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We investigate ten of the most recent tephra-fall deposits emplaced between ≤21 and 2 ka from the Pacheco stage of Misti volcano,
Peru, to elucidate magma dynamics and explosive eruption triggers related to magma storage, recharge, and remobilization. Whole-rock,
glass, and mineral textures and compositions indicate the presence of broadly felsic, intermediate, and mafic magmas in a chemically
and thermally stratified magma storage system (Zones 1–3) that interact to differing extents prior to eruption. Intermediate magmas
are defined by plagioclase + amphibole + two-pyroxenes + Fe-Ti oxides and phase equilibria indicate they formed at ∼300 to 600 MPa
and ∼950◦C to 1000◦C. Intermediate magmas dominate the Pacheco stage and either erupted alone as hybridized magmas or mingled
with minor volumes of cool felsic magmas (∼800◦C) in which only plagioclase + Fe-Ti oxides are stable. Felsic magmas do not exclusively
comprise any tephra-fall deposit emplaced during the Pacheco stage but were remobilized by recharge and mixing with intermediate
magmas in order to erupt. Furthermore, felsic-hosted amphibole cognate to the intermediate magmas are reacted despite the felsic
magmas being water saturated, which suggests they are staged above the amphibole stability limit (≤200 MPa). The cryptic presence
of mafic magmas is indicated by high-An plagioclase cores (An74–88), rare anhedral olivine (Fo77–80), and possibly high Mg# augite
and amphibole (up to Mg# 84 and 77, respectively). The dearth of basalt to basaltic andesite melts recorded in erupted glasses and
exclusivity of high-An plagioclase to crystal cores signals mafic magmas are staged deeper in the crust than the intermediate magmas.
Periodic interactions between these magmas tracked via glass compositions and crystal exchange reveal an alternation between the
production of mingled magmas and their eruption shortly after a recharge event, followed by a period of homogenization and eruption
of hybridized magmas. As such, we identify magma recharge as a key mechanism by which half of the explosive eruptions were triggered
in the Pacheco stage. A >100◦C increase in Misti’s fumarole temperatures from 1967 to 2018 coincident with changes in fumarolic gas
compositions is consistent with degassing of a mafic recharge magma, signaling that Misti could produce similar explosive eruptions
in the future.

Key words: Arequipa; Peru; magma mixing; magma recharge; magma storage; Misti volcano; thermobarometry

INTRODUCTION
Petrological investigations characterizing an individual volcano
include probing its eruptive products for insight into its magma
genesis, magma storage system, and eruption triggers. El Misti
volcano (hereafter referred to as Misti) in southern Peru (Fig. 1)
is targeted here because (1) recent work delineates ten VEI 2–5
eruptions via documentation of tephra-fall deposits emplaced
during the Pacheco stage (≤21–2 ka) (Cacya et al., 2007; Harpel
et al., 2018, 2021), allowing for investigation of a stratigraphically
controlled consecutive sequence of young explosive eruptions,
and (2) Misti poses significant threats to Arequipa, Peru’s
second largest city (population > 1.1 million; INEI, 2018) centered
<18 km from the summit. Misti’s volcaniclastic deposits form
a ∼200-km2 volcaniclastic fan on which Arequipa developed
(Legros, 2001; Thouret et al., 2001). Arequipa has essential
infrastructure in high volcanic hazard zones such as the Aguada

Blanca dam and hydroelectric complex (Fig. 2), which is connected
to the national energy grid and stores critical water supplies in an
otherwise arid region (Mariño et al., 2007, 2016). These risks make
it critical to understand the petrology of Misti’s young deposits.

Existing examinations provide a crucial synopsis of Misti’s
entire eruptive history and petrogenesis (Legros, 1998, 2001;
Thouret et al., 2001; Ruprecht & Wörner, 2007; Rivera et al., 2017),
but only Misti’s Plinian ca. 2-ka, Sacarosa, and Autopista eruptions
are described in great detail (Thouret et al., 2001; Cacya et al.,
2007; Harpel et al., 2011, 2023; Cobeñas et al., 2012; Tepley III et al.,
2013; Cuno, 2018). There remains a gap in comprehending magma
petrogenesis and processes driving eruptive activity for much of
Misti’s history.

The Pacheco stage represents magmas in which we find abun-
dant evidence for the processes of magma recharge and reju-
venation. We use the definition of recharge as the addition of
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Fig. 1. Locations of southern Peru’s active and potentially active
volcanoes (triangles) after de Silva & Francis (1991). Note Misti volcano’s
location near Arequipa, the second largest city in Peru. Large bold text
indicates countries and oceans, italic text shows major cities and lakes,
and solid black lines mark country borders.

relatively mafic magma to a resident felsic magma, and magma
rejuvenation as the addition of a magma broadly similar in com-
position to the resident magma (Kent et al., 2023). Regardless of
compositions involved, these processes lead to magma mixing,
which describes general interactions between two different mag-
mas without implying the state of the final product (Wilcox, 1999).
Magma mixing is divided into: (1) mingling, which occurs when
viscosity contrasts between recharge and resident magmas are
large and mechanical mixing is initially favored, leaving behind
textural evidence at the hand sample scale and forming bimodal
magmas, and (2) hybridization, which occurs when viscosity con-
trasts between magmas are low and homogenization is driven by
diffusion across geochemical gradients (Bacon, 1986). Exclusively
mingled magmas are rare in nature (Morgavi et al., 2022) including
at Misti, where bimodal magmas contain crystals with evidence
of previous mixing events. Here, we use the term mingled when
bimodal glass compositions are present in a unit. For rejuve-
nation by similar magmas in which the largest differences are
temperature or volatile content, or hybridization of once bimodal
melts, mixing is recorded in surviving crystal cargo (e.g. Clynne,
1999; Tepley et al., 2000; Armienti et al., 2007; Ruprecht & Wörner,
2007). Finally, we recognize that some chemical variability can
be attributed to eruption from a zoned magma chamber (e.g.
Hildreth, 1981; Matthews et al., 1999).

Per these definitions, we present textural and geochemical evi-
dence of mingled and hybridized magmas from repeating magma
recharge or rejuvenation events followed by mixing and eruption
at Misti. While eruption of individual dacitic and rhyolitic magmas
ceased just prior to the Pacheco stage (e.g. Legros, 2001; Harpel
et al., 2023), Pacheco stage explosive eruptions sample felsic mag-
mas as one mixing component. We also introduce temperatures
and pressures estimated via thermobarometry and combine them
with textures and compositions to delineate details of Misti’s
petrology from ≤21–2 ka. Although Misti produced effusive erup-
tions during this time (Thouret et al., 2001; Ruprecht & Wörner,
2007), it is unclear where they fit into Pacheco stage stratigraphy
and conclusions drawn herein are based only on explosive erup-
tive deposits.

Fig. 2. (a) Misti volcano and the surrounding region highlighting major
drainages and locations mentioned in the text, after Harpel et al. (2011).
Stars represent sites mentioned in Fig. 3. Coordinates of all sites are
found in Electronic Appendix 1. Site 1 approximates the location of a
roadcut with a complete section of Pacheco stage deposits. (b)
Photograph looking northeast toward Misti volcano from the west side
of the Río Chili, ∼15 km from the volcano’s summit. The Río Chili is
downstream of the Aguada Blanca dam and hosts the Charcani power
complex in a high volcanic hazard zone (Mariño et al., 2016). Also in the
midground of (b) are extensive human developments in moderate-high
hazard zones.

These ten eruptive deposits provide an exceptional opportunity
to probe the commonly cited eruption triggers of mafic recharge
and rejuvenation (e.g. Sparks et al., 1977; Clynne, 1999; de Silva
et al., 2008; Ferlito et al., 2009; Kent et al., 2023). Results from this
study, particularly those regarding eruption triggers, can help sci-
entists interpret volcano monitoring data, inform eruption fore-
casts, and thereby mitigate impacts on Arequipa. Documentation
of single eruptions with VEI ≥5 in the Central Volcanic Zone (CVZ)
of the Andes is sparse (Siebert et al., 2011; Harpel et al., 2023),
and magma mixing is documented in nearby active volcanoes
(e.g. Nevado Sabancaya, Gerbe & Thouret, 2004; Rivera et al., 2023;
Ubinas volcano, Rivera et al., 2014), so deductions from this study
can also be used to gain a broader understanding of explosive
activity in the CVZ and similar arc volcanoes worldwide.

GEOLOGICAL BACKGROUND
Overview of eruptive history
Misti is a relatively young (≥112 ka) stratovolcano in the CVZ (de
Silva & Francis, 1991) that has mostly erupted andesites-dacites
with minor rhyolites emplaced as lava flows, domes, pyroclastic
density current (PDC) deposits, and tephra-fall deposits. Misti
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produced ≥24 explosive eruptions with VEI 2–5 since ∼45 ka
whose products fall into three lithological groups: (1) mica-
bearing rhyolites, (2) mica-bearing dacites, and (3) two-pyroxene
and amphibole-bearing andesites (Legros, 1998, 2001; Thouret
et al., 2001; Ruprecht & Wörner, 2007; Rivera et al., 2017; Harpel
et al., 2018, 2021, 2023; Takach et al., 2021, 2022). Misti’s Plinian VEI
5 eruption at ca. 2 ka emplaced voluminous tephra-fall deposits,
PDC deposits, and lahars which underlie Arequipa (Thouret et al.,
1995, 1999, 2001; Legros, 1998, 2001; Harpel et al., 2011; Cobeñas
et al., 2012). This marks the most recent eruption in the Pacheco
stage (Fig. 3), which contains at least three VEI 5 eruptions (Harpel
et al., 2018, 2021, 2023). Historically, Misti produced several VEI 1
phreatic or phreatomagmatic eruptions and periods of heightened
fumarolic activity as recently as 1985. Prior to the early nineteenth
century, a small dome was extruded into the crater of a summit
cinder cone. This cone formed during a small-volume explosive
eruption in the mid-fifteenth century, which disbursed ash and
impacted the local indigenous people (Hantke & Parodi, 1966;
Chávez Chávez, 1992; Thouret et al., 2001; Ruprecht & Wörner,
2007). Misti is fumarolic and monitored daily by permanent
seismic stations and periodic fumarole measurements (Birnie
& Hall, 1974; Moussallam et al., 2017; Vlastelic et al., 2022).

Tephrostratigraphy
Pacheco stage tephra-fall deposits are dispersed to the west-
southwest of Misti toward Arequipa. A complete section is
exposed west of Misti on the southeast flank of Chachani large
volcanic cluster (Fig. 2a). In this paper, deposits we recognize
as mingled or hybridized are identified in bold and italic font,
respectively. Autopista (A) (≤21 ka; Cacya et al., 2007) is the
oldest unit in the sequence deposited atop an unconformity,
followed by Ponche Gris (PG), Ponche Iridescente (PI), Sandwich
Inferior (SI), Sandwich Superior (SS), Sancayo (S), La Rosada (LR),
Apo (AP), Misquirichi (M), and the ca. 2-ka deposit (2K) (Fig. 3).
The unit, 2K, is near the modern surface and often overlain by
Huaynaputina’s 1600 CE ash (Thouret et al., 1999; Adams et al.,
2001) and sometimes a black tephra-fall deposit from Misti’s
fifteenth-century eruption (Legros, 2001). Units are separated
by sandy paleosols and layers of reworked material of varying
thicknesses (Electronic Appendix 1). Results here focus on A
through M but published geochemical data from 2K (Tepley
III et al., 2013) and new 2K thermobarometry calculations are
integrated for comparative purposes.

ANALYTICAL METHODS
Whole-rock geochemical analyses were conducted at Hamilton
Analytical Laboratory on 16 samples from nine eruptive units
using X-ray fluorescence (XRF) for major elements following
methods of Johnson et al. (1999) and laser ablation-inductively
coupled plasma-mass spectrometry (LA-ICP-MS) for trace
elements following methods of Conrey et al. (2019) (Takach
et al., 2024; Electronic Appendix 2). Tephra types from each
unit were identified based on macroscopic differences and glass
geochemistry for whole-rock analyses. Small rock chips of each
macroscopically distinct tephra were selected to avoid as much
cross-contamination as possible.

