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Abstract

Zircon petrochronology of the Chaxas Volcanic Complex (N. Chile) reveals dynamic
intrusive flux with a corresponding volcanic history that parallels pulses of the regional Altiplano-
Puna Volcanic Complex (APVC) flare-up. Two distinct stages of eruptive style and flux are
recognized. The Pre-Chaxas stage is comprised of silicic ignimbrites, including the 500 km?
Puripicar Ignimbrite. Pre-Chaxas U-Pb crystallization ages have long durations (At) of 1.3 — 4.1
myr due to efficient cannibalization. Autocrystic subpopulations indicate maximum crystallization
durations prior to eruption (Aty) of 440 — 950 kyr. Zr/Hf in zircon is partially decoupled from
typical proxies for fractionation (e.g., U/Th) and instead track assimilation. Modeled synthetic
zircon ages benchmarked by observed zircon ages predict that Pre-Chaxas flux is consistent
with flux requirements necessary for supereruptions at 1.2 x 10 — 2.3 x 10* km?3 yr! km=. An
intrusive volume of ~ 5800 km? is estimated for the Pre-Chaxas stage. The younger Chaxas
Complex stage consists dominantly of a distributed dacitic dome complex. Aty is shorter relative
to the Pre-Chaxas stage and zircon is less efficiently cannibalized. Predicted flux during this
stage is nearly an order of magnitude lower (< 3.2 x 10° — 5.6 x 10° km?3 yr! km2), with an
estimated intrusive volume of 790 km?3. This petrochronologic record shows that volcanic style
and subvolcanic architecture are sensitive to variations in magmatic flux, shifting by an order of

magnitude over only a few hundred kyr.



Introduction

The tempo of volcanic activity and the assembly of upper crustal reservoirs beneath
continental volcanic arcs is heavily dependent on the duration of magmatic activity and
attendant flux (Hildreth, 1981). Flux can be described as a spectrum of two endmembers where
magmatic systems can be characterized by a low flux regime that produces ephemeral melt
batches, or a more vigorous, high flux regime that promotes large volumes of eruptible magma
(Tavazzani et al., 2023). Suprasolidus durations of small intrusions produced during low flux are
thought to have maximum residence times down to 10’s of kyr (Barboni et al., 2015; Pamukcu et
al., 2025) whereas larger and incrementally grown magmatic systems may show melt residence
for 100’s of kyr or even up to 1 myr prior to eruption (Curry et al., 2021; Kaiser et al., 2017).
While numerous empirical examples of both flux regimes have been described (c.f., Angeles-De
La Torre et al., 2023; Curry et al., 2021; Kaiser et al., 2017a; Rivera et al., 2016; Samperton et
al., 2017), there are few studies that quantify the magnitude of changes in flux within long-lived
systems and how quickly these changes may occur.

Regional ignimbrite flare-ups record Earth’s most prodigious periods of magmatism
(Coney and Reynolds, 1977) producing tens of thousands of cubic kilometers of magma erupted
during volcanic fluxes ranging from 10*— 102km? kyr? (Bertin et al., 2023; Best et al., 2016). The
volcanic record of such flare-ups often consists of extensive ignimbrites emanating from
polycyclic caldera clusters. With volumes of 10 — 10° km?, these ignimbrites have been
demonstrated to represent the evacuation of the tops of extensive upper crustal plutonic
complexes (Best et al., 2016; Lipman et al., 1978). Resolving the spatiotemporal organization of
such large silicic reservoirs is necessary for describing the assembly of granitic batholiths and
the pre-eruptive build-up within magmatic systems that produce Earth’s largest eruptions. Many
flare-up related volcanic systems also have extensive lifecycles that record dramatic changes in
volcanic flux that is intricately linked to eruptive style (Angeles-De La Torre et al., 2023; Burns et
al., 2015; Grunder et al., 2006). Quantifying the variation of magmatic flux within such systems
may provide constraints on the maturation of continental magmatic arcs that produce
chronologically and geochemically complex granitic batholiths (e.g., Matzel et al., 2006).

Secular changes within magmatic systems can be resolved through combined
geochronology and petrology (“petro-chronology”) by analyzing mineral phases that strongly
partition radiogenic parents while excluding daughter elements (Schmitt and Vazquez, 2017,
Tavazzani et al., 2023). Zircon specifically serves as a robust U-Pb petrochronologic tool due to
its resistance to chemical alteration, predictable and early saturation within silicic magmas, and

ability to temporally track changes in magma temperature and chemistry. In idealized and some



natural cases zircon petrochronologic studies show magmatic systems have predictable
monotonic cooling trends prior to evacuation of ignimbrites and during assembly of plutonic
complexes (Samperton et al., 2017; Tappa et al., 2011). In other cases, such petrochronologic
studies may record a complex and prolonged thermal history spanning up to 10 myr prior to
climactic eruptions (Eddy et al., 2022; Matzel et al., 2006; Tavazzani et al., 2020; Walker et al.,
2010). As a result of the capability for U-Pb zircon petrochronology to record such a range of
timescales, the approach provides some verisimilitude when used to test the flux regime that
produced a volcanic system. One powerful tool to implement this test is the creation of synthetic
zircon distributions via thermal modeling to facilitate quantification of the flux which produced
observed age distributions (Caricchi et al., 2014; Schmitt et al., 2023; Tierney et. al., 2016).
Such an approach leverages empirical observation of U-Pb crystallization histories in volcanic
rocks with thermal modeling to test if variation of magmatic fluxes beneath volcanic systems
controls volcanic characteristics and eruptive histories (Farina et al., 2024).

Two compositionally equivalent but stylistically distinct volcanic stages have been
previously recorded at the Chaxas Volcanic Complex located within the Altiplano Puna Volcanic
Complex (APVC) of the Central Andes (Northern Chile) (Lewis et al., 2025). Eruption styles
range from the = 500 km?® Puripicar Ignimbrite dacitic supereruption to effusive dome eruptions
and associated block and ash flows during the final stages of magmatism. U-Pb zircon
petrochronology from the Chaxas Volcanic Complex presented here tests if the dramatic change
in eruptive history is modulated by changes in the magmatic flux regime. Results are then
evaluated within the context that ignimbrite flare-up magmatism may have a significant effect on

the maturation and construction continental magmatic arcs.

Continental Magmatic Arc Context

Altiplano-Puna Volcanic Complex (APVC)

The ~ 10 — 1 Ma APVC is a 70,000 km? region located at the transition between the
Altiplano to Puna segments of the Central Andean Plateau of northern Chile that is inundated
with ignimbrites. Ignimbrites are dominantly high-K dacites and subordinate rhyolites with crustal
radiogenic isotope ratios that are sourced from large caldera structures, nine of which have
dense rock equivalent (DRE) volumes of 2 430 km? (Kern et al., 2016; Salisbury et al., 2011)
and are thus categorized as supereruptions (Magnitude (M) 8; e.g. de Silva and Self, 2022). The
magmas that erupted during the APVC flare-up are the result of extensive assimilation-fractional
crystallization that occurs during advection of subduction-related basaltic parental magmas
through 70 to 80 km thick sub-Andean crust (Burns and de Silva, 2023; Kay et al., 2010). The



APVC is underlain by the Altiplano-Puna Magma Body (APMB), a seismic low-velocity zone
extending from 15-30 km depth that is interpreted as ~ 500,000 km? of magma with
approximately 20% partial melt (Pritchard et al., 2018; Ward et al., 2014). The APMB has been
interpreted to be the andesitic parental reservoir to the 8 to 2 km deep dacitic magma bodies
which source the APVC’s voluminous ignimbrite eruptions (Grocke et al., 2017; Kaiser et al.,
2017b). Volcanic output during the flare-up imply remarkable magma addition rates of ~ 70 km*/
km arc (parallel to trench) / million years (de Silva and Kay, 2018; Bertin, 2023); substantially
higher than the steady state estimate of 20 km?/ km arc / myr (Jicha and Jagoutz, 2015). The
most prolific periods of APVC volcanic activity occurred in fractal pulses, defined as geologically
brief timespans of high volcanic output, at 8 + 1 Ma, 6 £+ 1 Ma, 4 £ 1Ma, and 2 + 1 Ma due to
crustal modulation of advecting magmas into and from the APMB (de Silva et al., 2015; Kern et
al., 2016).

Chaxas Volcanic Complex Eruptive History and Stratigraphy

The location of the magmatic system beneath the Chaxas Volcanic Complex has been
previously inferred based on ignimbrite stratigraphy and volcanic features (Lewis et al., 2025).
The source vent of the Puripicar Ignimbrite is buried to the north of the Chaxas domes by
overlying lavas of younger eruptive episodes associated with the Chaxas Complex and the
modern volcanic arc (Figure 1). The volcano cluster above the Chaxas Volcanic Complex has a
higher spatial vent density relative to the Andean arc (Supplementary File 2) due to the filtering
effect of an inferred upper crustal plutonic complex remnant after ignimbrite volcanism (Baker,
1981, 1974; Lewis et al., 2025).

The Chaxas Volcanic Complex was built in two temporally distinct stages across multiple
pulses of the APVC flare-up, as defined by the eruption ages previously described by Lewis et
al. (2025) (Table 1). The Pre-Chaxas stage began with the 5.4 Ma Agua Perdida Rhyolite,
followed by the = 500 km?® 4.18 Ma Puripicar ignimbrite (PPI), and the 3.7 Ma Embaucador
Rhyolite during the third pulse of the APVC flare-up. The Agua Perdida and Embaucador
rhyolites are crystal poor (~10 % crystallinity) rhyolitic ignimbrites with a modal mineralogy
comprised of plagioclase > quartz > biotite; the Embaucador contains sanidine. The Puripicar is
a relatively well-studied “monotonous” crystal-rich dacite that has attracted numerous studies
due to its extensive exposure and prominence as the plateau topping large ignimbrite along the
Andean front (Brown et al., 2021; de Silva, 1989; Kern et al., 2016; Salisbury et al., 2011). As
such it has been used as one of the archetypal large APVC crystal-rich dacitic ignimbrites that

exemplify the flare-up.



