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Insights for crystal mush
storage utilizing mafic enclaves
from the 2011-12 Cordon Caulle

eruption

Heather Winslow*, Philipp Ruprecht?, Helge M. Gonnermann?, Patrick R. Phelps?,
Carolina Mufioz-Saez?, Francisco Delgado®, Matthew Pritchard* & Alvaro Amigo®

Two distinct types of rare crystal-rich mafic enclaves have been identified in the rhyolite lava flow
from the 2011-12 Corddn Caulle eruption (Southern Andean Volcanic Zone, SVZ). The majority of
mafic enclaves are coarsely crystalline with interlocking olivine-clinopyroxene-plagioclase textures
and irregular shaped vesicles filling the crystal framework. These enclaves are interpreted as pieces of
crystal-rich magma mush underlying a crystal-poor rhyolitic magma body that has fed recent silicic
eruptions at Cordon Caulle. A second type of porphyritic enclaves, with restricted mineral chemistry
and spherical vesicles, represents small-volume injections into the rhyolite magma. Both types

of enclaves are basaltic end-members (up to 9.3 wt% MgO and 50-53 wt% SiO,) in comparison to
enclaves erupted globally. The Cordon Caulle enclaves also have one of the largest compositional gaps
on record between the basaltic enclaves and the rhyolite host at 17 wt% SiO,. Interstitial melt in the
coarsely-crystalline enclaves is compositionally identical to their rhyolitic host, suggesting that the
crystal-poor rhyolite magma was derived directly from the underlying basaltic magma mush through
efficient melt extraction. We suggest the 2011-12 rhyolitic eruption was generated from a primitive
basaltic crystal-rich mush that short-circuited the typical full range of magmatic differentiation in a
single step.

We have identified crystal-rich basaltic enclaves hosted in the rhyolite lava from the 2011-12 Cordén Caulle
eruption located in the SVZ of Chile (Fig. 1). Here we report on the mafic enclave’s occurrence, their textural
and geochemical characteristics, and we develop a conceptual model for their formation. Mafic enclaves are
inclusions of chemically distinct, and typically crystal-rich, magma within a host magma that tends to be com-
positionally more evolved than the inclusion’. Mafic enclaves can form by a spectrum of processes that result in
a more or less direct genetic and spatial link between the enclave-forming mafic magma and the more evolved
host magma. Mafic enclaves are most commonly associated with magma recharge into an already established
or unrelated magmatic system! . In contrast, based on textural and geochemical characteristics, the 2011-12
Cordén Caulle enclaves likely represent pieces of a crystal-rich magma mush that were incorporated into the
crystal-poor rhyolite magma erupted at Cordén Caulle. In the case of a crystal mush origin, the mafic enclaves
may also provide direct insight toward silicic magma production.

Crystal mushes are defined as large, crystal-dominated (~45-65%) storage reservoirs that contain evolved
interstitial melt>”’. Previous studies have highlighted that crystal-rich magma mush storage reservoirs can pro-
duce voluminous and explosive eruptions of silicic magma, sometimes up to>5000 km? such as that of Fish
Canyon Tuff*-®. They are associated with large caldera-forming eruptions, such as the Bishop Tuff at Long Valley
Caldera, as well as volumetrically smaller systems such as Mount St. Helens and Mt. Mazama>®®. A crystal mush
is more mafic in bulk composition than the evolved interstitial melt, and if the interstitial melt is extracted, it
can form an overlying crystal-poor silicic melt lens cap>*!'®!!. Fractional crystallization is considered to be the
dominant process to generate such crystal-poor silicic magma in crystal mushes'>!?. This is likely associated
with the high crystallinity of crystal mushes that allows for increased residual melt evolution®!>!*. While most
crystal-rich magma mushes are intermediate in composition, thus making a step-wise change from intermediate
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Figure 1. (a) Overview map of the SVZ of the Andes with inset of South America'®. Overview map generated
from Google Earth (Jan 2022; Image Landsat/Copernicus). White box identifies Puyehue-Cordén Caulle field
area. (b) 2011-12 Cordén Caulle rhyolite lava flow. Image generated from Google Earth (Jan 2022; Image @
2022 CNES/Airbus). Red dash: location of mafic enclave sampling for this study. Black dash: uplift area from
laccolith®. (c,d) Field images of mafic enclaves hosted in rhyolite lava. Hammer for scale.

to felsic magmas when producing the melt lens cap®”’, Cordén Caulle may contain a basaltic mush based on the
basaltic mafic enclaves. This means Cordon Caulle may experience highly efficient fractional crystallization to
produce rhyolite directly from basalt. Additionally, if the mafic enclaves are representative of a crystal mush, they
represent evidence of an active crystal mush and will provide new opportunities to study mush dynamics at an
active volcanic system. Whether a crystal mush architecture can efficiently generate large volumes of eruptible
silicic magma directly from a basaltic crystal-rich mush has not yet been demonstrated in volcanic arcs. This
study highlights how mafic enclaves can reveal processes in active magmatic systems other than mafic recharge.
Here we argue that the Cordén Caulle mafic enclaves are evidence for an underlying crystal mush as opposed to
representing magma recharge, and that the enclaves may constrain the efficiency and limits to fractional crys-
tallization and rhyolite formation as well as provide global insight for crystal mush dynamics in volcanic arcs.

Background
Cordén Caulle is a fissure system amidst a NW-elongated graben that is part of the larger Puyehue-Cordén
Caulle volcanic complex (PCC; 40.31° S, 72.10° W), which is located in the Chilean SVZ!*!>. PCC is a laterally
extensive volcanic complex comprised of the stratocone Puyehue, the 15 km-long Cordén Caulle fissure sys-
tem, and the Cordillera Nevada Caldera, a collapsed shield volcano'®. Corddn Caulle has been the site of three
eruptions during the last 100 years (1921-22, 1960, 2011-12)'41>17-1 Multiple eruptive vents for the 1921-22
and 1960 eruptions are distributed along faults, while the 2011-12 eruption was restricted to a singular eruptive
vent. All three eruptions produced dacitic to rhyolitic lava flows of approximately 1 km® and distributed ash
regionally'>7-1. Published geothermobarometry data suggests that shallow magma storage is associated with all
three of the historic eruptions (50-100 MPa and 870-920 °C'7; 5-7 km, 100-140 MPa, and 895 °C'$; 3-7 km?.
Satellite- and ground-based monitoring have provided exceptional pre-, syn-, and post-eruptive deformation
across the entire Cordén Caulle graben for the 2011-12 eruption?'-%*. Inflation of approximately 0.5 m preceded
the eruption for several years, subsidence of approximately 4.5 m was recorded during the eruption, and rapid
re-inflation of approximately 1 m followed the eruption, which represents one of the largest uplift rates for
silicic systems with ~ 0.45 cm/year immediately after the eruption®"*>?*. Additional localized inflation beneath
the 2011-12 vent has been interpreted as rapid laccolith emplacement shortly after the onset of the eruption
(Fig. 1)*. The laccolith is located ~ 20-250 m below the surface and the overlying volcanic deposits have extensive
cracks and fumarolic activity in the vicinity of the vent area?. In recent years, inflation has been episodic and
because the ground deformation extends over the entire Cordén Caulle graben, it suggests a spatially connected
and laterally extensive magmatic body that accommodates magma redistribution, either in response to recharge
or post-eruptive poro-elastic effects within a mush stored in the shallow crust??>?*. A crystal-mush model has
been proposed in previous studies due to the spatially distributed eruptive vents and deformation signals, but

Scientific Reports | (2022) 12:9734 | https://doi.org/10.1038/s41598-022-13305-y nature portfolio



www.nature.com/scientificreports/

rhyolite host

Figure 2. Textural images of the coarsely-crystalline enclave population. (a,b) Field photos of mafic enclaves
in rhyolite host with hammer for scale. (c) Micrograph highlighting enclave mineralogy, crystallinity, and
interlocking grain texture. (d) Backscattered electron (BSE) map of mafic enclave-rhyolite host boundary. (e)
BSE map of enclave core. (f,g) Thin section scans of coarsely-crystalline enclaves highlighting crystallinity,
mineralogy, and enclave-host boundary.

here we present direct evidence for a crystal-rich magma mush through petrologic and geochemical analysis of
mafic enclaves!>17-1,

Results

Enclave petrography. Two types of mafic enclaves are present in the 2011-12 rhyolite flow. The majority
of enclaves are relatively coarsely-crystalline dominated by phenocrysts (~55-70 vol%) (Fig. 2), while a subor-
dinate group of enclaves (2 of 33 samples) are distinctly porphyritic with <35 vol% phenocrysts (Fig. 3; Table 1;
ESM 2). Both types are vesiculated, yet the coarsely-crystalline enclaves contain a slightly greater abundance
of vesicles (>15 vol%) compared to the porphyritic enclaves (<15 vol%) (Fig. 3, Table 1). While technically the
dominant enclave population is fine- to medium-grained, we will refer to them as “coarsely-crystalline” as a rela-
tive comparison to the porphyritic population. Mafic enclaves range in size from ~5 to 20 cm in diameter, but
occasionally reach up to ~40 cm (Fig. 2a,b). Mafic enclaves are sub-rounded to sub-angular and are commonly
found in devitrified rhyolite. We observe occasional pressure shadows surrounding the enclaves that suggests
they were mostly solid during the lava emplacement®-27.