We examined two to six thin sections per unit to petrographi-
cally and geochemically characterize represented magmas. Elec-
tron microprobe (EMP) analyses (Takach et al., 2024; Electronic
Appendices 3–5) and backscattered electron (BSE) images were
collected on ∼30 crystals of every phase when possible (excluding

trace phases) at Oregon State University using a CAMECA SX-
100. Relative standard deviation is typically <5% for major ele-
ments and <5–15% for minor or trace elements. We used these
analyses in Thermobar (Wieser et al., 2022) to calculate intensive
parameters except for Fe-Ti oxide thermometry, for which we
used the online geothermooxybarometer calculator of Ghiorso
& Evans (2008) (https://melts.ofm-research.org/calcForms.html).
Approximations of these parameters are given as averages of
individual estimates, which significantly lowers associated uncer-
tainty (e.g. Putirka, 2016). All uncertainties presented are the
expected standard errors of estimation for a given method and are
found in the original publications. Supplementary information
on decisions made to calculate intensive parameters is found in
Electronic Appendix 6.

Three units were also selected to collect plagioclase trace
elements via LA-ICP-MS in Oregon State University’s W.M. Keck
Collaboratory for Plasma Spectrometry using an Applied Spec-
tra RESOlution ArF Excimer laser system with a ThermoFisher
Scientific iCAP-RQICP-MS (Electronic Appendices 4–5), gathered
following the method of Lubbers et al. (2022) and reduced with
LaserTRAM-DB (Lubbers et al., 2021). Analyses indicate precision
for trace element measurements is <5%. Further details on EMP
and LA-ICP-MS analyses are described in Electronic Appendix 5.

PETROLOGY OF TEPHRA-FALL DEPOSITS
Due to the number of textural and petrologic datasets presented
here, we present results for each phase followed directly by basic
interpretations. These sections are then synthesized into a dis-
cussion of Misti’s magmas and their storage system during the
Pacheco stage.

Lithology, textures, and whole-rock geochemistry
Pacheco stage tephra-fall deposits include a variety of textures
and compositions. In hand sample, color and texture suggest the
existence of at least two distinct magmas. Except for A, dominant
tephra is a light to dark brown scoria with minor light gray to white
pumice (Fig. 3). A is composed of light gray-buff-pink tephra.
Tephra from all deposits are porphyritic and contain plagioclase
+ two-pyroxenes + amphibole + Fe-Ti oxides with trace apatite. A
single zoned Cr-spinel is identified in SI’s dark scoria. One olivine-
bearing glomerocryst is hosted in S, and PI hosts seven subhedral
to anhedral olivine ± clinopyroxene microlites. Scoria qualita-
tively constitutes an overwhelming proportion of the erupted
volume (>98%) in these deposits and a light-colored pumice is rare
(≤2%) in PI, SI, SS, LR, and M. Unit 2K represents an outlier, as it
contains a light-colored pumice in proportions up to a few tens
of percent. Textural relationships in mingled deposits (Figs. 3–4)
include discrete tephra from each magmatic product, banding,
and mm- to μm-sized wisps and globules of one type within the
other. Banded textures are common in 2K but rare in remaining
units. Contacts between mingled materials are typically irregular
and sometimes diffuse, and light-colored tephra tend to have
higher crystallinities than the dark-colored tephra, especially in
SI and SS, whose white pumice contain abundant plagioclase and
pyroxene microphenocrysts and microlites.

Whole-rock analyses from this study are plotted with data
for eruptive products from Misti’s entire history (Fig. 5; Legros,
2001; Ruprecht & Wörner, 2007; Rivera et al., 2017), including
2K mingled tephra from Tepley III et al. (2013). Most of Misti’s
eruptive products straddle the andesite-trachyandesite fields,
with lesser dacite and rhyolite. Whole-rock samples from this
study are also andesites-trachyandesites with one basaltic
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Fig. 3. Stratigraphic overview and photographs of some units in outcrop. Bold and italic text denote mingled and hybridized units, respectively, defined
by glass compositions. (a) Schematic stratigraphic column highlighting Pacheco stage deposits and available age constraints (Legros, 1998, 2001;
Thouret et al., 1999, 2001; Cacya et al., 2007; Harpel et al., 2011). (b-e) Representative photographs of some Pacheco stage units taken at locations
corresponding to starred sites in Fig. 2a. (b) Autopista is identified by a lithic-rich layer midway up the deposit, an orange hue defining the top half,
and discrete pink pumice. (c) La Rosada has a consistent pink hue and light gray-white tephra that erupted discretely or with mingled textures,
including rare banding. (d) Sancayo is a relatively thin gray pumice deposit. (e) Sandwich Inferior and Sandwich Superior are separated by a thin, gray
layer of sand or reworked ash. Both deposits exhibit similar tephra, including discrete white pumice, dark brown scoria, and mingling textures. Inset
photograph shows Sandwich Inferior tephra. Marker is 14-cm and notebook is 19-cm long.

andesite (AP). Whole-rock Mg# (=(Mg/Fe + Mg)atomic∗100) ranges
from 45–52. With the exception of 2K magmas, macroscopically
distinct tephra from mingled eruptions, even those with high
glass SiO2 (wt.%) contents (e.g. LR and SI), have whole-rock
compositions that span a narrow range of SiO2 (wt.%). We
suspect this is related to imperfect physical separation of
magma types due to heterogeneities commonly seen in thin
section and/or observed crystal fractions. Whereas less evolved
melts in mingled deposits host low crystal fractions (e.g.
∼5% in SI scoria), their relatively felsic melts host notably
higher crystal fractions (e.g. up to ∼20% in SI pumice). Since
whole-rock analyses combine crystal and glass compositions,

disparities in crystal fractions can partially account for the narrow
range of observed SiO2 (wt.%). Furthermore, units such as SS
and LR show mm- to μm-sized mixing heterogeneities, partial
hybridization in glass chemistry, and inferred crystal exchange
(discussed below), which further complicates physical separation
of magma types and leads to averaging of compositions in whole-
rock analyses.

Glass geochemistry
Despite overlapping whole-rock compositions, we identify dis-
tinct magma types in each eruption dominantly based on glass
compositions, using color, textures, and phase assemblages as
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Fig. 4. Photomicrographs of Pacheco stage tephra. (a-b) Irregular contact (dashed line) between Sandwich Superior’s intermediate (SSAD) and felsic
(SSDR) glass. Note the relatively high abundance of plagioclase and pyroxene microlites in SSDR compared to SSAD. (c-d) Sandwich inferior’s felsic
(SIR)-hosted clinopyroxene + orthopyroxene + Fe-Ti oxide glomerocryst with disequilibrium textures. Note fine-grained rim mantling the central
crystal cluster. (e-f) Autopista example (AD) highlighting coexistence of amphibole populations with and without reaction rims. Scale bars represent
100 μm. XPL, cross-polarized light; PPL, plane-polarized light; A, andesite-trachyandesite; D, dacite-trachydacite; R, rhyolite.

supporting information. These include (Fig. 5): AD, PIA, PID, PGA,
SIA, SIR, SSAD, SSDR, SD, LRAD, LRR, APAD, MR1, MR2, 2KD, 2KR, where
glass compositions in subscript are A, andesitic-trachyandesitic;
D, dacitic-trachydacitic; and R, rhyolitic. Where glass composi-
tions span multiple compositional fields, a range is used (e.g.
SSAD) and compositions are numbered when a bimodal unit’s
glasses exist in a single field (MR1 and MR2).

Approximately 300 spots were measured on glasses from A
through M (Figs. 5–6; Table 1). Lighter and darker colored tephra
in a unit generally correlate to more and less silicic glass composi-
tions, respectively. Glasses range from 60–78 wt.% SiO2 and PI, SI,
SS, LR, M, and 2K are bimodal in glass compositions. These results
agree well with the presence of both brown scoria and gray-white
pumice in hand samples from these units. Most units have glass
compositions between 60 and 67 wt.% SiO2, and glasses with
SiO2 >72 wt.% solely represent the more silicic melts of bimodal
eruptions. That is, magmas with the most silicic glasses have not
fed discrete eruptions and are only found mingled with less silicic
magmas. Bimodal magmas have varied amounts of separation in

SiO2 space. For example, SIA and SIR are separated by ∼10 wt.%
SiO2 whereas PIA and PID are separated by just ∼3 wt.% SiO2.
Deposits in this sequence also display a range of compositions
that indicate more than two discrete magma bodies are involved
or there is substantial variability of magmas tapped within a
chamber. Lastly, Fig. 7b plots glass SiO2 (wt.%) in stratigraphic
order, revealing a temporal alternation between hybridized and
mingled deposits (e.g. A-PI-PG-SI).

We briefly investigate fractional crystallization (FC) as a mech-
anism to explain the diversity of magmas erupted during the
Pacheco stage with Magma Chamber Simulator (MCS) (Bohrson
et al., 2014, 2020). We used the FC-only mode of MCS with rhyolite-
MELTS version 1.1.0 (Ghiorso & Sack, 1995; Asimow & Ghiorso,
1998; Ghiorso et al., 2002; Gualda et al., 2012; Ghiorso & Gualda,
2015). The least silicic glass composition in our dataset (PGA) is
the initial composition fractionally crystallized at 200, 400, and
600 MPa. Modeled phase assemblages match those observed best
at 400 and 600 MPa and temperature steps above 800–900◦C
(Fig. 6), which are consistent with estimated temperatures and
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Fig. 5. Total-alkali silica diagram (after LeBas et al., 1986) showing whole-rock and glass compositions (normalized to 100%) of Pacheco stage deposits.
Shaded fields represent glass analyses collected by electron microprobe and symbols show whole-rock data collected via x-ray fluorescence. Filled
symbols represent light-colored pumice when present in a unit in addition to brown scoria. Pumice generally contain the most felsic glasses, although
whole-rock compositions plot as andesites (except for 2K). We estimate this is partly due to notably higher crystallinity (plagioclase + two-pyroxene +
Fe-Ti oxides ± amphibole) of pumice compared to scoria but may also be due to imperfect separation of magma types due to mm- to μm-scale
heterogeneities. Data for 2K come from Tepley III et al. (2013) and additional whole-rock samples from all of Misti volcano’s eruptive periods (gray
circles) are compiled from Legros (2001), Ruprecht & Wörner (2007), and Rivera et al. (2017). A, andesite-trachyandesite; D, dacite-trachydacite; R,
rhyolite.

pressures herein. Alkali feldspar and quartz stabilize at cooler
temperatures than are observed in products of the Pacheco stage.
Modeled melt compositions peak at ∼72 wt.% SiO2, below the
most silicic glass compositions represented in LRR, SIR, 2KR, and
MR2 (up to 78 wt.% SiO2). Models from this study are restricted
to major elements but are consistent with limited FC. However,
even though modeled FC trends span the compositional range of
magmas with unimodal glass, units such as A exhibit trends at
an angle to that of FC (Fig. 6) signaling differentiation by another
process. Rivera et al. (2017) demonstrated that FC alone does not
capture Misti’s Sr and Nd isotopic trends, and assimilation of the
local metamorphic basement (Charcani gneiss) is required, which
has been similarly evidenced by distinct Pb isotopes (Barreiro &
Clark, 1984; Davidson et al., 1991). Ruprecht & Wörner (2007) also
argue against FC as the main mechanism to explain plagioclase
An–Fe variations, as sufficient elevation of Fe observed in the
melt would require too large a percentage of FC. To account for
the compositional range in Pacheco stage deposits, additional
processes must be invoked (e.g. open system evolution via mix-
ing). These models further support the suggestion that bimodal
deposits are the result of distinct magmas mingling with each
other prior to eruption.

