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ABSTRACT: The climactic Los Chocoyos (LCY) eruption from Atitlán caldera (Guatemala) is a key chronostratigraphic
marker for the Quaternary period given the extensive distribution of its deposits that reached both the Pacific and Atlantic
Oceans. Despite LCY tephra being an important marker horizon, a radioisotopic age for this eruption has remained elusive.
Using zircon (U–Th)/He geochronology, we present the first radioisotopically determined eruption age for the LCY of 75± 2
ka. Additionally, the youngest zircon crystallization 238U–230Th rim ages in their respective samples constrain eruption age
maxima for two other tephra units that erupted from Atitlán caldera, W‐Fall (130 +16/−14 ka) and I‐Fall eruptions (56 +8.2/−7.7
ka), which under‐ and overlie LCY tephra, respectively. Moreover, rim and interior zircon dating and glass chemistry suggest
that before eruption silicic magma was stored for >80 kyr, with magma accumulation peaking within ca. 35 kyr before the
LCY eruption during which the system may have developed into a vertically zoned magma chamber. Based on an updated
distribution of LCY pyroclastic deposits, a new conservatively estimated volume of ~1220± 150 km3 is obtained (volcanic
explosivity index VEI> 8), which confirms the LCY eruption as the first‐ever recognized supereruption in Central America.
© 2021 The Authors. Journal of Quaternary Science Published by John Wiley & Sons Ltd on behalf of Quaternary Research
Association
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Introduction
Caldera‐forming supereruptions (volcanic explosivity index
VEI 8) are among the most energetic geological events on Earth
with well‐documented impacts on climate and the biosphere,
yet they are only known from the geological record as no such
eruption has occurred in historical times (Miller and
Wark, 2008; Newhall et al., 2018). The broad airborne and
ground‐hugging dispersal of volcanic particles, along with the
release of substantial climate‐forcing gases (e.g. SO2 and
oxidized derivatives; Metzner et al., 2014; Krüger et al., 2015;
Kutterolf et al., 2015; Brenna et al., 2019, 2020), represent
serious hazards from local to global scales (Self, 2006; Miller
and Wark, 2008). Improving knowledge of magma storage and
eruption chronologies as well as the distribution of pyroclastic
materials during caldera‐forming eruptions are essential
prerequisites to reconstruct past eruptive behaviors and assess
future risks. This is especially true for eruptions such as the Los
Chocoyos (LCY) event sourced from Atitlán caldera (Guate-
mala) that has produced atypical long‐runout pyroclastic
density currents (PDCs) with a particularly destructive power
due to the rapid movement of hot mixtures of gas and rock
across the ground surface (Koch and Mclean, 1975).
The LCY is the largest Quaternary eruption in the Central

American volcanic arc (CAVA; Rose et al., 1987) and it ranks
among the largest known individual volcanic events worldwide

(>1000 km3; VEI> 8; Kutterolf et al., 2016; Newhall et al., 2018).
It has been widely used as a key chronostratigraphic marker for
relative dating of paleoenvironmental, paleoclimate and volcanic
events throughout Central America and adjacent marine basins in
the Pacific Ocean, the Caribbean Sea and the Gulf of Mexico
(e.g. IODP and ICDP; Bowles et al., 1973; Hahn et al., 1979;
Drexler et al., 1980; Cadet et al., 1982a, 1982b; Ledbetter,
1982, 1985; Pouclet et al., 1985; Rabek et al., 1985; Hodell
et al., 2008; Kutterolf et al., 2008a, 2008b, 2015, 2016). The age
of this tephra has long been inferred as ca. 84 ka BP from δ18O
stratigraphy of marine carbonates (Drexler et al., 1980), but
despite its importance to many aspects of Quaternary geos-
ciences and the hazard potential that Atitlán caldera poses itself,
the inferred date for the LCY eruption has not been independently
tested through radioisotopic methods. Multiple attempts of
radioisotopic confirmation of the δ18O age for LCY have failed
due to the inherent limitations of radiocarbon dating (which is
practically limited to <50 ka) and a lack of suitable materials for
40Ar/39Ar analysis (e.g. Bonis et al., 1966; Kennett and
Huddlestun, 1972; Bowles et al., 1973; Koch and Mclean, 1975;
Hahn et al., 1979; Drexler et al., 1980; Rose et al., 1999; Brocard
and Morán‐Ical, 2014). Moreover, little is known about the
timescales of magma accumulation underneath Atitlán caldera
before and after its supereruption.
Zircon is a chemically and physically resistant mineral that has

the potential to accurately record the age of rocks throughout
Earth's history. The 238U–230Th and U–Pb isotopic systems in
zircon are largely undisturbed by diffusion even at magmatic
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temperatures, thus yielding reliable crystallization ages and
constraints on the longevity of magmatic systems. By contrast,
radiogenic 4He remains highly mobile in zircon until reaching its
low closure temperature (150–220 °C; Reiners et al., 2004;
Guenthner et al., 2013). In volcanic rocks, this occurs upon rapid
quenching of zircon‐bearing magma at the Earth's surface, and
hence (U‐Th)/He ages are generally interpreted as eruption ages
unless disturbedby subsequent heating events (Danišík et al., 2017).
For young zircon where the intermediate daughter isotope 230Th is
in disequilibrium, 238U–230Th analysis of individual crystals is an
essential prerequisite for accurate (U–Th)/He zircon eruption age
determinations (zircon double‐dating, ZDD; Danišík et al., 2017)
because significant disequilibrium corrections are required (Farley
et al., 2002). Another important constraint from zircon 238U–230Th
crystallization dating is that the youngest crystals can provide an
upper limit for the eruption age (Schmitt, 2011).
Here, we combine results from fieldwork (mapping) with

