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for crystal-melt segregation (e.g., Wager et al. 1960), the 
processes leading to such separation have been extensively 
discussed. In the last century, the focus was on melt-dom-
inated magma chambers in which crystal-melt segregation 
was achieved by crystal settling or floating, by crystal-rich 
gravity currents, or by side-wall crystallization combined 
with compositional convection (e.g., McBirney and Noyes 
1979; Huppert and Sparks 1984; Tait et al. 1984; Martin and 
Nokes 1988; Weinstein et al. 1988; Tait and Jaupart 1992). In 
these magma chamber models, crystal mushes played a role 
in marginal crystallization and accumulation zones but dif-
ferentiated magmas mainly formed by convective processes 
within the (mostly open-system) magma chamber (Marsh 
1989). More recent techniques of single-crystal radiometric 
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Since magmatic differentiation by crystallization had been 
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petrologic studies of layered intrusions provided evidence 
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Abstract
The trachydacitic Alpehué tephra from Sollipulli volcano (Andean Southern Volcanic Zone), consists of ignimbrite and 
fallout from a Plinian eruption about 3000 years ago. It is mainly composed of (1) crystal-rich pumice and ash but also 
contains (2) chilled knobbly basaltic lava clasts and (3) mostly highly inflated glomerocrystic fragments with high crystal-
glass ratios interpreted to represent a crystal mush zoned from basaltic to dacitic bulk compositions. Knobbly lava clasts 
are of three types: (a) a very phenocryst-poor basalt, (b) a basalt with large, unzoned olivine and plagioclase phenocrysts 
and glomerocrysts, and (c) mixtures of microcrystalline basalt with various fragments, glomerocrysts and crystals derived 
from a crystal mush. Clast type (4) in the tephra is banded pumices in which the three magmatic components occur 
variably mingled. Thermobarometry and petrographic observations, particularly presence or absence of amphibole, con-
strain an upper-crustal succession of a lower basaltic reservoir, a zoned basaltic to dacitic crystal mush reservoir, and a 
separate trachydacite magma chamber on top. All Alpehué magmatic components form a coherent liquid line of descent 
which supports the interpretation that the crystal mush reservoir is a gradually solidifying magma chamber, not the result 
of large-scale crystal-liquid segregation. The trachydacite magma may originally have formed as melt escaping from 
the crystal-mush reservoir but subsequently underwent a long and complex evolution recorded in large strongly zoned 
plagioclase phenocrysts including resorption horizons. The ascending mafic magmas collected samples from the crystal 
mush body and intruded the trachydacite reservoir. The phenocryst-poor basalt (a) arrived first and entrained and partially 
resorbed plagioclase from the host magma. The phyric basalt (b) arrived later and did not resorb entrained plagioclase 
before eruption. Estimated cooling times, plagioclase resorption times and ascent rates avoiding amphibole breakdown 
limit the duration of these pre-eruptive processes to not more than a few days.
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and diffusion dating revealed both, phenocrysts recording 
chamber evolution within a short time span before eruption 
(~ 100 years; Costa et al. 2008; Druitt et al. 2012), and crys-
tals which had resided in an active, hot magmatic region 
for up to a few 100 kyrs (Claiborne et al. 2010; Cisneros 
de Leon et al. 2021). These and other findings have led to 
a new concept of magmatic systems which are dominated 
by a vertically extensive body of crystal mush, possibly 
occupying the entire depth of the crust, from which inter-
stitial melt escapes to form transient reservoirs of crystal-
poor, evolved melt at their top which eventually erupt (see 
reviews by Cashman et al. 2017; Holness et al. 2019; Sparks 
et al. 2019).

Next to indirect geochemical and geophysical evidence 
for extensive mush zones, co-genetic less-evolved or mafic, 
variably crystal-rich enclaves and cumulate fragments 
in evolved volcanic deposits provide direct samples from 
regions of the magmatic system outside the erupted magma 
body. For example, Winslow et al. (2022) report cumulate 
and lava enclaves in Cordón Caulle rhyolite which have 
only basaltic compositions. They thus infer an entirely 
basaltic cumulate mush body invaded and penetrated by 
basaltic magma from depth, and capped by a layer of crys-
tal-poor rhyolite representing escaped interstitial melt of the 
mush. On a two orders of magnitude larger volume scale, 
Rooyakkers et al. (2018) interpreted basaltic to dacitic 
enclaves in the rhyolitic Oruanui tephra to show that within 
~ 105 years (Allan et al. 2017) the reservoir became zoned 
from basal rigid cumulate mush through a transition zone of 
lower strength and crystallinity to the fluid-dominated rhyo-
lite that ultimately erupted. Intruding mafic magma diked 
through the rigid mush but disintegrated in, and mixed with 
the transition zone. Rather than forming distinct crystal-rich 
blocks, material from a crystal mush can also become well 
mixed into erupted magma to form a compositional sub-
population (and mostly cores) of the phenocrysts (Cooper 
and Wilson 2014). Plutonic fragments in andesites from the 
Lesser Antilles arc, ranging from basaltic to rhyolitic bulk-
rock compositions and including glass-bearing incompletely 
solidified samples, have been interpreted to represent a het-
erogeneous mid-upper crustal crystal mush hosting a variety 
of melt compositions that blended to form compositionally 
less diverse erupted magmas (Cooper et al. 2019).

These examples show that size, structure and composi-
tion of crystal mushes can differ significantly between mag-
matic systems. The ~ 8 km3 trachydacitic Alpehué tephra, 
which erupted ~ 3 kyrs ago from Sollipulli volcano at the 
Chile-Argentina border, contains both mafic enclaves and 
variably inflated glomerocrystic fragments, as well as mix-
tures thereof, which we here investigate in order to con-
strain the magmatic system that was associated with the 
main evolved magma reservoir. The crystal-rich nature of 

the Alpehué trachydacitic pumice contrasts with crystal-
poor silicic melt thought to be extracted from a mush zone 
(Bachmann and Bergantz 2004, 2008). We use petrographic, 
geochemical and thermobarometric constraints to decipher 
the spatial and temporal interactions between the different 
components of this magmatic system.

Geological background

Sollipulli volcano is located in the Andean Southern Volca-
nic Zone (SVZ) at the border between Chile and Argentina 
(38.97° S and 71.52° W), approximately 25 km behind the 
volcanic front which is marked by the neighbouring vol-
canoes Villarrica and Llaima (Fig.  1a). The basement of 
Sollipulli consists of Jurassic sedimentary rocks and gran-
itoids, Cretaceous to Miocene volcanic-sedimentary depos-
its including Miocene granitoids, and Quaternary volcanic 
rocks. Sollipulli volcano lies at the eastern end of the Pleis-
tocene (< 1.8 Ma) Nevados del Sollipulli, an E-W extending 
field of glacially eroded lavas, domes and breccias (Naranjo 
et al. 1993). The volcanic edifice of Sollipulli comprises an 
older (< 0.5  Ma), intensely eroded caldera and a second, 
younger, ∼4  km wide caldera, which is embedded in the 
northeastern rim of the older one (Naranjo et al. 1993). The 
age of the younger caldera subsidence is unknown. The 
uneven caldera floor is covered by glacier ice up to about 
600 m depth (in 2011; Lachowycz et al. 2015) but has been 
shrinking over the last decades (Rivera and Bown 2013). 
Lithofacies and geochemical compositions of the caldera-
wall rocks have been investigated by Gilbert et al. (1996), 
Murphy (1996) and Lachowycz et al. (2015). There is no 
evidence that caldera subsidence was associated with a 
voluminous explosive event (Gilbert et al. 1996) but lava 
domes straddle the southern to eastern semicircular margin 
of the caldera, their ascent likely guided by caldera ring-fis-
sures (Naranjo et al. 1993). The only large explosive event 
known from Sollipulli is the Plinian eruption of the trachy-
dacitic Alpehué tephra (Naranjo et al. 1993) which has been 
dated as 2938 ± 110 cal yr BP (Lachowycz et al. 2015). The 
source vent of this eruption, the 1 km diameter, 150–200 m 
deep Alpehué crater lies on the southwest rim of Sollipulli 
caldera. The most recent explosive activity on the upper 
northeast flank of Sollipulli emplaced the Chufquén Unit of 
basaltic-andesitic scoria cones and lavas at 633 ± 87 cal yr 
BP (Naranjo et al. 1993; Lachowycz et al. 2015).

The Alpehué eruption generated well-sorted pumice fall-
out dispersed towards the northeast and pyroclastic flows 
that partly filled valleys to the northwest, southwest and 
southeast with unwelded, massive ignimbrite that became 
subsequently partly covered by lahar deposits. Pyroclastic 
flow deposits also occur within the Alpehué crater where 
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they range from unwelded through moderately to densely 
welded (Gilbert et al. 1996). Naranjo et al. (1993) con-
strained the volume of the fallout to 7.5 km3 and estimated 
the ignimbrite volume as 0.4 km3, giving a total tephra vol-
ume of ~ 8 km3.

Field work

We have studied the Alpehué fallout in outcrops up to 70 km 
distance from Sollipulli to the northeast and east, and the 
ignimbrite in outcrops northwest to west of Sollipulli. The 
lapilli fallout is vaguely stratified into five units by vertical 
grain-size changes and lithic-rich horizons but has no sharp 
layer boundaries except a thin well-stratified basal layer 
(photograph in supplement S1). The fallout contains two 
horizons rich in matrix ash: a gray crystal-rich ash horizon 
in the lower part and a brown fine-ash horizon in the upper 
part which occurs locally as two horizons ~ 10 cm apart and 
contains accretionary lapilli while pumice lapilli are coated 
with brown fine ash. The massive, poorly sorted, unwelded 
ignimbrite locally comprises up to 7 flow units (photograph 

in supplement S1) composed of gray ash with two excep-
tions: flow units IV and V have brown fine matrix ash. We 
observed thin (upwind) fallout deposits below and above the 
ignimbrite west and south of Sollipulli. There is no vertical 
compositional variation in the Alpehué tephra that would 
facilitate stratigraphic correlations but we interpret fallouts 
bracketing the ignimbrite and the occurrence of the gray and 
brown ash horizons in the fallout, which are probably co-
ignimbrite ash, to reflect roughly synchronous Plinian and 
pyroclastic-flow activity.

In the field we identified and sampled the following 
lithologic components of the Alpehué Tephra (sample list 
in supplement S1):

(1)	 The main pumice is light gray and beige, crystal-rich 
and highly vesicular with vesicles ranging from microns 
to centimeters in size and with dominant feldspar and 
minor ferromagnesian phenocrysts (Fig. 1b).

(2)	 Banded pumice clasts are composed of viscously min-
gled zones differing in color due to either compositional 
or textural differences (Fig. 1c).

Fig. 1  (a) Topographic map of part of the Central Southern Volcanic 
Zone. Volcanoes Lonquimay, Llaima and Villarrica mark the volca-
nic front while Sollipulli (like Lanin) lies behind the front. LOFZ is 
the Liquiñe-Ofqui fault zone (bold black line) which is offset between 

Villarrica and Quetrupillan volcanoes (black dashed line). Red dashed 
line is Chile-Argentine border. Topography is based on a dataset of the 
Shuttle Radar Topography Mission (Farr et al. 2007). (b to i) Photo-
graphs of hand specimen of the samples indicated
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international reference standards are less than 0.5% for most 
major elements and < 10% for all measured trace elements. 
Further trace element concentrations were measured by 
Inductively Coupled Plasma-Mass Spectrometry using the 
Agilent 7500cs instrument at the Institute of Geosciences at 
the University of Kiel following the analytical procedures of 
Garbe-Schönberg (1993). Average precision and accuracy 
are below 10% for most elements based on replicate analy-
ses of synthetic and natural standards. Glass and mineral 
compositions were analyzed in polished thin sections with a 
JEOL JXA 8200 wavelength dispersive electron microprobe 
(EMP) at GEOMAR in Kiel using 15 kV accelerating volt-
age and measuring programs calibrated with international 
natural and synthetic standards in which beam current and 
beam focus were adjusted for each phase following Kut-
terolf et al. (2011). The deviations are < 0.5% for major ele-
ments and < 3% for minor elements. The bulk-rock, glass 
and mineral analytical data are compiled in Tables S2 and 
S3.

Bulk-rock geochemical compositions

Murphy (1996) investigated the magmatic evolution of Sol-
lipulli and we use his bulk-rock geochemical data on the 
pre-Alpehué Aleta del Tiburòn (AT) and circum-caldera 
(CC) units to complement our Alpehué data. The Alpehué 
magmatic components include basaltic to basaltic-andesitic 
knobbly lava clasts, glomerocrystic clasts covering the wide 
range from basalt to trachyandesite-trachyte bulk composi-
tions, the trachydacitic main pumice (65 to 69 wt% SiO2) 
and two rhyolitic obsidian clasts (O1, O2), which all form a 
common liquid line of descent together with the other Solli-
pulli rocks (Fig. 2a). This trend is also shared by dioritic and 
granodioritic plutonic xenoliths which differ from glomero-
crystic clasts by being holocrystalline and containing evi-
dence of sub-solidus reactions such as chloritization and 
feldspar exsolution textures. The Sollipulli compositions 
define a linear increase in K2O with SiO2 (Fig.  2b). Lin-
ear correlations are also observed between other relatively 
incompatible elements such as Rb and K2O, and Ba and Zr 
(Fig. 3) although Rb became more incompatible than K2O 
in the trachydacite while Ba became more compatible than 
Zr.

This suggests fractional crystallization as the main 
process of differentiation at Sollipulli (cf. Murphy 1996). 
Selected SiO2 and MgO variation diagrams (Figs. S4 and 
S5 in the supplement) show the variations expected from 
early olivine, calcic plagioclase and clinopyroxene frac-
tionation as well as significant fractionation of Fe-Ti oxide 
at MgO < 3–4 wt%, and of sodic plagioclase and apatite at 
SiO2 > 60–65 wt%. Figure 4a illustrates the compositional 

(3)	 Glomerocrystic clasts are crystal-rich fragments with 
abundant intergrown crystal clots and mostly highly 
vesicular interstitial glass (Fig.  1d-f) that occur with 
different modal compositions and crystal sizes.