Coarsely-crystalline enclaves. The coarsely-crystalline enclaves are characterized by interlocking textures with
average phenocryst sizes ranging from 300 to 600 um but frequently reach>1000 um (Figs. 2, 3). Phenocryst
phases are listed in order of abundance: plagioclase (~40-45 vol%), clinopyroxene and olivine (~5-15 vol%
with varying proportions), and Fe-Ti oxides (~ <1 vol%) with accessory apatite (Table 1). Plagioclase microlites
dominate the groundmass (~ 10 vol%), and small amounts of melt pockets, now solidified glass, (~ 1-5 vol%) are
present at the edges of phenocryst phases (Fig. 3a,d; Table 1; ESM 3, 4). The pervasive intergrowth and poikilitic
textures between plagioclase, olivine, and clinopyroxene suggest coeval growth (Figs. 2, 3). Microlitic plagioclase
also experiences impingement and intergrowth into phenocryst phases. The varying degrees of interlocking
phases between microlites, microphenocrysts, and large phenocrysts (Figs. 2, 3; ESM 3, 4) may indicate bursts
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Figure 3. (a-i) Textural comparison of the coarsely-crystalline and porphyritic enclave populations using

BSE maps and micrographs. Images highlight variations in crystallinity and vesicle shape differences with
spherical vesicles in porphyritic enclaves and angular void-filling vesicles in the coarsely-crystalline population.
Dotted white lines: highlight vesicle shapes in both enclave populations (a,d,g). (b,c,e,f) Micrographs display
interlocking grain textures that are highlighted by white arrows. (i) Micrograph of porphyritic enclave with
plagioclase clusters. Red circles highlight swallowtail disequilibrium textures of plagioclase.
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Coarsely-crystalline enclaves Porphyritic enclaves
Sample PCC-18-15A | PCC-18-15C | PCC-18-16-1 | PCC-18-17A-1 | PCC-18-17D-1 | PCC-18-13B | PCC-16-03B
&?ﬁﬂ;’t‘;yﬁ 66 67 62 70 55 35 32
Plagioclase 37 40 40 45 45 32 28
Olivine 13 16 6 9 6 2 4
Clinopyroxene 16 11 16 16 4 1 0
Microlites 10 11 10 10 27 54 54
Melt 6 4 2 5 1 - -
Vesicles 18 18 26 15 17 11 14
Total 100 100 100 100 100 100 100

Table 1. Crystallinity of mineral phases, microlites, melt, and vesicles for both enclave populations. All values
represent percentages (%).

of nucleation at varying nucleation and growth rates?. Phenocrysts and microlites do not present lineation or
foliation fabrics and therefore do not exhibit settling or compaction features. Low aspect ratios of phenocrysts
(i.e. equant crystal shapes) is suggestive of slow cooling as opposed to rapid cooling typical for small dikes that
may form more elongate crystal shapes due to greater undercooling®?. While phenocrysts of plagioclase and
clinopyroxene are subhedral and display planar surfaces on edges exposed to the groundmass, they are domi-
nantly intergrown with other well faceted phenocrysts at random orientations (Fig. 3). Melt pockets surrounding
phenocrysts are irregular in shape and do not display parallel sides (Fig. 3; ESM 3, 4). Vesicles display irregular
void-filling shapes amidst the crystal intergrowth (Fig. 3a,d). Generally, quench textures and chilled margins are
absent in the coarsely-crystalline enclaves and crystal size and glassiness of the matrix do not vary systematically
from interior to exterior. However, some groundmass heterogeneities near the enclave-host interface exist with
distinct heterogenous strands of groundmass and small changes in microlite size and vesiculation in the rhyolite
(ESM 5, e.g., PCC-18-15C). Enclave margins display a moving boundary with crystal clusters and glomerocrysts
seemingly breaking off from the enclave into the rhyolite or being individually plucked into the rhyolite.

Plagioclase phenocrysts and microlites are normally zoned, the former sometimes exhibiting varying degrees
of sieve textures within their cores (Figs. 2, 3; ESM 3). Plagioclase phenocrysts display stepwise zonation in anor-
thite (An) content. The calcic cores are homogeneous (~ Angy_qy) with only small normal and reverse internal
zonation (AAn<5), followed by a distinct step in An content (Anss_gs, ~ 30 pm width). The outermost plagioclase
has even lower An contents (< 10 um width) (ESM 3). We refer to these distinct zones as the core, mantle, and
rim (Fig. 3a,d; ESM 3). Microlites exhibit both elongate and equant habit, and their zonation displays core-rim
normal zonation without a significant mantle. Olivine phenocrysts have flat cores® with weak normal zonation
limited to about the outermost 100 pm. Olivine in contact with other minerals can be unzoned. Anhedral olivine
can be found as chadacrysts amidst plagioclase oikocrysts (ESM 3, 4). Clinopyroxene phenocrysts exhibit simple
zonation with distinct compositional steps near their rims. In a few enclaves, clinopyroxene phenocrysts are the
largest phenocryst phase with bimodal size distributions. As an example, PCC-18-15A contains populations of
larger and smaller clinopyroxene with sizes of > 1000 um and <500 um, respectively (Fig. 3a), the latter being
more frequent. Cores of larger clinopyroxene phenocrysts commonly contain plagioclase inclusions (ESM 3a,
d). Olivine and clinopyroxene display frequent orthopyroxene reaction rims when in contact with the melt and
not bounded by other phenocrysts (notated in ESM 4c,d,g,j,k). Peritectic orthopyroxene reaction rims are a
late-stage process that are likely the result of interacting with the more evolved rhyolitic liquid®!. Fe-Ti oxides
exhibit frequent skeletal and dendritic growth.

Glomerocrysts occur throughout the rhyolite and near the enclave-rhyolite interface. Two populations of
glomerocrysts have been identified. The first population resembles the same mineralogy, composition, and
zonation patterns of the coarsely-crystalline enclaves. They are present at the enclave-host boundary. In this
population, plagioclase has core-mantle-rim zones similar to plagioclase in coarsely-crystalline enclaves. These
glomerocrysts seemingly represent broken off enclave fragments. The second glomerocryst population is not
associated with the enclaves and only occurs in the rhyolite. It consists of plagioclase, clinopyroxene, olivine, and
frequent Fe-Ti oxides as inclusions in clinopyroxene and olivine. These glomerocrysts have distinct composi-
tion and zonation patterns with plagioclase phenocrysts being uniformly evolved and minimally zoned in the
interior. Rims have similar An contents to plagioclase rims in the enclaves (ESM 5). Fe-Ti oxides range from tens
of microns up to ~ 150 um and exhibit blocky habit (ESM 5). Additionally, exsolution lamellae can be identified
in clinopyroxene glomerocrysts. The distinct textures of the second population of glomerocrysts suggest direct
entrainment into the rhyolite independent of enclave formation.

Porphyritic enclaves. 'The second less common enclave population displays porphyritic textures with a very
distinct groundmass (Fig. 3g-i). Phenocrystic plagioclase (~30%) dominates the mineral assemblage. Olivine
(~2%), clinopyroxene (< 1%), and oxides are subordinate (Table 1). The porphyritic enclaves have characteristic
large spherical vesicles (Fig. 3g) as opposed to the coarsely-crystalline enclaves, whose vesicles are void filling
and their irregular shapes are controlled by the crystal network. Plagioclase phenocrysts are dominantly large
(> 1000 pum) and display both elongate and equant crystal shapes with infrequent sieve textures. A subordinate
plagioclase population has smaller crystal sizes (~250-500 um). Regardless of size, plagioclase is commonly
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Figure 4. Global geochemical compilation of mafic enclaves (XRF data). 2011-12 CC enclaves are at primitive
extent. CC: Corddn Caulle. Black square: 2011-12 CC coarsely-crystalline mafic enclaves. Black square with
red outline: indicates porphyritic enclave population among CC enclaves. Purple square: 2011-12 CC rhyolite.
Grey square: PCC eruptive history (EarthChem). Triangles: 2011-12 CC enclave and rhyolite glass (EMP data).
Dk Grey circle: Regional SVZ data (EarthChem). Global enclave comparison centers: Quizapu, Medicine Lake,
Coso VE, Lassen Volcanic Center, Mt Mazama, Soufriere Hills, Unzen. References for global centers in ESM 1.

arranged in glomerocrysts. Plagioclase grain boundaries that are in contact with groundmass exhibit swallowtail
textures (Fig. 3i; ESM 2e,f). Plagioclase core compositions are uniform with weak normal zonation at the outer-
most rim that is significantly less developed compared to coarsely-crystalline enclaves. Both size populations of
plagioclase display similar compositional and zonation patterns. Olivine phenocrysts (~ 1000 um) display both
anhedral and skeletal crystal shapes (ESM 2c,d) with flat core compositions and orthopyroxene overgrowth™.
Groundmass (~ 55%) consists of plagioclase microlites (70-100 pum) and interstitial mafic phases.

