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Abstract

Decades of research have focused on establishing the exact year and climatic impact of the Minoan eruption of Thera, Greece (c.1680
to 1500 BCE). Ice cores offer key evidence to resolve this controversy, but attempts have been hampered by a lack of multivolcanic
event synchronization between records. In this study, Antarctic and Greenland ice-core records are synchronized using a double
bipolar sulfate marker, and calendar dates are assigned to each eruption revealed within the ‘Thera period’. From this global-scale
sequence of volcanic sulfate loading, we derive indications toward each eruption’s latitude and potential to disrupt the climate system.
Ultrafine sampling for sulfur isotopes and tephra conclusively demonstrate a colossal eruption of Alaska’s Aniakchak II as the source
of stratospheric sulfate in the now precisely dated 1628 BCE ice layer. These findings end decades of speculation that Thera was
responsible for the 1628 BCE event, and place Aniakchak II (52 + 17 Tg S) and an unknown volcano at 1654 BCE (50 + 13 Tg S) as two
of the largest Northern Hemisphere sulfur injections in the last 4,000 years. This opens possibilities to explore widespread climatic
impacts for contemporary societies and, in pinpointing Aniakchak II, confirms that stratospheric sulfate can be globally distributed
from eruptions outside the tropics. Dating options for Thera are reduced to a series of precisely dated, constrained stratospheric sulfur
injection events at 1611 BCE, 1561/1558/1555BCE, and c.1538 BCE, which are all below 14 &+ 5 Tg S, indicating a climatic forcing potential
for Thera well below that of Tambora (1815 CE).
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Significance Statement:

The date and climatic impact of the Minoan eruption of Thera have long been a focus of controversy. Key evidence lies in layers of
volcanic sulfate and ash deposited in Greenland and Antarctic ice-sheets. Analysis of ice-core sulfuric acid can reveal the extent
of climate system forcing from past volcanic aerosols, which redistribute solar energy and decrease warming at Earth’s surface.
Ash geochemical data from the same event layer can connect to a specific volcano. We synchronize continuous ice-core records,
1680 to 1500 BCE, defining and dating eruptions across the period to confirm high sulfur yield/climatic forcing for Aniakchak II at
1628 BCE, and confining Thera to one of a range of precisely dated lower sulfur/climate forcing events.

Introduction perturbations of the climate system, are well-established (1), al-
For the last 2,500 years, correlations between the record lowing for detailed investigations of volcanic impact on human
of volcanic sulfate in Northern Hemisphere ice cores, and societies (2). Exact dating of such events is of the upmost im-
growth anomalies in tree-rings indicating sudden, short-term portance because multiple timelines can often be secured and
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linked using volcanic marker horizons, enhancing understanding
of cause and effect. Further back in time, this relationship is less
accurately and precisely resolved, and controversies remain over
when, where, and what impact, certain eruptions had on ancient
societies and ecosystems.

The Minoan eruption of Thera, (Santorini) in the Mediterranean
Sea, and the period ¢.1680 to 1500 BCE, have long been a focus
of such investigation (3-7). This eruption, one of the more explo-
sive of the Holocene (VEI 7 (8)), sealed the spectacular Minoan
settlement of Akrotiri (on Thera) under meters of volcanic debris
(9), and deposited tephra and other volcanic products across the
wider region (10). The resulting marker horizon provides an impor-
tant synchronization point for chronologies of the ancient Aegean,
Anatolia, Levant, and Egypt, but dating it precisely has proved dif-
ficult. Archaeological connections between these regions, founded
on the historical chronology of Egypt, indicate that the eruption
must have occurred after the start of the New Kingdom (11-14).
This is conventionally ¢.1540 to 1500 BCE (at earliest ¢.1560 BCE
(13) or 1550 BCE (11)) or after 1570 to 1544 cal BCE (95.4% proba-
bility) based on radiocarbon dating (15). However materials buried
by the eruption on Thera have been argued to radiocarbon date
closer to 1600 BCE (16-18). This discrepancy can be partially ex-
plained by the impact of a radiocarbon plateau between c.1610
and 1540 BCE (19) and differences in approach to calibration and
interpretation of materials buried by the eruption (20, 21). Arange
of factors related to potential radiocarbon reservoir effects, in-
cluding volcanic contamination with ‘old carbon’ have also been
suggested for material which grew on the island (12). A recent
study on samples from a Theran tsunami deposit indicates a ra-
diocarbon based date that is sometime ‘after 1611 BCE’ (10), with
a seed found in this deposit, in close proximity to the first human
remains associated with the eruption, yielding calibrated proba-
bility distributions of 1612 to 1573 cal BCE (19.4%) and 1665 to
1501 cal BCE (76.1%) (10). This illustrates the problematic nature
of radiocarbon calibration in the period, but also possibilities for
overlap with the New Kingdom.

Ice-core evidence from both poles offers the potential to re-
fine the dating for Thera with much more accuracy, but incongru-
ous dating schemes for different ice cores and evidence for mul-
tiple eruptions ¢.1680 to 1520 BCE (22-24) have limited progress.
For example, the caldera forming Aniakchak II eruption (Alaska)
has been geochemically confirmed in association with differently
dated sulfate events in several Greenland ice-cores (25-27) with
possible dating solutions proposed (7). Radiocarbon evidence for
this event has previously been hampered by large associated er-
rors (28, 29), making it temporally indistinguishable from Thera,
however, reservoir corrected dates from marine mollusks in a
tightly constrained sediment core (30) support a date of 3572 +
4 years BP (c.1623 + 4 BCE).

