TABLE OF CONTENTS

CHAPTER PAGE
L. INETOAUCTION ... 1
2. Ge0logiC BACKGIOUNG .......covviiiiiiiiiiiiiiiiieeeeee ettt 4
2.1. The Southern Volcanic Zone (SVZ)........uuiiiiiiiiiieeeeiiei e 4
2.2. STTUCTUFAl CONIIOIS ...uuviiiiiiiiiiiiiiiiiiiiib bbb anannenee 5
2.3. Puyehue Cordon Caulle Volcanic Complex (PCCVC)....c.oooeevvvvviiiiiiieeeennn. 6
2.4.Volcanic Stratigraphy ........coouvuiiiiiie e 9
2.4.1. Puyehue VOoICaNO..........ccooiiiiiiiiiiiiiiiiieeeeeeeeeeeeeeeeeeee 9

2.4.2. Cordon Caulle (CC) ... 9

2.5. HiStOrIC ErUPLIVE EVENLS .....uuiiiiiiiiiiiiiiiiiiiiiiieiib bbb 12
2.5.1. 1921 €ruptive @VENL ......ccoeeiiiieeeeie e 12

2.5.2. 1960 €ruptive VENT .....ccoviiiiiiiiiiiiiiiieeeeeeeeeeeeeeeee et 13

2.5.3. 2001 EVENT ... 14

2.6. SAMPIE ACUISIION ......ceiiiieeeiie e 15
3. Background on methods used to determine pre-eruptive variables................ 15
3.1, TEMPEIALUIE......eeeie ettt e e e e e e e 15
I AT E: 1] @] 0] (=T o | ST 16
3.3 PrESSUIE .. 17
4. Analytical Methods ..o 18
4.1. Sample SElECHON ..o 18
4.2, SEM ..o 20
A 3. EP M A 21
A4, TREIMOMELIY ..o e e e e e e e e e e e e e e e et e e e e e e eeeennes 21
T 1 V/0 | (0] 1= 1 Y 2PN 22
G VAT o0 17| Y 22
O O o (o £ TSP SUUPPTRPRR 22
5. RESUILS ..o 23
5.1. lImenite-Magnetite PAIIS .........uuuuuuuuuiiiiiiiiiiiiiiiiiiiii e 23















2.5.3. 2011 event

The latest eruptive event started on June 4" of 2011. This event was
classified as a Plinian to sub Plinian event with a VEI > or = to 5, that developed
an eruptive column of approximately 15km high. It was a hybrid eruptive event with
transitions between effusive (Fig 6), and explosive activity. By January 2012, the
activity declined from sustained Plinian to intermittent sub-Plinian fountaining, to
mixed gas- and ash-jetting punctuated by Vulcanian blasts. One of the most
important aspects of this event is the synchronous effusive activity from the same
vents that continue to expel sub Plinian ash columns (Castro et al., 2013, Silva
Parejas et al., 2012) making this event particularly useful for understanding the

transition between explosive and effusive activity.

Figure 6. Effusive phase of 2011 eruptive event. Image from google earth.
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2.6. Sample acquisition

The samples for CC unit V (after Lara, 2006b), the 1921 and 1960 effusive
phase for variable analysis in the present study, were acquired from a collection
available from a sampling campaign to PCCVC region by Gerlach and Hickey-

Vargas in 1982.

To complement and complete the historic events, two samples were
selected for the 2011 eruptive event, one pumice collected by Hickey-Vargas in

2013 and a 2011 lava rock collected by Daniel Tormey in 2012.

3. Background on methods used to determine pre-eruptive variables

3.1. Temperature

Geothermometers are essential tools that can reveal necessary information
to fully understand the driving forces of volcanic systems. These models depend
on the equilibrium of chemical reaction(s) between two or more phases (e.g.,
minerals, melt). Because the extent of chemical equilibrium is determined by
kinetic factors, such as solid-state diffusion, reactions become inhibited below a
threshold (or "closure") temperature that in volcanic rocks is often considered to
be the eruption temperature (Blundy and Cashman, 2008). Thermometers and
barometers have been proven to be used to calculate temperatures and pressures
to a precision of £30 °C and £1.5 kbar, respectively, for individual mineral- melt or
mineral-mineral pairs (Putirka, 2008). One of the most widely used is the Ghiorso

and Evans (2008) thermometer that works under the assumption of equilibrium of
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magnetite and ilmenite mineral phases and the interaction reactions between
them. Fe-Ti oxides have been shown experimentally to re-equilibrate quickly in
response to changes in temperature and/or fO2, but not so much for pressure
(Hammond and Taylor., 1982; Venezky and Rutherford., 1999), making the model

very reliable for sub-surface processes.

