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The Miocene “Corte Blanco Tuff” rhyolite deposit is the product of a large volume and high intensity Plinian erup-
tion from the solitary and monogenetic Ramadas Volcanic Centre (Central Andes, Province of Salta, NW
Argentina). The “Corte Blanco Tuff” consists of vitreous tube pumices with rare euhedral sub-millimetric
Mn-garnet phenocrysts, typically hosting inclusions of U-phases as zircon and monazite. Here, we present new
textural, major and trace elemental analyses of garnet, zircon and glass that, combined with in situ U-(Th)-Pb
zircon and monazite dating, are used to reconstruct the thermobaric environment of formation, age and longevity
of the magmatic plumbing system of the Ramadas magma. The results indicate to a crystallization path of a
peraluminous rhyolitic melt at shallow crustal levels (<6 km), as sequentially tracked by the initial nucleation
of zircon (780 °C at 9.16 Ma) and garnet (above or at ca. 700 °C), to the final monazite growth (660-670 °C, at
8.70 Ma) in a water-saturated (H,O = 3-5 wt%) environment, shortly before the eruption started. These data
(1) define for the first time the primary magmatic origin of Mn-garnet in a rhyolitic volcanic setting; (2) provide
new partition coefficients of rare earth elements (REE) between natural garnet, zircon and rhyolitic melts; and
(3) permit reconstruction of the magmatic processes that resulted in the Ramadas eruption. On a wider scale,
our results document the spatio-temporal (P-T conditions, timing and longevity) time scales involved in the pet-
rogenesis of a shallow peraluminous water-saturated rhyolitic magmatic plumbing system that is able to gener-
ate the conditions for extremely explosive Plinian eruptions.

© 2018 Elsevier B.V. All rights reserved.

1. Introduction

partial melting event; (ii) xenocrysts from metamorphic wall-rocks;
(iii) peritectic genesis from wall-rock/xenolith materials reacting with

Although garnet is a relatively common mineral phase in magmatic
igneous rocks and it is mainly reported from very felsic peraluminous
granitoids and from aplite and pegmatite granitoids (e.g., Gadas et al.,
2013; Miiller et al., 2012; Samadi et al., 2014), it is an uncommon
accessory phase in volcanic rocks (e.g., Harangi et al., 2001 and
references therein). In the last decade many studies have focused on
the significance of garnet in felsic magmatic systems (e.g., Honig et al.,
2014; Lackey et al., 2012; Rubatto and Hermann, 2007; Samadi et al.,
2014; Taylor et al., 2015; Taylor and Stevens, 2010; Zhou et al., 2017).
Zhou et al. (2017) review the petrogenetic scenarios that result in the
formation of garnet in magmatic systems: (i) restitic origin during a
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magma; (iv) primary magmatic crystallization from ortho-magmatic
to late-stage in fluid-rich aplite and pegmatite; and (v) secondary meta-
somatic origin by interaction between late- to post-magmatic fluids and
the host SiO,-rich felsic rock. The integration of petrography with major
and trace elements is considered to be the key to understanding the
origin of garnet from these settings (Taylor et al., 2015; Villaros et al.,
2009a; Villaros et al., 2009b; Zhou et al., 2017). However, whereas
there is a wide literature dealing with the origin of garnets from granit-
oids (e.g., Villaros et al., 2009a; Villaros et al., 2009b; Ma et al., 2017),
skarn (e.g., Rossetti et al., 2007), metapelitic (e.g., White et al., 2014)
and ultramafic (e.g., Evans and Trommsdorff, 1978; Zhang et al., 1994)
rocks, there has been much less work on garnet from aplite-pegmatite
melts (e.g., London, 2008; Villaros et al., 2009b, Villaros et al., 2009a;
Taylor and Stevens, 2010; Miiller et al., 2012; Gadas et al., 2013;
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Samadi et al., 2014; Taylor et al., 2015) and in felsic volcanism (Clemens
and Wall, 1984; Kawabata and Takafuji, 2005; Oliver, 1956; Patranabis-
Deb et al., 2009; Wood, 1974; Wyborn et al., 1981). Mn-rich garnets in
rhyolitic explosive products have only been reported in a few instances
(e.g., Caffe et al., 2012; Mitropoulos et al., 1999; Viramonte et al., 1984).

Most of the existing work in relation to garnet in rhyolite assess its
primary origin mainly on the basis of garnet composition (Caffe et al.,
2012; Clemens and Wall, 1984; Mitropoulos et al., 1999; Oliver, 1956;
Patranabis-Deb et al., 2009; Wood, 1974; Wyborn et al., 1981). How-
ever, garnet chemistry alone is not a conclusive criterion in determining
its origin, as garnet in metamorphic rocks can have a wide composi-
tional range depending on the bulk rock composition, local matrix com-
position around the garnet crystal, mineral assemblage and P-T
conditions (e.g., Kawabata and Takafuji, 2005; Spear, 1993). Kawabata
and Takafuji (2005) showed that magmatic garnets could be distin-
guished from metamorphic xenocrysts by the presence of minute
glass/melt inclusions, indicating garnet growth in the presence of
coexisting melt. However, this criterion is not able to discriminate be-
tween garnet of peritectic (metamorphic) and magmatic origin, since
both are formed in the presence of melt and show similar characteristics
such as melt inclusions (e.g., Cesare et al., 1997; Villaros et al., 2009a).
No existing study has, therefore, clearly demonstrated the primary mag-
matic origin of Mn-rich garnets in volcanic rhyolitic setting.

The Miocene Corte Blanco Tuff (CBT), from the monogenetic
Ramadas Volcanic Centre (RVC) in NW Argentina (Fig. 1a), is a Mn-
garnet-bearing rhyolitic glassy pumice fall deposit, erupted by one of
the largest Plinian eruptions in the Andes (Viramonte et al., 1994).
This rhyolite is unique for the extremely high magma ascent rates

(Marti et al., 1999) and for being sourced straight off the basement
rocks of the Altiplano Puna plateau (Gauthier et al., 1994; Tait et al.,
2009; Viramonte et al., 1994). Garnet is the only phenocryst present in
the glassy matrix of the CBT and, consequently, the understanding of
the spatio-temporal scales and physical-chemical processes involved
in its genesis is essential to assess the evolution of the magmatic plumb-
ing systems leading to the RVC Plinian volcanism.