Geochemistry. Whole-rock data. 'The 2011-12 mafic enclaves from Cordén Caulle represent the primitive
end-member for the entire eruptive history at PCC and are among the most primitive magmas for the entire
SVZ (Fig. 4)'"°. With their range from 50 to 53 wt% SiO,, 5.29-9.3 wt% MgO, Mg# _s;_¢ (calculated on a molar
basis with (Mg/(Mg+ Fe) x 100), 22-113 ppm Ni, and 94-248 ppm Cr (Fig. 4), the most primitive enclaves have
major element compositions comparable to other primitive and near-primitive magmas globally*’. Whole-rock
trace element data displays typical subduction zone signatures for the mafic enclaves (Fig. 5a). Additionally,
the enclaves lack a Eu anomaly suggesting minimal plagioclase fractionation or accumulation (Fig. 5a). Subtle
subgroupings of the enclaves can be identified based on major and trace element data but are not the focus of
this study. To first order, Fe-enriched and Fe-depleted trends correlate with TiO,, Al,Os, and CaO trends (Fig. 4,
ESM 6). TiO, and Al,O; display two distinct trends of enrichment and depletion, while CaO exhibits two clusters
at~12 wt% and ~ 10 wt% CaO (ESM 6).

The 2011-12 mafic enclaves are substantially more primitive in comparison to other well studied volcanic sys-
tems globally that have mafic enclaves with a range of enclave textures and eruptive environments. The 2011-12
mafic enclaves stand alone with uniquely elevated MgO, Mg#, Ni, and Cr contents (Fig. 4). Most other mafic
enclaves are andesitic to dacitic. The closest analog to the 2011-12 enclaves are the most mafic enclaves from
Medicine Lake, CA***. Both magmatic systems also share highly silicic host magmas (>70 wt% SiO,) as well
as an extensional tectonic environment. However, while Medicine Lake enclaves display a full range of enclave
compositions from felsic to mafic, the 2011-12 mafic enclaves are exclusively mafic.

Mineral compositions. Plagioclase. Core analyses for plagioclase phenocrysts in the coarsely crystal-
line enclaves are dominantly anorthitic (Ang,_o,3), and only in rare cases do core compositions drop to~ Any
(ESM 1, 7). Plagioclase mantle compositions cluster around Ans;_g; but fully range from Any, 4_;, . Detailed rim
analyses were not performed, but the thin (<10 pm) rims have an approximate composition of An,y_,s. Those
rim compositions correlate with the plagioclase compositions in the rhyolite!”. The porphyritic enclave popula-
tion has plagioclase phenocrysts with a more restricted calcic compositional range (Angs g ,5) and rims range
from Ans,_y. Microlite cores, excluding the porphyritic population, cluster from Ang,_gg with a full range from
An;, 5_gg5. The more sodic rims cluster from Ang; 4 but have a full range from Ansg, ¢5. The microlite cores
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Figure 5. (a) Incompatible trace element spider diagram (XRF +ICP-MS data) normalized to primitive
mantle®. Grey line: representative primitive magma®2. Black line: 2011-12 CC coarsely-crystalline mafic
enclaves. Dashed light grey line: 2011-12 CC porphyritic enclaves. Thin dark purple line: 2011-12 mafic enclave
interstitial glass data (LA-ICP-MS). Light Purple: 2011-12 host rhyolite (XRF + ICP-MS). Arrows indicate
symmetrical elevation of rhyolite data from mafic enclaves suggestive of in-situ fractionation. (b) 2011-12 CC
mafic enclave interstitial glass normalized to host rhyolite glass and display overlapping compositions. Symbols
are the same as Fig. 4.

from the porphyritic population are more restricted with a compositional range from Angg, ¢, ¢, and rims from
Angyg_706:

Olivine and clinopyroxene. Olivine core compositions from coarsely-crystalline enclaves range from Fo_;,_gs;
with rims at Fo_sg_¢39 (ESM 1, 7). Olivine from porphyritic enclaves is on average more magnesian (Fo,9,_gs.4)
with extensive flat cores. We did not resolve core-rim compositional changes in the thin olivine rims. Clinopy-
roxene phenocrysts from the coarsely-crystalline and the porphyritic enclaves cluster at Mg#,; g5 (full range
Mg#ss 6_s3.6) and Mg#e, 5_go, respectively (ESM 1, 7).

Discussion

Mafic injection vs crystal mush. Mafic enclaves are commonly interpreted as products of mafic magma
injection into a more silicic magma, but that is not the only explanation for their origin. Alternatively, mafic
enclaves can represent fragments of cumulates or crystal mushes. In the case for magma injection origin, por-
phyritic textures and microstructural evidence supports formation in a dynamic liquid-rich environment!*>%,
The thermal contrasts between the injected magma and the silicic host magma result in large cooling rates
and produce quench textures, especially along the enclave margins, associated with diffusion-limited crystal
growth?. Alternatively, mafic enclaves that form from cumulates or crystal mushes will be dominated by inter-
locking textures of larger grains growing under interface-controlled conditions during slow continuous cooling
in a rigid crystal network®*,

Coarsely-crystalline enclaves. Multiple lines of evidence support a crystal mush origin for the coarsely-crystal-
line enclaves. They are highly crystalline (55-70%), display interlocking cumulate grain textures, show domi-
nantly simple mineral zonation patterns with a range in An and Fo content, contain angular void filling vesi-
cles, and are chemically distinct compared to the global compilation of other mafic enclaves (Fig. 4; ESM 6).
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Figure 6. Schematic diagram for Cordén Caulle plumbing system (not to vertical scale). Inferred mafic
injections® fuel overlying crystal mush. Shades of orange-red in mafic injections and crystal mush represent
compositional heterogeneity observed in chemistry. Stippled texture in crystal mush represents different levels
of crystallinity. Black portions of crystal mush represent low-melt content or inactive heterogeneities within the
mush. Crystal mush is overlain by crystal-poor rhyolite (orange). Coarsely-crystalline fragments are entrained
into rhyolite prior to or upon eruption preserving remnants of the mush in the form of mafic enclaves. Some
injections bypass the mush chemically unobstructed and interact directly with rhyolite to form porphyritic
enclave population. Arrows in rhyolite melt cap represent June 4-7, 2011 magma flux*?. Dashed purple line:
surficial uplift from laccolith emplacement. Circular outsets are BSE images of enclave-host boundary for both
enclave populations. Schematic does not infer magmatic architecture underlying Puyehue volcano.

The large phenocryst sizes (300-600 um), planar faces, and interlocking textures suggest prolonged and stable
crystal growth that is possible in a mush environment***%*. Equant crystal shapes with planar faces, especially
prevalent in plagioclase, are indicative of slow cooling rates (as opposed to elongate grains that result from rapid
undercooling)®. However, a lack of grain orientations or textural lineation amongst any of the enclaves implies
accumulation or compaction from crystal settling is not prevalent?®. Liquid-rich magma chambers, especially
low viscosity mafic magmas, are ideal environments for crystal settling and accumulation that produce unde-
formed, euhedral grains that are aligned in shape-preferred orientations®. The coarsely-crystalline enclaves,
however, display randomly oriented and intergrown phenocrysts and microlites. Such textures are characteristic
of crystal-rich environments like that of a crystal-rich mush®. Melt pockets are irregularly shaped around the
edges of phenocrysts faces which suggests their shape is controlled by the highly crystalline network, and their
lack of parallel sides further argues for the lack of influence from compaction. Additionally, angular-shaped
void filling vesicles suggest that gas exsolution occurred in the presence of a rigid crystal mush framework and
formed where space was available (Figs. 2, 3; ESM 3-5)°%%. Simple zonation patterns in phenocrysts, especially
plagioclase, provide evidence for storage in a thermally and compositionally buffered system that was not dis-
turbed by recharge events of differing composition. Injection-sourced enclaves typically exhibit disequilibrium
textures and chemical zoning representative of mixing and homogenization which we do not observe. Mafic
recharge commonly produces a large thermal contrast between the injection and host magma resulting in oscil-
latory zoning and quench textures®. Minor evidence of reactive processes exists in the form of heterogene-
ous strands of groundmass within the rhyolite surrounding the enclave-rhyolite interface indicative of minimal
interaction (ESM 5). The angularity of the coarsely-crystalline enclaves, pressure shadows in the host rhyolite,
and lack of significant chilled margins preclude melt- or liquid-dominated incorporation mechanisms such as
magma injection. Instead, these characteristics suggest that the enclaves were already largely crystallized with a
more or less rigid crystalline matrix when they were entrained within the rhyolite.

