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Abstract

Textural ancchemical patterns in plagioclase phenocrysts of thredipteric and

two 22 century eruptions of the andesitic Galeras volcano, Colombia, have been
used to determine the residence time of magma within the subvolcanic system. Near
equilibrium, oscillatoy zoned plagioclase and variably textured zones indicating
dissolution / resorption, evidence changes in pressure, temperature, composition, and
magma flux during crystal growtiMlodelling of Sr and Ba diffusion in plagioclase,
which crystallized at anvarage temperature of 975 °C, indicates that all five

eruptions preserve evidence of at least two phases of magma chamber
development.Oscillatory zoned grains give magma residence times of 10 to 81
years. Grains with disequilibrium textures always inglie a much shorter residence
time in the subvolcanic chamber, generally less than 10 y&hese results suggest

that the initial magma chamber received additional fluxes of phenocryst bearing

magma no more than a decade before eruption.
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1.0Introduction

Data from closely monitored volcanoes in Colomté&ebeen essenti@omponents

of the countryds approach to i(Gheia&i fying
MendezFajury, 2018) Realtime-monitoringdata provide clear evidence of magma
movements in the subvolcanicssgms. However, in order to develop a full picture

of how magma movement relates to eruption, information on the past behaviour of

the volcanic systems needed For example, at what level is magma fed into the

system before eruption, how long does magsside in the subvolcanic system

before eruption and what processes trigger eruption?

This objective of thighesis is to answer ésequestions by tracking magma

dynamics and its spatis#mporal relationshipsvhichrepresents a key parameter in
terms of forecastingruptions Themain contributiorof this studyis: 1) an updated
stratigraphic logging and correlation of the most recent deposits of Gatdcaso,
and?2) characterizatioof the timing of magma emplacement prior to eruption
samples from two Zlcentury eruptions and three eruptions over the last 5000 years
Theresuls obtained herean be linked to monitoring data to understtreeruptive
frequency and style of acé volcanoesnd in that way to contribute in the hazard

risk assessment @aleras volcandGaleras i®ne of the most active volcanoes in
Colombia,witharound500,000 people lmg within 15 km of the volcanandmore

than 60recordeceruptiveevents between 1500 A.D and the present ddyese
eruptions produced a variaety natural hazards such as pyroclastic density currents,

lava flows, ash falls and lahars

New stratigraphiccorrelationsvere conductedetween thelepositsrupted over th

last 5000 yearat Galeras volcan@.his studyexamina the distribution, thickness



and pumice texture in four distinctivelcanicdeposits belonging to this sequence
and used the grain size and textural characteristics of pumice in the deposits to
examine variation in eruption dynamics and style over.titheapproach involves
petrochronology, in which the elemental compositioa ofineral is linked with time
(i.e., ages or duratioof a processand interpreted in a petrogenetic context together
with specific rockforming processes and their physical conditifishn etal.,

2019) Chronometric data can bequiredby diffusive techniques, allowing rates of
various magmatic process@&®m a few hours to millions of yearts be estimatedt

high levels of precisioDohmen etl., 2018)

During crystal growtlwithin themagmatioplumbing systemthe growing minerals
develop specific texturésor composition relationsin response to changes in
magmatic environmental conditions sucheraperatur@andpressure. Ement
concentratioa mayalsochange from one zone to another in response to chemical
changes in thenagma Concentration gradientéactually chemical potential
gradientskestablished between successive crystal zav#sif diffusion rates are

fast enoughtend tore-equilibrate de tochemical diffuson (Chakraborty, 2008)f
thermodynamic equilibrium is not attained, the rate of diffusion can be determined
from experimental data using information on madermaperaturecrystal chemistry

and structure, element substitution and the geometry of the interface across which

diffusion takes placé€Dohmen etl., 2018)

By applying our knowledge of diffusion rate¢ke timescales of magmatic processes
may beobtainedoy combiningpetrological observations, compositional datajfma
minor andtraceelements)andtransport properties (diffusivity)Also, knowledge of
thetemperaturend pressure conditions of crystallisation which can be obtained

usingthermobarometric techniquéutirka, 2008, 2017)n general, the approach

2



used is forward modelling of concentration distributiomkich evolve toward
equilibrium profiles Measured compositional profiles aealyzed in terms of
diffusion and thermodynamic lawand their approach to equilibrium allows
reconstruction of thduration of the high temperatumagmatic evolution of
minerals and melts in volcanic plumbing systéishn & PennistorDorland,

2017)

Diffusion chronometry has been recently applied to the understanding of magmatic
systemgChakraborty, 2008; Druitt etl., 2012; Kohn eal., 2016; Lynn eal., 2017,
Watson & Baxter, 2007; Zhang, 2008umerousnagmatic timescales studieave
been developedsing a variety of zoned minerals ligbvine, sanidine, amphibole

and pyroxene in order to understand magma evol@Boenna etl., 2018; Dohmen

& Chakraborty, 2007; Krimer & Costa, 2017; Oesealet2015; Petrone ei., 2018;
Shaw, 2004; Shea at., 2015) Specifically, sudiesof zoning patterngn plagioclase
phenocrysthiave been developed to determinerémdence times, timescales of
magma mixing andscent rateof prior toexplosive eruptios (Charlier etal., 2012;
Costa etl., 2003; Dohmen & Blundy, 2014; Giuffrida & Viccaro, 2017; Zellmer,

2003)



2.0Geological setting and brief volcanological background of
GalerasVolcano

Galeras volcano is one of the most active and hazardous Holocene volcanos in the

southernColombian Ande¢Banks ¢al., 1997)Figure 2.1 A). The recent activity

has been characterized by violent vulcanian eruptodsthe current edifice has

produced 25 explosive eruptions in the last two cent(iNasvaez Medinatal.,

2017). The currently active cone part of the Galeras Volcanic Complex (GVC) that

hasevolved over the lastpproximately 1 million year&Calvacheetal., 1997) The

GVC is surrounded by seven municipalities, includiasto, theapital city of

Narifio Departmentwhich together have more than 526 0000 inhabitants.

Magmatism inthe southern ColombiaAndesis a consequena# the triple junction

of the continental plate of South America with the Nazca and Caribbean oceanic

plates which first developed in theate Cretaceous’ he hree mountain belts of the

northernAndes resulted from this proce3$ie complex sits on a NVSE trending

lineamentRomero, 2002jFigure 2.1 B) and several NESW trending faults Cauea

Almaguer, Pasto, Guditara, Manchavajoy, San Ighacio and BuAsakda that is

part of theregional Romeral fault syste(Raris efal., 2000)



71 P'SO"W

= e ‘B ., Rl
} 1Y ¢

e,

® Galeras Volcano
= = =Urcunina

4= = =Coba Negra
<% La Guaca Volcano
River / drainage

++++Scarp

1°9'0"N

- - =Lineament
Summit road
Camino Real road

Figure 2.1: Location of the Galeras Volcanic Complex (GV@): Tectonic setting of the GVC in relation to the Nazca, South
American and Caribbean platésrows and numbers represent plate velocities (Freymueller et al., 1993) in mm/yr with respect to
South AmericaB) Geomorphological features including, Galeras and La Guaca volcanoes, previous structures of GVC recognized from
remote sensing analysis (Urcunina and Coba Negra), roads, rivers, drainages, fault systems, scarps, 8 BEOSAR Radar
digital terran model provided by the Colombian Geological Survey)



The GVC was built on Triassic, Jurassic and Cretaceous basement that comprises
low- to mediumgrade, variabl folded and faulted metamorphic rocks that are

intruded by diabase. To the NW of the complex, along the Guaitara and Chacaguaico
rivers there are late Cretaceous pyroclastic rocks and marine sedixibag®mez

Diaz etal., 2011)

Calvache (1995) divided the GVC into six distinct-ptelocene stages. From oldest
to youngest theeare the Cariaco, Pamba, Coba Negra, @emal Urcunina stages.
The Cariaco stage, comprises pyroclastic rocks and lava flows is approximately 1
million years old. The younger Pamba stage has similar distribution and litHology
the older stagand was active from 900 to 8@8. The Coba Negratage, active from
800 to ~ 550 & comprises basaltic andesite to dacitic lava flows overlain by
volcaniclastic deposits: pyroclastic density currents and ash fall tephra. These are
intercalated with air fall tephra from volcanoes in Ecuador as wéliaal and
fluvioglacial deposits. The beginning of the Genoy stage is of uncertain age, but it
was likely active from ~ 400 to ~ 30 k@alvache eal., 1997) The Genoy stage also
includesthemonogenetic cone: La Guaca, that erupted att18@ kaon the SW

flank of the compleXRodriguez & Sanchez, 2018The Urcunina stage is dominated
by effusive rocks and its collapse left a westward opening, horsesthagped
amphitheate(Figure 2.2 A) that containghe currently active Galeras edifice which

began to grow at ~ 4500 yEBanks ¢al., 1997)

The active Galeras crater is 320 m in diameter and 90 meters deep. It sits ~ 100
meters above the level of the amphitheater at its eastern end. There are two secondary

craters; El Pinta and Las Cha&ggure 2.2 B) as well as several fumarole fields that



are constantly monitored by the Volcanological and Seismological Observatory of

Pasto, Colombia.

