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Abstract 14 

 Two recent supereruptions (magnitude (M) scale ≥ 8), the Young Toba Tuff (YTT), Sumatra, 15 

and the Los Chocoyos (LCY), Guatemala, are found to be statistically synchronous at ca. 74 ka 16 

and near antipodal. Such planetwide synchroneity of supereruptions is shown to be statistically 17 

non-random implying a causal link. We propose that the seismic energy release from the YTT 18 

supereruption may have initiated eruption from the contemporaneous “perched” LCY magma 19 

system. This near-equatorial supereruption “double-whammy” may be the more compelling 20 

source of the significant environmental impacts often attributed to a singular YTT eruption. 21 

Keywords: Young Toba Tuff, Los Chocoyos, Climate Change 22 

Introduction 23 

Catastrophic caldera-forming supereruptions are next to the impact of kilometer-sized bolides, 24 

the most intense events affecting the Earth system. These low-frequency but high-intensity 25 

volcanic “Black Swans” are capable of explosively ejecting ≥1000 km3 of high-silica tephra at 26 

geologically instantaneous timescales (magnitude (M) scale ≥ 8) (Pyle, 2015). The recorded 27 

and expected impacts of such supereruptions range from local to global in scale: complete 28 

devastation up to hundreds of kilometers away from the eruptive vent by ground-hugging hot 29 
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and turbulent pyroclastic density currents (Roche et al., 2016) and regional-scale economic, 30 

social, and eco-system disruption by tephra fall (Miller and Wark, 2008), that may extend to 31 

the global scale over several years to decades through the release of significant amounts of 32 

climate-forcing gases such as sulfur, chlorine, and bromine (Brenna et al., 2020; Brenna et al., 33 

2021; Self, 2015).  34 

In the last 2 Myr, at least 13 supereruptions have occurred globally (Crosweller et al., 2012) 35 

with an estimated recurrence interval of ca. 150 kyr, a timescale shorter than the frequency of 36 

meteorite impacts (ca. 0.6-3 Myr)(Bland, 2005) large enough to potentially have similar 37 

environmental consequences (Rampino, 2002). If the eruption record of only the last ca. 100 38 

kyr is considered, the recurrence interval further decreases to ca. 17 kyr (Rougier et al., 2018). 39 

Given the likelihood that established eruption databases are incomplete (Crosweller et al., 2012) 40 

these rates could be considered maxima and a temporal coincidence of supereruptions is not a 41 

priori unlikely. Synchronous, paired, or grouped, large (M7 to M8) eruptions have been 42 

proposed within various volcanic regions (e.g., de Silva et al., 2006; Gravley et al., 2007), but 43 

synchroneity of eruptions ≥M8 on a global scale is hitherto unknown. The discovery of two 44 

apparently synchronous recent supereruptions, the ca. 74 ka Young Toba Tuff (YTT), Sumatra, 45 

and Los Chocoyos (LCY), Guatemala, has implications for the global record of supereruptions 46 

and warrants an evaluation of the randomness of paired eruptions at the colossal scale. 47 

Constraints on the timing of YTT and LCY supereruption 48 

Until recently, only three supereruptions had been recognized in the last ca. 100 kyr (Crosweller 49 

et al., 2012). Among these the YTT event stands out as the largest supereruption in the 50 

Quaternary period, discharging more than 8,600 km3 tephra (M9.1; Costa et al., 2014) with 51 

fallout deposition over an area of ~40 million km2 (Fig. 1a). The potential release of significant 52 

amounts of sulfur gases during this eruption has been putatively linked to a major global 53 

climatic downturn reflected in the oxygen isotope record of the Greenland ice cores between 54 
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Greenland interstadial 20 and stadial 20 that may have challenged the survival of modern 55 

humans (Ambrose, 1998; Rampino and Self, 1992) (Fig. 1b). This hypothesis has been debated 56 

due to uncertainties about total sulfur released during the eruption (Oppenheimer, 2002; Robock 57 

et al., 2009), the relatively low-precision of existing radioisotopic ages, and YTT volcanic glass 58 

shards remaining elusive in ice core records (Abbott et al., 2012; Svensson et al., 2013). 59 