In this study, we integrate textural observation and major and trace
elemental analyses of mineral phases and glass with U-Th-Pb geochro-
nology of the U-bearing phases (zircon and monazite) hosted as mineral
inclusions in garnet phenocrysts, in order to understand the garnet ori-
gin and the temporal scales involved in magma genesis and explosive
volcanism. The results permit to define (i) the magmatic origin of the
Mn-rich garnets and (ii) the longevity of the Ramadas rhyolite melt
from its genesis/crystallization history to its eruption.

2. Geological setting

The RVC is located in the province of Salta (NW Argentina), 10 km
north of San Antonio de los Cobres town (Fig. 1a). The study area is
part of the Altiplano Puna plateau and is situated north to the active
trace of the NW-SE trending Calama-Olacapato-Toro (COT auct.) fault
zone (Giordano et al., 2013; Viramonte et al., 1984). The RVCis a solitary
and monogenetic centre, located at the footwall of a major N-S thrust
that bounds the Sierra de San Antonio de los Cobres (Fig. 1a), where
the low-grade Precambrian metamorphic basement rocks of the
Puncoviscana Fm. are exposed (e.g., Tait et al., 2009).

! qug!é Earth

ESIATHUS

Fig. 1. Regional Context. (a) Satellite image of the Puna plateau area comprised between San Antonio de Los Cobres town and the Cerro Tuzgle volcano. The red dashed ellipse indicates the
Ramadas Caldera. The inset box (bottom left) shows the the study area (blue rectangle) with respect to the major NW-SE left lateral Calama-Olocapato-Toro (COT) fault zone (modified
after Giordano et al,, 2013). (b) Hand samples of the garnet-bearing rhyolite Ramadas tube-pumice (meaning of Marti et al., 1999). (c) Enlargement of area indicated in (b) showing the
tube-pumice glassy texture, characterized by stretched bubbles and vesicle tubes, and the rare, red-ruby garnet. (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)


Image of Fig. 1

240 F. Lucci et al. / Lithos 322 (2018) 238-249

The RVC erupted only rhyolite, almost aphyric, with the presence of
ca. 1% vol. of Mn-garnet (Gauthier et al., 1994; Viramonte et al., 1994).
The eruption was Plinian and emplaced >30 km? of tube pumice fall de-
posit of the CBT, which are widely dispersed in north Argentina (Coira
et al.,, 2018; Tait et al., 2009; Viramonte et al., 1994). The volume and
the dispersal of the Corte Blanco fall deposit relate to an extremely ex-
plosive eruption from a flaring point vent structure (Dingwell et al.,
2016; Tait et al., 2009). The tube pumices were studied in detail and
allowed to define extremely high magma ascent rates and brittle failure
of the melt at fragmentation, supporting the intensity of the eruption
(Dingwell et al., 2016; Marti et al., 1999). During the late stage of the
eruption, the degassed rhyolite magma emplaced small volume
phreatomagmatic deposits and obsidian lavas within a ca. 12 km?
wide depression, interpreted as a funnel caldera (Casas et al., 1995;
Gauthier et al., 1994; Tait et al., 2009; Viramonte et al., 1994).

Different age determinations are available for the RVC deposits,
spanning from 8.75 £ 0.25 Ma for the garnet-bearing rhyolite tube
pumice (whole rock and glass K-Ar dating; Viramonte et al., 1994), 8.4
=+ 0.3 Ma for the ignimbrite deposits (biotite K-Ar dating; Petrinovic
et al,, 1999), to 6.63 + 0.28 Ma for the obsidian facies deposits (fission
track ages; Tait et al.,, 2009), and 6.3 4 0.28 Ma for the distal deposits
(glass shard Ar-Ar dating; Coira et al., 2018).

3. Materials and methods

Garnet-bearing pumice samples from the CBT rhyolite were selected
for petrographical investigation, mineral and whole-rock geochemistry
(major and trace elements). Garnet crystals were separated by
handpicking from ca. 5 kg of crushed, proximal (very fresh) rhyolitic
pumices. Details on the following analytical procedures and techniques
are given in the Appendix A. Mineral abbreviations follow Whitney and
Evans (2010).

3.1. Whole-rock geochemistry

After washing in distilled water, samples were grounded in an agate
mill, pre-contaminated with an aliquot of sample. The elemental analy-
ses were performed at the Activation Laboratory (Ontario, Canada),
through ICP emission (major and some trace elements) and ICP-MS
for trace elements.

3.2. Mineral chemistry

Garnet and glass major element compositions were obtained using a
Cameca SX100 electron microprobe at the Institut fiir Mineralogie,
Universitdt Stuttgart. Trace and REE compositions of garnet and
garnet-hosted inclusions of zircon were obtained through in situ sam-
pling on polished mounts through a laser ablation inductively coupled
plasma mass spectrometry (LA-ICP-MS) at the Institut fiir Mineralogie,
Universitdt Stuttgart.

3.3. U-Pb zircon and monazite geochronology

Garnet-hosted inclusions of zircon and monazite grains were first in-
vestigated through cathodoluminescence (CL) and back-scattered elec-
tron (BSE) imaging techniques and then analyzed in situ through a LA-
ICP-MS system at the Goethe University of Frankfurt.

4. Petrography

The CBT rhyolite is made of homogeneous white glassy rhyolitic,
lapilli-sized, tube pumices (Fig. 1b), with rare ruby-red garnets (< 1%
vol., average grain size <0.3 mm; Figs. 1c and 2a) (Gauthier et al.,
1994; Marti et al., 1999; Viramonte et al., 1994). In thin section, pumices
show a fabric dominated by highly stretched bubbles (Fig. 2b). Garnets
show euhedral habit, defined by trapezohedron and dodecahedron

morphology (Fig. 2¢). These textural characteristics suggest original
equilibrium texture between garnet and glass. Garnet typically hosts in-
clusions of zircon with euhedral prismatic (elongated-to-short) bi-
pyramidal habit and rare monazite crystals (Figs. 2a, d).