geochronology using the ZDD method combining U‐series and
(U–Th)/He ages. This investigation has resulted in the first
radioisotopic age determination for the LCY eruption and in a
maximum depositional age for the previously undated younger
I‐Fall eruption. Zircon crystallization ages from LCY and
bracketing units also constrain the timescales of magma
accumulation before and after the LCY eruption. Based on the
new mapping and tephra correlation, we also updated the
distribution of PDC deposits from LCY and re‐evaluate its
eruptive volume applying a geographical information system

(GIS) approach. Our results confirm LCY as the first documented
Central American VEI 8 supereruption (e.g. Kutterolf et al., 2016).

Geological background
Atitlán caldera (18× 12 km, ~600m depth), located in south‐
western Guatemala, results from the youngest of at least three
overlapping caldera‐forming events that occurred over the last
ca. 14 million years (Atitlán I: ca. 14–11Ma, Atitlán II:
ca. 10–8Ma, Atitlán III: ca. 1–0Ma; Newhall, 1987). During
the last caldera‐forming phase (Atitlán I) modern Atitlán Lake
was created (~300 km2; Fig. 1a). This phase comprised at least
three large‐scale explosive rhyolitic eruptions including W‐Fall
eruption at ca. 158± 3 ka (40Ar/39Ar; Rose et al., 1999), the
colossal LCY eruption estimated at ca. 84± 5 ka (Drexler
et al., 1980) and the I‐Fall eruption suite, with a stratigraphically
estimated age of >40 ka (Rose et al., 1987). During the
estimated 20–27‐day duration of the LCY climactic ultra‐
Plinian eruption (Ledbetter and Sparks, 1979), a >40‐km‐high
eruptive column produced fall‐out deposits up to 3.6m thick in
proximal locations, and distal cm‐thick deposits spanning from
the coast of Texas to the Panama Basin (Fig. 1b; Drexler
et al., 1980; Rose et al., 1987; Kutterolf et al., 2016; Schindl-
beck et al., 2018). Concurrently, repeated gravitational collapse
from the eruptive column produced voluminous PDCs that
surmounted remarkably high topographic barriers in the
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Figure 1. (a) Location of Atitlán caldera and overview of Lake Atitlán. (b) Isopach map for LCY fall‐out tephra modified from Kutterolf et al. (2016).
Bold numbers represent isopach thicknesses and numbers in italics give thicknesses at the distal outcrops. Isopachs are taken from Kutterolf et al.
(2016) and references therein; distal isopachs are constrained by few available data and documented with dotted lines where interpolation between
outcrop thickness is weak or missing. Symbols in the map represent the literature sources for the thickness data as given in the legend. (c) Map
showing the distribution of exposed ignimbrite (pyroclastic density current, PDC) deposits from the Los Chocoyos eruption. White circles are
sampling locations, whereas colored circles are locations of samples used for zircon 238U–230Th crystallization and (U–Th)/He eruption
geochronology. Modified from Hahn et al. (1979) and Brocard and Morán‐Ical (2014). PO= Pacific Ocean; GM=Gulf of Mexico; CS=Caribbean
Sea; MX=Mexico. Shaded relief topography based on ASTER GDEM Version 3 (NASA/METI/AIST/Japan Space Systems, and U.S./Japan ASTER
Science Team, 2019). (d) Schematic stratigraphic column synthesized from different outcrops of Atitlán deposits with a differentiated stratigraphy of
the LCY eruptive sequence modified after Rose et al. (1987). [Color figure can be viewed at wileyonlinelibrary.com]
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Guatemalan highlands with more than ~400‐m elevation
difference (Koch and Mclean, 1975). These PDCs continued
to flow for distances >130 km from the source, filling major
drainage basins with up to ~200‐m‐thick deposits of non‐
welded pyroclastic particles (Fig. 1c; Koch and Mclean, 1975;
Hahn et al., 1979). The LCY eruptive sequence comprises a
basal tephra fall‐out member (Figs 1d and 2), the largest known
in Central America, which is overlain and sometimes partly
eroded by a thick (4–200m) unwelded ignimbrite deposit
(characterized by salmon pink top; Fig. 2), and ~1 km3 of surge
deposits, which formed during late‐stage phreatomagmatic
explosions (Rose et al., 1987). Based on distal outcrops at Lake
Petén Itzá and offshore data from the Pacific Ocean and the
Caribbean Sea, current estimates on mass and tephra volume for
the LCY eruption are ~1.3× 1015 kg and ~1100 km3 (510 km3,
dense rock equivalent, DRE), respectively (Kutterolf et al., 2016;
Schindlbeck et al., 2018). The older W‐Fall and younger I‐Fall
yield erupted tephra volumes of ~83 km3 (DRE) and ~7 km3

(DRE), respectively (Rose et al., 1987; Kutterolf et al., 2016).