In summary, observed glass compositions indicate the follow-
ing:

1) Bimodal glass compositions within a single eruption with a
large compositional range support the inference that inter-
mediate magma recharge into a felsic magma body and
subsequent mingling is an important process at Misti (i.e. SI,
SS, LR, and 2K).

2) Subtly contrasting bimodal glass compositions with a
smaller compositional range may necessitate different

explanations (i.e. PI, M). We suggest these characteristics
result from either rejuvenation of a magma body with
broadly similar compositions (Kent et al., 2023), or a zoned
magma chamber that undergoes convection and/or mingling
of magmas upon eruption (e.g. Hildreth, 1981; Matthews
et al., 1999).

3) Magmas with unimodal glass compositions may acquire
variability via hybridization of previously mingled magmas
and/or minor cooling and FC (i.e. A, PG, S, AP).

4) Modeling suggests FC of andesitic melts is insufficient to
produce the most felsic melts observed (72–78 wt.% SiO2;
LRR, SIR, MR2, 2KR), and petrogenesis of the felsic melts
requires other processes (e.g. crustal assimilation and/or
melt extraction).

Mineral textures, compositions, and associated
temperatures and pressures
Plagioclase
Within an eruption and across the Pacheco stage, plagioclase
displays a range of compositions and textures (Figs. 7–10). Phe-
nocrysts are ≤4 mm and dominantly euhedral-subhedral. Units
including SI, SS, and LR contain anhedral crystals. For each unit,
Table 1 summarizes the ranges and averages of An content of
phenocrysts (>100 μm in size), and microlites (≤100 μm in size).
Plagioclase range from oligoclase to bytownite (An25–88), but most
are andesine to labradorite (An40–70) (Fig. 9a) (Tepley III et al., 2013).
The widest An range occurs in deposits with strong bimodal glass
distributions (SI, SS, LR, and 2K), and the range in An for a deposit
correlates generally to the SiO2 (wt.%) of that deposit’s glass.
Figure 7c shows stacked histograms for analyses from plagioclase
cores, mantles, and rims from each unit. Cores tend to exhibit the
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Fig. 6. Select major oxide diagrams illustrating glass compositions for bimodal (left column) and unimodal (right column) glass deposits. Plotted
against SiO2 by wt.% are: Al2O3 (a-b), FeO∗ (c-d), MgO (e-f), CaO (g-h), and Na2O (i-j). Gray and black solid lines show fractional crystallization (FC)
models performed at 400 and 600 MPa, respectively, and dashed line shows maximum SiO2 reached in models (72 wt.%). Models proceed from low to
high SiO2 and all compositions are anhydrous normalized to 100%. Note the slope of Autopista (pink plus signs) data trends are at a moderate-high
angle to FC trends.

highest An and some deposits show single peak positions of An
(e.g. AP), whereas others have multiple peaks (e.g. LR). Three broad
plagioclase populations are distinguished based on An content.
All are persistent throughout the Pacheco stage, including: type I,
high-An plagioclase; type II, moderate-An plagioclase; and type III,
low-An plagioclase, which are further divided into subcategories
using crystal textures (Table 2 and Fig. 8a-i). A single crystal can

consist of multiple plagioclase types. Rather than classify entire
crystals, we emphasize the constituent parts (e.g. distinct growth
zones) observed in different units.

Type I plagioclase High-An plagioclase range from An74–88 and
are present but generally sparse in all units. Notably, type I
plagioclase reside almost exclusively in crystal cores. BSE images
reveal they are sometimes clear (type Ia), but often show patchy
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Table 1: Summary of phases by unit and their associated characteristics. Unit names in italic denote an eruption with unimodal glass
chemistry, while those in bold indicate an eruption with largely bimodal glass chemistry

Unit Phases (volume%) Phase Characteristics

Autopista (AD) glass (32–48%) AD: 61–66 wt % SiO2

plagioclase (8–12%) phenocrysts: An33–83, avg. An62; microlites: An35–69, avg. An53

amphibole (3–5%) pargasite to edenite; reacted and unreacted crystals present within same sample; rim
thickness varies substantially; crystals are commonly zoned

pyroxene (<1%) augite and enstatite; no touching pairs; cpx Mg# 67–80, avg. 74
Fe-Ti oxides (1%) Fe-Ti oxides present as touching pairs
vesicles (40–50%) typically fine, round, and evenly distributed

Ponche Iridescente
(PIA, PID)

glass (31–54%) PIA: 60–62 wt % SiO2 PID: 65–67 wt % SiO2

plagioclase (3–15%) phenocrysts: An34–84, avg. An62; microlites: An45–67, avg. An60

amphibole (<1%) unreacted pargasite; zoned and unzoned
pyroxene (2–3%) augite and enstatite; present singularly or as touching pairs; cpx Mg# 73–80, avg. 77
Fe-Ti oxides (1%) Fe-oxides dominate; Ti-oxides rare; rare touching pairs
olivine (trace) Fo79–80

vesicles (40–50%) round to subround; average 0.5 mm or less but up to a few mm
Ponche Gris (PGA) glass (38–56%) PGA: 60–63 wt % SiO2

plagioclase (10–15%) phenocrysts: An50–83, avg. An64; microlites: An62–75, avg. An66

amphibole (1%) unreacted pargasite; zoning rare
pyroxene (2–5%) augite and enstatite; present singularly or as touching pairs; cpx Mg# 67–80, avg. 76
Fe-Ti oxides (1%) Fe-oxides dominate; Ti-oxides rare; rare touching pairs
vesicles (30–40%) contains small subround (<0.1 mm) and large irregular (0.3–2.0 mm) populations

Sandwich Inferior
(SIA, SIR)

glass (39–61%) SIA: 61–62 wt % SiO2 SIR: 73–74 wt % SiO2

plagioclase (7–15%) phenocrysts: An25–83, avg. An61; microlites: An25–80, avg. An55

amphibole (<1%) unreacted pargasite; largely rounded and zoned crystals
pyroxene (1–4%) augite and enstatite; present singularly or as touching pairs; cpx Mg# 71–81, avg. 75
Fe-Ti oxides (1–2%) Ti-oxides common in SIR and sparser in SIA; present as touching pairs
vesicles (30–40%) contains small subround (<0.05 mm) and large irregular (>0.3 mm) populations

Sandwich Superior
(SSAD, SSDR)

glass∗ (25–36%) 61–70 wt % SiO2 SSAD: ∼61–62 wt % SiO2 SSDR: ∼68–70 wt % SiO2

plagioclase (10–20%) phenocrysts: An30–81, avg. An59; microlites: An31–67, avg. An52

amphibole (<1%) pargasite to edenite; reacted and unreacted crystals present within same sample; many
crystals zoned

pyroxene (2–3%) augite and enstatite; present singularly or as touching pairs; cpx Mg# 69–81, avg. 77
Fe-Ti oxides (1%) Ti-oxides common in SSDR and sparser in SSAD; present as touching pairs
vesicles (50%) More evenly distributed and equal in size in SSDR than SSAD, which has bimodal

distribution of sub-mm and mm-sized vesicles
Sancayo (SD) glass (44–53%) SD: 64–68 wt % SiO2

plagioclase (3–10%) phenocrysts: An40–79, avg. An54; microlites: An46–56, avg. An52

amphibole (1–2%) unreacted pargasite to edenite; most crystals zoned
pyroxene (2–3%) augite and enstatite; present singularly or as touching pairs; cpx Mg# 68–83, avg. 75
Fe-Ti oxides (1%) present as touching pairs
olivine (trace) Fo77

vesicles (40%) some samples show uneven vesicle distribution; otherwise, sub-mm sized
La Rosada (LRAD,
LRR)

glass (13–43%) LRAD: 61–67 wt % SiO2 LRR: 71–73 wt % SiO2

plagioclase (5–20%) phenocrysts: An32–82, avg. An65

amphibole (5–8%) pargasite; reacted and unreacted crystals present within same sample; zoning common
pyroxene (1–3%) augite and enstatite; present singularly or as touching pairs; cpx Mg# 68–81, avg. 75
Fe-Ti oxides (1%) Ti-oxides common in LRR and sparse in LRAD; present as touching pairs
vesicles (45–55%) very fine (<0.1 mm) in LRR and bimodal distribution of sub-mm and mm-sized vesicles

in LRAD

Apo (APAD) glass (41–48%) APAD: 62–65 wt % SiO2

plagioclase (7–12%) phenocrysts: An48–75, avg. An59; microlites: An51–59, avg. An55

amphibole (1%) unreacted pargasite; zoning ubiquitous
pyroxene (3–5%) augite and enstatite; present singularly or as touching pairs; cpx Mg# 73–84, avg. 76
Fe-Ti oxides (1%) present as touching pairs
vesicles (40%) bimodal distribution of sub-mm and mm-sized vesicles

(Table continues)

and/or coarsely sieved textures with either abrupt and straight or
resorbed boundaries (type Ib). We interpret these to be antecrysts
sourced from earlier pulses of mafic magma from deeper in Misti’s
storage system.

Type II plagioclase Moderate-An plagioclase (An50–73) is the most
prevalent population overall. When a crystal is composed of a sin-
gle plagioclase type, it is most often that of type II. Oscillatory (low
amplitude, high frequency) zoning is often present (type IIa), but
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Table 1: Continued

Unit Phases (volume%) Phase Characteristics

Misquirichi (MR1,
MR2)

glass (47–51%) MR1: 68–71 wt % SiO2 MR2: 73–74 wt % SiO2

plagioclase (5–7%) phenocrysts: An41–74, avg. An65; microlites: An26–63, avg. An51

amphibole (2–3%) pargasite to edenite; reacted and unreacted crystals present within same sample;
zoning common

pyroxene (1–2%) augite and enstatite; present singularly or as touching pairs; cpx Mg# 69–80, avg. 76
Fe-Ti oxides (1%) present as touching pairs
vesicles (40%) bimodal distribution of sub-mm and mm-sized vesicles

2000 BP (2KD, 2 KR)
(data from Tepley
et al., 2013)

glass (40%) 2KD: 62–69 wt % 2KR: 72–78 wt %
plagioclase (6%) phenocrysts: An30–88; microlites: An28–63

amphibole (2%) pargasite to edenite; reacted and unreacted crystals present within same sample
pyroxene (1%) augite and enstatite; no touching pairs; Mg# ∼75
Fe-Ti oxides (1%) present as touching pairs
vesicles (50%) heterogenous vesicle sizes and distributions in 2KR; typically equant to sub-spherical

vesicles in 2KD

Fig. 7. Summary of key Pacheco stage geochemistry in stratigraphic order. Rows with white and gray backgrounds are to highlight hybridized and
mingled units, respectively. (a) Stratigraphy with unit abbreviations as in Fig. 3 from oldest (A) to youngest (2K). (b) Glass SiO2 (wt.%) contents
measured via electron microprobe from all tephra types distinguishable in hand sample. Note the alternation between eruption of hybridized
(unimodal) and mingled (bimodal) glasses. A, andesite-trachyandesite; D, dacite-trachydacite; R, rhyolite. (c) Stacked histograms of plagioclase
anorthite content (An) from core (colored), mantle (dark gray), and rim (light gray) analyses. Units with the most distinctly bimodal glasses correspond
to the widest range of An (e.g. SI, SS, LR, and 2K) and units that lack a felsic glass also lack low-An (<An50) crystals (e.g. PI, PG, AP). (d) Boxplots of
augite Mg# (=(Mg/Fe + Mg)atomic∗100), which remains relatively constant throughout the stratigraphic section. (e) Boxplots of amphibole Al2O3 (wt.%).
Amphibole compositions remain relatively similar, with Al2O3 typically >10 wt.%. Diamonds in boxplots represent outliers.

there are many cases of high-amplitude, low-frequency zoning
as well (type IIb). It is not uncommon for plagioclase to contain
resorption surfaces crosscutting multiple zones. Entire crystals or
crystal zones may also be coarsely sieved (IIc) or relatively clear
(IId). We interpret type II plagioclase to be phenocrysts sourced

from the dominant intermediate magmas recorded in the Pacheco
stage.

