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Ice core evidence for the Los Chocoyos
supereruption disputes millennial-scale
climate impact
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Volcanic supereruptions are considered among the few drivers of global and existential catastrophes,
with recent hypotheses suggesting massive volcanic stratospheric sulfate injection could instigate
major shifts in global climate. The absence of supereruptions during recent history as well as large
uncertainties on eruption ages limits understanding of the climatic risk they impose. Polar ice cores
havewell-resolved continuous agemodels, record past temperature, and contain volcanic sulfate and
cryptotephra deposits which can be geochemically fingerprinted to determine eruption timing and
improve stratospheric sulfur loading estimates. Here, we provide an age of 79,500 years for the Atitlán
Los Chocoyos supereruption, one of the largest Quaternary eruptions, by identifying tephra shards in
ice cores from both Greenland and Antarctica. This ice core age is supported by a revised marine
sediment core stratigraphy age for the Los Chocoyos ash layer. Through comparison with well-dated
ice-core temperature proxy records, our study suggests that despite being one of the largest sulfur
emissions recorded in ice cores, the Los Chocoyos supereruption did not trigger a millennial-scale
cold period.

Supereruption-scale volcanic events pose a global catastrophic risk due to
their climatic forcing by mass injection of sulfate aerosol into the
stratosphere1,2. Once in the stratosphere, these aerosols have residence times
of several years which can lead to surface cooling of up to several degrees.

Temperature proxy evidence coupled with ice core records of vol-
canism and historical observations provides key insights into how ≤VEI 7
(volcanic explosivity index3) eruptions impacted regional and global cli-
mates during the Common Era4,5. Paleoenvironmental records have also
indicated that asymmetrical hemispheric cooling induced by volcanic sul-
fate injections can cause shifts in the position of the Intertropical Con-
vergence Zone (ITCZ) affecting tropical atmospheric circulation and
rainfall patterns6,7. However, no supereruption-scale events (≥VEI 8) are
known to have occurred in recorded history, therefore, we must look to
paleoenvironmental archives to understand their impact on global climate.

The timing of some of the largest eruptions of the last glacial period,
relative to abrupt climate transitions recorded in Greenland ice cores8 has
led to hypotheses that volcanismmayplay a key role in initiatingmillennial-
scale climate changes between warm interstadial periods and cold
stadials9,10. It is widely accepted that these Northern Hemisphere tempera-
ture oscillations (e.g., Dansgaard-Oeschger events) are linked with changes
in circulation and sea ice in the North Atlantic11,12. However, the exact
sequence of events that culminates in Dansgaard-Oeschger (D-O) climate
variability is not fully understood and is still debated13,14. Explosive vol-
canism has been suggested as a trigger of D-O cold events due to the
potential amplification of Northern Hemisphere cooling initiated by vol-
canic aerosols, and prolonged by sea-ice expansion and slowing of Atlantic
Meridional Overturning Circulation (AMOC) in the years following sulfate
injection9,15,16.
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This hypothesized link between volcanism and major climate shifts is
underpinned by the age of the Younger Toba Tuff (YTT) supereruption of
Toba caldera, Sumatra (73.7 ± 0.6 ka, 2σ17,18), which is within age uncer-
tainty of Greenland Stadial 20 (GS-20, 74.1 ka8), one of the more pro-
nounced stadial events of the last glacial cycle19. More recently, a zircon rim
(U-Th)/He age of 74.8 ± 3.4 ka (2σ)20 for the largest known eruption in
Central America, the Los Chocoyos (LCY) supereruption of Atitlán caldera,
present-day Guatemala, is significantly younger than previous eruption age
estimates of ~84 ka21. This updated radioisotopic age for LCY is within the
dating uncertainty of both YTT and GS-20, thus leading to the suggestion
that the two eruptions occurred in a geologically short time interval and at
the transition to stadial conditions22. This prompts further questions about
whether back-to-back supereruption sulfur injections and associated cli-
mate system feedback could initiate or exacerbate transitions to millennial-
scale cold periods22,23. To further understand this hypothesized link, we
require both (1) precise ages for supereruptions by identification of volcanic
evidence within continuous palaeostratigraphic records that also char-
acterize millennial-scale climate transitions, and (2) better estimates of
stratospheric sulfur injection from supereruptions.

Here, we address these needs by examining evidence of the LCY
supereruption in marine sediment and ice core records with well-resolved
age models to determine an eruption age of 79.5 ± 3.4 ka (2σ), compare
timing relative to YTT, and evaluate the potential climatic impacts of the
LCY supereruption.

Sediment core evidence
The Los Chocoyos supereruption is, by volume of erupted products
(~1220 km3 20), the largest knownQuaternary eruption in Central America.
It provides a key tephrostratigraphic marker horizon in dozens of
palaeorecords includingmarine sediment cores from the Equatorial Eastern
Pacific (EEP), Gulf of Mexico, and Caribbean Sea21,24,25, lacustrine sediment
cores from Lake Petén Itzá in Northern Guatemala26, and terrestrial
sequences across the Guatemalan Highlands20,27. Due to this widespread
deposition, benthic foraminifera oxygen isotope (δ18O) records frommarine
sediment cores containing prominent ash horizons can be used to investi-
gate the timing of the LCY supereruption.

Themarine δ18O curve records a combination of global ice volume and
deep-sea temperatures, with warmer and colder periods defined as Marine
Isotope Stages (MIS)28,29. The alignment of globalmarine δ18O records30 and
availability of high precision ages for keyMIS events of the last 240 ka years
from U/Th coral dating31 allows for independent age estimations of tephra
horizons identified in the marine realm.