Methods
Based on established stratigraphy, textural characteristics
(Koch and Mclean, 1975) and new mapping of 113 outcrops,
57 potential LCY tephra samples were collected from
proximal, medial and distal sites and variable stratigraphic
positions (Fig. 1c). Sampling was geographically widespread
(mostly radially to the north, west and east of the caldera) and
covered stratigraphically distinct levels, which include deposi-
tional sub‐units, including fall‐out, ignimbrite and surge
deposits (Fig. 2). Proximal LCY fall‐out (G17‐26; ~17 km
NNE) and ignimbrite (G17‐23; ~25 km NE) as well as a medial
fall‐out (G17‐4; ~50 km SE) samples were selected for
geochronological analysis on zircon unpolished rims and
polished interiors (G17‐23) by 238U–230Th disequilibrium
dating using a CAMECA IMS 1280‐HR secondary ion mass
spectrometer at Heidelberg University, Germany (providing
crystallization ages of the outermost crystal face for all
samples; Supporting Information Table S1). Additionally, two

large silicic eruptions that bracket the LCY eruption (W‐ and
I‐Fall) were also sampled for analysis of zircon rim crystal-
lization ages (Table S1). For eruption source identification and
correlation purposes, glass shards were analyzed for major and
trace element abundances in selected samples from LCY,
W‐ and I‐Fall (sub)units. Major element geochemical analyses
from glass shards were carried out using electron probe
microanalyses at GEOMAR, Kiel, Germany (EMPA; Table S2),
whereas trace element concentrations were determined via
laser ablation inductively coupled plasma mass spectrometry
at the Academia Sinica in Taipei, Taiwan (LA‐ICP‐MS; Table
S2). The (U–Th)/He part of ZDD was conducted at the John de
Laeter Centre (Curtin University), Perth, Australia, following
protocols described in Danišík et al. (2017). The accuracy of
the zircon (U–Th)/He dating procedure was monitored by
replicate analyses of Fish Canyon Tuff zircon (n= 12)
measured throughout this study as an internal standard,
yielding a mean (U–Th)/He age of 28.4± 0.9Ma (n= 12; 1σ
uncertainties stated throughout this study; Table S3), which is
in good agreement with the reference (U–Th)/He age of
28.3± 1.3Ma (Reiners, 2005) and a U‐Pb age of
28.48± 0.03Ma (Schmitz and Bowring, 2001). To avoid
overestimation of the disequilibrium correction, zircon
(U–Th)/He ages were corrected following the method of
Friedrichs et al. (2021) that accounts for intragrain variations
in 238U–230Th disequilibria resulting from protracted crystal-
lization where interiors can be significantly older than rims.
The eruption age for single samples was calculated as the
error‐weighted mean from the disequilibrium‐corrected single‐
grain (U–Th)/He ages and standard errors using IsoplotR
(Vermeesch, 2018; Table S3). The final LCY eruption age
was calculated from combining the disequilibrium‐corrected
single‐grain (U–Th)/He ages of the three analyzed LCY samples
(n= 48 grains). Mean square weighted deviation (MSWD)
values were >1 in all samples, suggesting non‐analytical
scatter (e.g. due to heterogeneity in U abundances); to provide
a conservative age uncertainty, all standard errors of the
weighted average were multiplied by the square root of
the MSWD.

LCY volume calculation

The LCY PDC volume was reassessed using GIS‐based
analysis. The ignimbrite deposit limits (Fig. 3a) were estimated
based on the elevation and morphology interpolated from the
nearest outcrops and respective thicknesses as well as from
interpolated thickness decay to the distance evident by the
debris fans visible on Google Earth. The LCY ignimbrite
volumes are based on field measurements (Fig. 3a–c; Support-
ing Information Table S4) plus drill core data from the
Quetzaltenango basin of Rose et al. (1979). Working in the
Universal Transverse Mercator (UTM) coordinate system,
ignimbrite volumes were calculated by two methods: (i) from
the ignimbrite distribution map (Fig. 3a) in raster format with a
30‐m pixel size, by summation of the areas times estimated
average thickness; or (ii) from the volume under continuous
thickness surfaces interpolated from minimum thickness field
observations (Fig. 3b,c). Specific thickness data for LCY are
available for 60 locations supplemented by five thickness
estimates and interpretation from Rose et al. (1979; Fig. 3a;
Table S4). The 65 locations provide only minimum deposit
thickness estimates, and thus volume calculations are likely to
conservatively underestimate the original total volume. Based
on the permissible flow directions from Brocard and Morán‐
Ical (2014), interpolation across the Guatemala highlands
proximal to Atitlán is allowed, and no attempt is made to
differentiate between thickness variations produced by chan-
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Figure 2. Outcrop photograph showing a typical eruptive deposit
sequence of the LCY eruption. [Color figure can be viewed at
wileyonlinelibrary.com]
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nelized flow versus 360‐degree flooding of the original
topography. Data are not evenly distributed among mapped
exposures; distal deposits to the north‐east are poorly
represented, and undocumented. Probably continuous runout
deposits down the coastal plain to the south are not
encompassed by this volume estimate. As a result, simple

interpolated thickness calculations based on the known
minimum thicknesses are dependent on the interpolation
algorithm. Using ESRI ArcGIS, at a scale of 90m in UTM,
utilizing eight different interpolation algorithms with standard
interpolation parameters, interpreted thickness surfaces based
on the 65 thickness observations yield a convex hull extent

