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|. Supplementary Methods

A) Summary of the Ice-core cryptotephra sample preparation methodology for geochemical analysis at the

University of Bern adopted within this studly.

Subsampling. Samples of varying lengths (between 5cm and 13cm) were obtained for each event following the
adoption of a targeted sampling strategy. The length of the sample was based on the ice core glaciochemical records
(non-sea-salt sulfur and insoluble particle records) which were used to assist in isolating the event and thereby

increase the chances for cryptotephra detection. As a result, the samples have a sub-annual to annual resolution.

Centrifuging Samples. The ice samples were placed into individual 250ml Nalgene bottles and melted at room
temperature. Samples were then gradually decanted into 15ml centrifuge tubes and centrifuged at 2500 rpm for 5
minutes to concentrate the particles at the bottom of the tube. The excess meltwater from these samples was then
removed by pipette until ~1ml of water remained. These steps were repeated until all of the meltwater had been
transferred from the Nalgene bottles. The bottles were then rinsed twice with ~13ml of deionised water which was

then transferred to the tubes and centrifuged. This was to prevent any particles remaining in the bottle.

Mounting Samples. Acrylic discs with a 1cm diameter pre-drilled hole in the centre (total diameter 2.5cm), were
covered with Kapton tape at the base and placed upon aluminium platters on top of a hotplate. The concentrated
1ml water samples were then gradually pipetted into the holes and left to evaporate at 60°C. When the samples had
completely evaporated, the hotplate was switched off and the samples were left to cool for 1 hour. Buehler
EpoThinTM Epoxy resin was prepared by slowly mixing hardener and resin, which was then placed into a desiccator
and brought under vacuum for 3 minutes to eliminate bubbles. The resin was then slowly used to backfill the hole,
covering the sample using a wooden stick. Care was taken to ensure that a dome did not form on the top of the

sample. Samples were then left to cure for 72 hours at room temperature.

Identification of tephra and polishing. After the samples had cured, the Kapton tape was removed and placed on a
separate labelled slide. All samples were checked for the presence of tephra using a polarising microscope at x40
magnification. Samples where tephra was identified were prepared for geochemical analysis by polishing the epoxy
surface and tephra shards using a 1um and %um diamond paste for ~10 minutes. This was in order to create a flat

surface for geochemical analysis.



B) Summary of the proximal tephra sample preparation methodology for geochemical analysis at the University of

Bern adopted within this study.

Sampling. Proximal material for the candidate events was obtained from fieldwork in Iceland, with sampling
locations selected based on previous published work »*%** (see Supplementary Table 4 and Supplementary Figures 10
and 11). Soil sections were exposed, cleaned, logged, and photographed, and the candidate tephra layers were
sampled (~10g of each sample obtained) and placed into labelled bags and sealed. Samples were subsequently

transported back to the University of Bern, Switzerland.

Lab preparation. ~2 g of each sample were transferred from the labelled bags into labelled centrifuge tubes. The
samples were then crushed until they were a fine powder. Once all samples were transferred and crushed, each
centrifuge tube was filled with ~14 ml of deionised water. Each sample was subsequently sieved between 125pum and
25um, and the retained residue transferred to separate centrifuge tubes for each size fraction. These were then filled
with ~14 ml of deionised water and centrifuged at 2500 rpm for 5 minutes to concentrate the particles at the bottom
of the tube. This was done in a clean environment, one sample at a time, to avoid cross-contamination. The smallest

size fraction (25-63 um) was selected for analysis as it was closest in size range to the ice core tephra samples.

0.25ml of the concentrated sample was pipetted into the 1cm hole of the pre-drilled acrylic discs which were covered
with Kapton tape at the base and placed upon aluminium platters on top of a hotplate and left to evaporate at 60°C.
When the samples had completely evaporated, the hotplate was switched off and the samples were left to cool for 1
hour. Buehler EpoThinTM Epoxy resin was prepared by slowly mixing hardener and resin, which was then placed into
a desiccator and brought under vacuum for 3 minutes to eliminate bubbles. Resin was then used to slowly backfill
the hole and cover the sample using a wooden stick. Care was taken to ensure that a dome did not form on the top

of the sample. Samples were then left to cure for 72 hours at room temperature.

