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Abstract

The Tierra Blanca Joven (TBJ) eruption from llopango volcano deposited thick ash over much of
El Salvador when it was inhabited by the Maya, and rendered all areas within at least 80 km of
the volcano uninhabitable for years to decades after the eruption. Nonetheless the more
widespread environmental and climatic impacts of this large eruption are not well known
because the eruption magnitude and date are not well constrained. In this multifaceted study
we have: resolved the date of the eruption to 431 + 2 CE by identifying the ash layer in a well
dated, high-resolution Greenland ice core record that is >7,000 km from llopango; and calculated
that between 37 and 82 km3 of magma was dispersed from an eruption coignimbrite column that
rose to ~45 km by modeling the deposit thickness using state-of-the-art tephra dispersal
methods. Sulfate records from an array of ice cores suggest stratospheric injection of 14 + 2 TgS
associated with the TBJ eruption, exceeding those of the historic eruption of Pinatubo in 1991.
Based on these estimates it is likely that the TBJ eruption produced a cooling of around 0.5°C for
a few years after the eruption. The modeled dispersal and higher sulfate concentrations recorded
in Antarctic ice cores imply that the cooling would have been more pronounced in the Southern
Hemisphere. The new date confirms the eruption occurred within the Early Classic phase when
Maya expanded across the Central America.

Significance statement

The TBJ eruption of llopango occurred during Maya times but the exact timing and its impact
have been controversial. It was thought to be responsible for the anomalously cold decade
experienced in the Northern Hemisphere centered at 540 CE, but this date is at odds with
archeological evidence that suggests a date near the start of the Early Classic period (pre-450
CE). Our precise age of 431 + 2 CE allows us to pinpoint the eruption in proxy records and shows
that its impact was apparently limited. It appears to have only had major effects on populations
within ~80 km of the volcano, where the regions were blanketed by decimeters of ash fallout and
pyroclastic density currents.

Introduction

There have only been two large magnitude volcanic eruptions in the last two hundred years
(erupted >10 km? of magma; VEI=6) (1) for which we have well documented records of the
impact. Like wildfires, tropical cyclones, tsunamis, and earthquakes, volcanic eruptions result in
catastrophic local to regional impacts. However, one thing that sets eruptions apart from other
natural hazards is the potential for more widespread effects associated with the injection of
aerosols, especially sulfate, into the upper atmosphere. Sulfate aerosols that reach the
stratosphere increase albedo and result in decreases in temperature at the Earth’s surface on
the hemispheric to global scale (2). After the 1991 Pinatubo (Philippines) eruption there was
decline of up to 1°C in the sub-tropical troposphere (3) and following the 1815 CE eruption of
Tambora (Indonesia), cooler summers were experienced in North America and Europe. These
cooler temperatures in 1816-1818 CE resulted in reduced growing seasons and poor harvests,
which led to famine and high mortality across Europe and North America (4, 5). The impact of
these eruptions is clear as they are comparatively recent and well documented, but evaluating
the impact of similarly large eruptions further back in time is more difficult as written accounts
often do not exist and there are large uncertainties in calculating the magnitude of the eruption
and the amount of sulfate aerosols released. One way to establish the impact on climate and
society is to use paleoenvironmental and archeological records, but this relies on identifying the



eruption deposits within them, or obtaining a precise date for the eruption, so it can be
pinpointed in records to evaluate its timing relative to climate and cultural changes.

Large regions of El Salvador and its Maya sites were covered by thick deposits from an eruption
that occurred during the Early Classic Period that lasted from 300 to 600 CE (6-8). The eruption
that generated these deposits is named the Tierra Blanca Joven (TBJ) after its prominent outcrops
of “young white earth”. The eruption occurred from the llopango caldera, a 13 by 17 km collapse
structure, formed and modified by its numerous large eruptions in the last 1.8 Ma (9, 10). The
thickness of the deposits around the vent testifies to a large magnitude event, and such eruptions
release sulfur into the stratosphere that converts into sulfate. This stratospheric sulfate gradually
falls out, forming a deposit that can be detected in the polar ice cores (11, 12). In 540 CE, there
are a couple of large non-sea salt sulfur (nssS) peaks in ice core records retrieved from both polar
ice-sheets, which are consistent with a tropical eruption that injected volatiles into both
hemispheres (13). Given that this falls within the range of radiocarbon dates for the TBJ eruption
(270-562 CE; 95.4% probability), the date of the eruption was pinpointed to the ice core nssS
spike at 540 CE (14). However, the published radiocarbon measurements (quoted above) are
poorly constrained as they correspond with a plateau in the radiocarbon calibration curve and
there are other earlier nssS peaks that could have been generated by the TBJ eruption. The
suggestion that the eruption occurred at 540 CE (14) is controversial as archeologists working in
the region have recovered artefacts in Chalchuapa, 75 km NNW of llopango (Fig. 1) that were
clearly influenced by Teotihuacan Culture from beneath the TBJ ash in the Tazumal and Casa
Blanca archeological sites. These Teotihuacan items are typical of those made at the start of the
Early Classic Period (7) and hence, imply the eruption occurred prior to 450 CE. Furthermore,
Maya ceramic assemblages recovered from archeological sites in El Salvador are similar to those
found elsewhere in the region, but after about 400 CE it appears that ceramic production ceased
in El Salvador for a period of around 100-150 years (15).

