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Abstract

Giant volcanic eruptions have the potential to overturn civilization. Yet, the driving mechanism and timescale over which

batholithic magma reservoirs transition from non-eruptible crystal mush to mobile melt-dominated stages and our capacity to

detect a pending super-eruption remain obscure. Here we show, using Sr isotope zonation in plagioclase crystals from three

Andean large magnitude eruptions (Atana, Toconao and Tara ignimbrites), that eruptible magma has emerged by amalgamation

of isotopically diverse crystal populations and silicic melt without large-scale reheating. In each case, crystals record large

isotopic diversity in crystal cores, converging towards a common value in crystal rims that coincides with the composition of

the rhyolitic carrier melt. Using diffusion chronometry, we constrain that the assembled eruptible magma has resided in the

Earth crust for timescales of no more than decades to centuries for Atana and Tara, and up to several millennia for Toconao.

These timescales and isotopic observations are consistent with the accumulation and destabilization of melt rich layers in crystal

mush. While the prospect of capturing such melt lenses with most geophysical monitoring techniques is pessimistic, gravity

modelling indicate that such structures are potentially resolvable. Our findings provoke a new assessment of the origin and

hazards associated with large magnitude explosive eruptions.
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Key Points:

• Sr-isotopes in plagioclase record the emergence of eruptible magma
through amalgamation of pre-existing mush in the Central Andes

• The amalgamated magma did not reside at depth for longer than centuries
to millennia based on diffusion chronometry

• Forward modelling indicates that high-precision gravity monitoring has
large potential to resolve eruptible magma amalgamation

Abstract

Giant volcanic eruptions have the potential to overturn civilization. Yet, the
driving mechanism and timescale over which batholithic magma reservoirs tran-
sition from non-eruptible crystal mush to mobile melt-dominated stages and
our capacity to detect a pending super-eruption remain obscure. Here we show,
using Sr isotope zonation in plagioclase crystals from three Andean large mag-
nitude eruptions (Atana, Toconao and Tara ignimbrites), that eruptible magma
has emerged by amalgamation of isotopically diverse crystal populations and
silicic melt without large-scale reheating. In each case, crystals record large iso-
topic diversity in crystal cores, converging towards a common value in crystal
rims that coincides with the composition of the rhyolitic carrier melt. Using
diffusion chronometry, we constrain that the assembled eruptible magma has
resided in the Earth crust for timescales of no more than decades to centuries
for Atana and Tara, and up to several millennia for Toconao. These timescales
and isotopic observations are consistent with the accumulation and destabiliza-
tion of melt rich layers in crystal mush. While the prospect of capturing such
melt lenses with most geophysical monitoring techniques is pessimistic, gravity
modelling indicate that such structures are potentially resolvable. Our find-
ings provoke a new assessment of the origin and hazards associated with large
magnitude explosive eruptions.

Plain Language Summary

Super-eruptions are the largest type of explosive volcanism on Earth. If such an
event would occur today, it could deeply impact human civilization. Yet, signals
that may emerge prior to large explosive eruptions are difficult to constrain. To
gain greater understanding of the mechanisms and timescales at which giant
melt-rich reservoirs form and to evaluate our capacity of capturing the evolu-
tion towards large volcanic eruptions, we studied plagioclase crystals from three
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large magnitude eruptions in the Central Andes. Using a new type of laser
mass spectrometer we analyzed Sr-isotopes in traverses from crystal cores to
rims, which provides a temporal record of melt composition. Our results show
that in each case, the eruptible magma amalgamated from distinct pre-existing
magma pockets that became merged prior to eruption. This merged state of
the magma did not exist for longer than a few hundred to thousands of years
based on the preservation of the crystal Sr-isotope traverses at high tempera-
tures. These results are consistent with the accumulation and destabilization of
melt-rich layers on timescales comparable to human lifespans. Although most
geophysical imaging methods are unlikely to capture this process, our calcula-
tions indicate that gravity monitoring of super-volcanoes can potentially resolve
such structures.

1 Introduction

Earth history is punctuated by voluminous outbursts of magma, commonly
termed super-eruptions, when a dense rock volume of greater than 450 km3

is explosively discharged to the Earth surface (Self, 2006; Wilson et al., 2021;
Sparks et al., 2022). Such events are rare but will inevitably occur again in the
future with severe consequences for life on Earth (Rampino, 2002; Self and Blake,
2008; Papale, 2018; Black et al., 2021). While several volcanoes capable of pro-
ducing such eruptions have been identified, the processes and timescales over
which such systems transition from dormancy to eruption are not well under-
stood. Such information is, however, crucial to evaluate our capacity to capture
the evolution towards large magnitude eruptions using geophysical monitoring
techniques and constrain potential eruption harbingers.

A prerequisite to producing a supereruption is that sufficiently large volumes of
eruptible magma (i.e. magma with typically <50 % crystallinity) accumulate
in Earth’s crust (Marsh, 1981; Vigneresse et al., 1996; Bachmann and Bergantz,
2008; Annen, 2009; Dufek and Bachmann, 2010; Caricchi et al., 2014; Barker
et al., 2016). The search for such high melt fraction anomalies by geophysical
methods has to date, however, been inconclusive (Magee et al., 2018), providing
one of the various lines of evidence to the widely recognized notion that mag-
matic systems spend most of their lifespan in a crystal-rich non-eruptible state
(i.e. crystal mush) (Bachmann and Bergantz, 2004, 2008; Cashman et al., 2017;
Jackson et al., 2018; Bachmann and Huber, 2019; Edmonds et al., 2019). Such
crystal mushes are comprised of a rigid crystal framework and interstitial melt,
which due to rheological impediments are not eruptible until some melt mobil-
isation process takes place, the nature of which is still widely debated (Sisson
and Bacon, 1999; Burgisser and Bergantz, 2011; Wotzlaw et al., 2014; Barker
et al., 2016; Gualda and Sutton, 2016; Pistone et al., 2017; Rubin et al., 2017;
Szymanowski et al., 2017; Spera and Bohrson, 2018).

Geochemical observations and theoretical modelling have been used to argue for
both long (several hundred ka) and short (month to centuries) timescales for the
transition from mush to eruptible magma. Intrusion of hot mafic magma into or
beneath crystal mushes may induce melting and reduce the fraction of crystals

2



present in such systems, thereby increasing eruptibility. Support for this hy-
pothesis, commonly termed ‘thermal rejuvenation’, has been derived from the
resorption or absence of mineral phases in the erupted rock (Bachmann et al.,
2002; Sliwinski et al., 2019) or in the form of time-temperature reconstructions
based on zircon dating and trace element chemistry (Claiborne et al., 2010;
Wotzlaw et al., 2013, 2014; Klemetti and Clynne, 2014; Tapster et al., 2016;
Szymanowski et al., 2017, 2019). Thermodynamic and fluid mechanical models
of thermal reactivation processes require timescales of 1000s to 10.000s of years
(Huber et al., 2011; Spera and Bohrson, 2018), consistent with zircon-derived
estimates, showing evidence for an evolution towards higher temperatures prior
to large eruptions. However, temperature increases over such timescales may
also reflect the long-term thermal maturation of magma reservoirs during their
assembly, which for moderate magma fluxes will inevitably lead to increasing
temperatures with time without the need of a causative rise in crustal magma
injection rates (Weber et al., 2020b, 2020a; Liu et al., 2021; Lukács et al., 2021).
Crystal-scale studies that employ modelling of the diffusive relaxation of elemen-
tal contents in various mineral phases, frequently find evidence for the assembly
of eruptible magma on timescales of decades to centuries prior to volcanic erup-
tions, independent of their size (Druitt et al., 2012; Allan et al., 2013, 2017;
Chamberlain et al., 2014; Cooper et al., 2017; Rubin et al., 2017; Shamloo and
Till, 2019). While it has been argued that such short timescales are inconsistent
with thermal rejuvenation and may reflect single magma recharge events rather
than the assembly of eruptible magma (Spera and Bohrson, 2018), numerical
models of the growth and destabilisation of melt-rich layers in crystal mush
do not require large-scale reheating and are consistent with rapid timescales
(Burgisser and Bergantz, 2011; Jackson et al., 2018; Seropian et al., 2018).