Theeruptive record of Galeras Volcamacludesix major eruptions in the last 4,500
years, corresponding to the eruptexeents 4500 yBP, 4000 yBP, 2300 yBP, 2300

yBP, 1100 yBRand an historical eruption at 1886 ADalvache1990;CalvacheX

Williams, 1992) They involved lava flovand pyroclastic flow deposits with a

volume 0of8.7 millionm3. The most recent activity of the Galeras volcano, after 52
years without activity, has been widely documented since its reactivation in 1988

(Stix etal., 1993) Since thenthe Volcanological and Seismological Observatory of
Pastohas been attinuousy monitoringthe volcandLucia etal., 2021) A series of
eruptions occurred in 1989, followed by the emplacement of an andesite lava dome in
1991, and a series of six mayor vulcanian eruptions between July 1992 and June 1993
(Stix etal., 1993) Since 1994, Galerdmas beeln a quiet stage with minor

explosions in the years of 1995, 1998, 2000, 2002, 2004, 2005, 2006, 2008, 2009 and

2010(Narvaez Medina dl., 2017; Vargas & Torres, 2015)
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Figure 2.2: Photographsf Galeras Volcanic ComplexA) Edifices of the GVC (photograph thygeominas 2008), yellow and black dotted lines
correspond to previous emission centres (Coba Negra and Urcunina edifices respdjidig)active craters of the Galeras Volcano, and the
fumarole fields.



3.0Methods andAnalytical Techniques

The distribution and stratigraphy of the Galeras deposits were defimadpping at
1:10,000 scalen transects provided by roads, in particular the Camino Real and the
road to the summit through the National Pdig(re 2.1 B). Sections through the
deposits are also exposed in the watersheds on the NW to SE flanks of the complex.
Stratigraphic sections were measured and described using the termindagyeof

& Schmincke, 1984&ndMurcia etal., (2013) The different parameters described at
multiple locations allowed the determination of lateral grain size distribution of the

deposits, as well as component and thickness variations in relatiqgotpaphy.

The stratigraphyutlined heras based on recognition of lithologically distinct
marker layers. Samples of the marker layers were collected at all sections, where
present and wengreparedor sieving, grain size, component and texture analysis
Samples of recent tirreonstrained ballistic bombs (2008 and 2010 eruptions) were
also collected from the proximity of the crater riffne marker layesamples were

first washed with 10% HCI and then with water. The washed material was dried and
sievedat 1 « intervals from4 to-4 «. Sample volume reduction was performed
applying the coning and quartering method. Component analysidomnason ~ 300
particlesfor every size fraction of each samplejng a binocular microscop@és

well as the identity of components, the degremuahding and the spherici{€as &
Wright, 1988)was also determinedThe samples were divided into free crystals,
further subdivided by type, vitripumice) and dense fragments according to
Schmid, 1981 Dense fagmentsvere in addition subdivided into juvenile, and

accessory fragmengécording tdVurcia etal., (2013) A selection of grains in the



matrix from each size fraction, as well as coarser fragnaemtdallistic bombsgvere

mounted and polished for textural, chemical/antchodal mineralogy analysis.

Pumice fragments were mounted in epoxy and sectioned to allow examination of

vesicle shapes. Backscattered electron imaging of the samples was done using a

JEOL 6400 SEMTextureanalysis of the pumice was done using images asd)air

several magnifications from 20x to 800x, which were thtessed to reconstruct

broken and missing glass walpplying manual wall reconstruction routirees

homogenized grayscale images (examples of bubble reconstruction are shown in
AppendixA). To perform the vesicle analystbis studyused the MATLABbased
program O0606FOAMS606 (Fast ObjectShéac.ui si t i
2010 AppendixB). FOAMS assumes that vesicles are spherical, so samples with

elongate vesicles were not used for pumice texture analysis.

For the youngesnarkerlayerin the stratigraphic sectiothis studydetermined the
density and vesicularity of pumice fragments for the size fraction betwegh

by water immersionThese were converted to vesicularities with the measured
denserock equivalent densities usitige method oHoughton & Wilson(1989.

Particles were covered in plastic wrap for one of the sets of measurements, a second
set ofmeasurements which the samples were treated with a silicone spray gave

very similar results.

Radiocarbon analyses were performedhenmarker layers containiregirbonized
wood using a 3MV tandem accelerator mass spectrometer built by High Voltage
Engineering (HVE at the A.E. Lalonde AMS Laboratory at the University of
Ottawa, Canada?'*€*3ions were measured at 2.5 MV terminal voltage with Ar

stripping. The fraction of modern carbort/E, was calculated according Reimer
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etal., (2013 as the ratio of the samplC/*C ratio to the standardC/*°C ratio (in

this case Oxll) measured in the same data block. B6@'*C ratios were

backgroundtorrected. Corrections were made for spectrometer and preparation
fractionation using the AMS measuré€/°C r ati o and w4dC nor mal |
(PDB). Radiocebon ages were calculated-8933In (F“C) and reported itfC yBP

(BP = before 1950 AD). Theerrorsit ages (10) were based o
statisticsC/°C and®*CAC v ar i ati on b e*¥Owasnotredoatadss bl o c k
it was measured on the AMS and contains machine fraction&ficamn etl., 2017

andMurseli etal., 2019)

Volume calculationsvere based on the measured thickrefshie better
stratigraphically controlled marker lay&ilL4 (4443yBP) at 34 locations in the
proximalzone(AppendixC), wherethe bed set was found well exposed and the
correlation was reliable. The deposit distributezea was estimated based on
stratigraphic correlations and geomorphological analysis Wigital Surface

Models (DSMgenerated with a spatigdsolutionof 5 meter}, Digital Terrain

Models (DTM), and Digital Elevation Models (DEMJhis studyapplied the Inverse
Distance Weighting (IDW) technique to interpolate the data. The IDW is a
deterministic mathematical method based on spatial dependdmcmtepolation,
using GIS, analyzes the points where the thickness of the deposit is known, and
creates an area to estimate the unknown pdihesinverse distance weighted
algorithm estimates the value z (thickness) of a point P as a function evahees

of the nearest n poin{glengl, 2009) This studyalsocorroborated thestimation by
calculatirg the volumewith an average thickness of 13 cm and a radial distribution
set at the distance of the most distal exposure (2.5 km). The estimated volume with

this method is within 4% of that estimated with the IDW methodhe case of the

11



valley confined depositsimulations of concentrated pyroclastic density currents in

Galeras Volcanayere consideredsing the TITAN2D CodéGarcia etl., 2011)

Major element analysex 78 plagioclase phenocrysts from coremargin

(Appendix D weredoneusing the JEOL 733 electron microprobe at the University

of New Brunswick. Steps between points in the traversesfrany5 t o 20 & m
depending on the scale of the compositional zoning and the crystehsitieetic

and natural mineral standards with tbbowing operating conditions; beam current

of 20 nA, and accelerating voltage of 15 kV. Counting times on the peak positions
was 30 seconds with 15 seconds on each of the background positions and the data

were reduced using the ZAF correction.

Forminor and trace elementhis studyanalysed the same profiles usiraser

Ablation InductivelyCoupled Plasma Mass Spectrometry {IGP-MS), by using a

GeoLasPro 193 nm Excimer Laser system, equipped with an Agilent 7500ce

quadrupole ICRMS (AppendixE). Operationaktonditions for the analyses were

performed at 10 Hz and fluence o8/&nt, and a laser travel speed of 5 uriise

elements measured were Li, Na, Mg, Al, K, Fe, Rb, Sr, Ba, La, Ce, Nd, Yb and Pb

Abl ation spots are of the order of 25 &em
measured, in several samples spot analyses with steps between spots varying from 30

t o 4 Oereaused, thhough most profiles were collected by continuous ablatien.

standards were BGRG, NIST610, NIST612.

Chemical analysis of glagdagioclasecontactsandglassamphibolecontactsvere
collected with the]EOL 6400SEM-energydispersivespectroscopy (EDS) for
geothermomey determinationsPeak positions in the ergy spectrum are calibrated

for Ca, Mg and Si using an ASTIMEX diopside standard. Peak positions of the other

12



elements are adjusted from their theoretical positamed on this calibration. Peak
intensities were reduced using the ZAF correctitmessure and temperature
conditions for the system at equilibrium state was estimated usipdatfieclase

liquid andamphiboleliquid modek of Putirka(Putirka, 2008, 2017)
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4.0Results

4.1 Stratigraphy

The stratigraphic sequence is best exposed along the Camino Real, the road to
the summit and the main drainageégy(re 4.1). TheGaleras volcandeposits
overlie lava flows of the Urcunina stage, which form the edifice of the volcano
that can be seen from Pasto. The whole set of lava flows is up to 140 meters
thick and comprise porphyritic andesite with phenocrysts of plagioclase,
clinopyroxene, orthopyroxene, olivine and locally magnetite in agnagned
microvesicular groundmass.

At section G04, where the entire sequence can be observed, the lava flows of
Urcunina are overlain by a 40 cm thick layer of pale brown to yellow brown
biotite-bearing ash that is massive to cross lamindtegli(e 4.1A,B). This
distinctive marker layer, designated ML vthichhas an age>5000yBP

outcrops 2.5 km north of the vent, on the north flank between the Chorrillo and
Genoy drainages. The greatest thickness of this layer is >1m and was recorded in
the east flank at station G06. ML 1 is overlain by ~ 50 cm of medium ash that is
commonly stragly oxidized and has at least three palaeosol horizons. The
palaeosols are 530 cm thick.