Assuming the coarsely-crystalline enclaves represent a crystal mush, we propose their incorporation occurred
during eruptive withdrawal of the overlying crystal-poor magma that entrained fragments of the underlying
crystal mush (Fig. 6). If that was the case, the rigid nature of the crystalline matrix and the spatial proximity of
the mush to the overlying rhyolite ensured that textures and compositions were only weakly overprinted during
entrainment and transport. Thermal differences are likely small if the crystal-poor rhyolite directly overlies the
mush. Given the rigid, crystal-rich mush, entrainment is likely inhibited, resulting in a relatively small abundance
of entrained mush, and hence minimal abundance of enclaves within the erupting magma. The 1921-22 and 1960
eruptions produced nearly identical rhyolite lavas to the 2011-12 rhyolite, and thus all eruptions are suggested to
be sourced from the same reservoir'”'®?2. However, mafic enclaves are only identified in the 2011-12 eruption.
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We envision these three eruptions are progressively tapping the rhyolitic melt lens cap without fully deplet-
ing the reservoir, and therefore, the most recent eruption (2011-12) is able to reach the interface between the
rhyolite melt lens cap and the basaltic crystal mush (Fig. 6). We place the melt lens above the crystal-rich mush
without significant overlying crystal-rich regions due to the absence of mafic enclaves in the prior two eruptions
(1921-22, 1960). Eruption of the crystal-poor rhyolite from a melt lens within a crystal-rich mush should result
in prevalent enclave incorporation within all three eruptions as erupting magmas would have to transit the mush.

To further corroborate the presence of a crystal mush, the coarsely-crystalline enclaves must show a genetic
relationship to the rhyolite that overlies the mush. We attribute the formation of the rhyolite to fractional crystal-
lization of the crystal-rich mush. Major elements such as MgO, FeO, AL O;, K,O, TiO,, P,O; support this notion
with non-linear, fractionation trends between the enclaves, interstitial glass, and rhyolite compositions as opposed
to linear mixing trends (Fig. 4; ESM 6). Incompatible trace elements within the rhyolite are uniformly elevated
relative to the enclaves, consistent with in-situ fractionation, thus suggesting a genetic relationship between
the enclaves and host rhyolite (Fig. 5a). Furthermore, incompatible trace elements of the enclave interstitial
glass, collected via LA-ICP-MS, have similar compositions and compositional trends as the whole-rock rhyo-
lite (Fig. 5a). Lastly, glass data from the interstitial melt of the enclaves and glass from the rhyolite have nearly
identical compositions (Fig. 5b), aside from Ti and Mn. Variations in Ti are large for both enclave and rhyolite
lithologies and are likely affected by small variations in oxide abundances. Reasons for the deviations in Mn are
not known. The overlapping glass data between the enclaves and rhyolite suggest a genetic relationship between
the two lithologies, where interstitial melt from the crystal-rich mush is extracted to form the overlying melt
lens cap. Thus, we interpret the rhyolitic interstitial melt of the mafic enclaves to represent the interstitial melt of
a basaltic crystal mush that feeds a rhyolitic melt lens that was tapped in the 2011-12 eruption. We propose that
at Cordon Caulle, rhyolite formation is short-circuited via highly efficient fractionation directly from a basaltic
mush (Figs. 5, 6). This contrasts the typical, protracted differentiation paths that require smaller and progres-
sive jumps in composition where rhyolite is produced from an intermediate crystal-rich mush>~’. This will be
discussed in more detail in the “Compositional Gap” discussion section.

Porphyritic enclaves. 'The low crystallinity, porphyritic texture, disequilibrium textures (swallowtails) on pla-
gioclase, abundant microlites, and a narrow range in mineral chemistry of the 2011-12 porphyritic enclaves is
consistent with an injection-sourced enclave model that is envisioned for numerous other enclave-bearing mag-
matic systems>*>>333440-47 Gimilar to the porphyritic enclaves at Cordén Caulle, those systems have enclaves
with crystallinities of ~ 10-30%, porphyritic textures, evidence of rapid cooling in the form of quenched or glassy
margins, and a range in crystal sizes with abundant microlites near enclave margins. A major difference for
Cordén Caulle enclaves, is their rare abundance (<1 vol%) compared to a much greater enclave abundance in
other systems (>1-10 vol%)"**. Thus, while these enclaves may be part of the eruption-triggering mechanism,
e.g. tipping a system already in a near-critical state, they are unlikely to be the singular driver, especially as the
dominant coarsely-crystalline enclaves are crystal mush related and not attributed to injection.

Instead, the porphyritic enclaves provide more information about magma assembly and the sub-surface
architecture. The presence of isolated phenocryst clusters within the groundmass are indicative of varying crystal
nucleation and growth rates. The swallowtail disequilibrium textures on plagioclase phenocrysts that are bor-
dered by groundmass suggest a change in crystal growth environment from interface-controlled slow growth to
diffusion-limited rapid growth, likely due to increased undercooling (Fig. 3i, ESM 2e,f)*®. Injection of a magma
containing phenocryst clusters into a cooler host rhyolite led to rapid quenching and a shift in crystal growth
dynamics, resulting in the observed swallowtail disequilibrium textures. Additionally, the large spherical vesicles
(~700-1000 pum) that are unbound by phenocryst phases (Fig. 3g) suggest there was not a pre-existing crystal
network and bubble growth was able to occur in a liquid-dominated system®**. Groundmass crystallization
appears to have been subsequent to bubble formation.

Although we link the porphyritic enclaves texturally to magma injection, the enclaves lack chemical evi-
dence for mixing or hybridization during interaction with the crystal-rich magma mush or rhyolite lens. Such
interactions are common in enclave-bearing systems*>* and predicted when recharge and mush compositions
are similar®. Mixing leads to diverse crystal populations that are distinct in composition, size, and internal
zonation®“*2. In contrast, olivine and plagioclase compositions from the porphyritic enclaves are tightly bound
(~Fogy and ~ Angs 4 g, 5 (ESM 1, 7), when compared to phenocrysts in the coarsely-crystalline enclaves. This
suggests that in rare occasions mafic injections bypass the mush chemically unobstructed and become entrained
in the rhyolite upon eruption. Their low abundance suggests that such pathways are either rare or that the indi-
vidual volume of mafic injections is small compared to the shallow crystal mush reservoir. We speculate that
the crystal-rich mush beneath the rhyolite lens is spatially and thermally heterogeneous creating areas of higher
and lower melt content, where inactive portions of the mush have a lower melt content and higher crystallinities
that lead to a more rigid behavior amenable to fracturing. This would allow for some of the mafic injections to
travel through the mush without mixing or hybridization, producing the tightly bound primitive compositions
in olivine within the porphyritic enclaves. Ultimately these injections reach the rhyolite chemically unobstructed,
thus entraining primitive porphyritic enclaves in the eruption alongside the coarsely-crystalline enclaves (Fig. 6).

The importance of melt extraction and mush heterogeneity. We defer to a crystal mush origin
for the coarsely crystalline enclaves as opposed to cumulate origin due to their textures and chemistry. While
crystal mush systems can foster accumulation signatures due to crystal settling and melt extraction®>*, this
would lead to preferred crystal orientations, foliation around large grains, frequent glomerocrysts, and minimal
microlites typical for cumulates®. Moreover, those processes produce bulk chemistry changes in response to the
preferential accumulation or removal of mineral phases such as olivine and plagioclase. This causes, for example,
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elevated MgO and Ni concentrations and Eu anomalies, respectively. The mafic enclaves in the 2011-12 erup-
tion have neither typical cumulate textures nor do they show chemical evidence for accumulation of olivine
or plagioclase (Fig. 5a). Instead, their composition lacks an Eu anomaly and they are more akin to primitive
magmas (5-9 wt% MgO)?2. Thus, we interpret the Cordén Caulle enclaves to be representative of a crystal mush
that has not undergone large degrees of crystal settling nor preserves signatures of significant melt extraction. To
produce large volumes of silicic magma by fractionation from a crystal mush without significantly altering the
mush composition, requires a sufficiently large mush. In case of a several kilometer thick mush, the upper parts
of the mush could be in a compositional steady state with silicic magma removal upward and replenishment of
mafic magma from below retaining its basaltic nature and overprinting signatures of significant melt removal.
Such a conceptual model would also imply that the mush is spatially contiguous with the overlying rhyolite. The
crystal mush could become progressively more cumulate-like with depth, but the coarsely-crystalline enclaves
only represent the top layers of the crystal mush (Fig. 6).

