesour ce dept h of05833kms could range a
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Fig. 4.13 The results of VolatileCalc (Newman and Lowernstern (2002), showing the source depth |
matched ratios and a range of water weight percentages. The dashed lines show the saturation dept
when water will begin to exsolve from the melt.

Given a sour ce deip3t3tkm, eich ig @ similar&ange to5activity seen at
Strombol ii 3.8 km @Gurto® et &l. 200y information about the shallow magma
pathway can be inferred and the original source presessuld be similar. As withthe
conclusions of Burton et al2Q07), there is ndiscernibleway of differentiating between the

foam collapse and slug coalescence model for slug formdtios said potential evidence of

late coalescence and slug formation in the conduit could give credence to the coalescence
model for this activity. As Figd.13 shows, the water content of the basaltic magma is the
main control on the source depth of the slugdicatting that the driving magmatic gas in this

case is likelyH,O. The source depth of slugs also fits witthe general upper 4 km area of

the volcano where the majority of exsolution of volatiles from the melt odeading to the

consequent formatioaf bubbles and the shallow storage area which is thought to occupy a
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space between the summit and sea level base (ConmsarBampilio, 2004 Alparone et al.
2004; De Barros et al. 2009; Corsaro et al. 2013).

4.5.Discussion and Implications

4.5.1.Considerationson activity dynamics

The above modelling considerations haesnonstrated thdhe slugs could risseparated by
relatively little melt and that interaction between rising gas masses could be commonplace.
This interaction would likely include the coalescence of bubbles and slugs (Pinto and
Campos, 1996). This coalescence process will be enhanced as slugs reach thastitace

is the region of greatest decompression (James et al. 2008) and hence an increase in

slug length will encourage interaction wittwake interaction length&stimated) numbers
suggests that turbulence within the system could be low, i.eictedtby an increasingly
closed wake, which reduces turbulent transference of the slug wake to the melt (Campos and
Guedes de Carvalho, 1988)his would allow rapid and stable slug activity. However, as
mentionedpreviously these aresingle slug modelsapplied to the much more complex
behaviour associated with trescentof multiple slugs. It is entirely possible that fluid
disturbance could be extended beyond wake interaction lemgthaininginteraction even

more likely (e.g. Krishna et al. 1999;dwellin et al. 2014)The relatively short lengghof

the model | ed IE27 mgnaompaison tg slugq ah Str8mboli which can be an
order of magnitude longer [e.g. James et al. 2008; Del Bello et al])2@LBurstimply that

the transition to slug flow occurs relativelyigh in the conduit, and hence turbulent
interactionmult-s | ug based activity ¢ d10Imdof theeonduit, mi t e d

where coalescenceounld be expedited.

During multi slug activity it $ important to consider the combined volumetric effects of the
magma and gas mixture as this will effect changes in magma levéhapdint at which a

slug bursts at the surfacdames et al. 2013; Vergniolle and Gaudemer, POEach
explosion was accopanied bythe visible ejection of materialvhich suggests that the
magma level was relatively caast during the acquisition(i.e. only varying by estimated

slug lengths)At Stromboli a viscous cap at the top of the magma column may impede a slugs
progress prior to burst (e.g. Capponi et al. 2014; Del Bello et al. 2@ig¢n the rapid

activity, it is possible that the magma surface could rupture and accumulate both ejecta fall
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back and unsteady magma drainage along the conduit walls, which could ilestdbility in

the burstingslugs(e.g Pering et al. 2014andChapters). Despite the rapidity of the activity
turbulence and instability of the activity seemed to be limited, as all other portents also
suggest. Fig.4.4 demonstrated that gas clouds can be emitted in drastically different
orientations in quick succession (espealso09:55:33 GMT in video described in Appendix

C, and Fig.4.7). It has already been suggested that slugs could be rising within interaction
lengths, when a slug enters into this area its nose and shape can be deformed and altered
(Nogueira et al. 2006; Figuetsspinoza and Fabre, 201The propelling of eruptive gas in
different directions in rapid succession could be evidence of this. Qfseahere are
significant caveats to this which includether potential influences including gaseous
transport effects through the atmosphere (e.g. Woods,, Ba@fe, 200)) conduit inclination

and general geometrical heterogeneities (James et al. 20@4as discussed the state of the

magma surface.