Type III plagioclase Low-An (An25–49) populations are rare to
absent in units that lack a relatively silicic liquid (PI and PG) and
are prevalent in units with the most silicic liquids (e.g. SI and LR).
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Fig. 8. Backscattered electron images of representative Pacheco stage plagioclase, amphibole, and pyroxene. Plagioclase type corresponding to Table 2
and anorthite content (An; numbered circles) are indicated. Scale bars represent 100 μm. (a) coarsely sieved plagioclase (Pl) with high-An interior, (b)
plagioclase encapsulating all three crystal types (high-, moderate-, and low-An), (c) plagioclase with sieved and patchy high-An core followed by
growth of moderate-An mantle and rim, (d) plagioclase with patchy and resorbed low-An core followed by growth of moderate-An, (e) plagioclase
illustrating repeat crystal exchange between felsic and intermediate magmas, (f) patchy low-An plagioclase, (g) coarsely sieved moderate-An
plagioclase, (h) plagioclase with resorbed core and sieved mantle, (i) oscillatory-zoned plagioclase recording several resorption events, (j) largely
euhedral amphibole (Amp) with subtle diffuse zoning, (k) anhedral amphibole crystal with patchy diffuse zoning and embayments, (l) reaction rim
(plagioclase + pyroxene + Fe-Ti oxides) on amphibole, (m) glomerocryst of plagioclase + augite (Aug) + enstatite (En) + opaques (Opq), (n) enstatite +
augite + opaques glomerocryst, (o) diffusely zoned augite with opaque inclusions, (p) augite cluster containing both normal and reverse zoning
defined by sharp and diffuse boundaries, respectively, (q) largely unzoned euhedral enstatite with opaque inclusions, and (r) subhedral and embayed
enstatite with patchy zoning.
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Table 2: Summary of plagioclase types found in tephra-fall deposits from the Pacheco stage

Type Characteristics Occurrence and Interpretation

I - High-An (An74–88) plagioclase
Clear (Ia) or coarsely sieved crystals (Ib) Patchy textures
sometimes present

Present in all units but sparse Exclusive to
crystal cores Most common in LR of all units
Antecrystic cores sourced from relatively mafic
magma

II - Moderate-An (An50–73) plagioclase
Oscillatory (low amplitude, high frequency) zoned
crystals (IIa), high amplitude, low frequency zoned
crystals (IIb), coarsely sieved crystals (IIc), and/or
relatively clear crystals (IId)
Zones may be defined by resorption surfaces that
crosscut multiple boundaries

Present in all units and dominant plagioclase
type
Complex textures evident of dynamic magma
conditions
Phenocrysts sourced from dominant
intermediate magma

III - Low-An (An25–49) plagioclase
Clear crystals or zones (IIIa), discontinuous blocky
zones (IIIb), or rounded, irregular, and dusty resorbed
(IIIc) zones
Type IIIb fill in sieved voids in Types I or II plagioclase
Type IIIc are enveloped by Types I or II plagioclase

Associated with units with a relatively felsic
glass
Absent in PI and PG
Phenocrysts sourced from minor felsic magma

When present, this population is typically clear and lacks sieved
textures (IIIa). A subset exists as blocky disjointed patches in type
I or II plagioclase (IIIb), or have rounded and irregular dusty low-
An plagioclase zones (IIIc) surrounded by growth of type II plagio-
clase. We interpret type III plagioclase to represent phenocrysts
grown in a transient felsic magma.

Plagioclase trace element systematics Disequilibrium textures and
zoning present in crystals from Pachecho stage deposits highlight
the sensitivity of plagioclase to dynamic magma chamber and
crystallization conditions (Singer et al., 1995; Tepley III et al., 1999;
Ginibre et al., 2002a, 2002b, 2007; Landi et al., 2004; Ruprecht &
Wörner, 2007). Plagioclase compositions are controlled largely by
temperature, melt composition, and H2O content (Bowen, 1928;
Tsuchiyama, 1985; Housh & Luhr, 1991). Whereas all three vari-
ables change An, and thus An alone is inadequate to distinguish
between compositional controls, trace element concentrations
such as Mg and Fe are largely controlled by melt composition
(Ginibre et al., 2007; Ginibre & Wörner, 2007). Convective currents
and self-mixing (Singer et al., 1995; Couch et al., 2001) or thermal
mixing (Ruprecht & Wörner, 2007) in a closed system may pro-
duce crystals with An zoning, but without input of a disparate
magma, trace element trends remain relatively constant. In con-
trast, open-system recharge events also change melt composi-
tions, resulting in new equilibrium partitioning conditions and
crystals zoned in major and trace elements. As such, it is possible
to use trace element compositions to discern between crystal
populations.

Ruprecht & Wörner (2007) interrogated plagioclase in volcanic
deposits spanning Misti’s entire history with a focus on Fe-An
variations across resorption boundaries, and identified trends
produced by both thermal and compositional mixing. They report
mostly flat Fe-An correlations (steady Fe with changing An) and
conclude thermal and cryptic mixing dominate Misti’s system.
Similarly, Mg and Fe trace element transects were measured in
plagioclase in A, PI, and LR via LA-ICP-MS coupled with major
elements via EMP (Electronic Appendix 4). Figure 10 plots this
dataset shaded by An density, which broadly highlights separate
An groups in mingled units (PI and LR) and a single dominant
population in the hybridized unit (A). We also model equilibrium-
partitioning plagioclase trace element concentration curves using
Mutch et al. (2022) for Mg (M22) and Bindeman et al. (1998) for Fe

(B98). The least and most silicic glass compositions in our dataset
are used to calculate the intermediate (60 wt.% SiO2, 2.5 wt.% MgO,
6.0 wt.% FeO at 1000◦C) and felsic (77 wt.% SiO2, 0.2 wt.% MgO,
2.0 wt.% FeO at 800◦C) curves. Identical curves are shown for all
units in Fig. 10, and Fig. 10c-d insets highlight subtle variations in
PI plagioclase. An-Fe exhibits global positive correlations, whereas
An-Mg shows slightly positive correlations for LR and PI and
relatively constant Mg at varying An in A. Two-thirds of individual
transects record positive An-Fe and An-Mg correlations linked
to major An increases. Although many correlations have slopes
similar to the ‘slightly positive’ case of Ruprecht & Wörner (2007)
(see their Table 3 and Fig. 7a), which can be explained by changes
in fO2 estimated for Misti, there is a subset with steeper An-
Fe trends that must involve another process such as changing
melt compositions (Fig. 11). The interpretation of An-Mg trends is
complicated by the inflection in partitioning curves (Mutch et al.,
2022). However, when coupled with An-Fe trends and additional
chemical and textural evidence, we prefer a model of recharge,
mingling, and hybridization as explanation.

We use LR, PI, and A plagioclase to exemplify endmember
scenarios observed in the Pacheco stage. We examine LR as the
simplest and most distinct example of crystal exchange between
three distinct magmas via recharge and mingling. PI has a nar-
rower range of plagioclase An but still displays robust evidence
of magma mingling and crystal exchange under different circum-
stances (i.e. rejuvenation or perhaps a weakly zoned magma lens).
Finally, we scrutinize A as an example of a hybridized magma.

An example of magma recharge and mingling: La Rosada LR pla-
gioclase display population clusters centered at approximately
An40 (type III), An60 (type II), and An80 (type I) (Fig. 7c and 10a-b).
Type I plagioclase exhibits high Fe (3500–6000 ppm) and mod-
erate Mg (200–450 ppm), type II plagioclase exhibits moderate
Fe (3000–5000 ppm) and high Mg (200–500 ppm), and type III
plagioclase contains low Fe and Mg (2500–3500 and 100–300 ppm,
respectively). As presented above, we infer the low-, moderate-,
and high-An populations correlate to broadly felsic, intermediate,
and mafic magmas, respectively. This is further supported by the
observation that type III plagioclase fall along or below the M22
and B98 felsic melt equilibrium lines, type I plagioclase fall near
or above the M22 and B98 intermediate melt equilibrium lines,
and type II plagioclase span between them (Fig. 10a-b). Crystals
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containing highly contrasting An (>20 mol%) across boundaries
are present and unlikely to result from local effects (e.g. Gini-
bre et al., 2002b), and single crystals can span nearly the entire
observed An range (Fig. 8b shows LR plagioclase with zones of
An80, An63, and An35).

We envision that these crystals record a multistage history
of magma recharge, mingling, and hybridization. High-An
plagioclase are restricted to crystal cores and their trace element
systematics discussed above (e.g. Fig. 9b) are consistent with the
interpretation that they crystallize from the deepest relatively
mafic magma associated with this eruption. At some point,
recharge initiates mixing with overlying intermediate magma.
The abrupt temperature drop as this magma comes into contact
with cooler magma creates supercooled conditions and coarsely
sieved plagioclase form via skeletal growth (Kawamoto, 1992),
and high-An crystals are interspersed into an intermediate melt
where moderate-An rims form (Fig. 8c). Since mafic melt is
not sampled by any eruption in the Pacheco stage, we surmise
these mafic and intermediate melts hybridize. The moderate-An
population exists as discrete subhedral-anhedral, coarsely sieved
crystals or as zones or rims in other crystals. Limited oscillatory
zoning and zoning with minor resorption surfaces indicate this
magma may undergo convection (Ginibre et al., 2002b), self-mixing
(Couch et al., 2001), or thermal mixing (Ruprecht & Wörner,
2007) due to contemporaneous thermal underplating of the
intermediate magma by the mafic magma. This would favor
progressive hybridization of the melts from these magmas as
temperatures equilibrate and viscosity differences lessen (e.g.
Ruprecht et al., 2012). This hybridized magma batch carries crystal
cargo dominated by intermediate-An plagioclase and high-An
antecrysts. The slope of global An-Mg trace element systematics
between types I and II plagioclase follows the negative slope of
the predicted intermediate magma equilibrium lines (Fig. 10a),
suggesting type I plagioclase had time to equilibrate under type II
plagioclase conditions. Diffusion of Mg is about three times faster
than Fe in plagioclase (Costa et al., 2003), and An-Fe systematics
suggest type I plagioclase Fe equilibration has not occurred. These
zones record only the first of two mixing events.

The hybridized magma and its crystals must ascend more
through the crust, mixing a second time upon reaching overlying
cooler felsic magma. Upon injection, the recharge magma is
forced again to cool, and extensive sieve textures form throughout
moderate-An plagioclase. Conversely, the felsic magma body’s low
An-Mg-Fe plagioclase are heated by the recharge magma above
their liquidus temperatures and are initially largely resorbed
(Tsuchiyama, 1985), as evidenced by rare type III plagioclase.
This phenomenon is documented in mixing experiments by
Laumonier et al. (2014), which demonstrate most felsic-derived
plagioclase should melt upon mixing with mafic magma.
However, preservation of some low-An phenocrysts shows
recharge-induced thermal excursions are transient (Laumonier
et al., 2014). We interpret blocky patches of low-An interiors
seemingly enveloped by high-An crystals (e.g. Fig. 8a) to reflect
infilling of skeletal high-An plagioclase by low-An plagioclase
upon dispersal into felsic magma. Since glass chemistry indicates
that the mafic melt that crystallized high-An plagioclase does not
survive to eruption, it is unlikely that crystallization of high-An
plagioclase around low-An cores occurs at shallow depths. After
crystal resorption and exchange, low-An rims grow on high- and
moderate-An plagioclase. Moderate-An plagioclase dominates
and the intermediate magma is likely the most volumetrically
significant magma, while low-An plagioclase is rare and often
found on the rims of crystals, which signals interaction with

Fig. 9. Classification diagrams for (a) plagioclase (after Deer et al., 1992),
(b) amphibole (after Leake et al., 1997), and (c) pyroxene (after Deer et al.,
1992). Plagioclase range from oligoclase to bytownite but are most
commonly labradorite. Amphibole are pargasite with ten edenite
compositions recorded. Augite and enstatite generally plot in tight
clusters except for variability within A and 2K pyroxene.

felsic magma is a late-stage process. As opposed to type I
plagioclase trace element systematics, which suggest time has
passed for Mg (but not Fe) equilibration with an intermediate
magma to occur, types II and III plagioclase do not fall along
similar equilibration trends (Fig. 10a-b). Plagioclase growth in
areas of hybridized melt is reflected by plagioclase compositions
spanning between the intermediate and felsic equilibrium lines,
as well as samples containing a range of An-Fe slopes as in
Ruprecht & Wörner (2007). Finally, reflected by preservation
of disparate melt compositions, mixing was interrupted by
eruption. Based on similar textural and compositional trends, we
envision comparable histories for SI and SS, as has been similarly
demonstrated for 2K (Tepley III et al., 2013).