Between 1680 and 1520 BCE, a number of calendar dated tree-
ring growth anomalies have been identified (3-6, 19, 40-43). Of
these, the strongest, best replicated signal occurs in 1628/7 BCE (3-
5,42,44). This has long been associated with the eruption of Thera
(3, 4), but recently presented as a more likely candidate for Ani-
akchak IT (7). Other, less strongly confirmed indicators for a poten-
tial volcanic impact highlight the years 1654/3 BCE (5-7), 1560 BCE
(19, 42, 43), 1554 BCE (40), 1550BCE (42), 1546 and 1544 BCE (19),
and 1524 BCE (6, 41).

To address these chronological, climate forcing, and volcanic
attribution issues, we bring together Greenland and Antarc-
tic records, synchronizing continuous high-resolution sulfur
(395 BCE to 2006 CE) (45) and sulfate (4059 BCE to 395 BCE) (35)
data using layer counts, and securing this in time with dendro-

climatological age constraints (7). We present a comprehensive
sequence of volcanic sulfate deposition 1680 to 1520 BCE and use
these combined, securely dated, highly resolved data to provide
additional constraints on the magnitude of sulfur injection, at-
mospheric sulfur life cycle, and potential source locations of the
identified events. We also selected two events for high-resolution
sampling, across multiple ice-core records, in order to search for
tephra, clarify the association of any tephra found relative to the
sulfate and, through sulfur isotope analysis, provide a more ac-
curate estimate of the fraction of sulfate that was transported via
the stratosphere (46) to improve stratospheric sulfate loading esti-
mates. These data, along with geochemical analysis of the tephra
recovered, are used to reveal consequential insights into the dat-
ing, size, and climatic forcing potential of Aniakchak II and the
Minoan eruption of Thera.

Results

Synchronizing Northern and Southern
Hemisphere ice-cores

Sulfate (and conductivity) peaks in Greenland (GISP2 (31), GRIP
(32), NGRIP (27), and EGRIP (33)) and Antarctica (WDC (35) and
EDML (36)) were aligned to calendar dated tree-ring events in
1654/53 BCE and 1628/7 BCE (see Fig. 1, Table 1; Figures S1 to
S3 and Tables S1 and S2, Supplementary Material; Materials and
Methods). Despite offsets in the previous absolute ages for this
double sulfate signal in different records, the number of identi-
fied annual-layer markers between them in GRIP (26) and GISP2
(26) are in agreement with the number (26) obtained for WDC,
allowing for a buffer of +1 year to account for the atmospheric
lifecycle between eruption and deposition on the ice sheets. The
Irish tree-ring climatic response date of 1628 BCE (4, 7) was used
to anchor the global ice-core chronology at this point in time,
with 1 year dating uncertainty between the oak growth response
and that of North American bristlecone pines (1627 BCE) linked
to the unknown season of the eruption and the main growth pe-
riod of the different tree-ring records. During the Common Era,
maximum cooling and tree response occurs in the year of, or
1 year after an eruption (1, 5), so here we assume the onset of
impact is represented by the year 1628 BCE. This synchronization
confirms previous assertions that the GICCO5 record requires a
dating adjustment (7, 49). It also aligns a number of previously
published tree-ring marker years with periods of sulfate deposi-
tion (Fig. 1), strengthening a volcanic causal hypothesis in each
case. The main peaks in sulfate, and/or conductivity within this
dated framework were assigned V1 to V7 (old-young) to improve
navigation across events that were previously associated with dif-
ferent chronological schemes (Table 1). Previous tephra geochem-
istry data (25, 27, 38, 39), was assigned to the correct sulfate events
within this framework (Fig. 1) connecting Aniakchak II (27) with
V2.V2 and V5 were selected for high-resolution tephra and sulfur
isotope sampling to provide further insights.

Source latitudes and sulfur injection

Eruption signals V1 to V7 (Fig. 1; Figures S1 to S3 and Tables
S1 and S2, Supplementary Material) were assigned source lati-
tudes on the basis of signal strength in respective Northern and
Southern Hemisphere records, duration, and spatial distribution
(Table 1, Fig. 2). Contemporaneously recorded volcanic acid sig-
nals in both poles of comparable magnitude and duration (2 to
3 years), are typically indicative of volcanic eruption sources in
the lower latitudes. Short-duration spikes of acid recorded only
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Fig. 1. Ice-core synchronization (blue vertical lines) using layer counts
between bipolar volcanic aerosol records from Greenland (A) and
Antarctica (B) and calendar dated tree-ring counts between climatic
markers (C), anchored at 1628 BCE (7). V1 to V7 were assigned to aid
navigation across key events discussed in the text. (A) Northern
Hemisphere; GISP 2—Greenland Ice-Sheet Project (31); GRIP—Greenland
Ice-Core Project (32), EGRIP (East) (33), and NGRIP (North) (27): (B)
Southern Hemisphere; WDC—West Antarctic Ice-Sheet Divide ice core
(34, 35), EDML—EPICA Dronning Maud Land ice core (36): EDML was
volcanically synchronized to the annual-layer counted chronology
(WD2014) of WDC. A shift of +1 year (i.e. toward younger ages) is
necessary at 1628 BCE to anchor WD2014 with the tree-ring chronology
(7), whereas +14 years (MB19) were used to align the Greenland GICC05
chronology with the tree-ring chronology. Previous tephra associations
(25, 27, 37-39) and tephra recovered in this study are shown relative to
the new synchronization. GISP2, NGRIP, and GRIP were resampled for
tephra and sulfate across V5, GISP2, and NGRIP across V2.

in one hemisphere are typically indicative of eruptions from the
high-latitudes of each respective hemisphere (45). Table 2 (Table
S4, Supplementary Material), shows reconstructed volcanic sulfur
injection (Tg S) based on cumulative volcanic sulfate deposition
in Greenland and Antarctica, and on asymmetry ratios based on
the mean distribution of historic volcanic eruptions (VEI > 4) with
tephra source confirmation (see Material and Methods). In depth
sulfate analysis revealed five additional small events within the

time period (Table 2, Fig. 2). Figure 2 shows sulfur injection calcu-
lations (Tg S) and asymmetry ratios for all events 1680 to 1500 BCE,
relative to various dating possibilities for Thera (36.4°N). V2, V5,
and V7 likely derive from a latitude of 30° to 60°N. V4 is consis-
tent with a high latitude Northern Hemisphere eruption (60° to
90°N), V6 with a Southern Hemisphere extratropical event (30° to
90°S). V1 and V3 currently appear most consistent with a tropi-
cal (30°S to 30°N) source, however asymmetry indicates V1 may
also be a Northern Hemisphere extra tropical eruption, and V3
could have derived from contemporaneous Northern and South-
ern Hemisphere events. Further analysis is required in both cases.