However, recent work is tilting the evidence towards a significant environmental impact 60 

associated with a solar ultraviolet radiation catastrophe from extreme ozone depletion after the 61 

YTT supereruption (Osipov et al., 2021). 62 

Because glass shards of the YTT have not been identified in northern and southern hemisphere 63 

ice core archives, the exact SO42- spike related to YTT remains ambiguous (Oppenheimer, 64 

2002; Robock et al., 2009; Williams, 2012). Nevertheless, prominent sulfate anomalies 65 

occurring in both north and south pole ice-core records have been correlated with YTT (e.g., 66 

T2 sulfate spike, Fig. 1b and Fig. S1). However, eight other significant volcanic-derived sulfate 67 

anomalies from unknown sources (T1-T9; Fig. 1b and Fig. S1) occur within the uncertainty of 68 

the currently accepted radioisotopically determined eruption ages for YTT between 73.9 ± 0.3 69 

ka BP (1σ; 40Ar/39Ar in sanidine)(Storey et al., 2012) and 75.0 ± 0.9 ka BP (1σ; 40Ar/39Ar in 70 

biotite)(Mark et al., 2014) and also indicate large, tropical eruptions (Svensson et al., 2013).  71 

We draw attention to recent work that connotes that the LCY supereruption from the Atitlán 72 

caldera in Guatemala, the most recent one from a volcano in the western hemisphere (Cisneros 73 

de León et al., 2021), is a potential source for one of these significant sulfate spikes. The age of 74 

the LCY was initially estimated from δ18O stratigraphy at 84 ± 5 ka BP (Drexler et al., 1980) 75 

and remained radioisotopically untested for several decades. Recent dating applying (U-Th)/He 76 

zircon double-dating has produced a radioisotopic age for LCY of 74.8 ± 1.8 ka BP (1σ) 77 

(Cisneros de León et al., 2021).  78 
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 79 
 80 

Figure 1. Spatial and geochronological information for YTT and LCY projected over climate 81 

and volcanic proxy signals from the northern and southern hemisphere ice core records. a) Map 82 

showing the location of Toba (Sumatra) and Atitlán calderas (Guatemala) as well as their 83 

respective antipodes (hexagons) along with their approximate tephra distribution. b) 84 

Synchronization of YTT and LCY radioisotopic ages and their 1σ uncertainty with the NGRIP 85 

oxygen isotope and sulfate concentration records around the Greenland Interstadial 20 (GI-20) 86 

and the Greenland Stadial (GS-20) as well as the sulfur isotopic compositions from the EPICA 87 

Dronning Maud Land (EDML, Antarctica), and EPICA dome C (EDC, Antarctica) ice core 88 

records (Crick et al., 2021). Dashed gray lines indicate the sulfate candidate anomalies for the 89 
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YTT supereruption in the NGRIP but also present in the Antarctic ice cores (Fig. S1). The 90 

relative timespan between sulfate anomalies is derived from ice-core annual counting layers 91 

from (Svensson et al., 2013). Sulfate anomalies between YTT candidates have been discarded 92 

as volcanic-derived signals by (Svensson et al., 2013), based on the lack of anomalies in other 93 

volcanic eruption proxies in the ice cores like electrical conductivity. 94 

 95 
The new LCY age is strikingly close to that of YTT (overlapping within 1σ error), implying 96 

that in combination both eruptions would potentially have more impact on global climate than 97 

each eruption on its own (e.g., Toohey et al., 2016). Additionally, the close age concordance is 98 

intriguing from the perspective of teleconnections and causative linkages. Both supereruptions 99 

likely deposited relatively high amounts of sulfate on the ice sheets of the northern and southern 100 

hemispheres because of estimated high sulfur loads and tropical vent location (LCY = 523 ± 95 101 