Mineral-scale reconstructions of the processes and pace of eruptible magma as-
sembly prior to volcanic eruptions can be ambiguous due to multiple, aliased
dependencies (e. g. pressure, temperature, melt chemistry, fO2, aH2O) that
may blur the interpretation of such records. We take advantage of recent tech-
nical improvements in the capability to measure in-situ Sr isotope ratios in pla-
gioclase crystals (Bevan et al., 2021), a record that is only dependent on melt
isotopic composition during crystal growth and is consequently less ambiguous
to interpret than simple elemental crystal zonation pattern (e.g. Tepley et al.,
2000; Davidson et al., 2001, 2007; Ramos et al., 2005; Chadwick et al., 2007;
Charlier et al., 2007; Waight and Tørnqvist, 2018). We show that the crystal
cargo of three ignimbrite-forming eruptions from the Altiplano-Puna Volcanic
Complex (Central Andes), originated from spatially and/or temporally sepa-
rated magma batches that were merged by mingling with a common rhyolitic
melt prior to eruption without evidence for thermal rejuvenation. Using dif-
fusion chronometry, we estimate that the final assembled magma has resided
pre-eruptively for no more than a few decades to millennia in the Earth crust.
Finally, we discuss and evaluate our capacity to capture the evolution towards
large magnitude eruptions using state-of-the-art geophysical methods.

2 Regional Context: Altiplano-Puna Magma Body and Ignimbrites
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Recent geophysical and geodetic surveys have revealed a colossal, active magma
accumulation beneath the Altiplano-Puna highland of Northern Chile and Bo-
livia (Fig. 1), comprising a volume of roughly 500,000 km3 of partially molten
rock with melt fraction of about 20 %, (Pritchard et al., 2018). Over the last 10
million years this area, referred to as Altiplano-Puna Volcanic Complex (APVC),
has been one of the most productive volcanic regions on Earth (De Silva et al.,
2006; Kay et al., 2010; Salisbury et al., 2011; Brandmeier and Wörner, 2016;
Kern et al., 2016; de Silva and Kay, 2018). A direct relationship between this
large magma body the Altiplano Puna Magma Body, APMB), which has been
imaged by seismic, gravity and magnetotelluric techniques (Zandt et al., 2003;
del Potro et al., 2013; Ward et al., 2014, 2017; Comeau et al., 2015, 2016), and
extensive deposits of voluminous pyroclastic density currents (or ignimbrite) can
be inferred from the juxtaposition of large silicic caldera complexes and the in-
ferred geophysical anomaly (Fig. 1). Large scale ground deformation has been
observed over the last 20 years centred at Uturuncu stratovolcano in the central
part of the APVC, testifying to the active nature of the APMB (Hickey et al.,
2013; Perkins et al., 2016; Gottsmann et al., 2017). In this study we reconstruct
the conditions and processes leading up to three large eruptions in the APVC
that span a range of bulk-rock compositions and volumes: The dacitic Atana
and Tara, and rhyolitic Toconao ignimbrites.

The Atana and Toconao ignimbrites have been traced back to a source within
the 60 to 35 km-wide La Pacana caldera complex in Northern Chile (Gardeweg
and Ramírez, 1987; Lindsay, 2001; Lindsay et al., 2001). With an estimated
dense rock equivalent (DRE) volume of 1600 km3, the Atana ignimbrite is the
most voluminous eruption known in the Central Andes (Lindsay et al., 2001;
Brandmeier and Wörner, 2016), marking the peak conditions in the flare-up
of large magnitude eruptions that this region has experienced over the last 10
Ma (de Silva and Gosnold, 2007; de Silva and Kay, 2018). Volume estimates
for the Toconao eruption have been challenging due to limited exposure, but
the preserved outflow sheet has a volume of about 180 km3 (Lindsay et al.,
2001). 40Ar/39Ar dating of biotite grains has constrained the isochrone age of
the Atana eruption to 3.92±0.14 Ma (Salisbury et al., 2011). Although high
precision geochronology is currently not available for the Toconao eruption, its
stratigraphic position below the Atana ignimbrite, K-Ar dating and U-Pb ages
of zircon crystals indicate eruption between 4.0 and 4.5 Ma (de Silva, 1989; Kern
et al., 2016). Thus, these two ignimbrites could have been erupted in rapid suc-
cession. Mineral thermobarometry has been used to constrain a pre-eruptive
pressure of 200 MPa and temperatures for the Atana and Toconao ignimbrites
to be 770-790°C and 730–750°C, respectively (Lindsay, 2001). The pre-eruptive
water contents have been determined by melt inclusion analysis and phase equi-
libria modelling to be 3.1-4.4 wt.% for the Atana ignimbrite and 6.3-6.8 wt.%
H2O for the Toconao magma (Lindsay, 2001). Like other Central Andean ig-
nimbrites, initial (i.e. time-corrected) whole-rock 87Sr/86Sr compositions are
highly heterogeneous for different whole-rock samples but overlapping for the
Atana and Toconao eruptions within the range 0.7093-0.7131, confirming an
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important petrogenetic role of crustal assimilation, in keeping with other silicic
magmas of the APVC (Lindsay, 2001; Schmitt et al., 2001; Kay et al., 2010;
Freymuth et al., 2015; Brandmeier and Wörner, 2016).

The dacitic Tara ignimbrite is sourced from the 20 x 30 km wide Guacha II
Caldera in Bolivia, part of the larger nested Cerro Guacha caldera complex
(Grocke et al., 2017a, 2017b) lying approximately 35 km north of La Pacana.
A minimum DRE volume of 800 km3 has been constrained for the Tara erup-
tion (Grocke et al., 2017a), placing it intermediate between the Atana and To-
conao eruptions and other ignimbrites in the APVC. Radiometric dating by the
40Ar/39Ar technique indicates eruption at 3.49±0.01 Ma (Salisbury et al., 2011),
consistent with the youngest U-Pb zircon age (Kern et al., 2016). Quartz-hosted
melt inclusion analysis has been used to constrain pre-eruptive water contents
of up to 6.0 wt.% H2O, in agreement with magma storage pressures of about
200 MPa and temperatures of 800-850°C, as derived from amphibole thermo-
barometry (Grocke et al., 2017a). 87Sr/86Sr-isotope ratios of bulk-rock samples
span the range 0.709380–0.713159, similar to the observed variability for the
Atana and Toconao eruptions.

Figure 1. Sampling locations of the Atana (yellow star), Tara (purple star),
and Toconao (green star) ignimbrites in the Altiplano-Puna Volcanic Complex.
Outlines of the La Pacana and Guacha II calderas are indicated by white dashed
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lines, while other calderas in the area are marked as grey dots. The extent of the
mid-crustal Altiplano-Puna Magma body at 15 km depth (Ward et al., 2014) is
projected on the relief map. Ground deformation pattern, centered at Uturuncu
volcano in Bolivia (red triangle), are shown as red (uplift) and grey (subsidence)
dashed lines (Pritchard et al., 2017). The inset shows the location of the study
area in the border region between Chile, Argentina, and Bolivia. Relief Map
was modified from MFF-maps under Creative Commons CC0.

3 Materials and Methods

2.1 Sample collection and processing

Samples of the Atana, Toconao, and Tara ignimbrites studied in this contribu-
tion were collected during a field campaign in Northern Chile in 2018. Photo-
graphic documentation of sampling locations can be found in supplementary Fig
1. The Atana ignimbrite sample was collected on the western flank of Cerro La
Pacana, the resurgent dome of the caldera, at 4739±4 m altitude along a roadcut
on Ruta 27 (GPS coordinates: 23°06’27.83” S, 067°29’42.13” W). The Tara ign-
imbrite was sampled inside the moat of the La Pacana caldera, where it occurs as
isolated pillars and steep erosional cliffs (altitude: 4541±4 m; GPS coordinates:
23°03’19.13” S, 067°29’46.63” W). Sampling of the Toconao ignimbrite was car-
ried out in its type locality at Quebrada de Jerez, 1 km east of Toconao village
(altitude: 2531±4 m; GPS coordinates: 23°11’18.86” S, 067°59’31.11” W). The
samples were processed to separate pumice-hosted plagioclases by crushing the
rocks using a sledgehammer and hydraulic press at the University of Geneva,
Switzerland. The crushed samples were washed in de-ionized water and dried
in an oven at 40°C, before sieving to a size fraction >1 mm. Plagioclase crystals
were then handpicked under a binocular microscope, mounted in epoxy resin,
and polished in several steps under water and with diamond paste.