We examined both the regional and more widespread impact of the TBJ eruption via a
multifaceted study. We have brought together a range of methods to assess the magnitude of
the eruption and height of the eruption plumes. To pinpoint the eruption in paleoenvironmental
records we also reassessed the date of the eruption by wiggle-matching radiocarbon
measurements of successive tree rings onto the radiocarbon calibration curve. This improved
date then provided constraints for us refine its date using a high-resolution polar ice core and its
precise chronology (16). Our date also allows us to define the timing of the eruption within
cultural and climate records, which can be used to assess how this eruption affected the region.

The Tierra Blanca Joven eruption

The TBJ deposits provide evidence that the eruption produced eruption plumes and fueled
numerous pyroclastic density currents (PDCs) (17, 18). The first two eruptive phases were
predominantly magmatic fallout with minor hydromagmatic activity. These were followed by a
sequence of PDC units (19), which deposited dense to dilute currents. These deposits extend 50
km from the vent (Fig. 1) and are up to 70 m thick in valleys near the caldera. Pedrazzi et al. (19)
estimated the volume of the PDC deposits to be at least 13 km? dense rock equivalent (DRE). The
PDCs generated a high coignimbrite (co-PDC) phoenix plume that caused widespread dispersal
of the volcanic ash over Guatemala, Honduras, Nicaragua, Costa Rica, and the Pacific Ocean (19).

Magnitude and dispersal of the TBJ eruption



The deposit thicknesses at more than 72 locations (data from ref. 19 and 20; see Methods) were
used to produce a 3D numerical model (FALL3D) (21) reconstructing tephra dispersal from the
coignimbrite phase and estimating the associated eruption parameters following the method
proposed by Costa et al. (22, 23). This 3D approach uses: a set of time-dependent meteorological
fields from across the region, which were obtained from the European Centre for Medium-Range
Weather Forecasts global atmospheric reanalysis (ERA-Interim); a range of volcanological input
parameters that include total erupted mass, mass eruption rate, column height, and total grain
size distribution; and several hundred simulations of the FALL3D tephra dispersal model (21, 24).
Further details of the modeling inversion and the use of the input parameters in FALL3D are
detailed in recent studies (25). The range of volcanological input parameters used within the
models were based on those estimated in the analytical model of Pedrazzi et al. (19) for the TBJ
deposits. The FALL3D code is based on the numerical solution of a set of advection-diffusion-
sedimentation equations coupled to a model that describes the density-driven transport
responsible for the radial growth of the volcanic cloud at the neutral buoyancy level (24). The
optimal eruption parameter values are obtained by producing best fits to measured TBJ deposit
thicknesses across the dispersal area (shown in Fig. 1). These simulated results are in general
agreement with the measured thicknesses, with most of the simulated thicknesses between 1/5
and 5 times those observed (see S/ Appendix, Fig. S1).

The FALL3D model results indicate approximately 55 km3 DRE was dispersed from the turbulent
coignimbrite plume that rose to a height of 45 km, with approximately 34 km3® DRE of material
released into the stratosphere. The mean error associated with the estimation of the erupted
mass is about a factor 1.5, which indicates that the volume of magma dispersed by the plume
was between 37 and 82 km3 DRE, and the maximum error is a factor 3. The fallout associated
with this enormous and unstable plume covered approximately 2 million km? with >0.5 cm of ash
within a few days (see S/ Appendix, SIM1 movie). Adding the volumes of the PDCs (13 km?3) (19)
takes the total volume of magma erupted during the TBJ eruption to between 50 and 95 km3
DRE.

Radiocarbon measurements and Bayesian age modeling

To determine the date of the eruption we looked for organic material within the TBJ deposits. A
slightly charred tree was found in late PDC deposits of the TBJ eruption at a location around 25
km NNW from llopango. The bark of the Mahogany tree (family Meliaceae) stump was intact and
a cross section through the stump revealed <37 growth rings. Samples for radiocarbon dating
were taken from packets of these rings, representing approximately 10 years, along two sections
that extended out from the pith to the bark edge of the stump. The radiocarbon measurements
of these samples were performed using a state-of-the-art Micadas Accelerator Mass
Spectrometer at the University of Groningen. These precise *C measurements were wiggle-
matched onto the IntCal13 calibration curve (26) using a Bayesian statistical model (D_Sequence
in OxCal) (27) to establish the date on which the tree was incorporated into the TBJ PDC (Table
1). The bark edge dates from each section where then merged in a separate OxCal model
(Combine function), and indicate the TBJ eruption occurred between 425 and 440 CE (95.4%
probability; Fig. 2). This is a significant improvement on previous radiocarbon determinations for
the eruption, which span from270 to 562 CE (95.4% probability).