Sulfur injection calculations (see Materials and Methods) for
sulfate deposition events across the study period were compared
with historic volcanic eruptions of known origin (Fig. 3, Table 2).
This showed that total sulfur injections for V1 (50 £13 Tg S) and
V2 (52 +£17 Tg S) exceed ice-core estimates for Tambora 1815 CE
(34 £7 Tg S), and likely exceed or at least equal Okmok II in 43
BCE (48 £15 Tg S). Both of these latter eruptions resulted in sig-
nificant climatic impacts for contemporary human populations
(2,61) so the implications for V1 and V2 are clear. The third largest
sulfate event within the study period is V5 at 1561 BCE. At 22 +7
Tg S this event is half way between Tambora and Krakatau (1833
CE) in scale. If V3 is indeed one low-latitude eruption (which re-
quires further analysis) at 8 +£2 Tg S it would be similar in scale
to Krakatau. V7 (6 £2 Tg S) and other smaller sulfate markers not
utilized in the initial synchronization (e.g. c.1558 BCE) are also of
similar or lower sulfur injection to Krakatau.

Tephra evidence

Ice-core samples from GISP2 and NGRIP encompassing V2 yielded
volcanic glass shards. Geochemical analyses of the NGRIP 641.12
to 641.16 m (n = 7) and GISP2 774.53.774.78 m (n = 16) cryp-
totephra deposits revealed a dominant and relatively homoge-
neous rhyolitic glass population which straddles the calc-alkaline
to high-K calc-alkaline series boundary (Fig. 4; Figure S5, Supple-
mentary Material). The NGRIP 641.12 to 641.16 m glass composi-
tions are entirely consistent with the composition and source in-
terpretation previously reported for cryptotephra QUB1198 which
spanned 640.95 to 641.15 m in NGRIP (27) (Figure S5, Supplemen-
tary Material). Major element analysis (Fig. 4; Figure S5, Supple-
mentary Material) supports a correlation between both NGRIP
641.12 to 641.16 m and GISP2 774.53.774.78 m and the Aniakchak
II caldera-forming eruption, whilst a chemical link to the prod-
ucts of the Minoan (Thera) eruption can be easily excluded. This
is most strongly illustrated by the TiO, content of the glass shards
(Figure S5C and D, Supplementary Material), where the rhyolitic
tephra deposits (Aniakchak II) preserved in Greenland display
higher TiO, content compared to the glass compositions of the
Minoan eruption products. Sampling was conducted at a higher
temporal resolution than previous studies (27) and confirmed a
clear association of the cryptotephra with the initial rise of the V2
stratospheric sulfate deposition (Fig. 5). This distinct stratigraphic
position in the ice-core mirrors that of comparable mid-latitude
eruptions (Okmok II, Taupo-Oruanui) identified recently in polar
ice cores at high depth-resolution (2, 66). No tephra was found
from samples encompassing the V5 event in Greenland. We also
report no tephra resulting from a search of the well-dated, mid-
latitude Tsambagarav ice core (67) (Mongolian Altai, 4130 m asl,
48.7°N, 90.9°E), which, c.5,000 km downwind of Thera, might have
greater potential to capture volcanic ash particles transported by
westerlies than the Greenland ice.
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Table 1. Dating for events V1 to V7 relative to depth and dating scales applied to the Greenland and Antarctic records (Fig. 1). Ages in
brackets are based on linear interpolation between volcanic age markers on the WDC timescale, or based on extrapolation of the 14-year
time transfer suggested by (7). *There was no archived ice left across the V2 event in GRIP at this depth. Blanks indicate ‘not present’.
Exact tephra depths in GISP2, GRIP, and NGRIP are provided in Table S3 (Supplementary Material). Source attributions are banded as
follows: NHpign = 60° to 90°N, NHeyt = 30° to 60°N, tropical = 30°S to 30°N, and SHex: = 30° to 90°S

Vi V2 V3 V4 V5 V6 v7 Refs.
GISP2 depth (m) 778.82 774.52 - 766.88 762.94 _ 759.07 (31)
GRIP depth (m) 740.56 736.47* 733.55 729.51 725.47 - - (32)
NGRIP1 depth (m) 644.86 641.02 638.17 634.7 630.99 - 627.67 (27)
WDC depth (m) 850.73 845.08 841.38 - - 828.56 - (34,35)
EDML depth (m) 272.3 270.72 269.61 - - 265.78 - (36)
Age (BCE)yeese 1695 1670 - 1624 1600 - 1577 (48)
Age (BCE)ciccos 1667 1641 1624 1599 1574 - 1552 (47 ,60)
Age (BCE)wnoo14 1656 1629 1612 (1584) (1562) 1551 (1538) (34)
Age (BCE)micalns 1647 1622 1605 1580 1555 NaN 1532 (49)
Age (BCE)yp1o 1653 1627 (1610) (1586) (1561) - (1538) @)
Age (BCE) 1654 1628 1611 1586 1561 1551 1538 This study
Source attribution Tropical/ Aniakchak Tropical/ NHpigh NHext SHext NHext