5. Mineral chemistry
5.1. Garnet

Representative major element compositions and formulae for the
CBT garnets are reported in Table 1 (see Supplementary Table S1 for
the complete dataset). Garnet is characterized by high FeO, (29.6-
32.1 wt%) and MnO (9.47-10.69 wt%), and low CaO (1.11-1.38 wt%)
and MgO (always <0.20 wt%). The ferric iron content (Fe>* up to
0.142 apfu), as calculated on the basis of stoichiometric constraints, is
mostly close to Ca (Ca up to 0.124 apfu), indicating that Ca is essentially
present as the andradite component. The Y,03 content varies between
0.3 and 0.6 wt%. Interestingly, there is always a small but reproducible
Na content that is in the range of that of Y. It can be speculated that
the substitution of Ca by Y is, at least partly, accommodated by an
equal amount of Na according to 2Ca = Y + Na (Enami et al., 1995).
The TiO,, ZrO,, Cr,03, and Ce,03 contents are always below the detec-
tion limit of the microprobe (see Appendix A1). Consequently, the CBT
garnet predominantly corresponds to an almandine-spessartine solid
solution with pyrope + andradite + YAG always minor than 5%
(Almegg.71SPs23_25ANdr4PIpy ).

The core-to-rim chemical zonation was investigated in two selected,
inclusion free, specimens (Figs. 3a-b). The chemical zonation is mainly
characterized by an oscillatory and rimward decrease of the Y,03 con-
tent (core 0.47-0.58 wt%; rim 0.28 wt%), locally associated with a sensi-
tive variation of the CaO content (1.20-1.38 wt%) (Figs. 3c-f).

Representative trace and REE elements data for the Ramadas garnets
are presented in Table 2 (see Supplementary Table S2 for the complete
dataset). All garnets show low light rare earth (LREE, with SLREEs al-
ways <25 ppm) and high heavy rare earth (HREE, with SHREEs ranging
1700-2610 ppm) elements contents, respectively. When normalized to
Chondrite (Sun and McDonough, 1989), garnets show depleted LREE
profiles (with Lay/Smy and Lay/Yby mean values of 0.06 and 0.001, re-
spectively), opposed to enriched, bell-shaped HREEs profiles (Dyn/Yby
values of 0.60-0.76) (Fig. 4). All garnets show negative Eu anomaly
(defined as Eu* = Eun/[(Smy x Gdy)'/?]), ranging 0.010-0.015. A gen-
eral rimward decrease of the high field strength elements (HFSE) is
documented (from core to rim: Ti 79-43 ppm; Zr 113-14 ppm; Nb
0.91-0.02 ppm; Y 5407-2950 ppm; Dy 729-434 ppm; and Yb 678-
416 ppm).

5.2. Zircon

Five zircons were analyzed in situ for trace and REEs elements. Rep-
resentative results from LA-ICP-MS analyses are presented in Table 2
(see Supplementary Table S2 for the complete dataset). They present
high contents of HFSE as Dy, Yb, Y, Hf, Ta, Th and U together with enrich-
ment of Nb (19.8-49.6 ppm) and Ti (6.7-28.8 ppm). All analyzed crys-
tals are characterized by low LREE (SLREEs ranging 22-168 ppm) and
high HREE (SHREEs ranging 2545-9830 ppm,) contents, respectively.
In Chondrite-normalized (Sun and McDonough, 1989) diagrams, zir-
cons show depleted LREE profiles (Layn/Smy values ranging 0.01-0.10)
opposite to highly enriched HREE profiles (Dyy/Yby values ranging
0.21-0.45) (Fig. 4). Systematically, all the analyzed zircons are depleted
in Eu (Eu* = 0.01-0.04).

Based on the crystal morphology and texture (Figs. 2a, d) and the
REE/chondrite profiles (Fig. 4), the hosted zircons are comparable to
those reported from water-bearing granitoid melts (Belousova et al.,
2002; Hoskin and Schaltegger, 2003).
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Fig. 2. Microtexture of the Ramadas tube-pumices. (a) Euhedral garnet (Grt) in the glass matrix, hosting prismatic zircons (Zrn) (normal polars). (b) Back-scattered electrons (BSE) image
of the pumice fabric, dominated by stretched bubbles and vesicle tubes. The only visible mineral phase is represented by garnet. (c) Secondary electrons (SE) image of a separated single
crystal of garnet showing the euhedral habit defined by trapezohedron in combination with dodecahedron morphology. (d) BSE image of garnet hosting inclusions of zircon and rare

monazite (Mnz) crystals.

5.3. Volcanic glass

Results from EMPA analyses of glass are presented in Table 3. Volca-
nic glass is characterized by high SiO, content (72.2-74.6 wt%), low CaO
(0.52-0.62 wt%), FeOo (0.74-0.88 wt%), MgO (<0.02 wt%) and MnO
(0.07-0.18 wt%). All glass-spots show enrichment in K,O (4.03-

Table 1
Representative Electron Microprobe analyses and chemical formulae of garnets.

Sample® Garnet core Garnet rim

Specimen Grtl Grt9 Grt11 Grt9
Spot #10 #18 #34 #26
Si0y, wt% 34.8 353 35.2 353
Al,03 19.72 19.98 20.00 20.02
FeOror 31.7 31.1 30.7 31.6
MnO 10.29 10.42 9.87 10.15
MgO 0.16 0.13 0.16 0.18
Cao 133 1.24 1.19 117
Na,O 0.07 0.05 0.04 0.03
Y,05 0.58 047 0.31 0.35
Total 98.71 98.64 97.49 98.83
Si, apfu 2921 2.955 2.981 2.953
Al 1.949 1.972 1.994 1.972
Fe?™ 0.130 0.073 0.025 0.076
Fe?* 2.093 2.104 2.145 2.134
Mn 0.731 0.740 0.707 0.718
Mg 0.020 0.016 0.020 0.022
Na 0.011 0.008 0.007 0.006
Ca 0.120 0.112 0.108 0.105
Y 0.026 0.021 0.014 0.015
Gross/Andr (Xmol) 0.04 0.04 0.04 0.03
Spessartine 0.24 0.25 0.24 0.24
Pyrope 0.01 0.01 0.01 0.01
Almandine 0.70 0.70 0.71 0.71

The contents of P,0s, TiO,, ZrO,, and Ce,03 are below detection limits of 0.05, 0.03, 0.14,
and 0.13 wt%, respectively.
@ FeO.q total iron reported as FeO; apfu: atoms per formula unit.

5.56 wt%) with respect to Na,O (0.96-1.46 wt%) and Al,O3 in the
range 12.89-13.49 wt%. The contents of MgO, TiO,, ZrO,, and Y,03 are
always below the detection limit of the microprobe. The difference
from 100% of the total oxides, attributed to H,O content, has a mean
value of 5.17 wt%. BSE images and chemical analyses showed that
there is neither significant zoning in the glass nor chemical variations
in the glass surrounding garnets. These compositions attest for a high-
K calc-alkaline rhyolite composition with a strong peraluminous signa-
ture, with ASI (Alumina Saturation Index, molar [Al,03/(CaO + Na,O
+ K,0)]) values of 1.47-1.82.