Radiocarbon dates from other trees in the TBJ deposits were recently published (14) and include
cross-sections from three tree stumps that were similarly modeled onto a radiocarbon



calibration curve using Bayesian statistics. However, the authors used a mixed radiocarbon
calibration curve, which combines the Southern Hemisphere SHCall3 (29) and Northern
Hemisphere IntCall3 (26) datasets, to calibrate the radiocarbon measurements and obtained
calendar dates of 435-562 CE (95.4% probability) for two of the stumps. Their third stump (El
Mico A) produced an older age that sits just outside the range of the other two and because it
was particularly decomposed, they suggest that it was dead prior to being incorporated into the
flow (14). The justification for using a mixed calibration, 69% Northern Hemisphere and 31%
Southern Hemisphere, curve was the tropical location of these trees (14), but llopango is at 13.8
°N and clearly sits within a main Northern Hemisphere *4C zone (30). Furthermore, recent studies
suggest air masses over El Salvador come from Northern Hemisphere in both the austral summer
and winter (31), which is also shown by the TBJ dispersal (Fig. 1). If the Dull et al. (14) data are
calibrated using the accepted IntCall3 curve, the range of dates is slightly older than those
reported in their paper, with one mode at 401-431 CE and another at 471-530 CE (95.4%
probability; S/ Appendix, Fig. S3-S5). The older age range is consistent with our new radiocarbon
data.

Identifying the TBJ in the polar ice cores

Within the timeframe established by the wiggle-match radiocarbon date (425-440 CE; 95.4%
probability) there is an apparently contemporaneous nssS spike in various Antarctic and
Greenland ice cores (Fig. 3). Continuous measurements of the TUNU2013 ice core from northeast
Greenland reveal an increase in particles at 431 CE (depth of 194.395 to 194.48 m on the master
age-depth scale; Fig. 3) followed by a spike in nssS of up to ~90 ppb (ug/g) at 433 CE. Absolute
age uncertainties at this depth are estimated to be better than +2 years (13, 33). The offset in
particle and nssS deposition is consistent with what is observed and modeled for volcanic
eruptions, as it takes some time before the nssS is removed from the stratosphere (32, 34). For
example, nssS was deposited a few months to a couple of years after the 1815 CE Tambora
eruption (35).

Approximately 14-15 volcanic glass shards were identified in the particle-rich TUNU2013 ice
sample at 431 CE. Some of these shards had areas that were large enough to be analyzed. The
major element compositions of these glass shards entirely overlap with those of the TBJ (Fig. 4;
Table 2), and one of the ice core glass shards plots with the less evolved melt erupted during the
TBJ eruption, confirming that these shards are distal TBJ ash that travelled 7,750 km. It is not
unusual for tephra to travel such distances (23) as other tephra layers identified in Greenland
have been correlated to sources up to 8,000 km away (36, 37). This correlation provides
additional confidence that the age of the TBJ eruption is 431 + 2 CE.

DISCUSSION

Climatic and environmental impact of the eruption

Multiple annually dated ice-core chronologies suggest that the large nssS spikes at around 433
CE in the Antarctic and Greenland ice cores are contemporaneous (13, 38). The TBJ glass shards
in Greenland confirm that the nssS peak is associated with the TBJ eruption, and although the
contemporaneous Antarctic peak could potentially be associated with another volcanic event
there are aspects that suggest that is likely to be related to the TBJ eruption. Sulfur isotope
measurements on samples encompassing the corresponding 433 CE peak in another ice core
from Antarctica show mass independent fractionation (A33S = 0.54 + 0.12 %o), which is consistent
with sulfate aerosol formation in the stratosphere (39). The broad peak of volcanic sulfur



concentrations, spanning more than 2 years in high-resolution ice-core records from Antarctica
(38, 40), is consistent with a distal, low latitude source. Given this evidence and that other large
magnitude eruptions from the low latitudes typically deposit sulfur at both poles (38) we consider
that the Antarctic nssS peak at 433 CE is associated with the TBJ eruption. Extending tephra
analyses to ice-cores from Antarctica could be used to test this attribution in the future. The 433
CE nssS concentrations in ice cores distributed over Greenland are variable, ranging from 40 ppb
to 80 ppb, and the highest concentrations recorded in Antarctica are around 60 ppb (Fig. 3).
Based on these ice nssS deposits, the TBJ eruption generated one of twenty highest volcanic
stratospheric sulfur injections (14 + 2 Tg) in the Common Era (33). Analysis of the Common Era
ice core dataset shows that large tropical eruptions cause 0.6 + 0.2 °C cooler temperatures in the
northern hemisphere extratropics from June to August for at least four years after the eruption
and often do not recover pre-eruption values until 9 years after the eruption (13). More recent
work has, however, suggested that the apparent decadal persistency in the reconstructed cooling
may be biased from a biological memory in the tree-ring widths data included in the temperature
reconstructions (41, 42). The 433 CE ice-core records indicate an asymmetric stratospheric sulfur
burden favoring the Southern Hemisphere (Fig. 3) (13). The hemispheric partitioning of sulfate
aerosols following tropical eruptions depends on a variety of parameters, most notably the
Quasi-biennial oscillation that displays considerable seasonal variation (43, 44). Large low
latitude eruptions (e.g., Samalas 1257 CE and Krakatoa 1883 CE) that dispersed more sulfur in
the opposing hemisphere (33) highlight that sulfur transport is dependent on the atmospheric
circulation. Since the sulfur associated with the TBJ eruption was predominately dispersed into
the Southern Hemisphere it is likely the cooling would have been significantly stronger there,
with 0.5-1 °C cooler seasons for a few years after the eruption. Unfortunately, there are too few
well-dated paleoclimate proxy records for the Southern Hemisphere to verify the climatic effect
of the eruption (45).