The Ghiorso and Evans (2008) thermometer was used on mineral samples
for the 2011 Cordon Caulle eruption in Castro et al. (2013) obtaining average
temperature of 890 °C. Further analysis of Castro’s data will be used in the present

study for comparison to the new measurements.

3.2. Water Content

The dissolved water content in the melt is an important variable because, in
context of arc volcanos, it is the mayor volatile phase of the magma. The water
content plays a major role in shaping the physical characteristics of the melts
having major influence on the viscosity, fusion points, and even in chemical
stability of the mineral phases. It is hard to measure the water content of a
magmatic body since after the extrusion to the surface, post-volcanic processes
change the quantity in the melt, for example by degassing or even by rehydrating
of rocks after extrusion. For the 2011 eruptive event, Castro et al. (2013)
measured volatile content through analysis of melt inclusions on plagioclase grains
with results of 0.74 to 2.4 wt% but this value is lower than the 2.5 to 4 wt%
estimated in his phase equilibrium experiments meaning that the inclusions volatile

content could have leaked (Castro et al., 2013).
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The water content component obtained through direct measurements of
extruded products do not represent the in-chamber conditions. However, just as
temperature, water acts as a phase in chemical stability of the mineral components
therefore if equilibrium of minerals can be achieved, the water content can be
estimated through phase analysis calculations, like the hygrometer model
proposed by Lange et al. (2009), and later recalibrated by Waters and Lange
(2015), for rhyolitic liquids. It is based on the plagioclase-liquid exchange reaction
between the albite (NaAlSisOs) and anorthite (CaAl2Si20s) endmembers. The
model takes into account calorimetric and volumetric standard-state data along
with phase-equilibrium experiments to appreciate how temperature, pressure, and
liquid composition each contribute to the partitioning of albite. The model is
sensitive to dissolved water concentrations and temperature but not so much for
pressure; if the temperature is known a calculated water weight percentage

content can be inferred.

3.3. Pressure

The pressure conditions in the magma chamber can determine how an
eruption takes place, however it is a difficult variable to constrain as a result of the
role of different volatile species and the uncertainty in the methods used to acquire
the depths of the magmatic storage. To obtain the pressure value, Castro et al.
(2013) made phase relation experiments and was able to accurately constrain a
pressure range of approximately 50 — 100 MPa which would situate the magmatic
body for the 2011 eruptive event at a shallow depth of 2-5 km. Another study used

Interferometric Synthetic Aperture Radar (INSAR) have proposed an over 8 km

17



long magmatic body at depths of 4 to 9 km depth that may be the main source for
all three eruptive events (Jay et al., 2014). Therefore, the pressure limits of Castro

can be applicable for both the 1921 and 1960 events.

Even though there is a wide range of probable pressures; the possible
values do not bring changes to the overall results, since in the proposed
thermometer and hygrometer, the pressure is almost neglectable due to the fact
that the volume change in the exchange reactions is minimal compared to the
enthalpy variations in said exchange reactions (Waters and Lange., 2015; Lange.,
2009; Blundy and Cashman., 2008). Just to be sure in the present study, an
average pressure of 100Mp was used on the models but was tested for up to

500Mp without experiencing significant changes in the results.