A whole-pumice, its separated glass and its enriched Grt (+ zircon
+ monazite) fraction were analyzed for major, trace and REE elements.
Results from ICP-MS are reported in Table 4. The whole-pumice and the
separated glass show the same REE pattern (Fig. 4). Whole-pumice and
glass are slightly enriched in LREE (SLREE: 39.8-41 ppm) and in HREE
(XHREE: 11.6-12.9 ppm). When normalized to Chondrite (Sun and
McDonough, 1989) they have a flat profile, with a pronounced negative
Eu anomaly (ca. 0.06) (Fig. 4). When compared with the Grt (4 zircon
-+ monazite) fraction, they are depleted in HFSE and actinides, as indi-
cated by low contents of Y (21.8-24 vs. 3080 ppm), Zr (31-34 vs.
1391 ppm), Yb (0.9-1.21 vs. 439 ppm), Th (7.61-7.83 vs. 119 ppm)
and U (10.6 vs. 49.3 ppm) (Table 4). When normalized to Chondrite
(Sun and McDonough, 1989), the Grt (+ zircon + monazite) fraction
shows a strongly enriched pattern (Fig. 4).

6. Zircon and monazite U-(Th)-Pb geochronology

The zircon and monazite inclusion hosted in garnet were analyzed
for U, Th and Pb isotopic compositions using a LA-ICP-MS system (see
the Appendix for the analytical protocols). Plots and age calculations
were made using the ISOPLOT software (Ludwig, 2010). Results are
shown Fig. 5 and listed in Supplementary Table S3.

The BSE and CL images reveal a homogeneous zircon population
(grain size: 50-200 pm) characterized by oscillatory zoning (Fig. 5), a
texture that is typical of magmatic crystallization (e.g., Corfu et al.,
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Fig. 3. Garnet chemistry. (a-b) BSE images of garnet displaying faint oscillatory zoned cores. The circles indicate the laser ablation spots used for in situ LA-ICP-MS trace and REE chemistry.
The white points (numbered as 1 to 20 and 1 to 10, respectively) indicate the EMPA compositional line traverses shown in (e) and (f), respectively. (c-d) Qualitative compositional map
showing variation in cation (Ca, Y) distribution of the garnet crystal shown in (a). (e) EMPA composition profile of the garnet shown in (a). (f) EMPA composition profile of the garnet

shown in (b).

2003; Harley et al., 2007). Monazite is relatively coarse-grained (com-
monly 50-150 um), with subhedral habit; Figs. 2d, 5a-b, 5e-h. Thirty
spots (20-30 um in diameter) on twenty-one zircons yielded a
unimodal age distribution with a Concordia age of 9.16 4+ 0.04 Ma
(Fig. 5i). Twenty spots (30 pm in diameter) on fourteen monazite grains
provided a well-defined Concordia age of 8.70 + 0.23 Ma (Fig. 51).
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Fig. 4. Chondrite-normalized (after Sun and McDonough, 1989) rare earth elements (REE)
spider diagram for the Ramadas rhyolite tube-pumice. Chondrite-normalized averaged
REE patterns from literature are also reported: zircon from granitoid rocks (Belousova
et al., 2002); zircon from igneous rocks (Hoskin and Schaltegger, 2003); and zircon
crystallized under conditions of high aqueous-fluid activity at the end of the magmatic
crystallization (hydrothermal zircon) from Mole Granite (SW Australia) (Hoskin and
Schaltegger, 2003).

7. Thermobarometry

To assess the pressure-temperature (P-T) environment of formation
of the Ramadas rhyolitic magma, we integrate inverse
thermobarometry, as derived from the Ti-in-Zircon thermometry
(Ferry and Watson, 2007; Watson et al., 2006), Zircon-saturation ther-
mometry (Tz, Watson and Harrison, 1983), and the Monazite-
solubility model (Tgrgg, Montel, 1993).

7.1. Ti-in-Zircon thermometry

Ti-in-Zircon thermometry has wide application to igneous and
metamorphic rocks and ore deposits. The thermometer can be applied
to individual zircon grains, providing independently estimates of tem-
perature of their crystallization. Zircon inclusions in Ramadas garnets
invariably show (i) the absence of inherited cores, (ii) prismatic habit,
and (iii) oscillatory zoning typical of magmatic crystallization. There-
fore, the Ti-in-Zircon thermometry likely indicates the temperature at
which zircons crystallized from the melt.

The Ti content in zircon inclusions hosted in garnet ranges
6.76-28.81 ppm and application of the Ti-in-Zircon thermometry of
Ferry and Watson (2007) for rutile- and quartz-free rocks indicates
temperatures in the range 710-856 °C (in Table 2), with a mean value
of = 785 4 70 °C (n = 5). Results variability is compatible with maxi-
mum uncertainties of ca. 60-70 °C at 750 °C for rutile- and quartz-free
rocks as assessed by Ferry and Watson (2007).

7.2. Zircon-saturation thermometry and Monazite-solubility model

The zircon-saturation model was built to provide information on
saturation behavior of zircon in hydrous, metaluminous to
peraluminous, intermediate to felsic magma types (Watson and
Harrison, 1983). Moreover, the zircon-saturation model provides good
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Table 2
Representative selected trace and REE elements as obtained through in situ LA-ICP-MS
analyses of garnets and hosted zircon inclusions.