2.2 Electron-beam techniques

The epoxy mounts were coated with a 20 nm thick layer of carbon prior to imag-
ing and analysis with electron beam techniques. Back-scattered electron (BSE)
images of plagioclase zonation textures were acquired using a JEOL JXA 8200
Electron Probe Microanalyzer (EPMA) at 15 kV acceleration voltage and 15-20
nA beam current at the University of Geneva and at the Research Laboratory
for Archaeology and History of Art, University of Oxford. Quantitative EPMA
traverses were obtained using a JEOL JXA8530F Hyperprobe at the University
of Bristol (UK) and at the Research Laboratory for Archaeology and History
of Art (University of Oxford, UK) by wavelength-dispersive x-ray spectrome-
try (WDS). All measurements were obtained with an electron beam focused to
~2µm, beam current of 15-20 nA and acceleration voltage of 15 kV. The instru-
ments were calibrated by repeated measurements of in-house standards, which
were also analysed at the beginning, during and at the end of the plagioclase
analyses. Measurements that showed totals outside the range 98.5 – 101.5 wt.%
were discarded.

2.3 In-situ Sr isotope analysis
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The in-situ Sr isotope analysis of plagioclase grains was conducted at the Bristol
Isotope Group mass spectrometry laboratory in the University of Bristol. The
Sr isotope analysis was carried out using Proteus, a unique collision cell, multi-
collector inductively coupled plasma mass spectrometer with a pre collision cell,
quadrupole mass filter (CC-MC-ICPMS/MS), coupled to a TeledyneTM Photon
Machines 193 nm Analyte G2TM ArF excimer laser ablation system equipped
with an aerosol rapid introduction system (ARIS) (Bevan et al., 2021).

The standard laser ablation conditions used for sampling were a laser fluence
of 6 J cm-2, a repetition rate of 10Hz, and laser pulse count of 600. The laser
spot diameters varied between 50 and 85 µm. Laser ablation spot transects
were positioned from plagioclase core to rim, perpendicular to zoning interfaces
visible using back scatter electron (BSE) imaging. Each analysis was conducted
using a fixed laser spot position. To exclude any periods of washout a single
measurement cycle at the beginning and the end of ablation was rejected from
the data.

During analysis the Proteus pre collision cell quadrupole was operated in band-
pass mode, only permitting the stable ion transmission of 87 ± 5 u/e (unified
atomic mass units per electronic charge) onward into the collision cell. Sulphur
hexafluoride (SF6) was utilised as the collision cell reaction gas to provide chem-
ical resolution of Rb and Sr ions during analysis. This gas was demonstrated
to display no observable reaction with Rb+ and exhibits an efficient exothermic
reaction with Sr+ to form SrF+ (Bevan et al., 2021). The reaction gas mixture
used was 5% SF6 (99.99% purity) in He (99.9999% purity) which was further
diluted using a separate He gas cylinder (99.999% purity). Total He and SF6
collision cell gas flows used during analysis were 3 and 0.03 ml min-1. The use
of SF6 as a reaction gas to provide Rb and Sr chemical resolution is so efficient
that no 87RbF correction is required in samples with �Rb/Sr = 100 (Bevan et
al., 2021). Thus, no 87RbF correction was applied to the data presented here.

A ‘low-resolution’ aperture slit (DM/M~3000, 5-95% peak height definition) was
used for all analysis, as this provides sufficient mass resolving power to avoid
any measurement of cell-derived SF3O+ isobaric interferences. To enhance Sr
ion sensitivity a cold plasma Ni skimmer cone was used (Bevan et al., 2021). Ion
beam collection was achieved using an array of Faraday cup collectors, equipped
with 1011 Ω feedback resistors, in a static measurement configuration. A total
measurement integration time of ~ 60 seconds was used for all analyses. Mea-
sured 87SrF+ /86SrF+ ratios were internally normalised to an 86Sr /88Sr ratio
of 0.1194 using the exponential mass fractionation law (Russell et al., 1978) and
the atomic Sr masses. The internally normalised 87Sr/86Sr ratios for the Atana
plagioclase were externally normalised to internally-normalised measurements
of in-house plagioclase standard Te-1, using a reference 87Sr/86Sr of 0.704000
determined by previous thermal ionisation mass-spectrometry measurements, to
correct for any residual instrumental artefacts (Bevan et al., 2021). A more de-
tailed description of the in-situ Sr isotope method used in this study is provided
in Bevan et al., 2021.
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2.4 Age correction of 87Sr/86Sr

Continued beta decay of 87Rb may have led to ingrowth of the stable 87Sr in pla-
gioclase crystals and groundmass glasses long after the cooling of the ignimbrites,
given their eruption ages of several million years. To test the significance of this
effect in plagioclase, a subset of crystals from each of the studied eruptions were
analysed for 85Rb/88Sr, which was externally normalised to NIST SRM 610 to
calculate the sample 87Rb/86Sr ratio. Using the age equation of the form:

( 87Sr
86Sr )

initial
= ( 87Sr

86Sr )
observed

− 87Rb
86Sr 𝑒((� t)−1) ,

where � is 1.3972 × 10−11 a−1, the decay constant of 87Rb (Villa et al., 2015),
and t is the relevant eruption (Salisbury et al., 2011). The calculations indicate
that radiogenic ingrowth in plagioclase crystals of the considered eruptions is
smaller than the analytical uncertainty and is thus not considered further. All
glass analyses presented in the manuscript have been corrected to initial values
at the eruption age using the same approach.

2.5 Diffusion modelling

To constrain the maximum timescales of plagioclase crystal residence we model
the diffusive equilibration of Sr-isotopes in plagioclase at pre-eruptive magmatic
temperatures. Diffusion coefficients for Sr equilibration in plagioclase have been
determined experimentally by Cherniak and Watson (1994) for elemental (chem-
ical) diffusion and by Giletti and Casserly (1994) using an isotopic tracer ap-
proach. We consider the latter experiments more applicable to model 87Sr/86Sr
diffusion in plagioclase, given the diffusion style, major element compositional
and temperature range (An2-An96; 550-1300°C) of the experimental calibra-
tion. The Arrhenius equation for the tracer diffusion coefficient of Giletti and
Casserly (1994) can be written as:

𝐷 = 2.92 × 10−4.1𝑋An−4.08 exp ( −276000
RT ),

where XAn is the molar fraction of anorthite in plagioclase, R is the ideal gas con-
stant, and T is the temperature in Kelvin. To account for the spatial dependence
of the diffusion coefficient along the XAn profile, we solve the one-dimensional
diffusion equation of the form:
𝜕𝐶
𝜕𝑡 = 𝜕

𝜕𝑥 (𝐷(𝑥) 𝜕𝐶
𝜕𝑥 ),

where C is 87Sr/86Sr, t is time in seconds, and x the spatial coordinate in meters.
We use an explicit finite difference method to solve the diffusion equation nu-
merically (Costa et al., 2008; Dohmen et al., 2017; Weber et al., 2019). As D is
variable as a function of space, which is constrained by the XAn profile, it must
be evaluated between numerical nodes to maintain accuracy of the solution. The
discretised diffusion equation takes the form:

𝜕
𝜕𝑥 (𝐷(𝑥) 𝜕𝐶

𝜕𝑥 ) │𝑖 =
𝐷𝑖+ 1

2
𝐶𝑖+1−𝐶𝑖

dx − 𝐷𝑖− 1
2

𝐶𝑖−𝐶𝑖+1
dx

dx ,
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where i is the index of the numerical node, dx is the spatial dimension of a
numerical grid point. The An and Sr-isotope profile for each modelled crystal
were interpolated to 700 numerical grid points using a cubic spline fit. The
left boundary of the Sr -isotope profile, corresponding to the outermost rim
in contact with melt, was fixed at its initial value throughout the simulation,
thereby treating the melt as an infinite reservoir able to diffusively equilibrate
with the crystal. In cases of contrasting outermost rim and glass compositions,
we additionally ran simulations in which the outer boundary was set at the
observed glass Sr-isotope ratio. A zero flux boundary conditions was employed
at the end of the right side of the profile in the interior of the crystal. Initial
conditions in the diffusion modelling and used temperatures are discussed in the
main text.