Immediately overlying a very widespread and easily recognizable palaeosol,
designated Ph dRigure 4.2 is a second marker layer (ML 2) which is biotite

rich, moderately sorted and matrix supported. ML2 is typicallg@sm thick,

but reaches a maximum thickness of 40 cm 6.9 km from the vstaitiain G11
along the Barranco river valley. |t

intraclastso which are pieces of the

14



bomb sagsKigure 4.2 C,D). The deposits overlying ML 2 are variable and their
distribution and preservation appear to be strongly controlled by topography.
Section G04 shows the complete stratigraphic sequesel/ing and

underlying ML 2, including several palaeosols, which are absent in sections G05
and GO06. A palaeosol formed on top of ML 2 contains carbonized wooddkat w
dated at 4443 + 2¢BP. ML 2 occurs regularly along all the main drainages, on
the roal to the summit and in some distal areas.

A third marker layer, ML 3, can be defined on the road to the summit, along the
Camino Real and in all the main drainages from the south east to north flanks,
where it is observed as far as 6.5km from the current,\along the Barranco

river valley. The layer is also thicker than the underlying marker layers; between
17 3 meters at station GO&igure 4.3 A). ML 3 is massive, matrix supported

and poorly sorted. Dense fragments and much of the matrix are yellow and
strongly hydrothermally alteredrigure 4.3 B). There are abundant intraclasts

of palaeosol from the underlying deposits, vekdfined elutriation piped={gure

4.3 A), and fragments of carbonized wood. ML 3 is much coarser than the
underlying biotiterich layers with large lapilli and blocks up to 65cRigure

4.3 C). This deposit is part of the 2300 member described by Calyhg8e),
carbonized wood fragments have been dated at 2330 + 70 yBP and 2390 + 80

yBP.
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Figure 4.1: Stratigraphy and sampling locations from SW to NE direc#grGoogle earth image showing location of sections and sampling
stationg(AppendixC); B) Stratigraphidogs from the main roads and drainages.



In some sections, ML 3 is directly overlain, in erosive contact, by another
distinctive marker layer (M4; Figure 4.1). It corresponds to a gray, vitric and
lithic ash, lapilli and block deposit, 60 to 150 cm thick (at station G05), that is
massive, poorly sorted and matrix supported. The fragmentemonly

highly vesicular (4860%) up to 60cm in sizé-{gure 4.3 D,E). Carbonized

wood from these deposi(Bigure 4.3 F) was datedct 2302 + 23 yBP. ML 4 is
mainly valley confined, it is observed 4.5km east along the Maragato drainage
with a thickness of 50cm and 6.3km north in the Barranco river valley where

1.7cm thick.

4.2 Grain Size and Component Analysis

4.2.1 MarkerLayerl (>5000yBP)

The pale brown, biotitbearing ash of ML 1 is moderately to well sorted. Grain size
ranges from 1.3 to 1.8with a median diameter of 1.6 In the crateproximal

region (~1.6km from the current vent), at section G04, the dominant grain size is 2
and varies laterally to the north toedand the fraction of the coarsest fragments also
decreasedHgure 4.4 A). ML 1 comprises mostly crystals (57 %) and pumice (39
%) with a few percent dense, nuasiculated andesitic lithics (4%), which range
from phyric to aphyricKigure 4.4 B). The crystals are plagioclase > amphibole >
biotite > oxides. Loose crystals are commonly brokEigute 4.4 C,D) whereas

pumice fragments are typically subrounded.
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Figure 4.2: Proximaloutcrops of the volcanic sequences as exposed on the road to the
volcano summit, southwestern slop&¥:Part of the satigraphicsequence where multiple
PDC bedsets including ML (>5000yBP) and ML 2(4443yBP) are interdigitated with thin
palaeosols (Ph) (station-@); B) Parallel and lowangle crossamination structure in ML 1;
C) Erosive contact marked by a hard ground between widespread Ph andyID&ail of
impact sag that deforms ML 2 and Ph.
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4.2.2 MarkerLayer2 (4443yBP)

The crystal content, fragment shape and degree of sorting in this layer are similar to
ML 1 (Figure 4.4 E). It comprises loose crystals (48 %) and pumice (47 %) with a
few percent dense, naresiculated andesitic lithics (5%). The median grain size is
slightly coarser than ML1. Near tloeater (~1.6km), the dominant grain size fraction

is 1 « whereas in the more distal deposits (~2.4km at station G09) the dominant
fraction is smaller (a). Pumice abundance is higher towards the east and southwest
(Figure 4.4 F) whereas the proportion of plagioclase increases to the northwest. The
proportion of biotite in the crystal load varies laterally, being more abundant to the

north Figure 4.4 G).

4.2.3 MarkerLayer3 (2330 + 70 yBRo 2390 + 80 yBFp

Marker layer 3 is much coarser than the lower two layers (ML IVind) with a

median grain size of @and it is extremely poorly sorted with a sorting coefficient of
> 4.5 « (Figure 4.4 H). The layer iglominated by fine to mediwtoarse lapilli size
fragments mainly of hydrothermally altered dense andesite (54%) and lesser scoria
and pumice (7%)Rigure 4.4 1,J). Loose crystals form 39% of this deposit and occur

as plagioclase > amphibole > pyroxer@(re 4.4 K).

The dense clasts are subdivided into:-fimedium grained porphyritic andesite with
plagioclase and amphibole phenocrysts; altered aphanitic to vergréireed
andesite; altered darkay andesite; altered red and yellow dense volcanic fragments.

Dense fragments are typically subangular to subrounded.
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Figure 4.3: Proximal quarry locatedn the road to the top of GVC (station@): A)
Yellow lithic tephra breccideposit (ML 3) with a degassing structure. The deposit is in
sharp contact with a greytric lithic tephra breccia deposit (ML, 2302yBP); B) Detail of
the hydrothermally alteredejtow lithic tephra breccideposit;,C) Grey, dark grey and
reddish lithic fragments (Lth) from ML B) Detail of ML 4 with abundant grey pumicg)
Grey, dark grey and reddish lithic fragments (Lth) and vesictdgnients (Pm) from ML4;
F) Carbonized wood from ML deposit.
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4.2.4 MarkerLayer4 (2302+ 23 yBP)

The final marker layer (ML 4) is the grey, vitiflithic tephra. It shows a similar

degree of sorting and median grain size to ML 3, i.e.ekieemely poorly sorted

with median clast diameter of O(Figure 4.4 L). Section G05, located east of the
current vent, has a significantly higher percentage of very coarse fragments than in
the other sections. The deposit is dominated by grey pumice (>hpesome of

which is banded and has very elongate vesiélggie 4.4 M). Altered dense

fragments constitute ~15 percent of the samples. Fresh dense clasts are subdivided
into fresh glassy, moderately vesicular, pale grey andésgarg 4.4 L), white to

cream porphyritic andesite fragments and green andesite fragments. Dense
fragments are typically subrounded to subangular withsjolnericity. The crystal

assemblage (35%) is plagioclase >> amphibole with minor pyroxene and olivine.
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4.3 Petrography and general mineral chemistry

In ML 1 and ML 2, plagioclase phenocrysts atdedral to subhedral with a variety

of zoning patternsHigure 4.5 A). Plagioclasetypically andesingranges from Ags

to Anse. Biotite phenocrysts areuhedral to anhedral and up to 2mm long,

sometimes with rounddabrdergFigure 4.5 B) andinclusions of plagioclase and
magnetitg Figure 4.5C). Amphibole crystals arpale green to deep greexuhedral

to anhedral, diamond shaped, with prismatic habit up to 1.5 mm in size. The crystals

have rounded borders and maltlusions Figure 4.5 D).

In ML 3, plagioclase is present as tabular, subhedral to eula@nadcrystals

highly altered plagioclase, up to 5mm in sieg(re 4.6 A), is also abundant in
dense fragmeni$igure 4.6 B). Amphibole crystals are greenish, euhedral to
subhedral, up to 3 mm in siz8iotite and pyroxene crystals are found occasionally

as accessory mineralBigure 4.6 C).

Finally, in ML 4 plagioclase usually contaimclusions of biotite and magnetite
(Figure 4.6 D). The plagioclase varies froAnsz to Anss. Amphibole crystals are
pale green to deep greesubhedral to anhedralp to 4 mm in sizeHigure 4.6 E).
Some amphiboles show sieve texture and melt inclusiyrexene crystals are
uncommon and occur as euhedral to anhedral microcrystb@5H0m) with

rounded borderg={gure 4.6 F). Olivine crystals are found occasionally

Mineral analyseperformedusing the JEOL 733 electron microprobwlicate that

the amphiboles from all bed sets corresponds to maghesinblende. Theyroxene
crystals present in ML 3 and ML 4 are part of the clinopyroxene group, specifically
augite. Compositional classification diagrams from all the four layensraveded

in the Appendix~.
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Figure 4.5: Images from the astich deposits ML 1 and ML 2A) BSE of aplagioclase
phenocryst from MLL (>5000yBP) with oscillatory zoning and rounded edpgB3}
Hexagonal biotite crystal from ML 1 with a partly crystallized melt inclus©@nBSE image
of a elongated biotite crystal from ML(2443yBP) with a magnetite and glass inclusi@;

Hornblende crystal from ML 2 with melt inclusions.
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4.4 Pumice

Representative pumice fragments were selected from each deposBStounages
at magnificationsof 100x, 250%, 500x and 800x were used to include all vesicle

populations for size, vesicularity and number distribution measurements.

The vesiculaty of pumice clasts for ML >5000yBP) is between 5B1% with a

high degree of bubble connectivity. Bubble walls with a thicknegsn<&re often
deformed or ruptured which makihe vesicles iterconnectedRigure 4.7 A,B).

Vesicle shapes in pumice fragments vary from rounded to elongated and some
pumice clasts preserve evidence of multiple deformation stages, as seen in aligned
sets of small tube vesicléBigure 4.7 C,D). Vesicle volume distribution plots

(VVD) show that white glassparticles from ML 1, include vesicles as small as
D0.002mm, while the largest ones reacbe@l16mm. The major mode is at 0.3mm.

