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Mafic volcanism accounts for 80% of magmas erupted on Earth. Although the majority of these eruptions are ef-
fusive to Strombolian and fountain-fed, large explosivemafic eruptions do occur. Thiswork uses the deposits and
pyroclast textures from the 12.6 ka Curacautín ignimbrite eruption of Llaima volcano to constrain the conditions
that drove this mafic explosive eruption and extrapolate the findings to provide insights into the conditions that
promote large-volume, mafic explosive volcanism elsewhere. The Curacautín ignimbrite (Ci) consists of four
massive coarse ash to lapilli tuff flow units; Unit 1 is at least 30 m thick in proximal exposures, and Units 2–4
range from 1 to 4 m thick. New 14C dates and field observations suggest the Ci is the result of a single eruptive
episode at ~12.6 ka. A lack of fall deposits and presence of abundant clast agglutination suggests the Ci eruption
was a boil over event.We estimate the proximal Ci tephra volume to be between 6 and 9 km3 (equivalent to 3.5–
4.5 km3 DRE), which is less than previous estimates. Even with our lower estimate, the Ci is still larger than the
Masaya Triple Layer, Pucón ignimbrite, Tarawera 1886, and Etna 122 BCE mafic eruptions.
Average vesicularities of pyroclasts range from 43 to 71%, and all but one exposure have vesicularities ≤56%. Av-
erage phenocryst content is ≤1–3%, but plagioclase microlite crystallinities are between 29 and 44%, with volu-
metric number densities between 8.21 × 106 and 1.84 × 107 mm−3. Such high microlite content suggests high
disequilibrium resulting from rapid magma ascent and decompression. We interpret that the combination of
rapid ascent and increased magma viscosity due to the crystallization of microlites caused gases to remain
coupled with the Ci magma. This, in combination with ash textures, suggests the Ci eruption explosivity was
driven by brittle fragmentation. Assuming thatmass eruption rates exceeded 2.0 × 10 8 kg s− 1 to produce com-
plete column collapse, we estimate an eruption duration of ~15–17 h. This study further supports the interpreta-
tion that extensive microlite nucleation from rapid ascent can lead to large mafic explosive eruptions.

© 2021 Elsevier B.V. All rights reserved.
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1. Introduction

Mafic volcanism constitutes more than 80% of volcanic activity on
Earth (Parfitt, 2004). These eruptions are primarily effusive to mildly
explosive (Strombolian) owing to low melt viscosities that facilitate ef-
ficient segregation of gas from the melt and inhibits fragmentation.
However, larger-volume, explosivemafic eruptions do occur.Well-doc-
umented cases include the 122 BCE eruption of Etna volcano, Italy
(Coltelli et al., 1998; Houghton et al., 2004; Sable et al., 2006), the
1707 Hoei eruption from Mt. Fuji, Japan (Miyaji et al., 2011), the 1886
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eruption of Tarawera volcano, New Zealand (Houghton et al., 2004;
Sable et al., 2006; Sable et al., 2009), and the Fontana lapilli basalt, San
Antonio tephra, and Masaya Triple Layer eruptions of Masaya volcano,
Nicaragua (Costantini et al., 2009; Costantini et al., 2010; Bamber et
al., 2020; Pérez et al., 2020). The latter produced scoria fall deposits.
Rarer still are ignimbrite-forming mafic eruptions such as the large-
volume tephritic ignimbrites of Colli Albani volcano, Italy (Giordano et
al., 2006; Freda et al., 2011; Vinkler et al., 2012), the Lican ignimbrite
of Villaricca volcano, Chile (Lohmar et al., 2007), the La Garrotxa volca-
nic field, Spain (Martí et al., 2017), and ignimbrites from Nakadake, Aso
volcano (Miyabuchi et al., 2006) and Fuji volcano, Japan (Yamamoto et
al., 2005). The processes that generate these uncommon eruptions re-
main enigmatic because their behavior seemingly contradicts accepted
volcanic conventions about the processes that lead to fragmentation
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(e.g., Papale, 1999). Therefore, investigating the deposits ofmafic explo-
sive and ignimbrite-forming eruptions may help improve our under-
standing of the conditions that promote these rare, yet devastating,
events.

Much of our understanding of explosive eruptions comes from anal-
yses of their eruptive products (Houghton and Gonnermann, 2008). In-
vestigations of deposit distribution and granulometry can reveal
fragmentation mechanism (Heiken and Wohletz, 1985), depositional
processes (Branney and Kokelaar, 2002), and environmental conditions
at the time of the eruption (White and Valentine, 2016). Vesicle textural
studies in 2D (Shea et al., 2010), 3D (Degruyter et al., 2010; Giachetti et
al., 2011; Baker et al., 2012a; Carey et al., 2013), and 4D (Baker et al.,
2012b) inform the state of magmatic volatiles prior to and during an
eruption. Similar studies ofmicrolites yield insights intomagma decom-
pression and ascent rates (Szramek et al., 2006; Szramek, 2016),
undercooling and supersaturation (Hammer and Rutherford, 2002; La
Spina et al., 2016; Befus and Andrews, 2018; Arzilli et al., 2019), and
magmaviscosity (Di Genova et al., 2020). These types of analyses are in-
corporated into models of volcano processes to improve our under-
standing of the magmatic and crustal conditions that drive explosive
eruptions (Cashman and Giordano, 2014; Befus and Andrews, 2018;
Moitra et al., 2018; Arzilli et al., 2019; Andrews and Befus, 2020).

The Curacautín ignimbrite (Ci) in southern Chile is a voluminous,
mafic pyroclastic deposit generated by Llaima volcano in the
late Pleistocene (Fig. 1, Naranjo and Moreno, 1991; Naranjo and
Moreno, 2005; Lohmar, 2008). Naranjo and Moreno (1991) esti-
mated a tephra volume of 24 km3 (Naranjo andMoreno, 1991), mak-
ing the Ci potentially one of the largest, yet least studied large-
volume, mafic explosive eruptions. As such, the magmatic conditions
that resulted in this explosive eruption are poorly constrained. The
objectives of our study are to use the deposit distribution, stratigra-
phy, and 14C dating to determine howmany eruptive episodes are as-
sociated with the Ci, refine the volume estimate, and use pyroclast
textures to investigate the conditions that drove the eruption(s). Fi-
nally, we offer a conceptual eruption model for the Ci.
Fig. 1.Originalmapped extentof the Curacautín ignimbrite byNaranjo andMoreno (1991) and t
location of Llaima. Temuco is ~100 km west of Llaima.
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1.1. Geologic background

1.1.1. Geologic setting
Llaima volcano (Fig. 2; 38°41′45 S, 71°43′54W) is a Quaternary stra-

tovolcano in the Southern Volcanic Zone of Chile. Llaima is positioned
along the NE-SW trending Liquiñe-Ofqui fault zone (Cembrano and
Lara, 2009). With a volume of ~400 km3 and a peak elevation of 3125
m (Naranjo andMoreno, 2005), Llaima is one of the largest Andean vol-
canoes (Völker et al., 2011). Llaima erupts approximately every seven
years and has erupted 54 times since 1640 (Dzierma and Wehrmann,
2010) making it one of the most active Andean volcanoes as well.
Modeling by Dzierma and Wehrmann (2010) predicts Llaima will
have another VEI ≥ 2 eruption within the next 20 years with a > 90%
probability.
1.1.2. Eruptive history
Llaima volcanism began ~185 ka with an ancestral shield volcano

(Naranjo and Moreno, 1991). Ancestral deposits are poorly preserved
due to heavy erosion during the Llanquihue glaciation (Stern, 2004;
Lohmar et al., 2006). The onset of Llaima's postglacial activity is marked
by the large-volume, mafic explosive eruption(s) that produced the ex-
tensive Ci (Naranjo and Moreno, 1991; Naranjo and Moreno, 2005;
Lohmar, 2008). Previous carbon dates from the Ci stratigraphy suggest
two eruptions, one at ~13.2 thousand years BP and another at ~12.6
thousand years BP (Naranjo and Moreno, 1991; Lohmar, 2008).

The younger deposits overlying the Ci consist of reworked Ci mate-
rial and paleosols. At 10.45 thousand years BP, Llaima produced a
Plinian eruption of dacitic composition that is capped by surge deposits
of the same eruption (Schindlbeck et al., 2014). The subsequent ten
thousand years of deposits are composed of minor tephra falls, lava
flows, and paleosols from Holocene cone building. Llaima's most recent
eruptionwas a period of Strombolian explosions from2008 to 2009 that
generated tephra fall and minor lava flows (Ruth et al., 2016; Franco et
al., 2019).
he approximate extentmapped in this study (stippledpattern). Red triangle represents the



Fig. 2. Shaded reliefmap of Llaima volcano. Sample locations investigated in this study are
plotted as white circles. Red sample points represent locations where we collected
charcoal for radiocarbon dating. Digital elevation model courtesy of http://www.ide.cl/
index.php/imagenes-y-mapas-base.
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1.2. Why study the Curacautín ignimbrite?

The Ci is understudied despite its potential to provide insights into
mafic explosive volcanism. Naranjo and Moreno (1991) hypothesize
that the 13.2 thousandyears BP eruption formed an 8 kmwidenowbur-
ied caldera, but no clear field evidence exists to support this interpreta-
tion. Their tephra volume estimate of 24 km3 is calculated by assuming
an average thickness of 10 m for 2200 km2 of deposits (Naranjo and
Moreno, 1991). This estimate is a reasonable first order approximation,
but applying new methods permits a more rigorous calculation of the
eruptive volume. Naranjo and Moreno (1991) and Lohmar (2008) sug-
gest the Ci was emplaced by two distinct eruptions based on 14C ages of
13.2 thousand years BP and 12.6 thousand years BP; however, field ev-
idence to support the time interval between two eruptions requires fur-
ther investigation. Finally, the magmatic conditions that caused the
explosivity of the Ci eruption have yet to be fully explored.
2. Methods

2.1. Field methods

We mapped the Ci to the north, east, and west of Llaima volcano
(southern deposits are not exposed, Fig. 2). We measured stratigraphic
sections at each outcrop to correlate deposits fromone region to another.
We collected samples for granulometry, pyroclast densities, textural
analysis, and compositional analyses vertically for each stratigraphic
3

section. We closely examined stratigraphic features to identify evidence
indicative of a break in deposition, such as paleosols, coignimbrite ash,
truncated elutriation pipes, reworked deposits, and erosional horizons.
We also collected charcoal where present for 14C dating.

