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Supporting Information Text
Zav-1 tephra stratigraphy

The volcanic stratigraphy of the Central Kuril Islands has been investigated by numerous authors over
the last few decades. Much of this research was an international collaborative effort between US,
Russian and Japanese scientists as part of the International Kuril Island Project (IKIP) in 2000 and the
Kuril Biocomplexity Project (KBP) between 2006—2010. The Zav-1 tephra was formally named and
identified by Nakagawa et al. (1) who mapped the layer across Simushir Island and also identified
correlatives on Chirpoi and Urup islands. A type locality for Zav-1 is the west coast of Simushir Island
at a site referred to as Nakatomari (07-SM-34, Figure S6). Here, Nakagawa et al. (1) identified Zav-1
as the youngest tephra deposit (it is 30 cm thick and is found beneath 15 cm of modern soil). Two
samples of Zav-1 from 07-SM-34 were provided by these authors, analyzed using EPMA at the
University of St Andrews (Dataset S3) and show an excellent match to the 1831 CE ice-core shards
(Fig. 3).

Further stratigraphic sections and correlations in the Central Kuril Islands were made by tephra and
radiocarbon dating during the KBP. A number of these sections (which include Zav-1) have been
published in Razzhigaeva et al. (2), Maclnnes et al. (3) and Fitzhugh et al. (4, 5), and all of them are
available as part of the KBP archive (6). Relevant to our work are sites V154 (Fig. 4) and 2008-24
which are both located in Peschanaya Bay, Chirpoi Island. At these sites the youngest recognizable
tephra horizon was sampled and analysed by EPMA at University of Washington (V154 in 2009) and
GEOMAR (2008-24 in 2015), and we later re-analysed V154 by EPMA at the University of St
Andrews (in 2024). All these analyses match proximal Zav-1 geochemistry. Also relevant are sites
V156, KOM1 and Tokotan 2 located on Urup Island. We note that in some KBP reports KOM1 is
referred to as Novo 1 — 2006, while Tokotan 2 is sometimes labelled Shabalinka rechka. EPMA of
V156 tephra was initially conducted at University of Washington in 2009, and in 2024 we analyzed the
youngest tephra layer at all these sites (i.e. V156, KOM1 and Tokotan 2) at the University of St
Andrews (detailed in Dataset S3). These tephras all show good geochemical overlap with Zav-1.

Additional fieldwork was conducted on north Urup Island under the framework of the KBP and was
reported by Razjigaeva et al. (7). These authors report various stratigraphic sections, tephra and
radiocarbon age correlations that link their youngest tephra (i.e. 7508, Fig. 4) to the Zav-1 layer of
Nakagawa et al. (1). Finally, field work was also conducted on Simushir Island in June 2011 by O.
Dirksen who sampled the youngest tephra layers from the western coast of Zavaritskii caldera (sites
01101 and 01118, Figure S6). EPMA of these tephra was conducted at Moscow State University in
2011. These data also show a clear match to Zav-1 geochemistry and are also included in Dataset
S3.
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Figure S1: Time series of instrumental (a) and tree ring (b) temperature anomalies spanning 1790—
1840 CE. The period 1831-1833 CE is shaded grey. Instrumental temperature records are from

Berkeley Earth [www.berkeleyearth.org, (8)] and show estimated global land average temperatures.

These represent annual temperature anomalies relative to the 1790-1807 CE mean (a period without
major volcanic eruptions). Tree ring temperature reconstructions are from key Northern Hemisphere
datasets: stNH1 (9), SCH15 (10), WIL16 (11) and ANCH17 (12). These report May-August (MJJA)
temperature anomalies also relative to the 1790-1807 CE mean. We note that instrumental records
show a declining temperature trend between 1827 and 1837 CE (i.e. prior to the 1831 and 1835 CE
stratospheric S injections). This might be a reflection of Northern Hemisphere climate modes, and we
note that reconstructions of both North Atlantic Oscillation (13) and the Atlantic Multidecadal Oscillation
(14, 15) show negative phases at this time which might explain the overall pattern of 2—3 year volcanic

cooling signals superimposed on a longer period of cooler temperatures.
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Figure S2: Time series of non-sea salt sulfur (nssS) for Greenland (NEEM-2011-S1) and Antarctica
(WDCO6A). Note the much greater magnitude of the 1831 CE in Greenland compared to Antarctica,

indicative of a Northern Hemisphere eruption.
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Figure S3: High-resolution sulfur (S) and non-sea salt sulfur (nssS) and volcanic sulfate deposition
records from central Greenland ice cores: (a) Summit2010 (16), (b) D4 (17) and (c) NGRIP1 (18). The
initial peak, 1831.25-1831.75 CE, is attributed to tropospheric sulfate (Fig. 2) and so we calculate the
percentage of total cumulative S deposition (over 1831-1833 CE) that can be attributed to this (the
remainder being stratospheric). This initial peak ranges from 5-14 % of the total volcanic sulfate

deposition. Taking the average value (8 %) we can revise the previous volcanic stratospheric S injection



(VSSI) estimate of Toohey and Sigl (19), which assumed all sulfate was stratospheric, from 13 + 3.5 Tg
to 12+ 3.5Tg S.
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Figure S4: Ice core cryptotephra (coloured symbols) compared to regional tephra chemistry data sets

(grey symbols). Iceland data are from Tephrabase [https://www.tephrabase.org/, (20)], Kamchatka data

are from TephraKam (21), Alaska data are from the Alaska Volcano Observatory tephra database (22)

while Japan and Kuril data are from lake and marine cores (23-28).


https://www.tephrabase.org/

NGRIP1 ice-core tephra (48.95-49.0 m)