NHGXI NHGXI NHEX[/SHEXI
Sulfur isotopes 00
. . . . Volcanic sulfur

Mass independent fractionation (MIF) of sulfur isotopes occur .ﬂz) injection Ve ac)
when erupted sulfur is exposed to ultraviolet radiation, i.e. when 1680 1660 1640 1620 1600 1580 1560 1540 1520
an eruption plume reaches altitudes in the stratosphere at or “Ta 569N M
above the ozone layer (56). As such, the presence of a MIF sig- 08 ‘ . g ‘ $ NH,, 48°N
nal in an ice-core sulfate layer indicates that at least some of the E + L 1986BCE VS ciswsace
sulfate came from the stratosphere and can, therefore, be used %0'6_ 1628 BCE °® g
to confirm stratospheric events or to distinguish a bipolar event éo# " o e et g
from two separate hemispheric events that occur within age un- b 1654 BCE
certainty of each other (46). Sulfur isotope analysis of V2 (Ani- 4 ° Q SH,37°S
akchak II) shows a signal that begins (up to 100 ng/g) with an 00— : ; ; ; —p——1SS1BCE ;

isotopic pattern consistent with a high latitude source, showing
sulfate that came from below the ozone layer (Fig. 5; Figures S6
and S8, Supplementary Material). §3S and A*3S trends at the be-
ginning of the sulfate peak are similar to those recorded from
the Katmai/Novarupta 1912 eruption (46), with an initial decrease
in 63S and a A*3S value within error of zero, consistent with
the Alaskan origin of Aniakchak II. This pattern is reproduced in
two high time-resolution records of A*3S from sulfate deposited
at two different ice-core sites in Greenland (NGRIP and GISP2)
adding confidence to these results. In contrast to the Katmai
eruption, a large proportion of the rest of the acidity peak is
stratospheric, and as such, the measured A*3S values for this
event in both cores are greater than 1%., more similar to val-
ues seen in tropical eruptions that deposit purely stratospheric
sulfate on the ice sheets (46). This value is larger than previ-
ous reported results for extratropical events (typically around
0.4%s, (46)), indicating that the event expelled an unusually large
amount of sulfate high into the stratosphere and there was rel-
atively little tropospheric transport to Greenland. Isotope mass
balance (46) in the NGRIP core also shows a pronounced peak
in sulfate from below the ozone layer after the peak in strato-
spheric sulfate. The signature of a single extratropical eruption
would typically result in a peak in tropospheric derived sulfate
before the peak in stratospheric sulfate (which tends to occur c.
6 months after the eruption (68)) reflecting the differences in at-
mospheric residence time (tropospheric being shorter). The tro-
pospheric (or more precisely, “below ozone”) peak following the
stratospheric peak in NGRIP supports the idea of a second lesser
explosion, backed up by the occurrence of more than one Ani-
akchak tephra fall in the ice (27), or a small eruption from a simi-
lar latitude volcanic source. In GISP2, the distinction between the

Thera archaeological dating

’ k

4 Vi L

Thera radiocarbon dating example probability distributions

T y T T T T T T T
1680 1660 1640 1620 1600 1580 1560 1540 1520 1500
Year (BCE)

Fig. 2. (A) Reconstructed volcanic sulfur injection (Tg S, Table 1), based
on cumulative volcanic sulfate deposition in Greenland and Antarctica,
plotted according to default eruption latitudes derived from the mean
distribution of known source historic eruptions VEI > 4, where
asymmetry ratios > 0.75 = 48°N; < 0.25 = 37°S; and all others = 5°N.
Black stars show asymmetry where 0.5 is equal distribution in both
hemispheres. All eruptions > 2 Tg S are shown, including a possible
candidate for Mt. St Helens Yn at 1680 BCE. (B) Archaeologically derived
dates for Thera; (i) several decades after the start of the New Kingdom in
Egypt (11, 12); (ii and iii) ‘after’ the start of the New Kingdom (11) and
(13). (C) IntCal20 calibrated radiocarbon dates from Theran contexts; (iv)
Thera olive, 25% uncertainty, (v) Thera olive, ordered sequence (16, 19);
(vi) Cesme-Baglararas: tsunami seed (10). Dating possibilities presented
illustrate the problems of dating Thera, compounded by a radiocarbon
plateau, subjective decisions in modeling and different interpretations
of the evidence (19-21).

stratospheric and “below ozone” peak is less defined, possibly be-
cause GISP2 was sampled at 5 cm resolution and NGRIP at 4 cm
resolution, but similarly the main “below ozone” component does
not arrive prior to the stratospheric component. No sulfur iso-
tope analyses have yet been performed for the corresponding
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Table 2. Eruption dates and cumulative sulfate SO42* deposition at ice-core sites in Greenland and Antarctica for V1 to V7, with five
additional events revealed through new analysis and three more recent analogues with known source and date. Datingis given according
to known calendar dates or dates applied in this study. ‘GRL Mean’ includes mean sulfate deposition from Dye 3 and GRIP (23) for V2
(Aniakchak II) V3, Okmok II, and Tambora. # indicates association with a bristlecone pine frost-ring within +1 year of ring-width minima
in 43 BCE, 1627 BCE, and 1653 BCE (5). Blanks indicate ‘no data’. ? sulfur injections are 3 (+1) and 2 (+1) Tg for the alternative attribution
scenario of two distinct eruptions. Due to the low temporal resolution in GISP2 and discontinuous sampling in NGRIP, the volcanic sulfate
deposition for V3, evident in electrical records from NGRIP and EGRIP (33) was estimated based on published discontinuous data from

the GRIP and Dye-3 ice core (23).