3 Results

3.1 Textural and geochemical characterization

A total number of 47 crystals for the three studied eruptions i.e. Atana: n=15,
Toconao: n=19, and Tara: n=13, have been imaged using back-scatter electrons
(BSE) to reveal their chemical zonation pattern. A representative selection of
the zoning types of these crystals is shown in Fig. 2 and the full set of BSE
images that were collected within the course of this study are available in the
electronic supplementary materials. The imaged grains span a wide range of
textural types, but are typically subhedral in shape with facetted rims and
partially broken faces along cleavage plains that may either be attributed to
crushing during sample preparation but may also reflect volcanic processes (van
Zalinge et al., 2018). Although the zoning is complex with multiple resorption
and overgrowth horizons, the pattern in most crystals can be described as nor-
mal zoning with higher An contents in the cores compared to overgrowth rims.
Several common and distinct features are evident between samples from differ-
ent eruptions. Atana plagioclase show the most severe zonation pattern with
multiple dissolution horizons, patchy and sieve textures in crystal cores that are
present in 13 out of 15 imaged grains. Later stages of crystal growth prior to
Atana eruption have resulted in oscillatory or multi-step rim formation of typ-
ically a few 100 µm thickness and lower An contents. Boundaries between the
described growth zones frequently show sudden shifts in BSE intensity, with or
without the presence of resorption surfaces, indicating that the crystals have ex-
perienced drastic shifts in conditions during their growth history. Comparable
zoning textures of relatively high An content in remnant crystal cores, however
with less severe reaction textures, are observed in 10 out of 19 crystals from the
Toconao eruption. Like Atana plagioclase, overgrowth rims in Toconao grains
show weak oscillatory zoning that comprise the bulk of most grains. The de-
scribed textures of Atana and Toconao plagioclase are similar to Tara grains,
yet a distinct feature in the BSE images of the latter eruption is the presence
of more pronounced resorption horizons in the interior of the crystals, resulting
in greater amplitude of compositional oscillations. Such horizons are present in
5/13 grains at distances of 200 to 1000 µm from the crystal rim. Taken together,
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the observed zonation pattern for the three eruptions are similar in that they
record oscillatory overgrowth of compositionally distinct pre-existing grains but
no evidence for large scale reheating of the system, which would be manifest in
crystal rims as either pronounced resorption surfaces or reverse zonation with
high BSE intensity.

Figure 2. Back-scatter electron images of plagioclase crystals from the Atana
(a-d), Tara (e-h), and Toconao (i-l) eruptions. Greyscale backscatter electron
intensities were recolored to enhance the visibility of prominent zonation features
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using the software package ImageJ. The color scale is proportional to the major
element composition of the crystals, with blue color tones corresponding to lower
An-contents and yellow colors indicative of higher An contents in plagioclase.

Figure 3. Histograms of molar anorthite contents of plagioclase crystals from
the a) Atana (orange), b) Toconao (green), and c) Tara (purple) ignimbrite. In
each case, filled columns represent crystal rim compositions and filled columns
are plagioclase core compositions that have been assigned based zonation tex-
tures in BSE images. Atana and Toconao histograms show multi-modal distri-
butions of rim and core compositions, while Tara samples are more restricted
and uni-modal in plagioclase chemistry.

To quantify the compositional variation in major and minor elements of plagio-
clase, 28 crystals (10 Atana, 9 Tara, and 9 Toconao) were chosen for EPMA
analysis. Our dataset comprises 1700 spot analysis (Atana: 1005, Tara: 315,
Toconao: 380), with spacing of 15 to 40 µm between adjacent measurement
spots for all grains, except for 8 Atana crystals that were measured with higher
spatial resolution of 5-10 µm. Molar anorthite (An) contents span a wide range
of An29-80 for Atana, An30-76 for Tara, and An15-77 for the Toconao eruption
(Fig. 3a, b). These findings expand the ranges of previously published plagio-
clase data, namely An35-49 for Atana and An12-30 for Toconao (Lindsay et al.,
2001b). Plagioclase compositions of the Tara ignimbrite are constrained to vary
between An30-76 (Fig. 3c), expanding the previously reported range of An30-
66 (Grocke et al. 2017a). Both minor reverse and normal zonation pattern are
evident (Fig. 2), resulting in no systematic difference between crystal cores and
rim compositions (Fig. 3). Core-rim differences are, however, pronounced in the
Atana and Toconao samples. Compositional distributions of An (mol.%) con-
tents for the Atana and Toconao eruptions are bimodal, with prominent peaks
between An35-42 for Atana and An20-23 for Toconao that correspond textu-
rally to crystal rim compositions. Core compositions for Atana crystals are
multi-modal with peaks between An40-55 in oscillatory zoned grains, and An65-
80 in crystals with sieve or patchy zoned cores. Toconao plagioclase cores span a
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wide range (An20-80) but show a dominant peak between An30-50, overlapping
with the mode of Atana rim and oscillatory core compositions. Considering the
close temporal and spatial association of the Toconao and Atana eruptions, and
that the crystal-poor Toconao rhyolite may represent an extracted liquid from
the larger crystal-rich dacitic reservoir that fed the Atana eruption (Lindsay
et al., 2001b), a petrogenetic link between the overlapping crystal populations
could be expected. However, FeOt contents of Atana plagioclase span a much
narrower range of 0.23-0.25 wt.% (1st to 2nd quantile) at An30-50 compared
to Toconao plagioclase (FeOt = 0.15-0.23 wt.%; 1st to 2nd quantile), indicating
that the two eruptions have separate and distinct petrogenetic histories (Fig.
4a).

The relation of major and minor element zonation in plagioclase can be further
used to gain insights into pre-eruptive magmatic conditions during crystalliza-
tion. The transition from crystal cores to rims of most of the analysed Atana,
Toconao, and Tara plagioclases, show sudden drops in An content on the order
of 10 - 40 mol.% (Fig. 4b; Fig. 5). These shifts in An may be associated with
drops and increases on the order of 0.05 to 0.2 wt. % FeO, but in some cases
FeO remains invariant with respect to An (Fig. 4b, Fig. 5). Petrological experi-
ments show that the An content is positively correlated with temperature, pH2O
and more mafic melt chemistry (Cashman and Blundy, 2013), whereas FeO is
mostly sensitive to fO2 and the Fe content of the melt (Wilke and Behrens,
1999). Anorthite-dependent partitioning calculations (Bindeman et al., 1998)
using a range of bulk-rock, melt inclusion and groundmass compositions for
the three studied eruptions indicate a strong melt chemical control for grains
showing large core to rim variation. These calculations do not account for the
fO2 dependence of Fe partitioning in plagioclase, but a comparison of predicted
partition coefficients using the Bindeman et al., (1998) model and experiments
of Wilke and Behrens (1999) show good agreement at fO2 values relevant for
the three eruptions considered here (Lindsay et al., 2001; Grocke et al., 2017;
supplementary Fig. 3). High An cores (~An60-80) in Atana samples are consis-
tent with crystallisation from liquids similar to the bulk-rock dacite and minor
andesite inclusions (Fig. 6a), while more evolved Toconao (~An30-50) and Tara
(~An30-50) cores reflect growth from mostly rhyolitic melts (Fig. 6b, c). While
this is consistent with a strong melt chemical control on the observed compo-
sitional variation, the shift in An content without co-variation in FeO that is
observed in several crystals of each eruption (Fig. 5b, d, e, f) is more consistent
with a change in pre-eruptive pH2O. Additionally, in some crystals FeO and An
contents, show a linear increase towards the outermost rim (Figs 5a, b, d, e),
which could be indicate progressive heating of a mush reservoir. We test the sig-
nificance of this hypothesis by using two plagioclase-liquid models to translate
increasing An contents into temperature changes (Putirka, 2005; Waters and
Lange, 2015). Using a fixed melt H2O content of either 4 or 7 wt.%, total pres-
sure between 200 and 400 MPa, and the Atana groundmass glass composition
(Lindsay et al., 2001b), the observed linear increase in An content of 10 mol.%
can be translated into about 10 to 20°C. Based on water saturated experiments
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for dacite bulk-rock compositions at 200 MPa at temperatures < 800°C (Car-
icchi and Blundy, 2015), temperature variation of 10-20°C could translate into
a melt fraction change of about 10%, which is unlikely to have generated the
eruptible magma in the case of the Atana eruption. In summary, the An-FeO
systematics of plagioclase indicate a wide variety of different histories for indi-
vidual crystals that experienced changes in melt chemistry and pH2O during
their growth.