Mt (Brenna et al., 2020); YTT = 1,700–3,500 Mt (Costa et al., 2014)); though significant 102 

uncertainties on the validity of these estimations exists.   103 

Timespan between YTT and LCY 104 

Assuming that the YTT and LCY eruptions are represented by two of the nine sulfate spike 105 

candidates within the YTT eruption window, a relative time difference between the two 106 

supereruptions can be estimated by counting the ice-deposition annual layers (Svensson et al., 107 

2013) (Fig. 1b). The estimated time window ranges from a maximum of ca. 2,000 yr (T1 to T9 108 

spikes) and a minimum of ca. 25 yr (T5 to T6 spikes). We note that sulfate spikes (T1–T4) 109 

show large-magnitude sulfur mass-independent fractionation (S-MIF) isotopic signatures (Fig. 110 

1b)(Crick et al., 2021), which are indicative for large eruptions from tropical locations whose 111 

plumes reached altitudes at or above the ozone layer in the stratosphere. If only the spikes 112 

associated with S-MIF are considered the potential maximum and minimum timespan between 113 

YTT and LCY could be further constrained to ca. 400 and 87 yr, respectively; orders of 114 

magnitude shorter than the estimated recurrence interval of supereruptions.  115 
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This close temporal correspondence between YTT and LCY (87–400 yr) is extraordinary given 116 

that individual supereruptions are extremely rare events in nature. If synchronous 117 

supereruptions are indeed anomalous events, the temporal proximity of YTT and LCY raises 118 

the question of whether there is a causal relationship between these two geologically concurrent 119 

events and if both could have resulted from a third underlying process? The location of Atitlán 120 

caldera being nearly antipodal to that of Toba caldera is also highly intriguing (Fig. 1a, ~2,200 121 

km between the Atitlán caldera and the antipodal location of the Toba caldera), as is the almost 122 

identical zircon crystallization record from both magmatic systems (Fig. 2).  123 

 124 

 125 

Fig. 2. Ranked order plot and probability-density curves for YTT and LCY zircon rim 126 

crystallization ages. Vertical bars represent radioisotopic ages for YTT and LCY eruptions, 127 

with colored-bar thicknesses representing corresponding 1σ uncertainty. Data from 1(Mucek et 128 

al., 2017), 2(Storey et al., 2012), and 3(Cisneros de León et al., 2021).   129 

Supereruption clustering and statistical analysis 130 
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Although synchronous large eruptions have been suggested before for the Altiplano Puna 131 

Volcanic Complex of the Andes and the Taupo Volcanic Zone of New Zealand (de Silva et al., 132 

2006; Gravley et al., 2007), these are from coeval regional magmatic systems that reasonably 133 

could be expected to be linked because of their spatial proximity and thermomechanical 134 

connectivity. At least in the Altiplano Puna Volcanic Complex, any assessment of true 135 

synchroneity is obscured by the limited resolution of the radioisotopic techniques. Other 136 

potential examples of synchroneity on a global scale may be represented by the Huckleberry 137 

Ridge Tuff (HRT) in the USA (2.0794 ± 0.0046 Ma)(Rivera et al., 2014) and Cerro Galán 138 

Ignimbrite (CGI) in Chile (2.08 ± 0.02 Ma)(Kay et al., 2011), but these lack the age precision 139 

to accurately constrain relative ages on a sub-kyr scale. They also lack the near antipodal 140 

positioning that stands out as a unique and compelling feature of the YTT-LCY connection 141 

(Fig. 3). 142 

 143 
Fig. 3. Large volcanic eruptions (> 400 km3) from the LaMEVE database over the last 2.1 Myr. 144 

Eruption magnitudes are represented by the size and color of the symbol. The antipodal location 145 

for each eruption is shown as blue circles. It is noteworthy that the main potentially antipodal 146 

relationship between two supervolcano eruptions also close in time is the YTT and LCY 147 

eruption pair. Note that Toba has sourced two Quaternary supereruptions, with YTT represented 148 

by the larger circle (id. Taupo). 149 
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We evaluate whether the temporal clustering of large eruptions is purely random using the 150 

timing of >400 km3 bulk volume (>M7) Quaternary eruptions (LaMEVE)(Crosweller et al., 151 