© 2021 The Authors. Journal of Quaternary Science published by John Wiley & Sons Ltd on behalf of
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Figure 3. Estimate of LCY original ignimbrite distribution based on outcrop thicknesses and interpolated extensions. (a) Colored fields: integrated
LCY thickness estimates from measured points and geomorphology of sedimentary basins. Volume estimation computed directly as thickness times
area; blue circles represent LCY field thickness measurements. (b,d) LCY potential extent from panel (a) (white outlines); colors represent interpolated
thickness using an inverse distance weighting (IDW) algorithm and black hatch areas are combined outcrops from this work and Hahn et al. (1979)
and Brocard and Morán‐Ical (2014); volume estimate from the average of eight different interpolation algorithms. (c,e) Intersection of interpolation
hull and estimated 4m PDC extent; black arrows show possible LCY flow directions from Brocard and Morán‐Ical (2014) and volume estimate is
from a single IDW algorithm. (b,c) Volume calculation based on interpolation restricted to available field thickness data; interpolation hull limited by
measured thickness locations. (d,e) Volume calculations using a 4m estimated extent of LCY ignimbrite via measured thicknesses and synthetic or
extrapolated points. (c,d) Thickness surface for Quetzaltenango basin interpolated separately or with interpolation boundaries depending on the
interpolation algorithm. [Color figure can be viewed at wileyonlinelibrary.com]
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encompassing the thickness observations, but not the com-
plete perimeter of estimated outcrop extents in Fig. 3(b). To
force an extrapolation to the estimated 4‐m thickness limit,
synthetic points were added to the 4‐m perimeter line for a
comparison set of volume calculations. Based on Rose et al.
(1979), interpolation limits were introduced at the boundaries
of the Quetzaltenango basin, either through algorithmically
derived interpolation barriers or masking. For interpolation
algorithms that do not allow an internal interpolation barrier,
two interpolation surfaces were derived, the first an interpola-
tion surface derived without the drill core data, and the second
with the addition of the drill core data. The interpolated
thicknesses within the Quetzaltenango basin from the second
interpolation were masked into the first to capture the irregular
thickness derived from the flooding of pre‐existing basins.

Results
Stratigraphic and textural characteristics of LCY
deposits

The profiles of proximal, medial and distal LCY deposits were
investigated and three sub‐units were distinguished comprising
fall‐out, ignimbrite and surge members (Fig. 2). The fall‐out
member has a basal thin fine ash layer, a middle coarse‐ash
portion and a thick upper part composed of mostly pumice lapilli
supported by a coarse ash matrix. The ignimbrite member
comprises a thin layer of coarse ash at the bottom followed by a
lithic‐rich layer, probably related to the caldera collapse event.
The main body of the ignimbrite member is dominated by one or
more massive and thick flow units separated by co‐ignimbrite lag
breccia horizons. Degassing pipes, charcoal and the pink
discoloration in the top parts of these deposits are evidence of
relatively hot emplacement, yet no welding occurred. Surge
deposits at the top of the LCY sequence consist of finely
undulated stratified ash deposits. Evidence of wet deposition for
surges is provided by accretionary lapilli and flame‐like load
structures. Surge deposits lack the pink discoloration of the
underlying ignimbrite deposits, and degassing pipes are confined

to the ignimbrite layers, suggesting a short time‐lapse between
ignimbrite and surge emplacement as no soil horizon was
developed. Moreover, lapilli fall‐out layers between ignimbrite
and surge deposits west of the caldera may indicate high eruption
columns associated with the late phase of the eruption.

Glass chemistry

Major and trace element glass compositional data for newly
sampled fall‐out and ignimbrite deposits (Fig. 4) agree closely
with previously established LCY compositional fields on
bivariate diagrams (Kutterolf et al., 2008b, 2016). In contrast,
ash particles and pumice clasts from late‐stage LCY surges (and
in few cases from the ignimbrites) show bimodal and some-
times less evolved (‘exotic’; gray circles and squares in Fig. 4a)
glass compositions (sometimes within individual pumice
clasts) that plot distinctly from known LCY compositional
fields. The splitting of glass compositions into high‐K and low‐
K clusters (difference ~2wt% K2O) reflects the change from
high‐K biotite‐bearing rhyolite in the LCY fall‐out to low‐K
hornblende rhyodacite in the flow deposits that Rose et al.
(1987) observed in bulk‐rock compositions. Major element
compositions from W‐ and I‐Fall glasses strongly overlap with
LCY compositional fields and older tephras from Atitlán
caldera (>158 ka; Kutterolf et al., 2008a, 2016), but many
trace element ratios are distinct (e.g., Zr/Nb vs. Ba/La; Fig. 4b).
Glass chemical analyses along the LCY eruptive sequence
suggest variations towards more heterogeneous melt composi-
tions (Fig. 5) that may be related to the previously described
overturn of the magma chamber (Rose et al., 1979).