Previously, a distinct, visible 2 cm LCY tephra horizon identified in
Eastern Equatorial Pacific EEP sediment core V19-29 (see “Methods and
materials” section) was used to determine an eruption age of ~84 ka using
age models based on benthic δ18O records21,32. Based on the δ18O strati-
graphic position of the confirmed LCY tephra horizon in V19-29, we
visually identified a 3 cm tephra horizon in neighboring EEP sediment core
V19-30 (see “Methods andmaterials” section) ~50 km northeast of V19-29
and ~2100 km southeast of Atitlán caldera (Supplementary Fig. 1), which
has the highest temporal resolution benthic δ18O records in the region over
this time period33 (Fig. 1). Using major oxide geochemistry (see “Methods
and materials” section), we match the rhyolitic tephra present in V19-30 to
proximal units of initial tephra fall, ignimbrite and surge deposits from the
LCY eruption found in terrestrial, lacustrine and marine settings20

(Figs. 1 and 2).
The occurrence of LCYash in coreV19-30 is coincidentwith aminima

in benthic δ18O known as MIS 5.1, carrying a high precision age of
80.5 ± 0.9 ka (2σ) from U/Th dating of surface corals31. This age precision
cannot be mapped directly to the tephra deposit due to uncertainties in the
relative timings of sea-level highstands and their benthic δ18O expression
(whichmayvaryon theorderof 1000years as a functionofocean circulation
and sediment bioturbation).However, this radiometric age provides auseful
independent check on the absolute age of the eruption. Furthermore,
benthic δ18O stratigraphy can be used to compare the timing of LCY in the

EEP to a YTT tephra horizon recorded in a South China Sea sediment core
MD97-2151 during the MIS 5/4 transition (see “Methods and materials”
section; Supplementary Fig. 1)34,35. This comparison reveals a substantial
temporal separation between these two supereruptions of around 5000
years (Fig. 1).

Ice core evidence
Polar ice cores preserve evidence of both proximal and distal volcanic
eruptions as deposits of sulfate aerosol and/or tephra shards (or cryptote-
phra) within a well-resolved age model, allowing for precise ages to be
assigned to eruptions matched by tephra geochemical fingerprinting36–39.
We identified and sampled a large volcanic sulfate peak at 79.5 ± 3.4 ka (2σ)
(AICC2012; Antarctic Ice Core Chronology 201240) in Greenland ice cores
NGRIP and NEEM, and Antarctic ice core EDC (see “Methods and
materials” section), separated fromYTT candidates by ~6000 years41–43 and
consistent with the LCY inferred age based on δ18O marine sediment stra-
tigraphy discussed above.

Previous work confirms the stratospheric and likely tropical origin of
this eruption sulfate deposit, which is the second largest of the last 100 ka in
the EDC core, by the presence of one of the largest mass-independent
fractionation sulfur isotope signatures on record from a volcanic aerosol ice
core deposit (Δ33S =+2.99 ± 0.14 ‰, 2σ44). In this case, the large positive
Δ33S rules out a contribution of proximal, tropospheric sulfate which would
result in a muted or 0‰ Δ33S value in the ice core45–47. This sulfur isotope
evidence, as well as the exceptional magnitude of S deposition (Supple-
mentary Fig. 2) mark this peak as the most likely candidate for LCY in the
ice-core record in agreement with the sediment core age.

We sub-sampled NEEM, NGRIP, and EDC ice cores at high time
resolution across the targeted peaks (see “Methods and materials” section),
allowing us to examine the time evolution of sulfate deposition and assign a
precise depth and age to identified tephra shards. This reveals the precise
stratigraphic relationship between the tephra and sulfate deposition which
helps constrain critical eruption source parameters for past eruptions48,49.

We identified and measured major oxide geochemistry of 15 tephra
shards (<30 μm) in 6 samples of theEDCcore, and 54 shards in 7 samples of
the NEEM core. Previous studies have shown that for tropical eruptions,
tephra shards in ice are deposited before or within the peak of sulfate37,38,50.
Thus, focusing purely on samples that were immediately prior to, or asso-
ciatedwith the largepeak in sulfate concentration,we found1geochemically
identical tephra population in NEEM and two populations in EDC. The
NEEM population (n = 3) and one of the EDC populations (n = 2) geo-
chemically correlate across all major oxides with the LCY tephra compo-
sition fromproximal deposits (Fig. 2, Fig. 3).While this high-silica, rhyolitic
composition tephra is common to many arc-system volcanoes49, there are
no other candidates≥VEI 4 (theminimumeruption size required for tephra
to reach Greenland51) with this close a major and minor element geo-
chemical match and within age uncertainty of the ice core peak, as listed by
the LaMEVE (LargeMagnitude Explosive Volcanic Eruptions) database52,53

(SupplementaryTable 5 and Supplementary Fig. 3). Although trace element
analysis of ice core tephra would strengthen our correlation, the extremely
small glass areaof identifiedLCY-correlating tephra (<10 μm2)didnot allow
for such analysis to take place and would have yielded data of insufficient
quality to strengthen correlation (see “Methods and materials” section).

The second EDC population is a group of phonolite-trachyte shards
(n = 5) at the sulfate concentration maximum which show similarity to the
geochemistry of Mount Berlin eruptions from Marie Byrd Land (Antarc-
tica) (Supplementary Fig. 4)54. Although it cannot be ruled out that this
eruption contributed a minor amount of sulfate to the peak, the large
stratospheric sulfur isotope signal44 suggests minimal tropospheric input
and dismisses a local eruption as the primary sulfate source.

Twoother tephra populations in our sampled interval of theNEEM ice
core coincide with minor increases in sulfate that substantially pre- and
post-date the large sulfate deposit of interest (Fig. 3) and are therefore ruled
out as potential sources of the targeted eruption. These populations geo-
chemically correlate with previously reported cryptotephra horizons in
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Greenland ice cores that are consistent with our sample ages, originating
from Grimsvötn (Iceland)55 and the Eastern Aleutian Arc56 (Supplemen-
tary Fig. 4).