Eruption date _fGRL Mean fGlSPZ fNGRIP fANT fWDC fEDML Asymmetry Source 504 2- Sulfur
S042~ S042 S042~ S042~ S042~ S042~ % burden Injection
(kg km™?] [Tg S]
1883 CE 22 29 15 16 21 11 0.59 Krakatau Bipolar 13 +£3
1815 CE 36 54 40 65 87 44 0.35 Tambora Bipolar 34 +7
43 BCE 117 123 122 20 24 15 0.86 Okmok? Bipolar 48 + 15
1539 BCE 16 16 - 3 6 0 0.85 V7 Bipolar 6+ 2
1550 BCE 12 12 - 40 44 36 0.23 %S Bipolar 17 £ 3
1555 BCE 17 17 - 17 0 37 0.92 Bipolar 6 +2
1558 BCE 27 27 - 3 0 6 0.90 Bipolar 10 +£ 3
1561 BCE 57 91 70 7 0 15 0.89 V5 Bipolar 22 £ 7
1573 BCE 0 0 0 10 19 0 0.00 SH 2+1
1586 BCE 55 79 30 0 0 0 1.00 V4 NH 10 £ 4
1611 BCE 16 0 - 10 15 5 0.62 V3 Bipolar? 8+ 2b
1628 BCE 137 185 147 19 16 22 0.88 Aniakchak®  Bipolar 52 +£ 17
1654 BCE 105 120 91 45 52 38 0.70 via Bipolar 50 + 13
1658 BCE 8 8 - 7 6 8 0.54 Bipolar 5+1
1678 BCE 55 55 - 5 6 4 0.92 Bipolar 20 £ 7

e V2 - Aniakchak Il

1628 BCE (52 + 17 Tg S)

V1

® 1654BCE (50+13TgS)

Okmok Il

43 BCE (48 +15Tg S)

Tambora
1815CE (34+7Tg S)

1561 BCE (22 £7 Tg S)

Krakatau
1883 CE (13+3 Tg S)

Fig. 3. Comparison of V1, V2, and V5 sulfur injections (Tg S) with
previous known age eruptions of wide ranging impact.

sulfate peak in 1629 BCE in Antarctica, but the duration of vol-
canic sulfate deposition of more than 2 years is typical for strato-
spheric input from a non-local source.

Sulfur isotope data for V5 in both GISP2 and GRIP show a muted
stratospheric MIF signal (A33S around 0.3 to 0.4%o; Fig. 5; Fig-
ures S7 and S8, Supplementary Material). In GRIP, the signalis con-
sistent with an extratropical eruption, as the §°*S values decrease
at the start of the peak but the A*S values remain within error
of 0%o, and this is followed by a small, but significant, nonzero
A*S value in the latter part of the peak. In GISP2 (Figure S7, Sup-
plementary Material), on the other hand, there appears to be two
sulfate peaks over this time interval: a larger one reaching 300
ppb sulfate followed by a smaller one reaching 150 ppb sulfate.
We sampled the large peak and only the start of the smaller peak
in this record, thinking the larger peak correlated with the signal
in GRIP. The large peak, however, had no stratospheric sulfate in
it. This suggests that the smaller peak, which has a muted strato-
spheric MIF signal, in fact correlates with the signal in GRIP, and

that two eruptions may have occurred. NGRIP results similarly
indicate that ice-sampling may have missed the second (strato-
spheric) sulfate signal.

Discussion

Based on the current available evidence (Fig. 2) we assign; V1
(1654 BCE) to a high sulfate, unidentified NH low-to-mid latitude
eruption, too old for Thera (10), possible, though a little young (69)
for the Mt. St Helens Yn eruption (the highest intensity and largest
magnitude Mt. St Helens eruption in postglacial times (70)) and no
longer associated with the Aniakchak II tephra; V2 (1628 BCE) to
Aniakchak II, confirmed in this study in clear association with the
peak in stratospheric sulphate; V4 (1586 BCE) to an unidentified
high latitude Northern Hemisphere event distinctive from Thera,
Mt. St Helens, Vesuvius, or Icelandic source volcanoes based on
tephra geochemistry (71); and V6 (1551 BCE) to an unidentified
Southern Hemisphere event.

V3 (1611 BCE), V5 (1561 BCE), V7 (c. 1538 BCE), and additional
events revealed at 1558 and 1555 BCE require further investiga-
tion. The Minoan eruption of Thera had an estimated column
height of .36 +£5 km (72), which at 36.4°N, should have breached
the tropopause and deposited c. 2 to 3 years sulfate signals in both
poles, with larger sulfate mass deposition in Greenland than in
Antarctica. The eruption occurred in the summer (73), which ac-
cording to model simulations (74) would increase the chances of
Antarctic deposition. Based on upper sulfur yield estimates for
Thera (35.9 Tg S (72)), V5 (1561 BCE) initially stood out as the
strongest candidate within this group, however, the range for such
estimates is very wide (0.34 Tg S at lowest (72)), and the sum-
marized dating complexities (Fig. 2) mean all remaining bipolar
events require further examination.

V3 (1611 BCE) is consistent with a single, lower latitude event
(30°S to 30°N), but the short duration of the sulfate deposition
in Greenland and its large spatial variability (seen at some sites,
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Fig. 4. Major and minor element analyses of volcanic glass shards identified in NGRIP 641.12 to 641.16 m and GISP2 774.53 to 774.78 cryptotephras
(V2), compared to previous analyses of the QUB-1198 tephra (27), and the proximal volcanic glasses of deposits erupted during the caldera-forming
Aniakchak II (62) and Minoan (Thera) eruptions (63). Black error bars represent 2 SDs of replicate analyses of the ATHOG MPI-DING (64) glass standard
run alongside the NGRIP 641.12 to 642.16 m sample, whilst blue error bars represent 2 SDs of replicate analysis of the NMNH 72854 (65) glass standard
run alongside GISP2 774.53 to 774.78 m. Full chemical datasets including secondary standards are provided in the Supplementary Material.