2.2. Granulometry and pyroclast density analysis

We collected 31 bulk samples of ignimbrite, which includes ash,
pumice, and lithics. For each sample, we gathered 20–25 kg of deposit
from a clean outcrop face for granulometry. Bulk samples were sieved
to−3 phi ϕ (8 mm) in the field in 1ϕ intervals (ϕ scale of Wentworth,
1922). Fine fractions were brought back to the lab, dried for 24 h at 100
°C, reweighed to correct for water weight, and sieved in 1ϕ intervals
using a hammer actuated automatic sieve down to 4ϕ. The <0.063
mm (>4ϕ) fraction represents the smallest bin. The size of the five larg-
est blocks for each samplewasmeasured in thefield. Percent blockswas
measured by point counting outcrop images using ImageJ (Schneider et
al., 2012). Componentry was counted for all grains >− 3ϕ in the field;
300 grains for size fractions -2ϕ to 1ϕ were counted in the lab using a
binocular microscope.

The densities of up to 100 lapilli-size pyroclasts for a subset of sam-
ples were measured following the methods of Houghton and Wilson
(1991). We sprayed clasts with a waterproofing sealant that adds neg-
ligible mass to each clast. Clasts from each sample set representing the
average density and one standard deviation above and below the aver-
age density were cut into thin sections for textural analysis.

Dense rock equivalent (DRE) density was measured using He-
pycnometry at the University of Oregon and converted to vesicularity
using

φ ¼ 100∙
ρDRE−ρclast

ρDRE

where φ = vesicularity, ρDRE = DRE density, and ρclast = clast density
(Houghton and Wilson, 1989).

2.3. Pyroclast textural analysis

For lapilli-size clasts, phenocryst contents of plagioclase, olivine, py-
roxene, and FeTi oxides were measured by area counting thin section
scans and correcting for sample vesicularity. We performed textural
analysis using backscattered images in order to measure the area and
number of plagioclase crystals. Backscattered images were collected
on a FEI Teneo Field Emission Scanning Electron Microscope (FESEM)
at the Boise State University Center for Materials Characterization
using a beam current of 6.4 nA and 15 kV accelerating voltage. Plagio-
clase microlites were segmented as individual polygons in ImageJ
(Schneider et al., 2012). Plagioclase area fraction (ϕplag) was calculated
using

ϕplag ¼ Aplag

A

where A = the vesicle-free area and Aplag = the area of plagioclase
(Hammer et al., 1999). Plagioclase number densities NA were
calculated by

NA ¼ nplag

A

where nplag = number of plagioclase crystals. The longest axis was
measured in ImageJ and used to calculate mean crystal size Sm. The
volumetric number density (NV) was then calculated using

NV ¼ NA

Sm

http://www.ide.cl/index.php/imagenes-y-mapas-base
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after Couch (2003). Only plagioclase microlite textures were measured
because plagioclase is most sensitive to changes in pressure, tempera-
ture, and water content (Szramek et al., 2006) and, therefore, a suitable
proxy for conduit processes.

2.4. Radiocarbon analyses

We collected charcoal where exposed for 14C dating. Analyses were
conducted at the Rafter Radiocarbon Laboratory of GNS Science, Na-
tional Isotope Centre, New Zealand following standard procedures.
Ages are reported in years BP. Calibration was done using SHCal13
(Hogg et al., 2013). One sample was collected in the east, three from
the west, and two from the north (Fig. 2).

2.5. X-ray fluorescence analysis

We collected whole-rock major and trace element chemistry to in-
vestigate if a geochemical fingerprint exists between different Ci units
vertically through the stratigraphy and geographically around the edi-
fice. We conducted X-ray fluorescence (XRF) analyses using the
ThermoARL AdvantXP+ sequential XRF spectrometer at the Washing-
ton State University Peter Hooper GeoAnalytical Laboratory. Juvenile
material was chipped and hand-picked under a binocular microscope
to remove xenoliths and phenocrysts. Picked material was ground to a
fine powder using a tungsten carbide mill. Glass beads were created
by fusing sample powder with a 10:1 mixture of lithium tetraborate
and lithium metaborate flux. See Johnson et al. (1999) for complete
methods.

2.6. Volume estimate

To revise the volume estimate of Naranjo and Moreno (1991), we
used a modified version of the methods of Silleni et al. (2020). We
first delineated a 0-m isopach that represents an approximation of the
maximum depositional extent of the Ci. To do this, we created a 10-m
evenly spaced point grid encompassing 176 km2 of mapped Ci deposits
from theNaranjo andMoreno (2005) geologicmap using ESRI's ArcMap
software. We did not use the ~2200 km2 of deposits originally mapped
in Naranjo and Moreno (1991) because we were unable to corroborate
this area of deposition with our mapping. The farthest distance we
mapped the Ci in this study is ~25 km to the north. The hillslope angle
where the Ci is depositedwas calculated at each pointwithin thefishnet
(17,615 total points). Three hillslopes, 9°, 13.5°, and 17.5° degrees were
chosen to represent the maximum Ci extent whereby we trace a 0-m
isopach. We approximate deposit thinning by measuring the change
in deposit thickness between outcrops to estimate the lateral extent of
Ci deposition in valleys and drainages usingmeasured stratigraphic sec-
tions of this study and those of Lohmar (2008). We note that we only
have one outcrop where the base is exposed, and this thinning is there-
fore assumed to be a minimum estimate. Simplified 5-m isopachs up to
amaximum thickness of 35mweremanually traced based onmeasured
sections and field observations.

3. The Curacautín ignimbrite

The Ci is exposed proximally (within ~30 km) to the north, east, and
west of Llaima volcano. Naranjo and Moreno (1991) map the Ci
throughout drainages to the S and SW of Llaima and as far west as the
city of Temuco (Fig. 1); however, our field mapping did not locate any
Ci exposures beyond those shown in Fig. 2. Therefore, we base our vol-
ume estimates on the known exposures mapped in our study and those
of Naranjo and Moreno (2005).

The most complete section of the Ci is found on the east side of the
modern-day edifice and contains four discernable units (outcrops
east1, 2, and 3; Fig. 2). Exposures to the north andwest share similar de-
posit characteristics to the flow units observed in the east. However, we
4

do notfindmultiple flowunits in these other exposures, which could be
due to the lack of deposition of multiple flow units in other locations,
amalgamation of flow unit contacts, or loss of data due to the incom-
plete and heavily eroded nature of those outcrops. As such, we use
depositional characteristics, granulometry, pyroclast density, and
pyroclast chemistry to try to correlate outcrops around the volcano.
Sample locations and granulometric data are presented in Table 1.

3.1. Eastern stratigraphy

The most complete eruptive sequence is exposed in the eastern ex-
posures (Fig. 3). Here, the Ci consists of four flow units of variable thick-
nesses. The lowest and thickest unit is Unit 1. This unit is exposed and
accessible at exposures east1, east2, and east3 (Fig. 2). Units 2, 3, and
4 are considerably thinner, and only accessible at exposure east3.

3.1.1. Unit 1
Unit 1 is at least 30 m thick (base not exposed). It consists of a mas-

sive, very poorly sorted, and matrix-supported lapilli tuff with no dis-
tinct grading patterns. Faint diffuse stratification is evident throughout
(Fig. 3). The exposure on average contains 1% blocks of juvenile
magma (scoria) and lithics, but some localized block concentrations
can be up to 3%. Lapilli and ash sized grains at the base of east1 (Fig.
2) are composed of 78% scoria and 22% lithics; lithics include mafic
lavas and lesser amounts of granite and crystals. Scoria concentrations
are variable upsection between 74% and 77% and decrease to 71% near
the top. Granitic lithic clasts (lapilli to fine blocks in size) within the
ashymatrix are platey and subangular to angular. Mdϕ for bulk samples
(pyroclasts + lithics) are variable between 0.0 and 1.1 with a sorting
(σ) from 2.76 to 3.01 (Table 1; Figs. 4, 5). Unit 1 slightly fines upsection
(Fig. 4). There are 0.5–1 cmdiameter degassing pipes in the upper 0.5m
that abruptly truncate at the contact with overlying Unit 2. The upper-
most 3–6 cmcontains afine-grained ashwith small spherical to ellipsoi-
dal voids. The ash is cappedwith a thin (cm-thick) layer of spherical ash
pellets typically 1–3 mm in diameter (Fig. 6).

Pyroclasts are subrounded, microvesicular, and often contain 1–5%
of 1–5mmdiameter granitic and intermediate tomafic lithic inclusions,
≤2% phenocrysts of primarily plagioclase with lesser amounts of olivine,
pyroxene, and Fe–Ti oxides, and 2–3 mm diameter crystal clots.
Pyroclasts often exhibit agglomerate textures both in hand sample
and in thin section (Fig. 7). Here, we use the term agglomerate to de-
scribe clasts comprising multiple pyroclasts fused together. Pyroclast
groundmass is highly crystalline and microlite-rich with little to no
glass (Fig. 8A). Unit 1 has ϕplag between 0.36 and 0.44, NA between
4.99 × 104 and 6.72 × 104 mm−2, and NV between 8.21 × 106 and 1.33
× 107 mm−3 (Table 2). The average plagioclase microlite length is 5–6
μm. There is no systematic trend in microlite volumetric number
densities with stratigraphic level. Unit 1 pyroclast densities range from
0.63 and 2.62 g cm−3; average pyroclast densities are between 1.21 ±
0.23 g cm−3 and 1.39 ± 0.30 g cm−3; there is no systematic
stratigraphic trend (Fig. 4). The DRE density is 2.76 g cm−3.
Vesicularity varies between 50 ± 11% and 56 ± 8% with an average of
52% (Table 1).

Major and trace element chemistry are provided in Table 3. There
are no systematic trends in Unit 1 major element contents stratigraph-
ically or spatially. Unit 1 SiO2-content ranges from 53.09–53.50 wt%
(Fig. 4) and MgO-content ranges from 4.11 to 4.30 wt% (Fig. 9).
Similarly, FeO-content is between 11.15 and 11.46 wt%. Total alkalis
(Na2O + K2O) range from 4.05 to 4.34 wt%. CaO/Al2O3 ratios for
Unit 1 range from 0.52 to 0.53. Unit 1 has an average Ba concentration
of 198 ppm and La concentrations between 3.27 and 9.21 ppm
(Fig. 10). Ce concentrations range from 14.85 to 21.57 ppm. Sr
increases upsection throughout east1, east2, and east3 from 415 to
420 ppm before decreasing back to 414 ppm. Ni and Cr concentrations
exhibit little variability from 10.39–13.96 ppm and 8.32–10.99 ppm,
respectively. Additional trace element data is listed in Table 3.



Table 1
Curacautín granulometry and density data.