4.5.2.The Repose Gap

The presence of theepose gagsee Fig4.5c) is a uniqueobservationindeed, it is possible

that the trend wherelthe largest slugs are followed by longer wait perigds driven by the

fluid dynamic processes iehent with multi slug activity e.g.coalescenceDuring the
coalescence process the whole of a slug, incluthiegrailing slug base, is accelerated into

the base of the leading slug. Larger slugs formed by coalescence werelidté leave longer

fluid lengths behind the newly formed slug and hence a longer repose peanodo the

onset of the following bursEqually larger slugs will be more prone to coalescence such that
volumetric expansion will encourage interaction with leading slugs (Pinto et al. 1998; 2001).
Both these processes would not affect any slug ahead of a leading slug which is involved in
coalescencerlhis is shown to be the case in Fighdl The frequency of observed activity is

therefore a function of potential interaction between rising slugs and gas masses.

Fig. 4.6¢c (emission speedsvslug size) demonstrates that a similar trend o¢céndscaing

that a slug of a certain mass mhbstreleasedt a certain minimum speed. This is likely to be
related to the repose gap and behaviour of multiple slugs. This could also be explained by a
larger explosion creating a delay (i.e. the slug coalescempdanation) or an alternative third
mechanism could be implied, whereby larger slug bursts create a bigger drop in magma level
following the explosion such that subsequent gas from butifivthen take longer to travel

83



to the surface. Although the presemaf visible ejecta at the surface consistently throughout

the acquisition period suggests that this mechanism is improbable and further suggests that
themagma level was relatively stable and close to the su(&geevisible video in Appendix

C).

Evidenty other processscould be implicatedn the formation of the repose gapcluding

therise speed dependent model of Wilson (1980) and Parfitt and Wilson, (1995). This model

is also dominated by coalescence and the speed of rising mabsgds are voluretrically

controlled, i.e. a larger voluenrises at a faster rate. Figla suggests that this ceases to be

the case at significant depths and c¥Qtainl
numbers are > 0.3Unless the arrival time of gis at the surface is determined at depth by
individual rising bubbles prior tthe development omorphologies such as cap bubbles or

slugs, with rise speeds that are largely dependent on conduit radius, the repose gap is unlikely

to becaused by this model.

Findly, the collapsing foam modehs discussed in Jaupart and Vergniolle (1988) and
Vergniolle and Brandeis (1994), could de#o the repose gap. This modaiggests that
bubbles can accumulate at the top of shallow storages areat discontinuities within
conduits, and is often implicated in the formation of slugs,(atgstromboli). The release of

a larger gas mass from a foam could lead to an increase in the stability of a foam, which
would increase the delay before anothes gaass could be released, hence creating the
repose gap. However, it is also easy to see that this should also laeasinbdar patten
appeaing before bursts, i.e. larger bursts should also be accompanied by a longer delay
preceding an event as well gt following, however, thisalready been demonstratedt to

be the casésee Fig.4.5d). In short,whilst the intriguing repose gapbserved here iskely
steeped in complexityt is continuously suggested thidte potential driving mechanism is

the malescence of gas slugs.

4.5.3.0bservations on explosive masses

It is important to note at the beginning of this section that strombolian activity is common at
Etna as a whole (see GVP, Z0dnd INGV bulletins), particularly from thHSEC. Within

this chapterthe focus has been on the somewfzaier activityat the BN crater,over the
relatively short observation duratianHowever, 195 explosions is a sizeable dataset

particularlygiven this constitutethe first observations of gas mass for strombolian e\ants
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Etna (Burton et al. 20H). Here a somewhat low range of explosive Sfasseswas
determinedb e t we e n 14%g. Dhis Ik likely associated with the measuremeatsiring

during the waning period of activity (e.@s backed up by seismicityAt Pacag an
overlapping range of SOnasses was observed; 29 kg (Dalton et al. 2010). At Stromboli
however, Mor i and Burt on 7i(4Q KgOwdile Tanbutreboretal. n e d
(2012) S U gge $ 65kg, avhich are somdwhaghiglzer thtére Etnean values.