absent at others) is more characteristic for an extratropical erup-
tion. In this case, the signal might be explained by contempo-
rary Northern and Southern Hemisphere eruptions. The dated
position for V3 aligns with certain long-held radiocarbon argu-
ments based on materials buried by Thera (16-18), but not with
archaeological evidence for a date after the start of the New King-
dom in Egypt (11, 13, 41). It also corresponds with the onset of a
uranium series dated chemical marker in Sofular cave, Turkiye
(75). The slightly higher latitude V7 sulfate (c.1538 BCE), is not so
accurately dated as the other signals due to ice quality, but does
offer a better fit with the archaeologically based dating for the
New Kingdom / Thera (11, 41, 76), and may yet link to a range of
less substantiated tree-ring responses reported in the 1540’s BCE
(19, 43). Further work is required on both of these events. We note
that the Antarctic ice shows no major signal that would support
a larger bi-polar event around 1524 BCE, when narrow growth in
bristlecone pine (77) (Fig. 1) has also been proposed for Thera (11,
41), but current data gaps in GRIP, GISP2, and NGRIP make this
harder to explore in Greenland.

The V5 sulphate beginning at 1561 BCE appears to be from a lat-
itude consistent with Thera and corresponds with a previously re-
ported chemical change in East Mediterranean tree-rings between
c.1562 and 1558 BCE (43), an isotopic signal consistent with vol-
canichazein Finland pines (42), and increased sulfur deposition in
Sofular cave (75). Itis not marked by a frost ring in North American

Bristlecone pine (for which the strongest volcanic forcing connec-
tionis established (1)), but rather by reduced growth at 1560 BCE in
that species (19), consistent with lower sulfur injection estimates
for this event. The 22 +£9 Tg S calculated, of which 64 +9% or 14 45
Tg Sreached the stratosphere in the later part of the signal, places
this sulfate deposition mid-way in size between Krakatau (13 £3
Tg S) and Tambora (34 £7 Tg S; Fig 3). This is consistent with pro-
portions of petrographically estimated H,SOy (78), which place the
Minoan eruption of Thera between these two events. The longer
duration signal and strong asymmetry of sulfate deposition to-
ward the Northern Hemisphere is consistent with what might be
predicted for Thera, but sulfur isotopes show that the early part
of the signal is mostly tropospheric with the stratospheric sul-
fate emerging toward the end of the sampled section. This may be
consistent with combined archaeological and geological evidence
for significant precursory eruptive activity preceding the Minoan
eruption (9)), however, it could also, perhaps more likely, relate to
two different source volcanoes, with the stratospheric signal as
a candidate for Thera and the tropospheric signal from a source
closer to Greenland. The combined sulfate records also revealed
two additional bipolar, lower sulfur events at 1558 BCE (10 +3 Tg
S)and 1555 BCE (6 +2 Tg S; Fig. 2, Table 2) which provide important
avenues for further investigation. 1555 BCE aligns with a tree-ring
event (1554 BCE) in trees from Siberia (40), which may indicate a
different source latitude to the 1561 BCE and 1558 BCE sulfates.
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While evidence presented in this study appears to best converge
on the 1561 BCE sulfate for Thera, counter arguments in terms
of archaeological and radiocarbon dating schemes make further
high-resolution sulfate analysis and tephra sampling across V3
to V7, and 1558/5 BCE in both hemispheres (and c.1524 BCE in
Greenland) essential to provide clinching evidence to confirm the
true date.

Geochemical analysis of tephra recovered from V2 (1628 BCE;
Fig. 4) at the transition between the primary “below ozone” sul-
fate and the main peak in stratospheric sulfate (Fig. 5; Figures S6
and S8, Supplementary Material) shows clear agreement with the
chemistry of QUB-1198/Aniakchak II, and may relate to the em-
placement of pyroclastic density currents associated with the
caldera-forming eruption. This strongly confirms the association
of Aniakchak II with the single large stratospheric sulfate signal,
indicating an unusually large and explosive event with primary
stratospheric sulfate deposition, followed by a secondary, lesser
eruption. This is consistent with other evidence for Aniakchak II
as one of the largest explosive events of the Holocene (79), a mul-
tistage caldera forming eruption (80, 81) which deposited visible
tephra 1,100 to 1,300 km from the source and cryptotephra over
4,500 km (79), producing a minimum bulk eruption volume of over
50 km?.

The singular association of the V2 acidity with Aniakchak II
challenges the previous practice of attributing bipolar signals to
lower latitude eruptions and indicates that major caldera forming
eruptions in the mid-latitudes may also be imprinted in Antarc-
ticice. This adds to an increasing body of evidence from precisely
dated state-of-the art ice cores and aerosol modeling, which sug-
gests that sulfate is globally distributed in the stratosphere fol-
lowing powerful eruptions located outside the tropics (2, 45, 74,

82). Furthermore, because the section containing the peak of the
sulfate was previously missing in the discrete sulfate measure-
ments from GISP2, and the bipolar nature of this event was not
previously recognized, the radiative forcing from this eruption has
been strongly underestimated (22, 83). Our estimate of 52 +17 Tg
S (or 104 Tg SO,) is consistent with petrological estimates of a
high sulfate event (24, 84) and corresponds with evidence of se-
vere environmental acidification following Aniakchak II (28). Sul-
fur isotope analysis suggests that 61 £6% of the sulfate deposited
on Greenland derived from stratospheric transport. We, therefore,
estimate that Aniakchak II produced a constrained stratospheric
sulfur injection of 32 £11 Tg S, ranking among the largest events
of the Late Holocene (see Table 2; Table S4, Supplementary Mate-
rial). The high fraction of stratospheric sulfate explains the strong
and widespread tree-growth anomalies (4, 5, 7, 40, 42, 44, 77) con-
sistent with the observed and simulated effects of major high lat-
itude stratospheric eruptions on climate (2, 82).