Polishing. After the samples had cured, the Kapton tape was removed and placed on a separate labelled slide.
Samples were prepared for geochemical analysis by polishing the epoxy surface and tephra shards using a 1um and

Yum diamond paste for ~10 minutes. This was in order to create a flat surface for geochemical analysis.

Analysis. Major geochemical data was obtained for all five proximal samples using Electron probe microanalysis

(EPMA) at the Institute of Geological Sciences, University of Bern, Switzerland. Additional trace element analyses



were obtained for three of the five samples (06-752, 05-757, and 04-764) using laser ablation inductively coupled

plasma mass spectrometry (LA-ICP-MS) at St Andrews Isotope Geochemistry lab, UK.



Il. Supplementary Tables

Ice core Longitude/Latitude Elevation Bottom Timespan Accumulation Method Parameters Refs
m (a.s.l) depth ([-]1 BCE/CE) rate (m/yr) (lab) analysed
(m)
NGRIP1 75.10°N/42.32°W 2917 1351 187 to 0.19 IC (PICE) SQqy, Cl-, F- s
1996
NGRIP2 75.10°N/42.32°W 2921 3085 [-1123000 0.19 CFA- S, Cl, Bi, T, Cd,
to 1998 ICPMS Particles
(DRI) (Part.), H+, 6
conductivity
(Cond.)
NEEM 77.45°N/51.06°W 2450 410 86 to 2006 0.22 CFA- S, Cl, Bi, Tl, Cd,
(2011-51) ICPMS H+, 7
(DRI)
TUNU2013 78.04°N/33.88°W 2105 213 280 to 0.1 CFA- Cond.,
2013 ICPMS tephra(UniBE) 8
(DRI)
B19 78.00°N/36.40°W 2234 150.4 748 to 0.1 CFA- S, Cl, Bi, Tl, Cd, .
1993 ICPMS Br, Part., H+, Ti;is
(DRI) Cond.,,
tephra(UniBE) study
EGRIP 75.38°N/35.60°W 2458 2664 >100000to  0.11 IC (AW1) SQq, Cl-, F- 10,
2015%* This
study
RECAP 71.3°N/26.7°W 2315 562.13 [-1118834 0.45 CFA- S, Cl, Bi, T, Cd, 11,
to 2013 ICPMS Br, Part., This
(DRI) tephra(PICE) study

Supplementary Table 1: Summary of ice cores utilised in this study including longitude/latitude, elevation, bottom
depth, timespan, and accumulation rate. Analysed parameters which were used from each ice core within this study
are shown, along with the lab where the measurements were undertaken, unless otherwise indicated. Lab
abbreviations:
Research Institute, USA; Edin = University of Edinburgh, UK; PICE = Physics of Ice, Climate and Earth, Denmark; QUB =

Queen’s University Belfast, UK; StAiG = University of St Andrews, UK. **Dating of EGRIP ice core ongoing, with

estimated basal age >100 ka at time of submission.

AWI = Alfred-Wegner Institute, Germany; UniBE = University of Bern, Switzerland; DRI = Desert



Event Diagnostic Age NS1-2011 and Age DRI_NGRIP2 Mean Age (CE) Corresponding date
Parameter stated uncertainty and stated from other proxy or
(CE) for NEEM-2011- uncertainty (CE) for documentary
S1 NGRIP2 sources
Volcanic eruption Sulfur increase 626 (+0) 625 (+2) 626 Documentary
626 records of volcanic
dust veil starting in
October 626 8
Onset Hrafnkatla Thallium increase 752 (£1) 750 (£2) 751 None
Episode
End Hrafnkatla Thallium decrease 764 (+1) 762 (+2) 763 Strong winter
Episode climate anomalies in
Europe and Black
Sea culminating in
winter 763/764 12
Solar proton event 10Be increase 774 (x0) 773 (£2) 774 June to August 774,
774 based on seasonally
resolved 14C data
from an
interhemispheric
tree-ring network 13
Volcanic eruption Short-lived sulfur 800 (1) 799 (£2) 800 Strong NH summer
800 spike cooling in various
tree-ring
reconstructions in
800 14,15
Eldgjad eruption 939-  Sulfur increase 939 (+0) 939 (+2) 939 Documentary