This is likely related to the style of manifest activity, which at Stromboli is associated with
explosionsspacedon the order of minutes (Ripepe et 2008, while Etna often exhibits

more frequent explosionseparated bgeconds (e.gGVP, 20B). This suggests that there

may be different source mechanisms driving the observed acfiig..measured ratio for
active to passive degassing is 67:33%, lower than the 77:23% £8Wl®2% determined by
Tamburello et al. (2012) and Mori arBurton (2009) respectiveljor Stromboli If the

activity is considered in relation to overall Etnean degassing, the measured activity represents
< 1% of the total degassing budget of Etna (Burton et al. 0Burton et al. (2007)

demonstrated that radbetween active and passive degassing can vary significantly. Here,

out of necessity, average gas ratios were used, the estimate for active to passive degassing at

the BN is therefore the bgsbssible on the basis of the datailable.

The presence ofxplosive activitywiths uch | ow expl osi ve masses
guestions about how the explosivity is generated, far beyond consideratidifferehces in
atmospheric pressure (i.e. the lower pressute t he s ummi t of alldws na,
more expansion compared to targets such as Strombaii . e . ). Iflonevéredto corjsider

the activity at Etna, not as the rise and bogsof individual gas slugs, but as thscenibf a
swarm of gas bubbles this could also explainnfassdeficiency of some bursts which eject
material containing little gas mass. A swarm of gas bubbles has a higher velocity,-6p to 3

times faster than a single Taylor bubble, and can be determined by Krishn@d 299l

o ™ p @ Y000 (Eq. 4.9

where (SF) and (AF) argcaling correction and acceleration fast@spectivelysee Krishna

et al. 1999¥for Eo>40 (Eois the EBotvos numberat appropriate levels for volcanic activity
e.g. Del Bello et al. 2092 As the bubbles rise, ewpressure could be generated in bubbles
which have not yet fully developed into slug flow.
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Low gas masses also explain and are potentially linked to the lack of any link between
seismicity and either gas flux or erupted masses.4Flg. shows théocation of tremor at the

time of acquisition which was actually dominated below the NEC. Other studies have
demonstrated a clear relationship between seismicity and eruptive masses (e.g. McGonigle et

al. [2009] at Stromboli and Kazahaya et al. [2011Asdama), the lack of a correlation here is

again the combined result of explosive frequency and low gas mass, in contrast to Zuccarello

et al. (2013), who did discover a link.is likely therefore that the overall strength of the

activity isrelatedtoses mi ci ty, e.g. | inked to the resona
2008). Indeed, during the more vigorous activity, seismicity associated with the BN crater

was higher (see Fidg.3d).

— Amta —_— NEC VOR BN SEC

Etnean Tremor Location

. Zoomed Section
I
i

[E==—cs

200 1000 2000 3000
[CO2 ppm]

Fig. 4.14 This schematic illustrates the ranges of bubblgrae depths using the Burton et al. (2007) me
over an approximation of the magma system at Etna. The tremor source is located (black solid circls
usual location of tremor at Etna. The grey box at the top of the conduit illustrates whesnsitoh to slu
based activity could occur.

The Burton et al. (2007) source depth model, which identifies where rising gas masses
decouple from the melt i.e. the point that they stop incorporating freshly exsolved gasses
from the melt, suggeststhe pt h r a ri §.8 kmoA HQagastichnagma batch finding

its way to the surface via the BN crater could be the driver behind the observed strombolian

activity, with the stromboliaractivity driven by shallow exsolution. Gas ratio data for
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individual bursts would provide invaluable informatidtig. 4.14 provides this information in

context at Etna.

4.6. Concluding Remarks

This chapter has illustrated through the use of UV cameras at the BN crater of Mt. Etna,
relatively low gas masses of explosive dc v i t iy 74 &g, @mp2red to other volcanoes.
These are the first such estimates for light strombolian activity at Mt. Etna. One of the main
features of the observed activity is thiscoveryof a repose gap whereby larger explosions
are followed bydnger wait times before another explosion can occur. Amongst the possible
causes of this featuréhe most probable involves the coalescence of rising gas slugs which
lead to the creation of larger distances in the melt between rising bubbles and hgece lon
delay timesbefore the onset of the following explosiorhe next chapter investigates this

process in more detail.