A further 8 shards that do not belong to any geochemical populations
are deposited prior to or during the sulfate peak in NEEM and EDC.
Comparison to ≥VEI 4 eruptions within dating uncertainty of 79.5 ka
reported by theLaMEVEdatabase52,53findsnovolcanic sourcematches for 7
of these shards (Supplementary Fig. 3, Supplementary Table 5), which are
likely the result of unknown background events that would have occurred
across the sampled time period57. One of these individual shards also
matches LCYgeochemistry (Fig. 2), and it is deposited in a sample ~16 years
prior to the LCY population in NEEM (Fig. 3). As high-silica endmembers
are common in multiple volcanic provenances49, it is plausible that this
shard is the product of a smaller, unknown eruption prior to LCY.Although
this is a curious feature of our data, we focus our attention on sampleswhere
multiple shards ofmatching geochemical compositionwere identified in the
same or neighboring subsamples.

The occurrences of LCY-correlating tephra populations at both poles,
coincidentwith an exceptionally large sulfate deposit exceeding that ofmost
of the largest known volcanic eruptions previously identified in ice cores58,59,
strongly supports LCY as the source of this bipolar ice core volcanic deposit.
This exceptional transport of tephra particles >7000 km to Greenland and
>11,000 km toAntarctica allows us to assign an ice-core age of 79.5 ± 3.4 ka
(2σ; AICC2012) to the LCY supereruption and creates the first confirmed
bipolar supereruption stratigraphic tie between Greenland and Antarctic
ice. This finding also demonstrates the potential for dual-hemisphere dis-
tribution of microscopic tephra from colossal tropical eruptions and we
underscore that such bipolar tephra deposition has only been detected
previously for the 1257 CE Samalas eruption60, which was the largest stra-
tospheric S emission of the Common Era61.

Los Chocoyos age constraints
Our revised age for the Atitlán LCY supereruption as determined by the
AICC2012 ice core chronology for the EDC core is 79.5 ± 3.4 ka (2σ) and
is within error of the marine sediment core δ18O peak associated with
MIS 5.1 (dated by U-Th in surface corals as a sea-level highstand at
80.5 ± 0.9 ka (2σ)31, Fig. 1). Although within joint 2σ uncertainty, it is

~5000 years older than the recently reported radioisotopic age estimate of
74.8 ± 3.4 ka (2σ)20.

This radioisotopic age estimate is a weighted mean of a disperse
dataset (MSWD= 3.3) of several zircon rim (U-Th)/He ages weighted
by their absolute uncertainty, which due to the correlation of uncertainty
with age, introduces a bias towards youngerweightedmean ages62. Based on
the guidance of Flowers et al. 62, when a mean weighted by relative uncer-
tainty is calculated using the same (U-Th)/He dataset (found in20), we find
an age of 78.7 ± 3.6 ka (2σ), in agreement with our ice core and sediment
stratigraphy ages. This excellent agreement between radioisotopic, marine
sediment, and ice-core ages provides a key chronostratigraphic tie point
linking terrestrial, marine, and polar environments with independent
radiometric ages.

Additionally, the separationof the identifiedLCYsulfatepeak andYTT
candidates in the ice core records41–43 (Fig. 4), the δ18O stratigraphy
separation of LCY and YTT ash in the marine realm (Fig. 1), and inde-
pendent radioisotopic dating of LCY (78.7 ± 3.6 ka, 2σ) and YTT
(73.7 ± 0.6 ka, 2σ17,18,63), provide evidence to rule out back-to-back super-
eruptions at the onset of GS-20.

Fig. 1 | Timing and separation of LCY and YTT tephra horizons in marine
sediment cores. Oxygen isotope (δ18O) benthic foraminifera records from marine
sediment cores V19-3033 from the Eastern Equatorial Pacific (red) containing LCY
tephra horizon identified in this study (red vertical bar), andMD97-215135 from the
South China Sea (black) containing previously identified YTT tephra horizon34

(black vertical bar). Dashed lines show the inferred age of each tephra horizon for
comparison. Sediment age model MIS transitions based on the global LR04 stack
shown in the bar above the x-axis30.

Fig. 2 | Major oxide geochemical analysis of ice andmarine sediment core tephra
shards analyzed that correlate with LCY ash. Tephra shards analyzed in ice cores
NEEM (red diamonds) and EDC (red squares), and marine sediment core V19-30
(red triangles), that correlate with LCY major and minor element geochemistry. A
single LCY-correlating shard found in NEEM ice core ~16 years prior to the later
group (n = 3) is indicated by a light-red diamond. All marine sediment and ice-core
shards analyzed are compared to proximal terrestrial and lacustrine LCY ash geo-
chemistrymeasured as part of this study (light blue circles) and previously published
data (dark blue circles)20, including tephra fall, ignimbrite, and surge deposits. Error
bars shown represent 2σ of replicate analysis of tephra secondary standards (Lipari
ID3506 for marine sediment tephra and Old Crow for ice core tephra107), measured
during the relevant analysis session under the same conditions. All wt.% totals are
normalized to 100%. Details of analytical conditions can be found in the “Methods
and materials” section.
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Sulfur loading and climate impact
Akey factor in understanding the climatic impact of the LCYsupereruption
is estimating the volcanic stratospheric sulfur injection (VSSI). Petrologic
estimates suggest a total erupted sulfurmass of 523 ± 94TgS26,64,65.However,
this method relies on erupted volume estimates which carry large uncer-
tainties due to reliance on sparse datasets of tephra layer thickness in distal
sediment cores26. There are also well-known discrepancies between petro-
logic S emission estimates and measurements of S from remote sensing,
which can reflect processes in themagmatic system (i.e., the accumulationof
S influid andgas phases) or in their eruptive columnandplume (i.e., volatile
scrubbing and removal by water, ice, and ash66).