It is difficult to establish the scale and the duration of the climate change around llopango and
Central American regions following the eruption as few climate records have been sampled at
sufficiently high resolution across this interval (46), with the sensitive proxies only typically being
analyzed at intervals spanning 20 years (47). A regional 520 record of a speleothem shows that
rainfall in Central America has been particularly variable over the preceding millennia. It indicates
that a period of relatively high rainfall started around 440 CE (7 and references therein) and
extended for 50-60 years, much longer than expected if it was purely volcanically-forced.
Furthermore, the wet period is similar in magnitude and duration to others in the record that do
not coincide with large volcanic events. In summary, data from proxy records in the region do
not reveal any pronounced or long-term climate perturbation around the time of the eruption.
However, it is possible that there was significant short-term change that has not yet been
deciphered in these past environmental records as they have not been analyzed at a sub-decadal
resolution.

The input of the TBJ ash into the Pacific Ocean would have altered the ocean chemistry and
affected the biogeochemical cycle, especially because the region of the Pacific Ocean south of El
Salvador is particularly low in iron and chlorophyll (48). The TBJ ash has similar iron contents (~1
wt% FeO; Table 2) to ash erupted by Pinatubo (Philippines) in 1991 (49) and similarly, Pinatubo
deposited ash into a Fe-limited region of the ocean. This additional iron increased marine
productivity resulting in CO2-drawdown and a pulse in atmospheric oxygen (50). Given that the
TBJ eruption was an order of magnitude greater (total volume 50-95 km3 DRE) than the Pinatubo



eruption (3-5 km3 DRE) it would have generated a more pronounced increase in marine
productivity and resulted in changes in both atmospheric CO, and oxygen in the years following
the TBJ eruption.

The dispersal of tephra and distribution of the PDC deposits indicates that areas within 80 km of
the vent were covered with decimeters of ash. Everything within these regions would have been
destroyed and vegetation would have taken many years to decades to recover (23, 51). Further
afield, in the Maya lowlands located more than 450 km from llopango where only millimeters of
ash would have been deposited, the effects appear to have been limited in this tropical
environment, with archeological records suggesting that at the time the number of Maya
monuments were increasing along with the population (7).

Conclusions

The coignimbrite plume generated by the VEI6, Magnitude 6.9-7.3 TBJ eruption from llopango
volcano dispersed between 85 and 188 km? of tephra (37-82 km3 DRE) over large areas of central
America, with the very finest fraction travelling >7,000 km to Greenland. Compositionally
identifying the tephra in the ice core provides the precise date of 431 + 2 CE for the eruption.
This conclusive date is earlier than some other studies have suggested (14) but is consistent with
all published data from the region. The position of the tephra in the Greenland ice core is
associated with a slightly later peak in nssS, and a broad nssS peak linked to a low latitude
eruption is observed at the same time in Antarctic ice cores. The coincident spikes in nssS suggest
that this tropical eruption injected ~14 Tg of sulfur into the stratosphere which subsequently
dispersed in both hemispheres. This injection into the upper atmosphere occurred during the
later phases of the eruption when the particularly turbulent and unstable coignimbrite plume
extended to a height of 45 km. The local to regional impacts appear to have been restricted to
areas within a few hundred kilometers of the vent, with no compelling evidence in
paleoenvironmental records or historical accounts for significant impact at this time.

Methods

Ash dispersal modeling: Ash dispersal associated with the TBJ tephra deposits was simulated
using the FALL3D model, which solves equations for advection, diffusion and sedimentation of
particles (21) and accounts for gravity spreading of the umbrella region (24). The isopach maps
were generated by modeling the tephra deposition in terms of mass loading (kg/m?) and
converting to thicknesses, using a bulk density of 1,000 kg/m?3, following an approach that has
been used for other eruption deposits (22, 23). The thickness measurements used in the FALL3D
model are those from Pedrazzi et al., (19), and we included an additional two points where 3 cm
of ash was recorded in cores: OC001 at 92.164417°W, 14.539192°N, and MESO01 at
92.136236°W, 14.477268°N (20).

The input parameters required for the dispersal model include: mass eruption rate, eruption
duration, eruption column height, mass distribution along the column, total grain-size
distribution, and meteorological fields across the computational domain. As there is no direct
way to estimate all these parameters at the time of the eruption, they were estimated by the
model by minimizing the difference between observed and modeled thickness (23, 52):

= RN ﬂ N i(obs) 1¢N Ti(obs)\\2 |
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where N is the number of data points (sample localities), Ti{obs) and Ti(calc) represent the
observed and calculated thicknesses, respectively, and K and k are the statistical indexes (i.e.
geometric average of the distribution and geometric standard deviation of the distribution)
introduced by Aida (53).