Figure S5: Images showing typical glass shards identified in this study. The images were acquired by
scanning electron microscopy (SEM) using the backscattered electron detector (BED-C, compositional
image). In the Zav-1 proximal samples from Simushir and Chirpoi Islands the bright and dark inclusions

within the shards represent microlites of feldspar, pyroxene and Fe-Ti oxides.
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Figure S6: Thicknesses of Zav-1 tephra (in cm) on Simushir, Chirpoi and Urup island. EPMA data for

Zav-1 tephra were collected for the sites labelled by red text (detailed in Dataset S3). Volcanoes are

identified by red triangles and their calderas are outlined (in orange and red).
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Figure S7: Volume estimates of the Zav-1 tephra fall deposits. These were calculated using AshCalc
(29) and show the the three most commonly used models: the exponential model (30), the power law
model (31, 32) and the Weibull model (33, 34).
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Figure $8: Maximum column height distributions for magnitude 4—7 eruptions and dacitic compositions
on the LaMEVE (Large Magnitude Explosive Volcanic Eruptions) database (35). Note that LaMEVE
contains ~2000 eruptions spanning the last 1.8 Ma with magnitude 24. In each plot the median (med)
value is shown by the dotted vertical line. The 1831 CE eruption of Zavaritskii (Zav-1) is a magnitude
5-6 and so we use the median plume height range of 30—-36 km for reconstructing stratospheric aerosol

optical depth and radiative forcing for this event (detailed in Methods).
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Figure S9: Maximum column height versus magnitude for a global data set of tephra fall deposits
from Eychenne and Engwell (36). We fit the trend with an exponential function:

My 1ume neignt above vent (km) = 0.61457 + 0.52554 X magntiude. Using the magnitude estimated for the

1831 CE Zav-1 tephra (5.5, see main text) we calculate a plume height of 33 km above vent.
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Figure S10: Global mean stratospheric aerosol optical depth (SAOD, 550 nm) and effective radiative
forcing from the extended Easy Volcanic Aerosol Model [EVA_H, (37)]. The reconstruction uses
volcanic stratospheric S constraints from an array of bipolar ice core records [i.e. eVolv2k, (19)]. Note
that the Zavaritskii-EVA_H model runs includes updated parameters for the 1831 CE eruption of
Zavaritskii (Zav-1, i.e. latitude = 46.9 °N, SO2 height = 23 + 12 km above sea level, stratospheric S
mass = 12 £ 7 Tg and date = 01/08/1831).
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Figure S11: The time and latitude evolution of stratospheric aerosol optical depth (SAOD, 550 nm) for

the different volcanic reconstructions.
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Supplementary Table

Table S1: Radiocarbon dates constraining the age of Zav-1 (the youngest pumiceous deposits of Zavaritskii caldera). Radiocarbon dates were calibrated with
IntCal20 (38) and OxCal v.4.4 (39). Those dates highlighted with an asterisk (*) indicate radiocarbon near or beyond the end of the calibration curve. Precise

radiocarbon dating of materials from the 19" century is challenging because of the plateau in the radiocarbon calibration curve between 1700 and 1950 CE.

conventional calibrated age calibrated
age (20) (“C yr (mean % 10) age range
sample latitude longitude collector/reference material and sample context BP) (cal CE) (20) (cal CE)
2153c 46.9844 152.0287 | J. Bourgeois Simushir Island, Charcoal below Zav-1 tephra 105+ 25 1822+ 76 1670-1950*
2153b 46.9844 152.0287 | J. Bourgeois Simushir Island, Charcoal below Zav-1 tephra 140 £ 25 1814 + 82 1650-1950*
01118/A1 46.96 152.00 | O. Dirksen Simushir Island, Charcoal within Zav-1 tephra 260 + 25 1642+ 73 1496-1788
01118/A3 46.96 152.00 | O. Dirksen Simushir Island, Charcoal within Zav-1 tephra 290 + 25 1579 + 50 1479-1679
] Razzhigaeva et al. (2013) (2) Simushir Island, Wood within syn-eruptive mudflow
/11307 46.9755 152.0021 deposits 370+ 80 1548 + 83 1382-1714
2/11307 | 46.9755 1520021 | Rezzhigaeva et al. (2013) (2) géngg;r:;r and, Wood within syn-eruptive mudflow 380 + 50 1535 + 61 1413-1657
3/11307 46.9755 1520021 | Rezzhigaeva et al. (2013) (2) géngg;r:;r fsland, Charcoal within syn-eruptive mudflow 35 £ 50 1820 + 77 1666-1950*
1/10007 46.9801 152.0135 | Razzhigaeva et al. (2013) (2) Simushir Island, Soil below Zav-1 tephra 660 + 50 1336 + 39 1258-1414
1/5607 46.8439 151.8652 | Razzhigaeva et al. (2013) (2) Simushir Island, Soil below Zav-1 tephra 600 + 50 1354 + 36 1282-1426
1a/1607 47.0539 152.1634 | Razzhigaeva et al. (2013) (2) Simushir Island, Peat below Zav-1 tephra 40+ 90 1809 + 84 1641-1950*
Chirpoi Island, Peschanaya Bay, House 31, hearth fill
KIP 0215 Fizhugh etal.2002) (4) | for e o R eaian in colonal perod (17008
A40945 46.5402 150.8992 Cultural deposits beneath 10 cm ash 162 + 40 1800 + 86 1628-1950*
KBP 0421, J. Bourgeois; Fitzhugh et al
0S-59415 46.2118 150.3168 | (2016) (5) Urup Island, Charcoal below Zav-1 tephra 170 + 30 1794 + 86 1622-1950*
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