Sample Northing Easting Outcrop Unit Elevation⁎ (m) Mdϕ Sorting (σ) F2+ F1& Average clast density (g cm−3) Average vesicularity (%)

L1 5705312 0271726 east1 Unit 1 1 0.00 3.00 16.59 56.19 1.32 ± 0.28 52 ± 10
L2 5705312 0271726 east1 3 0.00 2.99 16.84 56.82 1.35 ± 0.30 51 ± 11
L3 5705312 0271726 east1 7 1.10 3.01 21.60 63.02 1.21 ± 0.23 56 ± 8
L4 5705357 0271750 east1 14 0.75 2.75 23.12 72.49 1.31 ± 0.28 53 ± 10
L13s 5705515 0271804 east2 24.5 0.70 2.71 23.83 72.59 1.26 ± 0.25 54 ± 9
L14s 5705515 0271804 east2 25.5 0.25 2.76 18.98 68.12 1.39 ± 0.30 50 ± 11
L12 5705515 0271804 east2 28 0.50 2.59 18.58 67.71
L6 5705558 0271863 east3 32 0.25 2.93 19.10 65.62 1.26 ± 0.27 54 ± 10

L7 5705558 0271863 east3 Unit 2 32 0.25 1.78 6.94 70.52
L8 5705558 0271863 east3 33 0.25 2.63 19.32 69.35 1.32 ± 0.32 52 ± 12

L10 5705558 0271863 east3 Unit 3 35 0.25 2.71 13.23 64.13 1.39 ± 0.37 50 ± 13

L18 5705558 0271863 east3 Unit 4 ~39 0.25 2.25 13.24 70.66 1.41 ± 0.31 49 ± 11

L16 5711555 0256269 west11 unknown 1 −1.00 2.20 4.50 50.72 1.58 ± 0.26 43 ± 10
L21 5705086 0272892 east4 1 −1.75 2.02 2.20 36.14 1.35 ± 0.32 53 ± 13
L23 5709606 0253180 west9 1 −1.75 2.30 4.24 37.87
L24 5709266 0251805 west10 1 −2.25 2.29 3.30 28.63 1.45 ± 0.40 50 ± 18
L25 5702880 0249719 west4 1 −1.00 2.56 9.81 48.10 0.83 ± 0.25 71 ± 10
L30 5701665 0250840 west2 0.5 −0.50 2.72 12.80 57.30
L31 5703025 0246533 west5 0.5 0.40 2.28 15.12 73.73
L34 5727122 0257641 north2 0.5 −1.25 3.00 9.10 46.53 1.34 ± 0.24 52 ± 9
L35 5726337 0257848 north1 1 −0.60 2.50 10.00 56.21 1.43 ± 0.25 49 ± 9
L36 5726337 0257848 north1 5 −0.25 2.53 12.83 62.48 1.38 ± 0.25 50 ± 9
L37 5726337 0257848 north1 ~8 −0.50 2.42 10.39 61.14 1.34 ± 0.22 52 ± 8
L38 5726093 0254449 north3 1 −0.50 2.21 7.23 59.74
L39 5727546 0256997 north4 0.5 −0.45 2.64 11.70 59.78 1.47 ± 0.24 47 ± 9
L40 5718323 0251676 west8 1 −0.75 2.39 8.58 55.05
L41 5716247 0245296 west7 <0.5 −0.20 2.49 11.09 61.87
L42 5700831 0251158 west1 1 −0.40 2.77 11.65 58.20
L43 5701758 0250698 west3 0.5 0.25 2.94 14.61 64.87
L44 5701758 0250698 west3 1 0.35 2.68 14.65 68.29
L45 5707924 0248529 west6 1 −1.00 2.78 12.55 49.03

⁎ Elevation refers to the height above the lowest point in the exposure.
+ F2 = ≥ 4 ϕ (Walker, 1983)
& F1 = ≥ 0ϕ.

A.A. Marshall, B.D. Brand, V. Martínez et al. Journal of Volcanology and Geothermal Research 421 (2022) 107418
3.1.2. Unit 2
The contact between Unit 1 and Unit 2 is sharp (Fig. 3B). Unit 2 is

~1.5 m thick and begins with a 3–12 cm thick basal zone of poorly
sorted, cross-stratified, medium to coarse lapilli pyroclasts and lithic
ash that pinches and swells across the exposure (Fig. 6). Degassing
pipes are prominent on fresh surfaces through this basal layer. The ash
layer grades into a massive, very poorly sorted, matrix-supported lapilli
tuff. The matrix of this unit is more indurated than Unit 1. The massive
section of Unit 2 has a Mdϕ of 0.3, a σ of 2.63, and is reversely graded
in the upper 15 cm to a lens of clast-supported coarse lapilli pyroclasts
and fine blocks (Fig. 4). Charcoal collected from the clast-supported
layer (sample L9) returned a 14C age of 12.643 ± 0.055 thousand
years BP (Table 4). Unit 2 componentry includes 77% juvenile pyroclasts
and 23% lithics of primarily mafics and lesser amounts of granodiorite
and free phenocrysts.

Pyroclasts are subrounded, microvesicular, and contain ≤2% lithic
inclusions of mafic lavas and granitic rocks. Like in Unit 1 pyroclasts,
the matrix is composed almost entirely of microlites (Fig. 8) but con-
tains only ~3.5% phenocrysts of plagioclase and lesser amounts of ol-
ivine, pyroxene, and Fe–Ti oxides. There is little to no glass (Fig. 8B).
Pyroclasts exhibit agglomerated textures. Unit 2 has a ϕplag of 0.42,
NA of 5.08 × 104 mm−2, and an NV of 7.95 × 106 mm−3 (Table 2).
The average plagioclase microlite length is 7 μm. The average
density of Unit 2 juveniles is 1.32 ± 0.32 g cm−3 with a similar
variability of total measured densities (0.62–2.25 g cm−3). Unit 2
has a slightly higher DRE density of 2.78 g cm−3. Pyroclasts have an
average vesicularity of 52 ± 12% (Table 1).

Only one sample wasmeasured for Chemistry in Unit 2. This sample
has SiO2, MgO, and FeO contents of 54.28, 3.99, and 11.08 wt%,
respectively (Fig. 4; Table 3). The total alkali content is 4.14 wt% while
CaO/Al2O3 is 0.50 in Unit 2 (Fig. 9). Ba, Ce, and La concentrations
5

increase to 217, 10.15, and 20.99 ppm in Unit 2. In contrast, Sr, Ni, and
Cr decrease to 415, 9.15, and 6.07 ppm (Fig. 10, Table 3).

3.1.3. Unit 3
The contact betweenUnit 2 andUnit 3 is sharp (Fig. 3C andD). Unit 3

is ~4.2 m thick. The lowest 3–5 cm is cross-stratified and similar in ap-
pearance to the basal layer of Unit 2. This basal layer grades into a
very poorly sorted and indurated massive lapilli tuff. Unit 3 contains
~24% lithics. Unlike other Ci units, Unit 3 lithics are dominated by 48%
granite and leucogranite lithics with lesser amounts of mafics and free
crystals. The Mdϕ is 0.3 with a σ of 2.71 (Fig. 5, Table 1).

Juvenile pyroclasts are microvesicular, subrounded, have granitic to
mafic lithic inclusions, and contain ~3% phenocrysts of plagioclase,
olivine, and pyroxene. Similar to other units, pyroclasts are often ag-
glomerates, contain little to no glass, and are composed of >90%
microlites of plagioclase, clinopyroxene, olivine, and Fe–Ti oxides. Unit
3 has a ϕplag of 0.36, NA of 7.07 × 104 mm−2, and an NV of 1.66 × 107

mm−3 (Fig. 8C, Table 2). The average measured plagioclase microlite
length is 5 μm. Densities vary between 0.63 and 2.69 g cm−3 with
an average density of 1.39 ± 0.37 g cm−3 (Fig. 4). The average
vesicularity is 50 ± 13% (Table 1).

The composition of only one sample was measured for chemistry in
Unit 3. This sample has the highest SiO2 content of 54.51 wt% (Fig. 4),
lowest MgO content of 3.88 wt%, and the lowest FeO content of 10.98
wt% of all eastern Ci units sampled (Table 3). Total alkalis increase
slightly from Unit 2 to 4.20 wt% in Unit 3. The CaO/Al2O3 ratio is 0.49.
Ba-content increases to 225.47 ppm, while La and Ce both decrease to
9.75 and 20.20 ppm, respectively. Sr slightly decreases further to
414.42 ppm in Unit 3. Ni and Cr both increase from Unit 2 to Unit 3 to
10.05 and 6.17 ppm but are still lower than their Unit 1 averages of
12.25 and 9.36 ppm, respectively (Fig. 10).



Fig. 3. Outcrop photos from select exposures on the east. We sampled the entire stratigraphy by sampling laterally across three exposures. Sample locations are marked by white boxes.
Cardinal directions are in bold white text. (A) Outcrop east1, which is the lowermost part of Unit 1. The base is not exposed. Unit 1 is the thickest flow Unit of the Ci. (B) Outcrop east2
approximately 200 m north of east1. The contact between Unit 1 and Units 2 and 3 is visible but inaccessible. (C) Outcrop east 3 approximately 50 m north of east2. Here we can
access the contacts between all flow units. Charcoal collected from Unit 2 (L9) returned an age of 12,643 ± 55 years BP. (D) Outcrop east 3 showing the contact between Units 3 and 4.
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3.1.4. Unit 4
The contact between Unit 3 and Unit 4 is sharp (Fig. 3D). Unlike

Units 2 and 3, no coarse ash layer exists at the Unit 4 base (Fig. 4).
Unit 4 is ~1.1 m thick, massive, very poorly sorted, and indurated. Juve-
nile content is 74%. Hydrothermally altered lithics make up 51% of lithic
material, with lesser amounts of granite, mafics, and free crystals. Unit 4
has a Mdϕ of 0.25 with a σ of 2.25 (Fig. 5, Table 1).

Similar to underlying units, pyroclasts are subrounded, micro-
vesicular, and microlite-rich. Unit 4 has the lowest ϕplag of 0.29, a NA of
7.32 × 104 mm−2, and an NV of 1.84 × 107 mm−3 (Table 2). The
average measured plagioclase microlite length is 4 μm. Although
microlite-rich, Unit 4 has a higher glass content than underlying units
(Fig. 8D). Phenocryst content is ≤1%. Juvenile densities are variable
between 0.35 and 2.29 g cm−3 with an average of 1.41 ± 0.31 g cm−3.
Despite Unit 4 having some of the lowest pyroclast densities in the
entire eastern stratigraphic section, the average pyroclast density is
the densest of all units (Fig. 4). Accordingly, Unit 4's average pyroclast
vesicularity of 49 ± 11% is the lowest of all Ci units (Table 1).