The model assumes ash was injected into the atmosphere from vertically distributed point
sources above the caldera. The TGSD of the coignimbrite deposits (19) was used for the
simulations. The model accounts for the aggregation of fine ash using a parameterization (54),
which assumes 50% of the 63—44 um ash, 75% of the 44—31 um ash, and 95% of the ash <31 um
fell as aggregated particles with an effective diameter of 200 um (55). The effective density of
these aggregates was found to be very low (45 kg/m3) (19). The other parameters used in the
model and the explored ranges are reported in the S/ Appendix, Table S1. The simulations were
carried out using a horizontal resolution of ~20 km and a vertical resolution of 2 km.

The reconstruction represents ash dispersal fed by the TBJ coignimbrite plume. However, this
best-fit solution is not necessarily unique as there are a wide range of eruption source parameter
combinations, the input parameters are inter-dependent, and not all computational settings
were fully explored (e.g., 52, 56).

TUNU2013 ice core chronology: The 212 m-long TUNU2013 ice core was drilled in 2013 in
northeast Greenland (78.04°N, 33.88°W; 2105 m above sea level). The TUNU2013 ice core
chronology is based on counts of the annual layers counted between fixed volcanic constraints
using non-sea-salt sulfur signals to other Greenland ice cores, with the 774/5 CE cosmogenic
event being the nearest calendar-dated fix point (13). This TUNU2013 chronology is within 2
years of the North Greenland Eemian Ice Drilling (NEEM) project (NEEM-2011-S1) ice core
timescale (13) and with the independent North Greenland Ice Core (NGRIP) project DRI-NGRIP2
ice-core timescale (57). The particle concentrations and compositional data along the core were
determined by analyzing a stream of water obtained by continuously melting a 33x33 mm cross
section of the ice (58). The particles in the section where there were elevated concentrations,
at 431 CE, were retrieved from the meltwater sample that spans approximately 2.5 years.

TUNU2013 glass compositions: Major element geochemical compositions of tephra shards
(sample QUB-1983) in the TUNU2013 ice core at 431 CE were determined using a JEOL 6500F
field emission gun scanning electron microscope at Queen’s University Belfast. An accelerating
voltage of 15 kV was used and the beam was set to 5 nA and rastered over a 5x5 um area. The
Na, Mg, Mn and Ti were analyzed using a wavelength dispersive spectrometer (WDS), while the
Si, Al, Fe, K, Ca and Cl were collected using the energy dispersive spectrometer. The count times
on peak for all elements analyzed using WDS was 20s, while Na was collected for 10s (59).
Reference glasses run with the glass shards are included in the S/ Appendix, SID1 dataset.
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Figure 1. The location of the llopango caldera in El Salvador (red triangle) with the TBJ tephra
thicknesses (data from ref. 19 and 20). (A) Tephra thickness (mm) within ~80 km of the vent.
Centimeters of ash were deposited in parts of Mexico (A) while areas closer to the vent (B) were
covered with decimeters of ash and PDCs. The tree stump that was radiocarbon dated (Fig. 2)
was found within the PDC deposits at the location marked with a black star; the location of
Chalchuapa (El Salvador) is marked by a white star. (C) The TBJ tephra is ~20 cm thick in the Casa
Blanca archeological sites in Chalchuapa. (D) The ~2 m thick TBJ deposits ~10 km west of the vent
(grey star in B). Most of the deposit is PDC but there are a few centimeters of fallout at the base,
which blankets soil that had been worked by the Maya. (E) The glass shards from the TBJ eruption
that were identified in the TUNU2013 ice core from Greenland.

Figure 2. (A) A photograph of the cross section through the Mahogany tree that was felled by the
TBJ PDCs and recovered from within the deposits ~25 km from the volcano (Fig. 1B). Radiocarbon
measurements were carried out on samples from two sections (labelled A and B in white) that
extend from the pith to the bark edge, and each contiguous sample spans approximately 5 or 10
years (Gap). (B) The radiocarbon data from the samples taken through Section A (bottom) and
Section B (top) were modeled onto the IntCall3 radiocarbon calibration curve (26) using a
Bayesian statistical approach, which takes into account the order of the dates (older pith at the
bottom to bark edge at the top), in OxCal v.4.3.2 (28) to determine calendar dates (Table 1). The
distributions (likelihoods) for the single calibrated dates are shown in light grey, while the
marginal posterior distributions (95.4% probability) that take into account other dates in the
sequence are shown in darker grey. (C) The two determinations of the modeled date at the bark
edge (i.e. felling dates in B) were combined in OxCal to provide an eruption date of 425-440 CE
(95.4% probability).

Figure 3. (A) Ice core non sea-salt sulfur (nssS) data from Greenland (North Greenland Eemian
Ice Drilling (NEEM) cores) and Antarctica (West Antarctic Ice Sheet Divide Core (WDS) and the
B40 core from Dronning Maud Land), modified from ref. (13). The large volcanic nssS signals (13)
are labelled with the calendar year that marks the start of volcanic sulfate deposition. The nssS
peaks at 432 CE in Greenland and 434 CE in Antarctica (marked with a double headed arrow) are
within the new radiocarbon date range for the TBJ eruption (Fig. 2; Table 1). (B) Particle
concentrations and nssS data from the TUNU2013 ice core from Greenland (Fig. 1) spanning



429.5 to 434 CE. The peak in particles (solid line = 4.5-9.5 um; dashed= 2.4-4.5 um fraction) is
centered at 431 CE, while the nssS starts to be deposited a year later as it takes longer for it to
be deposited from the stratosphere (32). The TUNU2013 glass shards (Fig. 1) that were analyzed
(Fig. 5) were extracted from the 431 CE ice sample.