While the coarsely-crystalline enclaves are considered a cohesive population, they do encompass a range of
compositions in major and trace elements (MgO, Mg#, Ni, Cr, Al,05, CaO), which is also reflected in their range
in mineral chemistry. The dispersed range in olivine Fo content (Fo_,_gs ;) and plagioclase An content (An_g_o,)
in the coarsely-crystalline enclaves indicate a composite nature of the enclaves that likely reflects subordinate
compositional heterogeneity within the mush. We interpret that lower Fo olivines represent the long-lived mush,
whereas the higher Fo olivines provide evidence for mafic additions that sustain the mush thermally and by mass.
In other words, the mush may be episodically recharged by mafic injections that compositionally resemble the
porphyritic enclaves. Mush heterogeneity is sustained through compositionally variable mafic recharge and evolve
locally to small varying degrees depending on the injection history and thermal state (Fig. 6). We envision epi-
sodic mafic injections into the base of the mush that permeate the system or primitive melts that get injected into
the mush at various depth levels. These injections keep the crystal mush basaltic, thermally buffered to prevent
complete solidification, and sustain the overlying rhyolitic system at shallow levels'”!52,

Compositional gaps. The 2011-12 Cordén Caulle eruption produced an extreme compositional gap, and
thus may inform us about the full spectrum of differentiation processes common to compositional gaps'>'*. A
meaningful comparison of compositional gaps needs to be addressed at the level of individual eruptions, there-
fore, we compiled global data sets of mafic enclaves hosted in silicic lavas from individual eruptions at a range of
tectonic and volcanic settings (Fig. 7). The full range of compositional gaps in our compilation is <1 wt% SiO,
up to 18 wt% SiO,, but rarely exceeding 16 wt% SiO,. The 2011-12 eruption produced one of the largest compo-
sitional gaps at 17 wt% SiO,. For stratocones and other arc systems the global range is restricted to <1-14 wt%
SiO, making Cordén Caulle’s gap an extreme end-member for on-arc magmatic systems. Moreover, the 2011-
12 enclaves are the most mafic of all mafic end-members associated with compositional gaps, thus raising the
question why mush dynamics (i.e. crystal-melt separation) are so effective in magma differentiation (evidenced
through fractional crystallization from basalt to rhyolite) at Cordén Caulle compared to other systems with
smaller compositional gaps and less mafic end-members®#2555-%7,

Cordén Caulle demonstrates that crystal mush arc systems can produce rhyolite directly from basalt as the
chemistry between rhyolite and the interstitial enclave glass are identical and fractionation trends characterize
the overall major and trace element compositions of the 2011-12 eruption (Figs. 4, 5; ESM 6). Multiphase-fluid
dynamic modeling suggests that crystal-melt separation becomes highly efficient at ~ 50-70% crystallinity in
response to rheologic lock up which is observed at Cordén Caulle'. However, compaction, a commonly invoked
mechanism®, alone cannot produce the volume of melt via crystal-melt segregation observed at Cordén Caulle
within the 40-year recurrence interval'”'3?2, Based on the compaction equations (Egs. 5-9) from Bachmann and
Bergantz®, we used a range of reasonable values for the height of mush layer (20-440 m), porosity (0.4), solid
phase density (2844 kg/m?), liquid phase density (2350 kg/m?), dynamic melt viscosity (3.47 x 10* Pa s), grain
size (0.005 m radius), permeability (1.904 x 10~®m?), bulk and shear viscosity of the matrix (1 x 107'* Pa s), and
compaction length (1.13x 107"* m), and a crystal mush always requires a minimum of ~ 265 years to produce
enough melt for the 2011-12 eruption’, not even addressing the need to produce rhyolite for three similarly
sized eruptions in less than 100 years. Alternatively, the abundant presence of vesicles in the enclaves may point
toward gas sparging as a mechanism to fractionate melt from the crystal framework®?®. Lastly, future poro-
elastic modelling of ground deformation from the 2011-12 eruption could point toward magma reorganization
implying pressure changes influenced melt separation from the crystal-rich mush?. Cordon Caulle provides an
opportunity to further test whether an individual mechanism dominates melt extraction or whether a combina-
tion of mechanisms is needed to produce such large compositional gaps.

The compositional gap at Cordon Caulle most closely resembles the gap at Medicine Lake, CA, which has been
explained by late-stage fractionation (57-61% solids removed) at shallow pressures (1-2 kbar) via a nearly flat
cotectic during crystallization®. In their study, the solidus-liquidus line can flatten in a temperature-composition
projection that allows for large amounts of crystallization to occur over a small temperature window resulting in
a drastic compositional change in the residual liquid. Ultimately, Grove and Donnelly-Nolan** demonstrated that
for calc-alkaline systems, increased crystallization may occur over a minimal temperature interval that allows
for significant compositional gap formation. However, the Medicine Lake compositions involve amphibole that
is absent in the 2011-12 enclaves, the latter being consistent with tholeiitic magmas typical for Puyehue-Cordén
Caulle. Nonetheless, the interlocking textures of plagioclase, olivine, and clinopyroxene suggest coeval crystal-
lization followed by late-stage orthopyroxene reaction rims in the coarsely-crystalline enclaves and may point
towards similar processes effective at Medicine Lake explaining the formation of a such a large compositional
gap. The primitive nature of microphenocrysts in the coarsely-crystalline enclaves suggests late-stage melt evolu-
tion and is consistent with late-stage fractionation to produce the rhyolite melt during shallow storage (3-7 km
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Figure 7. (a) Compositional gap data for 2011-12 Cordén Caulle eruption compared to global eruptions with
compositional gaps between enclaves and host lavas. (b) Frequency diagram of compositional gap magnitude.
2011-12 CC eruption produced 17 wt% SiO, compositional gap. For typical on-arc systems, compositional gaps
range from <1 to 14 wt% SiO, making CC an end-member. Figure is color coordinated to volcanic environment.
Black: 2011-12 Cordén Caulle eruption (continental on-arc system). Grey: stratocones/continental on-arc
systems. Blue: stratocones/island arc systems. Green: shield volcano/continental arc system. Orange: distributed
volcanism. References for compiled eruptions located in ESM 1.

depth)'”'#20 The 2011-12 Cordén Caulle eruption may represent an alternative to the common protracted model
of silicic magma production along a transcrustal evolutionary path with continual differentiation as magmas
migrate upward in the crust’. Instead, Cordén Caulle provides evidence for differentiation within the shallow
crust that short-circuits multi-stage processing.

Conclusion

While the rhyolitic eruptions from Cordén Caulle have been studied in great detail, our study reports previously
undescribed basaltic enclaves that provide a more complete picture of the magmatic system. We interpret the
coarsely-crystalline mafic enclaves hosted in rhyolite lava as evidence for a compositionally zoned magmatic
system comprised of a crystal-rich basaltic, but internally-heterogeneous, magma mush overlain by a crystal-poor
rhyolite melt lens cap. The porphyritic enclaves are interpreted to represent open-system behavior that gener-
ates rare mafic magma injection directly into the rhyolitic melt lens cap. Enclave chemistry supports the notion
that the crystal-poor rhyolite is genetically related to the mafic enclaves through highly efficient fractionation
via melt extraction from the crystal-rich mush. The efficient extraction of interstitial melt from the mush has
produced one of the largest compositional gaps globally at 17 wt% SiO,, with near-primitive to primitive com-
positions directly producing rhyolite at shallow depths without any involvement of intermediate compositions.
The implications of the mafic enclaves and their connection to the erupted rhyolite challenge the multi-stage,
transcrustal evolutionary path for silicic magma generation that typically produces a range of compositions.
Cordén Caulle’s spatially dispersed eruptive vents and distributed ground deformation throughout the graben
are consistent with our interpretation of a laterally extensive crystal mush storage reservoir, and our work on
the mafic enclaves provides direct evidence for the presence of a crystal mush at an active system. Additionally,
our identification and analysis of the enclaves determined the direct source of the silicic magma generation for
the 2011-12 eruption. In short, we provide geochemical and textural evidence that the erupted rhyolite was
sourced from the interstitial melt of the basaltic crystal mush and was extracted to form an eruptible melt lens
cap. Findings from these enclaves will also inform past and future interpretations of geophysical and geodetic
observations at Cordén Caulle.
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Methods

Sampling and enclave characterization. A total of 33 mafic enclaves were collected along most of the
periphery of the 2011-12 flow field as well as in the interior of the flow near the crater vent (Fig. 1). While rare
(~<1 vol%), the enclaves are almost ubiquitously dispersed, and in a few areas we find them in clusters of up
to ~ 10 enclaves within a few meters of each other. A systematic assessment of their size, abundance, and distri-
bution, and whether smaller enclaves (<1 cm) are more abundant, cannot be assessed due to the overall scarcity
of enclaves. Brief reconnaissance work of the 1921-22 and 1960 lavas has not revealed enclaves in these earlier
flows confirming previous work that did not report enclaves in these lavas.