(Figure 4.7 E).

Pumice in ML 2 (444%BP) is also highly vesiculated, varying betweern/S% and
showing thin bubble walls, as well as remnant filamentous interstcgpsé 4.7

F,G). Qassy patrticles are white, grey and reddisdgrly spherical, and include large
cavities formed by the coalescence of several expanded b(Blyese 4.7 H,I).

The smallest vesicles ap®.003mm, while the largest individuals redad.18mm.

The average vesicle size is 0.02nffg(re 4.7 J).

Scoriaceous particles from ML 3 arederately vesicular, dark grey, angular to
subrounded with low sphericity. The proportion of pumice within the depogtys
low (<2%) which is not enough to give a reasonable statistical distribution of density

and size.
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Figure 4.6: Petrographic Imagasder cross polarized lightom ML 3 Yellowtephra breccia (A,B,Y2and from ML 4 Grey tephra breccia showing
(D,E,F): A) Highly altered plagioclase phenocrystals showing oscillatory zonation and sieve tBxdltered, moderately vesiculated lithic with
porphyritic textureC) Euhedral clinopyroxene crystal)) Fresh plagioclase phenocryst, showing oscillatory zoning, rounded, internal dissolution

surfaces and 3 layers of melt inclusioByHornblende crystalwith mineral melt inclusion$:) Fresh loose pyroxene crystal.



Finally, in the gray and banded glassy particles from M2302yBP), the degree of
bubble connectivity is low and these samples contain a greater proportion of euhedral
phenocrysts of plagioclase and amphibé&ligyre 4.7 K,L). Bubble coalescence is
common in larger vesicles, whereas the smaller ones have typically a heterogeneous
size with a spherical shap&igure 4.7 M,L). Vesicle diameters vary from

0.001mm to 0.14mmHgure 4.7 O). ML 4 pumice shows slight variations mainly in

the vesicularity index. The content of microphenocrysts in ML 4 pumice is notably
higher than in the other layers (20 vol% of the kpdkticle depending on

vesicularity). Also, vesicles are separated one from another by thicker walls, whereas
in particles from the older layers the interbubble walls are very thin and frequently

disrupted.

Measurements of pumice sta from ML 4 (n=60 clasts) reveal a mean density of
1215 kg/ni with a standard deviation of 159 kginThe density value of each clast
was converted to a vesicularity using the dense rock equivalent value (DRE)
measured on the naresicular juvenile fragents, the average DRE obtained was
2650kg/ni. The datashow aunimodal distribution, with a vesicularity index value of
54% and a range from 35% to 62%, derived from the arithmetic mean of density
determinationgHoughton & Wilson, 1989)igure 4.8 summarizes density and
vesicularity data for pumice clasts from ML 4. Textural data for all layers is
displayed aglistributions inFigure 4.9, which $iows the comparison of the number
of vesicle size distributions plots (VSD) in terms of number density n (In(n) vs L),
used commonly to infer kinematics of nucleation growth rate bbles and
cumulativevesiclesize distributiorplots (CVSD) (og(Nv>L) vs. log(L)) which

relate vesicle size distributions to processes such as nucleation, coalescence, ripening

and collapse. The obtained curves for the three |layene a similatrend o
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Figure 4.7: BSE imagesA) Pumice grain from ML 1, narrow vesicle size rargepDeformed tube (T) vesicle€) Subrounded to elongated
vesicles (E)D) Thin interbubble walls, evidence of coalesced bubbles is shown by aEpWsjume fraction and size distribution histogram
(VVD) for ML 1 resulting from FOAMS analysis (Shea et al 2010) of images with magnifications between 20x artie86xpr mode is at
0.3mm;F) Highly vesiculated pumice from ML ) Smooth retraction and remnant filamentous interstidgSpherical vesicle€S) and
microcysts;]) Closeup of large vesicles showing bubble coalescedc®VD plot from ML 2, major mode is at 0.02mn{) Highly vesicular
pumice from ML 4;L) Expanding vesicles with wrinkled (W) film®)) Spherical to sulspherical vesiclesy) Bubble deformation (D) in
response to radial expansion, thick glass wal)syVD histogram from ML 4, major mode is between 0.01 and 0.02mm.



the nonlinear relationship of the equivalent diameter piloé latter isexpected for
processes that generate-fogrmal distributions where the number of objestisles
inversely with size, exponential trends are correlated with multiples stages of

nucleation and growtiNumerical models are based $hea etl., (2010)

4.5 Volume Calculations

This studyobtained an estimatexdea of deposition of 16.5 Krand a bulk volume

of 2.6x16 m3for ML 2 (4443yBP) using the inverse distance weighting model and
volume of 2.5x10mq using average thickness and a radial distribution. For the
purpose of the IDW modelinghe distribution oML 2 was assumed to lweughly
concentric based on the stratigraphic correlation of the current deposit exposure in
the proximal zone. However, & known that this layer was asymmetrically

emplaced mainly ntin and northeast directed into the BarraRoger valley, where

the maximum thickness was measured and the deposit was found as far as 6.8 km
from the ventThe estimated distribution and volume may be underestimated as most
of the deposits are considered to be at least partially erddeckness within the
amphitheater is unknown since the deposits are buried by lava flows, recent
pyroclastic fall depositand flank collapses. The dense rock equivalent volume of
ML2 is calculated as 1.1x§M3. ML 3 and ML 4(2302yBP) are valley confined
deposits, although stratigrapluorrelationswvere carried oufFigure 4.1), it was not
possibleto extend this correlation to distal regions, since there are multiple grey and
yellow block and ash deposits with very similar characteristics in theTdrese

deposits are distributed between 2 and >6 km away from the current vent, from

southeast to north west flanks along Genoy, Chorrillo, Maragato, Barranco and
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Chacaguaico drainages. The estimated area of direct deposition can be up?o 40km
TITAN 2D simulations of the concentrated P@@rupted from Galerd&arcia

etal., 2011)suggest that they originated from partial collapse of a vulcanian column
expelled from the currently active crater. The models show that volumes>c\@r 5
mereach a distal limit of 6 km in less than 3 minutes, whereas volumes less than
1x1® m®, wouldremain confined inside the caldeTdere are several rural areas as
well as urban areas of Pasto Qitat are within 6km of the active crater thizdt

could be affected by an eruption of similar magnitude.
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Figure 4.8: Clast volume vs clast density plot from ML(2302yBP) pumice patrticles.

31



ce

ML 1 ML 4
Al In (n) vs. equivalent diameter
20
2
“
\ 18
12 \\ 8 \
16 \
E 10 \\‘ 16 \ 14 \\
- \ \ AN
£ 8 \ \ N
N\ 14 \ 12 S
\ T
. \\//\\ , - h 10 e
4 \\\ e 3
— 10 ~ o \
. S e T
005 01 015 02 025 03 035 04 045 001 0.02 003 004 005 006 007 008 009 002 004 0.06 008 0.1 012 014
Vesicle size (mm) Vesicle size (mm) Vesicle size (mm)
B/
log (NV>L) vs. log (L) curve
5 7 L. —_—
4s e =Y RS O 55 \\
3 0 e, 5 Y
- 4 \\ N 45 \
Tl 3s \ 5 \
> \ \ 4
z \
(@) 25 - \ 35 \\
k) : \
2 "\ \
. 3 25 \
15 \ X
: \ 2 \ : \
05 X \ 15 \\
25 2 A5 A 05 0 3 25 2 A5 -1 0.5 25 2 15 1 05
Log (L) vesicle diameter (mm) Log (L) vesicle diameter (mm) Log (L) vesicle diameter (mm)

Figure 4.9: Textural data derived from FOAMZ. Shea eél., 2010)for pumice clasts from ML {>5000yBP), ML 2 (4443yBP)and ML 4(2302
yBP), displayed as distributions plot&) Vesicle size distributions plots (VSD) in terms of number density n vs size (L), indicating multiple stages
of nucleationB) Cumulativevesiclesize distribution plot$CVSD), the exponential curve shows several growth phases.



A6
Poor Granular fluid P e e *ML1
sorted based PDC - b mML 2
0 | N
/ N ML 3
/ \
P \ il o \ ML 4
4 ;
g Fully dilite ~_ NE
o PDC | N BT S
E = 3 \\ \
t q_) 2 e e ..‘ N “‘ \
0 O 72 S \ ;
7)) & ST T N y )
@ |7 . W ™ R //
O ! Fall deposit “? o F
1 \,\-\ ........ 7;/'.-'; ...... - ......
We" .\'\\ ,‘/‘
sorted [ i e O
0 el .
\ 4
6 5 4 3 2 1 0 1 2 3 4 5 6
Median diameter (phid)

Figure410: Pl ot of sorting coefficientsizédG 0) vs
characteristics 737 of thanalyzed samples according to Folk (1966). Granular fluid based
PDC (dashed line), Fully 738 dilute PDC (dotted line) and Fall deposit fields are adapted from
Walker (1983), terminology of 739 pyroclastic density currents after Branney and Kokelaar
(2002).

33



4.6 Compositional and textural zoning patterns of plagioclase

phenocrysts

Eruptions selected for detad compositional and textural zoning pattern analysis on

plagioclase phenocrysts are briefly summarinetiable 4.1.