(U–Th)/He and U–Th zircon (ZDD) geochronology

Disequilibrium‐corrected (U–Th)/He analyses of LCY zircon
crystals from the proximal fall‐out sample (G17‐26) average
75± 3 ka (MSWD= 4.1; n= 16; Fig. 6a), whereas medial fall‐
out sample (G17‐4) average 76± 3 ka (MSWD= 2.5; n= 16;
Fig. 6b). Zircon from the proximal ignimbrite deposit (G17‐23)
yielded an average age of 73± 4 ka (MSWD= 3.7; n= 16;
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a b

Figure 4. Glass major and trace element geochemistry of Atitlán eruptions. (a) K2O vs SiO2 glass shard compositions of LCY eruptive sequence and
W‐ and I‐Fall tephra. (b) Trace element glass shard compositional ratios. Colored fields are based on data for proximal glass compositions from Kutterolf
et al. (2016) and Schindlbeck et al. (2018); the inset shows chondrite‐normalized rare earth element patterns for glass compositions. Symbols are single
glass shard analysis. Exotic outliers are individual glass shards differing from the bulk of their respective matrix ash or pumice clasts; the origin of the outlier
compositions will be investigated elsewhere. AOT=Atitlán older tephra; LCY= Los Chocoyos. [Color figure can be viewed at wileyonlinelibrary.com]
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Fig. 6c). Considering all zircon analyses as one population, the
weighted mean age and best estimate for the LCY eruption age
is 75± 2 ka (MSWD= 3.3; n= 48; Fig. 6d). This age is
proposed as presently the most precise estimate for the age of
the LCY eruption.
Zircon U–Th crystallization rim ages for the youngest unit of

Atitlán caldera (I‐Fall; G17‐38) yielded ages ranging from
56 +8/−8 to 148 +49/−34 ka (Fig. 7a; n= 29), with a zircon
crystallization age peak in a probability density function (PDF)
at ca. 75 ka. Proximal (G17‐26; n= 25) and medial (G17‐4;
n= 27) LCY fall‐out samples contain zircon crystals with rim
ages ranging from 74 +7/−7 to 139 +20/−17 ka and 82 +10/−9 to
160 +28/−22 ka, respectively (Fig. 7b,c); PDFs display zircon
crystallization age peaks for the proximal fall‐out at ca. 87 ka
and for the medial fall‐out at ca. 97 ka. Zircon rims from the
LCY ignimbrite (G17‐23; n= 54) range in age from 80 +14/−12
to 197 +62/−39 ka (Fig. 7d), whereas zircon interior analyses
(n= 39) for the same sample show a similar age range and
distribution, ranging from 81 +12/−11 to 234 +104/−52 ka (Fig. 7e)
with a few zircon crystals being in secular equilibrium
(ages>350 ka, unresolvable by 238U–230Th disequilibrium
dating methods). Zircon rim crystallization ages for LCY
ignimbrite peak at ca. 100 ka, whereas zircon interiors show
a slightly older crystallization age peak at ca. 110 ka. Multiple
spot analyses on sectioned zircon crystals (G17‐23) reveal
frequent antecrystic domains (derived from earlier crystal
mush or solidified portion of the magma chamber; Fig. 8a),
whereas domains in secular equilibrium (>350 ka) may be of
xenocrystic origin (derived from country‐rock). Both are
usually partly resorbed and overgrown by juvenile zircon with
oscillatory zonation. Ages for antecrystic interiors and their
juvenile overgrowths are in most cases indistinguishable
within error, despite showing contrasting cathodolumines-
cence domains and resorption surfaces in between (Fig. 8a).
The older W‐Fall eruption (G17‐42; n= 23) yielded zircon rim
crystallization ages that range from 130 +16/−14 to 303 +∞/−117
ka (Fig. 7f), with a unimodal crystallization age distribution
peak at ca. 182 ka.
Although similar in age, zircon rims and interiors show a

significant difference in (238U)/(232Th) and (230Th)/(232Th)
activity ratios. Zircon interiors typically have lower (238U)/
(232Th) compared to rims, although some overlap exists (Fig. 9).

The variability in (238U)/(232Th) might be due to the presence
of monazite (Fig. 8b), which occurs relatively frequently in
heavy mineral separates from all studied Atitlán caldera
eruptions, and which may strongly fractionate Th from U
when the melt reaches monazite saturation. Uranium abun-
dances in zircon rims and interiors from ignimbrite sample
(G17‐23) range from 88 to 834 p.p.m. (average= 316) and
from 118 to 4390 p.p.m. (average= 684), respectively. We
observe no systematic difference in U concentrations between
rims and interiors.

Discussion
Age of the Los Chocoyos supereruption and
magma storage timescales

The zircon (U–Th)/He eruption age for LCY of 75± 2 ka is
significantly younger than the commonly cited O‐isotope
stratigraphic age of 84± 5 ka (Drexler et al., 1980) and similar
within error to the corresponding youngest 238U–230Th zircon
ages which date magmatic crystallization (Fig. 7b–e; Table 1).
Concordance between (U–Th)/He eruption ages and the
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Figure 5. Glass compositional variations of LCY tephra in
stratigraphic order (not scaled to thickness or volume). Each sub‐unit
was sampled at a similar stratigraphic level at different locations.
[Color figure can be viewed at wileyonlinelibrary.com]
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Figure 6. (a–c) Disequilibrium‐corrected zircon (U–Th)/He
eruption dating for LCY units including fall and ignimbrite
deposits. Vertical black lines represent weighted average mean
eruption age, whereas the dotted gray line indicates published
oxygen isotope stratigraphic eruption date of 84 ± 5 ka from
Drexler et al. (1980). (d) Weighted average mean from combining
zircon (U–Th)/He data from all LCY dated samples. Uncertainties
are 1σ. [Color figure can be viewed at wileyonlinelibrary.com]
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youngest 238U–230Th zircon crystallization ages for each
sample provides a first‐order consistency check for the ZDD
method (e.g. Danišík et al., 2017). Moreover, zircon crystal-
lization ages overlapping with the eruption age suggest that
crystallization in this magmatic system was ongoing shortly
before eruption. By analogy, we interpret the youngest
238U–230Th zircon crystallization ages as a proxy for the
eruption of W‐ and I‐Fall from Atitlán caldera, although it
always should be cautioned that zircon crystallization ages are
maximum ages for the eruption. A critical assumption for this is
that no zircon dissolution occurred before the eruption, which
is supported by the euhedral morphology of the zircon crystals
(inset Fig. 9). Hence, the youngest zircon from W‐Fall
(130 +16/−14 ka; 1σ) is younger than the existing 40Ar/39Ar
eruption age of 158± 3 ka obtained from low‐K plagioclase,
although both ages overlap within 95% confidence (Fig. 7f;
Rose et al., 1999). There is, however, one younger 40Ar/39Ar
plagioclase age of 141± 3 ka (1σ) reported for W‐Fall (Rose
et al., 1999). The presence of unsupported 40Ar in low‐K
plagioclase from all Atitlán caldera eruptions has been
previously suspected (Rose et al., 1999), and is also evident
from I‐Fall tephra samples, which yielded apparent 40Ar/39Ar
ages of 137± 3 and 173± 16 ka (Rose et al., 1999), despite