The 3.5 - 1.2 Ma Chaxas Complex comprises a series of endogenous domes and
deposits of block and ash flows, small pyroclastic density currents and pyroclastic fallouts at the
southwestern margin of the APVC (Figure 1) that were produced dominantly during and after the
final pulse of the APVC flare-up. Several thin pyroclastic fallout deposits are interspersed within
the Chaxas Complex stratigraphy, including Pyroclastic Fallout | that lies unconformably on the
Puripicar Ignimbrite at the base of the younger Chaxas Complex formation. The 3.7 km? Cerro
Chaxas dome is the southernmost dome that was emplaced in the Chaxas dome complex at 1.9
Ma. The Cerro Chaxas dome is flanked to the west by a wedge of volcaniclastics that erupted
from 2.8 — 1.8 Ma during phases of dome growth and collapse. The most prominent of these are
referred to as the Youngest, Middle, and Oldest block and ash flows and are overlain by a small
ignimbrite known as the Final del Agua Rhyolite.

Methodology
Zircon U-Pb Ages

All U-Pb zircon crystallization ages presented here were previously published by Lewis

et al. (2025). Complete description of the analytical methodology is given in the supplementary
material. Cathodoluminescence-images were taken at the Linus Pauling Institute at Oregon
State University (OSU) prior to Laser Ablation — Inductively Coupled Plasma — Mass
Spectrometer analyses using a ThermoFisher Scientific ICAP RQ quadrupole ICP-MS (LA-Q-
ICP-MS) or a Nu Plasma 3D multicollector ICP-MS (LA-MC-ICP-MS) coupled to an Applied
Spectra RESOlution-SE. At least one core and one rim analysis were analyzed when possible
(i.e., when space and time provided), and some grains with complex CL-textures were
measured on three spots. Prior to analysis in this study, it was necessary to remove U-Pb
crystallization ages with large analytical uncertainties (> 15%), resulting in the removal of 137
LA-Q-ICP-MS analyses. All ages are included in Supplementary File 1. More than half of the
remaining analyses were collected by LA-MC-ICP-MS. Instrumental parameters, U-Pb data, and
standard reproducibility are tabulated in the supplementary materials. All uncertainties include
analytical and systematic uncertainties that are propagated according to Horstwood et al. (2016)
and are reported at the 2s level. In the results below, we report the range of U-Pb ages and

define the difference between the oldest and youngest zircon as At.

Zircon Trace Elements and Ti-in-Zircon Temperatures
Trace element concentrations in zircon were determined using the same LA-Q-ICP-MS

instrumentation used for U-Pb geochronology. CL-images were used to select spots in the same



growth zones that were selected for U-Pb geochronology when possible (i.e., not the same
spot). Reference materials were analyzed in blocks every 20 analyses. All data were reduced
using LaserTRAM-DB (Lubbers et al., 2025) with 2°Si as an internal standard and an assumed
32.8 wt % SiO2. GSE-1G was used as a calibration reference material. All unknowns and a full
list of analytes are reported in supplementary file 1.

Ti-in-zircon temperatures were calculated according to Ferry and Watson (2007). Quartz
phenocrysts are present in the lithologies of all silicic rocks discussed here and so SiO; activity
is assumed to be unity. TiO; activity is assumed to take on the nominal value of 0.6. This value
is the intermediate value of iimenite saturated silicic magmas (~ 0.5) and Ti-magnetite saturated
silicic magmas (~ 0.7), both of which are present in the studied rocks and it can thus be
reasonably assumed that the TiO; activity was buffered to ~ 0.6. We recognize that TiO; activity
is known to vary in silicic magmas and that temperature estimates here could be compromised
(e.g. Fonseca Teixeira et al., 2023). However, when propagating in uncertainties from the
regression of Ferry and Watson (2007) as well as the uncertainty on “°Ti measurements,
changing the TiO- activity by + 0.3 causes no difference in estimated crystallization

temperatures and thus estimated temperatures here are viewed as accurate.

Results

Zircon U-Pb Crystallization Ages and CL-Textures
Pre-Chaxas Zircons

CL-textures and responses in Pre-Chaxas zircons are complex (Figure 3). Many grains
show one or more truncations with oscillatory overgrowths. No consistent zoning pattern is
present across grains with similar crystallization ages.

Crystallization ages gathered from zircon in the Agua Perdida Rhyolite are restricted to
the second pulse of the APVC flare-up from 5.4 + 0.4 Ma to 6.8 + 0.5 Ma (At: 1.4 myr). These
ages are overdispersed (MSWD = 3.6; n = 23). Puripicar Ignimbrite U-Pb crystallization ages
are particularly overdispersed (MSWD = 9.7; n=67) with ages ranging from 8.7 + 0.5 Ma to 4.6 +
0.5 Ma. Zircon from the Puripicar define the largest At in all eruptive units presented here at 4.1
myr. This range extends from the first major pulse of the APVC flare-up at ca. 8.5 Ma to the
second at ca. 4 Ma (Salisbury et al., 2011). Embaucador Rhyolite zircon crystallization ages
have a range from 7.3 + 0.8 Ma to 3.7 £ 0.3 Ma (At : 3.6 myr). These crystallization ages are
also overdispersed (MSWD = 14.4; n = 62) and have a similar age range to the zircon

crystallization ages in the Puripicar Ignimbrite.



Chaxas Complex Zircons

CL-textures and responses in Chaxas Complex zircons generally show oscillatory
zoning and are typically gray to bright, particularly in block and ash flows. Generally, grains
show CL-gray or CL-dark cores with progressively brighter overgrowths towards the rim (Figure
3).

Chaxas Complex U-Pb crystallization ages have significantly smaller At values than the
Pre-Chaxas eruptions when removing the outlier crystallization ages. Chaxas Complex
eruptions carry zircons with discrete subpopulations of crystallization ages as well as individual
crystallization ages that are outside of uncertainty from the primary age spectra (Figure 2). The
oldest two eruptions of the Chaxas Complex have the most dispersed U-Pb crystallization ages.
Zircon from the Oldest Block and Ash flow have crystallization ages ranging from 2.7 £ 0.5 Ma
to 5.0 £ 0.5 Ma (At: 2.3 myr). Pyroclastic Fallout | zircon have a somewhat smaller range of
ages from 3.5+ 0.5Mato 5.2 £ 1.0 Ma (At : 1.7 myr). These crystallization ages overlap entirely
with those in the Embaucador Rhyolite and Puripicar Ignimbrite (Figure 2). U-Pb ages collected
by LA-Q-ICP-MS from the Oldest Block and Ash flow and Pyroclastic Fallout | are overdispersed
despite large relative uncertainties (Figure 2).

Dome clasts as well as juvenile blocks from the block and ash flows have the narrowest
distributions of U-Pb ages amongst eruptive units at the Chaxas Volcanic Complex. Zircon U-Pb
ages from the Middle Block and Ash flow have a range of 2.3 £ 0.2 Ma to 2.6 £ 0.2 Ma. There is
a single age outside of this range at 4.7 + 0.3 Ma. Excluding this age results in an evenly
dispersed set of U-Pb crystallization ages (MSWD = 0.7; n = 41) across a At of only 300 kyr. U-
Pb zircon ages from the Youngest Block and Ash flow are overdispersed (MSWD = 6.9, n=72)
with a range of 1.8 + 0.3 Ma to 4.2 + 0.4 Ma (At: 2.4 myr). Cerro Chaxas U-Pb zircon ages have
a small range of 1.9 £ 0.1 Ma to 2.8 + 0.4 Ma (At: 900 kyr), with the exception of a single age
that overlaps with Pre-Chaxas U-Pb ages at 6.3 + 0.4 Ma.

The Final del Agua Rhyolite has an overdispersed set of U-Pb crystallization ages
(MSWD = 37.1; n = 10) ranging from 1.1 + 0.3 Ma to 4.1 £ 1.2 Ma (At: 3.0 myr) that are
distributed across three distinct subpopulations. Within each of these subpopulations, zircon U-

Pb crystallization ages are evenly dispersed.

Trace Elements
Pre-Chaxas Zircons
Trace element concentrations from Pre-Chaxas zircons display a relatively large range

and can form distinct groups. Zircon from the Puripicar Ignimbrite show the greatest trace



element variation for a given set of zircons in an eruption. Zr/Hf in Puripicar zircons define two
groups: high Zr/Hf zircons (Zr/Hf 48.8 — 55.3) and low Zr/Hf zircons (Zr/Hf: 36.4 — 43.9). Zr/Hf in
zircons is positively correlated with Ti-in-zircon crystallization temperatures. High Zr/Hf
correspond to a temperature range of 731 °C to 847 °C whereas low Zr/Hf zircons record low
temperatures of 665 °C to 757 °C with little covariation. Th/U values negatively covary with the
slope of HREE patterns, represented by Yb/Dy (Figure 5). Puripicar zircons have a broad range
in the Eu anomaly (0.6 — 0.1), and the largest range of U concentrations of all eruptions (98 —
1063 pg/g). Zircons with the lowest U concentrations record the highest Ti-in-zircon
temperatures.

Similar to those in the Puripicar, Embaucador zircons are split into two groups of low
Zr/Hf (48.4 — 56.2) and high Zr/Hf (44 — 47). Zr/Hf in these zircons do not change predictably
with Ti-in-zircon temperatures, similar to the low Zr/Hf zircons in the Puripicar. High Zr/Hf
zircons in the Embaucador Rhyolite have somewhat elevated Th/U values. Th/U values of the
Embaucador zircons have a subtle, negative correlation with Yb/Dy values.

Zr/Hf values of the Agua Perdida Rhyolite span a range similar to those seen in the other
Pre-Chaxas eruptions. Similar to the Embaucador Rhyolite, Zr/Hf values of zircons in the Agua
Perdida (45.5 — 50.6) also have little co-variation with Ti-in-zircon temperatures (737°C —
898°C). Only the zircons that record the lowest Ti-in-zircon temperatures (701°C — 721°C) have
distinctly lower Zr/Hf values. Th/U values have a distinct, negative correlation between Th/U and
Zr/Hf values. U concentrations of the Agua Perdida zircons span nearly the range of those seen

in the Puripicar Ignimbrite.

Chaxas Complex Zircons

Chaxas Complex eruptions also carry zircons of diverse trace element concentrations,
although the variation is more subtle. Dome lithologies in particular carry zircons that form a
single dominant group within each eruption, with only subtle excursions towards more extreme
values. This contrasts the Pre-Chaxas zircons that form discrete groups and large continuous
arrays across their range of trace element concentrations (Figure 4, Figure 5).