Table 4.1: List of samples of the eruptive products of Galeras Volcano with a short

description of eruptive events agamples

Date of eruption Eruption description Eruption Volume m3

Sample description

Explosive eruption with partial
destruction of dome, fall of ash anc

02/01/2010 blocks.Shock wave in Pasto 3.5x10
(Narviez Medina «dl., 2017)
Explosive eruption with partial

17/01/2008 destruction of dome, fall of ash anc 11x16

blocks.Shock wave in
Pasto(Narvaez Medina «l., 2017)

Concentrated pyroclastic density

current generated as a result of the

collapse of a sustained vulcanian 55x 160
eruption column reaching ~6km

from the crater

2302 + 23 yBP
(ML 4)

Dilute pyroclastic density current

4443 £23.7yBP from column collapse during a 26x10°

ML 2) vulcanian eruption
Dilute pyroclastic density current
>5((,\)/|0L01y)BP from column collapse during a >2.6x10°

vulcanian eruption
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Dense bombs with phenocrysts
of plagioclase (2025%),
clinopyroxene and
orthopyroxene (i710%) and Fe
Ti oxides (3 5%) (Bain etal.,
2019)

Scoriaceous bombs with
plagioclase phenocrysts (~21%
clinopyroxene and
orthopyroxene (~9%) and FE&i
oxides (3%)Bain etal., 2019)

Vitric-lithic tephra composed
dominated by grey pumice (>5(
percent). Dense andesite lithics
constitute ~15 percent of the
samples. The crystal assembla
(35%) is plagioclase >>
amphibole with minor pyroxene
and olivine.

Biotite-bearing ash tephra
composited of crystals (48 %)
and pumice (47 %) with, nen
vesiculated andesitic lithics
(5%).

Biotite-bearing ash tephra
composed by crystals (57 %) al
pumice (39 %) with dense, non
vesiculated andesitic lithics
(4%), which range from phyric
to aphyric Crystal assemblage
are plagioclase > amphibole >
biotite > oxides.



4.6.1 Compositional ranges of phenocrysts

Plagioclase irthe >5000 yBFReruption ranges from Agsg with an average of Ag.

The 4443 and 2308 yBP eruptions has plagioclase phenocrysts with a similar average
composition to the oldest eruption but the range is slightly smaller framsAihe

215 century eruptions have a wider range of An contents that ranges to much higher
An contents Figure 4.11) with averages of Az and Ars4 for the 2008 and 2010

eruptions respectively. Considering the average and maximum An compositions, the
>5000 yBP eruption is the most evolved and the erupbensme increasingly

primitive with decreasing age.

4.6.2Texture

Plagioclases divided irto 8 texturaltypesbased ora systematic study ofie
crystalpopulations. A summary of plagioclase textural types is showigure
4.12. Percentages of frequency of plagioclase textures are summarkziediia
4.13. Plagioclaserystals may show one type or texture, or commonly, multiple
texture patters, which evidence more complex conditions for crystal grokgh.
textural types arefype 1, Oscillatory zoning; Type 2, Dissolution surface/resorption
zones; Type Xrystal/nelt inclusions; Type 4, Sieve texture; Type 5, Patchy zoning;
Type 6,Agglomeration Type 7, Multiple textural zoning patterns; Type 8,

Homogeneous.
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4443 yBP
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>5000 yBP

Ab/ / %@AOO \ \ \ An
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Albite  Oligoclase Andesine Labradorite Bytownite Anorthite

Figure 4.11: Ternary plot of Albiteél Anorthite- Orthoclaseshowing thecompositional
variations of plagioclase crystals from the different analyzed eruptions of galeras volcano. In
general, the composition ranges fromsfo Anyo, with the exception of the 2010 A.D and
2008 A.D events whitreach compositions up to &rlower An compositions are observed
in >5000yBP eruption (Age). Filled figures represent rim compositions whereas white
figures correspond to core compositions.
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Type 1O0scillatory zoned plagioclases. This type is the most common texture present
inprehi storic erupti ons déposisofthey5000BPanche di | u
4443yBP eruptions), however is also observed inrduent ones. Phenocrysts

exhibit oscillatory patterns from the core to the crystal Figyre 4.12 A). Zoning

with 2-10 um thicknesss predominant in >5000 yBP eruption, whereas coarser

cores and wider zones are present in 4443 yBP and 2302 yBP eruptions and less
common in the recent evenComposition typically ranges from, a coreagfnazo.ss,

to a rim ofaAnas1.63, 0ccasionally up to An, evidencing that discontinuous reverse
zoning is a common characteristic of all samples. The alternation between cores and
rims is not very abrupt, neighboring zones usually exhitain1o30. Larger

wavelengths (>20 um) are often associated with rodigehel smooth edges between

zones, evidencing dissolution zones.

Type 2 Dissolution/resorption zones are dominant in plagioclases#s000yBP

and 4443 yBRevents Crystalswith this texturedisplay boundaries with smooth

edges and rounded cornelFsgure 4.12 B) and/ormorphological irregularitiesT his
feature is frequently associated with other types of textures (i.e., oscillatory zoning,
sieve texture)Dissolution zones are usually followed, rimward, by an abrupt
increase in An conterftip toAnpsg). Frequently, several resorption events are

recorded within the same crystal
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Texture Type Description

Oscillatory zoning

Chemical
composition varies
cyclically from core
to rim, producing
concentric rings.
Fluctuations in An
content are in the
order of 10 to 30%

Dissolution/
resorption zones

Crystals display smooth
edges, rounded corners
and/or morphological
irregularities in the
crystal border
transitions.

100 um-*'f < dissolution ™

Crystal/
melt inclusions

Inclusions are
randomly
distributed across
the crystal or
forming trends.

Sieve texture

Corroded crystal
surfaces. Sieve
texture can be
observed in either
the whole crystal,
at the crystal rim or

sieved g
crystal core.

GO03G

Figure 4.12: Plagioclasghenocryst populations (textural zoning patterns)
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Description

melt

. : Patchy zoning
~ inclusions

Irregular corroded
crystal surfaces that
have been filled by
more calcic An
composition.

Agglomeration

Clots formed by
the aggregation
of crystals

.l 0
It inclusiong

i Multiple textural
,& zoning patterns

The mosr frequent
associations are
oscillatory zoning +
patchy + inclusions
and sieved texture +
oscillatory zoning +
inclusions.

Homogeneous

Textureless
crystals

Continuation ofFigure 4.12 Plagioclase phenocryst populations (textural zoning patterns)
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Type 3 Crystal/melt inclusions are infrequently observed in >5000 yBP and 4443
yBP eruptions. Conversely, in 2303 yBP event, as well as in 2008 A.D and 2010 A.D
eruptions, plagioclaseith meltinclusions isare abundant. They occur randomly

within the crystalsKigure 4.12 C) or as aligned trails. Sizes can be up to |1L®0

long. Crystainclusions correspond to magnetite, apatitd amphibole. Inclusions

are found in plagioclase phenocrysts that show any type of texture.

Type 4Sieve texture is usually observedit' centuryeruptions as well as in the

2302 yBP event. They are found occasionally in the two older erupGoystal

surface becomes corroded as a result of partial dissolution of the cifjistasieve
textured appearance which consist of glass remaining sediibests either the

whole crystal Figure 4.12 D) or is distributedwithin the core or towards the rim.
Coarsely sieved textured cores may develop outer textures of Type 1, Pherl8ss
common type of plagioclase phenocryst is characterised by a core with sieve texture,

which is overgrown by oscillatory zoned rims.

Type 5Patchy texture is scarcetime two oldest prhistoric eruptions, and regularly
observed in 2303 yBP eruption and in the 2008 A.D and 2010 A.D eVegtsg
4.12E). It is characterized by the coexisting of-fpaor (DAnz2) and Anrich (DAN72)

zones This texture is often found along with oscillatory zoning and/or sieve texture.

Type 6 Two ormore plagioclase phenocrysts formed an embedded agglomeration,
creating crystal clotsqigure 4.12 F). Crystal agglomeration is common in the 2008

A.D and 2010 A.D eruptions and scaiin prehistoric events.

Type 7 Crystals with multiple textural zoning patterns are recurrent in all eruptive
events indicatingomplex processes and variable conditions during crystal growth.

The frequent associations arscillatory zoning 4patchy texture + crystal/melt
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Percentages of frequency of plagioclase textures

m>5000 yBP 114443 yBP m 2302 yBP m2008 A.D m2010 A.D

Homogeneous I ]

Multiple textural zoning patterns L IEE———
Agglomeration s I S —

Patchy zoning I

Sieve texture I I

Crystal/melt inclusions I I
Dissolution/ Resorption zoneSHmmm |
Oscillatory zoning I——— |

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%
%of plagioclase textures

Figure 4.13: Percentages of frequency of plagioclase textures of crystals iioyne
historicand 22 centuryeruptions.
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inclusions Figure 4.12 G) and sieved texture + oscillatory zoning + crystal/melt

inclusions.

Type 8 Homogeneous or textureless cryst&lgre 4.12 H) showing a constant
compositional distributionAnpa4o), are absent in recent eruptions and present in the

>5000 yBP, 4443 yBP and 2302 yBP events, although in low proportion.

4.6.3An zoning in plagioclase phenocrysts and their relation with Sr/Ba
variations.

Average Sr/Ba ratios aréqgited against average An content for crystals displaying
different textures ifrigure 4.14. The average Sr/Ba ratio for the {istoric

eruptions >5000 yBP and 4443 yBP is 3.2 with an average anorthite content.of An
Values >3.8 for these older eruptions correspond to oscillatogd crystals.
Plagioclase phenocrysts from the 2010 A.D and 2008 A.D eruptionddatuees

similar to those from 2302 yBP eruption, Sr/Ba ratios are lower on average 2.2 with
an anorthite content averaging AnHowever, two samples for the 2302 yBR et

show higher ratios and plot in the same field as the two oldérigt@ic eruptions.