2012) that produced well-preserved deposits in the geological record. A relatively lower bulk 152 

volume than supereruptions was chosen to increase the sample size number (n = 28) for 153 

statistical analysis in order to avoid bias in the statistical analysis from having two coeval 154 

supereruptions (LCY and YTT) out of 13 in the past ca. 2 Myr (~10%). Additionally, this 155 

threshold ensures that our analysis is comparable to the global eruption frequency analysis for 156 

the largest VEI bin (VEI 7.5 and above) in Papale (2018). To assess any temporal eruption 157 

clustering in the geological record spanning the last ca. 2 Myr we calculated the coefficient of 158 

variation value (CV: the ratio of the standard deviation and the mean value for the time between 159 

two successive volcanic eruptions) for the reported eruption record (n = 28). Given the potential 160 

statistical bias from a small sampling number (n = 28), we used a Monte Carlo simulation (for 161 

details see Methods) to generate 50,000 different possible synthetic eruption histories after the 162 

reported eruption record and their 1σ uncertainties. The resulting median value of the CV for 163 

the reported eruption record distribution is ~1.035, whereas the median value of the mean time 164 

between eruptions is 76.28 kyr (28 eruptions in 2.054 Myr). Using the CV values obtained from 165 

the synthetic sequences of n equal to that of the reported Quaternary large eruptions (n = 28), 166 

we find that our >400 km3 bulk volume LaMEVE distribution lies within the 5–95th percentile 167 

for a random distribution (inset Fig. 4). Thus, LaMEVE dataset as a whole does not display any 168 

significant non-randomness/clustering at the 95% confidence limit. This conclusion is further 169 

supported by the clear difference in the CV value between the LaMEVE dataset and synthetic 170 

eruption histories with either periodically spaced eruptions or close eruption pairs (~ 5% of the 171 

average time between eruption groups, Fig. S2). We would note that some of the statistical 172 

properties of the LaMEVE dataset are not fully consistent with a purely random (or Poisson) 173 

eruption history. Specifically, the most likely value for the median temporal gap between 174 

individual eruptions does not closely match the expectations for random eruption histories (Fig. 175 
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S3). However, based on our analysis of a variety of synthetic eruption histories (e.g., random, 176 

periodic, clustered, Fig. S4) and their differences concerning the median parameter, we posit 177 

that the LaMEVE dataset is likely a mostly random eruptive history with only a few eruption 178 

pairs (potentially YTT-LCY and HRT-CGI).  179 

Finally, we estimate the occurrence of two supereruptions within a time range from 80 to 400 180 

yr in a random eruptive history. Among 50,000 synthetic histories with random spacing 181 

between eruptions and volumes sampled from our LaMEVE dataset, we find that only 1.73% 182 

of the synthetic histories have an eruption pair that matches the YTT-LCY characteristics (Inset 183 

Fig. 4). The probability is still less than 2% even if we use a homogeneous Poisson process 184 

(e.g., Papale, 2018) as the model for eruption temporal distribution instead of a random 185 

distribution. Moreover, even if we assume that the LaMEVE database is only complete for the 186 

last 100 kyr as suggested by Rougier et al. (2018) (6 eruptions with >400 km3 in last 100 kyr, 187 

recurrence time of ca. 17 kyr), there is still only a 4.2% probability of a YTT-LCY type eruption 188 

pair (Fig. S6). Thus, the statistical likelihood for two closely spaced supereruptions is small. 189 

This probability decreases further to only 0.086% when considering only synthetic eruption 190 

pairs at a comparable spatial distribution to the near antipodal nature of the Toba and Atitlán 191 

source calderas (Fig. S7) as shown in Fig. 3. Therefore, this spatial relationship between Atitlán 192 

and Toba is unique amongst any other large eruptions (Fig. 3 with >400 bulk volume eruptions), 193 

especially the M8 eruptions.  194 
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 195 

Figure 4. Cumulative number of eruptions (>400 km3) through the last ca. 2.2 Myr from the 196 