Following the identification of LCY tephra and synchronization of
Greenland and Antarctic ice cores at the volcanic deposit depth, new and
existing continuous sulfate and sulfur concentration data are used to make
the first ice-core-based volcanic stratospheric sulfate injection (VSSI) esti-
mate for LCY.We use establishedmethods44,59,61 that take into account layer
thinning, ice accumulation rates, and non-volcanic background sulfate
concentrations (see “Methods and materials” section). In addition to
NEEM, NGRIP and EDC, further high-resolution sulfate data from

corresponding LCY candidate peaks identified inGreenland ice core GISP2
and Antarctic ice core EDML are used to improve our estimation of sulfur
deposition at both poles. Deposit totals from each ice core are averaged to
generate totals for Greenland (348 kg km−2) and Antarctica (328 kg km−2),
before using the transfer function for tropical eruptions61 to estimate a total
VSSI of 226 ± 48 Tg S (1σ) for LCY (see “Methods and materials” section).

This value is comparable with ice core estimates for YTT candidates
(180 Tg S43 and 233 Tg S42) and the largest eruptions of the last 60 ka58,59, but
is less than half of the petrologic estimate of 523 ± 94 Tg S for LCY.
Uncertainties in the ice-coremethod thatmay contribute to this discrepancy
include limitations of the transfer function used to convert sulfate deposited
at the poles to a total stratospheric loading61, variability in volcanic plume
transport (e.g., the influence of the polar vortex preventing high-latitude
deposition67), and factors affecting sulfate deposition and preservation such
as wind erosion at low snow accumulation sites68. An additional con-
sideration is that for large-volume eruptions, stratospheric sulfur removal in
the weeks following eruption is enhanced by uptake on volcanic ash and
coagulation of concentrated sulfate aerosol in the initial phases of
eruption69–71. The expedited fall-out of these larger particles reduces the
amount of stratospheric sulfur being transported long distances, such as to
the polar ice sheets. This reduction in transport to the poles may contribute
to the difference in ice core and petrologic estimates of VSSI for LCY and
other, large-volume eruptions42.

Even if we treat ice core estimations as a minimum, the 226 Tg S VSSI
of LCY is several times greater than climatically significant tropical erup-
tions of the Common Era (e.g., 59 Tg S for Samalas 1257 CE, 28 Tg S for
Tambora 1815 CE61) indicating substantial climate forcing potential fol-
lowing the eruption. Modeling that uses the larger petrologic estimates of
sulfur loading predicts extreme surface cooling following the LCY eruption
of >6 K, increasing sea ice by ~40% in the 3 years following eruption, but
with recovery to pre-eruptive conditions within 20–30 years64. The 10–20-
year resolution of δ18O polar temperature reconstructions from ice cores
should record cooling of this magnitude as a negative perturbation in the
δ18O record. Indeed, the timing of the eruption occurs in a local, short-term
(10–20 years) δ18O minimum in NGRIP and an even more pronounced
δ18O change in EDC (Fig. 4c), reflecting colder temperatures that could also
favor enhanced sea-ice. However, more broadly, these short-term cool
events occurred during a period of generally stable polar temperatures
within the latter portion of a warm period, Greenland Interstadial 21 (GI-
21), expressed as sustained, elevated δ18O (Fig. 4b)8. This centennial-scale
stability of the δ18O records around the LCY eruption indicates that any
volcanic-induced atmosphere-ocean-sea ice climate feedbacks were short-
lived (decadal), which is consistent with recent models64. Records of the
position of the ITCZ from speleothems and high-resolution marine sedi-
ment cores72,73 also do not show any clear change following this event
(Supplementary Figs. 5 and 6).

These lines of evidence lead us to conclude that LCYwas not a driver of
millennial-scale climate changes and did not initiate feedback mechanisms
that prolonged cooling on greater-than-decadal timescales. Proxy-based
reconstructions and modeling have demonstrated that centennial to mil-
lennial climate system responses following new volcanic eruptions are likely
dependent on background conditions that are sensitive to change74,75, or
occur after successive, decadal-paced eruptions15,76. It is possible that warm
interstadial climate conditions with strong overturning circulation and
reduced sea ice at the timeof LCYwere favorable for climate recoverywithin
20–30 years. The stratigraphic separation of LCY and YTT we have shown
in this study (Fig. 1) also rules out the prospect of sustained climate response
from two supereruptions separated by several thousand years.

An additional case study of potential climatic impacts from super-
eruptions is available from the Oruanui supereruption of Taupo in New
Zealand. The 25.5 kaOruanui supereruption, which occurred during glacial
conditions, has been previously identified by major element tephra geo-
chemistry in Antarctic ice77 and is associated with a bipolar sulfate deposit
and estimatedVSSI of 117Tg S59. The long-term stability of δ18O at the poles
followingOruanui78 suggests the aerosol forcing did not amplify the existing

Fig. 3 | Ice core tephra occurrences relative to measured sulfate concentration.
Sulfate (SO4

2−) concentration measured by ion chromatography of 1–3 cm sub-
samples taken from across the volcanic peak in ice cores (a) NEEM (Greenland) and
(b) EDC (Antarctica). In both panels, dashed lines indicate samples where one or
more tephra glass shards were found and analyzed for major oxide geochemistry.
Subsamples containing tephra populations that match LCY geochemistry are
indicated by red stars and red shading. Light-red shading and stars show single-
shard occurrence before the main population that correlates with LCY in the NEEM
ice core. Additional samples where tephra is correlated to a known source (see
Supplementary Fig. 4) are indicated by black shapes: Circle = Grímsvötn, Iceland55;
Cross = EasternAleutian Arc56; Triangle =Marie Byrd Land, Antarctica54. Bracketed
numbers indicate how many shards of correlated composition were measured.
Smaller peaks inNEEMSO4

2− concentration on either side of the largest peak (LCY)
can be attributed to the events identified by these tephra populations.
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cold glacial conditions, nor initiate any centennial or millennial-scale
cooling. Ice-core evidence of these two supereruptions alongside tempera-
ture proxy records, occurring during different background climate states,
sea-ice extent, CO2 levels, and ocean circulation, suggests that multiple
scenarios exist that are resilient to long-term climate changes from
supereruption-scale stratospheric sulfate injections and their associated
feedbacks.