Zircons from the Youngest Block and Ash flow have a limited range in U concentrations
(187 — 527 ug/g), with few analyses falling outside of this range. Ti-in-zircon crystallization
temperatures are dominantly grouped from 680°C — 748°C, though several analyses have
temperatures from 776°C — 923°C. Zr/Hf values are generally tightly distributed from 39 — 45,
though four analyses have Zr/Hf values up to 49 (Figure 4). Th/U values negatively covary with

Yb/Dy values. Middle Block and Ash flow zircons show the most restricted range of trace



element data from all eruptive units. U concentrations of these zircons vary only from 189 — 413
Mg/g across Ti-in-zircon crystallization temperatures of 719°C — 827°C. Zr/Hf (44 — 49) values
also span a limited range relative to zircons in other eruptions. Zircon from Cerro Chaxas form
two groups in trace elements, but it is important to note that the differences between the groups
are substantially smaller than those observed in the Pre-Chaxas eruptions. A low U group (236
— 348 pg/g) and a high U group (594 — 642 ug/g) are present across Ti-in-zircon temperatures
that range from 689°C — 776°C (Figure 4). One analysis has a higher temperature of 858°C,
and another analysis has a high U concentration of 886 pg/g with a modest Ti-in-zircon
crystallization temperature of 731 °C. Zr/Hf ratios of the Cerro Chaxas zircons that show two
groups in U concentration are collapsed into a single group in Zr/Hf space with a fairly restricted
range that is similar to that observed in the Middle and Youngest block and ash flows (Figure 4).

A few zircons from the Oldest Block and Ash flow were analyzed for trace element
concentrations. Data that were gathered indicate a broad range of trace element concentrations
that are similar to those in the Pre-Chaxas eruptions. Pyroclastic Fallout | zircons also have a
broad range in trace element concentrations. Zr/Hf values range from 38.4 — 48.8 at relatively
low Ti-in-zircon crystallization temperatures (682°C — 766°C). These zircons also have the
steepest negative correlation between Yb/Dy and Th/U, and a distinct positive correlation
between Zr/Hf and Th/U (Figure 5).

Discussion

Resolving Episodes of Crystallization and Cannibalization From Overdispersed U-
Pb Datasets
Assessing the Value of the Mixed LA-Q-ICP-MS and LA-MC-ICP-MS U-Pb Datasets for
Resolving U-Pb Subpopulations

All samples here show overdispersion according to the MSWD and its acceptable
envelope (Wendt and Carl, 1991) prior to excluding outliers or identifying subpopulations,
indicating that the range in U-Pb crystallization ages is not accounted for by the uncertainties.
The MSWD has, however, come into scrutiny as large or even modest analytical uncertainties
may result in MSWD values that have negligible differences from the value of their acceptable
upper envelope based on observed and synthetically formulated zircon distributions that
represent a single cooling event (Keller et al., 2018). Moreover, even when the MSWD does
indicate overdispersion despite large uncertainties, the true duration of crystallization as well as
the true underlying (certainly non-normal) distribution of apparent U-Pb ages for a single cooling

event is probably lost to the uncertainties regardless (Klein and Eddy, 2023). Observed



distributions ultimately become increasingly normally distributed as analytical uncertainty
increases. As a result of these issues, the statistic At/s introduced by Keller et al. (2018) has
been gaining popularity. Here, At represents the range of crystallization ages (the convention
used here) and s represents the average analytical uncertainty. The statistic At/s is clearly
interpretable and is not subject to confusion around what values indicate under-, even-, or
overdispersion (note that overdispersion from the MSWD is a function of n, though many
publications assume 1.0 as representing overdispersion). However, a critical weakness of the
At/s statistic is its lack of an envelope. Nathwani et al. (2025) performed an overview of high-
precision datasets and characterized the relationship between U-Pb age distributions and At/s.
With At/s values > 10, a systematic variation in the shapes of distributions and the types of
rocks in which zircons are found (plutonic vs volcanic) is clear and geologically relevant, as
volcanic rocks should naturally have truncated distributions and plutonic rocks should tend to
show long lower tails due to slow cooling rates through the solidus. However, including datasets
that have a At/s of 5 — 10 results in substantially more normally distributed U-Pb datasets, which
is consistent with modeling predictions that U-Pb ages with analytical uncertainties too large to
be valuable will tend to show normal distributions (Klein and Eddy, 2023). Despite the lack of
definitive statistical basis on what defines a dataset as overdispersed, At/s are therefore
reported in Figure 2. Almost all U-Pb datasets here have At/s values much larger than 10
(Figure 2). Those datasets that do not are interpreted to represent much shorter durations of
crystallization, as discussed in more detail below. As a result, the overdispersed U-Pb datasets
reported here are interpreted to represent overdispersed datasets that represent either
prolonged durations of crystallization or multiple cooling events.

The U-Pb dataset gathered here was first filtered for excessively large uncertainties,
rendering a dataset that is mostly comprised of U-Pb ages determined by LA-MC-ICP-MS. This
method typically has an order of magnitude better uncertainty than LA-Q-ICP-MS in the
datasets presented here. For those samples where both LA-Q-ICP-MS and LA-MC-ICP-MS
data are present, the observed ranges in U-Pb crystallization ages are recorded by both
methodologies (Supplementary File 2). Furthermore, the crystallization ages from eruptions with
large At/s are indeed overdispersed according to the MSWD. On the other hand, the Middle
Block and Ash flow has evenly dispersed, entirely overlapping U-Pb ages collected by LA-Q-
ICP-MS and LA-MC-ICP-MS. U-Pb datasets presented in this manuscript (post-filtering) are
therefore interpreted to represent accurate At and show representative overdispersion, however
hindered by poor precision. It is likely that more data collected by LA-MC-ICP-MS could provide

sufficient n and precision to make more direct statistical inferences but at present this is



impossible given the uncertainties. First-order observation indicates that there is clearly
unresolved structure within the U-Pb crystallization ages in each eruptive unit, although the

analytical uncertainties are not sufficient to resolve any reliable multimodality.

Resolution of the Youngest Zircon Populations and Calculation of Aty

Directly estimating a At to infer crystallization durations results in unreasonable
estimates of upper crustal magmatic durations (Figure 6). Refinement of this variable requires
resolution of the youngest zircon population and recalculation crystallization duration based on
this autocrystic population. This value is reported here as Aty. We therefore attempt to resolve
the youngest population of U-Pb crystallization ages by utilizing the iterative MSWD approach,
where U-Pb ages are iteratively added to the youngest set of ages until the upper envelope is
exceeded (Stelten et al., 2015). Assuming that analytical artifacts, Pb-loss, mixing of age
domains, and other potential issues with U-Pb ages have been accounted for or can be
reasonably assumed to not dominate the U-Pb age distributions, U-Pb zircon ages can broadly
represent 1) autocrystic ages representing crystallization of zircon (or intra-grain domains)
within the youngest suprasolidus melt batch(es) that carried erupted material to the surface, 2)
antecrystic ages or domains that represent crystallization from earlier magma batches which
have been recycled into the youngest melt batch(es) that was either zircon saturated or had
insufficient time for complete zircon resorption, 3) inherited zircons from a partial melting source
prior to extraction of melt to the upper crust, or 4) xenocrystic zircons derived from host rocks
that have relatively clear differences in crystallization age compared to the other populations
(Miller et al., 2007). Here, those zircon ages that belong to the youngest population resolved by
the iterative MSWD approach are interpreted to be autocrysts. All others are interpreted as
antecrysts or xenocrysts. Pre-Chaxas units, particularly the Puripicar ignimbrite, carry a wide
range of xenocrystic ages that indicate pervasive assimilation of local Andean crust, consistent
with interpretations of Zr/Hf above. Further discussion of the significance of these zircon grains
is presented elsewhere (Lewis et al., 2026).

After identifying the populations of autocrystic U-Pb zircon ages, Aty was calculated from
two methodologies. The first is simply the difference between the oldest and youngest U-Pb
crystallization ages that provides a direct estimation for Aty based simply on the data. The
second calculation of Aty was calculated according to the parameterization of Klein and Eddy
(2023), which appropriately assumes a minimum duration if the MSWD of the crystallization

ages is larger than the upper acceptable envelope value and a maximum duration if it is below.



The iterative MSWD method will always result in a maximum duration given that the iterations
are ceased when the upper envelope of the MSWD will be exceeded.

Resulting Aty values (Table 1) are all substantially lower and more reasonable than the
unrealistic Atvalues that range from > 1 to 4.1 myr (Figure 6), consistent with the fact that the
longest recorded period of melt residence is approximately one myr; and this is an extreme
residence time even amongst large caldera systems (c.f., Kaiser et al., 2017b; Wolff and
Ramos, 2003). Below, all Aty values discussed are those calculated by the parameterization of
Klein and Eddy (2025) given that this method is descriptive in its assignment of maximum
durations for the autocrystic subpopulations. The only exception to this is the Cerro Chaxas U-
Pb crystallization ages, which has a young U-Pb crystallization age outside of uncertainty from
the others.

Pre-Chaxas Magmatic Evolution — Development of the Super-Sized Puripicar
Magma Reservoir
Prolonged Construction of the Composite Pre-Chaxas Magmatic System

Protracted zircon age spectra are particularly useful for deciphering the construction and
evolving architecture within large silicic systems (Cisneros de Ledn et al., 2021). Prolonged At of
Pre-Chaxas zircons in particular attest to a long accumulation history that led to the eventual
accumulation of at least 500 km? of eruptible magma prior to eruption of the Puripicar Ignimbrite,
and certainly much more based on typical ratios of intrusive volumes to erupted volumes
(“plutonic : volcanic ratios”) of 6:1 to 10:1 for silicic magmatic systems (Crisp, 1984; White et al.,
2006), and up to 32:1 — 70:1 for APVC magmatic systems constructed during the flare-up
(Perkins et al., 2016; Tierney et al., 2016). Numerous crystallization events of zircon recorded
by complex texture-age-trace element chemistry relationships (Figure 3) are interpreted to
represent periods of episodic magmatic injection followed by cooling.