Sample Garnet-9 Zircon Inclusions

Specimen Grt9 Grt9 Grt9 Zrn2 Zrn3 Zrn7
Spot RAGT9a RAGT9b RAGT9c Zr2a Zr3a Zr7a
Trace elements (ppm)

Sc 12027 91.37 93.97

Ti 44,98 43.78 52.35 6.76 12.41 28.81
Cr 4.39 3.49 3.15 10.85 4.86 4.21

Ni 2.12 1.88 1.76

Ga 31.28 26.51 26.89 4.75 8.28 18.17
Y 3777.27 3052.60 2952.02 930441 17,371.38 12,060.40
Zr 20.16 15.01 14.87

Nb 0.89 0.06 0.03 49.61 36.55 36.96
Ta 0.40 0.06 0.07 13.15 10.82 9.70

La 13.04 0.58 0.07 1.05 0.73 7.28

Ce 0.05 0.01 0.02 12.71 18.23 66.81
Pr 0.03 0.01 0.01 0.69 0.91 7.58

Nd 0.96 0.65 0.72 4.13 9.14 37.24
Sm 10.41 7.00 6.76 22.15 33.15 49.06
Eu 0.12 0.08 0.09 0.30 1.19 1.34

Gd 106.44 80.92 76.90 159.59 242.41 236.02
Tb 49.25 39.08 35.14 63.20 110.64 101.25
Dy 554.02 47268 43413 754.11 1505.26  1239.09
Ho 189.02 15131 14633 258.66 561.70 411.33
Er 682.68 533.89 494.07 1022.63 2478.68 1780.85
Tm 98.56 81.29 72.67 187.13 475.19 335.08
Yb 596.26 506.31 451.87 1377.22 3717.08  2700.28
Lu 74.72 61.19 56.64 23435 737.89 501.19
Hf 1.19 0.74 0.79 17,442.85 16,151.94 12,702.62
Pb 0.29 0.04 0.04 4.76 222 521

Th 0.02 0.00 bdl 872.67 116524  784.39
U 0.11 0.03 0.04 732511  9998.63  6471.92
@ Te°C[+70°C] 710 767 856

bdl: below detection limit.
(a) Ti-in-Zircon thermometry (Ferry and Watson, 2007).

estimates of melt temperatures for crystal-poor magmatic rocks derived
from zircon-saturated magmas (Miller et al., 2003). Since the Ramadas
Grt-bearing rhyolite is crystal-poor and zircon-saturated, the tempera-
ture estimates likely indicate the temperature of the melt (glass) crys-
tallization. Whole-pumices and glass show values of Zr in the range
31-34 ppm, corresponding to Tz, of 666-672 4 25 °C (Table 4).
Monazite-solubility model (Montel, 1993) describes the solubility of
monazite in Ca-poor felsic/acid melt based on the REE content of a melt
in equilibrium with monazite that is temperature dependent (REE-ther-
mometry). The temperature indicated by this model is the temperature
at which the monazite formed/equilibrated with the melt (Montel,
1993) and, in the case of obsidian/pumices glass, it is the temperature
before the eruption (Rapp and Watson, 1986; Montel, 1993). This ther-
mometer, as defined by Montel (1993), operates properly if

Table 3
Representative analyses (EMPA) of volcanic glass from Ramadas tube-pumice.
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(i) monazite controls the behavior of LREE in melt, and (ii) the whole-
rock composition represents a frozen liquid.

Whereas garnet and zircon act as competitors for HREE, monazite is
the unique phase controlling light REE (LREE). The REE enriched pattern
of the garnet fraction confirms the control operated by the U-phases on
the LREE (monazite) and HREE (zircon) budget (Fig. 4). Furthermore,
considering that glass makes up ca. 99% of the rhyolite volume, it is pos-
sible to consider both whole-pumice and glass compositions as the lig-
uid composition prior to eruption (Montel, 1993). Monazite-solubility
model thus represents both the monazite-forming temperature and
the temperature prior to the Ramadas eruption.

The solubility REE-temperatures were calculated for a H,O content
varying from 1 to 5 wt%. The zircon-saturation and the monazite-
solubility models show convergence (Trgg = Tz + 25 °C) at T = 660-
670 °C for a H,O content in the range 3-5 wt% (Table 4). These calcu-
lated water contents are comparable to the EMPA estimates and are in
agreement with those obtained by Dingwell et al. (2016) through
micro-FTIR investigations on the RVC tube pumices. Following the ex-
perimental determination of water-solubility in silicate melts (Wallace
and Anderson, 2000), the estimated water contents qualitatively indi-
cates a lithostatic pressure of 1-1.5 kb for the RVC rhyolites. Assuming
a rock density of 2600 kg/m>, this pressure corresponds to depths
<6 km for the formation of the Ramadas rhyolite melt.

8. Discussion

The Ramadas CBT rhyolite shows a high-K calc-alkaline
peraluminous rhyolite composition. The main feature of this rhyolite
is the presence of sub-millimetric Mn-garnet phenocrysts. In this
study, we have documented their homogeneous core-to-rim major ele-
ments composition and the presence of zircon and monazite inclusions.
The occurrence of U-bearing accessory phases in garnet with different
radiometric closure temperatures (800 + 50 °C for the U—Pb system
in zircon and 700 4 50 °C for the U-(Th)-Pb system in monazite;
Carlson, 2011) allow to constrain the timing, rates and thermobaric en-
vironment of formation of the Ramadas garnet. Moreover, garnet and
zircon act as competitors for partitioning HFSE and HREE elements
(e.g., Rubatto, 2002; Rubatto and Hermann, 2003, 2007; Taylor et al.,
2015; Taylor et al.,, 2017; Villaros et al., 2009a; Villaros et al., 2009b).
Therefore, the assessment of the REE budget and their phase/melt and
phase/phase distribution coefficients may provide a clue for (i) the un-
derstanding of the magmatic equilibria in the garnet-zircon-silicic melt
system (Bea et al., 1994; Belousova et al., 2002; Hoskin and Schaltegger,
2003; Rubatto, 2002; Rubatto and Hermann, 2003, 2007; Taylor et al.,
2015; Taylor et al., 2017; Villaros et al., 2009b; Watson and Harrison,
1983), and (ii) the origin of garnet in silicic melts and the longevity of
the magmatic plumbing system.

Sample RA (Ramadas Pumice Thin Section)

Spot #1 #2 #3 #4 #5 #6 #7 #8 #9 #10 #11 #12
Si0,, wt% 74.0 74.0 74.6 74.4 74.1 74.4 74.3 74.3 74.5 74.2 72.9 72.3
ALO3 13.45 13.37 13.28 13.37 13.18 13.36 13.35 13.22 13.27 13.36 1331 12.89
FeOror 0.80 0.79 0.81 0.76 0.88 0.82 0.82 0.88 0.79 0.79 0.86 0.74
MnO 0.10 0.10 0.11 0.08 0.12 0.11 0.14 0.12 0.12 0.07 0.18 0.11
Ca0 0.55 0.58 0.60 0.57 0.56 0.59 0.55 0.52 0.54 0.56 0.53 0.62
Na,O 1.11 1.09 1.04 1.27 1.44 1.22 1.10 1.08 1.36 1.46 1.18 0.96
K,0 422 438 5.36 5.04 461 5.57 5.40 5.40 497 4.04 4.62 430
Total 94.24 94.27 95.83 95.47 94.93 96.01 95.64 95.55 95.51 94.51 93.57 91.91
(@) ASI 1.82 1.76 1.54 1.56 1.57 1.47 1.54 1.54 1.54 1.71 1.68 1.75

(a) ASI = Alumina Saturation Index; molar [Al,03/(Ca0 + Na,O + K,0)].