Figure 4. a) Anorthite (An - mol.%) versus total FeO (wt.%) in plagioclase
from the three studied ignimbrites. Color coding and symbols reflect the erup-
tion: Atana (orange dots), Tara (purple triangles), and Toconao (green squares).
Data for the Tara eruption from Grocke et al., (2017) were filtered for analytical
totals between 98.5 and 101.5 wt.% and are shown as pink triangles. Published
plagioclase FeO contents for the Atana and Toconao eruptions (Lindsay et al.,
2001b) are reported to one decimal place and are therefore not shown. b) Sam-
ple data as in a) but with plotted trajectory of a single crystals for each of the
eruption with corresponding colors.
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Figure 5. Profiles of analytical traverses (EPMA: black lines; LA-MC-ICP-
MS: red spots) through selected plagioclase crystals are shown on BSE images.
Greyscale intensity of the BSE images was color coded for An content. Major
and minor elemental zonation traverses (An: black squares; FeO: red dots)
and 87Sr/86Sr are shown for each crystal versus distance from the crystal rim
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(µm). Black shaded areas indicate correspondence between EPMA and isotope
traverses. (a-b) Atana crystals, (c-d) Plagiolcase from the Tara eruption, and
(e-f) crystals from the Toconao ignimbrite. Representative error bars (2SE) and
spatial resolution are shown for each isotope profile as black cross.
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Figure 6. Molar fraction of anorthite (Xan) versus FeOt (wt.%) for all pla-
gioclase crystals from the three studied eruptions a) Atana, b) Toconao, and c)
Tara. Colored lines in each plot show equilibrium partitioning of FeO in plagio-
clase for a range of bulk-rock and glass compositions for each of the eruptions
(Lindsay et al., 2001b; Grocke et al., 2017b) in the temperature range 700 (col-
ored darker lines) to 900°C (brighter lines) using the An-dependent partitioning
relations of Bindeman et al., (1998). Melt inclusion and groundmass glasses are
shown as blue, bulk-rhyolites as green, bulk-dacite as orange, and bulk-andesite
as pink lines.

3.2 Crystal Sr-isotope stratigraphy

Plagioclase crystals from all three studied eruptions show considerable 87Sr/86Sr
zonation pattern in core to rim traverses, reflecting changes in melt composition
in the run-up to these events. The Sr isotopic composition in Atana crystals
ranges from 0.7082 to 0.7123 (representative 2SE uncertainty: ±0.0002), which
is larger than the spread of 0.7094 to 0.7116 recorded by published bulk rock
compositions (Lindsay et al. 2001b), but similar to the total 87Sr/86Sr bulk-rock
diversity of various APVC ignimbrites (Kay et al., 2010). Toconao plagioclases
record Sr-isotopic compositions of 0.7080-0.7100, significantly lower compared to
published values for bulk pumices of 0.7106-0.7131 (Lindsay et al. 2001b), while
Tara crystals range from 0.7093-0.7118, overlapping but lower than published
bulk-pumice analyses (87Sr/86Sr = 0.7094-0.7132) for this eruption (Grocke et
al. 2017b). These differences likely reflect the limited number of crystals anal-
ysed in this study, given the highly heterogeneous compositions of both crystals
and bulk-rock analyses. As shown in Fig. 7, Sr-isotope profiles for each of
the three eruptions show a common and systematic pattern of high isotopic di-
versity in crystal cores, evolving in strong gradients towards crystal rims that
clearly show less isotopic variability compared to the interiors. Furthermore,
the outermost rim composition records a common isotope ratio of 0.7094-0.7095
in 7 out of 10 crystals for the Atana eruption, 0.7088-0.7092 for Toconao (9/9
crystals), and 0.7105-0.7108 for Tara plagioclase (9/9 crystals). 87Sr/86Sr of out-
ermost crystal rims for Atana and Toconao plagioclase coincides with the matrix
glass composition of the ignimbrites, showing that the final stage of plagioclase
growth reflects the carrier melt of the eruptible magma feeding each eruption.
Tara glass compositions are on average lower compared to the outermost crys-
tal rim compositions but mostly in agreement within measurement uncertainty.
As the Sr isotope ratio in plagioclase records the melt isotopic composition at
time of growth, which may later be modified by diffusive re-equilibration, this
convergence of 87Sr/86Sr documents a drastic change in melt chemistry prior to
each eruption. More importantly, the more homogeneous isotope ratio towards
the rim of crystals suggests that the final eruptible magma that fed the three
eruptions emerged by digestion of multiple distinct crystal populations, which
must have separately developed in space and/or time, each of them undergoing
their own distinctive evolution during growth from melt together with variable
degrees of crustal contamination.
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The processes that led to the amalgamation of the isotopically diverse crystal
population prior to the Atana, Toconao and Tara eruptions can be further un-
derstood by tracing the evolution of 87Sr/86Sr and FeO in the melt. Using
An-dependent partitioning relations (Bindeman et al., 1998), we invert plagio-
clase FeO contents into equivalent melt concentrations (Fig. 8) and link the
melt evolution to textural features observed in BSE images (Fig. 5). High An
crystal cores show melt equivalent FeO contents between 1.2 and 4.9 wt. %, con-
sistent with their derivation from evolved andesitic or dacite melts and depletion
of FeO contents during crystallization processes. The Sr-isotopic composition
of high An cores vary between 0.7082 and 0.7111 with several trajectories of
FeO depletion at different 87Sr/86Sr, indicating that crystallization of individ-
ual magma aliquots that led to the formation of these cores occurred from a
wide range of melts with variable degrees of crustal contamination. In contrast,
rim compositions show melt equivalent FeO contents of mostly below 1 wt.%,
implying that they grew from rhyolitic melt compositions. While FeO contents
of the melts during crystallization of crystal mantles and, in particular, rims
have been restricted, Sr-isotope compositions of plagioclase, which reflect the
melt composition, show large variation. Such changes are inconsistent with
simple crystallization or crustal assimilation scenarios but can be explained by
progressive convergence of Sr isotopes in mixing/mingling processes of diverse
crystal-rich magma pockets and/or disintegration of solid residue by an invasive
rhyolite melt of different 87Sr/86Sr composition for the three cases. Our data do
not permit to estimate mixing/mingling endmembers or proportions, but the
incoming melt may have merged a larger number of isotopically distinct crystal
populations, which permits the definition of simple binary endmembers using a
steep mixing hyperbola (Fig. 8b). In summary, the isotopic and geochemical
systematics of Atana, Toconao, and Tara plagioclase crystals record a late stage
convergence related to mixing/mingling of a rhyolite melt and diverse crystal
populations without evidence for large-scale heating. This hybridization pro-
cess must therefore be related to an increase in melt fraction at relatively low
pre-eruptive temperature.
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Figure 7. Sr isotopic traverses through plagioclase and groundmass glass com-
positions for the three studied eruptions (Atana: orange, Tara: purple, Toconao:
green). a) 87Sr/86Sr analyses of glasses are shown as two-sided kernel density
distributions (violine plots) in the shaded area. Vertical bars are representing
analytical uncertainties for a single groundmass spot analysis (2 SE). The lines
show analytical traverses as a function of distance from the crystal rim for all
crystals, color coded for the different eruptions. b, c, and d) are close-up views
for the Atana, Toconao and Tara eruptions, respectively. Symbols and colors
reflect different crystals, spot size and analytical uncertainty are indicated as
cross on the upper right side in each case. Representative 2SE uncertainties for
the isotope measurements are ±0.0002.
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Figure 8. Melt equivalent FeO (wt.%) content versus 87Sr/86Sr of plagioclase.
a) Orange colored dots represent Atana, purple crosses Tara and green squares
Toconao samples. The range of bulk-rock compositions for the Atana eruption
in shown as grey shaded area. b) Symbols are the same as in a) but color
coding reflects the molar An content of plagioclase. The red arrows illustrate
the trajectory during crystallization at a specific Sr isotope composition. The
red line is a steep mixing hyperbola.