This chapter has also highlighted the value in applying single slug models, despite the
potential inapplicability to multi slug actiyif to investigate parameteuch as transition
depths to slug flow, with results suggesti ng¢
estimating wake interaction lengths in combination with slug rise spe&gdssdiemonstrated

that slugs could rise in close proximtty one anotheand could indeed interact and coalesce,

a process which is likely expedited during slug expansion close to the surface.
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5. Investigating multi-slug behaviour

In the previous chapter, measurements of rapid slug driven strombolian activity were
presented, along witla repose gap feature. This chapter combines laboratory analogue
analysis of slug flow to probguginteractiors with computational analysisf this behaviour.

The laboratory analysis revedlsat coalescence can occur between rising slugs, even when
the leading slugbaseis ascending at a faster velocitian the trailing slug basean
observation which has ngreviouslybeenreported onA relationship between gas volume
fraction and slug rise speed is also demonstratied.ahalysis also showisat the repose gap
behaviour can be clearly deéd using existing fluid dynamicatlations assuccessful testl
usinglaboratory and field dat& his is based on work presented at AGU, 2(Agring, T. D.
McGonigle, A. J. S., James, M.R., Lane, S.J., Capponi, A., Tamburello, G., Aiuppa, é., 2014
Observations on MukBlug Activity? Implications for Volcanic Processes. In: AGLAIF
Meeting 2014 &1 Francisco.The laboratory experiments were conducted at Lancaster
University using the equipment described in James et al. (2013), Lane et al. (2013), and Del
Bello et al. (2015).

5.1.Introduction

A large proportion of the materiaélevant for this chapter has already been introduced
Chapters3 and 4 Here, the focus is on experimental and fluid dynastudies intaising

and expanding gas slugs with a view to invedtigy and observing rapid strooitan
activity. However, anumber ofnonvolcanicslug based studies do focus on the interaction of
two bubbles in both stagnanifito andCampos 1996) and cecurrent flow Pinto et al.
1998, 2001 Serizawa et al. 2002With only two slugs in a pipe or condulit, given a &uént
distance between the twog beyondhe disturbance created by the wake interaction length
and expansions of the trailing sjugjugs should behave as they would in a single slug system
(Taitel et al. 1980; Pinto et al. 2001As additional slugs aredded thisrelationship will
break dowras the trailing slugs begin to exert an influence on those above, hence influencing
the speed andynamicsof the rising slugs, especially in bulkallis, 1969;Llewellin et al.
20149).

In this chapter the behaviourof multiple rising slugsis investigated utilisinga scaled

laboratory environmenh addition tocomputational fluid dynamic€FD). Apart from very
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brief considerationdy Seyfried and Freundt (20Q0Q)ames et al. (2004pand Pioli et al.
(2012), therehas been little consideration of a migdhilg regimein a volcanic settingan

issuewhich this chapter addresses.

5.2.Laboratory SetUp

To simulate a varied rate of slug flow a bubble injector was installed at the basegcia 1. 8 m
borosilicate glass tube f di amet e r(seedFig.06.1)0r&es5bubhbie injectoiwas
equippedwith a flow rate me#r andwasset to inject single bubbles of various voluniEse

tube was kept at a constant presqairing experimentsyia a vacuum pump connected to

the top of he tubeto allow a range of slug expansions rates to be investigated, in essence
simulating volcanic slug flow at a variety of depths prior to biMstichanical vacuum pump

oil was chosen as the liquid, which has a density of 862 + 2*%kgn aviscosity of 0.162 +

0.004 Pa’s. A similar equipment set up was useddarder (2008)James et al. (2013)ane

et al. (2013)andDel Bello et al. (2015). With this equipment set up and fhadametersthe
dimensionlessparameters werescaled to volcanic levels (see also Lane et al. 2013
supplementary material for scaling arguments in more defaml0 v a |l u e66is fvell &
within a reasonable volcanic range (see Del Bello e@1?. It should be noted here
however, that there ia large differene in surface tension betwetab (0.03 + 0.002 N 1)

and volcanic environmesst(between 0.3 0.4 N nf, e.g.Sparks, 1978 which effects the
scaling of the experimentSurfacetensionwill be important in the lab settingvhile surface
tension effects can largely be neglected in a basaltic magma (Seyfried and Freundt, 2000;
James et ak008 Del Bello et al. 2012; Lane et al. 2013).