4. Analytical Methods
4.1. Sample selection

A selection of samples was carried out choosing the most significant
textures present in each of the three selected units of Cordon Caulle,
corresponding to the most recent historic eruptions of years 1921, 1960 and
2011.The reason for the selected textures is that each style represents a different
stage of the eruptive events or volcanic flow zone, where volatile content played a
major role in its development, therefore each temperature and water content
calculated can be compared within and across each eruptive event. To facilitate
the comparison between events, five different texture groups can be separated,

where the main difference between each texture group is defined by the glass
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percentage in the groundmass and the vesicle morphology and volume (Table 1).
It's important to clarify that even thou the texture groups are distinct from one
another there is a transition with a possible evolution through the groups starting
with a halophilic rock with lacking bubbles (TG1) than eventually the volatile phase
is separated from the glass forming a large volume of bubbles that are isolated
from each other (TG2), eventually the bubbles start coalescing with each other
forming bands (TG3), and finally when the magma is free of volatile species having
an obsidian phase as the outcome (TG4). However, TG4 and TG1 could be
interchangeable to clarify this point further analysis is required. Refer to the image

section of the appendix for photos of the textural group samples.

Table 1. Texture group selection for CC historic eruptive events.

Texture Group Description Samples represented
Hyalopilitic texture groundmass with no - 42825 (1921)
TG1
vesicles - 132824a (1960)
Hyalopilitic texture with small size - 42823a (1921)
TG2
vesicles up to 40 % volume - 132826 (1960)

42828  (1921)
Hyalopilitic texture with irregular shape
212825 (1960)

TG3 interconnected vesicles in bands varying
132828 (1960)
total volume
Dtcclll (2011)
Holohyaline obsidian sample with - 42823b (1921)
TG4 a very low percentage of vesicles - 72822  (1921)
or absent. - 212823b (1960)
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TG5 Pumice - Pmhll (2011)

Samples for Cordon Caulle Unit IV were also considered, however the
geochemical composition of the oxides did not meet the requirements for the use
of the proposed thermometer, since the ilmenite phase is absent completely from
the rock samples, therefore the samples were left out of the present study, but will

be considered for future research.

Five samples were chosen from the 1921 and 1960 eruptive event and two
from 2011, representing different flows geographically distinct from one another.
The selected samples were cut with a rock saw and sent to National Petrographic
Laboratories to produce the polished cross sections of 30 um thickness. There is
one sample of pumice that belongs to the 2011 event that was impregnated with

epoxy and polished at FIU for a proper EPMA visualization.

The polished sections were analyzed under a petrographic polarized light
microscope with 4 to 30 x magnifying lens with the purpose of selecting mineral
pairs that reflect chemical equilibrium measured by the petrographic analysis of

textures.

4.2. SEM
Once the oxide grains were selected, the samples were analyzed under
SEM low vacuum with the purpose of separating only useful mineral pairs,

consisting of ilmenite and magnetite grains that fulfill the condition needed for
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proper temperature measurements for the selected model. The EDS method was
used for identification of the mineral species that would later be analyzed for

guantitative results on the EPMA.

4.3. EPMA

The samples were carbon coated and the selected oxides, pyroxenes and
plagioclase mineral phases were analyzed with a JEOL 8900r EPMA with EDS
instrument. The spot size used is approximately 1.5 microns in diameter and the
acceleration voltage is 15kv and sample current set to 20 Nano amps. The
system is adjusted to a specific optical position and is in optical focus for each
analysis, then compared to the collected spectra from known standards.
4.4. Thermometry

The Ghiorso and Evans (2008) thermometer was used to acquire the pre-
eruptive conditions of temperature. To obtain the most accurate results, the oxide
mineral pair selection follows the criteria cited in Blundy and Cashman (2008),
selecting crystal pairs of iimenite and magnetite that are either touching, in
inclusions of a particular mineral phase or very close to each other in a
homogeneous surrounding groundmass; these conditions guarantee the
chemical exchange between the elements. As a second method to confirm the
validity of the pairs, all of them were tested for equilibrium through the Bacon and
Hirschman (1988) equilibrium test, defined by Mg/Mn ratios on the exchange

reaction. See appendix for expanded discussion.