(4)	 Dark gray, poorly to moderately vesicular, crenulate and 
knobbly lava clasts range from entirely microcrystalline 
to highly phyric (Fig. 1g-i). We interpret their shape as 
the result of quenching of fluid mafic magma entrained 
in cooler dacitic magma and hence consider them as a 
mafic juvenile component. The knobbly lava clasts are 
very similar to mafic enclaves described from lavas and 
plutons (e.g., Chapman 1962; Wiebe 1973; Coombs et 
al. 2002) but also from other tephras (e.g., Seaman and 
Chapman 2008; Rooyakkers et al. 2018).

(5)	 Medium to very coarse crystal ash, dominated by large 
feldspar crystals, forms a significant minor grain-size 
population in the fallout.

(6)	 Black dense angular obsidian fragments.
(7)	 Lithic fragments comprise volcanic rocks (weathered 

mafic lava fragments and scoria clasts), sedimentary 
rocks (schist and sandstone fragments), and dense plu-
tonic rock fragments.

In the following we focus on the investigation of clast types 
1 to 4.

The main pumice clasts are macroscopically very similar. 
Clast types 2–4 form a minor component in the tephra but 
are easily found at each outcrop and at each level in the 
tephra. We collected quite a number of such clasts from fall-
out and ignimbrite and within the banded pumice, glomero-
crystic and knobbly lava clast collections we identified 
subgroups based on macroscopic petrographic features. We 
then chose clasts considered representative of the subgroups 
for detailed analyses. The total variability of types 2–4 clasts 
in the Alpehué Tephra is certainly greater than represented 
by our analyzed samples. Glomerocrystic and knobbly lava 
clasts occur (partially) mantled by main pumice as well as 
free clasts. Free glomerocrystic clasts probably formed by 
fragmentation of larger blocks during explosive eruption 
and their low strength facilitated rounding during transport 
(Fig. 1d-f). Free knobbly lava clasts often have at least one 
fracture surface also formed during explosive eruption; the 
quenched surfaces may have been breaking points where 
mantling pumice easily spalled off.

Analytical methods

Bulk-rock X-ray fluorescence analyses of finely ground 
sample powders were performed with the Pananalytical 
automatic wavelength-dispersive Spectrometer Magix-
PRO at the University of Hamburg. Standard deviations for 
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Fig. 2  (a) Bulk-rock total alkalis versus SiO2 
contents with subdivision after Le Maitre et 
al. (1989). Data for older Sollipulli volcanic 
deposits from Murphy (1996). (b) Linear 
increase in K2O with silica up to the glass 
composition of the main pumice and obsid-
ian fragments O1 and O2. Melt inclusions in 
orthopyroxene in banded pumice JK068 lie 
off that trend. Bars at top of graph: amphi-
bole phenocrysts are absent in the most mafic 
basaltic and glomerocrystic clasts (left gray) 
as well as in the trachydacite (right gray) but 
abound in intermediate compositions (orange). 
(c) Minimum total crystallinity of samples 
calculated from the concentration ratio of K2O 
in bulk-rock and glass. High crystallinities 
of knobbly lava samples and mafic glomero-
crystic clast JK003 are strongly influenced by 
matrix crystallization
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Fig. 3  Mostly linear variations in (a) Rb versus K2O and (b) Ba versus Zr bulk-rock concentrations. In the main-pumice trachydacite Rb is less, 
and Ba more compatible with respect to K2O and Zr. Note how obsidian fragment O2 deviates from the main trend
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fractional crystallization. The assumption of perfect incom-
patibility for K2O yields minimum crystallinities (Fig. 2c). 
The main petrographic features are summarized in supple-
ment Table S6.

Main pumice

The phenocryst contents of 14–29% of the trachydacitic 
pumice mainly include large compositionally zoned pla-
gioclase crystals (≤ 3  mm) mostly forming even larger 
aggregates (≤ 6 mm) of intergrown crystals (Fig. 1b), and 
minor smaller plagioclase crystals with little or no visible 
zonation. The compositionally zoned plagioclase crystals 
typically consist of a partially resorbed core (RC) with melt 
inclusions, an inner thinly stratified mantle zone (IZ) fol-
lowed by a resorbed zone (R) rich in melt inclusions, and 
an outer stratified zone (OZ) (Fig. 5). In all main pumice 
thin sections, we observed in-situ fragmented larger plagio-
clase crystals and smaller plagioclase fragments of angular 
shapes and discordantly cut zonation patterns. The second 
abundant phenocryst phase is euhedral orthopyroxene up to 
1.6 mm long. Minor phases are mostly subhedral to anhedral 
clinopyroxene, titano-magnetite and subordinate ilmenite as 
well as accessory apatite. All the minor mineral phases can 
be found intergrown with plagioclase and with each other. 
In just 2 of the 12 main-pumice thin sections studied we 

variations due to changing plagioclase-clinopyroxene ratios 
and plagioclase An-contents in the fractionated assemblage, 
and suggests accumulated plagioclase in some of the older 
mafic Sollipulli rocks. Similarly, Fig. 4b shows that titano-
magnetite fractionation at Mg#<0.4 evolved differently 
in the Alpehué trachydacite compared to older Sollipulli 
trachydacites.

The two analyzed obsidian fragments from the Alpehué 
tephra reach the high SiO2 contents of matrix-glass (Fig. 2b) 
but only O1 has the same glass composition as the Alpehué 
trachydacite (Fig.  4b, S4a, d) while O2 deviates to lower 
Al2O3 and higher P2O5, TiO2, and FeO (Figs. S4a, d, S5a, 
b), has higher K/Rb = 218 (Fig. 3a) and low K2O/TiO2 com-
parable to older Sollipulli trachydacites (Fig.  4b). Thus 
obsidian clast O1 represents a precursory extrusion from the 
Alpehué trachydacite reservoir and obsidian clast O2 is a 
xenolith probably ripped off one of the older evolved domes 
exposed in the Alpehué crater (Gilbert et al. 1996).

Petrography

The high vesicularity of most samples studied here makes 
it difficult to visually estimate vesicle-free crystal contents 
which we therefore calculate from the ratio of K2O concen-
trations in matrix glass and bulk-rock according to Rayleigh 

Fig. 4  (a) Bulk-rock Sr versus CaO/Al2O3 (by weight) diagram with 
gray arrows illustrating the effects of plagioclase accumulation in 
some mafic Sollipulli rocks, combined plagioclase-clinopyroxene 
fractionation across the intermediate range, and plagioclase-dominated 
fractionation in the trachydacite. (b) K2O/TiO2 (by weight) versus 
molar Mg-number (Mg#) diagram illustrating the change from earlier 

olivine (Ol), plagioclase (Pl) and clinopyroxene (Cpx) fractionation to 
strong titanomagnetite (Mag) fractionation in the evolved rocks with 
steep TiO2 depletion leading to main-pumice glass and obsidian O1 
compositions while less TiO2 depletion formed older Sollipulli trachy-
dacites and obsidian O2
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Fig. 5  Example compositional profiles (An content versus distance 
from rim) through zoned plagioclase phenocrysts of the main pum-
ice. Thin section photographs with crossed polarizers. We distinguish 
patchy resorbed cores (RC), an inner compositionally stratified zone 

(IZ), a resorption interval (R) with melt inclusions, and an outer strati-
fied zone (OZ). Close inspection of the photographs reveals minor 
unconformities also within IZ and OZ
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crystals are small (~ 100 μm) and euhedral, particularly the 
larger clinopyroxene crystals have lost part of their euhedral 
shape and have been partially replaced by amphibole (cf. 
Figure 6c). The pumiceous clear glass matrix has no micro-
lites so that the calculated crystallinity of 58% (Fig. 2c) is 
due to phenocrysts.

Glomerocrystic clast JK049 has similar bulk and modal 
compositions as JK111 and also similar vesicle-free pheno-
cryst content of 58% (microlites are very rare in the clear 
glass). Phenocrysts reach ~ 600  μm in size but there are 
also abundant small (40–200 μm) angular anhedral crystal 
fragments. Most crystal clots are formed by plagioclase, 
clinopyroxene and magnetite and rarely contain olivine (in 
one case overgrown by orthopyroxene). The clinopyroxene 
crystals in these clots as well as larger free clinopyroxene 
crystals are partly replaced by amphibole (Fig. 6c). Amphi-
bole is rarely intergrown with plagioclase but mostly forms 
separate subhedral crystals. A few large plagioclase crystals 
have rounded sieve-textured cores mantled by fresh euhe-
dral rims (Fig. 7a).

The evolved glomerocrystic clasts JK066a (Fig.  1d) 
and JK066d contain highly vesicular clear glass without 
microlites. Average crystal concentrations are 46% and 
36%, respectively, but vary between schlieren-like regions 
in which elongated crystals are mostly flow-aligned. The 
common phenocryst assemblage is plagioclase, amphibole, 
orthopyroxene, magnetite and rare apatite. Trachyandesitic 
JK066a contains clinopyroxene or olivine in rare crystal 
clots with plagioclase and magnetite. Plagioclase laths are 
about 400  μm long while amphibole laths and orthopy-
roxene crystals are around 200  μm and occur intergrown 
with, or included in, plagioclase. Trachytic JK066a contains 
brown pleochroic amphibole and some dark-brown blocky 
biotite crystals of comparable size. Biotite and mafic crystal 
clots are not found in sample JK066d, which also differs 
by a much lower fraction of amphibole and by crystal sizes 
being limited to around 200 μm.

Knobbly lava

The nine petrographically investigated knobbly lava clasts 
can be divided into three types of three clasts each. Type 1 
is poorly vesicular (Fig. 1g), microcrystalline with very few 
phenocrysts of mostly un-zoned plagioclase, olivine and 
minor clinopyroxene. Some rounded, sieve-textured large 
plagioclase crystals are present in all three samples, some 
intergrown with orthopyroxene and magnetite (Fig.  7b). 
The microcrystalline matrix has a diktytaxitic texture of 
randomly oriented plagioclase laths (50–170 μm in JK110, 
200–300 μm in JK075a), amphibole needles, opaque oxide, 
and minor olivine with interstitial vesicular glass which is 
best visible along vesicle margins (Fig. 6d). The calculated 

observed one amphibole each: a euhedral lath 180 μm long 
(sample JK057a) and an anhedral splinter about 500  μm 
long (sample JK055), both isolated in matrix glass and 
without resorption. All main pumice clasts are highly vesic-
ular, some show textures of intense viscous shearing with 
strongly elongated vesicles, and large crystals or crystal 
clots that are often mantled by a vesicle corona suggesting 
their surface favored bubble nucleation. The clear to light 
brown matrix glass contains very few tiny Fe-Ti oxide and 
minor pyroxene microlites.

Glomerocrystic clasts

All investigated samples of this group differ petrographi-
cally and are thus described separately. They all contain 
highly inflated glass matrix so that most crystals/crystal 
clots do not touch each other. The calculated vesicle-free 
crystallinities of 36–58 vol% (Fig.  2c) indicate that these 
samples represent magmatic crystal mush before vesicu-
lation (according to Marsh (1989) crystal mush contains 
25 to 55% crystals). The most extremely inflated example 
(JK107) is a fine-grained (100–300  μm) glomerocrystic 
clast of plagioclase, partly disintegrated clinopyroxene and 
fresh orthopyroxene dispersed by almost reticulitic foam 
(Fig. 6a). The inflated glomerocrystic clasts differ from the 
main pumice in several aspects but most important is the 
presence of abundant amphibole in all but the most mafic 
sample.

The most mafic glomerocrystic clast JK003 (cf. Fig-
ure  1f) contains plagioclase, clinopyroxene, olivine and 
magnetite which often form intergrown clots in which pla-
gioclase is ~ 800 μm long. This glomerocrystic clast con-
tains no amphibole and no orthopyroxene. There are also 
separate plagioclase crystals up to 2800  μm long with 
sieve-textured, strongly resorbed core and minor zonation 
in the rims. The matrix ranges from light-brown highly and 
coarsely vesicular glass to glass with much smaller vesicles 
that contains abundant lath-shaped plagioclase and clino-
pyroxene microcrysts (about 150 μm in size) which locally 
form radial quench-crystallization textures of up to 300 μm 
long needles. The total calculated crystallinity of 74% 
(Fig. 2c) is thus partly due to such quench-crystallization.

In glomerocrystic clast JK111 (Fig. 1e) of intermediate 
bulk composition the major phenocryst phases are plagio-
clase, amphibole, clinopyroxene and orthopyroxene (in 
order of abundance) as well as minor magnetite and apa-
tite, which all occur as euhedral individual crystals but 
also intergrown with each other. Plagioclase laths are up 
to 1200  μm long and only rarely zoned. Most amphibole 
laths are 400–600 μm long but some up to 6 mm long crys-
tals occur. Almost all long crystals are fractured in situ by 
longitudinal extension (Fig. 6b). While most orthopyroxene 
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olivine, orthopyroxene, and magnetite crystals (< 1600 μm 
in size). While mostly plagioclase laths form a diktytaxitic 
texture, crystal clots of plagioclase-clinopyroxene-(± oliv-
ine) have a subophitic texture (Fig. 6h). Clinopyroxene is 
partly replaced by amphibole. The interstitial matrix in the 
glomerocrystic region consists of clear highly vesicular 
glass with about 200 μm long skeletal needles of plagioclase 
and amphibole. The surrounding and penetrating lava-like 
microcrystal-rich matrix (Fig. 6h) has clear vesicular glass 
but is much more crystallized, plagioclase laths are much 
smaller (50–100 μm) and by far dominate the matrix com-
position. The phenocrysts in this lava region are the same 
as in the glomerocrystic region, with the same intergrowths, 
and many surrounded by microlite-poor vesicular glass as in 
the glomerocrystic region; they therefore seem to have been 
inherited from the partly disintegrated crystal mush rather 
than having crystallized in place.

Such an apparent state of disintegration is also seen in 
thin section JK075c but here the glomerocrystic region is 
composed of plagioclase, clinopyroxene and olivine crys-
tals as well as some larger, rounded plagioclase crystals 
with intense fingerprint resorption mantled by a thin over-
growth rim (fingerprint texture is a fine-grained sort of sieve 
texture). There are no amphibole phenocrysts but the matrix 
of the glomerocrystic region contains skeletal 200–300 μm 
long needles of amphibole and plagioclase in highly vesicu-
lar clear glass (Fig. 6g). The moderately vesicular matrix of 
the surrounding and pervading lava region is almost crypto-
crystalline (< 25 μm) and vastly dominated by plagioclase, 
with some larger plagioclase laths (50–100 μm) (Fig. 6g). 
The phenocrysts are poorly zoned plagioclase, clinopyrox-
ene, olivine and magnetite, which form intergrown clots, as 
well as amphibole, which is mostly solitary but also occurs 
intergrown with plagioclase and partly surrounds some 
clinopyroxene. Several large plagioclase crystals inter-
grown with clinopyroxene (and rarely with orthopyroxene) 
have intensely fingerprint-resorbed interiors. While most 
phenocryst phases in the lava region could potentially be 
inherited from the disintegrating glomerocrystic crystal 
mush, the amphibole crystals and phases intergrown with 
them may be original phenocrysts but could also be inher-
ited from amphibole-bearing crystal mush as in JK075b. 
Calculated bulk crystallinities of 64–72% in type-3 samples 
(Fig. 2c) are difficult to interpret because glass analyses are 
dominantly from the glomerocrystic regions while bulk-
rock composition includes the lava regions as well.