Conclusions
High time resolution analyses of Antarctic and Greenland ice cores identify
cryptotephra shards matching the LCY supereruption at 79.5 ± 3.4 ka (2σ).
This precise timing is consistent with LCY eruption ages from marine
sediment cores and radioisotopic evidence. While future development of
trace element analyses for these exceptionally small (<10 µm) ice core tephra
shards would strengthen this ice core correlation, it is important to
underscore there are no other major sulfate peaks present in ice cores from
both hemispheres that are consistent with the timing constraints from both
sediment cores and radioisotopic dating.

While stratospheric sulfate injection of supereruption magnitude
undoubtedly impacts climate andmay be amplified by sea-ice feedbacks, we
find no evidence for prolonged multi-decadal to centennial-scale cooling
following LCY. These results underscore that the climate impact from
supereruptions can be short-lived, even for stratospheric sulfate loadings of
226 ± 48 Tg S, with climate returning to pre-eruptive conditions within
decades. Further efforts to both identify large-magnitude events in archives

which are integrated with high-resolution palaeoclimate records, and
investigate the diverse controls on VSSI79, are essential for improving our
understanding of supereruption-climate interactions.

Methods and materials
Marine sediment core age models
Using the δ18O stratigraphic position of LosChocoyos (LCY) ash previously
identified in Eastern Equatorial Pacific core V19-29 (3.583° S, 83.933° W,
3157m water depth)21,32 (Supplementary Fig. 1), we identified LCY ash at
610–613 cm depth in a nearby marine sediment core V19-30 (3.383° S,
83.517° W, 3091m water depth), ~50 km NE of V19-29 and containing a
higher-resolution benthic δ18O record33. These deep-marine cores are
composed primarily of green-gray diatomaceous foraminiferal ooze with
burrowing throughout. The sedimentation rate of ~7 cm/ka has provided
valuable, detailed carbon and oxygen isotope records from the Pacific for
past studies32,33.

We updated the published age model for V19-30, by tying the tran-
sitions between Marine Isotope Stages (MIS)28,29 in the high-resolution
benthic δ18O record33 to the LR04 benthic oxygen isotope stack30, and lin-
early interpolating between ties.We adopt the same approach to update the
age model of sediment core MD97-2151 from the South China Sea
(8.728° N, 109.869° E, 1598m water depth) which contains the YTT ash
layer34. The MIS is easily identified in the high-resolution benthic δ18O
record in both cores28,29,33,35,80 (Fig. 1) and our revised age-depth ties for both
cores are identified in Supplementary Table 1. The depth of the base of the

Fig. 4 | Ice-core sulfate concentration and oxygen
isotope records for the period 81–72 ka, showing
the timing of the Los Chocoyos supereruption.
a Continuous ice-core SO4

2− concentration records
for Antarctic ice core EDC (blue)84 and Greenland
ice core NGRIP (black) (this study; see “Methods
and materials” section). LCY identified peak(s) and
age of maximum SO4

2− point indicated (all
AICC2012 age model40). Hypothesized YTT erup-
tion candidates T1 and T241–43 also labeled to
demonstrate the separation of the two events.
b Continuous δ18O temperature proxy records for
EDC (blue)123 and NGRIP (black)8,81 with measure-
ments made at a time resolution of 10 and 20 years,
respectively. Timing of LCY tephra occurrence in
each hemisphere shown as dashed vertical lines.
c Enlarged section of δ18O records for years between
80 and 79 ka. The timing of LCY inAntarctica (blue)
and Greenland (black) shown by the dashed
vertical line.

https://doi.org/10.1038/s43247-025-02095-6 Article

Communications Earth & Environment |           (2025) 6:137 5

www.nature.com/commsenv


LCY ash horizon at 613 cm inV19-30 is coincidentwith theminimum δ18O
value in MIS 5.1, which has a radiometric age of 80.5 ± 0.9 (2σ) ka from U/
Th dating of surface corals31.

Ice core sulfate records
Published andunpublished records of sulfate and conductivitywere collated
and used to identify an exceptionally prominent volcanic sulfate horizon in
volcanically synchronized81 Greenland ice cores NGRIP (North Greenland
Ice Core Project82; 75.10° N; 42.32° W, 2,917m elevation), NEEM (North
Greenland Eemian Ice Drilling; 77.45° N; 51.07° W, 2479m elevation) and
GISP2 (Greenland Ice SheetProject 2; 72.58°N, 38.47°W3203melevation)
dated 79.48 ± 1.53 ka BP AICC2012 (Antarctic Ice Core Chronology
201240;) (Supplementary Fig. 7, SupplementaryTable 2). Equally prominent
horizons synchronous within age uncertainty exist in the Antarctic ice core
EDC (EPICA Dome C83; 75.1°S; 123.35° E, 3233m elevation)84 dated
79.51 ± 1.65 ka BP AICC201240 and in EDML (EPICA Dronning Maud
Land85; 75.00° S, 00.07° E, 2892m elevation) dated 79.75 ± 1.51 ka BP
AICC201240 (Supplementary Fig. 7, Supplementary Table 2).

NGRIP was analyzed using a photometric sulfate detection system
coupled to a continuous flow analysis (CFA) system86,87. Relative errors
are typically around 15%, with a detection limit for routine ice-core
analyses of 40 ng g−1. The NGRIP sulfate record has been widely used to
detect and quantify volcanic sulfate depositions over Central Greenland
during the Glacial40,59,78,88–92. Sulfate in both EDML and EDC were con-
tinuously analyzed using Fast Ion Chromatography (FIC)93,94 coupled to
a CFA system95. Both records have been widely used for volcanic ice-core
synchronization41,58,78,93,96–99 and to detect and quantify volcanic sulfate
depositions over Antarctica44,48,58,59,88,100.