3.3 Timescales of eruptible magma residence

The strong Sr-isotope zonation gradients in plagioclase allows to reconstruct the
maximum time that the crystals could have resided in the final assembled erupt-
ible magma by means of diffusion chronometry. As described above, amalgama-
tion of the eruptible magma is recorded by plagioclase crystals as a convergence
process, creating a common isotopic composition in most crystal rims, while
retaining much larger diversity in crystal cores. The isotopic disequilibrium be-
tween cores and rims, which must have been in local isotopic equilibrium with
the carrier melt shortly prior to eruption, induces a chemical potential gradient
that acted as a driving force for diffusive partial re-equilibration. This kinetic
process is mostly dependent on the shape and magnitude of the gradient, and
on temperature as an activation energy barrier must be overcome for the el-
ements or isotopes to move to new sites in the crystal lattice. Pre-eruptive
temperatures for the Atana ignimbrite have been estimated to vary between
750-790°C (Lindsay et al. 2001b) based on amphibole-plagioclase thermometry
(Holland and Blundy, 1994), Fe-Ti oxide equilibration (Andersen et al., 1993),
and two-feldspar thermometry (Ghiorso, 1984). Given that updated calibrations
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of the Fe-Ti oxythermometer have been published, it is worth revisiting the pre-
eruptive temperature estimates for the Atana ignimbrite. Using the touching
titanomagnetite-ilmenite pair compositions presented in Lindsay et al. (2001b)
in conjunction with the oxide geothermometer of (Ghiorso and Evans, 2008)
yields median temperatures of 754°C, lower compared to previous estimates,
but in very good agreement with estimates from amphibole-plagioclase temper-
atures (Holland and Blundy, 1994; supplementary Fig. 3). Given the match of
different independent thermometers and accounting for the uncertainty of the
estimates, we use a temperature of 754°C±30°C in subsequent diffusion calcula-
tions for the Atana ignimbrite. Temperature estimates for the Toconao eruption
based on the two-feldspar thermometry are more limited but also indicate a tem-
perature of 754°C, which given the uncertainty of the method (±30°C) agrees
well with previous estimates (730-750°C; Lindsay et al. 2001b). We therefore
explore the same range of temperatures as for Atana (i.e. 724, 754, and 784°C)
in diffusion calculations for Toconao. Pre-eruptive temperatures of the Tara
magma have recently been constrained based on amphibole-plagioclase pairs
(Holland and Blundy, 1994) and touching Fe-Ti oxides (Ghiroso and Evans,
2008) and are in good agreement with each other (Grocke et al., 2017b). Tara
diffusion calculations were carried out using the median temperature of these
estimates of 852°C and uncertainty of ±30°C.

Before diffusion timescales can be reconstructed from the zonation profiles, ini-
tial conditions need to be evaluated, which is best achieved by comparing the
systematics of elements with contrasting diffusive mobilities. Interdiffusion of
CaAl–NaSi in plagioclase has been shown experimentally to be sluggish even
at much higher magmatic temperatures (Liu and Yund, 1992) than those con-
sidered here. Strontium isotopic tracer diffusion in plagioclase is, based on ex-
periments (Giletti and Casserly, 1994), several orders of magnitude faster than
CaAl–NaSi exchange, which implies that while An gradients remain stationary
during protracted magma storage, Sr isotope profiles should undergo diffusive
re-equilibration. Comparing the zoning pattern of An and 87Sr/86Sr, we note
that even though the resolution of EPMA (~2 µm) and Proteus spots (~80µm) is
very different, the profiles show a strong resemblance, typified by corresponding
major gradients (Fig. 5) and in some cases even minor features (Fig. 5a, b). A
decoupled evolution of An content and Sr isotopes is observed in several grains,
which may reflect a different history compared to the other crystals without the
development of strong isotopic gradients or partial diffusive equilibration. The
latter is, however, difficult to reconcile with the observed profile shapes, if the
original isotopic profile shape showed similar coupling of An and 87Sr/86Sr as
measured in the other crystals. Taken together, gradients and profile shapes
indicate that the initial isotopic zoning pattern have not been drastically mod-
ified by diffusion but are mostly original crystal growth features, reflecting the
isotopic composition of the melt. Any diffusion would only serve to smooth out
the observed isotopic profiles.

The observation that Sr isotope profiles mostly reflect growth zoning rather than
diffusive equilibration can be used to evaluate scenarios of eruptible magma
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residence, as diffusion at pre-eruptive temperatures would have flattened and
smoothed the observed gradients. As we cannot rule out that pre-eruptive
diffusion has occurred, we focus here on 3 scenarios, assuming that the magma
equilibrated with a melt composition similar to the common rim observed in each
case for the great majority of crystals (Fig. 7). The first scenario (Scenario
0; Fig. 9a) represents a case in which the observed profile is considered to
represent only growth zoning, in which case we can track the maximum time that
the profile could have survived equilibration with the common rim composition
before it diffuses out of the error margins given by the analytical uncertainty.
We refer to these as ‘survival timescales’. Survival timescales calculated using
this approach for the Atana eruption (n=7; Fig. 10) span a wide range from 82
years to 23.8 ka, with most crystals recording maximum survival times <1000
years (median: 513 years). Modelled Tara crystals (n=6) yield the shortest
maximum residence times ranging from 24 to 1986 years with a median of 137
years; Toconao plagioclase (n=4) could have resided in the eruptible magma for
977 years on average (range 301-5815 years). These estimates include crystals
that do not show large gradients in 87Sr/86Sr yielding maximal timescales of
several millennia. Most profiles for the Atana and Tara eruptions show survival
timescales on the order of several decades to centuries, suggesting that the
assembled eruptible magma has not existed in the crust for protracted periods
of time (i.e. hundreds of thousands of years).

Figure 9. Illustration of different approaches to diffusion chronometry based
on Atana crystal (ATA01-pl1). a) In scenario 0, the observed 87Sr/86Sr isotope
profile is taken to be the initial profile and the time is tracked for diffusion out
of analytical uncertainty. Red dashed curves show alteration of the observed
(initial) profile after a 100 yrs, 1 ka and 5 ka of diffusive equilibration. b)
Scenario 1: Based on a shift in An content (shown in the inset), the initial profile
(blue line) is considered to be a step function. Red dashed curves illustrate the
diffusive equilibration of the profile after 100 and 2000 years. c) Scenario 2
represents a case where the initial profile (blue curve) is assumed to be a step
function over the entire observed gradient. Results of diffusion modelling after
0.5, 3 and 8 ka are shown as red dashed curves.
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87Sr/86Sr profiles may have been initially steeper than the observed profile and
then relaxed diffusively to their observed gradients. We refer to these as ‘relax-
ation timescales’. To estimate the impact of different initial conditions on the
calculated maximum residence timescale, we carried out diffusion calculations
in two additional scenarios (Fig. 9b, c). In Scenario 1, the initial profile shape
is based on that of the An profile in cases where the gradient in Sr-isotopes is
correlated with a sharp drop in An content (Fig. 9b), indicating that both fea-
tures can be ascribed to a common process, but not observed in the Sr-isotope
profile due to lower spatial resolution and precision of the laser spot analyses
(Davidson et al., 2001). This criterion is only met for three crystals from the
Atana eruption, yielding timescales which are ~50 to 100 years longer than the
corresponding survival timescales. Additionally, where possible, a best-fit time
was calculated for the observed profile of one crystal (Atana plag3_CR; Fig. 10),
indicating a maximum residence timescale of 156 years at 754°C. Alternatively
(Scenario 2), the initial Sr isotope profile may have taken the form of a step
function across the entire length of the observed gradient (Fig. 9c), which re-
sults in timescales of 321 to 6556 years before diffusion would adjust the pattern
to a shape like the observed profile within the analytical precision and spatial
resolution of our measurements. However, we note that there is 1) no indication
based on the An profile that such initial conditions are realistic and 2) that it
is difficult to fit the observed profile from an initial step function spanning the
entire gradient. We therefore suggest that calculation results of Scenarios 0 and
1, rather than Scenario 2, are more robust estimates of the maximum time that
the crystals could have spent in the pre-eruptive magma.

While the convergence of 87Sr/86Sr isotopic compositions towards a common
outermost rim of 0.7095 is recorded in most crystals of the Atana eruption,
some feldspars show different rim compositions (Fig. 7a). This heterogeneity
may be attributed to various effects, including the size of laser spots compared to
outermost rim of crystals, heterogeneous isotope composition of the melt and/or
entrainment of the crystals shortly prior to eruption with insufficient time for
re-equilibration. Although, Sr-isotope heterogeneity may to some extent be
possible within the error margins of our glass analyses, and natural variability
has been documented for other dacitic large volume eruptions (Fish Canyon
Tuff; (Charlier et al., 2007), the variability in glass compositions is too small to
explain these differences. In either case, Sr diffusion in melts is several orders
of magnitude faster than in plagioclase feldspar (Perez and Dunn, 1996), which
implies that differences in melt composition can only be preserved, if they are
created very shortly prior to eruption or if the eruptible magma assembly process
and eruption initiation are contemporaneous. Our modelling indicates that
entrainment of crystals with rim composition of 0.7086 could retain its chemical
zoning for no more than 492 years at 754°C (197 years at 784°C; 1301 years at
724°C) emersed in a melt in equilibrium with the common rim composition of
0.7095 for the Atana eruption.