Sample JK114 (Fig.  1i) does not have the two distinct 
regions of the other samples, its microcrystalline matrix 
(laths of plagioclase, amphibole, rare olivine) is rather 
uniform and moderately vesicular with dispersed smaller, 
oval and some large irregularly shaped vesicles (Fig.  6i). 
The phenocryst population consists of plagioclase, olivine, 

crystallinities of 76–77% dominantly reflect microlite 
crystallization.

Type 2 knobbly lavas contain a significant fraction of 
large phenocrysts of plagioclase (up to 3.6 mm) and oliv-
ine (≤ 2.8  mm), some forming large densely intergrown 
glomerocrysts up to 8  mm in diameter (Fig.  1h) and are 
practically unzoned (Fig.  7c). Rare zoned plagioclase 
crystals show no resorption (as in type 1 samples) but are 
classified as xenocrysts because they are intergrown with 
orthopyroxene (as in trachydacite). Plagioclase, clinopyrox-
ene and magnetite dominate over olivine in the microcrys-
talline matrix while amphibole is absent; clear glass with 
small irregular vesicles is sometimes preserved in intersti-
tial pores (Fig. 6e, f). The calculated crystallinity of 77% 
describes the combination of phenocryst and matrix crys-
tallinity. Type 2 samples are poorly vesicular with just few 
round vesicles in the matrix. However, there are also larger 
vesicles and vesicle-clusters with dark matrix rims (Fig. 6e) 
composed of quench-needles of plagioclase and amphibole 
with highly vesicular clear glass in irregular pores (Fig. 6f), 
clearly distinct from the surrounding amphibole-free type-2 
matrix.

Type 3 knobbly lava clasts contain mingled "glomerocrys-
tic regions” and “lava regions”. The thin section of JK075b 
is largely occupied by a glomerocrystic region of poorly 
or unzoned plagioclase laths, clinopyroxene, amphibole, 

Fig. 6  Photomicrographs of various Alpehué samples. (a) Extremely 
inflated glomerocrystic clast (top half of image) in contact (red dashed 
line) with main pumice (lower half). JK107, transmitted light. (b) 
Glomerocrystic clast JK111 with large and long amphibole crystals. 
Long amphibole and plagioclase laths were practically all fractured in 
situ. Some fractures are filled by dense glass, others by vesicular glass, 
and some by vesicles filling almost the entire fracture. Crossed polar-
izers. (c) Amphibole partly replacing clinopyroxene in glomerocrystic 
clast JK049. Transmitted light. (d) Amphibole and plagioclase needles 
dominate the matrix of type-1 knobbly lava JK110. Transmitted light. 
(e) Large round vesicles in type-2 knobbly lava C169, with matrix rims 
containing further vesicles. Transmitted light. (f) The quenched amphi-
bole, plagioclase and glass matrix (right) of the vesicle rims in (e) in 
contact (red dashed line) with the plagioclase-dominated lava matrix 
(left). Transmitted light. (g) Contact (red dashed line) between fine-
grained lava matrix (left) and coarser, amphibole-rich glomerocrystic 
region matrix (right) in type-3 knobbly lava JK075c. Transmitted light. 
Note the yellow-greenish colors that distinguish amphibole-bearing 
(right) from amphibole-free (left) matrix in (f) and (g). (h) Glomero-
crystic fragment in an apparent state of disintegration in type-3 knob-
bly lava JK075b. Note partly subophitic texture of some crystal clots 
with clinopyroxene between plagioclase laths. Darker, stippled regions 
(bottom and lower right) are regions of lava matrix mingled with the 
glomerocrystic region which has long plagioclase and amphibole nee-
dles in its matrix. Half-crossed polarizers. (i) Knobbly lava sample 
JK114 has a seriate texture in which crystal mush-derived minerals 
and abundant angular fragments thereof are dispersed in the basaltic 
matrix with irregularly shaped vesicles. Crossed polarizers. Abbrevia-
tions: Amp = amphibole, Cpx = clinopyroxene, Mag = titanomagne-
tite, Ol = olivine, Opx = orthopyroxene, Pl = plagioclase, V = vesicle, 
G = glass
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aggregates with adhering brown glass (as found in mafic 
glomerocrystic and knobbly lava samples).

Glass geochemical compositions

With very few exceptions, the matrix glass compositions 
of the main pumice samples are very uniform with mean 
SiO2 = 73.9 ± 0.3 wt% (Fig. 8). Melt inclusions, mostly in 
plagioclase but also in orthopyroxene and magnetite, over-
lap with the matrix glass compositions but extend to slightly 
higher MgO concentrations (Fig.  8b, d). Matrix glass in 
banded pumice samples mostly has the same composition 
as in main pumice supporting that banding in these sam-
ples is formed by textural rather than compositional differ-
ences. In contrast, compositionally banded sample JK068 
contains three matrix glass populations (Fig. 8a). The high-
silica population overlapping with white-pumice matrix is 
the common glass composition in the sample, the low-silica 
population is interstitial brown glass in olivine-plagioclase 
crystal clots, and the intermediate population is glass on 
the outside of such clots, probably a result of mixing. One 
orthopyroxene of JK068 contains melt inclusions with rela-
tively low K2O but high MgO compared to main pumice 
glass (MI in Opx, Fig. 8b, d); this is a xenocryst possibly 
derived from older, less potassic Sollipulli trachydacite 
(Fig. 2b).

The glomerocrystic samples distribute into three glass-
compositional groups. The most mafic glomerocrystic clast 
JK003 has the least evolved matrix glass (around 65.8 wt% 
SiO2; Fig. 8a, c). Matrix glasses of glomerocrystic samples 
JK049 and JK066d form a population between 72.3 and 73.7 
wt% SiO2, and JK066a and JK111 a population at 74.4–75.5 
wt% SiO2 (Fig. 8b). Melt inclusions in glomerocrystic clast 
JK049 are less evolved (69.8–72.1 wt%) than the respective 
matrix glass with no systematic compositional difference 
between inclusions in plagioclase, orthopyroxene, magne-
tite or amphibole.

Matrix glasses in the phenocryst-poor microcrystalline 
type 1 knobbly lava samples (JK110, JK075a) are equally 
highly evolved as in main pumice and evolved glomero-
crystic clasts (Fig. 8b) mainly as a result of microlite growth 
(Fig. 6d). In type-2 sample C169 the only successful mea-
surements were in high-silica interstitial glass in a large clot 
of zoned plagioclase and orthopyroxene, and thus repre-
sent main-pumice glass. The type 3 knobbly lava samples 
(JK075b, c) are mixtures between microcrystalline lava 
regions and glomerocrystic regions (Fig. 6h), and the very 
wide range in glass compositions (Fig.  8) includes more 
evolved compositions measured in the microcrystalline lava 
regions and less evolved compositions of vesicular glass in 
the glomerocrystic regions and adhering to crystals admixed 

clinopyroxene, amphibole, magnetite and accessory apatite, 
and the calculated crystallinity of 77% is a combination of 
phenocryst and microlite crystallization. Isolated, subhe-
dral to euhedral phenocrysts about 600–1200  μm in size 
are less abundant than mineral clots up to 2.5 mm diameter 
that range from dense intergrowth to accumulations with 
significant interstitial space, which in rare cases is filled 
by clear vesicular glass. Plagioclase-olivine clots abound, 
followed by those of plagioclase with large clinopyroxene 
(that is often partly resorbed and replaced by amphibole), 
plagioclase-clinopyroxene-olivine, and plagioclase-olivine-
amphibole. In contrast to clinopyroxene, olivine in con-
tact with amphibole shows no reaction. Most large blocky 
plagioclase crystals but also a fraction of the smaller lath-
shaped crystals, are internally resorbed, particularly those 
intergrown with only clinopyroxene. There is a second, 
smaller population (about 200 μm) of anhedral angular frag-
ments and few euhedral crystals of mainly plagioclase but 
also of the ferromagnesian phases (Fig.  6i). We associate 
sample JK114 with the third group of knobbly lavas because 
the abundance and diversity of the crystal aggregates sug-
gests they may have been accumulated from various crystal 
mush sources (with and without amphibole or olivine).

Banded pumice

In some clasts, irregular speckles (JK057c) and long bands 
(JK057b) of darker regions are more finely vesicular and 
have more microlites then the surrounding lighter pumiceous 
regions but there is no mineralogical difference between 
them; they have the typical modal composition of the main 
pumice. This is also the case in sample JK124 where darker 
zones of finer vesicles and rich in small angular crystal 
fragments represent shear zones between lighter zones of 
coarser vesicles. Sheared sample JK112a has darker zones 
in which some amphibole, even included in plagioclase, can 
be found and which thus differ compositionally from the 
main pumice. In banded pumice JK038 larger phenocrysts 
(main-pumice assemblage) seem to be excluded from darker 
shear zones and the sample contains abundant small crystal 
fragments. A few small euhedral amphibole crystals (about 
50 μm) occur in a darker zone. All the sheared samples con-
tain a few xenoliths (plutonic and mafic lava; 0.5–3.5 mm). 
Banded pumice JK068 (Fig. 1c) is compositionally the most 
diverse. Schlieren-like dark, intermediate and light zones 
with highly variable microlite (50–100 μm) contents in clear 
glass matrix, host a range of phenocrysts from intensely 
zoned large plagioclase with orthopyroxene (as in the main 
pumice), through plagioclase crystals with intense inter-
nal fingerprint resorption and clinopyroxene-plagioclase 
aggregates to large olivine crystals and olivine-plagioclase 
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Fig. 7  (a) Compositional profile across a plagio-
clase with rounded resorbed xenocrystic core 
and euhedral overgrowth in glomerocrystic clast 
JK049. Orange arrows point at interior zones of 
microcrystalline clinopyroxene (?). Blue arrow 
points at clinopyroxene intergrown with plagio-
clase overgrowth that is partly replaced by amphi-
bole. (b) Compositional profile across rounded 
fingerprint-resorbed moderate-An plagioclase with 
thin high-An overgrowth rim in type-1 knobbly 
lava JK110. (c) Compositional profiles across large 
olivine and plagioclase crystals in a crystal clot of 
type-2 knobbly lava C169. The olivine is practi-
cally homogeneous and the plagioclase shows only 
very limited chemical zonation. All microphotos in 
transmitted light
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core is a speckled zone (under crossed polarizers) associ-
ated with either low An contents (Fig. 5a, An 37–40 mol%), 
high An-contents (Fig.  5c, d, An 48–55  mol%), or both 
(Fig. 5b). Outward of the band of resorption (R) An con-
tents remain < 45 mol%; all An concentrations > 45 mol% 
occur only in the inner mantle (IZ) and the core region (RC) 
(Fig. 9a).

Plagioclase in the glomerocrystic samples ranges across 
32 < An < 80 mol%, ignoring rare more sodic rim and matrix 
data, and generally follow a trend of Or enrichment towards 
lower An that differs from that of the main pumice. Expo-
nential fits through the two data groups reveal that the mean 
difference in Or increases from 0.3 to 0.6 mol% as An con-
tent decreases from 56 to 32 mol% (Fig. 9a). Compositional 
ranges within single glomerocrystic clasts vary (Fig. 9c). In 
mafic glomerocrystic clast JK003 the plagioclase composi-
tion is generally limited to 75–79 mol% An but some out-
ermost rim compositions have 47–53 mol% An. Plagioclase 
An-contents vary widely (over 30–40  mol%) and largely 
overlap in the intermediate glomerocrystic clasts (JK111, 
JK049). In JK111 core (An = 55–79  mol%) and rim (An 
= 33–59  mol%) compositions overlap little and unzoned 
plagioclase laths have a limited range of An = 42–51 mol%. 
In JK049 crystals are zoned over An = 70 –44  mol% but 

from there into the microcrystalline lava region. The more 
intensely mixed type-3 sample JK114 (Fig. 6i) has relatively 
homogeneous interstitial glass (71–74 wt% SiO2; Fig.  8). 
Melt inclusions in the knobbly lava samples large enough 
for analysis were only found in crystals derived either from 
glomerocrystic material or from main pumice, and they 
therefore overlap with the melt-inclusion compositions in 
these two rock types.

Mineral compositions

Plagioclase

Plagioclase phenocryst compositions of the main pumice 
form a well-defined trend of Or increasing up to 4 mol% 
towards lower An in the range 32 < An < 56 mol%, a few 
crystal rims even reach Or > 4 mol% (Fig. 9a). Example pro-
files through zoned crystals (Fig. 5) show that An-contents 
generally, but unsteadily decrease outwards across the inner 
(IZ) and outer (OZ) compositionally stratified zones that 
mantle a resorbed core (RC) of An > 47 mol% and are sepa-
rated by a resorption horizon (R) across which An content 
drops steeply (best developed in Fig. 5b, d). The resorbed 

Fig. 8  (a, b) K2O and MgO (c, d) variations over SiO2 of matrix (Mtx) 
and melt-inclusion (MI) glasses. Dashed boxes in (a, c) define the 
enlarged areas in (b, d). g1, g2 and g3 are three glass-compositional 
groups found in banded pumice JK068. Except for the matrix glass of 
mafic glomerocrystic clast JK003 all other rocks have rhyolitic glass 
compositions with great overlap between melt-inclusion and matrix 

compositions. (b, d) Melt inclusions in an orthopyroxene (MI in Opx) 
in a banded pumice differ from other glasses by lower K2O and higher 
MgO (see also Fig. 2b). Color-coded bars above (b) indicate the ranges 
of matrix-glass compositions found in the respective samples. Note 
that glass data for C169 is all from the large rimmed vesicles (Fig. 6e), 
other matrix glass could not be measured
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plagioclase has 51–61  mol% An. These all straddle the 
glomerocrystic and knobbly lava Or-An trend (Fig. 9b). Pla-
gioclase in the lighter zones is typically intensely zoned and 
plots on the main-pumice Or-An trend in the range 32 < An 
< 40 mol%.