Due to the induratednature ofUnit 4 and thedifficulty in sampling this
unit, we were unable to collect pyroclasts large enough for XRF analysis.

3.2. Select western exposures

3.2.1. West9
West9 is the only location where the base of the Ci is exposed (Fig.

11A inset). The basal contact is with a lava and is sharp. The base con-
tains a high concentration of coarse lapilli and fine blocks, is massive
to diffusely stratified and matrix- to clast-supported. Blocks are
6

predominately lithics and include granitic rocks andmafic to intermedi-
ate lavas. The exposure is ~25m thick, dark gray, very poorly sorted, and
matrix-supported. There are distinct zones of fine to medium blocks
with local concentrations >25% (Fig. 11A). Lithic blocks are predomi-
nantly subangular to subrounded and composed of granitic rocks and
mafic to intermediate lavas. Similarly, pyroclast blocks are subangular
to subrounded, irregularly shaped agglomerates (Fig. 7), and dense.
Pyroclasts contain ash- and lapilli-size lithic inclusions of granitic mate-
rial and mafic lavas. Despite the high block content, these blocky zones
are mostly matrix-supported. The matrix is composed of Ci ash similar
to the block-poor regions (Fig. 11A) and decrease upsection to <1%.
Faint diffuse stratification is evident throughout the exposure. Similar
to Units 3 and 4 in the east, this exposure is indurated, but not welded.
The exposure is overlain by paleosols and reworked Ci material.

Lapilli-size pyroclasts are subrounded, microvesicular and frothy to
dense and glassy, and sometimes exhibit radial jointing or agglomerate
textures. Lapilli-size, angular lithic inclusions of granitic material and
mafics are common. Sample L23 collected here has a Mdϕ of −1.8 and
a σ of 2.30 (Table 1). L23 is compositionally similarwith respect to east-
ern samples (Table 3); with 54.17 wt% SiO2-content, 3.95 wt% MgO,
10.92 wt% FeO, 4.02 wt% total alkalis, and a CaO/Al2O3 ratio of 0.49
(Fig. 9). Cr and Ni are 8.61 and 9.80 ppm, respectively (Fig. 10). Ce is
23.27 ppm, which is slightly higher than eastern exposures. La is 7.72
ppm. Ba is higher than Unit 1 samples at 209 ppm and Sr is 416 ppm.

3.2.2. West 10
West10 is ~1.5 km SW of west9 and in the same drainage (Fig. 2).

Unlikewest9, the base of west10 is not exposed. Here, the Ci is massive,



Fig. 4. Stratigraphic column of the eastern Ci stratigraphy across exposures east1, east2, and east3. Plotted alongside the column are the Ci density (g cm−3), Mdϕ, NV (mm−3), and SiO2-
content to visualize stratigraphic variability. Juvenile densities are highly variable across all units. Unit 1 grain size datafineupwards before slightly coarsening againnear the top. Units 2, 3,
and 4 have the sameMdϕ. NV are variable in Unit 1 and steadily increase in overlying units. SiO2-content is homogenous in Unit 1 and becomesmore evolved in Units 2 and 3. Chemistry
was not collected for Unit 4.
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very poorly sorted, and matrix-supported with little to no diffuse strat-
ification (Fig. 11B). The exposure is ~12 m thick. In sharp contrast to
nearby west9, there are little to no large lithic blocks in west10 either
as clast-supported lenses or as dispersed material. Instead, blocks are
primarily fine-grained in size, juvenile, display agglomerate textures,
and have lithic inclusions of granitic material andmafic to intermediate
lavas. Sample L24 collected here has a Mdϕ of−2.3 and a σ of 2.29 (Fig.
5, Table 1). Pyroclasts are phenocryst-poor, dense to frothy, and
microvesicular, have an average density of 1.45 ± 0.40 g cm−3, and a
corresponding vesicularity of 50 ± 0.14%. No chemistry was collected
on samples from this site.

3.2.3. West3
Here the Ci is ~1.5 m thick, brown, very poorly sorted, and matrix-

supported (Fig. 11C). The base is not exposed and there is minor
reworking at the top of the exposure. Blocks and coarse lapilli are locally
concentrated, but otherwise the exposure is block-poor. The middle of
this exposure has a 1–3 cm thick fine ash lens that both truncates one
group of blocks while forming the base of a secondary group of blocks
7

and coarse lapilli (Fig. 11C). The Ci is overlain by reworked material,
soils, and vegetation. Samples collected below and above the thin ash
layer have a Mdϕ of 0.25 and 0.35 and σ of 2.94 and 2.68, respectively
(Table 1). This deposit is a coarse ash tuff that is fines-normal. Charcoal
collected from L43 and L44 returned 14C ages of 12.774 ± 0.057 thou-
sand years BP and 12.555 ± 0.055 thousand years BP, respectively
(Table 4).

West3 has themost evolved Ci compositions in this study (Table 3),
with SiO2 contents of 57.56 and 57.43 wt% andMgO of 2.44 and 2.51
wt% (Fig. 9). Their FeO content is also low compared to other
locations at 9.94 and 9.72 wt%. Accordingly, their total alkali
contents of 5.48 and 5.52 wt% are the highest of all samples. Both
samples have a CaO/Al2O3 ratio of 0.37. L43 and L44 also exhibit
elevated Ba, La, Ce compared to other samples, are depleted in Sr
with respect to other samples, and have near undetectable and
undetectable Cr and Ni content, respectively (Fig. 10). While
these major and trace element data are unique in our dataset,
they are similar to samples collected by Naranjo and Moreno
(2005) and Lohmar (2008); (Fig. 9).



Fig. 5. Ci Mdϕ versus sorting (σ). σ is calculated using the equation of Folk and Ward
(1957). Most Ci deposits are very poorly sorted coarse ash tuffs and lapilli tuffs. The
arrow points to the cross-bedded basal zone of Unit 2 and is the only poorly sorted
sample. Due to a lack of contacts in the north and west, we are unable to differentiate
between flow units.

Fig. 6. Contact between Units 1 and 2 at east3–the dashedwhite line indicates the contact.
There are ellipsoidal void pockets in a fine-grained ash capped with ash pellets.

Fig. 7. Examples of clast agglomeration in Ci pyroclasts at multiple scales. (A) Small, agglom
computed tomography (XRT) slice of a pyroclast from east2 exhibiting small-scale agglomera
press) for XRT details.
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3.3. Select northern exposures

3.3.1. North1
This exposure is ~12 m thick, beige to gray, massive, very poorly

sorted, and matrix-supported (Fig. 12A). The base is not exposed and
there is surficial reworking at the top of the deposit. The deposits are fri-
able. Minor diffuse stratification is present near the top. The exposure
has <1% blocks, but local concentrations can be >10%. Blocks are pri-
marily subangular to subrounded lithics of intermediate lavas and lesser
amounts of granitic material. Regions of high block concentration are
matrix-supported and not laterally continuous. Juvenile blocks display
agglomerate textures, are microporous, and contain lapilli-sized lithic
inclusions of intermediate lavas to granitic material. A sharp contact
with overlying reworked material and paleosols truncates gas elutria-
tion pipes in the upper 2–3 m. Gas elutriation pipes are evidence
throughout the exposure (Fig. 12A).

Pyroclasts are subrounded, microvesicular, and contain lithic inclu-
sions and rare crystal cumulates. Samples were collected at strati-
graphic intervals of 1 m, 5 m, and as near to the top as possible (~8 m,
Table 1). The Mdϕ at the lowest point is −0.60, fines to −0.25, then
coarsens to −0.50. The σ is similarly variable between 2.42 and 2.53.
Pyroclast densities decrease upsection from 1.43 ± 0.25 g cm−3 to
1.34 ± 0.22 g cm−3 at the top. Accordingly, vesicularities increase
from 49 ± 9% at the base to 52 ± 8% at the top (Table 1).

The base of north1 has SiO2 andMgO content of 54.78 and 3.66wt%,
respectively (Table 3). SiO2 decreases to 50.67 wt% upsection and is the
least evolved sample we collected. MgO slightly increases upsection to
3.85 wt%. FeO increases upsection from 10.94 to 12.20 wt% while total
alkalis decrease from 4.70 to 3.80 wt%. CaO/Al2O3 increases slightly
from 0.49 at the base to 0.51 near the top. Ba increases upsection
while Sr and Ce decrease. Ni and Cr are low and variable (5.32–9.51
ppm and 5.27–7.57 ppm, respectively).

3.3.2. North2
North2 is 2 m thick, dark gray, massive, very poorly sorted, and ma-

trix supported (Fig. 12C). Like other exposures in the north, the base is
not exposed. There are no blocks, visible structures, or depositional fea-
tures. The top is in sharp contact with overlying paleosols. The exposure
contains <1%mafic to intermediate lithics. TheMdϕ is−1.3 with a σ of
3.00 (Table 1). Charcoal collected from this exposure returned a 14C age
of 12.696 ± 0.056 thousand years BP (Table 4).

Pyroclasts are subrounded,microvesicular, and contain rare lithic in-
clusions. Like other exposures, many pyroclasts display agglomerate
textures (Fig. 7). The average density is 1.34 ± 0.24 g cm−3 and the ve-
sicularity is 52 ± 9% (Table 1). Here, the Ci is compositionally similar to
other exposures, with 54.17 wt% SiO2, 3.66 wt% MgO, 11.05 wt% FeO,
erated block from outcrop west9. (B) Thin section scan from outcrop north2. (C) X-ray
tion. Evidence for clast agglomeration is common in all exposures. See Valdivia et al. (in



Fig. 8. Backscattered electron images of Ci pyroclasts from flow units in the east. (A) Unit 1; (B) Unit 2; (C) Unit 3; (D) Unit 4. The horizontal field width of each image is 100 μm.

Table 2
Plagioclase microlite textures. All pyroclasts are from the eastern stratigraphic section.
Three analyses were conducted for all samples except L3 and L13. The theoretical calcula-
tion of mean crystal size Sm from eq. (1) of Blundy and Cashman (2008) is included to
show the disagreement between this method and our measured Sm.