Aniakchak IT emerges as the major climatic forcing event of the
period, closely preceded by V1, 1654 BCE. Both these eruptions, al-
though within stated errors, appear to exceed the forcing capac-
ity of Okmok II, an event which produced unusually wet and cold
conditions in the Mediterranean region (2). While several stud-
ies have noted no significant climatic shifts in Mediterranean se-
quences immediately following Thera tephra (85) or pumice (86)
(supporting our findings that Thera was an event of lower cli-
matic forcing potential) there is a well-replicated climate shift in
a variety of Mediterranean speleothem records around 3.6 ka BP
(87). There is also a major environmental change around this time
linked with the termination of the Arctic Norwegian Stone Age
(88). These events should now be further investigated, because
Aniakchak II at 1628 BCE may be the primary forcing, as well as
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the source of the volcanic haze hypothetically described in the
Babylonian observations of Venus (89).

New Greenland ice cores—offering for the first time excellent
core quality though-out this time window (33), combined with
the state-of-the art analysis techniques employed here have the
best potential to further delineate the timing, sources, and cli-
matic consequences of volcanic eruptions during this critical time
period. Anchoring Greenland and Antarctic ice-core chronologies
with dendrochronological precision for this period not only pro-
vides our new record of volcanic forcing, but also other key climate
records extracted from these ice cores (e.g. solar forcing; green-
house gas forcing; temperature, sea-ice, and others), which will
increase our understanding of the drivers and amplitudes of late
Holocene climate.

Materials and Methods
Ice-core synchronization

Over the past decades, several deep ice cores have been dated
by counting intra-annual variations in impurity content and
water isotopic composition. Various dating schemes for cross-
correlation are shown in Table 1. The original layer-counted
timescale of the Dye-3 ice-core in which the Thera eruption was
proposed to have been identified at a depth (V2) then correspond-
ing to 1645 BCE (37), was subsequently revised to 1641 BCE on
GICCO5 (47). This timescale was then transferred to other Green-
land ice cores including GRIP and NGRIP. In the layer-counted
GISP2 ice-core, the corresponding layer had an age of 1670 BCE
(48).In the independently layer-counted WD2014 chronology from
Antarctica (34), a sulfuric acid spike we attribute to derive from
the same eruption is dated to 1629 BCE (35). This age is within er-
rors synchronous with the acid spike observed in Greenland ice
cores, when applying the age transfer based on °Be/™*C match-
ing (49) as well as with the frost-ring formation and tree growth
anomalies in the SW USA and in Ireland (7), respectively. The same
holds true for the earlier volcanic signal (V1) and tree-ring signals
dated to 1653 BCE. Layer counting confirmed a previous proposed
age correction (7), placing all the volcanically synchronized ice-
core records from Greenland (NGRIP, GISP2, GRIP, and EGRIP) on a
floating chronology (‘MB19’) anchored by the climate/bristlecone
pine frost-ring associations in 1653 and 1627 BCE. By doing this,
we correct for dating bias accumulated over the past 3.6 ka while
still respecting the layer boundaries and identified layering during
this time window.

Sulfate injection estimates

Sulfate injection estimates were made on existing and new mea-
surements of sulfate from four deep ice cores: NGRIP (27) and
GISP2 (38); and WD2014 (35) and EDML (36) using established
methods (50). We resampled and annualized the sulfate records
by averaging all samples within a calendar year (NGRIP, WDC, and
EDML), or by interpolation (GISP2). The nonvolcanic background
sulfur concentration was initially approximated in the four ice
cores with a 101-year (window) running median (RM) fit to the
annual sulfate data. As a robust measure of the variability of the
background in the presence of outliers, the median absolute de-
viation (MAD) from RM was obtained for each 101-year window.
To detect volcanic events over the variable background, a thresh-
old of RM+2 x MAD was adopted. A year was deemed to contain
volcanic fallout if the annual sulfate concentration exceeded this
threshold. Years with concentrations above the threshold were
removed and the reduced running mean (RRM) was calculated

for the remaining years in the 101-year window in the time se-
ries. The duration of the volcanic event is defined as the length
of time in which the sulfate concentrations exceeded RM + MAD.
Annual volcanic sulfate concentration is calculated as the differ-
ence between the total sulfur concentrations of that year and the
RRM of the nonvolcanic sulfate of that year. The cumulative sul-
fate mass deposition rate (kg km—?) by an eruption, often referred
to as (cumulative) “volcanic sulfate flux”, is the sum of annual
volcanic sulfate fluxes in the years when volcanic deposition oc-
curred, multiplied by annual ice accumulation rates at the sites.
We derived mean Greenland (f¢) and Antarctica (fa) cumulative
sulfate mass deposition by averaging the estimates from GISP2
and NGRIP, and from WDC and EDML, respectively. The hemi-
spheric partitioning of the atmospheric sulfate burden can con-
tain information about plausible latitudes of past eruptions as an
asymmetry factor Ag,. calculated using Eq. (1):

fe ]
A =|—— . 1
sul fate |:<fG +fA) ( )
Stratospheric sulfate injections are estimated from the ice-sheets
sulfate flux composites using a method described in detail by
Toohey and Sigl (51). Briefly, Greenland (f¢) and Antarctica (fa) are
related to injected sulfur mass Ms following Eq. (2):

Ms = %[LNH)CG + Ly fal, @)

where Lyy and Lgy are transfer functions accounting for the spa-
tial distribution of sulfate deposition over each hemisphere. Based
on analysis of the spread and deposition of radionuclides from nu-
clear bomb testing, sulfate from prior volcanic eruptions and at-
mospheric model simulations (52), the transfer functions Lyy and
Lsy are estimated to be 1 x 10° km? for tropical eruptions and 0.57
x 10° km? for extratropical eruptions.