The contents of TiO,, MgO, BaO, ZrO,, and Y,05 are below detection limits of 0.03, 0.03, 0.04, 0.06, and 0.07 wt%, respectively.



244 F. Lucci et al. / Lithos 322 (2018) 238-249

Table 4
ICP-MS compositional data of whole-pumice, glass and garnet separates.

Sample Whole-Pumice Glass Grt + Zrn + Mnz
Si0,, wt% 69.33 70.00 36.26
Al,03 12.97 13.46 19.51
Fe;03¢0t 1.53 1.37 3347
MnO 0.11 0.10 8.66
MgO 0.22 0.21 024
Ca0 0.63 0.69 1.24
Na,O 3.04 297 0.22
K;0 522 5.51 0.25
TiO, 0.01 0.00 0.04
P,0s 0.03 0.03 0.07
LOI 5.93 6.55 NA
Total (wt%) 99.01 100.90 99.97
ASI 1.10 1.14 -

Sc, ppm 5 5 87

Be 9 10 <1

A% <5 <5 14

Cr <20 <20 20
Co <1 <1 3

Ni <20 <20 <20
Cu <10 <10 10
Zn 70 70 120
Ga 20 20 28
Ge 23 2.2 153
As 6 7 <5
Rb 302 304 13

Sr 12 14 6

Y 24 21.8 3080
Zr 34 31 1391
Nb 15.7 17 2.2
Mo <2 <2 7

Ag <0.5 <0.5 45
In <0.1 <0.1 <0.1
Sn 7 7 3

Sb <02 0.2 0.2
Cs 27.6 28.1 1.7
Ba 6 5 11

La 7.8 7.52 177
Ce 19.3 18.6 416
Pr 2.34 2.27 48.1
Nd 8.26 8.29 173
Sm 335 3.13 46.4
Eu 0.067 0.067 0.449
Gd 3.88 391 98.9
Tb 0.75 0.69 383
Dy 433 3.97 410
Ho 0.72 0.6 122
Er 1.67 1.28 428
Tm 0.212 0.157 67.1
Yb 1.21 0.9 439
Lu 0.168 0.123 60.2
Hf 1.7 1.7 55.3
Ta 3.36 3.46 <0.01
w 3.7 2.5 1.8

Tl 1.42 1.7 0.11
Pb 31 30 <5
Bi 1 1.1 0.1
Th 7.83 7.61 119
§] 10.6 10.6 493
Lan/Smy 1.503 1.551 2.462
Lan/Ybn 4.623 5.993 0.289
Dyn/Yby 2.395 2.952 0.625
Eu* 0.057 0.059 0.02
@ T,(°C) 672 666

(®) Teee(°C) for H,0 = 3 wt 677 678

(®) Trep(°C) for H,O0 = 5wt% 664 665

Grt: Garnet; Zrn: Zircon; Mnz: Monazite.

Note: LOIL: loss on ignition; NA: Not Available; ASI: molar Al,03/(Ca0 + Na,0 + K,0); Eu*:
Eun/[(Smy x GdN)m]-

(@) Tz (°C) = Zircon saturation thermometry (Watson and Harrison, 1983)

(b) Tree(°C) = LREE thermometry (Montel, 1993) calculated for different H,O wt%
content.

8.1. On garnet genesis and growth

Ramadas garnets are almandine-spessartine solid solutions (Almgg_
715PS23-25; Figs. 3 e-f), with a MnO content in the range 9.47-10.69 wt
%, low Ca0 (< 1.4 wt%) and negligible MgO (< 0.2 wt%) contents. In a
Ca0 vs. MnO proxy diagram (after Harangi et al., 2001) modified for
Mn-garnet bearing aplites and pegmatites (Samadi et al., 2014), the
Ramadas garnets fall at the intersection of “Metapelitic garnets” and
“Aplite-Pegmatite garnets” fields (after Samadi et al., 2014 and refer-
ences therein) (Fig. 6). When compared with the Mn-rich garnet com-
positions from the Neogene Coyaguayma ignimbrite (northern Puna,
Argentina; Caffe et al., 2012) and the Chios rhyolite (Cyclades, Greece,
Neogene in age; Mitropoulos et al., 1999), these garnet compositions
show common features such as (i) the lack of Mn-zoning; (ii) a Mg#
(Mg#: MgO/(MgO + Fe0)) < 5; and (iii) a direct proportionality be-
tween Mn and Ca contents. Moreover, all the three reported volcanic
garnet compositions fall outside the conventional fields for intrusive
magmatic garnets (Fig. 6).

As shown by Yardley (1977) and Spear (1993), diffusion in garnet
becomes exponentially more rapid with increasing temperature, and
diffusion rates for Mn in garnet are negligible below ca. 650 + 30 °C
(Harrison, 1988; Manning, 1983; Yardley, 1977). By contrast, self-
diffusion of Mn in spessartine-almandine garnet above ca. 700 °C is suf-
ficiently rapid to re-equilibrate any compositional zoning during crystal
growth (Dahlquist et al., 2007). Unzoned profiles are, then, expected for
magmatic garnets crystallizing above ca. 700 °C (e.g., Dahlquist et al.,
2007; Harrison, 1988; Manning, 1983; Miller and Stoddard, 1981;
Spear, 1993; Yardley, 1977). The Ramadas garnets are unzoned
(Almgg_71Spsa3-2s; Figs. 3e-f) and the absence of a rimward Mn enrich-
ment indicates the garnet crystallization ceased above or near ca. 700
°C.