An example of magma rejuvenation and mingling: Ponche Iridescente
PI represents a subtler mingling endmember from rejuvenation
of one intermediate magma by another or possibly a weakly
zoned magma chamber disturbed prior to eruption. Contrasts
between mingled glasses are much lower compared to LR, ranging
from 60–62 (PIA) and 65–68 (PID) wt.% SiO2. Except for type I
plagioclase cores, plagioclase compositional differences are also
less pronounced; they are generally of type II and fall near the
intermediate magma equilibrium curves (Fig. 10c-d). However,
PI’s An-Mg and An-Fe systematics indicate two moderate-An
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Fig. 10. Anorthite (An) versus trace element contents (Mg and Fe in ppm) in plagioclase transects from (a-b) LR, (c-d) PI, and (e-f) A. Symbols represent
individual plagioclase analyses. Data are colored by point density across the plot area, which broadly highlights the existence of separate An groups in
mingled units (PI and LR) and a single dominant population in the hybridized unit (A). Insets in (c-d) highlight subtle compositional differences in PI
plagioclase. Also shown are equilibrium concentration curves calculated using Mutch et al. (2022) for (M22) and Bindeman et al. (1998) for Fe (B98). The
least and most silicic glasses in our dataset are used to determine intermediate (60 wt.% SiO2, 2.5 wt.% MgO, 6.0 wt.% FeO at 1000◦C) and felsic
(77 wt.% SiO2, 0.2 wt.% MgO, 2.0 wt.% FeO at 800◦C) melt equilibrium partitioning curves. Note that the trendline of Fe versus An in all deposits is
positively correlated, suggesting changes in bulk magma composition over the crystallization of these units’ plagioclase. Global An-Mg trends suggest
some diffusive equilibration has taken place in PI and between type I and II plagioclase in LR (following the intermediate melt equilibrium line),
although this is not true for all individual transects.

populations at ranges of ∼An50–60 with 400–650 ppm Mg and
3500–6000 ppm Fe versus ∼An60–70 with 450–650 ppm Mg and
4000–6000 ppm Fe. Trace element ranges for each population are
similar, but there is a weak positive correlation with An versus Fe
and Mg. We infer the An50–60 crystals grew in the slightly more
felsic PID and the An60–70 crystals grew in a slightly less evolved
PIA. Matching textures and compositions to plagioclase in Fig. 8i
are traced across a large subset of PI’s crystals, implying they
experienced similar conditions that were not simply from local
effects. A few of these crystals’ cores are patchy or irregular high-
An plagioclase. Otherwise, crystal interiors record both high and
low frequency oscillatory zoning with several minor resorption
events. Midway through the interior is the most An-poor zone
followed by a major irregular resorption surface cutting through
several growth zones. Growth after this disruption is up to 11%
more An-rich. Most crystal rims fall into a narrow range of An58–62.

PI plagioclase again record a multistage history of mingling.
Similar to LR, some crystal cores are high-An antecrysts from a
mafic magma that were interspersed into an overlying interme-
diate magma, this time represented by the ∼An60–70 group upon
which zones of this composition grew. Subsequent ascension

of magma carrying An60–70 plagioclase recharged and mingled
with magma hosting An50–60 plagioclase. This perturbation to the
system is signaled by a major resorption surface, after which
plagioclase up to 11% more An-rich grew. Evidence for some
amount of hybridization of the two melts before eruption exists as
rim compositions that fall within a narrow compositional range
(An58–62), approximating the average of both populations. This
growth is disrupted upon eruption. Alternatively, these plagioclase
represent a once-stable zoned magma chamber disrupted by a
recharge event. Although an eruption is initiated, the recharge
magma at the chamber base is not sampled in the eruption.
The recharge may only act to underplate and heat the overlying
magmas (Ruprecht & Wörner, 2007) and add mass and volatiles
to the chamber. The magmas mingle more through the conduit
to produce observed glass and plagioclase characteristics. Plagio-
clase compositions and textures of M suggest a similar history,
although the magmas involved are more silicic.

An example of magma recharge and hybridization: Autopista Lastly,
A’s groundmass glass (AD) represents a homogenous intermediate
melt that contains intermediate plagioclase compositions
centered around ∼An60 (Figs. 7b-c). The main peak at ∼An60
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suggests many of A’s plagioclase crystallized from an interme-
diate magma. Even so, AD contains type I high-An plagioclase
cores suggesting a history of mixing similar to those discussed
above. The broad range of plagioclase compositions from An30–83

also mimics the ranges in bimodal magmas such as LR and SI,
with low-An plagioclase possibly crystallizing from a felsic melt.
Furthermore, over two-thirds of rimward transects that record
major An changes also record a positive correlation for An versus
Fe and Mg (Electronic Appendix 4), which indicate one of the final
incidents documented by plagioclase in a seemingly homogenous
magma was recharge. Based on these observations, the single
range of glass compositions suggests the mixing dynamics were
such that hybridization of the erupted magma was generally
favored, but magma recharge was still one of the final events
recorded a subset of the plagioclase. Eruption of magma such
as that which supplied A may be triggered similarly to PI since a
recharge magma was not sampled by the eruption. The hybridized
characteristics of PG, S, and AP’s melts and relatively narrow
ranges of An and trace elements suggest similar histories for
magmas supplying these eruptions.

Plagioclase thermometry We apply the thermometer of Putirka
(2008, equation 24a) to plagioclase-liquid pairs from each
deposit, pairing all plagioclase analyses with the two modes
of glass compositions separately in bimodal units. We utilize
the matrix matching function of Thermobar (Wieser et al.,
2022) to test all plagioclase-liquid pairs and use only those
in chemical equilibrium to estimate temperatures. Estimates
using the least evolved and hybridized glass compositions
record temperatures of ∼950–1000◦C (Fig. 12c), and temperature
estimates are consistently cooler (∼800–925◦C) when using the
more silicic glass compositions (Fig. 12d).

Chemical and textural characteristics of plagioclase are
key for interpreting the petrology of Misti’s magmas. The
major conclusions drawn from Pacheco stage plagioclase
here are:

1) High- (type I), moderate- (type II), and low-An (type III)
crystals and/or growth zones and their trace element sys-
tematics broadly correlate to mafic, intermediate, and felsic
magma types, respectively. The large range in temperatures
recorded by plagioclase-liquid thermometry is consistent
with this idea.

2) Moderate-An compositions are most common and indicate
the dominant magma sampled by these eruptions is inter-
mediate.

3) The combination of plagioclases textures and trace element
systematics supported by melt compositions delineates a
multistage history of magma recharge and mixing.

4) High- and moderate-An cores and interior zones associ-
ated with coarsely sieved textures (types Ib and IIc) indicate
these crystals underwent resorption (Kuno, 1950; Dungan &
Rhodes, 1978; Gerlach & Grove, 1982; Nelson & Montana,
1992) or rapid growth (Kuo & Kirkpatrick, 1982; Anderson,
1984; Kawamoto, 1992) prior to growth of their next zone or
rim. Because we infer these crystals are staged at different
levels in the crust and brought together with crystals of dif-
ferent populations initially upon mixing events, we surmise
that these textures can either be the result of the ascent of
their host magmas to lower pressures and/or undercooling.

5) Dusty plagioclase (type IIIc) form via dissolution when less
calcic plagioclase contacts melt in equilibrium with more
calcic plagioclase (Tsuchiyama, 1985), consistent with evi-
dence of compositionally distinct magmas mixing.

6) Reversely zoned crystals with low-An cores or mantles are
sparse in LR. Since this deposit records recharge from a
more mafic magma, we infer that many low-An crystals were
resorbed after mixing (Laumonier et al., 2014). Blocky low-An
patches in crystal cores (type IIIb) likely represent infilling
of high-An skeletal or coarsely sieved antecrysts by low-An
growth after initial heating effects.

Amphibole
Amphibole is present in all Pacheco stage units with abundances
ranging from <1–8 volume% (Table 1). Four observed amphibole
textures include (Fig. 8j-l): (1) euhedral-subhedral crystals; (2)
crystals with reaction rims of plagioclase + pyroxene + Fe-Ti
oxide microlites; (3) subhedral-anhedral rounded-embayed crys-
tals; and (4) diffusely zoned crystals. Crystals with reaction rims
are commonly but not always hosted in the more silicic melt of a
bimodal unit. Sparse amphibole occur as glomerocrysts. They are
frequently associated with oxides, sometimes with plagioclase,
and are touching pyroxenes only in A. In the Sandwich deposits,
amphibole is only hosted in SIA and SSAD. Possible remnants of
reacted amphibole in SIR and SSDR exist; however, the crystals in
question are small and difficult to identify. Based on >700 spot
analyses and nomenclature of Leake et al. (1997), amphibole are
pargasites with just ten edenite compositions (Fig. 9b). Amphibole
Al2O3 consistently ranges from ∼11 to 14 wt.% (Fig. 7e) and crys-
tals have average Mg# and Al/Si values of 70 and 0.34, respectively.

Evaluation of amphibole substitution mechanisms based on
atomic compositions helps identify changes in crystallization
conditions for these phenocrysts, including the pressure-sensitive
Al-Tschermak substitution (2SiIV + MgVI = 2AlIV + AlVI) (Johnson
& Rutherford, 1989; Thomas & Ernst, 1990; Schmidt, 1992) and
temperature-sensitive edenite (SiIV +�A = AlIV + (Na + K)A) and
Ti-Tschermak (2SiIV + MnVI = 2AlIV + TiVI) exchanges (Spear, 1981;
Blundy & Holland, 1990) (Fig. 13). Some units show modest
changes in AlIV a.p.f.u. (atoms per formula unit) with increasing
AlVI a.p.f.u. (Fig. 13a), but many show flat trends indicative of
isobaric crystallization of the amphibole with an average AlIV

value of 1.75 a.p.f.u. However, amphibole record crystallization
over a range of temperatures with evidence for both the edenite
and Ti-Tschermak exchanges through increasing (Na + K)A and Ti
with increasing AlIV a.p.f.u. (Fig. 13b-c). The relative importance of
each mechanism differs between units, where units such as A or
LR exhibit a steep trend for edenite exchange and a shallow trend
for Ti-Tschermak exchange, and units like PI show the reverse.