For the21% century eruptionsSr/Ba ratios >3.0 belong to sieve + oscillatory zoned

crystals and patchy + oscillatory zoned phenocrysts.

>5000 yBP eruption:Crystals display oscillatory zoning, with a An content at the
core between ArrandAnaso,which isthe most sodic core compositiobserved in
anyof the eruptive events. At the rim, values are aroung &mdAnss. Sharp
variations in An content aBAn12.1g appear to be related to dissolution zoriggyre
4.15A). The highest An values (Ag) are recorded in patchy zoned phenocrysts

(Figure 4.15B).
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Figure 4.14: Sr/Ba ratio plotted against An for plagioclase crystals of the >5000 yBP, 4443
yBP, 2302 yBP, 2008 A.D and 2010 AGaleras Volcano eruptions.
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Sr content does not shabrupt compositional shifts along the profile but varies
smoothly with an average content of 1700ppm and a range of 1460 to 2095ppm, Sr
values are higher in comparison with the orerptive events analyzed. Ba varies

from 243 to 730ppm.

4443 + 23.7 yBReruption: Traverses across oscillatory zoned crystals show a An
content decrease towards the rim (normal zoning), with similar degrees of variations,
normal zoning wasbserved in crystals with coarser core zoiégure 4.15 C).
Corecompositiongange from Assto Anss, An composition at the rim varies

between Amoto Anss Anorthiterich plagioclase up to Asis associated with patchy
zoned phenocrysts. Negatiand positiveeAni1.20 is observed across
dissolution/resorption zoneBi¢ure 4.15 D). Sr concentrations are between 860 and
1408ppm, with an average of 1050ppm. Ba average content is 384ppm, varying from

112 to 741ppm.

2302 + 23 y BReruption: In general, lhe anorthite content across oscillatory zoned
phenocrysts ranges froAnas to Anes(Figure 4.15 E). Abrupt compositional

f 1 uct ua bobgmecer wheme sigve texture and patchy zoning is developed

(Figure 4.15E) up to An71. Sr varies from 625 to 1330ppm, where the greatest

enrichment is observed in larger crystals (B00 0 & m) . Ba concentrat
varies from 300 to 721ppm, sieve texturegstals show lower Ba contents (138

235ppm). Very low Sr values along with higher Ba contents are suggestive of spot

analysis hitting melt inclusions or/and glass.
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2008 A.D and 2010 A.D eruptionsPlagioclase phenocrysts from the recent
eruptions share similar compositions. An content in oscillatory zoned phenocrysts
typically ranges from Agvto Anes. Core and/or rim oscillatory zoned crystals are
frequently observed along patchy zon{nge A2p) (Figure 4.15F). Sieved crystals
display the highest anorthite contents, up tesARigure 4.15G). The lower Sr
content from all theventscorrespond to the recent eruptions, ranging between 708
to 1360 ppm and an average of 930pBa exhibit wider ranges compared wite-

historic events varying from 125 699 ppm
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Figure 4.15. SEM images of plagioclase crystals from Galeras Volcano eruptions, affected
by different nealequilibrium and disequilibrium textures, along with the respective
compositional traverses showing the variations of An mol% (filled grey diamonds) across
the cae-rim crystal profiles, together with the LKCP-MS spot analyses of Sr ppm (blue
diamonds), and Ba ppm (filled red squares) vs crgisthnce irpm.

46



E) G-C18 (2302 yBP F) G-C11 (2302 yBP)

| Oscillatory inclusions

zoning TS

¢ —O-
1000 5
g P // ﬂ\\ L [ X > b ‘?\ f ﬂ\ 0.7 5
5 \\ W/ o / boftay 052 2 \ a / \ 5
2 900 V\P/\/ i { oy s 2 1300 "[\\”73 < :}o P < P =
-3 3 3 P o —
8 | "N M N\ e (ME aew B 4 ?cx »E
80, 5 f / il - Sr 04
%, Eq . as
700 04 Eq
0 100 200 300 400 500 600 700 800 900 500 02
06 = 09
0.56 600 Ba o8
> 500 'lz o
052 S — u o >
T§: g. 400 A oot o8/ N
LX< = // o 05 §°
~ @ 300 )
a 04 =
0.44 200 03
04 100 0.2
0 100 200 300 400 500 600 700 800 900 [ 20 a0 60 80 100 120
Core distance pm Rim Core distance pm Rim
AD H)G-C02 (2010 A.D)
s < -
1800 N 08

g
i 4 { 07
. N \ as}(> o \ IFOOOOP 5'?&? Fat -
T 1000 5 & I 4 X £l = r A / =
aQ 57, \ s S 1200 / g V¥ 06F
i i F e R 3 & w0 [ St /\u‘ 2 2
B w0\t S A \ 04 W Sr “W" H v 05
400 =) 800
Eq
200 03 600 04
7% 0.7 08
Ba
i v e E/g“\ ¢ | 06 07
500 Aoe _ A Nl 4 \ = >
g b // F \\// ) g g. osi
E~ AV 8 =
s T P00 ¢ - p R © S
S| \\/,/6 P s o \ n.a‘\’ o 05
200 An =
100 03 0 0.4
0 100 200 300 400 500 0 50 100 150 200 250
Core distance pm Rim Core distance pm Rim

Continuation ofFigure 4.14: SEM images of plagioclase crystals from Galeras Volcano
eruptions, affected by different neaquilibrium and disequilibrium textures, along with the
respective compositional traverses showing the variations of An mol% (filled grey
diamonds) across thereerim crystal profiles, together with the LKCP-MS spot analyses
of Sr ppm (blue diamonds), and Ba ppm (filled red squares) vs crystal distaume in
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5.0 Discussion

5.1Crystallization conditions and magma dynamics inferred from textures
and chemicalzoning of plagioclag.

Sudden changes in conditions in a magma feeder system can lead to destabilisation
of thevolcanicsystem and possibly to erupti@dbide & Kamber 2018), which in

turn depends on system parameters such as the rates of magma recharge, crystal
growth rates, magma temperatures and viscoSigce textures are records of the
crystallisation of magma in the feeders, they can be used to identify lisienvary
history. Thevariety of textures and chemicaining patterns in plagioclase
phenocrystsadded to theincommon occurrence bibmogeneousrystals, suggest

that the magmbatches emplaced into the Galeras feeder sylséeha complex

history involing changes in temperatupgessure conditiorsnd multiple magma

inputs.

Although textures and zoning patterns found irtustoric lavas are similar to those
in the recent ones, some differences are eviddgdrequilibrium texturesuch as
oscillatay zoning predominate ialder products (>5009BP and 4443/BP

eruptiors), on the other hand, disequilibrium textures (i.e, patchy, sieve,
dissolution/resorptiomandhigherAn contentsare abundarih crystalsfrom the 2303

yBP eruption andhe recenbnes(Figure 4.12).
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5.1.10scillatory zoning

Oscillatory zonings evidence of neagequilibriumcrystallisation conditionéViccaro
etal., 2016) It is most commonly present pre-historic eruptionsAn

concentrations betweemystal core and rimare nearly constangpecially in crystals
from the 2302/BP eruption(Fig. 3c) This pattern is also observed in the 2008

and 2010A.D eruptions althougit is less commonTsune and Toramuru (2007)
suggest that oscillatory zonaticequires consistent water content and temperature
pressure conditions in the systeand that the compositionascillations are caused
by kinetics of crystallization rather thehangsin the external condition@sune &
Toramaru, 2007)Small compositional variations are interpreted to be the result of
cyclic supersaturation at crystaielt interfaces. This is due to changes in diffusion
and growthcontrolled concentration gradients in the boundary layer adjacent to
growing crystals, duringmall excursions from equilibriuerystallization conditions
(Oen efal., 1980) Larger variations in An content may form as a result of
crystallization of plagioclase in different parts of the magma chafolbewed by
transport due to convection to a lower or higher temperature part of the magmatic
system Zones with lower An contentffim in cooler, more crystaich parts
(Shcherbakov ddl., 2011). Reverse zoning, in which the An content gradually
increases towards the crystal rim, is likely to be the res@itequent replenishments
of the magma chamber which cause both thermal and chemical interaction between

resident and recharge magng&bcherbakov adl., 2011)

5.1.2Resorptiori Dissolutin

Disequilibrium condition textures (resorption zones and dissolution surfaces) are

common in plagioclase phenocrysts, most distinctly from 4443 yBP and < 5000 yBP
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eruptions and less so in the 2303 yBP and recent erupfionariations with larger
amplituces, such as those observed inx6600 yBP and 4443 yBP erupticaie

often associated with rounded and smooth edges between zones, evidencing
dissolution or resorption zon€Sosta etl., 2008) Dissolutionregrowth patterns

and irregular edges as seen in the >5000 yBP eruption, form when the crystal is
partially dssolved by reaction with a higher temperature melt which can be driven by
new magma rechargé€bepley et al., 2000¥iccaro etal., 2009) Sudden presse

drop, input of compositionally differing magma, loss or influx of volatied HO

content of the surrounding melt likely caused the development of resorption zones in

the immersed plagioclasé@giccaro etal., 2009)

5.1.3Patcly and Sieve texture

Crystals with patchynd sievaexture, are not common pre-historic events, except
for the 2302 yB® eruption.They arecommonlyobserved in samples from tB608
A.D and 2010A.D eruptions This disequilibrium textureareoften attributed to be
formedby dissolution/resorptiordriven bychemical interaction with magma of
different compositioras a result of magmaixing (Viccaro etal., 2016)