Early APVC magmatism at the Chaxas Volcanic Complex is documented by U-Pb
crystallization ages spanning as far back as c.a. 9 Ma in the Puripicar Ignimbrite, suggesting
that intrusive events occurred through the first and second major pulses of the APVC flare-up
(Kern et al., 2016). Yet eruption from the Chaxas Volcanic Complex magmatic system did not
occur until the second flare-up pulse with the eruption of the Agua Perdida Rhyolite at 5.44 Ma,
followed more than one myrs later by the 4.18 Ma Puripicar supereruption and the 3.73 Ma
Embaucador Rhyolite during the third pulse of the regional APVC flare-up (Table 1). Early,
infrequent intrusions into magmatic systems that saw peak magmatic activity millions of years

later across the APVC have been previously attributed to peripheral intrusive activity relative to



the loci of APVC volcanic activity (Kern et al. 2016). The initial constructive phases of the
Chaxas Volcanic Complex magmatic system during the first-two pulses of the regional flare-up
recorded by zircon U-Pb crystallization ages are interpreted to reflect this peripheral magmatic
activity. Long-term construction of magmatic systems by episodic intrusion spanning millions of
years has also been documented in exposed crustal sections with transient high flux marking
the prolific periods of magma accumulation, crustal growth, and volcanism in these systems
(Coleman et al., 2004; Eddy et al., 2022; Karakas et al., 2019; Klein et al., 2021; Samperton et
al., 2015).

Evidence for composite construction in the Pre-Chaxas magmatic system is also seen in
modeling results of U-Pb ages and trace element abundances in zircon. Final stages of magma
accumulation for the Pre-Chaxas eruptions occurred over maximum durations of 420 to 600
thousand years, which is much shorter than the total At of millions of years (Figure 6).
Residence times on the scale of hundreds of thousands of years are, however, long within the
context of estimations for volcanic systems globally (Friedrichs et al., 2021; Pamukgu et al.,
2025; Weber et al., 2023) but are consistent with the accumulation of large volumes of near- to
suprasolidus silicic magma in upper crustal magmatic systems that can experience up to one
million years of residence time (Barboni et al., 2016; Kaiser et al., 2017). Thermal models
indicate that this could mean the reservoir experienced relatively high flux in order to incubate
the system (de Silva and Gregg, 2014), which is consistent with higher assimilation rates in the
Pre-Chaxas reservoir compared to the Chaxas Complex reservoir based on radiogenic isotope
data (Lewis et al., 2026). Age constraints from a variety of magmatic systems also require that
voluminous eruptions evacuated from reservoirs that stored large volumes of near-solidus
material require transient increase in flux prior to eruption (Angeles-De La Torre et al., 2023;
Rivera et al., 2016; Szymanowski et al., 2019) However, relatively low, constant flux rates may
also produce prolonged residence times (Curry et al., 2021). This clearly introduces some
ambiguity into the implications of the zircon crystallization ages and durations for the Pre-
Chaxas eruptions.

Pre-Chaxas autocrysts and antecrysts have similar wide variation in trace element
abundances (Figure 4), providing evidence for a composite volcanic system. Such consistent
diversity seems to require relatively consistent influx of fresh magma and consequent thermal
sustainment of a thermochemically diverse reservoir that fractionates between intrusive events.
While a relatively logical line of explanation, trace element diversity is apparently entirely
ambiguous when used to infer variation in magmatic input and thermochemical states of

magmatic systems when accounting for age-trace element relationships. High trace element



diversity has been observed at the San Juan cluster which may have been constructed by
relatively low, persistent flux followed by fresh magmatic input prior to eruption (Curry et al.,
2021). Contrarily, transient high-flux in the Tocomar system in the APVC and the Tierra Blanca
eruptive series of the llopongo caldera (Bardelli et al., 2026; Cisneros de Leo6n et al., 2021)
produce higher trace element variation with increasing flux and eruptive volume. All of these
interpretations contrast the Toba Caldera that shows a decrease in the range of trace element
concentrations within zircon closer to eruption (Liu et al., 2021); which apparently requires
constant flux with no increases prior to eruption. The differences in trace element systematics
and zircon crystallization ages between systems such as Toba and the Chaxas Volcanic
Complex can be reconciled by the proposal that there is no general model regarding flux and
magmatic architectures appropriate for all large silicic reservoirs (Wilson et al., 2021), and each
system should be viewed in its own context and modeling framework.

Collectively, prolonged zircon age spectra from the Pre-Chaxas eruptions record a long-
lived, episodically recharged magmatic system that gradually accumulated large silicic volumes
prior to peak activity. Early intrusions during the first two APVC flare-up pulses reflect peripheral
magmatism and incremental construction of the Chaxas reservoir over nearly five myrs prior to
catastrophic eruption. Lengthy Aty values, complex zircon chemistries, and radiogenic isotopic
signatures all indicate sustained crustal assimilation but cannot uniquely constrain the relative
flux rate of the Pre-Chaxas magmatic system. Rather, features such as these are likely unique
to the thermochemical state of the Pre-Chaxas magmatic system as they are in other magmatic

systems.

Crustal Assimilation Recorded in Zircon Zr/Hf Ratios

Decreasing Zr/Hf values in zircon are typically thought to represent chemical
differentiation of zircon saturated melt by co-crystallization of zircon, allanite, xenotime, or
garnet, whereas co-saturated titanite and rutile would act to increase Zr/Hf due to their relative
partition coefficients (Bea et al., 2006; Claiborne et al., 2006). Key natural datasets exhibiting
this systematic decrease are observed in the Bergell intrusion and the Spirit Mountain batholith
that record extensive zircon crystallization (Claiborne et al., 2006; Samperton et al., 2015).
However, a group of zircons hosted in the rhyolitic Embaucador Rhyolite, Agua Perdida
Rhyolite, and Puripicar Ignimbrite have the highest Zr/Hf values of all those measured in this
study (Figure 5). Lack of clear trends between other geochemical proxies for fractionation and
high Zr/Hf zircon rules out late saturation of zircon followed by extensive crystallization as an

explanation for this observation. Calculated Zr saturation temperatures (Boehnke et al., 2013;



Harrison and Watson, 1983) of Puripicar Ignimbrite and Embaucador Rhyolite glasses are also
unremarkably similar (Supplementary File 1), indicating zircon was probably continuously
saturated during dacitic to rhyolitic melt production. These lines of evidence indicate that
decreases in Zr/Hf ratios may not strictly reflect melt differentiation by crystallization of zircon or
other Zr enriched phases. Comparison of Zr and Hf concentrations between whole rock (Zr/Hf:
29.8) and quenched anatectic melt (Zr/Hf: 41 - 47) of crustal xenoliths show that anatexis in
some lithologies of the Andean crust will increase the Zr/Hf ratio of contaminated melt (McLeod
et al., 2012).

High Zr/Hf ratios of zircons in evolved melts of the Chaxas Volcanic Complex magmatic
system may result from melting of fertile upper crustal lithologies. Zircon is well-known to be one
of the first phases resorbed during anatexis (Miller et al., 2007) resulting in enriched Zr/Hf
values of anatectic melt. Allanite stability also connotes it would quickly become unstable during
melting (Engi, 2017). Moreover, rutile and especially titanite are well-known reactants of melting
reactions (Zack and Kooijman, 2017), which would enhance preferential liberation of Zr over Hf
into resident magma during assimilation. Whatever the exact melting sequence, the enriched
Zr/Hf ratios of partially melted crustal xenoliths from the Andes relative to the refractory material
(McLeod et al., 2012) supports the inferences of trace element partitioning. To evaluate the
feasibility of this model to explain the occurrence of high Zr/Hf ratios in evolved magmas at the
Chaxas Volcanic Complex, trace element modeling via fractional crystallization with linear
varying partition coefficients (Greenland, 1970) along with fractional crystallization and
assimilation (FCA) models (Cribb and Barton, 1996) were performed. These latter models differ
from a classic assimilation and fractional crystallization model (i.e., DePaolo, 1981), as they
account for the common observation that crystallization and assimilation do not operate at the
same rate (e.g., Angeles-De La Torre et al. 2023). Model results indicate that zircon trace
element concentrations can generally be explained by fractional crystallization of silicic melt
(Figure 5). High Zr/Hf zircons, however, are best explained by the FCA model. Zircons in
evolved Pre-Chaxas magmas show that assimilation of crustal material must be included when
interpreting trace element patterns in zircon with respect to Zr/Hf when there is a decoupling of
Zr/Hf from other trace element proxies for fractionation, as high Zr/Hf zircon in rhyolites may
signal an assimilation signature. These data are consistent with the high assimilation rates
inferred for the large magmatic systems constructed during high flux in the APVC (de Silva et
al., 2006; Grocke et al., 2017). An alternative explanation is that Zr and other trace element
concentrations in silicic magmas may also be the result of cumulate melting. In this scenario,

successive intrusions re-introduce and preferentially enrich trace elements that are compatible



to the resident mineralogy of a cumulate (Wolff et al., 2024). While this cannot be strictly ruled
out, the assimilation signature interpreted here is preferred due to the observed Zr/Hf
differences between crustal xenoliths and magmatic hosts within the Central Andes (McLeod et
al., 2012).

In summary, elevated zircon Zr/Hf ratios in evolved Pre-Chaxas magmas reflect
assimilation of fertile upper crustal lithologies rather than simple fractional crystallization.
Modeling shows that fractional crystallization alone cannot reproduce the observed enrichment,
whereas fractional crystallization—assimilation (FCA) models successfully account for high Zr/Hf
values. These ratios likely record zircon resorption and liberation of Zr during crustal melting
reactions also involving titanite and rutile. The decoupling of Zr/Hf from other differentiation
proxies thus marks assimilation as a key process in the Chaxas magmatic system, consistent
with isotopic and zircon xenocryst evidence for extensive crustal interaction during the Pre-

Chaxas stage of the Chaxas Volcanic Complex (Lewis et al., 2026).