I‐Fall stratigraphically overlying LCY (Fig. 1d). Zircon rim
analysis from I‐Fall tephra instead yielded crystallization ages
as young as 56 +8.2/−7.7 ka, in agreement with stratigraphic
relationships. Conservative estimates for the eruption ages for
I‐Fall and W‐Fall based on 238U–230Th zircon age spectra and
Bayesian statistics (Keller et al., 2018) suggest slightly older
eruption dates relative to the youngest zircon age in each
sample. For the I‐Fall zircon spectrum, the Bayesian estimate is
67 +11/−9 ka, whereas for W‐Fall it is 155 +24/−19 ka. Applying
the same statistical methodology to the eruption‐dated LCY
zircon samples, Bayesian age estimates are between ca. 5 and
15 kyr older than the (U–Th)/He eruption age (Table 1). It is
therefore suggested that the youngest‐zircon approach is
probably a better approximation to eruption ages for I‐ and
W‐Falls from zircon crystallization ages.
Protracted zircon crystallization observed in all Atitlán

tephras also suggests prolonged evolved magma presence
between eruptions (Fig. 7). Zircon crystallization in the Atitlán
magmatic system was probably quasi‐continuous, acknowl-
edging that 238U–230Th geochronology alone cannot distin-
guish between truly continuous crystallization and brief
intermittent hiatuses that are below the dating resolution (e.g.
Kent and Cooper, 2018). Although recycling of older zircon
crystals into subsequent eruptions occurred frequently, as
suggested by age zonation documented by multiple dating
spots on crystal interiors (Fig. 8), the shifting of the crystal-
lization modes from the age spectra of the different units is also
indicative of a progressive younging of the overall zircon
population in the system. Zircon age peaks often coincide with
major eruptions, possibly as the result of cooling and crystal-
lization of the unerupted magma after a major recharge event
(e.g. Klemetti et al., 2011; Klemetti and Clynne, 2014).
Under the assumption that zircon crystallization is a proxy

for silicic melt presence in magma chambers, the pre‐eruptive
residence for silicic magma systems is usually inferred from the
difference between zircon crystallization and eruption ages, or
the extent of zircon age distributions. The longevity of such
systems as inferred from zircon ages is generally in the order of
tens to hundreds of thousands of years (e.g. Bacon and
Lowenstern, 2005; Bachmann et al., 2007; Simon et al., 2008).
A correlation between long repose periods with eruption
magnitude has been suggested for some multi‐cycle calderas
(e.g. Yellowstone, western USA, and Toba, Indonesia;
Reid, 2008; Simon et al., 2008), although recent studies have
shown that large eruptions can also be assembled within a few
tens of thousands of years or even less (e.g. Wotzlaw
et al., 2014; Rivera et al., 2016). The zircon ages from LCY
suggest a quasi‐continuous history of silicic magma accumula-
tion in the shallow crust over at least >80 kyr before its
supereruption (Table 1). Despite the large difference in erupted
volumes of LCY with older W‐Fall and I‐Fall eruptions, the
magma storage timescales are of the same order of magnitude
(ca. 60–80 kyr), discarding a correlation of magma longevity
with eruption magnitude.
Partial overlap in LCY zircon ages with those of the