Unit Unit 1 Unit 2 Unit 3 Unit 4

Sample L1 L3 L4 L13 L6 L8 L10 L18

φplag 0.39 0.42 0.36 0.42 0.44 0.42 0.36 0.29
Sm (μm) 6.1 5.5 5.1 6.1 6.4 6.5 4.7 4.1
NA (mm−2) 5.56 ×

104
5.29 ×
104

6.72 ×
104

4.99 ×
104

5.25 ×
104

5.08 ×
104

7.07 ×
104

7.32 ×
104

NV (mm−3) 9.72 ×
106

9.55 ×
106

1.33 ×
107

8.21 ×
106

8.21 ×
106

7.95 ×
106

1.66 ×
107

1.84 ×
107

Sm (μm)⁎ 2.7 2.8 2.4 2.9 2.9 2.9 2.2 2.0
NV

(mm−3)+
2.22 ×
107

1.87 ×
107

2.89 ×
107

1.72 ×
107

1.82 ×
107

1.78 ×
107

3.60 ×
107

3.73 ×
107

nplag 1113 437 1737 437 985 1307 1796 1180
uncertainty& 3% 2% 3% 3% 2% 3%

⁎ Sm calculated using eq. (1) of Blundy and Cashman (2008).
+ NV calculated using the equation for Sm from Blundy and Cashman (2008).
& Calculated using

ffiffiffiffiffiffiffi

nplag
p
nplag

.
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4.66 wt% total alkalis, and a CaO/Al2O3 ratio of 0.47 (Table 3). Ni and Cr
are low (1.62 and 1.03, respectively) while Ba, Sr, and Ce are similar to
other exposures (222, 416, and 22.39 ppm, respectively.

3.3.3. North4
Primary Ci deposits at north4 are up to 3m thick, dark gray to brown,

massive, very poorly sorted, and matrix supported (Fig. 12B). The base
is not exposed, and the upper surface of the deposit is reworked.
9

Approximately 10–12m of reworked Cimaterial overlies the Ci. The ex-
posure contains <1% blocks. The Mdϕ is −0.5 and the σ is 2.64 (Table
1). Juvenile pyroclasts are subrounded, phenocryst-poor, often agglom-
erates, and have an average density of 1.47 ± 0.24 g cm−3. Ash- to la-
pilli-sized lithic inclusions are common. The average vesicularity is 47
± 9%. Compositions are similar to other north exposures, with 55.33
wt% SiO2, 3.48 wt% MgO, 10.71 wt% FeO, 4.84 wt% total alkalis, and a
CaO/Al2O3 ratio of 0.47 (Table 3). At 0.88 and 2.45 ppm, Ni and Cr are
lower than nearby north1 and north2. Ba and Ce are the highest in the
north (241 and 23.32 ppm, respectively). Sr is 413 ppm and similar to
other samples from the north.

4. Discussion

4.1. Correlating deposits regionally

The eastern stratigraphic section is the only location where we
identified contacts between individual Ci flow units. Ci deposits in
the north and west lack unit contacts, and do not contain discernable
granulometric, componentry, or depositional characteristics sufficient
to correlate deposits with the four units exposed in the east outcrops.

Compositional similarity of the four eastern flow units and of north
andwest deposits is also unhelpful for unit correlation. Unit 1 is a basal-
tic andesite with minimal variability in composition with respect to
stratigraphic level. Compositions evolve slightly in Units 2 and 3 (Fig.
4). However, this compositional shift is not a sufficient indicator for
unit correlation because the entire XRF dataset compositionally spans
from basalt to andesite (Fig. 9). Furthermore, Ci trace element data for
Unit 1 are variable and slightly less evolved from Units 2 and 3. The



Table 3
Whole-rock major and trace element geochemistry.

L1 L2 L3 L4 L13 L14 L12 L6 L8 L10 L16 L23 L43 L44 L34 L35 L36 L37 L39

Unit Unit 1 Unit 2 Unit 3 Other

SiO2 53.18 53.09 53.29 53.22 53.21 53.50 53.58 53.35 54.28 54.51 53.10 54.17 57.56 57.43 54.17 54.78 54.44 50.67 55.33
TiO2 1.45 1.47 1.47 1.47 1.46 1.46 1.47 1.47 1.46 1.46 1.39 1.46 1.42 1.44 1.51 1.46 1.45 1.54 1.48
Al2O3 16.10 16.14 16.18 16.22 16.03 16.05 16.12 16.23 16.13 16.12 16.18 16.17 15.58 15.73 16.12 15.82 15.92 16.88 15.82
FeO⁎ 11.30 11.34 11.32 11.26 11.46 11.30 11.18 11.15 11.08 10.98 10.97 10.92 9.94 9.72 11.05 10.94 11.00 12.20 10.71
MnO 0.18 0.19 0.19 0.19 0.19 0.19 0.19 0.19 0.19 0.19 0.18 0.18 0.29 0.36 0.19 0.19 0.19 0.19 0.19
MgO 4.26 4.26 4.26 4.29 4.22 4.16 4.11 4.30 3.99 3.88 4.11 3.95 2.44 2.51 3.66 3.70 3.85 4.36 3.48
CaO 8.51 8.55 8.52 8.64 8.53 8.45 8.31 8.54 8.05 7.92 8.33 7.97 5.77 5.81 7.58 7.72 7.94 8.67 7.39
Na2O 3.43 3.50 3.43 3.43 3.65 3.70 3.55 3.52 3.44 3.49 3.39 3.35 4.50 4.55 3.99 3.93 3.81 3.45 4.04
K2O 0.62 0.61 0.66 0.62 0.64 0.64 0.65 0.62 0.70 0.71 0.63 0.67 0.98 0.97 0.67 0.77 0.73 0.35 0.80
P2O5 0.17 0.18 0.18 0.18 0.18 0.18 0.18 0.18 0.19 0.20 0.18 0.19 0.32 0.32 0.22 0.22 0.21 0.13 0.22
Tot. 99.21 99.33 99.48 99.53 99.56 99.63 99.34 99.54 99.52 99.47 98.46 99.01 98.79 98.84 99.16 99.54 99.52 98.44 99.47

Ni 12.41 12.67 12.84 13.96 10.39 10.63 11.43 13.66 9.15 10.05 10.09 9.80 0.00 0.00 1.62 5.32 7.07 9.51 0.88
Cr 9.95 8.32 8.56 10.99 9.36 9.16 8.57 10.00 6.07 6.17 20.34 8.61 0.74 0.74 1.03 5.27 7.57 7.20 2.45
Sc 38.32 38.12 39.60 39.70 37.58 37.88 38.42 39.30 36.52 36.82 37.83 36.63 30.65 30.09 35.04 36.40 36.35 40.87 33.37
V 462.75 464.71 456.51 469.36 463.83 453.05 443.05 461.34 415.51 403.37 394.94 394.52 171.35 178.97 383.72 379.32 399.53 484.90 348.78
Ba 196.90 193.74 201.19 195.33 196.44 201.10 202.52 195.82 216.61 225.47 202.71 208.99 310.02 303.58 221.77 228.67 220.87 203.20 240.84
Rb 12.74 13.00 13.85 12.61 14.02 13.78 12.55 12.03 14.04 15.21 14.59 13.39 21.56 20.27 15.12 15.87 15.69 8.02 17.04
Sr 414.49 415.40 416.31 416.69 419.78 419.29 414.39 413.92 414.52 414.42 419.39 415.50 378.80 381.15 416.21 410.65 412.85 457.42 413.36
Zr 70.62 70.59 73.33 70.29 72.28 73.40 74.47 71.48 78.90 80.99 76.34 79.50 130.36 129.68 86.78 86.19 82.09 74.04 88.54
Y 23.34 23.27 24.48 23.86 23.18 23.18 24.43 22.97 25.27 24.48 24.06 25.74 36.16 36.20 26.31 26.30 25.55 22.39 27.00
Nb 2.27 2.08 2.49 2.28 1.47 1.67 2.56 1.78 2.49 2.69 1.57 2.38 2.90 3.50 2.11 1.82 1.67 1.57 1.81
Ga 19.01 19.50 20.00 20.49 18.91 19.45 19.60 20.10 18.91 20.00 19.06 20.89 21.12 20.54 20.24 18.96 19.40 20.34 19.99
Cu 187.74 201.56 176.51 229.48 134.26 88.25 69.54 124.44 99.50 166.26 171.89 87.22 53.84 61.51 61.54 101.95 94.37 206.58 53.80
Zn 98.70 96.33 97.71 97.81 100.06 96.73 96.33 96.72 100.40 104.77 96.78 98.31 115.79 116.57 104.47 101.16 101.88 102.31 104.27
Pb 6.60 5.64 6.37 6.63 6.86 7.35 8.27 7.62 8.86 9.75 7.45 8.51 11.10 11.48 7.06 8.77 8.45 6.66 7.94
La 6.60 6.63 5.47 3.27 6.96 9.21 8.18 6.83 10.15 9.75 9.31 7.72 16.90 15.56 9.16 11.62 6.97 9.75 11.03
Ce 19.01 14.85 20.40 20.20 20.04 20.43 21.57 16.83 20.99 20.20 19.31 23.27 34.34 40.83 22.39 22.21 21.87 18.28 23.32
Th 0.00 0.59 2.29 1.39 1.42 1.37 1.28 0.79 2.29 1.09 1.32 2.38 2.01 2.22 0.88 1.43 0.29 0.74 1.62
Nd 11.92 11.48 15.52 14.36 13.28 14.26 15.66 11.78 15.02 16.42 13.57 13.86 20.93 20.88 15.09 15.46 13.71 12.25 14.65
U 1.08 2.57 1.29 1.98 2.35 1.67 0.89 0.59 1.59 1.09 1.42 0.50 2.70 1.33 1.32 0.64 1.18 1.57 2.60
Tot. 1594.54 1601.06 1594.70 1650.66 1552.47 1501.86 1473.69 1528.02 1496.79 1569.00 1541.97 1457.70 1361.27 1375.09 1431.86 1478.01 1477.34 1687.59 1413.30

Major elements reported as wt% and trace elements reported as ppm. ⁎FeO = total Fe.
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Fig. 9. Whole-rock major element geochemistry. (A) Total alkali-silica diagram. (B) SiO2 versus MgO Harker diagram. (C) SiO2 versus CaO/Al2O3 Harker diagram. (D) CaO versus Sr
diagram. Ci datasets of Naranjo and Moreno (2005), Lohmar (2008), and Schindlbeck et al. (2014) are plotted for comparison. The east stratigraphic section is where we observe the
most complete stratigraphy for the Ci. However, the compositional range of the north and west exposures exceeds that of the eastern deposits.
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spread of all analyses precludes the use of major and trace element
chemistry as flow unit fingerprint regionally (Figs. 9, 10, Table 2), pre-
venting geochemical correlation of units around the volcano. As such,
we focus on the eastern stratigraphic section and regional 14C dates to
further interpret the Ci emplacement mechanisms and eruption se-
quence. We recognize that the eastern compositions and granulometry
do not represent every Ci exposure. However, becausewe cannot corre-
late deposits in the north and west to specific flow units found in the
east, and because the eastern stratigraphy has themost complete erup-
tive sequence, we chose to focus on the eastern stratigraphy to interpret
the eruption.