Amphibole thermobarometry Amphibole-only and amphibole-
liquid thermometry and barometry are applied to estimate tem-
peratures and pressures of Pacheco stage magmas. Temperatures
estimated from amphibole-only thermometry for each unit,
using Ridolfi & Renzulli (2012), Ridolfi (2021), and Putirka (2016),
agree within uncertainty, and each unit records temperatures
of ∼950–1000◦C. We prefer amphibole-liquid temperatures
estimated using the lower silica glass for bimodal eruptions,
as they are consistent with amphibole-only temperatures for
each unit (results shown in Fig. 12c). Amphibole-only pressures
using the equations of Ridolfi (2021) consistently record 400–
600 MPa, while amphibole-liquid pressures using Putirka’s (2016)
equations 7a-c record a larger but similar range of 300–600 MPa
(results of equation 7a shown in Fig. 12c). Average amphibole-
liquid pressures estimated by each equation are identical within
uncertainty. We found average temperatures for amphibole with
and without reaction rims in a given unit were within expected
uncertainty of one another (Electronic Appendix 6).
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Amphibole reaction rim significance Observed amphibole textures
indicate these magmas experienced variable conditions before
eruption. For example, zoned crystals indicate growth in differing
magma compositions, while rounded and embayed crystals indi-
cate possible resorption or dissolution related to variable magma
heating (Rutherford & Devine, 2003). Amphibole reaction rims
are present in five Pacheco stage deposits, four of which contain
evidence of magma mingling (SS, LR, 2K, and M) and one of
hybridization (A). Reacted amphibole represent up to half but
never all of amphibole in a deposit. When present, reaction rims
are only found where crystals are in contact with the melt and
indicate the importance of melt in their formation (Rutherford &
Hill, 1993; Browne & Gardner, 2006). Rims are typically ∼50 μm
thick but are up to ∼100 μm in LR, and there is a small population
of crystals with <25-μm-thick rims. Reaction rims of this type (e.g.
Fig. 8l), similar to those found in Misti’s 2K (Tepley III et al., 2013)
and sample MIS-99-10b of Ruprecht & Wörner (2007), are often
interpreted to result from magma decompression and volatile loss
during storage at shallow pressures (e.g. Rutherford & Hill, 1993;
Rutherford & Devine, 2003). Heating can also produce reaction
rims on amphibole, but Misti’s amphibole lack the coarse pyrox-
ene in rims that are consistent with heating (Rutherford & Devine,
2003). High-Al (averages of Al/Si = 0.34 and AlIV = 1.75 a.p.f.u.)
regardless of which melt hosts the amphibole, higher percent-
ages of reaction rims on felsic-hosted amphibole, plus constant
amphibole-only and amphibole-liquid pressures of ∼300–600 MPa
and temperatures of ∼950–1000◦C are all consistent with crystal-
lization in a relatively hot intermediate magma at depth (e.g. Kiss
et al., 2014). These textures can form from magma simply stalling
in the conduit prior to eruption; however, coexistence of reacted
and unreacted amphibole within a sample (e.g. Fig. 4e-f) requires
a batch of magma to ascend and decompress long enough for rims
to form, followed by an additional pulse of magma that mixes
with the first and erupts prior to reaction rim formation. The
presence of amphibole with and without reaction rims within
the same sample in 2K is interpreted to result from an initial
recharge magma pulse into a felsic magma that stagnated above
the amphibole stability zone for 50–60 days during which the
rims formed. This was followed by a second, more forceful pulse
of recharge that hosted unreacted amphibole and mingled with
the resident felsic magma body for less than five days before it
erupted (Tepley III et al., 2013). Based on similarities in amphibole
textures in other units, we deduce similar processes occurred in
the remaining mingled deposits with multiple amphibole textural
populations. Consequently, we can constrain the storage depth of
the felsic magma which, despite being water saturated (Tepley
III et al., 2013), must lie outside the stability field for observed
amphibole. Experiments on Chilean Andes dacites (Costa et al.,
2003; First et al., 2021) and Soufrière Hills andesite (Rutherford &
Devine, 2003) suggest that at temperatures >920–950◦C, amphi-
bole are unstable at ≤200 MPa, which places an approximate
upper limit on storage pressures for Pacheco stage felsic magmas,
similar to Tepley III et al. (2013). The lack of reaction rims on
amphibole crystals in the remaining tephra-fall deposits indicates
these magmas made their way to the surface from depth too
quickly to dehydrate (e.g. Rutherford & Devine, 2003).

In summary, the following observations suggest that amphi-
bole originated in a broadly intermediate magma at depth:

(1) There is a constant range of amphibole compositions
(Al2O3 = ∼11–14 wt.%, Al/Si = 0.34, AlIV = 1.75 a.p.f.u.), includ-
ing the narrow range of rare earth element compositions
documented in 2K regardless of whether the amphibole are

reacted or unreacted or hosted in felsic or intermediate glass
(Tepley III et al., 2013).

(2) Reacted amphibole are commonly hosted in felsic glass.
(3) There is a dearth of low-Al amphibole that would suggest

crystallization in a felsic host (e.g. Kiss et al., 2014).
(4) Amphibole-only and amphibole-liquid estimations steadily

record relatively hot (∼950–1000◦C) magma temperatures
and pressures of ∼300–600 MPa, consistent with experimen-
tal phase equilibria estimates.

Clinopyroxene and orthopyroxene
Clinopyroxene and orthopyroxene exist in every unit as a narrow
range of augite and enstatite compositions, respectively, with
Mg# from 67–84 (Fig. 7d). They appear frequently as single phe-
nocrysts, often with oxide inclusions, or within glomerocrysts of
orthopyroxene + clinopyroxene + Fe-Ti oxides ± plagioclase ±
amphibole. Phenocrysts are euhedral-subhedral with a subordi-
nate number of anhedral crystals and are unzoned, normally
zoned, and reversely zoned. Zoning is commonly marked by dif-
fuse boundaries but sharp zoning contacts are not uncommon.
Where pyroxenes are hosted in SIR and SSDR, crystals or pyroxene-
bearing glomerocrysts are anhedral, resorbed, and generally finer
grained than intermediate-hosted counterparts (Fig. 4c-d). We
interpret these pyroxenes to have originated in the intermediate
magma as glomerocrysts and phenocrysts that then disaggre-
gated and reacted upon mingling and mixing, as documented in
other systems (e.g. Bacon & Metz, 1984; Clynne, 1999; Ruprecht
et al., 2012). Touching clinopyroxene-orthopyroxene pairs exist in
all units except for A and 2K, where crystals are found only as
microphenocrysts and microlites comprising ≤1% volume of the
samples. Consequently, augite and enstatite compositions of A
and 2K exhibit the most compositional diversity with respect to
the other Pacheco stage pyroxenes, which are indistinguishable
on a Wo-Es-Fs quadrilateral (Fig. 9c).

Pyroxene thermobarometry Two-pyroxene (Putirka, 2008) and
clinopyroxene-only (Wang et al., 2021) thermobarometric equa-
tions are applied to pyroxenes from each eruption to estimate
pressures and temperatures at which they were stored. Average
temperatures calculated by two-pyroxene and clinopyroxene-
only thermometry are within uncertainty of each other (Fig. 12c),
ranging from ∼1000–1100◦C for most units, though aver-
age clinopyroxene-only temperatures are consistently closer
to 1100◦C. Although uncertainties are large, two-pyroxene
(±280 MPa) and clinopyroxene-only (±160 MPa) barometry
consistently produced average pressures of ∼300–500 MPa for
all units (Fig. 12b). Values of 2K magmas record the lowest
two-pyroxene and clinopyroxene-only temperatures of ∼925
and ∼ 1000◦C, respectively, and the lowest pressures (∼0–200 MPa).

We interpret these observations and thermobarometry estima-
tions to imply the following about pyroxene formation:

(1) High temperatures (≤1100◦C) and moderate Mg# (average
of 76) are consistent with crystallization in mafic to inter-
mediate magmas. Crystals recording the highest Mg# (up
to Mg# 84) may be remnants of recharge and hybridization
with more mafic melts, especially since their host whole-
rock Mg#s are moderate (Mg# 45–52).

(2) Temperatures and pressures of pyroxene formation remained
relatively constant in all but 2K, which recorded cooler
temperatures and lower pressures.

(3) Pressures of pyroxene crystallization fall over a similar
interval of amphibole crystallization in the upper crust,
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suggesting 300–600 MPa is a major zone of intermediate
magma storage and crystallization prior to eruption.

(4) Normal and reverse zoning in pyroxene phenocrysts suggest
their involvement in previous episodes of magma mixing.

Fe-Ti oxides
Ilmenite and titanomagnetite occur with a modal abundance
of ≤1% as microlites or microphenocrysts, or form inclusions
in or are associated with amphibole, pyroxene, plagioclase, and
glomerocrysts. Ilmenite and titanomagnetite form touching pairs
in all Pacheco stage units, although they are rare in PI and PG.
Additionally, all oxides are texturally homogeneous except for a
population in M, which display exsolution features. Such crystals
are in disequilibrium and not utilized for thermometry or oxygen
barometry. In units with bimodal glass compositions, touching
pairs are predominantly (sometimes solely) hosted in the higher
silica magma.

Fe-Ti oxide thermometry Fe-Ti oxide thermometry and oxygen
fugacity estimates presented here use the method of Ghiorso
& Evans (2008), using only those pairs in equilibrium based on
the test of Bacon & Hirschmann (1988). Pairs record average
temperatures of ∼1000–1025◦C except for in A, LR, and 2K which
record cooler temperatures of 943, 907, and 816◦C, respectively.
Variability in the range of individual estimates is encompassed by
the expected uncertainty of the mean except for in S, AP, and M
(Fig. 13d). Application of the oxygen barometer of Ghiorso & Evans
(2008) yields oxygen fugacities from NNO + 0.9–1.6.

In Pacheco stage deposits with bimodal glass compositions, Fe-
Ti oxide pairs are primarily hosted in the felsic melt, and in some
cases, ilmenite is absent from the intermediate melt. In 2K, Fe-
Ti oxides record a typical temperature for felsic magma of 816◦C,
whereas pairs in SI and SS record 993–1018◦C, which are akin to
other estimates for the intermediate magmas. Fe-Ti oxide pairs
utilized in calculations are texturally and chemically homoge-
nous, implying they either have had no chance to equilibrate with
new post-recharge conditions, or they have equilibrated com-
pletely. Experiments suggest Fe-Ti oxides re-equilibrate in days
to weeks (Gardner et al., 1995; Venezky & Rutherford, 1997, 1999;
Hou et al., 2021), and as such, we suggest Fe-Ti oxide temperatures
represent the thermal states of Misti’s mingled and hybridized
magmas just prior to eruption. The occurrence of magma min-
gling versus hybridization depends on proportions of interacting
magmas and their viscosity contrasts, which are controlled by a
complex relationship between magma crystallinity, temperature,
and volatiles, all of which evolve through time over the mixing
process (e.g. Ruprecht et al., 2012). However, as a first order esti-
mate here we use the inferred proportions of disparate magma
compositions and their coincident temperatures to support our
interpretation. Fe-Ti oxide temperatures of a mixed magma are a
function of the original temperatures, fO2, crystal size, equilibra-
tion kinetics, and the time since mixing initiated (e.g. Venezky &
Rutherford, 1997). We infer the intermediate magmas in SI and SS
vastly overwhelm the felsic magmas in volume since we observe
≤2% of the felsic melt and a lack of intermediate enclaves in these
eruptions. Although the dynamics of mingling will evolve through
time after the initial recharge event, heat from the intermediate
magmas (∼1000◦C) will dominate interaction with a relatively
minor cool magma (∼800◦C). As such, thermal equilibration of this
mixture should correspond to a generally hotter temperature, as
is recorded by these deposits (993–1018◦C). In contrast, subequal
amounts of interacting magmas favor the formation of banding
due to development of similar viscosities (Bacon, 1986; Sparks &

Marshall, 1986), as is observed in 2K. If this is the case, the 2K
magma mixture contains proportionally more of the cool silicic
magma, which should correspond to an overall cooler tempera-
ture, as we observe (816◦C). Additionally, time needed for Fe-Ti
oxide equilibration to occur (hours to days) is consistent with the
timescale of amphibole reaction rim formation upon mixing (days
to weeks).

In all, Fe-Ti oxides in the Pacheco stage:

(1) Record the widest range of temperatures among all geother-
mometers reported herein, from 816◦C to 1043◦C, which indi-
cate equilibration over a wide range of magma conditions in
hours to days following mixing.

(2) Represent the thermal state of mixed magmas prior to erup-
tion, based on inferred proportions of intermediate and felsic
magmas and due to rapid Fe-Ti oxide equilibration to new
temperatures.