A series of experiments were designed to investigaenge of volcanic situations frolow

flow rates with little expansigrto simulateslug flow at depthwith low overall gas volume
fractiors, to high flow ratewith greater bubble expansion ratesimulate neasurface slug

flow with high gas volume fractions. These experiments are suised in Tables.1. All
experiments were recorded for & Bader A02fwi t h
see Lane et al. 2013; Capponi et2014 and a conventiondDigital SingleLens Reflex
cameraDSLR, aCanon EOS 1100D)loaged @6r 68368Show o f a a
motion video was necessary to track the coalescence process of individual bubbles in detail,
which accurredat such a rapid rate (largely in < 3 s) thatatld not be captured in enough

detail using conventional recding methods.All tracks (of slug features)were made
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manually using the software package ImageJ® andhe plugin MTrackJ

(http://www.imagescience.org/meijering/software/mtrackjthis manual tracking process

leads to a certain amount of rapid variabilitysing base and nose positions associated with
the pixel size Despite this, thisnethodis preferredover automated processes, which are
unreliable during bubble coalescence. Tihecks and signalsvere not filtered (e.g.via
averaging or filtering) to preserve existing information and oscillations which would be
removed otherwiseThe longer duration DSLR data, which has a wider field of view,
captures the full length of the tubmllowing the bubbledrom injection to burstwhich
enabledhe determination of bubble length and burst time with an accurac9.6fl4tn and *

0.04 s espectively.Additional measurements were made udiramnsducers at the based

the top of the tubewhich recorded pressure at 1,000 Hzdisplacement transducer was also
placed at the basePressure was measured using Honeywell 163PC01D75 differential

pressure transducers.

Table 5.1: Summary othelaboratory experiments, their sgp parameters, average slug length and average gas
volume fraction okachregime observed.

Code Av. Flow Rate(cm®s?) SurfacePressure(Pa) Av. Slug Length (mm) Gas VF (%)

Lab 1 9.38 1 16.98 8
Lab 2 49.71 1 50.34 27
Lab 3 174.92 1 208.71 58
Lab 4 9.38 0.5 23.91 9
Lab 5 49.71 0.5 56.75 29
Lab 6 174.92 0.5 223.81 63
Lab 7 9.38 3 10.46 6
Lab 8 49.71 3 27.29 18
Lab 9 174.92 3 115.88 50
Lab 10 9.38 5 8.27 7
Lab 11 49.71 5 18 16
Lab 12 174.92 5 73.47 40
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Fig. 5.1: The experimental setp included a vertical tube with a bubble injector attached to the k
simulate a range of flow rates. Tube pressure was varied via connection to a vacuum pungpaifttie
tube, but was kept constant during experiments. Two cameras, a DSLR (Canon EOS 1100D), a
motion camera (Basler A602f), were aligned to image the rising slugs in the tube. Pressure transdt
placed at the top and the base of thaet
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5.3.Lab Results

Here, the results dhe laboratoryexperimentsare presented. Firstly a number of example

image stillsof all bubbleswithin the columnare shown in Fig. 5.20uring the coalescence

process tdllustrate the different flow regimedhis is the first such analysis of its kind,

particularin the lab 8ing parameters scaled to match volcanic dimensionless parameters

(e.g.,U , see Chapters 3 and. #pllowing this the bulk behaviour of slugsasconsidered,

in particular focussing on burst ratese speedsnd lengths (and volume) tfe slugswith

a view to investigatig the repose gap behaviour ohdpter4. Finally, data recorded by

pressure and displacement transdueeneanalysed and comparedtte burst data.