4.2. Interpreting the eruption sequence

The dominantmassive coarse ash tuff andmassive lapilli tuff charac-
teristics at all outcrops around Llaima suggest deposition froma concen-
trated pyroclastic density current (PDC) or series of currents (Branney
11
and Kokelaar, 2002). Unit 1 exhibits some diffuse stratification (Fig.
3A), but is mostly massive, poorly sorted, and contains local block con-
centrations, all of which are common characteristics of valley-ponded
PDCdeposits.We interpret themassive nature of the deposit and diffuse
stratification to represent progressive aggradation from a concentrated
pyroclastic current or series of closely spaced currents that resulted in
indistinct flow boundaries. Diffuse stratification is likely the result of
fluctuations in flow boundary zone shear conditions (Branney and
Kokelaar, 2002).

The Unit 1 co-ignimbrite ash suggests a pause in between Unit 1 and
Unit 2 deposition long enough to allow settling of the co-ignimbrite ash
and pellets (Fig. 6). Ash pellets are indicative of environmentalmoisture
at the time of settling (Van Eaton et al., 2012). Elutriation pipes in the
upper 1–2 m of Unit 1 truncate at the co-ignimbrite ash. We interpret
the elongated void pocketswithin theUnit 1 co-ignimbrite ash to repre-
sent ponded gas from the Unit 1 elutriation pipes (Fig. 6). This suggests
degassing of the Unit 1 ignimbrite occurred following deposition of Unit



Fig. 10. Select whole-rock Ci trace element geochemistry. (A) MgO versus Ni; (B) MgO versus Cr; (C) MgO versus Ba; (D) MgO versus Ce; (E) MgO versus La.

Table 4
Curacautín ignimbrite radiocarbon analyses. Age reported in years BP. σ is the error. The
14C ages reported in this study are reported as defined by Stuiver and Polach (1977).
Naranjo and Moreno (1991) do not report calibration information. Lohmar (2008) ages
were calibrated using CALIB 5.0 (Stuiver et al., 2005).

Sample Latitude Longitude 14C σ Reference

L8 5705558 0271863 12,643 55 this study
L34 5727122 0257641 12,696 56 this study
L42 5700831 0251158 12,754 56 this study
L43 5701758 0250698 12,555 55 this study
L44 5701758 0250698 12,774 57 this study
261,089-2A 5725200 0258800 12,760 130 Naranjo and Moreno (1991)
040487–7 5701900 0251000 13,200 150 Naranjo and Moreno (1991)
190,190-1BC 5705800 0272000 13,260 200 Naranjo and Moreno (1991)
041189–1A 5736200 0253400 13,460 400 Naranjo and Moreno (1991)
LL24B 5709200 0246400 12,510 40 Lohmar (2008)
LL25 5739900 0249900 12,650 140 Lohmar (2008)
LL9-1 5702100 0250900 12,730 90 Lohmar (2008)
LL13 5736200 0253400 13,230 330 Lohmar (2008)
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2 with the very low permeability co-ignimbrite ash preventing further
gas escape into the overlying deposit. The sharp contact, the preserva-
tion of ash pellets and gas pockets, and lack of reworking between
Unit 1 and Unit 2 suggest a brief pause in deposition, perhaps no longer
than hours to days.

The basal cross-stratified zone of Unit 2 also contains mm-wide,
fines-depleted vertical pipes, interpreted as elutriation pipes. This sug-
gests the basal cross-stratified region is a ground layer of the Unit 2 py-
roclastic current, likely deposited by a more dilute PDC conditions
associated with the current head (e.g., Scarpati et al., 2015); the overly-
ing massive deposit is indicative of deposition by a concentrated PDC.
The same interpretation applies for the deposition of Units 3 and 4, al-
though Unit 4 does not have a ground layer. Similar to the contact
12
between Units 1 and 2, the contacts between Units 2 and 3 and Units
3 and 4 are sharp, planar, and continuous with no reworking, incision,
or soil horizon development. Therefore, the pauses between Unit 2
and 3 deposition andUnit 3 and4 deposition are interpreted as similarly
short as that between Units 1 and 2 (Fig. 4).

4.3. Is the Ci the result of two eruptions or one?

Naranjo and Moreno (1991) first proposed the Ci as the product of
two eruptions separated by ~600 yrs. based on radiocarbon analyses
of ~13.2 thousand years BP and ~ 12.6 thousand years BP (Table 4).
Lohmar (2008) also adopted the two-eruptionmodel based on their ra-
diocarbon analyses. Naranjo and Moreno (1991) recovered a 14C age of
13,260 ± 200 years BP from the Ci along the Trufulful River in the east
that corresponds to our Unit 1. The five radiocarbon dates collected in
this study are between 12.774 ± 0.057 and 12.555 ± 0.055 thousand
years BP. We did not find any samples in the 13.2–13.8 thousand
years BP range (Table 4). We conclude a break of ~600 years between
Unit 1 and Unit 2 in the east is not evident, nor is a significant break in
deposition evident in any exposure around the volcano. Based on the
extent of our 14C sampling area combined with our new radiocarbon
ages, we suggest a single eruptive episode at ~12.6 thousand years BP
produced the entire Ci.

4.4. Volume estimate

To reassess the Ci volume,we use thedeposit extent in our study, the
deposit extent mapped in the earlier work of Naranjo and Moreno
(2005), and a range of maximum slopes of deposition to refine the vol-
ume calculation. Hill slopes of max Ci deposition are between 0° and
62.5°with an average of 8.9±8.7° (1σ). Approximately 46% of all points



Fig. 11. Select Ci exposures in the west. Sample locations are shown in white boxes. Cardinal directions are in bold white text. (A) Outcrop west9 is an ~25 m thick, indurated exposure
where the base is exposed (white arrow). West9 has the highest concentration of blocks of any exposures in this study. The zones of blocks are matrix-supported, and the matrix is
composed of Curacautín ash. (B) Outcrop west10 ~ 2 km southwest of west9 and located downstream in the same drainage. The base is not exposed here and the high concentration
of blocks disappears. (C) Outcrop west3 where we collected 14C ages of 12.774 ± 0.057 thousand years BP (L43) and 12.555 ± 0.055 thousand years BP (L44).

Fig. 12. Select Ci exposures in the north. Sample locations are shown in white boxes. Cardinal directions are in bold white text. (A) North1 is the thickest exposure in the north. (B)
Exposure north4 exhibiting extensive reworking of Ci material. White scale is 2 m. The dashed line marks the contact between the Ci and reworked Ci. (C) Exposure north2. Charcoal
collected here returned a 14C age of 12.696 ± 0.056 thousand years BP.
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(8033) are shallower than 5° and 71% are below 10° (12,424). These
data are similar to the Campanian (Silleni et al., 2020) and Taupo
(Wilson andWalker, 1985) ignimbrites. We use 0-m isopachs of 9° (av-
erage), 13.5° (+0.5σ), and 17.5° (+1σ) to estimate three volumes for
the Ci (Fig. 13).We estimate multiple 0-m isopachs to quantify the sen-
sitivity of our estimate with respect to the depositional slope.
13
The areas encompassed by the 9°, 13.5°, and 17.5° 0-m isopachs are
896 km2, 963 km2, and 981 km2, respectively (Fig. 14). Integrating the
region under the area versus thickness curves yields tephra volume
estimates of 7.60 km3, 8.33 km3, and 8.58 km3. Using an average vesic-
ularity of 52%, the calculated DRE volumes are 3.95 km3, 4.33 km3, and
4.46 km3.



Fig. 13. Isopach map of the Ci volume estimate with a 0-m isopach of 9°. Isopachs are
drawn based on measured stratigraphic sections of this study and Lohmar (2008), field
observations, and extrapolation of observations and slope data. An 8 km wide region
representing a caldera as hypothesized by Naranjo and Moreno (1991) was removed
from the volume estimate.
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We calculated a fourth volume estimate using the 13.5° slope and
encompassing a region approximate to that of Naranjo and Moreno
(1991) (Fig. 1). An 8 km diameter circular area was removed to repre-
sent a caldera as hypothesized by Naranjo and Moreno (1991). The
area of this estimate is 1625 km2. Using the same 52% vesicularity, the
calculated tephra volume is 10.02 km3 and the DRE is 5.21 km3.
Fig. 14. The Ci volume estimate in this study based on the isopach tracing method. The
tephra volume is the integration of the area under the curve.
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Naranjo andMoreno (1991)map the Ci up to 100 kmwest of Llaima
(Fig. 1), but do not provide location data for exposures. During ourmap-
pingwe did not locate any exposures >30 km from Llaima. Additionally,
the base of the Ci is only exposed at one location in this study (Fig. 10A).
Our volume estimates are based on outer-caldera deposits only. No fall
deposits for the Curacautín eruption have ever been found. Therefore,
the volume estimates herein should be consideredminimum estimates.
Because our 9° average maximum slope of deposition is similar to that
of Wilson and Walker (1985) and Silleni et al. (2020), the tephra vol-
ume estimate of 7.60 km3, or 3.95 km3 DRE is most reasonable.

Our reported volume estimates have the following limitations.
Because we did not have borehole data in the region, we could not
approximate Ci thickness in areas where no surface exposures exist.
Additionally, because we were not able to locate Ci deposits beyond
~30 km, we were limited in how far we could reasonably approximate
runout. We restricted our isopachs to 5 m rather than more precise
isopachs such as 1 m due to our limited data, which includes strati-
graphic sections of this study and those of Lohmar (2008). Finally, be-
cause we only found the base of the Ci in one exposure, our deposit
thinning estimate is a minimum, and our volume estimate should only
be considered a first order approximation.

4.5. What were the magmatic conditions that drove the eruption?

The twomost likely mechanisms to generate highly explosive mafic
eruptions are rapid magma ascent rates combined with fast crystalliza-
tion during ascent (e.g., Arzilli et al., 2019; Bamber et al., 2020) and
magma-water interaction (e.g., Ross and White, 2005). Rapid ascent
rates generate high degrees of undercooling and disequilibrium that
can induce extensive and rapidmicrolite crystallization, thus increasing
magma viscosity and trapping magmatic volatiles necessary for brittle
fragmentation. Conversely, magma-water interaction involves the effi-
cient transfer and release of thermal energy from a magma to a water
source which drives explosivity (Zimanowski et al., 2015). Distinguish-
ing between magmatic or phreatomagmatic fragmentation involves
scrutiny of deposit characteristics and pyroclast textures. For example,
pyroclasts of well-documented mafic explosive eruptions attributed
to rapid magma ascent have characteristically high microlite con-
tents that are evidence of high undercooling (Sable et al., 2006; Sable
et al., 2009; Vinkler et al., 2012; Bamber et al., 2020); the deposits of
magma-water interaction have high proportions of fines (>4ϕ) due to
high fragmentation efficiency, and blocky ash grains (e.g., Walker,
1981; De Rita et al., 2002). Below we offer an interpretation for the pri-
mary fragmentation mechanism that drove the Ci eruption based on
field observations and laboratory analyses.