New high-resolution continuous sulfur concentration measurements
were made between 2635m and 2638m depth (encompassing 400 years)
for the GISP2 ice core using an Element2 sector field inductively coupled
plasmamass spectrometer (ICP-MS) coupled to aCFA system at theDesert
Research Institute5,101 (Supplementary Fig. 8).

Ice core age models
Deep Greenland ice-core records (NEEM, NGRIP, GISP2) are volcanically
synchronized to the GICC05modelext chronology for the past 100 ka
(Greenland Ice Core Chronology 2005 model extension102), which is based
on glacial flowmodeling for ages >60 ka. Deep Antarctic ice cores are dated
using the AICC2012 chronology, a Bayesian dating framework incorpor-
ating absolute and relative information from the ice phase (e.g., radio-
nuclides, volcanic proxies) and gas-phase (e.g., CH4, air isotopes) from both
hemispheres40.

Bipolar normalization between Greenland and Antarctica has been
achieved continuously going back to 60 ka58,59,103. A floating volcanically
normalized section exists from ~74 to 76 ka BP AICC2012 encompassing
sulfate spikes considered candidates for the ~74 ka BP Younger Toba Tuff
eruption41. No bipolar and very few volcanic stratigraphic links between
Antarctica and Greenland exist beyond this, explaining the differences in
age for the layer we target as the Atitlán LCY eruption candidate eruption
(79.51 ka BPAICC2012 in EDC, 79.74 ka BPAICC2012 in EDML, 80.03 ka
BP GICC05modelext and 79.48 ka BP AICC2012 in NEEM, NGRIP
and GISP2).

The relative age difference between the oldest YTT candidate (i.e., the
oldest bipolar volcanic stratigraphic marker) and our LCY candidate at
about 80 ka BP is 4040 years (NGRIP, GICC05modelext), 4024 years (EDC,
AICC2012) and 4257 years (EDML, AICC2012), respectively (Supple-
mentary Table 3). The ice core chronology (AICC2012) age uncertainty at
the depth of the LCY candidate peak analyzed is reported by ref. 40 as 1.5 ka
(1STD) for EDML and NGRIP, and 1.7 ka (1STD) for EDC. To be as
conservative as possible, we adopt the larger of these reported for EDC and
report uncertainty as 2σ.

A recent update of theAntarctic IceCoreChronology (AICC2023) has
been published104, focused on improving the chronology in older ice sec-
tions. While this new chronology reduces age uncertainties over the full

800,000 years (Supplementary Table 3), the 60–100 ka section is sparse in
age ties, with the new chronology strongly influenced by a total air content
age constraint at 95 ka. Additional CH4 ties that exist across the 60–100 ka
interval aremore consistent in agewithAICC2012butdonot appear tohave
a strong influencewith the new agemodel.We therefore continue to use the
AICC2012 throughout this work and supply AICC2023 peak ages in Sup-
plementary Table 3.

Ice core sampling
For this study, Greenland ice cores NEEM (depth range
2049.02–2049.85m) and NGRIP (depth range 2618.92–2619.50m), and
Antarctic ice core EDC (depth range 1140.40–1140.70m) were sampled.
We sampled across the identified volcanic sulfate peak at 1–3 cm resolution
and approximately 4–6 cm2 cross-section for both sulfate concentration and
tephra analysis, with additional background samples at lower resolution
pre- and post-dating the sulfate peak. At this depth, 1 cm is approximately
equal to 1 year (Supplementary Table 4 for details).

The sulfate concentration of each ice meltwater sample of NEEM,
NGRIP, and EDCwasmeasured in duplicate by ion chromatography using
a Metrohm 980 Compact IC Flex at the University of St Andrews.

Tephra preparation and analysis conditions
Ice-core tephra samples were prepared following established procedure105,
by mounting on disks of Epothin2 epoxy resin. Scanning Electron Micro-
scope Electron Dispersive Spectrometry (SEM-EDS) was used to screen for
tephra with a 1–5 nA current and 15 kV accelerating voltage setup. Mounts
with multiple tephra shards suitable for analysis were found from NEEM
and EDC, but not from NGRIP samples.

Samples containing tephra were polished using 6 μm, 3 μm, and 1 μm
diamond suspension pastes, and 0.3 μmaluminum oxide slurry for variable
times depending on the size and sparsity of shards. Tephra from sediment
core V19-30, and proximal LCY ash samples (fall, ignimbrite, and surge
phases)wereprepared ina similarway, bymountingonadhesive tapebefore
fixing in epoxy resin disks and polishing using 6 μm–1 μm diamond sus-
pension pastes and 0.3 μm aluminum oxide slurry.

Electron Probe Microanalysis (EPMA) took place at the University of
StAndrewsusing a JEOLJXA-iSP100electronprobemicroanalyzer.During
analysis, shards of 20 μmor larger that were found as part of a large (n = 30)
population in NEEM at depth 2049.27–2049.24m, and in NEEM back-
ground sample 2049.65–2049.85m were measured for major oxides with
conditions of 5 nA current, 10 μm or 5 μm beam diameter and 15 kV
accelerating voltage. For all of the remaining shards with measurable glass
areas <5 μm identified in EDCand otherNEEM samples, current and beam
diameter were reduced to 1 nA and 3 μm. Peak counting times of 20 or 30 s
were used apart fromNawhere counting time was between 10 and 7 s, with
background counting time approximately half of the peak time. Lipari
obsidian ID3506 (rhyolite), StHs6-80G (andesite/dacite), and ML3B
(basalt)106,107 were used to monitor accuracy and precision. Secondary
standards showed no evidence of Namigration under these conditions, and
all oxide mean totals are within 2σ of accepted values. Data from EPMA
sessions can be found in Supplementary Data 2.