In summary, survival, and relaxation timescales of Sr isotope gradients in Atana
and Tara plagioclase indicate that most crystals could not have spent more than
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several decades to centuries in the assembled eruptible magma even when con-
sidering a conservative error margin of ±30°C on the pre-eruptive temperature
estimate. Toconao plagioclase indicate longer maximum residence timescales on
the order millennia. Although these timescales provide valuable insights into
the upper time limit over which the eruptible magma existed in the crust prior
to eruption, they also require that the growth and destabilisation process result-
ing in the accumulation and evacuation of eruptible magma must operate on
even shorter timescales.

Figure 10. Summary of calculated diffusion timescales. Results are shown as
log-scale ranked order plots of time in years for different crystals, with colors
corresponding to the eruption: Atana (orange), Tara (purple), and Toconao
(green). Three timescales are shown for each crystal reflecting the range of
investigated temperatures. Symbols indicate the diffusion scenario, with black
dots corresponding to scenario 0 (diffusion out of analytical error), red triangles
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to scenario 1 (step function based on An content), blue squares to scenario
2 (Core ratio step function), and brown diamonds to scenario 3 (diffusion to
common rim). Dashed lines are medians of all diffusion estimates for the three
eruptions.

4 Discussion

4.1 Growth and destabilization of rhyolitic melt lenses

Field and petrological studies have shown that silicic large magnitude eruptions
constitute a dichotomy in physico-chemical conditions of magma bodies, ex-
emplified by crystal-poor rhyolites (e.g. Toconao ignimbrite) and crystal-rich
dacites (or monotonous intermediates; e. g. Atana ignimbrite). Over the last
decades, broad consensus has emerged in the interpretation that monotonous in-
termediate magmas represent erupted crystal mushes that have experienced an
increase in melt fraction prior to eruption and that crystal-poor rhyolites origi-
nate through extraction of interstitial melt and gas from larger mush-dominated
reservoirs that embody the source of monotonous intermediates (Bachmann and
Bergantz, 2004; Cashman et al., 2017; Bachmann and Huber, 2019; Edmonds
et al., 2019; Sparks et al., 2019). Various melt segregation mechanisms for
the origin of rhyolitic melt lenses have been proposed, such as gas-driven filter
pressing (Sisson and Bacon, 1999; Bachmann and Bergantz, 2006; Pistone et
al., 2017), percolative reactive flow (Solano et al., 2012, 2014; Jackson et al.,
2018), hindered settling or compaction-driven melt extraction (McKenzie, 1985;
Bachmann and Bergantz, 2004; Lee et al., 2015; Hartung et al., 2019), operating
over a wide variety of timescales ranging from days to hundreds of thousands
of years (Edmonds et al., 2019). Our Sr-isotope diffusion results for the To-
conao eruption, an exemplar of crystal-poor rhyolite, constrains the maximum
timescale for the accumulation and destabilisation of the melt lens prior to this
eruption to be on the order several centuries to millennia. This requires rela-
tively fast melt extraction and accumulation, consistent with models of porous
reactive flow in crystal mushes (Jackson et al., 2018), but requiring relatively
large crystal sizes and water-rich magma in compaction-driven and hindered
settling extraction scenarios (Hartung et al., 2019). Moreover, our finding of
an isotopically distinct melt composition, and more variable FeO contents in
plagioclase for the Toconao eruption suggest that this rhyolite does not simply
represent an extracted differentiated liquid from the mush that gave rise to the
subsequent Atana eruption (Lindsay et al., 2001b), but has undergone a separate
prior evolutionary process. The observation that both crystal-poor rhyolites (i.
e. Toconao) and crystal-rich dacites (i. e. Atana and Tara) record similar pat-
tern of diverse pre-existing mush amalgamation by an invasive melt, suggests
that both eruption types are associated with destabilisation of melt-rich magma
lenses.

Hydrous rhyolitic magma lenses have densities that are invariably lower than
those of their host crystalline mushes, favouring the development of gravitational
instabilities that may lead to magma transfer and eruption at the surface. As-
sessing the timescale over which melt lens instabilities develop in crystal mushes
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and comparing these estimates to our diffusion-derived maximum crystal resi-
dence times provides an opportunity to constrain the stability window for the
presence of eruptible magma prior to large magnitude eruptions. Using ana-
logue experiments Seropian et al., (2018) derived a formalism to calculate the
timescales for the development of Rayleigh Taylor instabilities (RTI) in a case
where the wavelength of the instability is larger than the width of the intrusion
(confined case). The characteristic RTI time, over which the amplitude increases
by a factor of ~2.72, is given by

𝑡𝑅𝑇 𝐼, 𝑐𝑜𝑛𝑓 = 6 𝜋 𝜇
�𝜌 𝑔 𝐿 ,

where µ is the viscosity of crystal mush in Pa s, Δ� is the difference of crystal
mush and melt lens density (kg m-3), g is the acceleration of gravity in m s-2,
and L is the diameter of the melt layer in m. Timescales for cases in which the
instability wavelength is smaller than the width of the melt length (unconfined
case) can be calculated based on earlier work (Whitehead Jr and Luther, 1975)
by:

𝑡𝑅𝑇 𝐼,𝑢𝑛𝑐𝑜𝑛𝑓. = �
0.232 𝑔 �𝜌 ℎ 𝜀− 1

3 ,

where h is the thickness of the melt lens in meters and � is the ratio of mush
and melt lens viscosities in Pa s. In a first step, to constrain the impact of
modelling variables, we explored a range of relevant variables for rhyolitic melt
lenses using a Monte Carlo approach, calculating 10.000 random combinations
of mush viscosities (1014-1019 Pa s), mush and melt densities (2600-3000 kg m-3;
2000-2500 kg m-3), and melt lens diameters (5 – 80 km) for the confined case
(Fig. 11a), and melt lens thickness between 50 and 500 m in the unconfined case
(Fig. 11b). Confined instability timescales vary over a vast range of timescales
spanning years at low mush viscosities to several hundred thousand years, while
calculated instability timescales for the unconfined case are as short as 7 hours
ranging to 62 days for the parameter space under consideration.

To better constrain instability timescales relevant in the more specific cases of
the Atana and Tara eruptions, we calculated the melt density for these events
using average groundmass glass analyses (Lindsay et al., 2001b; Grocke et al.,
2017b) and partial molar volumes of the chemical components. The density
calculations were performed using 3 kbar pressure, 4-5 wt.% H2O, and tem-
peratures of 754°C and 852°C for Atana and Tara, respectively. Geophysical
estimates of mush viscosities for the Altiplano Puna Magma Body have been
constrained to be on the order of 1016 to 1017 Pa s (Gottsmann et al., 2017).
Although the diameter and thickness of the melt layer that accumulated in the
mush prior to the eruptions are unknown, the diameter of the source calderas
and eruptive volumes may be used as a proxy to constrain these variables. If the
collapse caldera diameter 60x35 km for Atana and 20x30 km for Tara to some
degree reflects the size of the accumulating melt lens and considering the DRE
erupted melt volume for both eruptions, cylindrical (Volume = � r2 h, where r
and h are the radius and height) and ellipsoidal melt lenses (Volume = 4/3 �
a b c, where a, b, c are the semi-axes) would require a thickness of 130 to 170
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m for Atana and 220 to 300 m for Tara. Caldera dimensions for the Toconao
eruption are unknown due to superposition with the younger and much larger
La Pacana caldera but based on an erupted DRE volume of 1600 km3, the col-
lapse structure can be expected to be smaller than the Guacha II caldera, which
would result in longer instability timescales (Fig. 11). Our calculations indicate
that instability timescales in the confined case are on the order of 50-500 years
for Tara and 30-300 years for Atana. Unconfined instability timescales for both
eruptions are significantly shorter on the order of days to a few years. Both
cases are consistent with a time window for the presence of eruptible magma
in crystal mushes shorter than the maximum crystal residence time (decades to
centuries) based on Sr isotope diffusion, in keeping with the emerging view that
eruptible magmas are ephemeral in nature and develop over timescales relevant
for volcano monitoring (van Zalinge et al., 2022).
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Figure 11. Gravitational instability timescales of melt lenses in crystal mush.
Results are shown for the Atana (black square) and Tara (black diamond) erup-
tions and of monte carlo simulations color coded for time. Parameters used
in the modelling are discussed in the main text. a) Log mush viscosity versus
caldera diameter (i. e. approximately diameter of the melt lens) for confined
Rayleigh Taylor Instabilities where the wavelength is larger than the diameter
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of the melt lens (Seropian et al., 2018). For the sake of clarity only timescales
< 1000 years are shown. b) Log Mush viscosity versus melt lens thickness
(calculated from erupted volume and caldera diameter for Atana and Tara).
Timescales (days) are for an unconfined case, where the wavelength of the grav-
itational instability is smaller than the length of the melt lens.