The Chaxas Complex —Distributed Upper Crustal Magmatism of Limited
Persistence

Eruptions of the Chaxas Complex are substantially smaller in volume and restricted to
the southern end of the Chaxas Volcanic Complex compared to the Pre-Chaxas (Figure 1),
suggesting an overall decrease in the scale of the magmatic system. Many of these eruptions
occurred in the transition between the third pulse of the APVC flare-up at c.a. 4 Ma and the
fourth (waning) pulse of the flare-up at c.a. 2 £ 1 Ma. The focus of APVC magmatism had also
shifted away from the Chaxas Volcanic Complex by 2 Ma (Kern et al., 2016), likely resulting in a
decrease of magmatic influx into the Chaxas Volcanic Complex that could incubate large
eruptions. Even a simple calculation of intrusive volumes estimated by extrusive volumes using
global estimates of intrusive to extrusive ratios of 6:1 to 10:1 (Crisp, 1984; White et al., 2006)
would result in two orders of magnitude difference in the volume of eruptible magma, as Chaxas
Complex eruptions have volumes on the order of 1-5 km? contributing to an aggregate volume
of ~10 km?, whereas the Puripicar ignimbrite has an estimated volume of ca. 500 km? (de Silva,
1989; Lewis et al., 2025). Howeuver, it cannot be strictly ruled out that this ratio was constant
between different eruptive phases given that small volume effusive volcanism in the APVC has
also been linked to exceptional plutonic to volcanic ratios of 70:1 and relatively high magmatic
flux (Tierney et al., 2016). One key observed difference between zircon distributions found in

other dome complexes of the APVC constructed by high-flux (Tierney et al., 2016) and the



Chaxas Complex is At. Domes studied by Tierney et al. (2016) show fairly continuous zircon U-
Pb age spectra while the zircon U-Pb age spectra of Chaxas Complex dome products have
lower At's. While many of the U-Pb ages gathered here suffer from poor precision, most of the
ages left after rejection (see methodology) from Middle Block and Ash flow as well as Cerro
Chaxas are strictly much higher precision U-Pb ages collected by MC-ICP-MS (Figure 2),
underscoring the observed differences.

Estimated maximum crystallization durations of the Chaxas Complex eruptions provide
some evidence for magmatic input into the system during later stages of Chaxas Volcanic
Complex lifecycle, though with some important limitations. Generally Aty is similar between
Chaxas Complex and Pre-Chaxas zircon U-Pb ages, but only when including those eruptions
for which U-Pb crystallization ages were only gathered by LA-Q-ICP-MS. Excluding those
eruptions (Final del Agua, Pyroclastic Fallout I, and Oldest Block and Ash flow), all other
Chaxas Complex eruptions have zircon U-Pb distributions with Aty ranging from essentially
instantaneous to 400 kyr; or systematically shorter than those in Pre-Chaxas eruptions. These
eruptions also carry clear antecrystic zircon populations even when considering the large
uncertainties that characterize some of the data, indicating periods of substantial cooling and
relatively impersistent magmatic influx that would otherwise create continuous U-Pb age
distributions. These observations could be interpreted to represent that cannibalization of
progenitor intrusions decreased systematically during the Chaxas Complex phase of
magmatism. When considering the comparison to low volume effusive eruptions produced
during high-flux in the APVC (Tierney et al., 2016), this would be consistent with observations
that cannibalization is more efficient during punctuated periods of high flux (Rivera et al., 2016)
should there be substantiative evidence that the flux-regime diminished between the Pre-
Chaxas and Chaxas Complex stages.

Zircon trace element concentrations and textures observed in Chaxas Complex
eruptions may provide some evidence for a decrease of ephemeral magma batches late in its
history as trace element concentrations of these eruptions are more restricted within each
individual unit. Specifically, U concentrations of the Middle Block and Ash flow are restricted to
200 - 400 pg/g and Ti-in-zircon crystallization temperatures vary within ~ 50 °C. The majority of
zircon in the Youngest Block and Ash flow have low crystallization temperatures from 680 — 740
°C, and low U concentrations of ~ 180 — 550 ug/g (Figure 4). Similarly, Cerro Chaxas zircons
show an extremely limited range in U concentrations of ~ 600 — 700 ug/g. These relative
restrictions in trace element concentrations are also apparent in Zr/Hf, indicative of lower

assimilation rates and a more restricted crystallization history. Only Pyroclastic Fallout | shows



extremely low Zr/Hf ratios, interpreted to represent more extensive fractionation of this relatively
small volume eruption compared to the crystal-rich dacitic dome eruptions (Figure 5).
Excursions of trace element concentrations and crystallization temperatures away from primary
clusters of data are present but rare for Chaxas Complex eruptions (Figure 4, Figure 5). These
excursions are in fact significant for the interpretation of the existence of small, ephemeral melt
batches. Bimodality caused by infrequent recharge events during a relatively short lifecycle
within a distributed magmatic system, or, initial crystallization following emplacement into the
upper crust may be the cause of these trace element excursions. Crystallization temperatures of
autocrystic Chaxas Complex zircons in particular indicate that the smaller, ephemeral melt
batches did not efficiently buffer temperature perturbations (e.g., Black and Andrews, 2020).
This is further supported by the antecrysts which have a more limited range in crystallization
temperatures and much higher U concentrations, suggestive of near solidus crystallization
(Troch et al., 2017). Indeed, such an interpretation of shorter melt residence and more
ephemeral melt batches prior to Chaxas Complex eruptions compared to Pre-Chaxas eruptions
complement zircon records which show tightly distributed age spectra are induced by sporadic
recharge events during waning flux (Friedrichs et al., 2021). However, the data are relatively
limited and we note that the wide range in crystallization temperatures that could be used to
infer small volume magma batches during the Chaxas Complex stage is no different than those
that could be used to interpret extensive compositional variation within a much larger magmatic
reservoir for the Pre-Chaxas stage.

Zircon petrochronologic data of the eruptions of the Chaxas Complex may record waning
magmatic flux and the transition from a large, integrated reservoir to small, short-lived magma
batches. Shorter Aty values support this but are hampered by poor precision that affects the
estimation of crystallization durations. Trace-element variability may indicate diminished
enthalpy budgets, weaker assimilation, and less efficient cannibalization of older intrusions
although such inferences are weak within the context of current knowledge of zircon trace
element systematics, as outlined above for the Pre-Chaxas stage. Besides inferring a constant
plutonic:volcanic ratio, only the observation of systematic differences in the structure of U-Pb
ages (Figure 2) and potentially inferring lower heat flux due to lower assimilation inferred from
Zr/Hf and isotopic ratios (Lewis et al., 2026) could be used to infer the possibility that the flux
regime changed between the Pre-Chaxas and Chaxas Complex stages. We therefore turn to

thermal modeling to test the possibility of a change in flux regime more rigorously.

Varying Thermal Flux Controlling the Architecturally Evolving Magmatic System



Thermal Model Set-up and Motivation

Zircon U-Pb crystallization ages and variation trace element concentrations as well as
constraints of magma flux that occurred during the pulsating APVC flare-up suggests a potential
change in flux between the Pre-Chaxas stage and the Chaxas Complex stage. However, this
inference is non-diagnostic based on the multi-entendre of reasonable interpretations of zircon
systematics described above. Here we test the assertion that variation of magmatic flux in the
Chaxas Volcanic Complex controls magmatic evolution and volcanic architecture, using thermal
modeling techniques coupled with zircon crystallization ages (Angeles-De La Torre et al., 2023;
Curry et al., 2021; Friedrichs et al., 2021; Liu et al., 2021; Tierney et al., 2016; Weber et al.,
2020). Many of these studies quantify flux leading up to single eruptions or within a single flux
regime (sometimes limited by secular equilibrium timescales), despite the characteristic lifecycle
of caldera forming volcanic systems that frequently exhibit a slow but steady accumulation of
magma, followed by high flux prior to the climactic phase, then finally distributed small volume
upper crustal magmatism (Best et al., 2016; Black and Andrews, 2020; Folkes et al., 2011;
Lipman, 1984; Szymanowski et al., 2019). The combined volcanic and zircon petrochronologic
record at the Chaxas Volcanic Complex provides a unigue opportunity to test if such inferences
adequately explain variation in eruptive characteristics and complementary plutonic assemblage
during ignimbrite flare-up magmatism.

Magmatic fluxes during the Pre-Chaxas and Chaxas Complex stage are estimated here
by performing thermal models using the MagmaThermoKinematics open source program (Kaus
et al., 2025), within which synthetic zircon distributions are formed by tracking temperatures to
estimate the temperature dependent saturation of zircon (i.e., Caricchi et al., 2014; Schmitt et
al., 2023). Model setups generally follow the so-called UCLA-HD approach which has been
applied over decades (Angeles-De La Torre et al., 2023; Friedrichs et al., 2021; Schmitt et al.,
2023b; Tierney et al., 2016). In this model approach, an elliptical intrusion with a sill like
geometry (i.e., aspect ratio > 1) is assumed and recharge events are applied by injecting an
ellipsoid into the center of the intrusion domain. In order to remain objective in our approach to
testing if a flux differential exists between the Pre-Chaxas and Chaxas Complex stages, all
magmatic injections were identical in temperature, size (3000m wide x 400m thick), and depth
of intrusion. Constraints on the recharge temperature were set from estimations of APVC
andesites (~1000 °C) that are small in volume but ubiquitous throughout the APVC (Burns and
de Silva, 2023). Depth of intrusion was set to 8 km within an 80 km wide by 20 km deep domain,
consistent with barometric estimates from the Puripicar ignimbrite (Lewis et al., 2026) and

constraints of magmatic systems fed by the APMB batholith (Ward et al., 2014; Pritchard et al.,



2018; Pritchard and Gregg, 2016). Density and heat capacity for crustal host rocks were held
constant at 2600 kg m= and 1050 J kg K1, respectively. Thermal conductivity was temperature
dependent (Whittington et al., 2009) and latent heat was set to 2.67 x 10° J kg%, although this
held little consequence on synthetic zircon age distributions compared to other variables. For
the Pre-Chaxas stage modeled using Puripicar U-Pb zircon ages, the bottom boundary
condition assumes constant heat flux of 50 mW m2, or a third of the flux of the modern APMB
(Pritchard et al., 2018), to approximate the typical flux while the APMB batholith was still being
established. The bottom boundary condition during the Chaxas Complex stage, modeled by U-
Pb zircon ages from the Middle Block and Ash flow, was set to higher 100 mW m. The initial
geothermal gradient showed the most significant control on melt fractions, average magmatic
temperatures, and the resulting synthetic zircon age distributions. Even small variations of ca.
5°C greatly affect the feasibility of a given recharge history. Prior estimates of the geotherm
resulting from flare-up magmatism of the Andes estimated a geotherm of 50°C km™ based on a
fully established APMB (de Silva and Gosnold, 2007). Given this and the location of the Chaxas
Volcanic Complex at the edge of the APMB, where thermal perturbation exhibited by advection
of magma from the APMB has less influence on peripheral magmatic systems (Gonzalez-
Maurel et al., 2019; Grunder et al., 2006; Lewis et al., 2022), an initial geothermal gradient of 30
°C km was used for the Pre-Chaxas stage. A higher value of 35 °C km' was used for the
Chaxas Complex stage. Tracers that track the time-temperature history were inserted with each
dike for subsequent processing of synthetic zircon distributions using previously described
methodology (Weber et al., 2020). Zircon saturation was assumed to occur at 900 °C,
consistent with initial crystallization in an andesitic magma, and crystallization was assumed to
stop at the granite solidus (690 °C). The temperatures sampled range from 840 — 690 °C for
Puripicar (Pre-Chaxas) models and 830 — 720 °C for Middle Block and Ash flow (Chaxas
Complex) models, consistent with autocryst crystallization temperatures (Figure 4). Due to
computational constraints, model duration for the Puripicar Ignimbrite was set to 1.5 myr. Model
duration for the magmatic history leading up to the Middle Block and Ash flow was set to 400
kyr. Below, all fluxes are reported in both traditional units (km? yr?) and intrusion area
normalized units (km? yr! km) in order to allow easy cross-comparison to magmatic reservoirs
with different footprints that cool at different rates for a given input volume (Sliwinski et al.,
2019).