Trace element analysis by Laser Ablation – Inductively Coupled
Plasma – Mass Spectrometry (LA-ICP-MS) and Secondary-Ion Mass
Spectrometry (SIMS) has been used in recent tephrochronology studies to
support major and minor element correlations55,56,108–110. However, these
studies require beam diameters of ≥10 μm for LA-ICP-MS and ≥5 μm for
SIMS for data of sufficient quality to strengthen correlations and were
therefore not appropriate for our tephra with available glass areas ≤5 μm
(Supplementary Fig. 9). Due to beam size and data quality limitations, trace
element analysis has only been used for ice core tephra of suitable size
originating from high-latitude sources proximal to the ice sheets55,56,110.
Distal correlations and ice core tephra identified from large magnitude,
tropical source eruptions rely onmajor andminor element data from high-
quality EPMA due to smaller glass areas and sparse shard numbers
available37,38,77.
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In some cases, a glass surface 3 μm in diameter did not exist for EPMA
due to extremely small or irregularly shaped shards. In these cases, we used a
beamdiameter larger than the tephra shard, with a portion of the beam area
overlapping onto the surrounding epoxy resin105,111. Previous work105 has
demonstrated that this method is successful with 20 μm, 10 nA beam, with
all elements statistically indistinguishable from analysis with no overlap at
one standard deviation.We initially used thismethod on INTAV standards
Old Crow and Mount Edziza (Sheep Track) that had been prepared and
polished by an identical method to our ice core samples (above), reducing
the beam current and size to 1 nA and 3 μm. Between 70 and 95% of the
beam area was positioned on the shard during each analysis, producing
totals ranging 63–98%.To facilitate comparisons between all EPMAdata, all
results were normalized to 100% on an anhydrous basis. The Epothin2
epoxy resin showed no interference with the major oxides measured in this
study in agreement with108.

Using 3 μm, 1 nAbeamconditions, our findings comparewell with the
20 μm, 10 nA beam used by ref. 105 and demonstrate a high degree of
accuracy but a decrease in precision when overlapping is used. The INTAV
standards measured using both overlapping and non-overlapping methods
arewithin2σof recommendedvalues,withhigherP2O5 throughout analysis
likely a feature of normalization to 100% from low totals. We observed a
noticeable decrease in precision with increasing beam overlap on the epoxy
and found optimal results when >80% of the beam area was positioned on
the shard. We therefore ensured at least 80% of the beam was on the shard
for analysis of ice core samples.

Ice-core tephra analyses with totals ≥63% were cautiously inclu-
ded in interpretation, following the demonstration by the beam
overlap method that accuracy was robust enough to make conclusions
after normalization to 100%, with a compromise in precision. Low
total analyses (~60%) have previously been used to correlate tropical
tephra found in polar cores (e.g., Samalas 1257 CE37). Each session
where ice-core tephra was analyzed using 3 μm beam conditions, we
made replicate measurements of Old Crow tephra that had been
prepared identically to the ice-core samples to understand the preci-
sion of this method as recommended111.

In addition, five shards in NEEM (2049.65–2049.85m) which belong
to an eruption of Grimsvötn, Iceland, that were analyzed using this 3 μm
beam size, including two using the resin-beam overlap method. These are
indistinguishable from two tephra shards analyzed using larger beam sizes
in this study, and tephra previously identified from this eruption inNGRIP55

(Supplementary Fig. 4), demonstrating the success of this method in cor-
relating ice-core tephra.

The accuracy of our results from both INTAV standards and the
successful correlation of ice—core tephra demonstrate that our method is
suitable for use on extremely fine-grain tephra shards. By preparing and
analyzing INTAV standards in an identical way to our ice-core samples, we
have a good understanding of the uncertainty associated with each ice-core
tephra analysis performed and present this uncertainty with analyses
completed.

Tephra correlation to volcanic sources
Major and minor oxides of tephra analyzed in this work were initially
compared to results of previous studies that have identified shard popula-
tions in Greenland ice during the time period covered by our samples, with
two correlations found. The first (as discussed above) is a basaltic group
(n = 10) in background sample NEEM at depth 2049.65–2069.85m, which
correlates with an eruption of Grímsvötn reported in NGRIP core at
2620.05m55 (Supplementary Fig. 4) creating a new tie between NGRIP and
NEEM. The second trachydacitic population (n = 30) we analyzed at depth
2049.24–2049.27m in the NEEM core is the same horizon identified as
Eastern Aleutian Arc (EAA) in origin, also found in the NEEM core in a
15 cm section at depth 2049.15–2049.30m56 (Supplementary Fig. 4). Our
analysis at high-temporal resolution therefore allows us to improve the
depth precision of this eruption. Our sampled section from theNGRIP core

does not extend to the depth in which the Grimsvötn population was pre-
viously identified, explaining its absence in our analysis of the NGRIP core.
In Antarctica, the phonolitic shard population (n = 5) found in EDC at
depth 1140.59–1140.61m geochemically resembles older Marie Byrd Land
eruptions ofMount Berlin which are found as marker horizons across deep
east Antarctic ice cores54 (Supplementary Fig. 4).

The LaMEVE/Vogripa database52,53 provides a list of eruptions within
the age uncertainty of the ice core peak at 79.5 ka (Supplementary Table 5).
Where available, glass compositional datawas found for the eruptions listed.
All ice-core tephra deposited prior to or during the deposition of the largest
sulfate aerosol peak was compared to the available geochemistry to deter-
mine if therewere any correlations (SupplementaryFig. 3).This comparison
also ruled out any alternative known source correlations for the LCY
matches.

As noted previously, the origin of the single LCY-correlating shard
deposited in theNEEMcore ~16 years prior to the correlating population at
the sulfate peak (Figs. 2 and 3) is possibly a smaller, unknown eruption.
Alternatively, it is worth noting the subtle differences in geochemistry
between this single shard and the later LCY population mirror changes in
geochemistry through the stratigraphyof proximalLCYdeposits,withmore
FeO variation and lower SiO2 in later ignimbrite and surge phases than the
initial ash fall20 (Supplementary Fig. 10). This scenario would require a
hiatus between at least 2 eruptive phases of LCY, something that is hypo-
thesized at other large-volume eruptions112,113, but not visible in proximal or
marine deposits of LCY20,114.