940

records of volcanic
dust veil starting in
939 7 and major
tree-ring cooling in
940; Nile summer

flood failure in 939
16

Supplementary Table 2: Key dates in two independent ice-core chronologies from Greenland, NS1-20118, and
DRI_NGRIP2°® the latter being identical with GICC21 between 681 and 1270 CEY. Between 626 and 800 CE, DRI-
NGRIP2 is within error identical with NS1-2011 but is consistently older by 1 to 2 years relative to NS1-2011 and

relative to specific marker horizons identified in tree-ring and documentary records.



Event Diagnostic Age NS1-2011 Age DRI_NGRIP2  Age GICC21 and Mean Age (CE) Corresponding

Parameter and stated and stated stated date from other
uncertainty (CE)  uncertainty (CE)  uncertainty (CE) proxy or
for NEEM-2011- for NGRIP2 for NGRIP2 documentary
S1 sources
Volcanic Sulfur increase 626 (+0) 625 (+2) 626 (+4) 626 Documentary
eruption 626 records of volcanic

dust veil starting
in October 626 8

Onset Hrafnkatla  Thallium

) ) 752 (+1) 750 (+2) 750 (+4) 751 None

Episode increase

End Hrafnkatla Thallium 764 (1) 762 (+2) 762 (+4) 763 Strong winter

Episode decrease climate anomalies
in Europe and
Black Sea
culminating in
winter 763/764 12

Solar proton 10Be increase 774 (£0) 773 (£2) 773 (4) 773 June to August

event 774 774, based on
seasonally
resolved 14C data
from an
interhemispheric
tree-ring network
13

Volcanic Short-lived sulfur 800 (+1) 799 (£2) 799 (+4) 799 Strong NH

eruption 800 spike summer cooling in
various tree-ring
reconstructions in
800 14,15

Eldgja eruption Sulfur increase 939 (+0) 939 (+2) 939 (+4) 939 Documentary

939-940 records of volcanic

dust veil starting
in 939 & and major
tree-ring cooling in
940; Nile summer

flood failure in 939
16

Supplementary Table 3: Key dates in three ice-core chronologies from Greenland, NS1-2011%, DRI_NGRIP2®, and

GICcC21Y.



Sample . . . Volcanic Description
D Site Longitude Latitude Event (Age CE) system(s) Depth (cm) (in field)
Bottom Top
06752 Adey, 18.68231°W 63.67295°N Hrafnkatla Katla 65 49 394lcmfa-
Iceland (763) ml, individual
beds of ash
05757 Atey, 18.68231°W 63.67295°N Hrafnkatla Katla 49 38 dominated and
Iceland (763) -
lapilli
Atley, . . Hrafnkatla dominated
04-764 lceland 18.68231°W 63.67295°N (763) Katla 38 26 beds
Atle Settlement Torfajokull & 8-9 cm thick
01-SL v 18.68231°W 63.67295°N Bardarbunga— 9 0 greenish grey
Iceland Layer (877) N
Veidivotn tephra, fa-ca
Quarry Torfajokull & .
S;L Hafid, 19.786°W 64.054°N fzt:‘:r(';‘;r;t) Bérdarbunga— 35 33 tzecfr!gtztla "
Iceland 4 Veidivotn P P

Supplementary Table 4: Summary table of proximal samples obtained as part of this study. Including, sample ID,

sampling location, corresponding event, volcanic system, and description of the layer. Abbreviations used in the field

description are as follows: f/m/ca or |, fine/medium/coarse ash or lapilli. Annotated photographs of the soil sections

for Atley and Quarry Hafid can be found in Supplementary Figure 11.