Olivine
Only eight olivine crystals are identified, seven of which are
hosted in PI and one in S. PI-hosted olivine are subhedral-
anhedral microlites ranging from Fo79–80 and are sometimes
intergrown with subhedral-anhedral clinopyroxene. S hosts a
200-μm anhedral olivine (Fo77) mantled by largely euhedral
clinopyroxene and orthopyroxene with wormy intergrowths of Fe-
Ti oxides. Fo77–80 compositions, disequilibrium textures, and rarity
provide additional cryptic evidence of a relatively mafic magma
(Zone 3) that interacts and hybridizes with more evolved magmas
beneath Misti with which they are no longer in equilibrium.

Glomerocrysts
Crystal aggregates, or glomerocrysts, are common within all
Pacheco stage units. They are monomineralic or polymineralic
and display a range of assemblages with different combi-
nations of plagioclase, two-pyroxenes, amphibole, and Fe-Ti
oxides. Monomineralic glomerocrysts are commonly defined
by plagioclase and rarely amphibole, while the most common
polymineralic glomerocrysts are plagioclase + two-pyroxenes +
Fe-Ti oxides ± amphibole or two-pyroxenes + Fe-Ti oxides. Some
glomerocrysts have pockets of interstitial melt and rarely a thin
melt film separating crystals. Plagioclase within the clusters are
typically moderate-An crystals, although a few high-An cores are
present.

Textural relations between crystal clusters and groundmass
indicate that these are not xenolith fragments; crystal margins,
rather than broken edges, protrude into the groundmass. These
glomerocrysts are inferred to represent relics of crystal mats or
crystalline mushes produced by crystal settling that were sub-
sequently remobilized by magma recharge pulses and entrained
into the new magma (e.g. Seaman, 2000; Cashman et al., 2017;
Samaniego et al., 2020). Since plagioclase in clusters with two-
pyroxenes or amphibole fall largely in the moderate-An group,
and we interpret pyroxene and amphibole to be largely cognate
to the intermediate magmas, these common glomerocrysts likely
represent crystal settling and accumulation on chamber margins
where intermediate magmas are stored. Due to the range of glom-
erocryst assemblages, we also infer that there is consequential
heterogeneity in the magmas stored here. These may represent
pulses of magma or spatially disconnected pockets of magma
that share similar sources and processes but have all undergone
separate thermal and crystallization histories (Eichelberger et al.,
2006).
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SYNTHESIS OF PETROCHEMICAL DATA
Elucidating three magma storage zones and
compositional ranges
We now synthesize the above textural and geochemical obser-
vations and thermobarometry to elucidate an understanding of
Misti’s magmas and their storage system before and during erup-
tion and emplacement of Pacheco stage deposits. We identify
three zones (Magma Zones 1–3) which host broadly felsic, inter-
mediate, and mafic magmas, respectively (Fig. 14).

Magma zone 1
Magma Zone 1 is the shallowest zone that stores felsic magma
compositions found in SIR, SSDR, LRR, MR1, MR2, and 2KR, which
appear to be transient and of minimal volume. Felsic magmas
likely crystallize plagioclase type III, as these crystals contain
the lowest Mg and Fe concentrations and broadly fall along the
cool felsic magma equilibrium crystallization trend (Fig. 10a-b).
Plagioclase-liquid temperatures employing felsic glasses are vari-
able but consistently cooler (∼800–925◦C) than those calculated
with intermediate glasses (up to ∼1000◦C). When present, type
III plagioclase rarely occur as individual phenocrysts, suggesting
they are commonly resorbed by hotter intermediate magmas and
the volume of their felsic host is low. Pyroxene record high temper-
atures (∼1000–1100◦C) and moderate-high Mg# (67–84), and SIR-
and SSDR-hosted pyroxene are anhedral and sometimes reacted
(Fig. 4a-d). These features are inconsistent with crystallization in
a felsic host, and it is thus unlikely that pyroxene originated in
Magma Zone 1. Although amphibole is sometimes felsic-hosted,
they are also unlikely to have crystallized in felsic magmas based
on Al contents. Amphibole attributed to dacite and rhyolite mag-
mas elsewhere in Peru are low-Al (<8–10 wt.% Al2O3), such as
at Tutupaca volcano (Manrique et al., 2020) or the Yanacocha
volcanics (Chambefort et al., 2013). Pacheco stage amphiboles’
high-Al (>10 wt.% Al2O3) coupled with moderate-high Mg# (58–77)
support crystallization in a less evolved magma (Kiss et al., 2014).
Furthermore, felsic-hosted amphibole at Misti commonly contain
fine-grained reaction rims (LR and 2K; e.g. Fig. 7l) or are com-
pletely reacted (perhaps SI). Because we infer amphibole are cog-
nate to intermediate Zone 2 magmas (discussed below), and felsic-
hosted amphibole crystals are often reacted, we can estimate the
felsic magma’s storage depth. Amphibole reaction rims like those
observed in the Pacheco stage has been ascribed to decompres-
sion as amphibole ascends, becomes unstable, and reacts with
surrounding melt due to the decrease of dissolved water (Browne
& Gardner, 2006). Experiments for Volcán San Pedro in the CVZ
indicate ≥4 wt.% H2O is necessary to stabilize amphibole (Costa
et al., 2004). With 5 to 6 wt.% H2O inferred for Misti’s magmas
(Ruprecht & Wörner, 2007; Tepley III et al., 2013), amphibole should
crystallize at appropriate P–T conditions. Experiments discussed
above (Costa et al., 2003; Rutherford & Devine, 2003; First et al.,
2021) indicate that amphibole at temperatures recorded in the
Pacheco stage are unstable at ≤200 MPa. Average amphibole-
only and amphibole-liquid barometry estimates from this study
indicate Misti’s amphibole are stored between 300 and 600 MPa.
These phase-equilibria results, combined with details of reaction
rim formation support that the magmas in Magma Zone 1 must be
shallower than where amphibole are in equilibrium in the magma
storage system.

Magma zone 2
Intermediate magmas are the most voluminous, represented
by andesitic-dacitic liquids and an assemblage of plagioclase +

Fig. 11. Plot of best fit lines of anorthite (An) versus Fe (ppm) for
individual transect analyses from LR sample MI16-125A (solid lines).
The ‘slightly positive’ An-Fe case (dashed line, RW07) from Ruprecht &
Wörner (2007) illustrates the maximum An-Fe slope expected from
variability in oxygen fugacity at Misti volcano. Note the subset of
transects with slopes steeper than that shown by RW07, which
necessitates the involvement of distinct magma compositions.

amphibole + two-pyroxenes + Fe-Ti oxides. We infer the dominant
moderate-An plagioclase population (type II) crystallized from
these magmas. Consistent pargasitic compositions combined
with Al2O3 contents of ∼11 to 14 wt.% suggest amphibole origi-
nated in an intermediate melt. As such, we infer the amphibole
are cognate to Zone 2 magmas. Pyroxene also define a narrow
range of augite and enstatite compositions, with an average
clinopyroxene Mg# of 76. Where pyroxene exist with plagioclase
in glomerocrysts, the plagioclase tend to fall in the moderate
An-group. Since we ascribe the pyroxene and amphibole to the
intermediate magmas, we use two-pyroxene, clinopyroxene-
only, amphibole-liquid, and amphibole-only thermobarometry
to describe Zone 2 magma storage. Although variability exists,
temperatures and pressures garnered from independent methods
agree together remarkably well. As such, we estimate the
primary zone of intermediate magma storage and crystallization
to be at 300–600 MPa with ∼950–1000◦C magmas (Fig. 11),
consistent with phase-equilibria experiments discussed above
and two-pyroxene and amphibole-only temperatures from Rivera
et al. (2017) of 965 ± 45 and 951 ± 33◦C, respectively. Pressure-
and temperature-sensitive exchange mechanisms evidenced
in amphibole compositions (Fig. 12) also indicate polybaric
and polythermal crystallization, which are consistent with the
range of individual pressure and temperature estimates for
intermediate Zone 2 magmas.

Magma zone 3
Magma Zone 3 is the most enigmatic storage zone. We suggest
type I high-An plagioclase and rare olivine (Fo77–80) represent the
remnants of a cryptic magma antecedent to Zone 2 magmas. We
infer these plagioclase and olivine originally crystallized from a
hotter, more mafic melt than is otherwise recorded. An-Fe system-
atics of high-An plagioclase (Fig. 10) suggest growth in a magma
with higher Fe than the intermediate melt equilibrium line indi-
cates. Global An-Mg systematics at >An60 follow the negative
slope of the equilibrium lines, signaling time has passed to allow
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Fig. 12. Summary diagram of all pressures and temperatures estimated via thermobarometry methods outlined in the text. Transparent symbols
represent individual data, whereas outlined symbols show average values with expected uncertainties according to the method. Data from Tepley III
et al. (2013) are used for 2K estimates. See Electronic Appendix 6 for supplemental information on calculation decisions. (a) Schematic stratigraphic
column as in Fig. 7. (b) Pressure estimates from clinopyroxene-only (cpx-only), two-pyroxene (two-px), amphibole-only (amp-only), and
amphibole-liquid (amp-liq) barometers. Since we ascribe these phases to intermediate Zone 2 magmas, we suggest that these pressures only represent
Misti’s intermediate magmas. (c) Temperature estimates from clinopyroxene-only, two-pyroxene, amphibole-only, amphibole-liquid, and
plagioclase-liquid (pl-liq) thermometers. For units with bimodal glass compositions, glass with lower silica is used as the liquid in plagioclase-liquid
calculations. Similar to pressure estimates, we suggest that these temperatures only represent intermediate Zone 2 magmas. (d) Temperature
estimates based on plagioclase-liquid and Fe-Ti oxide (Fe-Ti ox) pairs. Plagioclase-liquid temperatures here are shown for units with bimodal glass
compositions and the glass with higher silica is used as the liquid. We contend these plagioclase-liquid temperatures generally represent felsic Zone 1
magmas. Finally, Fe-Ti oxide temperatures represent the thermal state of the mixed magmas shortly prior to eruption, as Fe-Ti oxide pairs equilibrate
quickly to new conditions.

for some Mg equilibration via diffusion between injection of high-
An crystals, overgrowth of zones with lower An, and eruption.
However, individual transects (not plotted here) show not all crys-
tals have reached diffusive equilibrium with Mg. Plagioclase cores
with similar sieve textures and compositions (An82–84) are found
in dacites and andesites identical to those found in quenched
basaltic inclusions at Volcán San Pedro, which Costa & Singer
(2002) interpreted to be remnants of mechanically disaggregated
basaltic xenoliths. Pacheco stage olivine are exceedingly sparse
and resorbed crystal forms indicate they are no longer stable
in the host melts with which they erupted, and Fo contents are
consistent with melts derived from the lower crust. However, as
there are no basalt-basaltic andesite glasses documented or mafic
xenoliths present, we suggest there is efficient dispersal of mafic
recharge magmas into Zone 2 and subsequent hybridization with
host melts. The exclusivity of type I plagioclase to cores also
indicates that mafic melts are not present at higher levels in the
crust. Zoned pyroxene and amphibole, including crystals with the
highest Mg#, may also originate in these mafic magmas.

Magma recharge and mixing dynamics
(≤21–2 ka)

In volcanic deposits where mixing via recharge or rejuvenation is
prominently recorded, it is challenging to resolve what features,
if any, represent the magmas prior to mixing and what is the
result of mixing. Primitive eruptive products at Misti are lacking,
owing to the amount of processing magmas undergo ascending
through exceptionally thick crust defining the CVZ (≤75 km; Ryan
et al., 2016). Dominant whole-rock compositions during Pacheco
stage are andesites (Fig. 5) with Mg# from 45–52, which imply
some degree of differentiation (hybridization, assimilation, and/or
fractional crystallization) has already occurred previously in the
magmas (Barreiro & Clark, 1984; Boily et al., 1990; Thouret et al.,
2001; Delacour et al., 2007; Ruprecht & Wörner, 2007; Rivera et al.,
2017; Wörner et al., 2018). Superimposed on this protracted history
of differentiation is evidence for recent mixing processes recorded
in Pacheco stage magmas at various levels in the magma storage
system.
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Fig. 13. Amphibole atomic compositions in atoms per formula unit (a.p.f.u.) with best fit lines plotted to highlight relative slopes of trends. The
pressure sensitive Al-Tschermak exchange is approximated by (a) AlIV versus AlVI, which shows a variety of trends. Some units show constant AlVI

with increasing AlIV indicating isobaric crystallization, while others show decreasing AlVI with increasing AlIV indicating polybaric crystallization. All
units show different degrees of temperature-sensitive edenite (b) and Ti-Tschermak (c) exchanges, which highlight the general importance of
amphibole crystallization under polythermal conditions. However, thermobarometry estimates herein suggest the ranges of temperatures and
pressures of crystallization are limited.