Crystallinity, phase percentages, and vesicularity estimates are based on image analysis using JMicroVi-
sion. Randomized point-counting (n=500) was conducted with uncertainties of ~ 5% based on counting sta-
tistics. Crystallinity estimates are based on phenocrysts which we define as crystals>100 pm. Microlites in the
groundmass are defined as < 100 um. Additionally, this study refers to melt and groundmass where melt refers
to crystal-free (including microlite-free) liquid, while groundmass includes microlites. The terms melt and glass
are used interchangeably.

Whole-rock and mineral chemistry. Bulk rock major and trace elements were determined for 19 mafic
enclaves via X-ray fluorescence and inductively-coupled plasma mass spectrometry at the GeoAnalytical Lab at
Washington State University following the analytical procedure of Johnson et al.*® (ESM 1A). A duplicate bead
was made to assess the analytical reproducibility. Major element data reports R*=1.0 and trace element data
reports R?=0.99.

Major and trace element concentrations in plagioclase, olivine, clinopyroxene, oxides, and glass were deter-
mined on eight samples via a JEOL JXA-8200 electron microprobe equipped with five wavelength dispersive
spectrometers and a silicon-drift energy dispersive spectrometer at Washington University in St. Louis. A mean
atomic number background method was used®. Complete run conditions, elements analyzed, and reference
materials are all reported in ESM 1B-G. 2-point core-rim analyses were performed on plagioclase, olivine, and
clinopyroxene and single spot analysis were used for oxides and glass pockets. Plagioclase and glass measure-
ments were performed with a defocused beam of 20 um and Na was measured first to avoid Na loss.

Trace element concentrations of enclave interstitial melt were collected via laser ablation inductively cou-
pled mass spectrometry (LA-ICP-MS) at the University of Nevada, Reno following the procedure of Woodhead
et al.®. Data was reduced using Iolite software®2. LA-ICP-MS was conducted on the coarsely-crystalline enclaves.
A total of 38 singular points were collected at 33 um diameter: 11 points in the enclave core interstitial melt, 10
points in the enclave-host transition interstitial melt, 3 points in the enclave-host transition groundmass, and
14 points in rhyolite groundmass. Reference material, elements analyzed, uncertainty, and analytical conditions
are reported in ESM 1H,1.

Received: 16 February 2022; Accepted: 23 May 2022
Published online: 13 June 2022

References

1. Bacon, C. R. & Metz, ]. Magmatic inclusions in rhyolites, contaminated basalts, and compositional zonation beneath the Coso
volcanic field, California. Contrib. Mineral. Petrol. 85(4), 346-365. https://doi.org/10.1007/BF01150292 (1984).

2. Eichelberger, J. C. Vesiculation of mafic magma during replenishment of silicic magma reservoirs. Nature 288(5790), 446-450.
https://doi.org/10.1038/288446a0 (1980).

3. Bacon, C. R. & Druitt, T. H. Compositional evolution of the zoned calcalkaline magma chamber of Mount Mazama, Crater Lake,
Oregon. Contrib. Mineral. Petrol. 98(2), 224-256. https://doi.org/10.1007/BF00402114 (1988).

4. Scruggs, M. A. & Putirka, K. D. Eruption triggering by partial crystallization of mafic enclaves at Chaos Crags, Lassen Volcanic
Center, California. Am. Mineral. 103(10), 1575-1590. https://doi.org/10.2138/am-2018-6058 (2018).

5. Bachmann, O. & Bergantz, G. W. On the origin of crystal-poor rhyolites: Extracted from batholithic crystal mushes. J. Petrol. 45(8),
1565-1582. https://doi.org/10.1093/petrology/egh019 (2004).

6. Hildreth, W. Volcanological perspectives on Long Valley, Mammoth Mountain, and Mono Craters: Several contiguous but discrete
systems. J. Volcanol. Geotherm. Res. 136(3-4), 169-198. https://doi.org/10.1016/j.jvolgeores.2004.05.019 (2004).

7. Cashman, K. V., Sparks, R. S. J. & Blundy, J. D. Vertically extensive and unstable magmatic systems: A unified view of igneous
processes. Science 355(6331), eaag3055. https://doi.org/10.1126/science.aag3055 (2017).

8. Bachmann, O. & Bergantz, G. W. Rejuvenation of the Fish Canyon magma body: A window into the evolution of large-volume
silicic magma systems. Geology 31(9), 789. https://doi.org/10.1130/G19764.1 (2003).

9. Pallister, J. S., Hoblitt, R. P.,, Crandell, D. R. & Mullineaux, D. R. Mount St. Helens a decade after the 1980 eruptions: Magmatic
models, chemical cycles, and a revised hazards assessment. Bull. Volcanol. 54(2), 126-146. https://doi.org/10.1007/BF00278003
(1992).

10. Eichelberger, J. C., Chertkoff, D. G., Dreher, S. T. & Nye, C. J. Magmas in collision: Rethinking chemical zonation in silicic magmas.
Geology 28(7), 603-606. https://doi.org/10.1130/0091-7613(2000)28%3c603:MICRCZ%3¢2.0.CO;2 (2000).

11. Miller, C. FE & Wark, D. A. Supervolcanoes and their explosive supereruptions. Elements 4(1), 11-15. https://doi.org/10.2113/
GSELEMENTS.4.1.11 (2008).

12. Brophy, J. G. Composition gaps, critical crystallinity, and fractional crystallization in orogenic (calc-alkaline) magmatic systems.
Contrib. Miner. Petrol. 109(2), 173-182. https://doi.org/10.1007/BF00306477 (1991).

13. Dufek, ]. & Bachmann, O. Quantum magmatism: Magmatic compositional gaps generated by melt-crystal dynamics. Geology
38(8), 687-690. https://doi.org/10.1130/G30831.1 (2010).

14. Lara, L. E., Naranjo, J. A. & Moreno, H. Rhyodacitic fissure eruption in Southern Andes (Cordén Caulle; 40.5°S) after the 1960
(Mw:9.5) Chilean earthquake: A structural interpretation. J. Volcanol. Geotherm. Res. 138(1-2), 127-138. https://doi.org/10.1016/j.
jvolgeores.2004.06.009 (2004).

15. Singer, B. S. et al. Eruptive history, geochronology, and magmatic evolution of the Puyehue-Cordén Caulle volcanic complex,
Chile. Geol. Soc. Am. Bull. 120(5-6), 599-618. https://doi.org/10.1130/B26276.1 (2008).

Scientific Reports |

(2022) 12:9734 | https://doi.org/10.1038/s41598-022-13305-y nature portfolio


https://doi.org/10.1007/BF01150292
https://doi.org/10.1038/288446a0
https://doi.org/10.1007/BF00402114
https://doi.org/10.2138/am-2018-6058
https://doi.org/10.1093/petrology/egh019
https://doi.org/10.1016/j.jvolgeores.2004.05.019
https://doi.org/10.1126/science.aag3055
https://doi.org/10.1130/G19764.1
https://doi.org/10.1007/BF00278003
https://doi.org/10.1130/0091-7613(2000)28%3c603:MICRCZ%3e2.0.CO;2
https://doi.org/10.2113/GSELEMENTS.4.1.11
https://doi.org/10.2113/GSELEMENTS.4.1.11
https://doi.org/10.1007/BF00306477
https://doi.org/10.1130/G30831.1
https://doi.org/10.1016/j.jvolgeores.2004.06.009
https://doi.org/10.1016/j.jvolgeores.2004.06.009
https://doi.org/10.1130/B26276.1

www.nature.com/scientificreports/

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

Lara, L. E.,, Moreno, H., Naranjo, J. A., Matthews, S. & Pérez de Arce, C. Magmatic evolution of the Puyehue-Cordén Caulle Volcanic
Complex (40° S), Southern Andean Volcanic Zone: From shield to unusual rhyolitic fissure volcanism. J. Volcanol. Geotherm. Res.
157(4), 343-366. https://doi.org/10.1016/j.jvolgeores.2006.04.010 (2006).

Castro, J. M. et al. Storage and eruption of near-liquidus rhyolite magma at Cordén Caulle, Chile. Bull. Volcanol. 75(4), 702. https://
doi.org/10.1007/s00445-013-0702-9 (2013).

Jay, J. et al. Locating magma reservoirs using InSAR and petrology before and during the 2011-2012 Cordén Caulle silicic erup-
tion. Earth Planet. Sci. Lett. 395, 254-266. https://doi.org/10.1016/j.eps.2014.03.046 (2014).

Alloway, B. V., Pearce, N. J. G,, Villarosa, G., Outes, V. & Moreno, P. I. Multiple melt bodies fed the AD 2011 eruption of Puyehue-
Cordoén Caulle, Chile. Sci. Rep. 5(1), 17589. https://doi.org/10.1038/srep17589 (2015).

Seropian, G. et al. A century of ongoing silicic volcanism at Cordén Caulle, Chile: New constraints on the magmatic system involved
in the 1921-1922, 1960 and 2011-2012 eruptions. J. Volcanol. Geotherm. Res. 420, 107406. https://doi.org/10.1016/j.jvolgeores.
2021.107406 (2021).