Unlike the deposits of phreatomagmatic eruptions, Ci exposures are
mostly homogenous and lack any depositional features common towet
eruptions such as soft sediment deformation, low-angle cross strata,
palagonite, and sideromelane (Figs. 3, 11, 12). Agglomerate clasts are
common in Ci exposures (Fig. 7) and suggestive of temperatures higher
than those observed in phreatomagmatic eruptions. Ash pellets pre-
served within the Unit 1 thin co-ignimbrite ash (Fig. 6) are conspicuous
butmaywell be a product of atmosphericmoisture rather thanmagma-
water interaction (White and Valentine, 2016). In addition, the Mdϕ
and fines content of the Ci (average Mdϕ of −0.27 and an average σ
of 2.60; Table 1) are not consistent with similar mafic ignimbrites asso-
ciated with magma-water interaction. Specifically, the Ci contains 73%
moderately vesiculated ash on average, with only 13.2–19.8% total
mass being fine ash, although we do note that Unit 1 is slightly fines-
enriched. This is in contrast to themore typical 85–95% low vesicularity
ash found in mafic ignimbrite-forming eruptions driven by magma-
water interaction (e.g., Heiken and Wohletz, 1985; De Rita et al., 2002;
Giordano et al., 2002; Miyabuchi et al., 2006).

We also investigated ash grains using scanning electron microscopy
to look for surface features consistent with magma-water interaction
(blocky grains, surface fractures, and adhering dust; Heiken and



Fig. 15. Crystal fraction (ϕXtal) versus area number density NA (mm−2) for the Ci (this
study), Masaya Triple Layer (Bamber et al., 2020), Etna 122 BCE (Sable et al., 2006),
mafic Plinian and PDC deposits of Arenal volcano (Szramek et al., 2006), and the
Fontana Lapilli Basalt (Costantini et al., 2010). Costantini et al. (2010) report a range of
values for ϕXtal and the median of those ranges are plotted here. Only plagioclase ϕ and
NA are reported for the Ci. Other notable mafic explosive eruptions include the 1886
eruption of Tarawera volcano, New Zealand. Pyroclasts of that eruption contain 85–99%
microlites, dominated by 57% plagioclase, 40% clinopyroxene, 2% olivine, and < 1% FeTi
oxides (Sable et al., 2009). The 2001 hydromagmatic to Strombolian and ash explosions
eruption of Etna volcano produced NA from 103 to 105 mm-2 and glass contents of 12.6–
76.1% (Taddeucci et al., 2004). An interesting observation is that high NA, while typically
associated with mafic explosive activity, is not always a necessity of high explosivity
mafic eruptions. High NA are typically attributed to undercooling from rapid ascent that
drives disequilibrium crystallization (Arzilli et al., 2019), but these data highlight that
such conditions are not always preserved in the pyroclast record. However, Ci
plagioclase number densities are consistent with nucleation-dominated crystallization
(Blundy and Cashman, 2008), a process attributed to high undercooling.
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Wohletz, 1985; Büttner et al., 1999; Miyabuchi et al., 2006). Many ash
particles are blocky to vesicular, but we do not see cracking or fine ash
adhered to surfaces. Componentry analysis of Ci ash reveals a high rela-
tive proportion of scoria to lithics (22–29%), which indicates a lower
amount of conduit margin breakage in the subsurface. We do note
that approximately 51% of Unit 4 lithics are hydrothermally altered,
which may suggest the latter stage of the Ci eruption interacted with
some form of external water similar to the waning stages of the 122
Etna (Sable et al., 2006) and Tarawera 1886 (Houghton et al., 2004)
eruptions. However, the high concentration of hydrothermally altered
lithics may alternatively be a result of the conduit excavating a hydro-
thermally altered region of Llaima and not an influence of external
water.

The only evidence thatmagma-water interactionmay have played a
role are the pervasive inclusions of country rock within pyroclasts. In-
clusions are dominated by mafic lavas, and thus are likely excavated
from Llaima's ancestral shield volcano lavas within 500–1000 m of the
surface, where we might expect there to be groundwater (depth
based on geologic map, Naranjo and Moreno, 2005). Indeed, wall rock
brecciation is common in phreatomagmatic eruptions (see White and
Ross, 2011); thus, phreatic activity or magma-water interaction along
the conduit margins is a plausible explanation for the brecciation and
injection of wall rock into the ascendingmagma. However, the agglom-
erate textures suggest clast fusing in the conduit post injection of wall
rock, which is unexpected in phreatomagmatic eruptions due to the
rapid lowering of temperatures. Therefore, our observations of Ci grain
size, ash textures, componentry, inclusion of wall rock material within
pyroclasts, and evidence for ash fusing suggest that, while magma-
water interaction may have played some role in the eruption, it was
not the driving mechanism that led to the Ci explosive conditions. In-
stead, we turn to the microlites for evidence of the conditions that pro-
moted strong explosivity.

The interplay of bubbles and crystals during magma ascent has a
considerable influence on eruption style. Microlites are particularly im-
portant as they can both facilitate degassing by creating new sites for
bubble nucleation or suppress gas escape by increasing bulk viscosity
and bubble network tortuosity (Vona et al., 2011; Moitra et al., 2018;
Arzilli et al., 2019). For example, Sparks (1978) found that a critical ve-
sicularity of ~75% for magmatic fragmentation in crystal-free magmas.
In contrast, Arzilli et al. (2019) show the requirements for Plinian basal-
tic eruptions are temperatures <1100 °C, syn-eruptive crystal contents
of more than 30%, and a bulk viscosity of 105 Pa s. Experiments by
Lindo et al. (2017) show that the vesicularity of permeability onset in
basaltic andesites is reached at vesicularities ≤56% when crystallization
is greater than ~20%. This implies that at 20% crystallization, permeabil-
ity is enhanced, and thus gas escape through a permeable magma could
be a prevailing process. However, this was clearly not the case for the
Curacautín magma

Many microlite morphologies observed in Ci pyroclasts, such as
acicular, swallowtail, and skeletal, are associated with disequilibrium
crystallization conditions and hence rapid growth (Hammer and
Rutherford, 2002; Szramek et al., 2006; Shea and Hammer, 2013). Pla-
gioclase microlite fractions in Ci pyroclasts (Fig. 8) are 0.29–0.44
(Table 2), well above the ~20% total crystallinity necessary to drop ve-
sicularity of permeability onset to ≤56%. Plagioclase ϕplag and NA

textures are consistent with nucleation-dominated crystallization
(Blundy and Cashman, 2008) and are suggestive of rapid magma
ascent (Fig. 15). An analysis of plagioclase crystal size distributions
(CSDs) suggests the population and size distribution of Ci plagioclase
formed in seconds to hours, further supporting a rapid ascent hypothesis
(Valdivia Muńoz et al., 2021).

Ci vesicularities are between 43 ± 10% and 71 ± 10% and, as such,
are within the critical vesicularity range for magmatic fragmentation
of a crystal-bearing melt (Arzilli et al., 2019) (Fig. 4). Our microlite
and vesicularity data are thereforemost consistent with those observed
in brittle fragmentation of a basaltic andesite magma. Further, Valdivia
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Muńoz et al. (2021) found that 99% of the Ci vesicle network is intercon-
nected but convoluted with high values of tortuosity. Additionally, they
show that permeabilities of Ci pyroclasts calculated from 3D X-ray com-
putedmicrotomography analyses are 0.3–6.3× 10−12m2. These perme-
abilities are slightly lower than those of other basaltic explosive
eruptions (Colombier et al., 2021), and suggest that even though per-
meability was established, the Curacautín magma was unable to effi-
ciently lose gas, resulting in a coupling of the gas to the magma. Using
the bubble number density meter of Toramaru (2006), Valdivia
Muńoz et al. (2021) estimated a decompression rate for the Curacautín
magmaof 1.4MPa s−1. This rate is similar to the rates of 1.5 and 2.0MPa
s−1 calculated for the 1886 Tarawera and Etna 122 BCE eruptions, re-
spectively Shea (2017). Additionally, ValdiviaMuńoz et al. (2021) calcu-
lated a minimum overpressure of 5 MPa necessary to fragment the
Curacautín magma, suggesting that rapid ascent could have generated
the overpressure needed to fragment the microlite-bearing magma.

Comparing the Ci magmatic conditions to similar eruptions lends
further insight into the conditions that produce explosive basaltic vol-
canism. The critical vesicularity of 30% necessary for brittle fragmenta-
tion of mafic magmas assumes crystallization must occur for mafic
explosive volcanism (Arzilli et al., 2019). However, there are examples
of mafic systems that erupt explosively but produce relatively glassy
pyroclasts (e.g., Costantini et al., 2010; Bamber et al., 2020). The Fon-
tana lapilli basalt is interpreted to be the result of rapid decompression,
but not attributed to microlite crystallization and a subsequent
rheological shift in the magma (Costantini et al., 2010). Instead, that
eruption appears to be the result of phreatomagmatism and late decom-
pression-induced homogeneous bubble nucleation from rapid ascent.
Eruption temperatures are estimated at 1100 °C, which are likely too
hot for extensive microlite crystallization by the time of eruption.
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Therefore, the rapid quenching frommagma-water interaction and high
temperatures are expected to produce relatively glass-rich pyroclasts
(Fig. 15). Similarly, the Masaya Triple Layer eruption (Bamber et al.,
2020) contains both microlite-rich and microlite-poor pyroclasts but
have a 50–80% glass matrix (Fig. 15). However, Masaya microlite
NV are at most only one order of magnitude different from those
measured in the Ci and are comparable to NV calculated in other
explosive mafic eruptions (e.g., Etna, Tarawera; Sable et al., 2006; Sable
et al., 2009). Additionally, Masaya microlite Sm are approximately
half the size of those measured for the Ci. This may suggest that
crystallization of the Ci magma began deeper in the conduit and
would explain why Masaya has a high NV but still high glass content.
The deviation between our microlite calculations and those of
similar eruptions may results from a range of microlite shapes and
sizes that nevertheless produce a similar rheological shift to enable
brittle behavior.