Constraints on Pre-Chaxas Reservoir Flux from Zircon U-Pb Ages



Models of constant flux for the Pre-Chaxas stage were attempted to be benchmarked
and broadly constrained by constant flux models ranging from 1.0 x 10° km3 yr! to 6.5 x 1072
km? yr. Not one of these models was able to reproduce the observed Puripicar U-Pb
crystallization ages due to the predominance of young zircon that result in a strongly concave
cumulative distribution function (CDF) — an apparently common issue when modeling synthetic
zircon distributions (Angeles-De La Torre et al., 2023). In addition, models with high flux rates of
1 x 10 km? yr to 8 x 10° km? yrfollowed by cooling (i.e., cessation of all recharge) for
anywhere from 250 kyr to 1100 kyr also failed to reproduce the observed distribution either due
to the domain being entirely subsolidus or having a large zircon fraction occurring during only
part of the model time, again resulting in a concave CDF that could not reproduce the slightly
convex distribution of Puripicar U-Pb ages used for the modeling approach (Figure 7). Failure of
these approaches indicate that a pulsed intrusive history is the most likely scenario for the Pre-
Chaxas reservoir, as inferred for the pre-eruptive magmatic history of large eruptions (e.g.,
Rivera et al., 2016; Szymanowski et al., 2019)

Initial flux in the pulsed intrusive models were found to require a high pulse in order to
induce prolific crystallization early in the history. Lack of such an initial pulse results in the
concavity described above for the same reasons. This is also geologically reasonable given that
the model start occurs at approximately 6 Ma during the second major pulse of the APVC (Kern
et al., 2016) after rescaling the synthetic zircon ages (Figure 7). Relatively low flux near the end
of the model also produces a much steeper synthetic CDF slope that contrasts strongly with the
gentle slope in the CDF of the observed U-Pb ages, due to much of the intrusive volume being
within the observed Ti-in-zircon crystallization temperature window of PPI zircons (Figure 4)
used to resample the tracers. Modeling transient, steep slopes in the CDF that may indicate
periods of cooling also requires approximately an order of magnitude difference in flux — area
normalized or otherwise. However, interpreting these features may also be misleading due to
the large uncertainties and thus multiple intrusive histories produce reasonable synthetic zircon
age distributions.

Two flux histories were found that produce synthetic zircon distributions which agree with
the observed U-Pb distribution for the 1.5 myr crystallization history prior to the eruption of the
PPI. The first is a near constant flux model with intrusions that occur once every 15 kyr and a
pulse of intrusions at the beginning and end of the modeled time domain. In this scenario, the
flux of the Pre-Chaxas magmatic system is estimated to be 1.2 x 103 km? yr? (1.7 x 104 km?3 yr?
km-2) with a total intrusive volume of 1776 km?3. Another plausible intrusive history has an

additional period of relatively high flux from 900 — 950 kyr of the total 1500 kyr history, which



was modeled to ensure continuous magma residence for 600 kyr estimated by zircon
crystallization durations (Figure 6). For this scenario the flux is a similar to the near constant flux
model, with an estimate of 1.7 x 10°km? yr! (2.3 x 10* km?® yrtkm?) and pulses of flux up to
6.28 x 102 km® yrl. The total intrusive volume across the same time domain is notably higher at
2481 km?®. Based on the constraints provided by the U-Pb crystallization duration, it is likely that
this latter model is more accurate although we cannot rule out the possibility that the “lower” flux
scenario is possible based on the uncertainties of the U-Pb ages. Assuming similar flux rates
across the entire crystallization history recorded by the PPI these two models produce a total
intrusive volume estimate of 4854 — 6781 km?®. Intrusive to extrusive volumes in the upper
crustal pre-eruptive reservoir based on these estimates is well within estimates for silicic

volcanism at 9.7 — 13.6.

Constraints on the Younger Stage, Chaxas Complex Flux from Zircon U-Pb Ages

Models using a constant flux rate were tested for the Chaxas Complex stage, with fluxes
ranging from 1.05 x 10 km?3 yr to 1.05 x 10 km? yr. None of these models were able to
reproduce the observed slightly concave U-Pb zircon age spectra observed from the Middle
Block and Ash Flow (Figure 7). Similarly, models that produced constant flux of similar
magnitudes followed by cooling periods failed to reproduce the observed zircon U-Pb age
spectra. The observed U-Pb distribution was ultimately constrained by bracketing the observed
distribution between two models of near constant flux interrupted by short periods of high
magmatic input or cooling. In the first scenario, the model begins with a period of relatively high
flux rates characterized by intrusions occurring every 1 kyr for 50 kyr. This is followed by a
prolonged period of intrusions occurring every 20 kyr for another 320 kyr. Another pulse occurs
for the final 20 kyr of the 400 kyr model time domain, with intrusions again occurring every 1 kyr.
This results in an average flux of 4.0 x 10*km? yr? (5.6 x 10° km?3 yr!km2) with a total volume
of 158 km?3. This ultimately results in a flux that is too high for most of the model domain, but we
attempt to bracket this with a different modeling approach that allows a period of cooling
followed by recharge at the end of the model (i.e., just before eruption). In this case, intrusions
occur every 1 kyr for only 20 kyr followed up again by intrusions occurring every 15 kyr, but here
flux ceases after an additional 300 kyr. A final intrusive period then occurs 390 kyr into the
model time domain, with intrusions occurring every 1 kyr. For this modeled scenario the total
intrusive volume is much smaller than the first (91 km?3) and the average flux is slightly smaller
at 2.2 x 10* km?® yr! (3.2 x 105 km® yr km). Due to the evenly dispersed U-Pb dataset of the

antecrystic zircons in this eruption, we prefer the former higher flux of these two models as this



intrusion history results in a persistent magma intrusion that is likely more representative of the
U-Pb ages. However, we cannot rule out the possibility that the magma reservoir was not
persistent for this entire period due to the relatively large uncertainties and modeled results
which suggest this scenario could be possible.

According to the models that bracket the Middle Block and Ash flow zircons, flux during
the Chaxas Complex stage diminished significantly compared to the Pre-Chaxas stage (Figure
7), with an estimated range of 2.2 x 10 km?® yrtto 4.0 x 10*km?® yr? (2.3 x 105 km? yr' km? to
3.2 x 10°® km® yrtkm). This flux estimate is a maximum, because the modeled synthetic zircon
distribution used to derive a flux estimate for the Middle Block and Ash flow (Figure 7) is
compared to a set of zircon ages with even dispersion, which could represent a single intrusive
event. Overall, significantly lower thermal fluxes are recorded in the zircon spectra of the
Chaxas Complex eruptions compared with those estimated for the Pre-Chaxas stage
represented by Puripicar Ignimbrite crystallization ages.

Implications of Variable Flux Rates at the Chaxas Volcanic Complex

Flux estimates ranging from 1.45 x 103 km? yrtup to 6.28 x 10 km® yr made by
multiple models for the Pre-Chaxas stage are on the order of magnitude estimated for the
formation of large upper crustal reservoirs that birth voluminous eruptions (Gelman et al., 2013)
and slightly higher than the late Pleistocene lava domes in the APVC that were extracted from a
thermally contiguous upper crustal zone that sustained several small widely separated melt
zones (Tierney et al., 2016). The flux and the thermal history of the Chaxas Complex as
modelled by the Middle Block and Ash flow is nearly an order of magnitude lower than the Pre-
Chaxas stage of the magmatic system. The estimate of 1.6 x 10% km? yr1to 4.0 x 10“km?3 yrtis
typical of steady state (long term secular background) fluxes estimated for volcanic arcs,
including the Andes (Bertin et al., 2023; Jicha and Jagoutz, 2015). This is consistent with the
Chaxas Complex being constructed under the post-flare-up, waning flux regime of the APVC.

Compared to flux estimates for the region that rely on assumptions of volcanic to
plutonic ratios (Bertin et al., 2023; de Silva and Gosnold, 2007), the flux estimates made here
are either the same or approximately one order of magnitude lower. Higher flux estimates of 1.2
X 102 -6 x 102 km? yr? (de Silva and Gosnold, 2007) are attributed to integrating the volumes
over short periods of pulses on the order of a few hundred thousand years. More recent
estimations found the intrusive flux for the region to average 4.8 x 10*km? yr for a 23 km
section of arc like the Chaxas Volcanic Complex, and up to 1.2 x 102 km? yr? for the highest

instantaneous flux estimates (Bertin et al., 2023), which overlaps with the range of fluxes



estimated for the Chaxas Volcanic Complex. Differences for the region can ultimately be
attributed to assumptions about the time domain over which the volumes are integrated, and
ultimately all of these assumptions still put the flux estimates for the Pre-Chaxas reservoir well
above the 20 km3/ one km of arc / one million year flux estimate that is considered the baseline
for magmatic flare-ups (Jicha and Jagoutz, 2015).