21



4.5. Hygrometry

Waters and Lange (2015) calibrated hygrometer is used to acquire the
water wt% for two plagioclase populations: 1) phenocrysts, which are in equilibrium
with the liquids and possibly represent the conditions in the magma chamber, and
2) microlites in the groundmass, possibly representing syn-eruptive stage. The
difference between both populations can be used to assess if the rock underwent
decompression crystallization or crystallized under a loss of volatile content
process. The water content is also compared for all the different texture groups to
evaluate if the volatile content in the chamber reflects the development of post-

eruptive vesicles. See appendix for expanded discussion

4.6. Viscosity

The model selected for the present study is Giordano (2008), which gives
us the opportunity to calculate viscosity values of in-chamber magma based on the
bulk composition, water measurements and phenocryst content. The obtained
value is an estimation and must be treated as such since there is also the factor of
bubbles that can either increase of decrease viscosity of magmas (Cassidy et al.,

2018; Giordano, 2008). See appendix for expanded discussion

4.7. Plots
The graphical interpretations are made on plots from either Excel

spreadsheets or GCDKkit software (Janousek et al., 2006)
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5. Results

5.1. limenite-Magnetite pairs

The present study, 49 ilmenite-magnetite pairs were chosen and tested for
equilibrium (Fig. 7). The mineral pairs that did not pass the test, for being outside
the envelope lines of error, were discarded. The pairs that are either too far away
from each other, or have evidence of textural disequilibrium, were also removed

from the pre-eruptive variable calculation.

Mg/Mn partitioning-test for equilibrium

log (Mg/ Mn)=0.9317 log (Mg/ Mn)-0.0909
log (Mg/ Mn ) =0.9213log (Mg/ Mn) -0.1696

magnetite (log Mg/Mn)

'Or2_||||||||||||||||||||||||||||||||||||||||||||||
0.1 0 01 0,2 0,3 04 0,5 0,6 07 0,8

ilmenite (log Mg/Mn)

Figure 7. Bacon and Hirschman test for equilibrium in black circles are all the
measured oxides pairs, the green and blue lines represent the estimated error of the
instruments, while the red line represents the equilibrium.

In addition, there are 2 mineral pairs representing inclusions in multi-minerallic
clusters (table 26,27 and 28 of the appendix), that pass the equilibrium test.
When performing the calculation for the thermometer, these result in a higher

than average temperature (Table 14 of the appendix), therefore were removed
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from the calculations of the pre eruptive variables. However, the presence of
these high temperature results could indicate a temperature zonation in chamber

and possible the inclusion of high temperature material from deeper sources.

5.2. Cordon Caulle 1921 eruption

The five samples selected, which represent the 4 main texture groups of the
present study, belong to three of the main flows of the northwestern part of CC
from an 8 km long ring fault system inside Cordillera Nevada, that acted as vents

for this event (Fig.8).

Figure 8. Selected samples distribution for 1921 eruptive event.
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5.2.1. Petrography

The selected rock samples have, in general, vitrophyric textures with low
percentage of phenocrysts, and holohyaline to hyalopilitic ground mass textures,
with flow bands and occasionally trachytic textures for microlites. The rock sample
with highest phenocryst volume is the sample representing TG4 with
approximately 10%, while the rest of the samples have 5 to 7%. All phenocrysts
components are equal in all rock samples with mineral phases of Pl, Cpx, Opx,
Mat, Il £ Ap, Zr. Plagioclase is always the most abundant phase with a ratio of
10:1 over the mafic minerals, while the different samples have varying ratios of
Cpx to Opx. The size of the crystal grains is variable and mostly due to the
presence of mineral clusters, which are represented in almost all samples and are
composed of all the same mineral phases as the phenocrysts. The size in the
clusters can be up to 5 mm for plagioclase, while the average size for the
plagioclase phenocrysts is 0.75-0.5 mm; the same stands for all the mineral
components having increased size crystals in clusters (see Table 26 of the

appendix).

5.2.2. Geochemistry and Mineral Compositions

The bulk magma composition for the 1921 eruptive event (Table 2; Gerlach
et al., 1988) plots in the dacite category (Fig. 20). Overall the compositions are
very homogeneous with an average SiO2 content of 68.88% and an average sum
of alkali components of 7.22%. The volatile content was also measured and has

0.18 wt% average values of total water content.
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Table 2. Mayor elements bulk analysis for 1921 eruptive event, taken from Gerlach et al.,
(1988).