Olivine

All measured olivine crystals form a coherent trend of Ni 
decreasing from 1200  mg/kg to practically zero as Mg-
number (based on total Fe) decreases from 84 to 64. In the 
type 1 and 2 knobbly lava samples (JK110, JK125b, C169) 
olivine crystals including both large phenocrysts and small 
microcrysts, have high Fo = 84 –79 mol% contents without 
significant compositional zonation (Fig. 7c). Knobbly lava 
type 3 samples (JK075b, c) have lower and much more vari-
able Fo = 81 –54 mol%, with a clear bimodal distribution in 
JK114.

Olivine crystals in basaltic glomerocrystic clast JK003 
range Fo = 79 –72 mol%; olivine crystals in trachyandesitic 
glomerocrystic clast (JK049 Fo = 77 –74  mol%, JK066a 
Fo = 76.5–75  mol%) appear to be inherited from mafic 
magma. However, one olivine core in JK066a and one crystal 
in an olivine cluster in JK049 have low Fo = 66 –65 mol%, 
which indicates that that mafic magma had earlier entrained 
olivine crystals from a more evolved source.

The largely overlapping olivine compositions of type-3 
knobbly lavas and glomerocrystic clasts suggest that 
Fo < 79  mol% olivine crystals in type-3 lava derive from 
the crystal mushes. The banded pumice JK068 contains two 
olivine populations of Fo = 82 –77 mol% (Ni > 650 mg/kg) 
and Fo = 77 –76 mol% (Ni < 510 mg/kg) likely derived from 
basaltic magma and from crystal mush, respectively.

Clinopyroxene and orthopyroxene

Clinopyroxene compositions in the knobbly lavas and 
glomerocrystic clasts cover a limited range of 70 < Mg#<78 
with a weak tendency of TiO2 and Al2O3 to increase to 
lower Mg# (Fig.  10). Green dashed lines in Fig.  10 indi-
cate a possible gap between low and high TiO2 and Al2O3 
glomerocrystic groups, respectively, but all glomerocrystic 
samples contain compositions from both groups. The almost 
identical TiO2 and Al2O3 patterns in clinopyroxene reflect 
the good positive correlation between these elements (inset 
Fig.  10c). Orthopyroxene in glomerocrystic clasts gener-
ally has lower Mg# than that in the knobbly lavas but there 
is overlap due to the wide range found in JK049 (Fig. 10). 
Clinopyroxene and orthopyroxene crystals in the main pum-
ice have limited Mg#-variations and typically low TiO2 and 
Al2O3 contents distinguishing them clearly from the knob-
bly lava and glomerocrystic pyroxene crystals (Fig. 10). On 

outermost rims have An = 38 − 33 mol%, partly overlapping 
with unzoned laths of An = 53 –38 mol%. Intensely finger-
print-resorbed interiors of some plagioclase crystals have 
An = 64 –57  mol% (Fig.  7a) and some spot compositions 
fall on the main-pumice trend (Fig. 9a) but the majority do 
not. Plagioclase compositions in the two evolved glomero-
crystic clasts (JK066a, d) are limited to the narrow range 
32 < An < 46 mol%.

Type 1 and 2 knobbly lavas (JK110, C169, JK125b) have 
the most calcic plagioclase compositions (86–91 mol% An, 
Fig. 9b, c) and are practically unzoned (Fig. 7c). In knob-
bly lava C169 the plagioclase needles in the quenched rims 
around larger vesicles (Fig. 6e, f) have significantly more 
sodic compositions (38–50  mol% An) than plagioclase in 
the microcrystalline lava matrix (64–73 mol% An; Fig. 9c). 
Plagioclase crystals in type 3 knobbly lavas show wide 
ranges in core and rim compositions indicative of signifi-
cant zonation (JK075b, c). However, plagioclase compo-
sitions in sample JK114 are limited to the narrow interval 
An = 74–89 mol% clearly separated from a few overgrowth 
rims of An = 56–58 mol%.

Petrographic observations suggest that only the An 
> 80 mol% plagioclase crystals may represent equilibrium 
phenocrysts of the original basaltic magmas. Many, if not 
all, larger plagioclase crystals of lower-An compositions 
are xenocrysts where those of An < 50  mol% (typically 
partly resorbed, zoned plagioclase occasionally intergrown 
with orthopyroxene) lie on the main-pumice Or-An trend 
(Fig. 9b) and were entrained from the trachydacite magma 
while those of An > 50  mol% follow the glomerocrystic 
Or-An trend and were derived from mafic to intermediate 
crystal mushes. We see no evidence for entrainment of pla-
gioclase from evolved crystal mush (such as represented by 
samples JK066a, d) into basalt because the few crystals of 
An < 50 mol% lying on the glomerocrystic trend (Fig. 9b) 
are needle-shaped matrix crystals grown in-situ; however, 
this observation may be an artifact of the limited number 
of samples.

Banded pumices with textural rather than compositional 
banding have the typical plagioclase phenocryst composi-
tions of the main pumice (< 50 mol% An; Fig. 9b) with the 
same zonation patterns. An interesting exception is such a 
zoned crystal in sample JK112a with an overgrowth rim 
of 26  mol% An that lies on the glomerocrystic trend and 
includes two small amphibole crystals (1 in Fig. 9b), sug-
gesting rare mixing of trachydacitic magma with evolved 
crystal mush. Compositionally banded pumice JK068 has a 
bimodal distribution of plagioclase compositions (Fig. 9b). 
Unzoned plagioclase laths, zoned euhedral crystals, often 
in clots with olivine, clinopyroxene and brown intersti-
tial glass (58–60 wt% SiO2; Fig. 8) have compositions of 
66–86 mol% An and occur in the dark zones where matrix 
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Amphibole

Apart from a few hastingsitic matrix crystals, all amphibole 
crystals are magnesiohastingsites. Most amphibole crystals 
in the knobbly lava samples are limited to a narrow com-
positional range (Fig.  11). The only exceptions are skele-
tal amphibole needles in the matrix of the glomerocrystic 
region of type-3 sample JK075b (Fig.  6h) and amphibole 
needles from the quenched dark rims of large vesicles in 
type-2 sample C169 (Fig.  6e, f) which all have distinctly 
lower Mg# (Fig. 11). Type-1 knobbly lava (JK110, JK125b) 
only contains matrix amphibole.

Amphibole crystals in the evolved glomerocrystic clasts 
(JK066a, d) have low Mg# with limited variation in contrast 
to widely varying amphibole compositions in intermediate 
glomerocrystic clasts (JK049, JK111). Sample JK111 actu-
ally covers the entire observed Mg# range (Fig. 11) with the 
highest Mg# found in the largest crystals (Fig. 6b). Amphi-
bole crystals in knobbly lava and glomerocrystic clasts are 
not or weakly zoned (Mg#-differences < 3 between core and 
rim) and there is no systematic compositional difference 
between amphibole included in plagioclase or amphibole 
attached to, and apparently replacing, clinopyroxene.

The rare, exceptional occurrences of amphibole in 
main pumice include small stubby euhedral crystals in 
JK057a, which compositionally overlap with amphibole in 
glomerocrystic clasts from which they were likely entrained 
(Fig.  11). The large rounded amphibole crystal in sample 
JK055 overlaps with lava and glomerocrystic amphibole 
compositions (Fig. 11) but has distinctly higher K2O content 
(0.6 wt% compared to < 0.5 wt%) and is thus considered a 
xenocryst.

The banded pumice amphibole crystals in Fig. 11 have 
all been analyzed in one sample (JK112a). Yet they span 
practically the entire compositional range of amphibole in 
glomerocrystic clasts. The presence of Mg#>60 amphibole 
fits the presence also of Mg#>72 clinopyroxene (Fig. 10). 
Moreover, a lower-Al2O3 subgroup of small amphibole 
crystals (purple dashed line in Fig. 11a) are intergrown with 
a plagioclase that compositionally falls onto the glomero-
crystic Or-An trend (Fig.  9b). The crystal load of banded 
pumice JK112a is thus a mixture of main-pumice (Pl, Cpx) 
and glomerocrystic-clast (Amp, Cpx, Pl) minerals.

Biotite

Evolved glomerocrystic clast JK066a is the only analyzed 
juvenile sample in which we found biotite. These isolated 
euhedral crystals have lower Mg#=50–52 than the amphi-
bole crystals in that sample (Fig. 11) and likely form the last 
phenocrysts precipitated before eruption.

average, knobbly lava and glomerocrystic orthopyroxene 
has higher Al2O3 concentrations than orthopyroxene in the 
main pumice, but equal TiO2 contents. Clinopyroxene and 
orthopyroxene crystals in banded pumices completely over-
lap with those of the main pumice, only a few clinopyrox-
ene crystals (some associated with olivine and carrying a 
tachylitic mantle) have the high-Mg# compositions typical 
of knobbly lava or glomerocrystic clasts (Fig. 10).

Knobbly lava samples JK110 and C169 contain a few 
clino- and orthopyroxene xenocrysts derived from the tra-
chydacitic magma; these are all attached to intensely zoned 
plagioclase. Glomerocrystic clast JK066a contains some 
orthopyroxene crystals that have a low-Al2O3 core compo-
sition (inside the main pumice field in Fig. 10b) overgrown 
by Mg#<55 rims, and glomerocrystic clast JK111 contains 
a low-Mg# clinopyroxene core (Fig. 10); these cores are all 
xenocrysts entrained from an evolved source during early 
stages of pyroxene crystallization.

It is noteworthy that clinopyroxene and orthopyroxene of 
any of the rock types never share the same Mg#; clinopy-
roxene always has higher Mg# and thus crystallized during 
an earlier stage of magmatic evolution than orthopyroxene. 
In knobbly lava sample JK075b Mg#’s of both pyroxenes 
do partly overlap at 71.5 to 74 (Fig. 10b) but these are clino-
pyroxene cores overgrown by high-Mg# rims and orthopy-
roxene cores overgrown by lower-Mg# rims, and thus were 
not in equilibrium.

Fig. 9  Variations in plagioclase Or and An contents. (a, bottom) Pla-
gioclase crystals from main pumice and glomerocrystic clasts define 
separate trends of Or vs. An; red and green lines are the regression 
functions (see lower left) through the respective data (R = coefficient 
of correlation). An > 45  mol% compositions in main pumice only 
occur in resorbed cores (RC) and inner stratified zones (IZ). The high-
est-Or compositions are typically from rims and matrix crystals. (b, 
center) Or versus An variations for banded pumice and knobbly lava 
samples. The red and green regression lines from (a) are repeated for 
reference. True knobbly lava phenocrysts have An > 80 mol%. Other 
plagioclase crystals were entrained from trachydacite (An < 50 mol%) 
and from glomerocrystic material (An > 50  mol%). Apparently, no 
plagioclase from evolved glomerocrystic clasts (An < 46 mol%) was 
entrained; the An < 46 mol% compositions close to the glomerocrystic 
trend observed in knobbly lavas are from quenched matrix crystals. 
Matrix plagioclase in type-1 knobbly lava JK110 have An ~ 76 mol% 
compositions but in type-2 lava C169 An ~ 71 mol%. Low-An matrix 
needles in the glomerocrystic region of type-3 knobbly lava JK075b 
lie on the glomerocrystic trend. In banded pumice samples plagio-
clase of An < 50 mol% lies on the main-pumice trend while crystals 
An > 50 mol% overlap with knobbly lava and glomerocrystic plagio-
clase compositions. Numbers 1 and 2 are referred to in the text. (c, 
top) Color-coded bars indicate the An-ranges of individual samples. 
mtx = matrix crystals, res = partially resorbed crystal, xeno = crystal 
interpreted as xenocryst
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centered between the bulk-rock and glass compositions 
along the liquid line of descent. We did not use the few avail-
able melt-inclusion glasses because these occur in resorbed 
disequilibrium zones. We also do not consider banded pum-
ices here since the disequilibrium risk is obvious. The geo-
barometric equations, their calibration errors (SEE) and our 
results are compiled in Table S8 in the supplement, which 
shows that the standard deviations around the average data 
for each sample, caused by the ranges of melt and mineral 
compositions, are mostly smaller than the SEE values. 
Table 1 provides a short overview of the temperature, pres-
sure and water content ranges for each rock type but Table 
S8 should be considered for details.

Plagioclase-melt equilibrium

We use Eq. 24a, 25a, and 25b of Putirka (2008) as well as 
Eq.  14 of Waters and Lange (2015) to estimate T, P, and 
XH2O values. In the main pumice, the cores (RC) and the 
outer margin (R) of the inner zone (IZ) of zoned plagio-
clase are typically resorbed (Fig. 5) and we only use pla-
gioclase compositions < 45  mol% An from the outer 
(OZ) for thermobarometric calculations. Compositions 
21–37  mol% An (Figs.  5 and 9) would be in equilibrium 
with matrix glass around 842 °C according to the partition 
coefficient KD(An-Ab)pl−liq=0.10 ± 0.05 (for T < 1050  °C; 
Putirka 2008). However, 64 of 72 pairs in the plagioclase 
range An = 29–45 mol% also fulfill the equilibrium crite-
rion with a halfway melt composition around 863 °C (Table 

Fe–Ti oxides

Titanomagnetites in the four juvenile rock types have well-
constrained compositions within a sample while all samples 
together form a good positive correlation between MgO 
and Al2O3 (Fig. S7). An exception is knobbly lava JK110 in 
which magnetite MgO contents vary independent of Al2O3. 
Rare Cr-rich magnetites occur in knobbly lava (< 0.23 wt% 
Cr2O3), banded pumice (0.47 wt%) and glomerocrystic clast 
JK111 (2.87 wt%). Minor ilmenite occurs in the main pum-
ice and the main-pumice components in banded pumice. In 
these rocks both magnetite and ilmenite have very narrow 
compositional ranges (Fig. S7).