Tsuchiyama, 1985uggestshatsieve texture may be formed by partial dissolution
when plagioclaseghenocrysts are incorporated into recharging melt with different
composition as a result of magma mixifigpe crystalmelt interface became rough if
the crystalwasless calcic than the plagioclase in equilibrium with the surrounding
melt, and the interfacremained smooth if the crystahsmore calcic than the
equilibrium plagioclaseEvidence for crystal resorption is providedthg
occurrence ofandomly distributednicrometric glass inclusionalsothe occurrence

of multiple sievetextured layers whin plagioclase indicates that in some
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circumstances onmmore than one magma recharge episode is necessary to trigger the
eruption(Giuffrida & Viccaro, 2017)Patchy zoning igassignedo resorption and
subsequent overgrowth or infillifgllowing skeletal growtlor sieved texture

formation after magmatic rechar@@ennett etal., 2019; Ginibre eal., 2007)

Irregular shape gdatches can be either higher or lower An ttreasurrounding

plagioclase

Crystal/melt inclusions in plagioclase phenocrysts show compositional variation,
which likely reflects variation in melt composition over the magma chaghzent,
2008) Arrangement o€rystalimelt inclusions (in crystals from 239BP, 2008A.D

and 2010A.D eruptions) are observed particularly next to crystal rims, suggest that
they were acquired during the late growth stages ishialow levels of the feeding

system(Viccaro etal., 2009)

5.2 Thermobarometry

Becausehe diffusion of trace elements is temperature dependent, an estimate of the
conditions of crystallisation of plagioclase in each eruption is essentieder to
determine magma residence timékassandplagioclase compositions for each
eruptionwere usedo determine the approximate PT conditions of subvolcanic
magma storagedppendix Q.

Theresultsof this studyindicate that the erupted magmas were last equilibrated at an
average temperature of C, and an average pressure ¢ GPaand an estimated
depth between 4 andkén below the cratefThere is a good agreement witrevious
thermobarometriestimations of Galeras VolcafGalvache, 1990; Londo#Bonilla

etal., 2020) The prehistoric riptions give average plagioclase crystallisation

temperature 08831 107CC, the younger eruptions, despite having more primitive
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plagioclase compositions give an average temperature bet@8and@ 928C.

Temperatures and pressures are summanzédhle 5.0.1.

Table 5.0.1; Geothermobarometric data based on Putirka 2008, 2017.

T (°C) T (°C) T (°C) P
Eruption max min average (GPa)
2010A.D 910 861 888 -
2008A.D 928 865 893 -
2302yBP 1092 907 983 0.24
4443yBP 1158 1046 1070 0.28
>5000yBP 1113 946 1057 0.26

5.3 Diffusion Modelling

In order to determine magma residence times in the subvolcanic feeder sigstem,

studymodelled diffusion of Ba and Sr in variably zoned plagioclase phenocrysts.

Zoning inanorthite content, generated during crystal growth, is expected to be
preserved bcause interdiffusion of CaAl and NaSi is extremely &4 orders of
magnitudg (Grove etal., 1984) In contrast, the diffusivity of minor elements such as
Sr and Bads ~6 orders of magnitude faster than Na&laAl interdiffusion suchthat
their respective growth zoning pattemay, during residence of the plagioclase at
magmatic temperature, lead to redistribution of trace element amongst zones of
different compogion that results from composition sensitive partitionj@getti &

Casserly, 1994)

After plagioclase nucleation occurs, the major element composition of the growing
crystalschangesn responséo temperaturgpressur@and magma composition
variations generated by processes iik@gma mixing, decompressiandmagma

rechargePeriods ofjrowth, resorption, dissolutidnreprecipitation and
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recrystallisation lead to variable anorthite contents and textuties plagioclase

During growth, the trace element content of plagioclase is controlled by niineral
melt partitioning. Once the cstals have formed, the trace elements are redistributed
because there is a strong compositional dependence of partitesnanfynction of
anorthite contenBlundy & Wood, 199; Dohmen & Blundy, 2014)The progress

of this trace element redistribution candaeenched by the volcanic eruptiand, if it

has not reached equilibrium, the relationship of the anorthite content and trace

element content across the crystal can be related to its residence time in the magma.

The numerical approach relies on expressing how concentration gradients &valv
function of time, with the estimation of initial concentration profilekich is the
compositional profile generated during crystal growtldthe equilibrium

concentration profile that would be produced by complete diffusive equilibration.
This equilibrium profile calculation is based on the experimentally determined
composition dependent partition coefficient. Once the equilibrium profile is
establisheda diffusion model can be used to calculate the time required to attain the
observed concentian profileassuming an initially homogeneous trace element
distribution within the crystglZellmer etal., 1999) The original trace element

profile can be modelled using the mineral melt partition coefficient if the melt
composition is available, or it can be assumed to be homogeneous and the average of
the observed trace element content of tlaéngassuming that it acts as a close

system, this timedependent diffusion process, is therefore a tool to obtain

information about timescales or the duration of the magmatic process

For the nodel parametershis studyconsidered the approatdken byDohmen etl.
(2019, which includes an homogeneous initial concentration and a fixed rim

composition as a boundary condition (closed syst&mand Bacoefficient
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experimental determinations B3herniak & Watsor§1994), Cherniak(2002, as well
as the calculation of the activation energy and xponentiafactors according to
the experimental calibrations of thermodynamic models for element partitioning
between plagioclase and melts performed by Dohmen & Bl(2@fi4). A proper
selection of therystalzoning intervals suitable for the modelling reqsitee
occurrence of diffusivity disequilibriurandthe identification bthe crystal portion
with the slowest diffusivityThe profiles were modelled with MATLAB code
provided by R. Dohmen and modifial UNB. It uses a Cranklicolson implicit
algorithm to calculate the profile over a range of time sfEjps.temperature

consdered for modeling ranged from 900°C to 1050 °C.

5.4 Time constraints of magma residence by diffusion modelling

5.4.1>5000 yBPeruption

Plagioclase from this eruption indicates a crystallisation temperature 5710

The diffusion model results for diffusion at 1050°C give a residence time of 11 to 27
years for oscillatory zoned plagioclase. For Ba, the results of the same order of
magnitude, but return residence times thabamroximatelyhalf of that modelledby
Srdiffusion. Forthe purposs of this studythe relative residence times are as
important as the absolute times, for this reasius studyfocus on the Sr results but
provide all of the Ba modelling results Table 5.0.2 for comparison.In contrast to

the oscillatory zoned grains in this eruption, the patsid sieve textured grains give

residence times of 3 to 7 years.

5.4.2 4443 yBPeruption
As in the older eruption, the plagioclase phenocrysts crystallised at around 1070°C.

The 1050 °C diffusion models show that dominantly oscillatory zoning give residence
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times of 12 to 21 years. The dominantly patchy and sieve textured grains give
residerce times of 3.5 to 8.1 yeass4.3 2302 yBP eruptiof.he average plagioclase

phenocryst crystallisation temperature is 983°C.

The results of th@50°C diffusion model indicate that grains with oscillatory zonation
have residence times of 15 to 28 yeatifh most giving durations of >60 years. Grains
dominated by sieve and patchy texture give residence times of 3 to 15 years. These
reacted grains can be divided into three groups, though the significance of these is not
clear, given the small number ofagns. One sieve textured grain gives a residence
time of 15.5 years, thee grains with sieve, and oscillatory / patch zoning give residence
times of 7.4 to 8.4 years and two grains with patchy zoning give residence times of 3

to 3.8 years.

5.4.4 2008 AD eruption

Plagioclase crystallised around900 °C and the diffusion model results for this
temperature indicate residence times of 6.6 to 25.4 years. Grains with oscillatory
zonation and melt inclusions give residence times from 17.5 to 25.4 yearaw ez

two grains with reaction textures give shorter residence times of 6.6 to 10.3 years.

5.4.52010 AD eruption

The result of plagioclase melt thermometry for this eruption indicate a crystallisation
temperature 0888 °C. The900°C diffusion model results indicate residence times
between 7 and2.1years. As with the older eruptions, grains dominated by
oscillatay zonation return longer residence tini&s13 years than grains with sieve

texture 7 to 10.6 years)

55



9G

Table 5.0.2 Parameters used for-8a diffusion modeling on plagioclase phenocrystals anéshimated residence times