Event 1921

Sample 42821 72822 42823b 42826
SiO2 68.55 68.96 69.3 68.71
TiO2 0.79 0.79 0.77 0.73
Al203 14.32 14.34 14.48 14.26
MnO 0.12 0.11 0.13 0.14
MgO 0.62 0.6 0.57 0.7
FeO 4.9 4,92 4.8 4.69
K20 2.59 2.62 2.62 2.61
Na20 4.95 5.15 5.06 5.26
CaO 2.52 2.55 2.43 2.4
P205 0.17 0.17 0.15 0.16
H20 0.14 0.13 0.15 0.22
Total 99.68 100.36 100.53 99.88

5.2.3. Plagioclases
The plagioclase crystals are the dominant phase among all the phenocrysts
in all rock samples; they are usually present as euhedral prismatic grains with

polysynthetic twinning or as large zoned prismatic crystals as part of mineral

Figure 9.EMPA images for Plagioclase of 1921 eruptive event A) Plagioclase phenocryst sample 42825-pl-
R5; B) Microlite sample 42823b-pl-R1m .C) Cluster plagioclase from sample 42823a.
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clusters. The size of the grains is variable, but the majority have an average of 0.5
mm with larger grains, up to 5 mm, belonging to mineral clusters (Fig.9).

The geochemical composition of the plagioclase crystals was obtained for
six crystal grains per sample for 16 total phenocrysts and 14 microlite grains that
plot in the andesite-oligoclase fields of the ternary classification triangle (Fig.10).
The average molar fraction for Anorthite content is 0.39 for phenocrysts and 0.31

for microlites with a total range of 0.29-0.41(see Table 4 of appendix).

miscibility gap

W
o

Ab 0 10 30 50 70 a0 10b Ans
Oligoclase  Andesine Labradorite  Bytownite

An%

Figure 10. Ternary classification diagram Ab-An-Or EMPA data for 1921 eruptive event samples. In pink
crosses represent phenocrysts and pink circles microlites measurements.
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5.2.4. Pyroxenes

An outstanding characteristic of all the samples is the presence of both Cpx
and Opx in all rock samples (Fig 11). They are present as small phenocrysts
dispersed in the groundmass or grouped in mineral clusters. Mostly all crystal
grains are euhedral to subhedral with prismatic habits, but sometimes there is
some disequilibrium evidence like reaction border textures or dissolved borders.
Even though both phases are present in all samples, there is a level of
heterogeneity in the overall volume of each phase, for example, sample 42828 has
Opx as the more abundant crystal volume while sample 42823b and 42823a has
Cpx as the dominant crystal phase. In both samples the Cpx has a strong presence
of reaction or dissolved borders, and overall appears to be the less stable phase

in all samples

A

Figure 11. EPMA images of pyroxene crystals for 1921 eruptive event
A) Cpx sample 42823a-px-R3; B) Opx sample 42823a-px-R30t; C) Cpx
sample 42828-px-Cot; D) 42828-px-R3.
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Geochemically speaking, each phase is homogeneous across all samples,
with average Wo: En: Fs molar fraction ratios in the order of 0.41:041:021 for Cpx
grains, and 0.03:0.59:0.37 for Opx (Fig. 12). A full list of analysis can be seen in

Table 7 of the appendix.
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Figure 12. Pyroxenes classification ternary diagram for En: Wo: Fa phases. Pink crosses for EPMA data for
pyroxene crystals of 1921 samples
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5.2.5. Oxides

Magnetite and ilmenite grains can be found throughout all the samples.
They are fairly abundant and are either present as phenocrysts dispersed in the
groundmass, inclusions in all other mineral phases (and usually together) and as
mega-phenocrysts in the mineral clusters. The shape of the grains varies but are
for the most part subhedral to anhedral and sometimes show signs of re-
equilibration (Fig.13).

Geochemically speaking the magnetite crystals show a high percentage of

TiO2 with ranges from 16.48-18.23 wt%. (Table 1 of the appendix).

Figure 13. Oxide pairs for 1921 eruptive event. A) inclusion on px crystal pair 72822-Br1m; B) inclusion
on pyroxene crystal 42825-R3 C) touching pair 42825-R1.