Equilibrium considerations and 
geothermobarometry

The petrographic and mineral-chemical evidence for min-
gling of the various magmatic components in most samples 
requires testing for equilibrium parageneses typically by 
experimentally established equilibrium partition coeffi-
cients. In most geothermobarometric formulations tem-
perature (T), pressure (P), and melt H2O-content (XH2O) are 
mutually dependent and we performed the calculations in 
an iterative fashion in order to achieve an internally con-
sistent data set. Bulk-rock and matrix glass compositions 
are obvious choices for melt composition for early and late-
formed precipitates, respectively, but for crystals formed 
in-between we also calculate a “halfway melt” composition 

Fig. 10  (a) TiO2 and (b) Al2O3 contents in clinopyroxene (upper 
panels) and orthopyroxene crystals (lower panels) versus molar Mg-
number. Note much lower Mg# of orthopyroxene than of clinopy-
roxene crystals. Color-coded bars indicate the compositional ranges 
per sample for clinopyroxene (at top) and orthopyroxene (at bottom 
of graph). Green dashed lines indicate possible TiO2 and Al2O3 gaps 
in the glomerocrystic-clasts clinopyroxene compositions. A low-

Mg# clinopyroxene core (overgrown by high-Mg# clinopyroxene) in 
glomerocrystic clast JK111 is probably an early entrained xenocryst. 
Inset (c) illustrates good positive correlation between TiO2 and Al2O3 
in clinopyroxene crystals; line 0.21 gives the mean TiO2/Al2O3 ratio 
for glomerocrystic and knobbly lava clinopyroxene while that for tra-
chydacite clinopyroxene is slightly higher (0.25)
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no equilibrium with matrix glass in intermediate glomero-
crystic clast JK111 but halfway and bulk-rock melts yield 
970 °C (4.2 wt% H2O) and 1043 °C (3.4 wt% H2O), respec-
tively. In glomerocrystic clast JK049 bulk-rock, halfway 
and glass melt compositions produce a consistent decrease 
of temperature from 1069 °C to 971 °C to 867 °C (and H2O 
increase from 2.8 to ~ 4 wt%; Table S8). For the evolved 
glomerocrystic clasts JK066a and JK066d halfway-melt 

S8). Estimated water contents of the melt lie around 4 wt% 
(Table 1, S8).

The mafic glomerocrystic clast JK003 has less evolved 
glass (Fig. 8) that could be in equilibrium with plagioclase 
47–53 mol% An of the rim compositions (Fig. 9c) giving 
T = 948–969  °C and 2.7–3.9 wt% H2O while a bulk-rock 
melt composition with plagioclase An = 75–79  mol% 
yields 1123 °C and 2.4 wt% H2O (Table 1, S8). We found 

Fig. 11  (a) Al2O3 and (b) TiO2 
contents in amphibole crystals 
versus Mg-number. Amphibole 
only forms needle-shaped matrix 
crystals in type-1 knobbly lavas 
JK110, JK125b. Amphibole 
needles in type-2 knobbly lava 
C169 are exclusively from the 
quenched vesicle rims (Fig. 6e, 
f). Dashed lines enclose data 
discussed in the text. Color-coded 
bars at top indicate the composi-
tional ranges per sample. Open 
green triangles are the com-
positions of biotite in evolved 
glomerocrystic clast JK066a
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and clinopyroxene, respectively. The Mg-Fe partition 
coefficient between clinopyroxene and melt is approxi-
mately KD(Mg-Fe)cpx−liq=0.28 ± 0.08 (Putirka 2008) but 
is temperature-dependent (Eq.  35 of Putirka 2008) and 
we determined it’s value a posteriori from the calculated 
temperature to verify equilibrium. The calculated crystal-
lization temperature using melt H2O content determined by 
plagioclase hygrometry should be equal or lower than the 
saturation temperature. The crystallization pressure values 
from the four barometer calibrations vary widely (Table S8) 
and can only be used to constrain crystallization of the Alpe-
hué magmatic components in the upper crust.

No clinopyroxene compositions were in equilibrium with 
any matrix glass and all calculations assume bulk-rock melt 
composition. For the main pumice, in which clinopyrox-
ene is obviously an early-formed phase that later became 
unstable as orthopyroxene precipitated, crystallization 
temperature is well constrained to around 911 ± 14 °C. For 
glomerocrystic clasts and knobbly lavas the crystallization 
temperatures differ by sample but all lie between 1000 °C 
and 1100 °C (Table 1, S8).

The partition coefficient KD(Mg-Fe)opx−liq=0.29 ± 0.06 
decreases to higher silica contents of the melt (Putirka 
2008) giving values of 0.24 for bulk-rock and 0.22 for 
glass compositions of the main pumice. As a result of the 
relatively small compositional differences between bulk-
rock and glass compositions, particularly the Mg/Fe ratio, 
compared to the uncertainty in the KD value, orthopyrox-
ene compositions (Mg# 59.3 ± 1.5) better fitting bulk-rock 
do not differ much from those (Mg# 57.1 ± 1.2) better fit-
ting glass composition. Most orthopyroxene crystals in the 
main pumice probably crystallized while the melt evolved 
towards the glass composition across the temperature inter-
val from 902 °C to 857 °C (Table 1, S8), slightly lower than 
the respective saturation temperatures.

In the glomerocrystic clast samples orthopyroxene Mg-
numbers mostly are too low for bulk-rock and too high for 
matrix glass melt compositions. Orthopyroxene crystals in 
glomerocrystic clast JK111 are tiny and mostly euhedral 
and are expected to be in equilibrium with matrix glass but 
for the results in Table S8 we needed to accept deviations 
up to ± 0.08 from the equilibrium KD. For glomerocrystic 
clast JK049 rare orthopyroxene crystals fit bulk-rock or 
glass-like melt compositions while most of the analyzed 
small orthopyroxene crystals would fit equilibrium with a 
halfway melt. Thus, orthopyroxene in this glomerocrystic 
clast may have crystallized over a temperature interval from 
1033 °C to 970 °C to 879 °C (Table 1, S8), agreeing with the 
relatively wide compositional range (Fig. 10). For evolved 
glomerocrystic clasts JK066a and JK066d orthopyroxene 
compositions deviate by ± 0.09 from equilibrium KD for 

results indicate 912 °C and 886 °C (5 and 5.7 wt% H2O) 
while only three plagioclase-glass equilibrium pairs give 
temperatures of 801–841  °C and melt water contents of 
4.5–4.8 wt% (Table 1, S8).

We have identified An = 86–89  mol% plagioclase 
(Fig. 9b, c) as the early precipitated equilibrium phenocryst 
composition of types-1 and 2 knobbly lava samples and com-
bined with bulk-rock melt composition this yields ~ 1052 °C 
and 4.5 wt% H2O (Table 1, S8). For sample C169 a half-
way melt with lower An = 64–73 mol% plagioclase yields 
1018 °C and 3.5 wt% H2O (Table 1, S8). Type-3 knobbly 
lavas produce apparently plausible and consistent results 
but these must be considered with care due to the basalt-
glomerocrystic mixed nature of these samples. However, 
plagioclase matrix needles in JK075b fit the matrix glass 
composition resulting in ~ 831  °C and 4.8–5.3 wt% H2O. 
Similarly, matrix equilibrium indicates 878 °C and 3.7 wt% 
H2O for JK075c (Table 1, S8).

Olivine-melt equilibrium

We used the Roeder and Emslie (1970) KD(Fe-
Mg)ol−liq=0.3 ± 0.05 to estimate Fo contents of olivine in 
equilibrium with melt compositions, and Putirka’s (2008) 
Eqs. 15 and 22 to estimate temperature. Only the three most 
Mg-rich (Fo ≥ 77 mol%) olivine crystals of mafic glomero-
crystic clast JK003 satisfy equilibrium with the bulk-rock 
composition (1172  °C) but most crystals reach KD val-
ues 0.2–0.23, not much below the limit KD≥0.25, with a 
halfway melt composition (1031  °C; Table S8). The four 
measured olivine crystals in JK049 yield temperatures of 
1089 °C to 1023 °C (Table 1, S8).

In knobbly lava sample JK110 olivine crystals (79–
83  mol% Fo) in equilibrium with bulk-rock melt yield 
1112 ± 2 °C (Table S8). In crystal-rich sample C169, how-
ever, olivine crystals Fo > 80  mol% formed from melt 
more mafic than the bulk-rock composition. Knobbly lava 
JK114 olivine crystals of Fo ≥ 72 mol% would be in equi-
librium with bulk-rock composition (1119 °C) and olivine 
crystals of Fo < 72  mol% would be in equilibrium with a 
halfway melt (1026  °C). In sample JK075b olivine crys-
tals are either too Mg-poor for the bulk-rock composition 
or too Mg-rich for the matrix composition but would fit a 
halfway melt at T = 1048 °C. In JK075c most olivine crys-
tals (Fo = 71–77.5 mol%) yield around 1091 °C with a bulk-
rock melt.

Pyroxene-melt equilibria

Equations  (28a, b, 29a) and (33, 34, 32a, b,  c) of Putirka 
(2008) allow to determine crystallization and saturation 
temperatures and crystallization pressure of orthopyroxene 
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of the low-Mg# amphibole needles in JK075b (Figs. 6h and 
11) in apparent equilibrium with the glomerocrystic-region 
glass, yielding diverging temperatures (926 °C from Eq. 4a, 
787 °C from Eq. 4b). All amphibole phenocrysts and amphi-
bole replacing clinopyroxene in JK075b and JK075c yield 
equilibrium with a halfway melt composition at around 
1004–1012 °C (Eq. 4a) or 931–939 °C (Eq. 4b) but must be 
considered with care due to the mixed nature of the rocks. 
Amphibole phenocrysts in knobbly lava JK114 have a nar-
row range of compositions (Fig. 11) and resulting tempera-
tures (Eq. 4a: 1010–1012 °C, Eq. 4b: 939–985 °C) are very 
similar for both bulk-rock and halfway melt compositions 
(Table S8). Temperatures obtained with the amphibole-melt 
thermometer of Molina et al. (2015), independent of pres-
sure and melt water content, agree reasonably well with 
those from Eq. 4b in glomerocrystic clasts, better fit Eq. 4a 
results in knobbly lava samples, and in C169 they disagree 
with both equations.

Next to amphibole-melt equilibria, amphibole composi-
tions alone can be used to estimate amphibole crystallization 
pressures. Mutch et al. (2016) calibrated an Al-in-amphi-
bole barometer and barometric Eqs. 1b and 1c of Ridolfi and 
Renzulli (2012) are based on the entire amphibole composi-
tion. These barometers give similarly diverging results as 
from pyroxene barometry (Table S8).

Biotite-melt equilibrium

Biotite precipitated as a late phenocryst phase in evolved 
glomerocrystic clast JK066a and was probably in equilib-
rium with melt of matrix glass composition. The Ti-exchange 
thermometer (± 50 °C uncertainty; Righter and Carmichael 
1996) yields temperatures of 859 ± 13  °C from measured 
biotites and average Ti content of the glass (Table 1, S8).

Magnetite−Ilmenite equilibrium

Only in the main pumice is the omnipresent titanomagne-
tite accompanied by ilmenite and both have very narrowly 
confined compositions. Ilmenite and magnetite pairs match 
equilibrium Mg/Mn partitioning (Bacon and Hirschmann 
1988). We used the mineral recalculation scheme of Stormer 
(1983), the thermobarometer of Anderson and Lindsley 
(1985), and the spreadsheet of Lepage (2003) to calculate 
crystallization temperatures of 872 ± 13  °C with oxygen 
fugacity (log fO2=−12.27 ± 0.24) at the level of the NNO 
buffer (Table 1, S8).

Liquid-only thermobarometry

Weber and Blundy (2024) recently introduced a machine 
learning-based model which derives magmatic temperature 

matrix-glass and the calculated temperatures of 826–903 °C 
and 849 °C, respectively, remain uncertain.

Amphibole-melt equilibrium

Next to petrographic evidence for equilibrium such as 
amphibole replacing clinopyroxene, chemical equilibrium 
criteria include the amphibole-melt Mg-Fe partition coef-
ficient KD(Fe-Mg)amph−liq=0.28 ± 0.11 (with 10th to 90th 
percentile ranging 0.13–0.41; Putirka 2016) as well as a 
difference < 7 wt% in melt silica content as observed and 
calculated from amphibole composition (Eq. 10 of Putirka 
2016; with SEE of ± 3.6 wt% SiO2). Amphibole crystalliza-
tion temperatures can be determined with Putirka’s (2016) 
Eqs.  4a, 4b and 5 independent of pressure and with little 
sensitivity to melt H2O (< 2 °C per 1 wt% H2O). Significant 
temperature difference between Eqs. 4a and 4b (Table S8) 
are possibly due to different closure temperatures for Na and 
Ti exchange (Putirka 2016). Crystallization pressure can be 
determined from Eqs.  7a and 7b (Putirka 2016) indepen-
dent of temperature but sensitive to melt water content as 
~ 40 MPa per 1 wt% H2O.

We have interpreted the very rare amphibole crys-
tals in main pumice as xenocrysts (Fig. 11) and using the 
amphibole-only thermometer (Eq.  5) suggests they derive 
form a source in which they crystallized at 907–922 °C. In 
glomerocrystic clast JK111, amphibole with Mg#>60 would 
be in equilibrium with a bulk-rock melt, other compositions 
with a halfway melt, but none with matrix glass composi-
tion. These amphibole crystals precipitated over a limited 
temperature range (1012 –991 °C from Eq. 4a, 950 –905 °C 
from Eq.  4b; Table S8) considering the wide range of 
JK111 amphibole compositions (Fig. 11). In glomerocrystic 
clast JK049, only the amphibole with the lowest Mg#=55 
(Fig. 11) shows equilibrium with matrix glass, only amphi-
bole with Mg#>62 would be in equilibrium with bulk-rock 
composition, and the majority would be in equilibrium with 
halfway melt, all together reflecting a crystallization inter-
val from ~ 1033  °C to ~ 880  °C. Against expectation, the 
small amphibole crystals in the most evolved, fine-grained 
and glass-rich glomerocrystic clasts JK066a, d yield no 
chemical equilibrium with matrix glass but with halfway 
melt composition (967–975  °C from Eq.  4a, 851–877  °C 
from Eq. 4b).