Lab1 Lab2 Lab3

N =25mm

Lab 4

|

Lab 5

Lab 7

L

Lab 9

l

Lab 10 Lab 11

Lab 12

Fig. 5.2, Example images from each lab experiment demonstrating slug length and overall gas

fraction of the simulated regimes (see Table 1.1 for information on each flow regime).
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5.3.1.Tracking slug interaction

Fig. 5.3 shows an example of coalescence within the laboratory regmieigys.5.4t0 5.7

the coalescence process of two bubltastracked on a frame by frame badis each figure

a number of features are plotted, including: the lengths of the trailing and leading slug, the
distance between the trailing and leading gkegmed the gap lengththe wake interaction
length (seesquation 4.3 the wake length (seequation 4.3, the trailing and leading slug
base speed#he predicted slug base speed in a single slug environment according to Viana et
al. (2003),and the gap length plus the trailing lengifheoreticallythe latter parameter
should be constantintil the trailing slug begins to interact with the leading slasgjit is at

this point, assuming that the whole of the slug includindpdisebegins to accelerate (Pinto

and Campos, 1996; Kawaji et al. 1997; Pinto et al. 1988} this gap plus trailing lengt
should begin to decline. A summary of information surrounding the plots inNFF®.5.7is

given in Tables.2.

In all plotsthere are number of different observations:

1 At lower volume fractiong< ~10 %) the coalescence process occurs as expected,
with a decreasing galength plus trailing lengthleading to coalescence (see Figs.
5.4c, 5.5a, 5.5e, and 5)6fThe rise speed of the base of the slugs in these situations is
close tg or atthe predicted vaki(Viana et al. 2003; Llewellin et al. 2012)

1 At moderatevolume fractions (> 10 %) the rise speed of slugs is above predicted
valuesa single slug systerfViana et al. 2003Llewellin et al. 2012 but within the
Krishna et al(1999) estimate see Figs5.5b, 5.5¢, 5.5d, 5.6b, and 5.6this could
be related to turbulence or a measurable effect of expansion from lower slugs.

1 At still higher volume fractiong> ~ 20 %) the rise speed of slugs reacts to bulk
changes in fluid movement resulting from the dawsf larger slugs at the top of the
liquid column. This is illustrated imapid fluctuations in rise speeds (see Figda,
5.4b, 5.4d, and 5.4e

1 Slugs begin to interact at the wake interaction len@th within this limit), as
evidence by a reduction of the gafengthplus trailing length in several figures (see
Figs 5.4c, 5.5a, 5.5e, 5.5f, 5)6within this limit. Rapid captur@ccurs on entering
the slug wake (a more rapid acceleration of the trailing slug base into the leading

sluginthef i nal & 0.2 s of the coalescence pro
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1 At a relatively constant base speed for both trailing and leading slugs, regardless of
whether the rise speed is above or at the predicted speed for single slugs the
coal escence pr oc essesFigobdlc 6.5as5.58 aml H.6ia the y 0 (
gap plus trailing length decreases before rapid capture on entering the slugnwake
these caseshe slugs are behaving as though they are rising in a stagnant fluid.

1 In certain circumstances the gap plus trailing length actually increases before
coalescence (see Figs.4a, 5.4b, 5.4d, 5.4e, 5.5b, 5.5¢, 5.5d, 5.6b,)5l6¢cthese
caseghe base of the leading slug begins to mavea faster speed than the traglin
slug, however, the length of the trailing slugegins to increasei.¢. the nose
acceleratesin tandem with an increaseith the leadingslug base spegdvhich
allows the whole of the trailing slug to be, in essestetched into the wake of the
leading slugesulting incoalescenggsee Fig5s.7a, 5.7b, 5.76or an example of the
trackg. This is asimilar observationas thatassociated with coalescence in a co
current enironment (Pinto et al1998, who also show that the leading slug can
travel at afaster speed than the one beloveré] the results show that coalescence
can still occur even in these cases, which Pinto et al. (1998) suggest cannot (see

Table 5.2 for examples)

Fig. 5.3 Stills showing the coalescence process for two ascending gas slugs (circled in blue at ti
0.38 s). As the trailing slug expands it begins to enter the area of influence and the whole of the sl
to accelerate, on entering the slug wake nitee elongates, ending in coalescence.
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