The Ramadas garnets show a positive correlation between Y and
SREE contents, with the maximum values at cores. Similar patterns of
rimward depletion are also recognized for the HFSE (such as Zr, Nb,
Ti) which could be related to melt genesis processes (Smeds, 1994), or
fluid-phase accumulation in melt that hindered the entrance of REE in
the garnet structure (Wang et al., 2003). These observations are not suf-
ficient to discriminate between garnets formed during progressive
anatexis at depth (peritectic garnet) and primary magmatic garnets
formed during crystallization, since both form in the presence of melt
(Cesare et al.,, 1997; Villaros et al., 2009b). However, evidence of the pri-
mary magmatic origin for the Ramadas garnets is provided by: (i) the
euhedral crystal shape, with no indication of resorption processes, (ii)
the flat Mn zonation patterns and the lack of Fe-Mg-Mn zoning that is
typical of high crystallization temperature (>700 °C), (iii) absence of
metamorphic mineral inclusion, (iv) inclusions of magmatic accessory
phases such as zircon and monazite, and (v) the strong negative Eu
anomaly (< 0.02) of the garnet grains (Fig. 4), consistent with garnet
growth from a high-SiO, melt (Dahlquist et al., 2007; Samadi et al.,
2014; Taylor et al., 2015; Villaros et al.,, 2009b; and references therein).
Moreover, the pressure estimates of 1-1.5 kbar obtained in this work by
application of the water-solubility model (Wallace and Anderson, 2000)
is in good agreement with the pressure of 1 kbar indicated by Clemens
and Wall (1981, 1988) for the Mn-rich almandine garnet formation in S-
type felsic melts (cf. Kawabata and Takafuji, 2005).

In summary, the Ramadas garnet compositions and textures are well
in agreement with existing literature data (e.g. Clemens and Wall, 1981,
1988; Dahlquist et al., 2007; Harangi et al., 2001; Kawabata and Takafuji,
2005; Macleod, 1992) that demonstrate how Ca-poor (CaO <4 wt%) and
Mn-rich (MnO > 4 wt%) almandine garnet can crystallize from hydrous
Mn-rich peraluminous silicic melts at shallow depths (1-1.5 kbar) for
temperature higher or equal to 700 °C.
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Fig. 5. U-(Th)-Pb zircon and monazite systematics for studied Ramadas tube-pumice samples. (a-h) Representative BSE and cathodoluminescence (CL) images of zircon (Zrn) and
monazite (Mnz) grains from the studied samples, shown together with location of the LA-ICP-MS laser spots (white circles) and relative 2°°Pb/?3U ages in Ma (errors quoted at 20
level). (i) Conventional Concordia diagram showing the cumulative zircon data. (1) Conventional Concordia diagram showing cumulative monazite data. MSWDc, ¢ is the mean square

weighted deviation for concordance and equivalence.

8.2. Phase-meltREE partitioning

In a garnet-zircon- melt system, the garnet and zircon REE behaviors
and their phase/melt partitioning are key-factors in understanding mag-
matic equilibria and to link rock textures to geochronology (e.g., Rubatto,
2002; Rubatto and Hermann, 2007; Taylor et al., 2015; Taylor et al., 2017).
To verify the magmatic equilibria between garnet, zircon and glass in the
Ramadas rhyolites, mineral/melt and mineral/mineral REE distribution
coefficients are calculated from the analyzed material and then compared
to the existing literature (Buick et al., 2006; Harley et al., 2001; Hermann
and Rubatto, 2003; Hokada and Harley, 2004; Kelly and Harley, 2005;
Rubatto, 2002; Rubatto and Hermann, 2007; Taylor et al., 2015;
Whitehouse and Platt, 2003). The basic assumptions done in this study
are: (i) pumice glass is the residual melt after garnet (+ zircon + mona-
zite) crystallization, and (ii) all the Zr was initially dissolved in the origi-
nal melt since the absence of inherited zircon grains and/or cores. Results
are reported in Supplementary Table S4.

The REE distribution coefficients (Dgggs) calculated for zircon/melt
(D: C7™/ct, where C¥™ is the element concentration in zircon and C* is
the element concentration in “glass” sample) and garnet/melt (D: C°"/
Ct, where (%" is the element concentration in garnet and C* is the ele-
ment concentration in “glass” sample) indicate the LREE are strongly
partitioned into melt, whereas medium to HREE are primarily
partitioned in zircon and garnet (Fig. 7).

Given the absence of extensive studies on absolute and pressure-
temperature dependence of zircon-melt Dgggs for what concerns the
LREE behavior in zircon (Geisler et al.,, 2007; Hanchar and Van
Westrenen, 2007), we focus our discussion on medium to heavy REE
(from Sm to Lu) budget. The zircon/garnet Dggg distribution coefficients
(D: C7™/CC™) were calculated comparing all zircon analyses to all garnet
compositions (see also Taylor et al., 2017). Calculated coefficients are re-
ported in Supplementary Table S4 and presented in Fig. 8. The zircon/
garnet Dggg show concave-up profiles, characterized by Eu and HREE


Image of Fig. 5

246 F. Lucci et al. / Lithos 322 (2018) 238-249

g -
17 A This Study
7 1 \\ Low / High Pressure .
i \ Magmatic Garnets Mn-Garnet from volcanic rocks
I| \ (I/M type granitoids) o Coyaguayma ignimbrite
B : (Caffe et al., 2012)
1\
X 541 : Chios rhyolite
s ‘\ I (Mitropoulos et al., 1999)
g !
% 4 - \\ %
o 3/ o\ T . ‘
] E £ 1 Metamorphic ™,
25 e Garnet N
§ E (Metapelites)
{2
1482 Magmatic Garnets
HNe @ )% (Aplite - Pegmatite)
0 r T r — T - T r 1 r T v T -
0 5 10 15 20 25 30 35 40

MnO (wt %)

Fig. 6. CaO vs. MnO diagram (modified after Harangi et al., 2001; Samadi et al., 2014) for
garnets from Ramadas tube-pumices. Mn-garnets from Coyaguayma ignimbrite
(northern Puna, Argentina, Miocene in age; Caffe et al.,,2012) and Chios rhyolite (Cyclades,
Greece, Neogene in age; Mitropoulos et al., 1999) are also reported for comparison.

favoring zircon over garnet, with Yb/Dy and Lu/Gd up to 3.6 and 6.8, re-
spectively (Fig. 8).

Considering the Ti-in-Zircon thermometry results (mean value of
785 + 70 °C), the Dygegs zircon/garnet profiles are substantially in
agreement with those obtained in high-temperature melting experi-
ments of Rubatto and Hermann (2007) and with the empirical studies
of Rubatto (2002), Herman and Rubatto (2003) and Buick et al.
(2006) (Fig. 8). This evidence confirms a common magmatic origin
from the same original parental melt for both garnet and zircon, at equi-
librium with the residual liquid here represented by the rhyolitic glass.