One of the primary motivations for modeling flux between representative eruptions of the
Pre-Chaxas and Chaxas Complex stages is to highlight the rate of change of magmatic flux
within a large silicic system throughout its lifecycle. The Pre-Chaxas stage ended at c.a. 4.0 Ma,
with eruption of the Puripicar Ignimbrite occurring at 4.18 Ma and the Embaucador Rhyolite
approximately four hundred thousand years later at 3.73 Ma. No large eruptions or
stratigraphically continuous rhyolitic tuffs were emplaced following the Pre-Chaxas stage. Only
Pyroclastic Fallout I, a volumetrically insignificant eruption (Lewis et al., 2025) erupted at 3.54
Ma after the Embaucador Rhyolite and before the first signs of dome activity with emplacement
of the Oldest Block and Ash flow at 2.75 Ma. Moreover, zircon U-Pb crystallization ages in
Pyroclastic Fallout | could be interpreted as representing the same crystallization event as the
most recent that occurred prior to eruption of the Embaucador Rhyolite (Figure 2). As such, it is
interpreted that the average magmatic flux into the Chaxas Volcanic Complex changed
systematically between eruption of the Embaucador Rhyolite and emplacement of the Oldest
Block and Ash flow at the latest, and probably by the time Pyroclastic Fallout | erupted.
Assuming the modeling results are representative for the contrasting high and low flux stages of
magmatism within the Chaxas Volcanic Complex, this indicates that magmatic flux shifted by an
order of magnitude within a period of c.a. 200 kyr. Relatively rapid cessation of high magmatic
flux into the system may result from efficient refocusing of magmatic activity from the APMB
(Kern et al., 2016).

Altogether, thermal modeling and zircon petrochronology reveal that magmatic flux at the
Chaxas Volcanic Complex declined by roughly an order of magnitude between the Pre-Chaxas
and Chaxas Complex stages. High-flux conditions with pulses up to 6.28 x 103 km?® yr! and a
long term average of 1.45 x 103 km? yr? (2 x 10 km?® yr! km) sustained long-lived magma
accumulation and supereruption potential during the Pre-Chaxas stage, whereas the Chaxas
Complex stage operated at background steady state arc-flux levels (< ~ 4.0 x 10*km?3 yr?),
producing small, short-lived magma batches. Modeling further indicates that this transition
occurred within ~ 200 kyr—an abrupt thermal and magmatic reorganization linked to regional
refocusing of flux away from Chaxas. These results demonstrate that large silicic systems can

experience rapid, order-of-magnitude changes in flux that controls their thermal longeuvity,



architecture, and eruptive output with the ultimate tangible result being the achievement of

magmatic repose within geologically short time intervals.

Reconstructing the Architecture of the Remnant Composite Plutonic System

Beneath the Chaxas Volcanic Complex

One of the primary interests for estimating intrusive volumes and magmatic flux rates is
to provide insight into the link between volumetric production of volcanoes and their subcrustal
plutonic complexes. Estimating how these intrusive complexes are assembled and whether or
not their assemblage is characterized by relatively persistent flux that creates a more
homogenous system (Liu et al., 2021), or incremental assembly from pulsating magmatic flux
that results in compositionally, thermally, and structurally complex systems (Krueger and
Yoshinobu, 2018; Matzel et al., 2006) provides insights into the rates of upper crustal magmatic
assemblage and if large volumes of magma can potentially be stored in the upper crust. Flux
and volume estimates from the thermal models and zircon crystallization ages as well as trace
element concentrations are therefore compared here to well-constrained plutonic and volcanic
systems in the literature to evaluate and analyze the significance of the results in this study.

Flux estimates for Pre-Chaxas eruptions are lower than the extensive Southern Rocky
Mountain Volcanic Field (SRMVF) that has an estimated flux of 5 x 10 km? yr'? (Lipman and
Bachmann, 2015) and contains numerous caldera complexes underpinned by batholiths with
volumes on the order of 10° km?3. The flux and volume estimate from the Puripicar Ignimbrite is
expectedly smaller than more voluminous flare-ups such as the SRMVF (Best et al., 2016).
Rather, the Pre-Chaxas flux estimates (~ 1.45 x 10 km? yr?; 2 x 10 km?® yr* km) and volume
(~ 5800 km?) are directly comparable to the 3.5 x 10 km?® yr? flux and 1200 — 9000 km?® volume
estimated for the long-lived and voluminous Mt. Stuart pluton (Lipman and Bachmann, 2015;
Matzel et al., 2006). Interestingly, the best-fit intrusive history for the Pre-Chaxas magmatic
history that accounts for the variable slope in the empirical cumulative distribution of the
observed U-Pb crystallization ages of the Puripicar Ignimbrite (Figure 7) is characterized by
pulses of high flux separated by lower flux conditions, similar to that observed at the Mt. Stuart
pluton. Sharp geochronological discontinuities across otherwise compositionally homogenous
silicic domains within Mt. Stuart also attest to its incremental, upper crustal history. As an
intrusive proxy to the volcanic Chaxas Volcanic Complex, the similar magmatic history and
characteristics observed at the Mt. Stuart batholith indicates that the large and long-lived
volcanic system that produced the Puripicar Ignimbrite is now underpinned by a similar

composite, silicic plutonic complex. As regional flux waned, however, the intrusive volume into



the upper crust drastically diminished to a maximum of 100’s of km? at a single period and likely
less based on this estimate being an upper bound for the Middle Block and Ash flow (Figure 7).
Using the 158 km? estimated intrusion history across the 400 kyr time domain modeled for the
Middle Block and Ash flow crystallization history, no more than 790 km? of magma was
emplaced during the entire Chaxas Complex stage. As supported by the trace element
concentrations and crystallization ages of the Chaxas Complex eruptions, the resident melt
during the latter stages of the Chaxas Volcanic Complex was likely short and emplaced into a
voluminous silicic mush that had largely solidified following catastrophic eruption and peak
magmatic activity (Figure 8). These results imply that the dominant volume of the plutonic
system beneath the Chaxas Volcanic Complex was emplaced during the Pre-Chaxas stage, and
indeed that large volumes of magma must have been stored in the upper crust prior to eruption
of the Puripicar Ignimbrite. Results here also corroborate prior work which has shown that
assuming a plutonic:volcanic ratio of ~ 6:1 — 10:1 for low volcanic flux regimes may cause a
severe underestimation of the intrusive volume of magma (Tierney et al., 2016). Whereas the
high flux Pre-Chaxas stage prior to eruption of the Puripicar Ignimbrite exhibits a
plutonic:volcanic ratio of 9.7 — 13.6, the Chaxas Complex stage of substantially lower volcanic
flux has a plutonic:volcanic ratio of approximately 79:1 based on the estimated 10 km? of
erupted dome lithologies. This emphasizes that even relatively low volcanic flux can be
accompanied by volumetrically significant intrusive activity (Mills and Coleman, 2013; Tappa et
al., 2011; Tierney et al., 2016).

In summary, thermal modeling of zircon petrochronology indicates that the Chaxas
Volcanic Complex is underpinned by a composite plutonic system assembled predominantly
during the high-flux Pre-Chaxas stage. Intrusive volumes of ~ 5800 km3 and fluxes as high as
6.28 x 10 km?3 yr? parallel those of incrementally constructed batholiths like Mt. Stuart,
suggesting episodic, pulsed assembly of a large silicic reservoir. During the waning Chaxas
Complex stage, intrusive volumes fell to < 1500 km3, yielding an extreme plutonic : volcanic ratio
(~ 150:1) despite low eruptive output. These results imply that most upper-crustal magma
accumulation occurred rapidly during peak flux, with later injections limited to minor
replenishment of a cooling silicic mush—preserving a fossilized plutonic architecture beneath
the Chaxas Volcanic Complex.

At a broader scale, both variance and invariance of magmatic flux have been recorded in
volcanic systems. Volcanic systems that have experienced multiple large eruptions or caldera
collapse events have been interpreted to experience multiple pulses of upper crustal

magmatism, as constrained by short durations of crystallization (Gaynor et al., 2023; Rivera et



al., 2016) or sustained moderate flux, as constrained by zircon crystallization ages and thermal
modeling (Curry et al., 2021; Liu et al., 2021). For systems like the Chaxas Volcanic Complex
with only one catastrophic eruption produced during a stage of notably high magmatic (or
volcanic) flux, it is likely that the dominant magmatic volume is produced during a relatively short

time interval relative to the entire lifecycle.

Conclusions

The volcanic record of the Chaxas Volcanic Complex is inferred to record a transition from
large-volume, integrated magmatism during the Pre-Chaxas stage (5.44 — 3.73 Ma) to lower-
volume, spatially distributed magmatism during the Chaxas Complex phase (3.54 — 1.24 Ma).
This evolution parallels the inferred thermal trajectory of the Altiplano-Puna Volcanic Complex
(APVC) ignimbrite flare-up. Through the lens of zircon petrochronology this study has
demonstrated how variations in magmatic flux governed the development and architecture of
the Chaxas Volcanic Complex and its plutonic underpinnings. The analysis and interpretation of
zircon petrochronologic data lead to the following conclusions:

1) Zircon petrochronology of the Chaxas Volcanic Complex reveals that its magmatic evolution
was governed by cyclic variations in thermal and magmatic flux that drove a transition from
prolonged upper-crustal magma assembly to distributed, waning magmatism.

2) The distinction between autocrystic and antecrystic zircon populations by the widely applied
iterative MSWD approach defines melt-residence durations (Aty) and reveals that older
zircon and domains were recycled from remnant progenitor intrusions during successive
recharge. Textural truncations, trace-element variability, and the presence of inherited and
xenocrystic grains collectively indicate repeated rejuvenation and assimilation of crustal
material.

3) Elevated zircon Zr/Hf ratios in Pre-Chaxas eruptions require fractional-crystallization—
assimilation processes rather than simple differentiation, linking high Zr/Hf values to crustal
melting reactions involving titanite and rutile during high-flux stages.

4) Thermal modeling and zircon petrochronology reveal that early Pre-Chaxas magmatism was
characterized by long-lived, episodic intrusions emplaced at fluxes averaging ~ 1.45 x 107
km?3 yr! (2 x 10 km?® yr! km). These conditions incubated a supereruption-scale magma
body and extensive crustal assimilation leading to the Puripicar supereruption. Following the
APVC flare-up peak, flux waned by an order of magnitude (< 4.0 x 10*km?® yr!; 5.6 x 10

km? yrtkm2), producing smaller, short-lived magma batches and more compositionally



uniform zircon populations. The transition occurred within ~ 200 kyr, marking rapid thermal
and structural reorganization of the system.