LaMEVE database. The color and size of the symbols are representing the magnitude of the 197 

eruptions. Black bars through symbols are 1σ age uncertainties. The upper inset plot shows the 198 

probability density curves for the coefficient of variation (CV) values from both the reported 199 

eruption dataset from LaMEVE and that of 50,000 synthetic eruptive histories generated by a 200 

Monte Carlo algorithm. Values of CV >1 indicate clustering of eruptions and CV <1 periodic 201 

eruptions. The lower inset histogram shows the number of eruption histories (among 50,000 202 

synthetic eruptions histories assuming that eruptions are randomly distributed) that contain 203 

paired eruptions within 80-400 years and at least one supereruption (>1000 km3) divided by the 204 

number of eruption pairs. A paired supereruption with YTT-LCY characteristics would be 205 

represented by ‘1.5’ or ‘2.0’ (either 1 or 2 eruption pairs) on the x-axis. On the other hand, if 206 

only one of the two closely spaced eruptions is a supereruption, it would be represented by the 207 

‘0.5’ or ‘1’ (either 1 or 2 eruption pairs) bin in the x-axis. The numbers on each histogram show 208 

the percentage probability of being in that bin based on the synthetic eruptive histories. 209 
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Physical processes for supereruption initiation 210 

Given the unlikely nature of a randomly synchronous eruption between YTT and LCY, it is 211 

reasonable to consider if there could be a causal relationship between them. The near-antipodal 212 

positions of the Toba caldera in Sumatra and the Atitlán caldera in Guatemala may be key. 213 

Geological effects including extensive crustal fracturing and surface disruption have been 214 

reported in antipodal locations after major meteorite impacts on Mercury and the Moon 215 

resulting from spherical focusing of impact-generated seismic energy (Watts et al., 1991). On 216 

Earth, antipodal effects from meteorite impacts have been potentially associated with the 217 

triggering or enhancing of volcanic activity (Meschede et al., 2011; Richards et al., 2015). Large 218 

magnitude tectonically generated earthquakes have also been associated with antipodal seismic 219 

focusing (O’Malley et al., 2018). Nonetheless, triggering of one supereruption by another from 220 

the seismic moment released, especially lying at the opposite side of the globe, is yet an 221 

undocumented phenomenon and difficult to quantify as instrumental data of the elastic energy 222 

associated with supereruptions are non-existent (Gudmundsson, 2016). This notwithstanding, 223 

we note that an estimate for the total elastic energy released during the Toba supereruption is 224 

in the order of 1019 [J] (Gudmundsson, 2016), which is in the same order of magnitude as the 225 

largest instrumentally recorded earthquake, the M9.5 Chile (Valdivia) earthquake. As a 226 

comparison, the energy delivered by a meteorite impact like the Chicxulub event is estimated 227 

in the order of ~1023 [J] (Boslough et al., 1996), which translates into seismic energy of ~1018–228 

1020 [J] after conversion into seismic efficiency (Shishkin, 2007). Although the rate of elastic 229 

energy released by the YTT supereruption is likely lower than a M9.5 earthquake or a large 230 

impact (due to much longer eruption duration), the total energy released is similar and may thus 231 

have similar effects on distal magmatic systems. The potential causal relationship between 232 

seismic energy and triggering or initiating of volcanic eruptions remains poorly constrained. It 233 

has been documented for only 0.4% of historical eruptions (Manga and Brodsky, 2006; Sawi 234 
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and Manga, 2018) though this probability may increase to 10% when considering a 2 yr window 235 

between a leading large earthquake and a subsequent explosive eruption (Sawi and Manga, 236 

2018). Causal effects are further supported by a temporal link between large magnitude 237 

earthquakes and volcanic activity at a global scale that has been proposed for the M9.1 Sumatra 238 

earthquake (Hill-Butler et al., 2020). Seismic activity has also been suggested as a potential 239 

trigger or initiation mechanism of supereruptions from perched magma reservoirs (Davis et al., 240 