Delgado, F. et al. Rapid reinflation following the 2011-2012 rhyodacite eruption at Cordén Caulle volcano (Southern Andes)
imaged by InSAR: Evidence for magma reservoir refill: Inflation After a Silicic Eruption. Geophys. Res. Lett. 43(18), 9552-9562.
https://doi.org/10.1002/2016GL070066 (2016).

Delgado, E, Pritchard, M., Samsonov, S. & Cordova, L. Renewed posteruptive uplift following the 2011-2012 rhyolitic eruption
of Cordén Caulle (Southern Andes, Chile): Evidence for transient episodes of magma reservoir recharge during 2012-2018. J.
Geophys. Res. Solid Earth 123(11), 9407-9429. https://doi.org/10.1029/2018]B016240 (2018).

Castro, J. M. et al. Rapid laccolith intrusion driven by explosive volcanic eruption. Nat. Commun. 7(1), 13585. https://doi.org/10.
1038/ncomms13585 (2016).

Delgado, E. Rhyolitic volcano dynamics in the Southern Andes: Contributions from 17 years of InSAR observations at Cordén
Caulle volcano from 2003 to 2020. J. S. Am. Earth Sci. 106, 102841. https://doi.org/10.1016/j.jsames.2020.102841 (2021).

Bacon, C. R. Magmatic inclusions in silicic and intermediate volcanic rocks. J. Geophys. Res. 91(B6), 6091. https://doi.org/10.1029/
JB091iB06p06091 (1986).

de Silva, S. L. The origin and significance of crystal rich inclusions in pumices from two Chilean ignimbrites. Geol. Mag. 126(2),
159-175. https://doi.org/10.1017/S0016756800006300 (1989).

Ruprecht, P, Simon, A. C. & Fiege, A. The survival of mafic magmatic enclaves and the timing of magma recharge. Geophys. Res.
Lett. https://doi.org/10.1029/2020GL087186 (2020).

Holness, M. B., Stock, M. J. & Geist, D. Magma chambers versus mush zones: Constraining the architecture of sub-volcanic
plumbing systems from microstructural analysis of crystalline enclaves. Philos. Trans. R. Soc. A Math. Phys. Eng. Sci. 377(2139),
20180006. https://doi.org/10.1098/rsta.2018.0006 (2019).

Holness, M. B. The effect of crystallization time on plagioclase grain shape in dolerites. Contrib. Miner. Petrol. 168(5), 1076. https://
doi.org/10.1007/s00410-014-1076-5 (2014).

Winslow, H., Ruprecht, P, Stelten, M. & Amigo, A. Evidence for primitive magma storage and eruption following prolonged
equilibration in thickened crust. Bull. Volcanol. 82(11), 69. https://doi.org/10.1007/s00445-020-01406-3 (2020).

Tsuchiyama, A. Experimental study of olivine-melt reaction and its petrological implications. J. Volcanol. Geotherm. Res. 29(1),
245-264. https://doi.org/10.1016/0377-0273(86)90047-8 (1986).

Schmidt, M. W. & Jagoutz, O. The global systematics of primitive arc melts. Geochem. Geophys. Geosyst. 18(8), 2817-2854. https://
doi.org/10.1002/2016GC006699 (2017).

Grove, T. L. & Donnelly-Nolan, J. M. The evolution of young silicic lavas at Medicine Lake Volcano, California: Implications for
the origin of compositional gaps in calc-alkaline series lavas. Contrib. Miner. Petrol. 92(3), 281-302. https://doi.org/10.1007/BF005
72157 (1986).

Grove, T. L., Donnelly-Nolan, J. M. & Housh, T. Magmatic processes that generated the rhyolite of Glass Mountain, Medicine Lake
volcano, N. California. Contrib. Mineral. Petrol. 127(3), 205-223. https://doi.org/10.1007/s004100050276 (1997).

Stock, M. J., Taylor, R. N. & Gernon, T. M. Triggering of major eruptions recorded by actively forming cumulates. Sci. Rep. 2(1),
731. https://doi.org/10.1038/srep00731 (2012).

Hammer, J. E. Experimental studies of the kinetics and energetics of magma crystallization. Rev. Mineral. Geochem. 69(1), 9-59.
https://doi.org/10.2138/rmg.2008.69.2 (2008).

Fagents, S. A., Gregg, T. K. P, & Lopes, R. M. C. Modeling Volcanic Processes: The Physics and Mathematics of Volcanism (Cambridge
University Press, 2013).

Boudreau, B. P. The physics of bubbles in surficial, soft, cohesive sediments. Mar. Pet. Geol. 38(1), 1-18. https://doi.org/10.1016/j.
marpetgeo.2012.07.002 (2012).

Boudreau, A. Bubble migration in a compacting crystal-liquid mush. Contrib. Miner. Petrol. 171(4), 32. https://doi.org/10.1007/
s00410-016-1237-9 (2016).

Druitt, T. H. & Bacon, C. R. Petrology of the zoned calcalkaline magma chamber of Mount Mazama, Crater Lake, Oregon. Contrib.
Mineral. Petrol. 101(2), 245-259. https://doi.org/10.1007/BF00375310 (1989).

Murphy, M. D., Sparks, R. S. ], Barclay, J., Carroll, M. R. & Brewer, T. S. Remobilization of andesite magma by intrusion of mafic
magma at the Soufriere Hills Volcano, Montserrat, West Indies. J. Petrol. 41(1), 21-42. https://doi.org/10.1093/petrology/41.1.21
(2000).

Botcharnikov, R. E., Holtz, E,, Almeev, R. R., Sato, H. & Behrens, H. Storage conditions and evolution of andesitic magma prior to
the 1991-95 eruption of Unzen volcano: Constraints from natural samples and phase equilibria experiments. J. Volcanol. Geotherm.
Res. 175(1), 168-180. https://doi.org/10.1016/j.jvolgeores.2008.03.026 (2008).

Feeley, T. C., Wilson, L. E & Underwood, S. J. Distribution and compositions of magmatic inclusions in the Mount Helen dome,
Lassen Volcanic Center, California: Insights into magma chamber processes. Lithos 106(1-2), 173-189. https://doi.org/10.1016/].
lithos.2008.07.010 (2008).

Chen, C.-H., Nakada, S., Shieh, Y.-N. & DePaolo, D. J. The Sr, Nd and O isotopic studies of the 1991-1995 eruption at Unzen,
Japan. J. Volcanol. Geotherm. Res. 89(1-4), 243-253. https://doi.org/10.1016/S0377-0273(99)00002-5 (1999).

Ruprecht, P, Bergantz, G. W., Cooper, K. M. & Hildreth, W. The crustal magma storage system of Volcdn Quizapu, Chile, and the
effects of magma mixing on magma diversity. J. Petrol. 53(4), 801-840. https://doi.org/10.1093/petrology/egs002 (2012).

Plail, M. et al. Chapter 18 Characterization of mafic enclaves in the erupted products of Soufriére Hills Volcano, Montserrat, 2009
to 2010. Geol. Soc. Lond. Mem. 39(1), 343-360. https://doi.org/10.1144/M39.18 (2014).

Plail, M. et al. Mafic enclaves record syn-eruptive basalt intrusion and mixing. Earth Planet. Sci. Lett. 484, 30-40. https://doi.org/
10.1016/j.epsl.2017.11.033 (2018).

Lofgren, G. An experimental study of plagioclase crystal morphology; isothermal crystallization. Am. J. Sci. 274(3), 243-273.
https://doi.org/10.2475/ajs.274.3.243 (1974).

Clynne, M. A. A complex magma mixing origin for rocks erupted in 1915, Lassen Peak, California. J. Petrol. 40(1), 105-132. https://
doi.org/10.1093/petroj/40.1.105 (1999).

Schleicher, J. M., Bergantz, G. W., Breidenthal, R. E. & Burgisser, A. Time scales of crystal mixing in magma mushes. Geophys. Res.
Lett. 43(4), 1543-1550. https://doi.org/10.1002/2015GL067372 (2016).