Figure 4. Glass major elements geochemical data from the TBJ deposits (red triangles; data from
ref. 19), and glass shards from the TUNU2013 ice core located at a depth that corresponds to 431
CE (black squares). Error bars on (A) represent +1 standard deviation of repeat analyses of a
reference glass (see SI Appendix; SID1 dataset), and errors are smaller than the data points on

(B).



Table 1: Radiocarbon determinations of samples taken across sections (A and B) from pith (4) to the bark edge (1) of the
tree found within the TBJ PDC (see Figure 2).

Trunk 1, Sample name Labcode %C  d“C * Acorr (1) '“CAge +  Modelled
Section (GrM-) (%o) (%) (yr BP) (16) radiocarbon
date (CE) at
95.4%
probability
A A1 15054 391 -2453 021 8206 0.20 1588 20, 446
A1 DUPLICATE 15055 381 -2460 021 8201 0.19 1593 19
A2 15056 404 -26.15 021 8167 0.19 1627 19 420 441
A3 15058 395 -27.02 021 8183 0.20 1611 19 400 421
A3 DUPLICATE 15060 409 -2720 021 8180 0.21 1614 20
A4 15061 39.8 -27.26 021 81.51 0.20 1642 20 390 411
B B1 15063 387 -2532 021 8175 0.20 1618 20 413 435
B2 15196 388 -2627 021 8179 0.20 1615 19 403 425
B2 DUPLICATE 15197 387 -2685 0.26 8169 0.20 1624 19
B3 15198 385 2724 026 8146  0.20 1647 19 393 415
B4 15200 375 -26.89 026 8151 0.20 1642 19 383 405

Note: Duplicate analyses were combined in the OxCal model.



Table 2: Major element compositions (normalized to 100%) of glass shards in the TUNU2013 ice core (Greenland) at 431 CE

compared to those in the TBJ eruption deposits

Si0; TiO, ALO; FeOt MnO MgO CaO NaO K0 ¢ Amaviical .
TUNU2013, 431 CE
QUB-1983-2 76.39 0.27 1317 1.06 0.06 030 1.18 442 3.00 0.15 96.96
QUB-1983-10 76.22 029 1330 095 0.06 031 1.23 442 3.00 0.21 95.43
QUB-1983-3 76.80 018 1319 119 0.12 0.28 1.18 3.66 3.05 0.34 91.25
QUB-1983-4 76.08 0.21 1337 1.06 -0.05 0.23 1.15 480 291 0.23 97.45
QUB-1983-4b 7719 035 13.02 1.03 0.00 0.27 1.25 349 3.19 0.21 93.93
QUB-1983-7 7576 0.28 13.11 097 -0.01 0.27 1.09 528 3.07 0.17 97.47
QUB-1983-6 7571 027 1288 1.06 0.05 024 1.09 537 3.13 0.19 96.54
QUB-1983-21 6548 0.73 16.14  3.81 023 227 3.50 578 1.87 0.20 96.48
TBJ
Rhyolite* 7714 019 1275 119 0.07 020 1.23 436 287 0.20

0.46 0.03 034 010 0.04 0.03 0.09 0.20 0.12 0.02 248

Representative analyses of the less evolved TBJ glasses
ILO-32_dark-38 58.96 0.65 12.61 715 026 6.62 9.54 3.07 0.97 0.09 96.10
ILO-32_grey-2 65.55 049 1560 458 020 263 5.09 3.82 1.68 0.17 92.68
ILO-32_grey-13 68.56 053 1590 328 0.16 0.83 3.54 464 218 0.14 92.68

*average composition of the rhyolite population (Pedrazzi et al., 2019) with *n for Cl = 150. Analytical
total is the original unnormalized value. Reference glass analyses are included in the Supporting

Information.
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e Movie - SIM1: Simulated tephra dispersal associated with the 431 CE Tierra Blanca Joven
eruption from El Salvador over the 117 hours following the onset of the eruption. The isopachs
are in millimeters, which correspond to tephra load in kg/m?2.

e Dataset - SID1: An excel file with: (1) reference glass analyses for the data presented in Table 2,
and (2) volatile data presented in Fig. S7.

Ash dispersal modeling

The results of the best fit TBJ tephra dispersal inversion are reported in Table S1 and Fig. S1. The
first Aida (1) index (K), reported in Fig. S1, reflects the geometric average and is 0.99; and the second
(k), related to the geometric standard deviation is 2.90. The best fit scenario (TBJ-175) corresponds
to the meteorological synoptic fields from 21 to 26 February 1997 rotated 5° anti-clockwise around
the vent. Although the winds generally blow towards the E, the observed tephra deposits indicate
that during the eruption the winds were directed S-SW (see S/ Appendix SIM1 movie). The mass
distribution within the eruptive column was obtained by empirically best-fitting the Suzuki (2)
distribution shown in Fig. S2. It mimics the distribution reconstructed by computationally intensive
3D simulations (3). These simulated results are in agreement with the measured thicknesses (Fig.
S1). The mean error associated with the erupted mass estimation is about a factor 1.5 and the
maximum error is a factor 3.