The Mg-numbers (Mg#>64, Fig. 11) of amphibole nee-
dles in the matrix of knobbly lava JK110 are too high for 
equilibrium with matrix glass. Knobbly lava C169 only 
has amphibole matrix needles (45 < Mg#<53; Fig.  11) in 
the quenched rims of vesicles (Fig. 6e, f), which appear to 
satisfy chemical equilibrium with the matrix glass in those 
rims (814–840 °C; Table S8) but quench growth was prob-
ably not in equilibrium. This also applies to quench growth 
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Discussion

Magma storage conditions

Most of the thermohygrometric calculations yield crystal-
lization temperatures with relatively small errors and rea-
sonably well constrained melt water contents. Figure  12 
illustrates temperature and H2O data obtained from plagio-
clase-melt equilibria. These data show an average decrease 
in temperature with increasing melt H2O content (−93°/
wt% H2O) similar to, but steeper than, the experimentally 
determined drop in plagioclase liquidus (−42°/wt% H2O; 
Almeev et al. 2012). On average, crystallization during 
cooling (from 1150  °C to 950  °C) enriched water in the 
residual melt from ~ 2 to ~ 4 wt%, a factor ~ 2 enrichment 
(i.e., ~ 50% crystallization) comparable to Zr enrichment 
over that interval (Fig. 3b). The associated average crystal-
lization rate of 0.25%/−1 °C lies in the range observed in 
petrologic experiments (0.24%/−1 °C for trachybasalt, Bar-
clay and Carmichael 2004; 0.3%/−1 °C for dacite, Costa et 
al. 2004). The maximum temperatures found for precipita-
tion of the phenocryst phases in the glomerocrystic clasts 
and knobbly lavas agree reasonably with the respective 

and pressure from comparing a melt composition saturated 
with given mineral phases with a huge experimental data 
base. This random forest method involves a large number 
of decision trees in analyzing the data and removing out-
comes with high variance can improve the accuracy of pre-
diction. Under optimal conditions, uncertainties can be as 
low as ± 21° for temperature and ± 110 MPa for pressure. 
We applied the method (a) to the bulk-rock compositions 
of the Alpehué component magmas assumed to have been 
saturated with their early-formed phenocryst phases, and 
(b) to the matrix glass compositions assumed to have been 
saturated with the late-formed phenocrysts and matrix crys-
tals. Results in supplement Table S9 overlap with results 
in Table S8 obtained by traditional calibration methods. 
Results with low variances (red and green in Table S9) yield 
161 ± 12 MPa and 216 ± 44 MPa pressure for trachydacite 
bulk-rock and glass, respectively, 243 MPa (bulk rock) and 
125–159  MPa (glass) for evolved glomerocrystic mush, 
121–134  MPa (glass) for intermediate mush, and 150–
300  MPa (bulk-rock) and < 223  MPa (glass) for knobbly 
lava basalt (Table 1). Pressures larger than 400 MPa only 
result from models with large variances.

Fig. 12  Temperature-melt H2O 
diagram summarizing plagio-
clase-liquid thermohygrometric 
results. These are not individual 
calculations but the mean values 
reported in Table S8 using 
whole-rock or matrix-glass (mtx) 
melt compositions. Green fields 
include halfway-melt (hw) and 
matrix-glass results for evolved 
glomerocrystic clasts JK066a, 
d (see Table S8). Maximum 
calculated temperatures for other 
mineral phases are indicated 
outside the right margin for com-
parison. Thin blue near-vertical 
lines show water saturation at the 
pressures indicated at top after 
Liu et al. (2005). Bold black line 
is a linear regression through 
the data down to 950 °C that 
implies a steeper temperature 
decrease to higher H2O than 
the experimentally determined 
change in plagioclase liquidus 
temperature (A12, magenta line) 
of Almeev et al. (2012). Error 
cross at lower left indicates the 
calibration errors (SEE) for 
temperature (± 36°) and water 
content (± 1.1 wt% and ± 0.35 
wt%) after P = Putirka (2008) and 
WL = Waters and Lange (2015), 
respectively
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(3)	 We argue below that the glomerocrystic samples derive 
from one crystal-mush reservoir that was composition-
ally zoned from lower mafic to upper evolved bulk 
composition. No large-volume eruptions which could 
have formed the ~ 6 km3 caldera are known from Sol-
lipulli (Gilbert et al. 1996; Lachowycz et al. 2015) and 
the ~ 8 km3 Alpehué tephra appears to be the biggest 
known event. Therefore, the crystal-mush reservoir 
probably had a few km3 volume at most and just a few 
kilometers vertical extension suggesting a top to bottom 
pressure difference of roughly ~ 50 MPa. We therefore 
place the intermediate and mafic glomerocrystic clasts 
in the 150–200 MPa pressure interval (Fig. 13a).

(4)	 The rising mafic magma of the knobbly lava clasts 
has entrained glomerocrystic material from the crystal 
mush and thus ascended from a deeper storage level. 
The pressure values with the smallest error derived 
from bulk liquid compositions (Weber and Blundy 
2024) suggest mafic magma storage at 150–300  MPa 
pressure (Table 1, supplement Table S9) which fits the 
region below the crystal-mush reservoir (Fig. 13a).

In summary, we propose a vertical succession from deeper 
mafic magma through mafic to evolved crystal mush to 
upper main pumice reservoirs (Fig. 13b). The vertical sepa-
ration between amphibole-free trachydacite and deeper-
lying amphibole-bearing crystal mush is also supported by 
higher orthopyroxene Al2O3 contents (0.58 ± 0.25 wt%) in 
the glomerocrystic clasts compared to 0.46 ± 0.09 wt% in 
the main pumice (Fig. 10b). The estimated storage pressures 
of ~ 100 MPa for trachydacite magma and ~ 150 MPa for 
evolved glomerophyric mush are, of course, subject to the 
uncertainty in determining the respective dissolved water 
contents.

The overall low-pressure crystallization of the mafic to 
intermediate rocks is supported by (1) high plagioclase tem-
peratures, (2) large overlap between plagioclase and clino-
pyroxene crystallization observed petrographically and 
thermometrically, suggesting proximity to the low-pressure 
(~ 100–150  MPa) crossover of the two phase boundaries 
(e.g., Moore and Carmichael 1998; Hammer et al. 2002; 
Feig et al. 2006), and (3) relatively high Cpx-out tempera-
tures (cf. Melekhova et al. 2017) marked by replacement 
by amphibole. However, the wide ranges and bimodality 
of clinopyroxene Al2O3 contents in glomerocrystic clasts 
and knobbly lavas (Fig.  10b) are evidence for polybaric 
evolution of these magmas probably before precipitation 
of amphibole phenocrysts with relatively limited Al2O3 
variation (Fig. 11). The estimated storage pressures for less 
evolved glomerocrystic clasts and knobbly lavas imply that 
these magmas remained water-undersaturated in their reser-
voirs (Fig. 13a).

experimentally determined phase boundaries for mafic 
compositions (cf. Melekhova et al. 2017; Feig et al. 2006; 
Berndt et al. 2005). For silicic compositions the calculated 
water contents satisfy experimentally determined stability 
of orthopyroxene (cf. Scaillet and Evans 1999; Costa et al. 
2004). All these observations support the plausibility of the 
calculated thermohygrometric data.

The experimental amphibole phase boundaries vary 
greatly particularly with respect to the minimum water con-
tents required to stabilize amphibole below ~ 900  °C (cf. 
Scaillet and Evans 1999; Costa et al. 2004; Sato et al. 1999) 
but melt water contents of the amphibole-bearing evolved 
glomerocrystic clasts (JK066a, d) and the amphibole-free 
main trachydacitic magma are similarly high and cannot 
explain the difference in amphibole phenocryst precipita-
tion. Bulk-rock compositions, particularly Na2O contents, 
are also similar (Fig. 2, S4) leaving storage pressure as the 
controlling factor.

The average of all barometric results in Table S8 is 
265 ± 166  MPa with a total range of 0–700  MPa, which 
places residence of the Alpehué magmas in the upper half of 
the crust (MOHO depth is ~ 40 km or ~ 1000 MPa; Sielfeld 
et al. 2019). Liquid-only thermobarometry after Weber and 
Blundy (2024) places the Alpehué magmas at < 300 MPa 
pressure (Table  1, S9). However, the mineral barometric 
methods produce conflicting data and cannot resolve pres-
sure differences between the magmatic components due to 
their large uncertainties. Therefore, we need other criteria 
to constrain the vertical succession of storage of the com-
ponent magmas.

(1)	 The storage depth of the main trachydacite magma is 
constrained by two conditions: the absence of amphi-
bole and the saturation pressure of ~ 100 MPa of its ~ 4 
wt% dissolved H2O (Fig. 13a). At the temperature range 
872 − 857 ± 40  °C for Fe-Ti-oxide and orthopyroxene 
phenocrysts, i.e. those formed last before quenching 
during eruption, the minimum pressure needed to stabi-
lize amphibole determined in petrological experiments 
on (trachy-)dacitic compositions ranges from 70 to 
210 MPa (Fig. 13a). The (unknown) amphibole stabil-
ity limit for the Alpehué trachydacite must lie at higher 
than ~ 100 MPa pressure (red dashed line, Fig. 13a).

(2)	 At the temperatures of the last-formed pheno-
crysts orthopyroxene, amphibole and biotite 
(859 − 827 ± 48 °C), the ~ 5 wt% dissolved H2O of the 
evolved glomerocrystic clasts (JK068a, d) indicate a 
saturation pressure of ~ 150 MPa, which must be larger 
than the minimum pressure of amphibole stability for 
that composition (Fig. 13a) due to the abundant amphi-
bole phenocrysts.
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(Fig. 13b) by compositional convection, hindered settling, 
compaction or tectonic forces (Tait et al. 1984; Holtzman 
et al. 2003; Holness et al. 2017; Cashman et al. 2017). This 
trachydacitic melt had a Zr content of around 250  mg/kg 
(Fig.  3b) which would be compatible with residual melt 
of an intermediate magma mush at about 45–50% crystal-
linity, the most efficient range for melt escape (Bachmann 
and Bergantz 2004, 2008). After separation, the trachyda-
cite magma crystallized and evolved further as shown by its 
large complex-zoned plagioclase crystals (Fig. 5), its bulk 
geochemical variations (Figs.  2, 3 and 4 and S4, S5) and 
its rhyolitic matrix glass (Fig. 8). The Alpehué trachydacite 
differentiated in slightly different fashion than older Solli-
pulli trachydacites (Figs. 3 and 4b, S4c), which erupted up 
to ~ 20,000 years before the Alpehué eruption (Lachowycz 
et al. 2015). This time interval is sufficiently long for the 

Evolution of the main trachydacitic magma

With no obvious stratigraphic variations in composition, the 
main pumice represents a crystal-rich (14–29 vol%) erupted 
trachydacitic magma body with little zonation. However, 
the co-magmatic obsidian fragments (O1 in Figs. 2 and 4) 
may derive from a crystal-poor rhyolitic melt layer at the 
top of the reservoir. The geochemical data (Figs. 2, 3 and 
4 and S4, S5) are compatible with the trachydacite having 
differentiated from the range of magmatic compositions 
indicated by the knobbly lava and glomerocrystic clasts. As 
argued above, the original trachydacitic magma must have 
separated from its parental reservoir to be emplaced at shal-
lower level where amphibole was no longer stable. Prob-
ably it formed as crystal-poor residual melt that escaped 
from a crystal mush with trachydacitic melt composition 

Fig. 13  (a) Schematic illustration of the interpreted arrangement of the 
Alpehué component magmas in pressure-temperature space. Blue bars 
are water solubilities calculated after Moore et al. (1998). Amphibole 
stability boundaries experimentally determined for (trachy)dacitic 
compositions distribute over a wide pressure range (orange double 
arrow) at around 850–870 °C, from low pressure in Sato et al. (1999) 
(S99) to high pressure in Solaro et al. (2019) (S19); examples of inter-
mediate amphibole boundaries can be found in First et al. (2021), Holtz 
et al. (2005) and Voigt et al. (2022). Red dashed curve is a theoretical 
amphibole boundary curve separating trachydacite TD and evolved 
glomerocrystic mush (EG). Intermediate (IG) and mafic (MG) mush 
zones lie deeper in the zoned mush reservoir (green field) which proba-
bly did not extend over a pressure interval much greater than ~ 50 MPa. 
Knobbly lava (KN) type 1 and 2 basaltic magmas resided below the 
crystal-mush reservoir. Red arrow indicates (Pl, Cpx) crystallization 

temperature range down to Mag-Ilm and Opx temperatures (red dots). 
Green arrows indicate crystallization temperatures of glomerocrystic 
clasts with late Opx, Amp, Bt crystallization (green triangles) shown 
for EG. Width of brown field shows range of Ol, Pl, Cpx crystallization 
temperatures of knobbly lava. (b) Schematic illustration of magma res-
ervoir arrangements under Sollipulli. An upper intermediate reservoir, 
underlain by a basaltic reservoir and both probably related to pre-Alpe-
hué eruptions > 26 kyrs ago, had largely crystallized to trachydacitic 
melt composition. Escaping melt formed a shallower, separate reser-
voir in which it further crystallized mainly complex-zoned plagioclase 
(Fig. 5). At the time (3 ka) of the Alpehué eruption, the trachydacite 
and crystal-mush reservoirs had both largely differentiated to rhyolitic 
melt (Fig. 8). Crystal-poor type-1 basalt magma penetrated the mush 
and trachydacite reservoirs, followed by crystal-rich type-2 basalt that 
ultimately triggered the eruption
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According to the plagioclase solidus slope at An ~ 40 mol% 
(at PH2O=200  MPa; Johannes 1989) ≤ 10° heating could 
cause a ≤ 10  mol% increase in equilibrium An content. 
While the event that caused resorption in zone R was the 
strongest, it was not the only one. Oscillations in the over-
all outward decreasing An content and unconformities in 
the fine stratification of the outer zoned mantle (OZ) (see 
microphotographs in Fig. 5) suggest repeated minor heating 
events during crystallization (cf. Ginibre et al. 2002). While 
resorption zone R may document a strong episode of under-
plating hot magma the enhanced convection of the resident 
trachydacite magma may be responsible for recurrent heat-
ing of the growing plagioclase crystals. Another speculative 
heat source could be hot fluids that escaped from the deeper 
crystallizing mush reservoir (e.g., Parmigiani et al. 2017; 
Degruyter et al. 2019) but these would probably only have 
local effects.

Banded pumice

Samples in which textural banding is not associated with 
compositional differences probably formed by shearing dur-
ing ascent in the conduit. In these shear zones vesicles are 
smaller and crystal fragments are abundant compared to the 
less or not sheared regions (cf. Polacci et al. 2001). Other 
banded pumices, however, were formed mainly by mixing 
between the basaltic to basaltic-andesitic and trachydacitic 
magmas but also involving inflated glomerocrystic material. 
An example is sample JK068 (Fig. 1c) in which quenched 
low-silica melt (Fig.  8), high-An plagioclase (Fig.  9), 
and high-Mg# (77–82) olivine, pyroxenes and amphibole 
(Figs.  10 and 11) coexist with the main-pumice mineral 
assemblage. The absence of disequilibrium reactions, the 
preservation of quenched sideromelane, and the presence 
of abundant angular crystal fragments support shearing and 
mingling in the conduit during eruption. Moreover, the oliv-
ine and sideromelane-bearing zones demonstrate that some 
liquid mafic magma reached the vent exit next to the micro-
lite-rich knobbly lava clasts that were quenched at depth.