5.2.6. Temperature and Oxygen Fugacity

The 1921 event calculated temperatures (Table 3) have an average value
of 940 °C and is quite stable throughout all rock samples. As discussed before, the
standard deviation for the measurements are below the model error therefore the
values are safely applicable for at least + 20 degrees. The lowest estimate is 920

9C belonging to the TG2 (obsidian no vesicles) and the highest being 973 °C for
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TG1 (Hyalopilitic, no vesicles), however there seems to be no direct relation for
temperature measurements and textural characteristics of the rocks.

As for the calculated oxygen fugacity, the average for the unit is -0.22
however there is a flow that presents a considerable higher value of -0.40 and it

does seem to coincide with the sample with highest volume of vesicles.

Table 3. Ghiorso and Evans (2008), thermometry and oxygen fugacity relative to NNO buffer.
Average results per sample for 1921 eruptive event.
Sample Rock texture Average Temperature °C Average Fugacity
42825 TG1 973 -0.15
72822 TG4 953 -0.14
42823a TG2 920 -0.40
42823b TG4 951 -0.16
42828 TG3 952 -0.26
Total average 950 -0.22

5.2.7. Water Content

The water content measurements utilizing Waters and Lange (2015)
hygrometer model was performed on two populations: 1) plagioclase phenocrysts,
that are in equilibrium with the liquid, possibly representing the conditions of the
magmatic chamber, and, 2) microlites of plagioclase that may represent post
eruptive processes like decompression or degassing crystallization. The results
show little variation across all flows (Table 4) with average calculated weight
percentage of 2.57 for phenocrysts and 2.44 for microlites showing 0.13% total

difference between the phenocrysts and the microlites. The difference is below the
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average error of the model but is also consistently present across almost all
samples. The calculated measurements do not show a direct relation with the
different rock textures, however, the sample representing TG2 is considerably
higher than the rest of the samples; the other value that stands out is for sample
2123b (TG4) that shows almost no difference in between phenocrystal and
microlites estimates.

It is important to note that the water content in this hygrometer model is
highly sensitive to temperature measurements, for that reason, in a later section,

different scenarios will be explored.

Table 4. Waters and Lange (2015) hygrometry average results per sample for 1921 eruptive
event.
sample | 'Ol ok phenocrysts | Microltes | Diference
42825 TG1 2.13 1.98 0.15
42823b TG4 251 2.48 0.03
72822 TG4 2.54 2.38 0.16
42828 TG3 251 2.36 0.15
42823a TG2 3.16 3.01 0.15
Total Average 2.57 2.44 0.13
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5.3. Cordon Caulle 1960 eruption

Five volcanic rock samples from the effusive stage of the eruptive event are
selected for this unit; each sample represents a different flow covering most of the
5.5-km-long fissure system where 21 vents were sited (Lara et al, 2006b), located

near the SW margin of the PCCVC. (Fig. 14)

Figure 14. Selected samples distribution for 1960 eruptive event

5.3.1. Petrography

All samples for this unit have vitrophyric textures and holohyaline to
hyalopilitic ground mass textures. The groundmass usually has flow bands and
occasionally trachytic textures for microlites. The rock sample with highest

phenocrystal volume is the sample representing TG4 and one sample from TG3
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with approximately 10%, while the rest of the samples have an estimated average
of 7% (slightly higher than the 1921 event). All phenocrysts have the same mineral
compositions in all samples with the same mineral phases present in 1921 event,
Pl, Cpx, Opx, Mgt, Ill £ Ap, Zr. Just as for the 1921 event, the same ratio of 10:1
for plagioclase over the mafic minerals is maintained and the mafic dominance of
Cpx and Opx varies from sample to sample but most commonly the Cpx is slightly
more abundant. The size of the crystal grains is bimodal depending on presence
of grain clusters that have crystals up to 2 mm for plagioclase, while the average
size for the plagioclase phenocrysts is 0.75-0.5 mm; the same trends stands for all

the mineral components (Table 27 of the appendix).

5.3.2. Geochemistry and Minerals compositions

The bulk composition of the rocks is taken from Gerlach et al (1988) and
can be observed in Table 5. The SiOz content from the 1960 eruptive event ranges
in between 69 and 70 wt% and can be classified as rhyolites (Fig. 20), with an
average sum of alkali components of 7.22 wt%. and total water content wt%

between 0.11 — 0.21.
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