8.3. Timing, rates and longevity of the magmatic plumbing system

Investigating the origin of this high-peraluminous rhyolitic melt is
beyond the scope of this work. However, a possible anatectic origin for
the Ramadas garnet-bearing rhyolitic melt is suggested by: (i) the
monogenetic character of the Ramadas Volcanic Centre (i.e. absence of
a line of descent); (ii) its solitary setting in basement rocks; and (iii)
the existing Sr-Nd isotope data (Viramonte et al., 1984, 2007).

Despite the uncertainty on the thermo-baric estimates, results of this
study permit to define the timing and longevity of the Ramadas mag-
matic plumbing system, as shown in the temperature-time diagram of
Fig. 9. The RVC history started with the assembly in the upper crust (<
6 km depth) of a peraluminous rhyolitic melt at a temperature of ca.
785 4+ 70 °C (Ti-in-zircon thermometry), shortly before 9.16 +
0.04 Ma as constrained by the U-Pb age of the zircons. Zircons acted as
nucleation seeds for garnets growth at T> 700 °C (absence of Fe-Mn-
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Fig. 7. Drge (mineral/melt) data for the Ramadas tube-pumices.

Mg zoning in garnet). The garnet growth spans across a decrease in tem-
perature of ca. 100 °C within the U-Pb closure temperature windows for
zircon and monazite, as constrained by the monazite-solubility model
thermometry (670 4 25 °C), and by the monazite U-(Th)-Pb age of
8.70 + 0.23 Ma. Furthermore, the agreement of temperatures (+ 25
°C) obtained by the independently calibrated REE- and Zr-solubility
models suggests that monazite and zircon were extracted from the
felsic melt by the same magmatic event. In particular, the monazite U-
(Th)-Pb age (8.70 + 0.23 Ma) overlaps with the available K-Ar geochro-
nological data from the CBT pumices (Petrinovic et al., 1999; Viramonte
et al,, 1994), suggesting it records the timing of the Ramadas eruption
event (Fig. 9).

The lack of Fe-Mn-Mg zoning in garnet suggests self-diffusion and
re-equilibration of the garnet composition at high temperature
(Dahlquist et al., 2007 and references therein). Diffusivities for Fe, Mg,
Ca and Mn in garnet can differ by several orders of magnitude for a
given temperature, with Ca being the slowest diffusing component
(Carlson, 2006; Villaros et al., 2009b and references therein). Using
the Carlson (2006) diffusivity data for Fe, Mg, Mn and Ca (at T = 750-
800 °C and P < 5 kbar) and the equation [t = x* x t’/D] of Crank
(1975), where t’ is a dimensionless time parameter (0.4 for sphere)
and D is the diffusion rate (m?/s), the time t necessary for elements to
diffuse in a spherical crystal of radius x can be obtained. Results show
the time required to homogenize a garnet of radius ~ 300 pm is in the
range of 114-361 kyr (average: 237 + 124 kyr) for Fe, Mg and Mn,
whereas one order of magnitude higher (1.14-3.61 Myr) is necessary
for Ca. The Fe-Mg-Mn diffusion-homogenization time window of 237
4+ 124 kyr is in excellent overlap with the time-window of 460 4+ 270
kyr as constrained by the U-(Th)-Pb dating of zircon and monazite in-
clusions in garnet, suggesting this time-window represents the mini-
mum residence time of garnet in the melt.

The H,0 content of 3-5 wt%, calculated with the monazite-solubility
model, indicates that Ramadas rhyolite melt was at pressures of 1-
1.5 kb (water-solubility in silicate melts, after Wallace and Anderson,
2000; Mn-rich almandine chemistry, Clemens and Wall, 1981, 1988;
Kawabata and Takafuji, 2005), corresponding to a depth < 6 km. At
such volatile concentrations, together with very low crystal content
(1 vol%), effective viscosity of rhyolitic melt can be as low as 10° Pa s
(Giordano et al., 2008). The summarized conditions of temperature
(ca. 660 4 25 °C), volatile content (ca. 3-5 wt%) and viscosity (ca.
10° Pa s) are, in our interpretations, the immediately pre-eruptive
magma properties that explain the unique and extremely high ascent
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Fig. 8. Dggk (zircon/garnet) data for the Ramadas tube-pumices as compared with the Drge
(zircon/garnet) values from literature (Buick et al., 2006; Harley et al., 2001; Hermann and
Rubatto, 2003; Hokada and Harley, 2004; Kelly and Harley, 2005; Rubatto, 2002; Rubatto
and Hermann, 2007; Taylor et al., 2015; Whitehouse and Platt, 2003).
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Fig. 9. Conceptual Temperature-time (T-t) model for the evolution of the magmatic plumbing system of the Ramadas Volcanic Centre, from liquidus, melt crystallization to the Plinian
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referred to the web version of this article.)

rates inferred for the Ramadas CBT tube pumice (Dingwell et al., 2016;
Marti et al., 1999).

While the presented thermo-baric reconstruction for the Ramadas
melt relies on a large and consistent dataset, we note that the estimated
monazite-solubility temperature of ca. 660 °C is close to the solidus.
However, the very low degree of crystallization suggests instead that
the temperature conditions at the time of eruption were quite far
from the solidus. This evidence confirms the uniqueness of the Ramadas
melts and should foster experimental studies to model the thermo-baric
and physical-chemical environment of its formation and its crystalliza-
tion history across the solidus.

9. Conclusion

The magmatic garnet-zircon-monazite-glass assemblage from the
RVC constitutes a unique natural laboratory to unravel magmatic pro-
cesses building up conditions for large volume Plinian eruptions to an
unprecedented resolution.

The main outcomes of this study are: (i) the clear identification of
the magmatic origin of the garnet phenocrysts; (ii) the reconstruction
of the temperature window (785-670 °C) and pressure conditions (1-
1.5 kbar) for the pre-eruptive storage and evolution of the Ramadas
melt; and (iii) the assessment of the longevity of the magmatic

plumbing system, from early melt crystallization started at 9.16 +
0.04 Ma up to its eruption at 8.70 £ 0.23 Ma.

Finally, the geochemical characteristics of the garnet phenocrysts
and their inclusion assemblage have the potential to decode the time-
space scales and physical-chemical processes involved in the genesis
of the magmatic plumbing system leading to major eruptive events.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.lithos.2018.10.016.
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