Assessingice-core derived asymmetry factors (or ratios) for his-
toric eruptions with known latitudes we attribute possible source
latitudes for all unknown eruptions using an asymmetry factor of
> 0.75 (< 0.25) to discriminate Northern (Southern) Hemisphere
extratropic eruptions from low latitude eruptions, respectively.
(See Figure S9, Supplementary Material, for details and additional
references). Default latitudes were assigned within these three
latitudinal bands based on the spatial distribution of Holocene
eruptions (VEI > 4).

Tephra

Tephra sampling and analysis were carried out according to
tephra community best practice protocols (53), with full meta-
data supplied in supplementary information and supplementary
data. Parallel longitudinal subsamples fully encompassing both
acid signals for V2 and V5 4 cm? in cross-section were searched for
tephra (Figure S4, Supplementary Material). Samples from GISP2
(at depths of 762.50 to 763.45 m and 774.10 to 774.95 m) in the
NSF-ICF ice-core archive, were analyzed at the Ice Core Micropar-
ticle and Tephrochronology Laboratory, University of Maine, us-
ing established protocols (54). GISP2 samples were shipped frozen
to the University of Maine, subsampled and precleaned with a
surgical razor blade under clean room conditions and melted in
Whirl-Pak® plastic bags. A total of nine sampling intervals (762.47
to 762.78 m, 762.81 to 762.88 m, 762.90 to 762.99 m, 763.02 to
763.19 m, 763.21 to 763.44 m, 774.01 to 774.295 m, 774.295 to
774.53m,774.53t0774.78,and 774.80 to 774.99 m) were processed
into epoxy mounts and coated with a 15-nm layer of carbon us-
ing an Emitech high vacuum evaporator. Volcanic glass particles
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were identified in the 774.53 to 774.78 m interval using a Tescan
Vega II XMU scanning electron microscope (SEM). Geochemical
analyses were performed with a 40 mm? EDAX Apollo SSD 40 en-
ergy dispersive spectrometer (EDS). Concentrations of major and
minor oxides were measured via secondary electron beam X-ray
microanalysis with an accelerating voltage of 15 kV, focused beam
(1 to 2 m) operated at a constant distance from the specimen
with a count time of 100 live seconds. The net peak intensities
were converted to oxide weight percent using the semiquantita-
tive EDAX GenesisTM software. To improve analytical precision,
mounts were polished and cleaned and eleven particles were an-
alyzed using SEM-EDS and a Cameca SX-100 electron microprobe
equipped with 5 wavelength dispersive spectrometers (WDS).

Samples from NGRIP (630.3 to 631.40 m and 640.2 to 641.3 m)
and GRIP (724.9 to 726.0 m) depths and eight consecutive cross
sections of 7 to 10 cm? from the Tsambagarav ice core 65.42 to
65.84 m (encompassing 1680 to 1460 BCE; see Figure S10 and Table
S5, Supplementary Material) were processed at Swansea Univer-
sity using established methods (55). Samples were melted, cen-
trifuged, and pipetted onto microscope slides, dried and embed-
ded in epoxy resin. Major element compositions were determined
using a wavelength-dispersive JEOL JXA-8200 electron microprobe
equipped with five wavelength-dispersive spectrometers at the
Research Laboratory for Archaeology and the History of Art, Uni-
versity of Oxford. A beam accelerating voltage of 15 kV was used
with a 6 nA current and a defocused beam diameter of 5 um.
The instrument was calibrated with a suite of appropriate mineral
standards; peak count times were 30 s for all elements except Mg
(50), Mn (50 s), Na (12 s), Cl (50 s), and P (50 s). Reference glasses
from the Max Plank institute (MPI-DING suite) bracketing the pos-
sible chemistries were also analyzed alongside the NGRIP tephra.
Full details on accuracy and error, plus datasets and secondary
standards for the tephra analysis are presented in supplementary
information and in Data S6 to S13.

Sulfur isotopes

S-isotope analyses were made on discrete samples (cross-
sections of 6 to 10 cm?) cut from archived ice-core sections from
GRIP, NGRIP, and GISP2 for event V5 and NGRIP and GISP2 for
V2, including both prior background and full acid deposition. The
sample resolution over these events is 4 to 5 cm correspond-
ing to a nominal 3-month age resolution. Sulfate concentration
was measured by ion chromatography on the discrete samples,
and the sulfate was purified from the melted ice using anion ex-
change columns (46). Triple sulfur isotopes (*2S, 23S, and **S) were
measured on the samples using a Neptune Plus multicollector
inductively-coupled mass spectrometer (MC-ICP-MS) at the St An-
drews Isotope Geochemistry Lab (STAIG lab) and are reported as
834S and A3S relative to Vienna-Canyon Diablo Troilite (V-CDT),
where §*S = (*S/*2S)sample/(*S/**S)v.cpr—1. A sample is considered
to have a MIF signature if it has a nonzero value of A*3S = §*5 -
((8%4S + 1)%°1> — 1), outside of 20 uncertainty. This method (46) al-
lows analysis of samples that are at least 100 times smaller than
the typical light gas stable isotope measurement previously em-
ployed in ice-core studies (56, 57). Full procedural blanks and an
in-house secondary standard (Switzer Falls (58)) were processed
alongside samples. Blanks contained 0.19 +0.09 nmol sulfate and
had 83*S=4.9 £2.7 (2 SD,n = 11). Long-term reproducibility of the
Switzer Falls standard at the STAIG lab is 0.12 for §**S and 0.11
for A®3S (2 SD, n = 43). All data was blank corrected for the pro-
cess blanks, and uncertainties were propagated with Monte Carlo
simulations. The isotopic composition of the volcanic sulfate was

calculated using isotope mass balance and the concentration and
isotopic composition of the background ice prior to the volcanic
peakin sulfate (57, 59). Uncertainties were propagated with Monte
Carlo simulations, and similar to previous studies (59), we found
that samples with more than 35% of their sulfate coming from
background sources had prohibitively large uncertainties on the
volcanic §**S and A*3S estimates, so were not plotted.
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