Origin of the glomerocrystic clasts

All glomerocrystic clasts apparently crystallized at shallow 
depths but above the minimum pressure for amphibole sta-
bility. Their common liquid line of descent (Figs. 2, 3 and 
4) supports their origin from a coherent crystal mush body 
that was zoned from lower mafic to upper evolved compo-
sitions and in which the melt fraction increased while the 
crystal size decreased toward the evolved top. This facili-
tated sampling of most of the vertical mush succession by 
the ascending mafic magma, which would have been highly 
fortuitous if different mush compositions were stored in 

Alpehué trachydacite reservoir to develop independently 
(cf. cooling and crystallization time scales in Hawkesworth 
et al. 2000; Cooper 2019).

The more potassic nature of the trachydacite magma 
produced more Or-rich plagioclase compared to the less 
evolved magmas (Figs.  2b and 9); other factors favoring 
Or-rich plagioclase such as temperature or pressure differ-
ences are insignificant in the upper-crustal situation con-
sidered here (Sato 1984; Sun et al. 2017; Bedard 2006). 
Partition coefficients for such plagioclase compositions 
(D(Ba) > D(K) > D(Rb); Bedard 2023) made Rb less, but 
Ba more compatible than K and also relative to Zr which 
explains the deviation of the trachydacite compositions 
from the trend through mafic to intermediate compositions 
in the respective diagrams (Fig. 3).

The internal stratigraphy of growth and resorption zones 
(Fig. 5) is basically the same in all analyzed large zoned pla-
gioclase crystals which indicates that the ambient changes 
probably affected almost the entire trachydacite reservoir 
rather than just local areas (cf. Pietranik et al. 2006). The 
resorbed cores (RC) with patchy extinction patterns com-
monly have An > 45 mol% (Figs. 5c and d and 9) but can 
also include patches of lower An-contents (Fig. 5a, b). The 
origin of the plagioclase cores is uncertain. Resorption of 
antecrysts by decompression requires significant pressure 
reduction (Nelson and Montana 1992; Bennett et al. 2019) 
while we do not see evidence for any deep-crustal involve-
ment. Probably the cores have been entrained as xenocrysts 
that became partially resorbed and experienced recrystalli-
zation to equilibrium An contents in the resorbed patches 
(e.g. Vance 1965; Humphreys et al. 2006). Alternatively, 
the observation that the labradoritic cores (RC) overlap 
in composition with the inner zoned mantle (IZ) (Fig.  5) 
suggests that the cores may represent initial skeletal pla-
gioclase growth followed by subsequent filling of the gaps 
(Kuo and Kirkpatrick 1982; Tsuchiyama 1985; Bennett et 
al. 2019) and equilibrium overgrowth (IZ). Skeletal growth 
can already occur at low degrees of supercooling (Kuo and 
Kirkpatrick 1982) which may have occurred when the initial 
(crystal-poor) trachydacite magma ascended from its hotter 
source in the crystal mush body to a cooler higher level.

Continued equilibrium growth was interrupted by for-
mation of the resorbed zone (R) across which plagioclase 
An-contents drop by > 5 mol% (Fig. 5), immediately fol-
lowed by an increase in An-content in the outer mantle 
OZ. The undular and locally discordant contact of zone R 
to zone IZ is evidence for true dissolution and resorption 
but the melt inclusions in R, which compositionally over-
lap with matrix glasses (Fig.  8), provide no evidence for 
a significant shift to less evolved melt composition. We 
therefore interpret that resorption was caused by sudden 
heating which shifted equilibrium to higher-An plagioclase. 
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overgrowth by equilibrium plagioclase rebuilt a euhedral 
crystal shape.

The Alpehué glomerocrystic clasts represent a crystal 
mush body with a wide compositional range but without 
evidence for large vertical extension through the crust as 
envisaged in some mush-zone models (e.g., Cashman et al. 
2017; Sparks et al. 2019). We interpret it as an upper-crustal 
zoned magma chamber because we see no evidence for 
higher-pressure (lower-crustal) evolution. This magma res-
ervoir evolved along a typical Sollipulli differentiation path 
but was not the direct source of the erupted Alpehué tra-
chydacite magma. It may be a “left-over” of the magmatic 
system that produced the Sollipulli CC unit at 26 ± 5  ka 
(Lachowycz et al. 2015) and which was still active ~ 20.000 
years later when the Alpehué tephra erupted. Murphy (1996) 
described a second population of crystals and crystal clots 
next to the major phenocryst population in the older Sol-
lipulli rocks, which may be derived from that mushy reser-
voir but this requires further investigation.

Origin of the knobbly lava types

We have petrographically distinguished three types of knob-
bly lavas that differ by their crystal loads. Types 1 and 2 
share the same phenocryst assemblage of plagioclase (An 
> 86  mol%), olivine (Fo > 79  mol%) and clinopyroxene 
but type 1 is phenocryst-poor while type 2 is rich in mostly 
large plagioclase and olivine phenocrysts which are almost 
unzoned and form large compact aggregates (Fig. 7c). The 
microcrystalline matrix in type 1 comprises plagioclase and 
amphibole with subordinate olivine while type 2 matrix 
has no amphibole. Amphibole in type-1 matrix precipitated 
when temperature had dropped below the amphibole sta-
bility limit at the trachydacite reservoir depth. Entrained 
glomerocrystic fragments do rarely occur as well as zoned 
low-An plagioclase (associated with orthopyroxene, i.e., 
entrained from the trachydacite) that has been marginally 
resorbed in type 1 (Fig. 7b) but not in type 2 samples.

Type 3 knobbly lavas are intensely mingled samples of 
amphibole-bearing and amphibole-free, olivine-bearing 
glomerocrystic material (Table S6) with microcrystalline 
lava in which original basaltic phenocrysts (if present at 
all) and mush-derived crystals are practically indistinguish-
able. Such mixing is probably the reason why type 3 knob-
bly lavas have more evolved bulk compositions (3.5–4.4 
wt% MgO; Fig. S5) than type 1 and 2 lavas (5.12–5.43 wt% 
MgO). High-An plagioclase and high-Fo olivine occur as 
overgrown cores of crystals in the glomerocrystic fragments 
(Fig. 9) with no relation to the admixed mafic magma. Type 
3 knobbly lava samples also contain plagioclase with angu-
lar euhedral outer shapes but interior rounded, intensely 
resorbed zones (JK075c, JK114) as in glomerocrystic clasts 

spatially separate reservoirs. The glomerocrystic clasts do 
not show depletion of incompatible elements and enrich-
ments of compatible elements that would be expected from 
significant crystal accumulation or melt extraction; they 
simply represent partially crystallized magmas that evolved 
along a common liquid line of descent marked by gradually 
increasing concentrations of Zr, Rb, Ba, etc., and decreasing 
concentrations of Sr, Ni, V, Sc etc. (Figs. 2, 3 and 4 and S4, 
S5) compatible with fractional crystallization; we did not 
find fractionated cumulates in our sample suite. Therefore, 
the glomerocrystic samples do not represent wall or floor 
crystal accumulations in the trachydacite reservoir, which 
fits the vertical separation of crystal-mush and trachydacite 
reservoirs discussed above. Since the time when an origi-
nal trachydacitic melt escaped from the crystal mush, both 
the trachydacite and the crystal-mush had evolved further to 
rhyolitic melt compositions (except in the most mafic mush, 
Figs. 8 and 13b).

Before inflation of the glass matrix, the glomerocrystic 
clasts had mostly intersertal textures with impingement con-
tacts between crystals (e.g., Fig. 6b). Most plagioclase crys-
tals in a glomerocrystic clast share a narrow range in grain 
size as well as aspect ratio (long/short axis ~ 3–5), which 
indicates crystallization under a certain degree of under-
cooling over a limited time interval (Lofgren 1974; Holness 
2014). The mafic and intermediate glomerocrystic clasts 
also contain a minor fraction of larger, tabular plagioclase 
crystals that are compositionally zoned, often include mag-
netite and olivine, and thus formed during early slow cool-
ing. These textures all support crystallization unhindered 
by neighboring crystals in a melt-dominated environment 
rather than in a static highly crystallized mush (Holness et 
al. 2017, 2019). However, some mafic glomerocrystic frag-
ments contain crystal clots of subophitic texture (typically 
clinopyroxene filling space between plagioclase crystals; 
e.g., Fig. 6h) or of intensely and densely intergrown crystals 
with smooth curved boundaries and dihedral angles. These 
textures indicate that some parts of the crystal mush body 
were approaching a holocrystalline state (possibly closer to 
reservoir walls) at the time of eruption.

Plagioclase with angular euhedral outer shapes but inte-
rior rounded, intensely resorbed zones occur in mafic to 
intermediate glomerocrystic clasts (JK003, JK049). Interior 
spots of An ~ 40 mol% compositions (Fig. 7a) may be relics 
of the original plagioclase (probably a xenocryst entrained 
from evolved plutonic wall rock) that was rounded by 
dissolution and intensely resorbed in a hotter magma (cf. 
Tsuchiyama 1985). Reactions between melt and plagioclase 
precipitated higher An ~ 60  mol% plagioclase, minor Or-
rich ternary plagioclase, and a high-birefringence phase that 
is probably pyroxene (Fig. 7a). Subsequent normally-zoned 
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may have forced further disintegration of entrained crystal-
mush fragments, particularly with immediately following 
expansion during decompression. At its storage pressure of 
~ 100 MPa the rhyolitic melt of the trachydacite magma had 
also reached water saturation with around 4 wt% dissolved 
H2O (Fig. 13a). However, in the course of ascent and erup-
tion, the evolved and intermediate crystal mush fragments 
have a significant lead of ~ 10 vol% in vesicularity which 
they keep until fragmentation (Fig.  14a). This is actually 
observed in the erupted glomerocrystic fragments (Fig. 6a) 
which a posteriori supports their higher saturation pressure. 
The commonly observed in-situ fragmentation of (typi-
cally elongated) crystals and crystal clots and the presence 
of angular crystal fragments in the glomerocrystic clasts 
(Fig. 6b) probably resulted from the significant tensile stress 
exerted by vesiculation in the viscous rhyolitic melt during 
ascent.

The vesicular matrix glass in most mafic glomerocrystic 
inclusions in type-3 knobbly lavas contains amphibole and 
plagioclase skeletal crystals (Fig. 6g, typically needle, hop-
per or fan shapes) indicating high degrees of undercooling 
(Lofgren 1974; Donaldson 1985; Coombs et al. 2002). The 
enigmatic quenched-matrix rims around vesicles in type-2 
knobbly lava (Fig. 6e, f) are very similar to the matrix in 
mafic glomerocrystic clasts. The rims are composed of skel-
etal, needle-shaped crystals of low-An plagioclase and low-
Mg# amphibole as well as high-silica glass (C169 in Figs. 8, 
9 and 11), while the surrounding basaltic microcrystalline 
matrix is composed of tabular to lath-shaped plagioclase 
with minor pyroxene and olivine. We found no phenocrysts 
intergrown with the rims of these vesicles; however, one 
of such rimmed vesicles occurs inside a larger, internally 
hollow An ~ 60  mol% plagioclase distinct from the An 
~ 80  mol% basaltic phenocrysts. We interpret the rimmed 
vesicles as entrained drops of interstitial melt from mafic 
crystal mush. The quench crystallization in these drops as 
well as in the glomerocrystic fragments was not caused by 
rapid decompression during eruption because this occurs at 
pressures too low to stabilize amphibole, where amphibole 
is not precipitated even under disequilibrium crystallization 
conditions (Shea and Hammer 2013). Large vesicle size and 
large vesicle/matrix volume ratio of the rimmed vesicles, 
and the much higher vesicularity of the glass in the glomero-
crystic clasts, suggest that this melt was more water-rich and 
degassed earlier than the host basalt magma (which partly 
degassed upon cooling in the trachydacite reservoir). There-
fore, we attribute partial quench crystallization in the mafic 
glomerocrystic material to decompression-degassing during 
ascent toward the trachydacite reservoir. The round shape 
of the vesicles indicates that they grew unhindered by basalt 
matrix strength, i.e., before the basaltic magma itself got 
quenched in the trachydacite reservoir.

(JK003, JK049; Fig.  7a) from which they are probably 
inherited. The basaltic magma that mingled with crystal 
mush to form type 3 compositions may have been type 1 
magma or a third similarly phenocryst-poor mafic magma 
but it was not type 2 magma because the large unzoned pla-
gioclase and olivine crystals do not occur in type 3 samples.

Thus, the magmatic activity precursory to the Alpehué 
eruption involved two or possibly three ascending basaltic 
to basaltic-andesitic magma batches which share a common 
petrogenesis (Figs. 2, 3 and 4). Type 1 represents near-liq-
uidus magma with just few olivine and plagioclase pheno-
crysts while type 2 magma was thermally buffered for some 
time below olivine and plagioclase but above clinopyroxene 
liquidus to facilitate the growth of large homogeneous oliv-
ine and plagioclase phenocrysts and crystal clots. Knobbly 
lava samples free of admixed glomerocrystic components 
suggest that some of the ascending mafic magma penetrated 
the crystal-mush body without significant mixing (prob-
ably along the inside of a conduit or dike) while other mafic 
magma mixed intensely with disintegrated glomerocrystic 
material (probably along conduit margins) to form type 3. 
There is no petrographic evidence for significant thermal 
overprinting or melting even in the most evolved glomero-
crystic clasts, which implies short residence time in the hot 
magma before eruption.

Entrainment and transport of glomerocrystic 
fragments

The melt fraction in the glomerocrystic clasts (Fig. 2c) was 
sufficient to form a connected network isolating crystals 
and crystal clots even before vesiculation which facilitated 
disintegration and entrainment by penetrating mafic magma 
without the need for brittle fracturing. Heating of entrained 
crystal-mush fragments caused viscosity reduction and 
thermal expansion of the interstitial melt, facilitating further 
disintegration.