5) Thermal and flux modeling, supported by zircon age distributions, suggest that the Chaxas
system is underpinned by a composite plutonic complex assembled largely during the high-
flux Pre-Chaxas stage (4854 - 6781 km3). Younger Chaxas Complex intrusions (< 800 km3)
represent minor replenishment of a cooling silicic mush, yielding a high plutonic:volcanic
ratio (~ 79:1). Collectively, these findings show that large silicic systems evolve through
pulsed magmatic fluxes that control reservoir architecture, eruptibility, and plutonic

construction.

Acknowledgements

CTL is indebted to the Geological Society of America, the Sharp family, the Mazamas
mountaineering organization, and the Central Oregon Geoscience Society for their various
funding initiatives that made this work possible. CTL is supported through a Graduate Research
Assistantship where he works in the W.M. Keck Collaboratory at Oregon State University. This
work was not possible without the encouragement and comradery of Chris Russo and Adam
Kent. We are grateful for Christian Metzke of Alma Gaucho Expeditions, Matias Villaroel, and
Alex Cisneros who helped us in the field. Logistical support and sample export from Chile was
enabled by Felipe Aguilera (Universidad del Norte) and Benigno Godoy (Universidad de Chile).
Axel Schmitt provided insightful comment on an earlier version of this manuscript. CTL
acknowledges the critical contribution of Katherine Worms in ensuring the thermal models ran
without interruption. Lorenzo Tavazzani and an anonymous reviewer provided thorough critiques
that greatly strengthened this manuscript. Dr. Marco Fiorentini provided excellent editorial
handling to see this manuscript published.



Table 1: Generalized Stratigraphy and U-Pb age durations of Chaxas Volcanic Complex

Formation Unit EruP(tli/?ag Age Er%f’;i;n At Aty

Final del Agua 1.24 +0.05 PDC 3.02 <017
Rhyolite

g Youngest B&A 1.83+0.01 B&A 243 <041

§ Cerro Chaxas 1.86 + 0.06 Dome 4.43 n
g Middle B&A 2.35+0.01 B&A 247 <0.32
g Oldest B&A 2.75+0.19 B&A 2.25 <94
Pyroclastic Fallout | 3.54+0.33 PF 1.65 <1.0%
g Embaucador Rhyolite 3.73+0.02 PDC 3.52 <043
-g Puripicar Ignimbrite 4.18 £ 0.03 PDC 417 <0.60
;i_') Agua Perdida Rhyolite 5.44 £ 0.01 PDC 1.32 <0.59

All eruption ages from Lewis et al. (2025), except the Puripicar Ignimbrite age from Brown
et al. (2021). PDC: Pyroclastic Density Current. B&A: Block and Ash Flow. PF: Pyroclastic

Fallout.

At: Range of crystallization ages (myr) defined by difference of oldest and youngest U-Pb

crystallization ages

Aty: Crystallization duration of autocrystic subpopulation (myr) determined by iterative

MSWD method. Durations from Klein and Eddy (2025) unless specified.

*Duration is subject to large uncertainty as data are from LA-Q-ICP-MS only
A Youngest U-Pb age is outside of uncertainty from the rest of the U-Pb

ages within the sample
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Figure Captions

Figure 1
Map of the Chaxas Volcanic Complex adapted from (Lewis et al., 2025) showing the extent of

eruptive units. Black solid line shows Chilean-Bolivian border. The Puripicar Ignimbrite is
volumetrically dominant with respect to all other eruptions from the Chaxas Volcanic Complex.
Pre-Chaxas eruptions, including the Puripicar Ignimbrite, are stratigraphically beneath the
Youngest Block and Ash Flow at the west side of the Chaxas Dome Complex. Dashed outlines
show the inferred footprint of the underlying magmatic reservoirs during the two eruptive stages.

Figure 2
Diagram showing rank order U-Pb zircon ages from eruptions of the Chaxas Volcanic Complex.

Eruption age of units increases towards the right. MSWD, range of crystallization ages (At), and
the ratio of the range of crystallization ages and average analytical uncertainty (At/s) are shown
above each of the datasets. MSWD* and At* indicates the values of these statistics after
removing the clear antecrysts that are outside of the rest of the otherwise evenly dispersed

population of U-Pb ages.

Figure 3
Representative cathodoluminescence (CL-) images from eruptive units of the two major stages

of volcanic activity at the Chaxas Volcanic Complex. Zircon grains from the Pre-Chaxas stage
are internally complex. These grains show multiple truncations and overgrowths likely
representing repeated growth and dissolution. Zircon grains from the Chaxas Complex stage
show less textural complexity. Zoning in these grains is generally oscillatory. Many grains have a

similar bright CL-response near or at the rim.

Figure 4
A,B) Zircon Ti concentrations vs U concentrations and Zr/Hf. Dashed grey lines show Ti

concentration at a given temperature (Ferry and Watson, 2007). A general increase in U
concentration with decreasing temperature is present, although a wide variety of temperatures
at low degrees of evolution imply high thermal gradients or recharge events. Zr/Hf also
decreases with decreasing temperature, but it should be noted that zircon groups with higher
Zr/Hf values do not correlate with decreasing Ti-in-zircon crystallization temperatures.
Pre-Chaxas eruptions carry zircons that form distinct groups and/or relatively continuous arrays

of data. Chaxas Complex zircons tend to be more tightly grouped.



C, D) Age constrained trace element data. Autocrystic zircon from the Chaxas Complex is less
dispersed than autocrystic zircon from the Pre-Chaxas eruptions and have Zr/Hf values that
correlate more readily with variations in temperature, consistent with the presence of small,

relatively homogenous melt batches with a simple cooling history.

Figure 5
Zircon trace element analyses for each eruptive unit with modeled fractional crystallization (FC)

and fractional crystallization and assimilation (FCA) trends. Solid and dashed lines show FC and
FCA trends, respectively. Solid black numbers show percentage of melt remaining in the model.
Black and purple models show modeled trends using the PPl and ER as starting compositions,
respectively. A) Zr/Hf vs Th/U values. Note that decreasing Zr/Hf values are interpreted to
indicate progressive melt evolution, but the evolved ER, APR, and PPI carry the highest Zr/Hf
that are best explained by assimilation of high Zr/Hf melt. B) Eu/Eu* vs U concentrations.
Models here bracket the data array, supporting that melt evolution formed progressively high U,
low Eu/Eu zircons. C) Yb/Dy vs Th/U values. Two distinct trends defining a low and high Yb/Dy
trend are interpreted from the dataset. Lower trend formed primarily by ER zircons is best
explained by FC of rhyolitic melt. All other data fall between the models that describe melt

evolution within the system.

Figure 6
Diagram showing estimated crystallization durations of autocrystic zircon subpopulations

(referred to as Aty in the text) determined from the iterative MSWD approach and total range of
U-Pb crystallization ages (At). Maximum crystallization durations (following Klein and Eddy,
(2025)) of these autocrystic subpopulations are within uncertainty of the rudimentary Aty
calculated as the difference between the oldest and youngest autocrystic zircons identified from
mixture modeling. Crystallization durations are assigned a maximum due to their MSWD being
below the threshold value for the acceptable MSWD. Durations of the entire series of U-Pb
crystallization ages within each eruptive unit, which are clearly unreasonable estimates for
residence times, are shown for comparison. Durations of crystallization estimated from
autocrystic zircon populations (Aty) are substantially shorter than the total range of
crystallization ages and fall within reasonable residence times. Cerro Chaxas has a U-Pb
crystallization age that falls outside of uncertainty from the rest of the data, interpreted to

indicate a final crystallization event occurred during final ascent.



Figure 7
Diagrams showing cumulative probability of U-Pb zircon crystallization ages (black lines) with

fitted synthetic zircon distributions produced from thermal models. Also shown are the thermal
histories of the models as represented by the mean and standard deviation of the tracer
temperatures throughout the model time. Observed range of Ti-in-zircon crystallization
temperatures shown as light red fields. A) Empirical zircon U-Pb age CDF from the Middle Block
and Ash Flow shown with the synthetic zircon distributions retrieved from the tracers within the
thermal models. Note the flux estimate for the MBA is a maximum because the age data are
underdispersed. B) Thermal histories from the tracers with the same symbology as in (A). The
higher flux model has supra-solidus temperature throughout the entire history. Perturbations in
temperature result from intrusions. Lower melt volumes are more sensitive to thermal
perturbation, indicated as higher variability of temperature in the lower flux model during
intrusive events. C) Empirical zircon U-Pb age CDF of the youngest 1.5 myr Puripicar zircons
with thermal models that reasonably reproduce the observed distribution. D) Both models show
prolonged melt presence. Intrusive episodes are buffered relatively well compared to the
Chaxas Complex models, consistent with observations that magmatic reservoirs which produce

supereruption scale dacites thermally and chemically buffer intrusions relatively efficiently.

Figure 8
Schematic diagram illustrating a generalized physical representation based on the temporal,

thermal, geochemical, and modeled results of the Chaxas Volcanic Complex magmatic system.
Upper surface of APMB from Pritchard et al. (2018). Depth range of pre-eruption storage
estimated from PT conditions estimated for the APVC previously (Grocke et al., 2017; Lindsay
et al., 2001). Pre-Chaxas shows run-up to 4.18 Ma Puripicar supereruption during high flux
conditions that formed large volumes of monotonous dacite. Subsequent low flux magmatism
from 3.54 — 1.24 Ma that characterized the Chaxas Complex depicts smaller discrete bodies of
short lived melt within the Pre-Chaxas mush. Color gradient represents thermal gradient from

the APMB. Surface volcanic features exaggerated for clarity.
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Pre-Chaxas: Peak Flare-up

Eventual site of Puripicar Caldera
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« Supereruption

* Monotonous whole rock chemistry

» Heterogenous crystal cargo

« Overdispersed polymodal zircon spectra
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Chaxas Complex: Waning Flux

Eventual site of Chaxas Dome Complex

« Small effusive eruptions

« Diverse whole rock chemistry
* Homogenous crystal cargo

« Unimodal zircon spectra

« Invariable ZTE
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Low Flux: <3.2-5.6 x 105
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