Scientific Reports |

(2022) 12:9734 | https://doi.org/10.1038/s41598-022-13305-y nature portfolio


https://doi.org/10.1016/j.jvolgeores.2006.04.010
https://doi.org/10.1007/s00445-013-0702-9
https://doi.org/10.1007/s00445-013-0702-9
https://doi.org/10.1016/j.epsl.2014.03.046
https://doi.org/10.1038/srep17589
https://doi.org/10.1016/j.jvolgeores.2021.107406
https://doi.org/10.1016/j.jvolgeores.2021.107406
https://doi.org/10.1002/2016GL070066
https://doi.org/10.1029/2018JB016240
https://doi.org/10.1038/ncomms13585
https://doi.org/10.1038/ncomms13585
https://doi.org/10.1016/j.jsames.2020.102841
https://doi.org/10.1029/JB091iB06p06091
https://doi.org/10.1029/JB091iB06p06091
https://doi.org/10.1017/S0016756800006300
https://doi.org/10.1029/2020GL087186
https://doi.org/10.1098/rsta.2018.0006
https://doi.org/10.1007/s00410-014-1076-5
https://doi.org/10.1007/s00410-014-1076-5
https://doi.org/10.1007/s00445-020-01406-3
https://doi.org/10.1016/0377-0273(86)90047-8
https://doi.org/10.1002/2016GC006699
https://doi.org/10.1002/2016GC006699
https://doi.org/10.1007/BF00572157
https://doi.org/10.1007/BF00572157
https://doi.org/10.1007/s004100050276
https://doi.org/10.1038/srep00731
https://doi.org/10.2138/rmg.2008.69.2
https://doi.org/10.1016/j.marpetgeo.2012.07.002
https://doi.org/10.1016/j.marpetgeo.2012.07.002
https://doi.org/10.1007/s00410-016-1237-9
https://doi.org/10.1007/s00410-016-1237-9
https://doi.org/10.1007/BF00375310
https://doi.org/10.1093/petrology/41.1.21
https://doi.org/10.1016/j.jvolgeores.2008.03.026
https://doi.org/10.1016/j.lithos.2008.07.010
https://doi.org/10.1016/j.lithos.2008.07.010
https://doi.org/10.1016/S0377-0273(99)00002-5
https://doi.org/10.1093/petrology/egs002
https://doi.org/10.1144/M39.18
https://doi.org/10.1016/j.epsl.2017.11.033
https://doi.org/10.1016/j.epsl.2017.11.033
https://doi.org/10.2475/ajs.274.3.243
https://doi.org/10.1093/petroj/40.1.105
https://doi.org/10.1093/petroj/40.1.105
https://doi.org/10.1002/2015GL067372

www.nature.com/scientificreports/

51. Barbarin, B. & Didier, J. Genesis and evolution of mafic microgranular enclaves through various types of interaction between
coexisting felsic and mafic magmas. Earth Environ. Sci. Trans. R. Soc. Edinb. 83(1-2), 145-153. https://doi.org/10.1017/50263
593300007835 (1992).

52. Hodge, K. E. & Jellinek, A. M. The influence of magma mixing on the composition of andesite magmas and silicic eruption style.
Geophys. Res. Lett. 47(13), €2020GL087439. https://doi.org/10.1029/2020GL087439 (2020).

53. Gelman, S. E., Deering, C. D., Bachmann, O., Huber, C. & Gutiérrez, F. ]. Identifying the crystal graveyards remaining after large
silicic eruptions. Earth Planet. Sci. Lett. 403, 299-306. https://doi.org/10.1016/j.epsl.2014.07.005 (2014).

54. Fiedrich, A. M. et al. Mineralogical, geochemical, and textural indicators of crystal accumulation in the Adamello Batholith
(Northern Italy). Am. Miner. 102(12), 2467-2483. https://doi.org/10.2138/am-2017-6026 (2017).

55. Bachmann, O. & Bergantz, G. The magma reservoirs that feed supereruptions. Elements 4(1), 17-21 (2008).

56. Holness, M. B. & Bunbury, J. M. Insights into continental rift-related magma chambers: Cognate nodules from the Kula Volcanic
Province, Western Turkey. J. Volcanol. Geotherm. Res. 153(3), 241-261. https://doi.org/10.1016/j.jvolgeores.2005.12.004 (2006).

57. Christopher, T. E. et al. Crustal-scale degassing due to magma system destabilization and magma-gas decoupling at Soufriére Hills
Volcano, Montserrat. Geochem. Geophys. Geosyst. 16(9), 2797-2811. https://doi.org/10.1002/2015GC005791 (2015).

58. Sisson, T. W. & Bacon, C. R. Gas-driven filter pressing in magmas. Geology 27(7), 613. https://doi.org/10.1130/0091-7613(1999)
027%3c0613:GDFPIM %3e2.3.CO;2 (1999).

59. Johnson, D., Hooper, P. & Conrey, R. XRF method XRF analysis of rocks and minerals for major and trace elements on a single
low dilution Li-tetraborate fused bead. Adv. X-Ray Anal. 41, 843-867 (1999).

60. Donovan, J. ], Singer, ]. W. & Armstrong, J. T. A new EPMA method for fast trace element analysis in simple matrices. Am. Miner.
101(8), 1839-1853. https://doi.org/10.2138/am-2016-5628 (2016).

61. Woodhead, J. D., Hellstrom, J., Hergt, J. M., Greig, A. & Maas, R. Isotopic and elemental imaging of geological materials by laser
ablation inductively coupled plasma-mass spectrometry. Geostand. Geoanal. Res. 31(4), 331-343. https://doi.org/10.1111/j.1751-
908X.2007.00104.x (2007).

62. Paton, C., Hellstrom, J., Paul, B., Woodhead, J. & Hergt, J. Iolite: Freeware for the visualisation and processing of mass spectrometric
data. J. Anal. At. Spectrom. 26(12), 2508-2518. https://doi.org/10.1039/C1JA10172B (2011).

63. McDonough, W. E. & Sun, S. The composition of the Earth. Chem. Geol. 120(3), 223-253. https://doi.org/10.1016/0009-2541(94)
00140-4 (1995).

Acknowledgements

We would like to thank geologist Francisco Garcia and SERNAGEOMIN geologists Virginia Toloza and Nico
Mendoza for their assistance in field work at Cordén Caulle. Great thanks go to Dr. Marian Holness for con-
tributing detailed discussions about mafic enclave textures and interpretations. We also want to acknowledge
Paul Carpenter (WUSTL) for electron microprobe assistance and advice as well as Joel DesOrmeau (UNR) for
continuous assistance on the SEM-EDS. We would also like to thank Luca Caricchi and an anonymous reviewer
for their valuable feedback during the review process.

Author contributions

H.W. led research project, conducted field work and collected enclave samples, collected and compiled all data
and analyses, prepared all figures, conducted and led all writing and editing stages; PR. led research project,
participated in field work, significantly contributed to conceptual model, dominantly involved in writing and
editing stages; H.M.G. participated in fieldwork, contributed to the conceptual model, and was involved in
all writing and editing stages; P.P. contributed to the conceptual model, participated in editing stages; C.M.-S.
participated in fieldwork, contributed to the conceptual model, participated in editing stages; ED. contributed
insight toward geodesy discussion and conceptual model, participated in editing stages; M.P. contributed to the
conceptual model; A.A. contributed to the geologic context and aided in fieldwork.

Funding
This study was funded by National Science Foundation (Grant nos. NSF EAR 1823122, NSF EAR 1824252, NSF
EAR 1824160), Nevada Space Grant Consortium and Agencia Nacional de Investigacion y Desarrollo.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-022-13305-y.

Correspondence and requests for materials should be addressed to H.W.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

= License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2022

Scientific Reports |

(2022) 12:9734 | https://doi.org/10.1038/s41598-022-13305-y nature portfolio


https://doi.org/10.1017/S0263593300007835
https://doi.org/10.1017/S0263593300007835
https://doi.org/10.1029/2020GL087439
https://doi.org/10.1016/j.epsl.2014.07.005
https://doi.org/10.2138/am-2017-6026
https://doi.org/10.1016/j.jvolgeores.2005.12.004
https://doi.org/10.1002/2015GC005791
https://doi.org/10.1130/0091-7613(1999)027%3c0613:GDFPIM%3e2.3.CO;2
https://doi.org/10.1130/0091-7613(1999)027%3c0613:GDFPIM%3e2.3.CO;2
https://doi.org/10.2138/am-2016-5628
https://doi.org/10.1111/j.1751-908X.2007.00104.x
https://doi.org/10.1111/j.1751-908X.2007.00104.x
https://doi.org/10.1039/C1JA10172B
https://doi.org/10.1016/0009-2541(94)00140-4
https://doi.org/10.1016/0009-2541(94)00140-4
https://doi.org/10.1038/s41598-022-13305-y
https://doi.org/10.1038/s41598-022-13305-y
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Insights for crystal mush storage utilizing mafic enclaves from the 2011–12 Cordón Caulle eruption
	Background
	Results
	Enclave petrography. 
	Coarsely-crystalline enclaves. 
	Porphyritic enclaves. 

	Geochemistry. 
	Whole-rock data. 

	Mineral compositions. 
	Plagioclase. 
	Olivine and clinopyroxene. 


	Discussion
	Mafic injection vs crystal mush. 
	Coarsely-crystalline enclaves. 
	Porphyritic enclaves. 

	The importance of melt extraction and mush heterogeneity. 
	Compositional gaps. 

	Conclusion
	Methods
	Sampling and enclave characterization. 
	Whole-rock and mineral chemistry. 

	References
	Acknowledgements