4.2 Detectability of precursors to supereruptions

Given the lack of observational experience with past large-volume eruptions, it
remains unclear if we are currently capable of detecting the evolution towards
a pending supereruption by geophysical volcano monitoring techniques. Al-
though large-scale geophysical unrest has been observed prior to comparatively
small explosive eruptions like Pinatubo in 1991 (McNutt, 1996), suggesting
that similar features may be extrapolated to larger eruptions, the magnitude,
timeframe and type of signals that may be observed remains obscure. Our
petrological finding of a common pattern in melt-mush amalgamation in the
run-up of three large magnitude eruptions can be tested against the resolution
of different geophysical monitoring techniques. Tomographic imaging by seismic
and magnetotelluric methods has revealed that many large caldera complexes
are underlain by massive mush accumulations but mostly comprised of mush
at low melt fraction within the resolution of these methods (e.g. Toba: (Jaxy-
bulatov et al., 2014; Koulakov et al., 2016); Yellowstone: (Farrell et al., 2014;
Huang et al., 2015); Altiplano-Puna-Complex: (Pritchard et al., 2018)). As dis-
cussed above, considering the dimensions of the source calderas for the Atana
and Tara eruptions, melt and eruptible magma lenses of not more than a few
hundred meters thickness can be expected, which even under favourable seismic
or magnetotelluric network configurations will not be detectable by the resolu-
tion of these methods (Lowenstern et al., 2017). Alternatively, the assembly of
melt lenses and/or amalgamation of eruptible magma may create ground defor-
mation pattern, which are now routinely measured in volcanic settings by GPS
or satellite-based interferometry (Poland and Zebker, 2022). The detectability
of such a signal in association with the accumulation of melt lenses and dis-
ruption of pre-existing mush pockets depends on various factors, including the
magnitude of thermally controlled viscoelastic effects, which should be preva-
lent in crystal mushes, and potential exchange flow of upwards percolating and
melt and displacement of crystalline materials downwards. While much work
has been focused on quantifying thermo-mechanical controls on surface defor-
mation patterns (Del Negro et al., 2009; Hickey et al., 2016; Head et al., 2019;
Morales Rivera et al., 2019), and integration of petrological models with sur-
face geodetic studies (Weber and Castro, 2017; Trasatti et al., 2019; Townsend,
2022), deformation sources are typically modelled as an overpressure boundary
condition on a cavity representing a magma body. New coupled models of melt
flow in crystal mushes and ground deformation are required to test if destabili-
sation of melt lenses could create large scale uplift and subsidence pattern such
as those observed in the Altiplano Puna Volcanic Complex.

The accumulation of a melt lens followed by invasive disruption of crystal mush
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could lead to a measurable change in the gravitational field, given that mushes
and rhyolite melts have different densities. To quantify the magnitude of such
an effect, we modelled the change in the gravitational acceleration (g), caused
by a cylindrical, low-density melt layer in higher density crystal mush (Telford
et al., 1990):

𝑔 = 2 𝜋 𝐺 �� {𝐿 + (𝑧2 + 𝑅2 ) 1
2 − [(𝑧 + 𝐿)2 + 𝑅2] 1

2 },

where G is the gravitational constant (6.67*10-11 m3 kg-1 s-2), Δ� is the density
contrast of melt and mush (-300 to -500 kg m-3), L is the thickness of the
melt layer (100 – 300 m), R is the diameter (20 to 50 km), and z is the depth
of the cylinder top below the surface (10 km if not stated otherwise). Depth
estimates for the Atana and Tara magmas are prone to high uncertainties, but
are of secondary importance in the gravity calculations (Supplementary Fig.
4). We used 10.000 random combinations of the parameters given above to
quantify the gravity effect of melt lens accumulation over a timeframe of 20 to
2000 years (Fig. 12). Depending on the thickness of the lens, accumulation
in less than 100 years results in strong gravity effects on the order of -0.20 to
-0.02 mGal/year. Long-term growth over centennial and millennial timescales
results in lower gravity effects, but ~90% of the calculations yield gravity signals
that are within the current precision limit of modern gravimeters (up to -0.001
mGal; (Greco et al., 2020)). We suggest that high-precision gravity monitoring
may provide crucial insights to evaluate if one or more of Earth’s large caldera
complexes are currently in the process of accumulating eruptible magma.
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Figure 12. Gravity effect of an accumulating melt lens in crystal mush. Monte
carlo results are shown for the rate of change in gravitational acceleration (dg/dt)
in mGal/year versus the accumulation time of melt lenses. Color coding reflects
the thickness of the accumulated lens. The limit of precision for state-of-the-art
gravimeters of -0.001 mGal is indicated as a red dashed line. The inset shows
the full range of dg/dt calculated over the parameter space considered. Only the
grey shaded area is shown to aid comparison with the precision of gravimeters.

5 Conclusions

A conceptual summary of this study is provided in Fig. 13. Based on our
petrological analysis and geophysical model calculations, we draw the following
conclusions:

1. Sr-isotopes in plagioclase crystals from three Central Andean large magni-
tude eruptions (Atana, Tara, and Toconao) reveal a recurrent pattern of
large isotopic diversity in cores that converge in steep gradients towards
common values in crystal rims. This suggests that previously intruded, iso-
topically distinct mush batches with spatially and/or temporally distinct
histories have been homogenized and mobilised by an invasive rhyolite
melt before each eruption.

2. Isotopic compositions of glasses and plagioclase, as well as the plagioclase
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An-FeO systematics show that the Toconao ignimbrite does not simply
represent an extracted liquid from the mush that produced the Atana erup-
tion. Both eruptions have tapped distinct environments of the batholitic
reservoir.

3. Most plagioclase crystals cannot have spent more time in the eruptible
magma than decades to centuries for the Atana and Tara ignimbrites, and
centuries to several millennia for the Toconao eruption. These maximum
crystal residence timescales provide an upper limit for the observation
window for eruptible magma in these systems. Destabilisation of rhyolite
melt lenses in crystal mush can proceed on timescales of years to centuries,
typically shorter than the diffusion estimates, suggesting that eruptible
magma pockets are ephemeral.

4. Calculations based on caldera dimensions, DRE erupted volumes, and
indicate that in the case of the Atana and Tara eruption, the size of melt
lenses and eruptible magma pockets was likely below the resolution of
seismic and imaging techniques currently employed. The gravity effect of
eruptible magma accumulation may, however, be resolved using state-of-
the-art instrumentation under favourable conditions.

Figure 13. Conceptual summary of processes and timescales. a) Long-term
mush accumulation on timescales of 105-106 years as indicated by zircon
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geochronology (Kern et al., 2016). Pulsed injection of magma batches leads
spatial and temporal heterogeneity that is reflected in different isotopic com-
positions of crystal cores. b) Accumulating melt lenses develop gravitational
instabilities over timescales of 10-102 years (confined case) or up to 102-103 days
(unconfined case). Amalgamation of previously intruded heterogeneous mush
pockets with the instability leads to the formation of common rims in crystals.
The scale of mush crystal uptake can be limited (crystal-poor Toconao rhyolite)
or severe (crystal-rich Atana and Tara dacite). c) Eruptible magma emerges by
hybridization of rhyolite melt and pre-existing mush pockets. Residence time
of eruptible magma in the crust is on the order of 10-103 years.
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