Volcanic sulfate deposition
Total sulfate deposition to each ice core is calculated using the available
high-resolution ice-core sulfate (and sulfur) data, correcting for (1) non-
volcanic background sulfate contributions, (2) changes in ice accumulation
rates, (3) layer thinningwith depth43,44,59,61. By consideringmultiple ice cores
we provide a representative estimate for volcanic sulfate deposition,
accounting for local scale variability in sulfate deposition andpreservation at
ice core sites68,115.

The detection of volcanic eruptions and the quantification of volcanic
sulfuric acid deposition rates bymeans of sulfate concentrations in polar ice
is an establishedmethod in paleoclimate research116–119 which increasingly is
based on larger arrays of synchronized ice-core records58,59,120. Sporadic
volcanic sulfate deposition at polar ice-core sites is superimposed on
backgroundvariations of sulfate fromother sources (e.g., frommineral dust,
marine biogenic, or sea salt emissions). To distinguish volcanic sulfate from
the non-volcanic sources we quantified the background and its variability
using established outlier detection methods (based on a running median)
described in detail elsewhere103,115,121,122. The specific detection parameters
(filter lengths, detection thresholds, integration window lengths) are sum-
marized in Supplementary Table 4. We slightly expanded the volcano
detection to time periods before and after the LCY candidate signals, to
improve the estimates of representative non-volcanic background sulfate
concentrations for this timeperiod.Because of the exceptionally large sulfate
concentrations for the corresponding LCY ice-core signals, the volcanic
sulfate deposition estimates are largely insensitive to the choice of the
detection parameters. Centered around our candidate LCY event we
detected large volcanic eruptions in the four continuous ice-core records
(NGRIP, GISP2, EDML, and EDC) and in the shorter available ice-core
sections (NGRIP, NEEM) used for tephra analyses (Supplementary Fig. 7).
We used thinning-corrected accumulation rates to quantify sulfate mass
deposition rates (or “fluxes”) at the five ice-core sites (Supplementary
Table 4; for a detailed description of the methodology see ref. 59). Time-
integrated sulfate deposition for LCY varies between 205 and 440 kg km−2

across the ice cores reflecting differences in the spatial variability of
deposition (largely controlled by different snow accumulation rates) and
variations in data-resolution and uncertainties in our estimates of accu-
mulation rates, thinning functions and non-volcanic background
estimation.
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Stratospheric sulfur injection
We stacked and averaged the time-integrated cumulative volcanic sulfate
deposition from the LCY candidate event in both Greenland and Ant-
arctica to derive a mean Greenland and mean Antarctica composite
record. Both records from Antarctica (EDML, EDC) are from low-
accumulation ice-core sites which have consistently lower volcanic sul-
fate deposition rates than Antarctica overall103. Therefore, we linearly
scale the average deposition rates obtained from these two ice cores to the
ice-sheet-wide volcanic deposition rates obtained from a comprehensive
array of ice cores (named AVS2k103) for 49 common volcanic eruptions
recorded during the past 2000 years (slope of the regression a = 1.2474,
R2 = 0.89; N = 49). The slope is similar if only very large eruptions
(>Tambora 1815) are used (a = 1.2402, R2 = 0.61; N = 6). For Greenland,
we do not apply any correction of the Greenland ice-sheet mean, as the
three records used are from the same three ice cores employed in the
Common Era with comparable deposition rates of volcanic sulfate5,61.
Finally, using previously published methodology61, we estimated volcanic
stratospheric sulfur injection (VSSI, in Tg of sulfur) from the ice-sheet
wide fluxes of volcanic sulfate from Greenland and Antarctica using
transfer functions115 accounting for the spatial distribution of the volcanic
sulfate burden over each hemisphere (See Supplementary Data 1).

The mass of sulfur injection to the stratosphere is calculated based on
established methods61 using expression (1):

MS ¼
LGf G

3
þ LAf A

3
ð1Þ

Where f G and f A are the scaled sulfateflux toGreenland andAntarctica, and
1.0 × 109 km2 is appropriate to use for transfer functions LG and LA to
account for hemisphere spatial distribution of sulfate, as the eruptive source
is from a tropical latitude58,61,115. The uncertainty associated is calculated
using expression (2) also provided in61:
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Where the random error of the transfer functions for Greenland and Ant-
arctica are estimated from model simulations as σLG = 16% and σLA = 9%,
and uncertainties in the composite ice sheet fluxes are σ f G = 32% forNEEM
and NGRIP combination, and σ f A = 26% for Antarctica before 1 CE61.

Data availability
Ice core sulfate concentration and deposition data for the eruption peak
analyzed in this work are available at https://doi.org/10.1594/PANGAEA.
962785 for EDML, https://doi.org/10.1594/PANGAEA.960984 for NGRIP,
and https://doi.org/10.1594/PANGAEA.962783 for GISP2. EDC sulfate
concentration data is available at https://doi.org/10.25921/kgv8-cn3584.
EDCoxygen isotopedata is available at https://doi.org/10.1594/PANGAEA.
939445123. NGRIP oxygen isotope data is available at https://www.
iceandclimate.nbi.ku.dk/data8,81. V19-30 marine sediment core oxygen
isotope record is available at https://doi.org/10.1594/PANGAEA.5221133.
MD97-2151 marine sediment core benthic oxygen isotope record is avail-
able at https://doi.org/10.1016/j.margeo.2006.08.00535. All ice core sulfate
data used to calculate VSSI and tephra geochemical data are available at
https://doi.org/10.17630/62b68476-ca09-4011-9ad5-c9d44b09d6a8 or
Supplementary Data 1 and Supplementary Data 2, respectively.
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