Configuration of magma storage
We suggest the general configuration of Misti’s magma storage
system during emplacement of explosive Pacheco stage deposits
is similar to that proposed by Tepley III et al. (2013) based on 2K.
Thermobarometry estimates and phenocryst assemblages and
characteristics are consistent with a thermally and chemically
stratified magma storage system (Fig. 14). Associations between
magmas recorded in tephra indicate Misti’s system is zoned with
increasing evolution as depth decreases (e.g. Cashman et al., 2017).
Although there is no direct barometric estimate for Zone 3, the
observations that mafic liquids are absent in tephra and there

is no growth of high-An plagioclase on moderate- or low-An
crystals indicate it is stored below Zone 1–2 magmas. Evidence
for the existence of mafic magmas is preserved as mafic ante-
crysts, but the mafic magmas themselves are filtered and diluted
before eruption. The variety and complexity of glomerocrysts
cognate to the intermediate magmas signal significant textural
heterogeneity among them. If there is a single large intermediate
reservoir (Ruprecht & Wörner, 2007), we envision a varied crystal
mush heterogeneously sampled during different eruptions (e.g.
Wörner et al., 2018; Samaniego et al., 2020). These features could
alternatively be explained by a plexus of dikes and sills, where

D
ow

nloaded from
 https://academ

ic.oup.com
/petrology/article/65/6/egae050/7676169 by guest on 18 June 2024



20 | Journal of Petrology, 2024, Vol. 65, No. 6

Fig. 14. Simplified representation of Misti volcano’s magma storage system and processes that account for petrological features of Pacheco stage
explosive deposits. Physical features not to scale. (a) Magmas exist in three zones: Zone 1, shallow (≤200 MPa), cool (∼800◦C), and broadly silicic
magmas crystallizing low-An (anorthite) plagioclase (Pl) + Fe-Ti oxides (Opq); Zone 2, broadly intermediate magmas residing at ∼300–600 MPa
and ∼ 950–1000◦C with moderate-An plagioclase + amphibole (Amp) + two-pyroxenes (Aug and En) + Fe-Ti oxides; and Zone 3, broadly mafic magmas
staged deeper relative to Zone 2 with at least high-An plagioclase + olivine (Ol) in the phase assemblage. R denotes a recharge event. (b) Melt and
mineral textures that result from recharge and mingling between Zone 1 and 2 magmas, with antecrystic cores from Zone 3 magmas. (c) Melt and
mineral textures that result from rejuvenation and mingling in the conduit of two broadly similar compositions, resulting in plagioclase with generally
similar compositions. Alternatively, this could result from remobilization of a compositionally zoned chamber with a subtle chemical gradient. (d) Melt
and mineral textures that result from recharge and mingling between Zone 2 and 3 magmas.

glomerocryst and textural heterogeneity can be generated via
unequal storage and cooling histories (e.g. Eichelberger et al.,
2006). However, continuously high magma temperatures that sug-
gest the system is thermally buffered and apparently efficient
hybridization between mafic and intermediate magmas support
some form of a continuous intermediate magma reservoir.

Snapshots of evolving viscosity contrasts
Hybridization is prevented early during mixing by initially high
viscosity contrasts, such as those expected between mafic and
felsic magmas (Sparks & Marshall, 1986), and the result is mingled
magmas frozen upon eruption. As time since mixing increases,
magma viscosities evolve with changing crystallinities, water
contents, and temperatures, and viscosity contrasts can decrease
between the magmas such that hybridization of the melt is
promoted (Ruprecht et al., 2012). Although the trend is imperfect,
we propose the alternation of tephra with unimodal and bimodal
glass compositions (Fig. 7b) provides snapshots of this process
as it progresses. For example, we calculate magma viscosities
based on glass compositions of SI, SS, and S using the model

of Giordano et al. (2008). SI records a mingled magma with
highly contrasting liquids where initial viscosity contrast between
them is high (SIA, 103.5–3.7 Pa s; SIR, 105.2–5.6 Pa s), and eruption
must have occurred while the contrast was still relatively high,
thus mingling is preserved. SI is followed by eruption of SS,
which is macroscopically indistinguishable from SI and contains
comparable phenocryst populations overall. However, while most
glass compositions still define a bimodal distribution, the most
felsic SSDR glass compositions have comparatively lower silica
than SIR and a subset of analyses fall in the middle. Compared
to initial viscosities of SIA and SIR, heat exchange between the
magmas greatly reduces the viscosity of SSDR (104.7–5.0 Pa s) and
raises the viscosity of SSAD (103.7–4.2 Pa s) slightly. Characteristics
of SS are consistent with limited hybridization of SIA and SIR after
initial differences in viscosity are reduced, but these magmas
erupt before complete hybridization. The next eruption in the
sequence is S, which has unimodal glass compositions that fall
between SSAD and SSDR. An intermediate melt viscosity of 104.2–4.5

Pa s records the final stage of converging melt viscosities and
complete hybridization of the melt followed by eruption.
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Changing regimes at Misti
Although the ca. 2-ka eruption is unique in several ways, our
analyses of nine explosive eruptions immediately preceding its
emplacement reveal it is just the most recent and striking expres-
sion of Misti’s magma mixing history. Volumetrically, the mag-
mas that supplied Pacheco stage deposits older than the ca. 2-
ka eruption are dominated by intermediate magmas with only
≤2% represented by more felsic melts, and more mafic magmas
preserved in mafic phases. The Cayma stage, which precedes
the Pacheco stage by about 10 ky, emplaced dacitic and rhy-
olitic tephra-all deposits without obvious involvement of more
mafic magmas during eruptions of magnitude VEI ≤5 (Harpel
et al., 2023). The Pacheco stage continues to erupt felsic magmas;
however, some characteristics are different. While the Cayma
stage Sacarosa deposit contains an unreacted hydrous mineral
assemblage stored at ∼300–400 MPa prior to rapid ascent and
eruption (Harpel et al., 2023), we have demonstrated Pacheco stage
felsic magmas are comparatively shallow (≤200 MPa). Rather
than erupting on their own, Zone 1 magmas are sampled only
during recharge by and mixing with deeper intermediate magmas
bodies that dominate the magmatic signature. We suggest that
because these felsic magmas are cool (∼800◦C) and low in volume,
they are potentially locked up, creating a barrier to eruption.
Recharge from hotter Zone 2 magmas (∼950–1000◦C) serves to
remobilize parts of a felsic crystal mush prior to eruption via
heating and mechanical processes (Huber et al., 2011). Several
observations are consistent with mixing between a high ratio of
hot, low viscosity intermediate magmas to cool, high viscosity
felsic magmas, such as the lack of intermediate enclaves in felsic
tephra (Sparks & Marshall, 1986) as well as the sparsity of felsic
tephra. Crystals composed entirely of low-An compositions are
exceedingly rare, and they are most commonly found in rims,
suggesting a brief late-stage interaction. The inference that low-
An plagioclase crystals were largely resorbed is consistent with
a significant heating event (i.e. heat input from hot recharge). A
high ratio of intermediate to felsic magma is perhaps maintained
due to injection via diking into felsic mush that is sufficiently
forceful that it erupts without much dispersal into the chamber
(e.g. Eichelberger et al., 2006; Walker et al., 2013).

The abrupt transition from eruption of bulk dacites and rhyo-
lites in the Cayma stage (Harpel et al., 2023) to bulk andesites in
the Pacheco stage with little interaction with evolved magmas is
observed at other volcanoes in the CVZ, such as Parinacota. Dur-
ing Parinacota’s ‘Old Cone’ stage, it produced basaltic andesites
and rhyolites and transitioned to uniform mafic andesites after
edifice collapse in its ‘New Cone’ stage (Hora et al., 2007; Wörner
et al., 2018). Changes in erupted compositions at Parinacota are
thought to be a function of the magma recharge rate. The Old
Cone represents an ‘activation regime’ where increased but vari-
able recharge juxtaposes mafic and felsic magmas that variably
mix and erupt, whereas the New Cone represents a ‘breakthrough’
regime where recharge rates are high and there is limited mixing
with older felsic magma batches (Wörner et al., 2018). The Pacheco
stage may represent a similar transition to high rates of magma
recharge, which is consistent with persistently high magma tem-
peratures (∼950–1000◦C) and low degrees of interaction with felsic
magmas.

Eruption triggers
The importance of magma recharge at Misti has been demon-
strated here and in previous investigations (Ruprecht & Wörner,
2007; Tepley III et al., 2013). Magma recharge has long been

recognized as an eruption trigger for explosive volcanic eruptions
(e.g. Eichelberger, 1974; Anderson, 1976; Sparks et al., 1977).
Specific mechanisms related to magma recharge invoked as
eruption triggers include the introduction of mass, volatiles,
and/or heat from a recharge magma leading to overpressure,
remobilization, and/or buoyancy of the resident magma. Mingled
glasses present in five tephra-fall deposits out of the last ten
explosive eruptions suggests that magma recharge must have
occurred shortly before eruption, otherwise evidence of recharge
in the melt would have been lost to hybridization. Even rimward
analyses of crystals in A indicate that recharge was one of
the last incidents recorded. The dearth of felsic and mafic
magmas erupting unaccompanied by intermediate magmas is
also consistent with recharge filtering (Kent et al., 2010). Andesitic
magma formation in the CVZ can be explained by hybridization
of mafic and felsic magmas (Anderson, 1976; Eichelberger, 1980;
Reubi & Blundy, 2009; Wörner et al., 2018), but the high density of
mafic and low viscosity of felsic magmas make them less likely
to erupt. However, recharge of a hotter, less viscous, and more
mobile mafic magma into a shallower, rheologically locked felsic
magma promotes mixing and the petrogenesis of intermediate
magmas, which can overcome the barriers to eruption (Kent et al.,
2010). That andesites comprise the overwhelming majority of
deposits during this time indicate that mafic recharge is a key
process occurring at Misti even if it does not lead to an immediate
eruption (Ruprecht & Wörner, 2007), and that there is a significant
crustal barrier to eruption.

CONCLUSIONS
Geochemical and petrological analyses of ten of Misti’s most
recent tephra-fall deposits indicate a complex, multi-stage history
of magma ascent, storage, and differentiation since ≤21 ka. Glass
and mineral compositions and textures, phase equilibria, and
thermobarometry estimates indicate a chemically and thermally
stratified magma storage system in the form of three distinct
magma zones host to broadly mafic, intermediate, and felsic
magmas. Remnants of an unerupted mafic magma appear only
as antecrystic high-An plagioclase cores, trace olivine, and pos-
sibly high Mg# augite and amphibole (up to Mg# 84 and 77,
respectively). Intermediate magmas, which we estimate to be
stored at ∼950–1000◦C and 300–600 MPa, dominate Misti’s erupted
products. Periodically, these intermediate magmas interact with
shallow (<200 MPa) and cool (∼800◦C) felsic magmas that do
not erupt alone but may be remobilized and mixed with the
intermediate magmas upon recharge. Magma mixing interactions
are recorded by glass compositions and crystal exchange, includ-
ing an apparent alternation between eruption of mingled and
hybridized magmas that reflect reductions in viscosity contrasts
as time passes between recharge events. This investigation sug-
gests magma recharge is the leading mechanism by which explo-
sive eruptions are triggered at Misti during the Pacheco stage and
demonstrates the wealth of critical petrological information to be
gleaned by examination of a series of young explosive eruptions
at an active and hazardous volcano.
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