Our proposed model of rapid ascent of a partially degassed basaltic
andesite magma contrasts with recent work by Ruth et al. (2016) that
posits that the 2008 Strombolian activity at Llaima is the result of re-
peated injection of mafic magma batches, crystal mush remobilization,
and extensive vesiculation. They calculated depths of magma storage
between 1 and 4 km with recharge magmas rising from 14 km depth.
Schindlbeck et al. (2014) calculated depths of Ci storage at ~18 km.
Rapid ascent from greater depths would result in higher degrees of
undercooling as themagma nears the surface, resulting in a faster rheo-
logical shift that locked up the Ci magma and inhibited degassing
(Valdivia Muńoz et al., 2021). The 2008 Strombolian eruption, by com-
parison, was passively degassing from a semi-shallow crystal mush
zone that upon repeated addition of deeper magmas, unlocked trapped
gases that triggered rapid ascent and subsequent Strombolian activity.
We speculate that Llaima's varying degrees of explosivity may reflect
ranges in the depths from which the erupted magmas originated, sug-
gesting that the size of magma injectionmay have an important control
on the intensity of explosivity from Llaima.

To summarize, lithic entrainment within pyroclasts and the pres-
ence of hydrothermally altered accidentals suggestmagma-water inter-
actionmay have played some role in the Curacautín eruption. However,
the microlite textures, vesicle network properties, and evidence for
pyroclast fusing in the conduit suggest that undercooling-induced
crystallization, resulting from rapid magma ascent, resulted in both
an increase in the Ci bulk magma viscosity and coupling of the gas to
the magma, allowing the magma to reach the threshold necessary
for brittle fragmentation of a crystal-bearing melt. Though we have
not experimentally quantified the Ci ascent rate here, plagioclase
microlite textures are on the order of magnitude of similar mafic explo-
sive eruptions (Sable et al., 2006; Sable et al., 2009; Vinkler et al., 2012;
Bamber et al., 2020).

4.6. Conceptual eruption model

The observed high microlite crystallinity, disequilibrium microlite
morphologies, and moderate vesicularities are consistent with mag-
matic fragmentation of a rapidly ascending and partially degassed
melt (Lindo et al., 2017; Moitra et al., 2018; Arzilli et al., 2019).
Polylobate bubbles shaped by the highmicrolite content suggest bubble
nucleation and degassing occurred due to a combination of rapid de-
compression and new nucleation sites created during microlite crystal-
lization. The resulting increase in viscosity and bubble overpressure
would likely have been sufficient to fragment the bulk magma brittlely.

Juvenile pyroclast vesicularities, bubble textures, and microlite tex-
tures are similar betweenUnits 1, 2, and 3, suggesting similar conditions
in ascent rate and fragmentationmechanisms. Unit 4, the thinnest of the
Ci Units, has lower vesicularities and higher bulk densities relative to
underlying units (Fig. 4). Unit 4 also has the lowest plagioclasemicrolite
content, suggesting a decrease in decompression rate that allowed the
ascending magma to maintain a lesser degree of undercooling or
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supersaturation, enabling enhanced degassing. This unit likely repre-
sents the waning stage of the eruption.

The Curacautín eruption paused for hours to days at the end of Unit
1, which allowed a fine-grained co-ignimbrite ash to deposit. Atmo-
spheric moisture likely promoted the formation of massive ash pellets
that cap the co-ignimbrite ash. Due to the lack of fine-grained laminae
coating the ash pellets, they were likely deposited after the passing of
the ash-rich Unit 1 pyroclastic current wake, thus not accreting fine
ash to form accretionary lapilli (Brown et al., 2010). Degassing of Unit
1 generated gas elutriation pipes in the upper 1–2 m and circular to
elongated gas pockets (void spaces; Fig. 6) within co-ignimbrite ash of
Unit I. We interpret that most of Unit 1 degassing occurred following
the deposition of Unit 2, whereby the coignimbrite ash acted as a low
permeability layer that trapped escaping gas fromUnit 1. The sharp con-
tacts, lack of reworking, evidence for primary ignimbrite deposits (e.g.,
elutriation pipes), and planar contacts between Units 1, 2, and 3 suggest
a short-lived pause between deposition of ignimbrites. Unlike Unit 1,
there are no ash pellets or afine ash cap overlyingUnit 2 or 3, suggesting
subsequent currents deposited before co-ignimbrite ash could settle.

Different componentry for Units 2 and 3 may indicate a shift in vent
location or fragmentation depth. For example, a higher concentration of
granitic basementmaterial in Unit 3 thanUnits 1, 2, and 4 could indicate
fragmentation of bedrock deeper in the conduit ormigration of the vent.
The higher population of hydrothermally altered lithics in Unit 4 may
indicate some interaction with external water or hydrothermally al-
tered country rock.

Our minimum tephra volume estimate of 6.79–7.60 km3 (Fig. 14)
corresponds to a VEI5 Plinian eruption (Newhall and Self, 1982).
There is no evidence that significant additional volume was deposited
as a co-ignimbrite ash following the cessation of the eruption. The com-
mon image invoked by Plinian eruptions is a convecting column of ash
and bombs towering tens of km into the atmosphere. The Ci, however,
lacks any fall deposits and is composed entirely of valley-filling tuffs.
Further, all Ci exposures contain agglomerate pyroclasts (Fig. 7),
which suggest clasts were interacting with and impacting one another
in the conduit before deposition. These observations suggest the Ci
eruption was a boiling over event or collapsing low column that infilled
valleys and drainages around Llaima with the deposits of concentrated
pyroclastic currents (e.g., Giordano and Dobran, 1994; Giordano and
Doronzo, 2017; Smith et al., 2020).

Trolese et al. (2019) show that total collapse regimes that generate
long runout PDCs (>20 km) result from a high amount of collapsing
mass at low collapse heights. Due to their inability to entrain atmo-
spheric air and cool down, these eruptions tend to be hot and result in
deposit welding (Trolese et al., 2019). As noted above, the Ci lacks fall
deposits, which we interpret to represent a collapse regime or boiling
over event. However, the Ci is entirely nonwelded. The lack of welding
is most likely due to the microlite rich and glass poor nature of the
pyroclasts.

Based on our volume estimates, the Curacautín eruption cleared 1.1–
1.2 × 1013 kg ofmaterial from Llaima's reservoir. Modeling by Carey and
Sigurdsson (1989) found that minimum mass eruption rates of 2.0 ×
108 kg s−1 are associated with large-volume pyroclastic current gener-
ation. Using our estimated erupted mass of 1.09–1.24 × 1013 kg and a
minimum eruption rate for pyroclastic current generation of 2.0 × 108

kg s−1, we estimate a Curacautín eruption duration of ~15–17 h. We
note that mass eruption rates are heavily dependent on parameters
such as vent radius, shape, and eruption temperature (Trolese et al.,
2019), and therefore these eruption durations are only first order ap-
proximations.

4.7. The caldera hypothesis

Naranjo and Moreno (1991) hypothesize the Ci eruption formed an
8-km diameter caldera due to the volume of material evacuated from
the chamber and that Holocene deposits cover this caldera. Barometric
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measurements by Schindlbeck et al. (2014) place the Cimelt residence at
~18 km depth corresponding to a roof aspect ratio (R) of ~2.25, where R
is the ratio of reservoir depth to reservoir diameter. Roche and Druitt
(2001) show that R values <1 are consistent with coherent caldera col-
lapse while R values >1.4 are associated with incoherent caldera col-
lapse. R values >2 may indicate caldera formation from incoherent
faulting between the reservoir and surface, but Roche and Druitt
(2001) stress this is not always the case because upward propagating
faults may intersect at depth and cease their upward migration. One
such case is the 1600 CE eruption of Huaynaputina, during which ~11
km3 of DRE magma was erupted from reservoirs at ~20 km and ~ 6 km,
and a volumetrically equivalent caldera did not form (Lavallée et al.,
2006). Therefore, we conclude there is not sufficient evidence corrobo-
rating the caldera-collapse hypothesis. Geophysical surveys capable of
resolving subvolcanic features at depths of 20 km may be necessary to
further explore the caldera model (Davy and Caldwell, 1998).

5. Conclusions

The Ci is an impressive example of the explosive endmember of
mafic volcanism. We conducted extensive field and petrographic stud-
ies to develop a new conceptual eruption model for the Ci. Our field ob-
servations, including no evidence for a significant time break between
flow units, and new 14C data suggest the Curacautín eruption was a sin-
gle event at ~12.6–12.7 thousand years BP. All juvenile clasts exhibit ex-
tensive microlite crystallization, polylobate vesicle networks, and
moderate vesicularities that suggest this eruptionwas triggered by brit-
tle magmatic fragmentation of a rapidly ascending, non-degassed, and
highly viscous (relative to typical basaltic andesite magmas) bulk
magma. Using new detailed field observations and stratigraphic sec-
tions of Lohmar (2008) and this study, we estimate the minimum Ci
tephra volume between 7.6 and 8.6 km3 (DRE volume of 4.0–4.5 km3)
and a total mass of 1.1-1.2 × 1013 kg. Our volume estimate and single
eruption model allow us to estimate an eruption duration of ~15–17 h.
Despite the large volume, we did not find sufficient evidence to suggest
the Curacautín eruption generated a volumetrically equivalent caldera.
Our case study of the Ci supports a growing body of literature that sug-
gests rapid ascent rates are one of the primary drivers for strongly ex-
plosive mafic eruptions (Houghton et al., 2004; Sable et al., 2006;
Sable et al., 2009; Moitra et al., 2018; Arzilli et al., 2019; Bamber et al.,
2020).

Future work is necessary to further constrain the conditions that
promoted the explosive Ci eruption. The lack of fall deposits is peculiar
andmay be explained by an investigation of vent geometry. Further tex-
tural investigation of agglomerate textures and lithic inclusions are im-
portant for constraining processes within the conduit (e.g., magma-
water interaction). More detailed whole-rock, trace element, and iso-
tope studies are necessary to better resolve pre-eruptive conditions
for the Ci. Comparison of Ci pyroclast textures with those created
using high pressure-temperature decompression experiments of Ci
melts could quantify decompression paths and the degree of Ci melt
undercooling and plagioclase supersaturation (Shea and Hammer,
2013). Magma rheology experiments (e.g., Vona et al., 2011) could con-
strain the viscoelastic evolution of the Ci melt related to different tem-
peratures and degrees of undercooling and would complement the
decompression experiments with respect to textural comparison. Both
the decompression experiments and rheology experiments could
serve to extend numerical models of microlite nucleation and growth
developed for silicic magmas (e.g., Andrews and Befus, 2020) to mafic
compositions, providing additional quantitative insights into crystalli-
zation kinetics in mafic systems such as Llaima volcano.
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