Eruption | Sample I;r:;itlﬁ Yoo Srcontent | Ba content | Residence time (y) (Sif Residence time (y) (Ba Texture
(um) ppm ppm 1050°C| 950°C 900°C| 1050°C 950°C 900°C
GCo01 475 0.430.61 9081337 439699 8.9 7.6 7 33 2.69 2.4 | sieved/oscillatory
GC02 230 0.500.76 8581360 203461 9.9 89 89 4.8 4.2 3.9 |sieved
2010AD GCO03 345 0.47-0.69 940-1178 334579 12 11.2 10.6 6.8 6.01 5.6 | sieved/oscillatory
GC04 195 0.440.62 7081065 394-654 16 142 13.3 9.96 8.5 7.9 | oscillatory/patchy
GCO05 175 0.330.61 7171121 335669 181 14.13 121 12 8.5 7 oscillatory/inclusi
GCO06 255 0.440.70 7471177 125509 7.3 6.9 6.6 3 2.7 2.5 |sieved
GCO07 480 0.37-0.62 8131035 243557 12.8 109 103 6 5.9 4.6 | patchy/oscillatory
2008 AD GCO08 355 0.440.58 8791058 436-666 20.7 181 175 10.23 8.86 8.2 | oscillatory/inclusion
GCO09 475 0.480.64 8741112 366668 26.6 234 218 242 203 184 |oscillatory
GC10 415 0.430.57 788998 451-584 276 268 254 185 16.3 15.18 | oscillatory/inclusion
GC11 115 0.490.71 9141300 312562 3 27 25 0.8 0.7 0.6 | patchy/inclu
GC12 190 0.36:0.70 9021067 347-697 3.8 33 295 109 15 1.4 | patchy/inclusion
GC13 200 0.470.72 8241228 223535 7.4 66 633 16 15 1.3 | patchy/sieved
GC14 335 0.390.69 6301178 235575 7.4 6.7 633 64 5.4 4.9 |sieved
2302yBP GC15 220 0.430.66 10021132 345622 8.4 73 6.75 4.7 2 3.9 | oscillatory/patchy
GC16 200 0.420.71 6251320 138436 155 13.8 13.02 4.1 3.8 3.5 |sieved
GC17 635 0.430.69 807-1106 293620 28.1 24 222 192 173 16.7 |oscillatory
GC18 780 0.430.57 863919 383521 64 61 546 199 17.2 15.8 |oscillatory
GC19 250 0.400.57 8631086 414721 815 51 438 16.6 13.6 12.3 |oscillatory




.S

GC20 220 0.320.59 9681320 209649 3.5 31 29 2.6 2.2 2.1 |patchy
GC21 304 0.290.40 10001272 403619 8.1 71 73 2.3 2 1.8 |sieved
GC22 280 0.320.60 946-1052 112-271 121 104 96 7.7 6.4 6.1 | oscillatory
GC23 189 0.300.39 7491063 387-582 128 116 1097 5.1 4.5 4.2 | oscillatory
4443 yBP  GC24 396 0.280.48 9781070 352571 159 142 132 79 7.3 6.4 | patchy/oscillatory
GC25 115 0.400.65 10181214 140-345 169 116 96 7.1 5 4.4 | oscillatory
GC26 279 0.31-:0.53 10381086 323534 189 16.6 158 6.6 5.7 5.2 | oscillatory
GC27 362 0.320.54 864-1027 282475 189 151 136 7.1 6.1 5.5 |oscillatory
GC28 600 0.31-0.46 9761361 350539 216 188 175 122 103 9.4 | oscillatory
GC29 80 0.340.38 13751635 444525 2.9 25 23 2.1 17 1.5 |sieved
GC30 115 0.27-0.46 11641572 328451 5.3 45 41 2.2 1.8 1.7 | patchy
GC31 99 0.350.59 13242541 294699 7 54 47 4.6 3.3 2.8 | patchy/oscillatory
>5000yBP GC32 199 0.300.51 14611787 299536 111 99 91 3.6 3.2 2.9 |oscillatory
GC33 109 0.400.54 16642095 243530 155 121 105 6.1 4.1 3.2 | oscillatory
GC34 116 0.27-0.41 15001699 489571 27 21 12 6.1 4.1 3.2 | oscillatory

Continuation Table 5.0.2Parameters used for-®&a diffusion modeling on plagioclase phenocrystals and the estimated

residence times.




5.3 A model for the subvolcanic feeder system below Galeras.

On the basis ofhe plagioclase major and trace element compositions, the magmas
feeding the prehistoric and recent eruptions have been incrigapmgitive with
decreasing age. The decrease in Sr/Ba ratio upwards in the stratigraphic sequence

suggests some secular \&ion in the trace element composition of the magmas.

In all five eruptions, preruption residence time in the subvolcanic system is ghort
maximum of 83 years and an average of 31 years. This average is based only on the
grains dominated by oscillatorgonation. In all eruptions there is at least one
population of grains with shorter residence time. These are dominated by patchy and
sieve texture and have residence times that are significantly shorter than that modelled
for the oscillatory zoned grairis ranging from 2.9 to 10.3 years with an average
residence time of 6.4 years. Taken together these results suggest that the studied
eruptions resulted from mixing of at least two batches of magma prior to eruption. The
first batch crystallised the os@tbry zoned grains and was resident below Galeras for
several decades. The second magma was dominated by plagioclase that developed
sieve and patch texture. The original equilibrium grains were degébbyinputs of
compositionally diffeentmagmaand subsequentiring. This magma was residence
below the volcano for less than a decade before erupilomntextural evolution of
plagioclase may have occurred as magma that crysthllipetrochemically
homogeneous and oscillatory zoned crystals in e-egailibrium steady state (under
consistent temperatugessure conditions)s subsequently destabilized with the
input of new magma batches of more primitive melts. The magma undergoes volatile
loss because of pressure drop (decompression) as it nupvesird in the feeder

system, leading toreexplosive eruptioriBurgisser & Degruyter, 2015; Gironaadt,
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2015) This has some interesting and potentially useful implications for assessing the

eruption hazarat Galeras.
5.3.1 Comparing diffusion chonometry and geophysical modelling data

Residence times fahe 2F! centuryeruptions are consistent with the repeated seismic
tomography studies performed Byulakov & Vargas(2018 for the time episodes
19892000, 20012007 and 2002015 which examinedtemporal variations in the
seismic structure beneath Galeras Volcano. In the first period-A®38% The data

used fo Koulakov & Vargas(2018 correspond to # seismicity sequence occurred
after 1995, when no volcanic activity was observed. The results indicate a columnar
anomaly with high Vp/Vs ratio in the episode 28107 which is absent in the
preceding period 1982000, suggestinghat it possiby represats a conduit
transporting a new portion of magma from a shallow reselvoated abouf-4 km

below the surfacelhe fact that the columnar anomaly with a high Vp/Vs ratio beneath
Galeras is only resolved in the period 2ElD7, means that thabserved conduit is

not a permanent structure and that the 12830 period corresponds to the quiet
episode when the material ihe magma reservoir was partly crystallizéd.some

point, a new portion of magma started to ascend through the reopeneuiit,cond
agreement withthe modelled residence times-{@ years in averageJ.he pressure
increase, resulting in the magma ascent culminated with the dome emplacement in
December 2005 ancbllapsein 2008.The third episode includes the high degassing
leve occurred during a series of eruptions in 2008 and 2010. The time scale of magma
movement based on the geophysical data are in accord with the two stages model

suggestdfor Galeras.
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6.0 Conclusions

Themain contributiorof this studyis an updatedtratigrphyincluding correlation of
the most recent deposits of Galeras Volcano, and the characterization and time
constrains placed orrelevant eruptive episodes within the sequence, which represent

a crucial step towards quantifying theleanicrisk.

1) Thestudy of the four marker layers at the base of the stratigraphic section

indicates three distinct hazard types:

ayDilute PDC6bs associated with partial |
eruption column. The widespread distribution df land an estimated bulk
volume of 2.6x10m?3 indicates that it can be associateé VEIO2 eruption
(Pyle, 201% however, this is a lower estimate since the effects of post
emplacement erosion of unconsolidated depasé@sinknownTheir dilute
character allowed these flows to reach distances of more than 7 km from the
current vent as observed in the north flank of Galeras Volcano on Barranco
river. This studysuggest that models of such flows should be developed as
part of the haard assessment at Galeras.
b) Concentrated PDC6s from explosive phr
altered lava dome or conduit plug produced valley confined flows that
travelled >6 km from the vent. The deposits of these flows are up to 3 m
thick onthe northeast flank of Galerdsumericalsimulations indicate
volumes over §10°m°. The event can be associatedtoa®@B er upt i on.
c) Concentrated PDC from explosive destruction of a lava eaogg shortly
after its emplacementhis deposit extends towards the east and north flanks

of Galeras Volcano up to 6.3km. Its distribution is similar to that observed
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from the eruption of August72 1936, which generated a concentrated PDC

that descended toward the northeast flank, from an eruption column height of
12km (Cepeda, 2009). This suggests that the deposits are associawtl to a

O3 eruption. Neverthel esgsiver,tbe. 3km fr om
thickness of the deposit is 1.7m, which suggests a possible wider dispersion

or a strongcontrol on deposit thickness by the slope, width and location of

river valleys.

2) Plagioclaserystallized atn average temperature®fs °C (861 to 1158C) ard a
pressure of ~0.2Gp&esidence time models for plagioclase phenocrysts indicate that

the five studied eruptions had a tstage history

a) Emplacement of magma several decades before eruption and crystallisation in
a near equilibriumstate under consistent temperature and pressure
conditions. Plagioclase phenocrysts from this staggoredominantly
oscillatory zoned

b) Emplacement of magma about a decade or less before eruption. This magma
record strong disequilibrium textures indiogt destabilization of plagclase
duringmagmaascentand mixing

c) This studyspeculateshat mixing of these two compositionally different
magmas, driven bgnagmadegassing and decompression, could have

destabilized the system aadentuallytriggered the eruption.

The residence times for the S2&entury eruptions are in accord with geophysical
observations and tomographical data from the J@ngn permanent monitoring

network of Galeras volcanproviding a structural framework for the inpeetation of
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petrological and geochemical data and a beftsight into the complexity of the

Galeras volcanic plumbing system

If the results obtainedy multidisciplinary approaches are integrated (i.e., fieldwork,
structural, geophysical and/or getidestudies) it is possible to establish the dynamics
below active volcanoes, which cannot be accessed by direct observdimns.
analytical techniques can complement each other, and thus they may contribute to

eruption forecasting models and the evabrabf volcanic hazards.
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Appendix A Examples of bubble wall reconstruction routines on homogenized
grayscale images.
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