Table S1. Best-fit results of tephra dispersal inversion for the TBJ co-ignimbrite phase

Modeled Dispersion Parameters Explored Range TBJ-175°
Tephra mass (104 kg) Calculated 1.26
Tephra volume DRE (km?3) Calculated 55
Eruption duration (hours) 1-5 1

Mass eruption rate (10%kg/s) 1-5 3.5
Column height (km) 45-55 45

Suzuki coefficients A (-)° 2-9 2
Average deposit density (kg/m?3)® Assumed 1000
Aida indexes K/k (-) Calculated 0.99/2.90

Footnote: “ The eruption source is described in a purely empirical way in order to reproduce the optimal
geometrical shape of the deposits using the Suzuki distribution (2,4). The eruption column acts as a vertical

line source (this simplification is only valid

in distal areas).

®This value is used to convert deposit thickness, in mass loading, and to calculate total tephra volume from
the total mass. A density of 2300 kg/m3 was used to convert the tephra volume into a dense rock

equivalent (DRE) magma volume.

The SI Appendix Movie (SIM1) shows the reconstructed time evolution of the tephra deposition. At
proximal locations, 1 cm of tephra was deposited in approximately 4 hours (~10 km from the vent;
grey star on Fig. 1B, and deposit is shown in Fig. 1D). Whereas in medial locations, such as the Casa
Blanca archaeological site (76 km from the caldera; white star on Fig. 1B), it took ~7 hours for 1 cm
of ash to accumulate. Most of the millimeter-thick ash deposits found at sites hundreds of

kilometers from the caldera would have accumulated within a couple of days.
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Radiocarbon chronologies

We collated published radiocarbon data related to the TBJ (Table S2; data from refs. 5-8) and ran it
in an OxCal Bayesian model with outlier analysis. We used a Sequence model which considers the
stratigraphic positions of samples (i.e., pre-TBJ, within the TBJ deposit, and post-TBJ) to help
constrain the date.

The tree stump was recovered from within a TBJ PDC deposit at Wazapa Hacienda El Mico (location
352-A; N13.89465, W89.16584; ~358 m above sea level) approximately 25 km NNW of llopango.
The tree is from the mahogany family (i.e. Meliaceae). It is slightly charred and rings can be observed
within a cross section (Fig. 2), with 24-37 rings distinguished from the pith through to the bark edge.
The ring boundaries are not particularly clear and they are not uniform around the pith so we are
unsure whether the rings represent seasonally variation. Furthermore, there is not strong
seasonality experienced at similar locations and such elevations today so the numbers of rings are
likely to be underrepresented and thus, underestimate the age of the tree. We tested the sensitivity
of the radiocarbon model and the following results were obtained: 433-452 CE if rings are 1.5 times
those counted, and 447-474 CE if number of rings are doubled.

Studies of the Bomb enrichment of C allows three zones to be defined in both hemispheres, with
1 closest to the poles and 3 extending to the equator. El Salvador is in Zone NH2, and IntCal13 is the
correct curve to use for radiocarbon calibration (9). The Dull et al. (10) radiocarbon data were
recalibrated using the IntCal13 curve (Fig. S3-S5). The range of dates are slightly older than dates
calculated with the mixed calibration curve. If the felling ages of the 4 datasets (10) are combined
within a single OxCal model the date of the eruption is either at 401-431 CE or 471-530 CE (95.4%
probability range).



Table S2. Modeled and recalibrated (using IntCal13; 11) radiocarbon data relating to the TBJ
deposits.

Laboratory 3 Outlier Modeled radiocarbon
code C * Ref. Sample information probability date (CE) at 95.4%
(%)~ probability
Above TBJ
PLD-28988 1605 20 8 5 403 535
Eruption 400 525
Within TBJ deposits
CAMS-78595 1810 40 7 Seed 5 270 446
CAMS-78600 1780 50 7 Charcoal 5 272 414
CAMS-46574 1590 50 10 Tree 5 348 500
CAMS-46575 1610 50 10 Tree 5 340 500
Tx3122 1630 70 5%  Charcoal® 10 293 501
Tx3114 1940 50 5% Charcoal 5 270 486
P-1803 1710 60 5% Charcoal (reworked?)® 10 270 430
Hv5001 1450 310 5% Small charcoal 10 283 492
Hv5004 1925 215 5% Small charcoal 10 272 478
Hv2534 1660 95 5* Charcoal® 10 279 483
Hv2535 1525 70 5%  Charcoal® 10 344 502
Hv264 1690 85 5* Charcoal® 10 274 471
Hv5002 1590 70 5* Charcoal® 10 329 504
Below TBJ
Tx2324 1970 60 5 Soil® 10 184 397
PLD-28989 1720 20 8 5 246 392
CAMS-60527 1610 50 6 Peat 5 231 398

Footnote: * quoted in reference (ref.) 6; *estimated based on known information, i.e., those where the
stratigraphic position is not confirmed were assigned a higher probability of being outliers; $ stratigraphic
position is inferred. Values in grey italics are outliers in the model.
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OxCal v4.3 2 Bronk Ramsey (2017): r:5 IntCal1 3 atmospheric curve (Reimeretal 2013)
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Figure S3: Recalibration of the El Mico A radiocarbon data (6) using IntCal13 (11) in OxCal (12). The