The matrix glasses of intermediate and evolved glomero-
crystic clasts share very similar rhyolitic compositions 
(Figs. 8 and 13b). The presence of amphibole and the hygro-
metrically determined ~ 5 wt% dissolved H2O (Fig.  12) 
suggest that at least the evolved upper part of the zoned 
crystal-mush reservoir may have reached water saturation 
at ~ 150 MPa at the time of the Alpehué eruption (Fig. 13a). 
When fragments of such saturated mush get heated by 
entrainment into hot basaltic magma, the negative tempera-
ture dependence of water solubility (Fig. 13a; Lavallee et 
al. 2015; Burchardt et al. 2016; Berg et al. 2016) would 
cause vesiculation. For example, using the water solubility 
function for rhyolitic melt of Liu et al. (2005) and assum-
ing equilibrium vesiculation, heating by 50° would result 
in 0.5–1 vol% vesicles at 200 − 100  MPa pressure which 
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(e.g., Chapman 1962; Wiebe 1973, 2016) where clast for-
mation and deformation must occur before a chilled mar-
gin becomes too thick for further deformation (Blake and 
Fink 2000). Quenching of the lava clasts occurred after the 
entrainment of crystals from the trachydacite magma but 
preserved a low (higher-pressure) vesicularity and most 
likely happened inside the trachydacite reservoir. How-
ever, some basaltic melt escaped early quenching such as 
the highly vesicular sideromelane associated with olivine in 
banded pumice JK068 (see above). The conductive cooling 
of mafic magma blebs (initially 1100 °C) typically < 10 cm 
in size to the basalt solidus (950 °C) in ambient trachydacite 
magma (850 °C) only requires a few hours at most.

However, sieve- or fingerprint-textured resorption zones 
(Fig.  7b) on xenocrysts entrained from the trachydacite 
(because unaltered cores match core compositions (Fig. 9) 
in pumice samples) challenge immediate rapid cooling 
after intrusion. Donaldson (1985) has determined dissolu-
tion rates of plagioclase crystals (An = 30 and 60 mol%) in 
basaltic melt at 1210–1300 °C. We apply an exponential fit 
to his data to estimate dissolution rates at the lower tempera-
tures (1000–1100 °C) relevant here and obtain 210–630 μm/
day and 40–210 μm/day, respectively. Note that these rates 
are for simple dissolution whereas resorption involves 
both dissolution and new precipitation (Stewart and Pearce 
2004). However, at such rates the up to 400 μm thick fin-
gerprint zones of An ~ 30–50 mol% plagioclase crystals in 
the knobbly lava would have needed at least < 1 to 10 days 
to develop. Therefore, disintegration of basaltic magma by 
rapid intrusion and fountaining (Campbell and Turner 1986, 
1989) followed by almost immediate quenching is unlikely. 
More likely, basaltic magma intruded in lava-like (cf. Wiebe 
and Snyder 1993) or dike-like fashion (cf. Andrews and 
Manga 2014; Rooyakkers et al. 2018) with only minor mix-
ing leading to plagioclase entrainment (e.g., into a fingering 
flow front; Snyder and Tait 1995). Such mixing was very 
limited because knobbly lava chemical compositions give 
no indication of bulk mixing with trachydacite.

The calculated resorption times provide a minimum resi-
dence time between intrusion and eruption for types 1 and 3 
knobbly lavas; type 2 knobbly lava contains entrained pla-
gioclase that is not resorbed and thus requires a shorter resi-
dence time if any. The matrix texture and composition differ 
between types 1 and 2 with amphibole-rich type 1 matrix 
(Fig.  6d) about two times coarser than amphibole-free 
clinopyroxene-bearing type 2 matrix (Fig. 6e, f), and matrix 
plagioclase is more elongated and slightly more calcic in 
type-1 than in type-2 matrix (Fig. 9). By comparison with 
experiments of Shea and Hammer (2013) these observations 
imply higher degrees of undercooling for type-1 than for 
type-2 melt.

Intrusion and disintegration of mafic magma

Some of the knobbly lava clasts have fracture surfaces 
probably formed by explosive fragmentation during erup-
tion but the common knobbly surfaces are quenched clast 
margins that are darker and finer crystallized than the clast 
interiors. Such pillow-like shapes are formed when fluid 
basaltic magma gets immersed into relatively cool magma 

Fig. 14  (a) Below the respective saturation pressure calculated after 
Liu et al. (2005), the vesicularity increase towards lower pressure is 
determined assuming equilibrium vesiculation. More hydrous interme-
diate to evolved crystal mush fragments would have an ~ 10 vol% lead 
on the vesicularity of trachydacite pumice. (b) Qualitative illustration 
of the relationships between amphibole phase boundaries (different for 
mafic and felsic magmas) and magma ascent paths as discussed in the 
text. TD and CM mark the trachydacite and crystal-mush reservoirs, 
respectively

 

1 3

Page 29 of 34      3 



Contributions to Mineralogy and Petrology           (2025) 180:3 

significant residence because entrained plagioclase was 
not resorbed and matrix amphibole did not precipitate. The 
ascent history of type-3 magma is probably similar to type-1 
but entrainment of crystal-mush material can have affected 
its cooling and crystallization history.

Eruption trigger

The presence of mafic, apparently comagmatic inclusions in 
the Alpehué tephra suggests mafic replenishment of the tra-
chydacite reservoir as a plausible eruption trigger (Naranjo 
et al. 1993), a scenario for which Cassidy et al. (2018) have 
reviewed a number of possible processes. We do, however, 
not find evidence for a massive overturn of highly vesicu-
lated mafic magma (Eichelberger 1980) or for extensive 
heating and convection of the felsic magma (Sparks et al. 
1977). Our results suggest that eruption triggering by mafic 
magma injection involved several steps:

(1)	 Earlier heating events, most likely caused by mafic 
intrusions and demonstrated by resorption and discon-
tinuous zonation patterns of plagioclase phenocrysts of 
the trachydacite (Fig. 5), did not cause eruption.

(2)	 The mafic magmas represented by the knobbly lava 
samples invaded the trachydacite reservoir in at least 
two separate pulses (Fig. 13b): first type 1 with subse-
quent resorption of entrained plagioclase, later type 2 
without such resorption shortly before eruption.

(3)	 At the time of eruption, the resident trachydacite had 
most likely reached water saturation and was thus criti-
cally susceptible to disturbances. Type-1 magma intru-
sion did not immediately trigger the eruption but type-2 
magma intrusion finally succeeded in driving reservoir 
pressure above eruption threshold. The evolved upper 
part of the underlying crystal mush reservoir apparently 
had also reached water saturation and we speculate that 
escaping fluids (e.g., Parmigiani et al. 2017) may have 
entered the trachydacite reservoir.

Once triggered, the eruption succeeded in almost immedi-
ately stabilizing a high-discharge rate Plinian eruption col-
umn as evidenced by the rapid increase in grain size at the 
base of the fallout tephra (see supplement S1). A favorable 
condition may also have been the presence of a conduit that 
had already been created by extrusion of minor crystal-poor 
melt from the top of the reservoir which had lost its gas 
phase during passage through a permeable conduit (Eichel-
berger et al. 1986) and formed an obsidian (crypto-)dome 
at the surface, the source of the co-magmatic obsidian frag-
ments (O1 in Figs. 2, 3 and 4) in the Alpehué tephra.

All knobbly lava magmas ascended at temperatures 
above amphibole stability (path A-D in Fig. 14b) because 
amphibole phenocrysts are absent (assuming that appar-
ent amphibole phenocrysts in type-3 samples are all crystal 
mush-derived). Glomerocrystic fragments bearing amphi-
bole phenocrysts were entrained along paths such as B-C 
(Fig.  14b) crossing the amphibole stability limit as they 
were heated in the host mafic magma but total transport time 
of these fragments until eruption and quenching at Earth’s 
surface was too short for any breakdown reactions. Accord-
ing to the experiments of Rutherford and Hill (1993) this 
requires average decompression rate  > 25 MPa/day, or < 6 
days from entrainment (B-C) to quenching (E-F) (which fits 
the estimate from faster plagioclase resorption). As a note 
of caution, it appears that amphibole reactions were much 
slower in experiments of Hammer and Rutherford (2003).

Type-1 knobbly lava samples have amphibole next to 
plagioclase in their microcrystalline matrix. This magma 
entered the trachydacite reservoir, cooled towards the ambi-
ent temperature and thereby crossed into the amphibole 
stability field (path D-E in Fig.  14b). On the other hand, 
type-2 samples, the lava region in type-3 sample JK075b, 
and the most mafic glomerocrystic clast JK003 do not have 
amphibole in their microcrystalline assemblage. Entrain-
ment of JK003 into the ascending mafic magma along a path 
like B’-C’ (Fig. 14b) may have involved minor cooling (cf. 
Table 1) but did not reach the amphibole boundary. These 
amphibole-free magma batches contained sufficient water 
for amphibole precipitation but must have followed a path 
of cooling and decompression crystallization that remained 
outside the amphibole stability field (D-F in Fig. 14b). This 
means that, although they physically passed through the tra-
chydacite reservoir, their cooling occurred shortly before or 
even during eruption so that they never entered the amphi-
bole stability conditions.

All knobbly lava samples are poorly vesicular and the 
thermohygrometric data suggest 2–4 wt% dissolved H2O at 
the time of early plagioclase precipitation which would not 
allow for vesiculation at pressures > 100  MPa (Fig.  13a). 
In type-1 samples microlite growth into irregular vesicles 
(Fig. 6d) suggests contemporaneous cooling-driven matrix 
crystallization and vesiculation by second boiling probably 
within the trachydacite reservoir but increasing solidifica-
tion stopped vesiculation at low porosity values. The very 
low porosity of type-2 knobbly lava clasts indicates an even 
earlier interruption of the vesiculation process.

In summary, type-1 basalt magma appears to have 
intruded the trachydacite reservoir first, possibly a few days 
before eruption, entrained and resorbed some plagioclase 
from the host magma, and was ultimately fragmented and 
quenched. Type-2 basalt magma penetrated the trachy-
dacite reservoir shortly before or during eruption without 
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was repeatedly disturbed by heating events probably associ-
ated with mafic-magma underplating.

However, only the ascent of the at least two mafic mag-
mas forming the knobbly lava fragments succeeded in trig-
gering the eruption, probably because the trachydacite had 
finally reached a state of water (over-)saturation. These 
rising basaltic magmas passed through the crystal-mush 
reservoir and entrained samples from its complete com-
positional range. The presence of melt, heating in the hot 
host magma and vesiculation promoted disintegration of the 
crystal-mush material. The absence of any breakdown reac-
tions in glomerocrystic amphibole and the width of finger-
print-resorption rims on trachydacite-derived plagioclase 
in type-1 knobbly lava constrain the duration of ascent and 
residence until eruption to a few days but type-2 basalt only 
intruded immediately before or during eruption.

The presence of crystal-rich fragments such as the 
glomerocrystic clasts in the Alpehué tephra is generally 
taken as evidence for the presence of a crystal-mush reser-
voir. There is no evidence that Sollipulli caldera was ever 
associated with a large-volume evolved magma reservoir 
(Gilbert et al. 1996), the Alpehué tephra erupted from a 
moderate-volume magma chamber (~ 8 km3 tephra volume, 
Naranjo et al. 1993), and our investigation yielded magma 
evolution constrained to the upper crust. The Sollipulli 
crystal mush body was thus a reservoir of moderate volume 
that did not extend through the entire crust as advocated for 
large-volume silicic systems (e.g., Cashman et al. 2017; 
Sparks et al. 2019). The Sollipulli crystal mush most likely 
was the source of a “parental” Alpehué trachydacite melt but 
its extraction from the mush must have occurred a long time 
before the eruption (a) because of the subsequent complex 
evolution of the trachydacite as recorded in zoned plagio-
clase and (b) because ~ 3000 years ago the mush melt had 
already become rhyolitic (except in the most mafic part).
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Conclusions

The Alpehué tephra is composed of crystal-rich (up to ~ 30 
vol%) trachydacitic pumice and ash but includes additional 
minor comagmatic components: (1) comagmatic (but also 
xenolithic) obsidian fragments, (2) highly inflated glomero-
crystic clasts with high crystal-glass ratios (~ 1 to 3) which 
range from basaltic to trachytic compositions, and (3) 
quenched knobbly lava fragments, which we divide into 
three types. Type-1 knobbly lava samples are phenocryst-
poor basalt, type 2 basalt contains abundant large, unzoned 
olivine and plagioclase crystals and crystal clots, and type 
3 represents intense mixtures between poorly phyric basalt 
and crystal mush-derived material.

All comagmatic components form a coherent, continuous 
differentiation path in major and trace element geochemi-
cal diagrams that overlaps with that formed by older Sol-
lipulli rocks. In particular, the glomerocrystic clasts show 
no sign of incompatible element depletion or compatible 
element enrichment that would indicate significant crystal-
melt segregation. We interpret these samples to represent 
a crystal-mush magma chamber continuously zoned from 
basal basaltic (~ 1100 °C, ~ 70% crystals) to upper trachytic 
(~ 850 °C, ~ 40% crystals) bulk-rock composition. Amphi-
bole is a stable phenocryst phase (and has partly replaced 
clinopyroxene) throughout this reservoir except for the hot-
test, most mafic basal part.

In contrast, the main trachydacite does not contain 
amphibole phenocrysts although plagioclase-melt hygrom-
etry yields water contents around 4 wt% H2O. The depth 
of the trachydacite reservoir (at ~ 850 °C) is therefore con-
strained (a) by a minimum pressure of ~ 100 MPa in order 
to avoid significant water oversaturation (Figs. 12 and 13a), 
and (b) by a maximum pressure not much greater than 
100 MPa in order to remain outside the amphibole stabil-
ity field (Fig. 13a). This implies that the trachydacite res-
ervoir formed a shallower, separate magma body and was 
not part of the crystal-mush reservoir which resided inside 
amphibole stability conditions at around 150–200 MPa as 
estimated from calculated water contents, barometric results 
and volume considerations.

The main trachydacite has large zoned plagioclase as 
its predominant phenocryst phase next to clinopyroxene 
and orthopyroxene which crystallized sequentially and not 
in equilibrium. Plagioclase zonations comprise a patchy 
resorbed core with variable An contents that is overgrown 
by finely stratified zonation through which An contents 
decrease outward but in an unsteady, zig-zag fashion with 
minor unconformities in stratification and with interrup-
tion by a major resorption zone rich in melt inclusions. This 
demonstrates a long history of differentiation of the trachy-
dacite magma towards its rhyolitic melt composition that 
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