preceding W‐Fall eruption may suggest that unerupted
W‐Fall magma contributed material to the subsequent LCY
magma chamber. Similarly, the younger I‐Fall eruption
appears to have partially tapped magma leftovers from the
LCY eruption given the significant overlap of zircon ages
between both eruptions (Fig. 7). Although more geochemical
data are needed to trace magma inheritance from one to
another eruption, overlapping glass major and trace element
data (Fig. 4; Supporting Information Fig. S1) suggest a probable
genetical relationship, with some compositional differences
that can be explained by mixing between distinct magma
reservoirs and crystal fractionation processes.
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Figure 7. Ranked order and relative probability plots of Atitlán
caldera zircon crystallization ages. (a) 238U–230Th zircon rim
crystallization ages for the I‐Fall unit. (b–e) 238U–230Th zircon rim
and interior crystallization ages for LCY fall and ignimbrite samples. (f)
238U–230Th zircon rim crystallization ages for the W‐Fall unit. The
solid black line represents (U–Th)/He‐weighted average mean eruption
age. Vertical orange dashed lines represent Bayesian eruption
estimates following the approach of Keller et al. (2018), whereas the
dotted gray line represents the O‐isotope stratigraphic LCY date from
1Drexler et al., 1980 and the40Ar/39Ar eruption age from 2Rose et al.
(1999). All error bars are 1σ. [Color figure can be viewed at
wileyonlinelibrary.com]
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Although the proportion of inherited W‐Fall magma in the
growing LCY chamber is difficult to determine, the dominant
zircon crystallization age peaks between ca. 87 and 110 ka
recorded by zircon rims and interiors suggest extensive zircon
nucleation and crystallization at a time that significantly post‐
dates the W‐Fall event. Partially resorbed antecrysts overgrown
by juvenile domains with indistinguishable ages of ca. 100 ka
(Fig. 8) indicate that zircon saturation was re‐established
rapidly following magma recharge, where transient heating
coupled with chemical changes towards less evolved compo-
sitions may have caused partial resorption of pre‐existing
zircon. Although a magma build‐up time of <35 kyr can be
inferred from the difference between the LCY eruption age and
the zircon crystallization age peaks of LCY samples, it would

be premature to postulate continuous magma residence for the
LCY reservoir. The reason to be cautious in inferring
continuous magma residence is because prismatic zircon
faces, which record the last crystallization event of an
individual zircon crystal, cover nearly the same protracted
time‐span of ca.>80 kyr as the interior ages. This suggests that
co‐erupted crystals record different pre‐eruptive thermal
histories: some crystals appear to have been isolated from
the melt until very briefly before the eruption, whereas others
may have crystallized more continuously upon cooling and
differentiation of the last major rejuvenation of the magma
system. Zircon entrapment and shielding by phenocrysts is a
likely scenario for a crystal‐rich storage zone (e.g. Bachmann
and Bergantz, 2003) that may also be suggested by monazite
crystals often hosting fluid inclusions (Fig. 8b), implying
crystallization under relatively high volatile content environ-
ments. Monazite in volcanic rocks may bear the potential to
yield time and geochemical information from a distinct
thermochemical window than that offered by zircon in
magmatic systems.

Distribution of PDCs and revised eruptive volume

Based on field relationships and glass chemical correlations,
an updated distribution of PDC deposits for LCY is presented.
This includes locations in south‐eastern Mexico as the
westernmost deposits of LCY ignimbrite ever described, and
in the eastern parts of Guatemala, at ≥130 km distance from
the source (in a straight line; Fig. 1c). Large‐volume PDCs such
as those generated by the LCY eruption can overcome large
topographic barriers (Aramaki and Ui, 1966; Miller and
Smith, 1977; Wilson et al., 1995; Pedrazzi et al., 2019) and
reach long‐runout distances (Sheridan, 1979; Fisher
et al., 1993; Wilson et al., 1995; Bursik and Woods, 1996;
Cas et al., 2011; Henry et al., 2012; Roche et al., 2016; Lerner
et al., 2019; Shimizu et al., 2019). The evidence for LCY PDCs
surmounting several topographic barriers of >400m elevation
difference and subsequently filling valleys over distances
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Figure 8 (a) Cathodoluminescence images of
selected LCY ignimbrite zircon crystal interiors
with respective 238U–

230Th crystallization ages.
White dashed ellipses represent the location and
size of the ion beam analysis spot. (b) External and
internal morphologies of monazite crystals that are
typically found in LCY deposits. SE = secondary
electrons; OM= optical microscope; BSE = back-
scattered electrons. Scale bar represents in all
cases 20 µm. [Color figure can be viewed at
wileyonlinelibrary.com]

Figure 9. (230Th)/(232Th) vs (238U)/(232Th) sphenochron diagram for LCY
ignimbrite and falls, W‐ and I‐Fall zircons. U–Th whole‐rock isotope
composition from Rose and Bornhorst (1981). Equiline defines a secular
equilibrium and the upper boundary of the U‐series dating method
(ca. 380 ka). [Color figure can be viewed at wileyonlinelibrary.com]

176 JOURNAL OF QUATERNARY SCIENCE

http://wileyonlinelibrary.com
http://wileyonlinelibrary.com


>130 km is remarkable. The presence of voluminous distal
ignimbrite deposits along the Motagua and Polochic valleys
(which represent the tectonic boundaries between the North
American and Caribbean plates; Fig. 1c) and in all channels
and minor drainages along this regional morphological feature
suggests high mobility of the PDCs. However, PDC deposits
occurring in isolated basins surrounded by highlands (Koch
and Mclean, 1975) could also be explained by currents so
voluminous that they radially flooded the entire landscape.
The occurrence of abundant charcoal in the distal lapilli‐tuff
deposits in Chiapas (Mexico), which still reach ~5–10m in
thickness, indicates the preservation of high temperatures to
long runout distances.
The LCY ignimbrite volume from a simplistic estimate