95.4% probability range of the felling (eruption) date for El Mico A is: 423-445 CE (78.3%), 464-467
CE (0.5%) and 495-539 CE (16.6%).
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Figure S4: Recalibration of the El Mico B radiocarbon data (6) using IntCal13 (11) in OxCal (12). The
95.4% probability range of the felling (eruption) date for El Mico B is: 426-443 CE (13.8%) and 494-
553 (81.6%).
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Figure S5: Recalibration of the Los Choros radiocarbon data (6) using IntCal13 (11) in OxCal (12).
The 95.4% probability range of the felling (eruption) date for Los Chorros is: 423-450 CE (12%) and
491-560 (83.4%).

Tephra correlation using glass compositions

We compared the glass compositions of the TUNU2013 431 CE sample to other known Northern
Hemisphere eruptions around the same time, which include the: TBJ (425-440 CE at 95.4%
probability); 472 CE Pollena eruption from Vesuvius, Italy (13); and the KS1 eruption of Ksudach
(245-360 CE; 95.4% probability), KL-UK-1 eruption of Kliuchevskoi (325-611 CE; 95.4% probability),
and SH#12 eruption of Shiveluch (542-639 CE; 95.4% probability) in Kamchatka, Russia (14). The
Shiveluch SH#12 glasses are identical in composition to most of the TUNU2013 431 CE glasses, apart
from very slightly lower CaO contents, and the Shiveluch glasses do not extend to less evolved
compositions as seen in the ice core sample and the TBJ glasses (Fig. S6). The SH#12 Shiveluch
eruption is unlikely to be the source of the tephra at 431 CE and the nssS peak in the TUNU2013 ice
core as it occurred >100 years later (542-639 CE at 95.4% probability) (14), and the
contemporaneous nnsS peak in the Antarctic ice cores confirms that the 431 CE eruption occurred
in the tropics (discussed in the paper).
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Figure S6. Glass major elements geochemical data from the TBJ deposits (red triangles; data from
ref. 15), glass shards from the TUNU2013 ice core located at a depth that corresponds to 431 + 2 CE
(black squares), and other known Northern Hemisphere eruptions that occurred around the same
time: KS1 eruption of Ksudach (245-360 CE), KL-UK-1 eruption of Kliuchevskoi (325-611 CE), and
SH#12 eruption of Shiveluch (542-639 CE) in Kamchatka, Russia (14); and the 472 CE Pollena
eruption from Vesuvius, Italy (13). The Shiveluch SH#12 glasses do not display the full compositional
range shown in the ice core sample, which is also observed in the TBJ deposits. The error bars (+1c)
in (C) and (D) are determined from repeat analyses on reference glasses (see the S/ Appendix SID1
dataset).

Volatile content of the TBJ magma

The volatile contents of TBJ melt inclusions and matrix glass were analyzed using a JEOL 8600
wavelength dispersive electron microprobe at the University of Oxford. A 15kV, 30 nA defocused
(10 micron) beam was used, and each element (F, Cl, P and S) was analyzed simultaneously on one
of the 4 wavelength dispersive spectrometers for 120 s (on peak) with background counts
collected for half the time on either side of the peak. See the S/ Appendix dataset (SID1) for the
measurements. All S in the melt is presented as SO,.

In an attempt to assess the amount of SO that was initially dissolved in the TBJ magma and released
during the eruption, we analyzed the SO; in the melt that was trapped during the crystallization of
the phases. The melt inclusions (MI; n=27) and matrix glasses (n=92; including re-entrants in
crystals) were analyzed from samples through the eruption sequence (Fig. S7). The Ml are rare and
typically very small (few tens of microns) and found within a variety of crystal phases. The SO; in the



Ml ranges from below the detection limit (65 ppm) to 2104 ppm with an average of 442 ppm (n=15).
The maximum SO; concentration in the matrix glasses is 2051 ppm and the average is 243 ppm
(n=88). Given these wide and overlapping ranges it was not possible to estimate the amount of
sulfur released with any certainty.
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Figure S7. Volatile element compositions of melt inclusions trapped within crystals and the matrix
glass. (A) The sulfur concentrations in the Ml and matrix glasses span a wide range. (B) The matrix
glasses have more Cl than the melt inclusions implying the melt was not saturated in Cl.

The fluorine values in the melt are mostly below detection limit (<330 ppm) in both MI and matrix
glasses indicating that the F release is likely to have been less than a few Tg (using equation in ref.
16). The chlorine concentrations in the Ml are significantly less (avg. 1329 ppm; n=23) than those in
the matrix glasses (avg. 2423 ppm; n=111; Fig. S7). These compositions imply that the melt was not
saturated in Cl even though the magma contains apatite with appreciable amounts of Cl (1.7 wt%).

These wide variations in both sulfur and chlorine are most likely associated with late-stage volatile
transfer from another magma. Mingled clasts are observed in the deposits indicating that the
dominant silicic magma interacted with a basaltic melt during the eruption (15). It is possible that
there were significant volumes of S and Cl gas released during the TBJ but our data do not provide
reliable constraints.
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