2007; Gregg et al., 2015). The dynamic stresses induced by passing seismic waves have been 241 

linked to the onset of different magmatic processes affecting the host-rock, magma chamber, or 242 

associated hydrothermal system (Seropian et al., 2021). The associated changes in magma 243 

overpressure, hydrothermal fluid pressure, and crustal and magmatic mush permeability can 244 

ultimately lead to an eruption (Davis et al., 2007; Richards et al., 2015; Seropian et al., 2021).  245 

Large supereruption-feeding magma systems can remain petrologically buffered and 246 

thermomechanically primed at a critical threshold for extended periods of time (Caricchi and 247 

Blundy, 2015; Gregg et al., 2012). This pre-eruptive tipping point is most likely to be breached 248 

if roof instability can be initiated externally (Gregg et al., 2012). If YTT preceded the LCY and 249 

produced focused seismicity leading to a perturbation in the stress field of the crust below 250 

Atitlán caldera or in the roof of the magma reservoir, an eruption may be initiated and triggered 251 

if the magma was perched at the pre-eruptive tipping point. Long residence in a melt-present 252 

buffered state for both the YTT and LCY supervolcanic magmatic systems is suggested by 253 

protracted zircon crystallization records (Cisneros de León et al., 2021; Mucek et al., 2017; 254 

Reid and Vazquez, 2017). Notably, both LCY and YTT exhibit strikingly similar 255 

thermochemical histories for their corresponding magma reservoirs based on the crystallization 256 

of zircon and its sensitivity to changes in magma chemistry and temperature (Fig. 2). Magma 257 

accumulation timescales inferred from zircon rim crystallization ages of YTT and LCY are on 258 

the order of tens of thousands of years prior to the supereruption, with a remarkably coincident 259 

maximum at ca. 96 ka (Fig. 2). This suggests that the main phase of silicic magma 260 
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differentiation and assembly of a melt-dominated magma body for YTT and LCY likely 261 

occurred within a similar time window of ca. 20 kyr before the eruption. Thus, zircon indicates 262 

an ongoing evolution of the Atitlán caldera magma reservoir towards a critical state similar to 263 

that experienced by YTT. In this scenario, we speculate that the passage of large period 264 

Rayleigh seismic waves through a crystal-mush-dominated reservoir may have affected the 265 

system’s stability ultimately culminating in a supereruption on a decadal-century scale. Some 266 

potential physical processes include dynamic stresses due to passing seismic waves that induced 267 

pore pressure variations modifying the permeability structure of the crystalline matrix 268 

(Holtzman et al., 2003), and/or liquefaction of the crystalline mush (Sumita and Manga, 2008). 269 

Both of these processes (and similar visco-elastic two-phase instabilities in a magmatic mush) 270 

would promote new migration pathways for magma to ascend and increase local stresses in the 271 

magma reservoir ultimately leading to the eruption.  272 

One natural expectation from our model is that the YTT event also primed smaller volcanic 273 

systems. However, given their smaller scale, these smaller eruptions are likely poorly preserved 274 

in the geologic record and/or remained unstudied. An exception could be the Arce tephra 275 

erupted from Coatepeque caldera in El Salvador, which produced two large silicic eruptions 276 

separated only by a couple of hundreds of years (~26 and 41 km3)(Kutterolf et al., 2019) and 277 

whose age of 72 ± 2 ka (Rose et al., 1999) overlaps that of YTT and LCY.  278 

Resolving whether the time-space relationship between YTT and LCY was not purely random 279 

but influenced by external factors would critically benefit from refining the absolute dating for 280 

both supereruptions (and other close supereruption pairs), preferentially by applying the same 281 

geochronological method. This also holds for assessing the climatic consequences of such 282 

paired supereruptions. The ultimate resolution for the time lapse between YTT and LCY could 283 

come from the identification of volcanic glass shards from both supereruptions within the ice-284 

core layers. We deem such an endeavor promising because glass compositions from YTT and 285 
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LCY tephra are unambiguously distinct in trace element abundances (Fig. S7). No tangible 286 

evidence exists for a large extraterrestrial impact contemporaneous to the YTT-LCY eruption 287 

pair, but because of the low probability of random coincidence of the YTT-LCY supereruptions, 288 

such a “triple-whammy” scenario cannot be dismissed. 289 
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