multiplying area and thickness is ~310 km3 (Fig. 3a). The
volume calculated from purely interpolated thicknesses ranges
from 286 to 363 km3, with an average of ~320± 50 km3 (1 SD;
Fig. 3b). Forcing an extrapolation to the estimated 4‐m
thickness perimeter using synthetic 4‐m points reduces the
total calculated volume to 258–347 km3, with an average of
~310± 40 km3 (1 SD; Fig. 3c). Volumes are heavily influenced
by the proximal deposit data. Given the relative sparsity of
distal outcrop observations and measured thicknesses, adding
synthetic points to force an extrapolation to encompass known
outcrops and the estimated depositional extent reduces the
influence of the thicker proximal data points in most
interpolation algorithms, and reduces the calculated volume
by ~3.5% on average. Interpolated thicknesses, however, are
based on minimum outcrop thicknesses from often at least
partially obscured outcrops, and conservative estimates of
inner Quetzaltenango basin fill. Despite the algorithmic
reliance on the higher density and thicker proximal and
medial deposit observations, the calculated volume
measurements between ~310 and 320 km3 are likely to
underestimate the total erupted volume of the LCY PDC
deposits because only conservative minimum thickness
measurements were used as input. The full extent of distal
deposits is unknown, particularly towards the southern coastal
plain, where it may extend much further than what we have
inferred. The depth of filling of proximal basins other than the
Quetzaltenango basin is not captured by existing measure-
ments (e.g. Tecpan‐Chimaltenango, Guatemala, Totonicapán,
San Marcos), which results in volume underestimations due to
missing detailed depth information of the other basins. Even
this conservative estimate for the volume of the pyroclastic
flow deposits at ~310–320 km3 doubles the previously
estimated value (Kutterolf et al., 2016). Further refining of
these estimates would require identifying the full extent of the
distal deposits and the true thickness for proximal basin‐filling
deposits, which would probably increase the calculated

pyroclastic flow volume. The current calculation of the PDC
volume in addition to the previously estimated tephra fall‐out
volume of ~900± 90 km3 (Kutterolf et al., 2016) translates to a
total erupted tephra volume of ~1220± 150 km3 (~730 km3

DRE; 1.53 × 1015 kg), confirming the status of LCY as a
supereruption. An unknown fraction of the distal fall‐out
volume, especially in the ocean, is missing from the PDC
deposit volume because it reflects co‐ignimbrite fall‐out. For
simplification, it is here included within the fall‐out fraction
because co‐ignimbrite ash distribution follows similar patterns
as Plinian fall‐out.

Conclusions
This study provides the first direct radioisotopic dating of the
LCY tephra from Atitlán caldera, an important widespread
Quaternary marker horizon covering Central America,
Mexico, the Eastern Equatorial Pacific, the Caribbean and
the Gulf of Mexico. The LCY supereruption occurred at
75 ± 2 ka as the result of protracted magma incubation in a
large reservoir where melts probably remained persistently
for several tens of thousands of years before the eruption. The
LCY climactic supereruption ultimately distributed volumi-
nous tephra that included long‐runout PDCs that reached
minimum distances >130 km from the source, despite
encountering several topographic barriers. New estimates of
its minimum erupted (fall‐out and PDC deposits) tephra
volume yield ~1220 km3, confirming LCY as the first‐ever
recognized supereruption in Central America.
Moreover, we also determined maximum emplacement ages

for the W‐Fall and I‐Fall eruptions which proved difficult to
date in the past. We obtained 238U–230Th disequilibrium
zircon rim ages as young as 130 +16/−14 and 56 +8.2/−7.7 ka,
respectively. The zircon (U–Th)/He and 238U–230Th disequili-
bria dating techniques are powerful resources to unravel
eruption and crystallization timescales of silicic tephra where
other geochronological methods have failed.

Supporting information
Additional supporting information may be found in the online
version of this article at the publisher's web‐site.
Table S1. U–Th zircon ages from large silicic eruptions of

Atitlán caldera.
Table S2. Major and trace element concentrations from glass

shards of selected Atitlán eruptions.
Table S3. The Los Chocoyos (U–Th)/He eruption zircon age

and parameters used for disequilibrium correction.

© 2021 The Authors. Journal of Quaternary Science published by John Wiley & Sons Ltd on behalf of
Quaternary Research Association

J. Quaternary Sci., Vol. 36(2) 169–179 (2021)

Table 1. Summary of zircon (U–Th)/He (ZDD) eruption ages and zircon 238U–230Th crystallization ages

Unit Sample
U–Th dated
domain Literature age (ka)

Zircon (U–Th)/He
eruption age (ka)

Zircon 238U–230Th youngest
age (ka)

Bayesian eruption age
estimate (ka)

I‐Fall G17‐38 Rims >40 (Stratigraphy)* n.d. 56 +8/−8 67 +11/−9
LCY G17‐26 Rims 84± 5 (O‐isotope)† 75± 3 74 +7/−7 80 +5/−4

G17‐4 Rims 84± 5 (O‐isotope)† 76± 3 82 +10/−9 85 +7/−7
G17‐23 Rims 84± 5 (O‐isotope)† 73± 4 79 +13/−12 90 +5/−5
G17‐23 Interior 84± 5 (O‐isotope)† 73± 4 81 +12/−11 87 +7/−7

"/> Best estimate for LCY eruption age 75± 2 (1σ; n= 48; MSWD= 3.3)
W‐Fall G17‐42 Rims 158± 3 (40Ar/39Ar)* n.d. 130 +16/−14 155 +24/−19

Bayesian eruption age estimates are calculated from zircon U–Th age populations following the approach of Keller et al. (2018).
*Rose et al. (1999).
†Drexler et al. (1980).
Best estimate for LCY eruption age was calculated as the weighted mean from all LCY (U–Th)/He individual zircon dates.
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Table S4. Thickness measurements from PDC from the Los
Chocoyos eruption.
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