lll. Supplementary Figures
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Supplementary Figure 1: Example of targeted sampling approach adopted within this study. The non-sea-salt sulfur
(nss-S) and insoluble particle records from the B19 ice core are shown. Grey bars denote depth interval and time-
span of samples. In this example, two background samples (i; 137.24-137.16m) and (iv; 136.99-136.91m), were taken
alongside samples which isolated peaks in insoluble particles, which coincided with peaks in nss-S - (ii; 137.16-
137.08m) and (iii; 137.08-136.99m). Tephra glass shards were successfully identified in sample period (iii), and have

been geochemical attributed to the Settlement Layer, Iceland (B19_137.08m_877CE).
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Supplementary Figure 2: (a) Major element glass shard analyses from the 751-763 CE event cryptotephra deposits
from the B19, TUNU2013, and RECAP ice cores and proximal correlatives obtained as part of this study (see
Supplementary Data) plotted based on magmatic composition- Total Alkali (Na,O + K,0) vs Silica (SiO,) *® and major
element bi-plots of (b) FeO/TiO, vs SiO; and (c) TiO; vs Al,Os. Geochemical fields for the Grimsvotn, Katla, and

Bardarbunga-Veidivotn Icelandic volcanic systems have been constructed based on published data

(119.20.21,22,23,24,25,26,27,28,29) ' A|| data have been normalised to 100 % (anhydrous basis).
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Supplementary Figure 3: Trace element bi-plots (a) Nb vs Ce and (b) Ba vs Sr for 751—763 CE event cryptotephra

deposits from B19 and TUNU2013 ice cores, based on absolute concentrations (ppm) from single grains.

Geochemical fields for the Grimsvotn, Katla, and Bardarbunga—Veidivotn Icelandic volcanic systems have been

constructed based on published data (3303132333435 and proximal analyses obtained in this study (see

Supplementary Data). Error bars represent 20 standard deviation of individual analyses in relation to the ML3B

reference glass.
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Supplementary Figure 4: Photographs of glass sards identified in Greenland ice coresamples within this study; (a)
B19_149.88m_753CE (Grimsvotn, Iceland); (b) B19_149.60m_757CE (Katla, Iceland); (c, d) B19_148.88m_763CE and
TUNU2013_158.2m_762CE (e, f) (Hrafnkatla volcanic eruption, Katla, Iceland); (g) B19_147.29m_781CE (Grimsvotn,

Iceland); and (h) B19_137.08m_877CE (Settlement Layer, Bardarbunga—Veidivotn and Torfajokull, Iceland).
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Supplementary Figure 5: (a) Major element glass shard analyses from the 781 + 2 CE event cryptotephra deposits

from the B19 ice core plotted based on magmatic composition- Total Alkali (Na,O + K,0) vs Silica (SiO,) 8 alongside

existing analyses from an associated horizon in lake Légurinn, Iceland (Pers. Comm. E. Gudmundsddttir). Major

element bi-plots (b) FeO/TiO; vs SiO, and (c) TiO; vs Al,Os. Geochemical fields for the Bardarbunga—Veidivotn,

Grimsvotn, and Kverkfjoll Icelandic volcanic systems have been constructed based on published data

(1:20.21,22,23,24,25,26,27,29,36) ' A|| data have been normalised to 100 % (anhydrous basis).
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Supplementary Figure 6: (a) New major element glass shard analyses from the 877 CE event cryptotephra deposits
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from the B19 and TUNU2013 ice cores plotted based on magmatic composition — Total Alkali (Na;O + K;0) vs Silica

(SiO,) 8 alongside published ice core analyses (GRIP ¥, GISP2 38, TUNU2013 *°) and proximal material from the same

event collected as part of this study (see Supplementary Data). Major element bi-plots are shown in (b) FeO/TiO, vs

SiO; and (c) TiO; vs Al,0s. Geochemical fields for the Bardarbunga—\Veidivotn, Torfajokull Icelandic volcanic systems

have been constructed based on published data (12%22242526.27.4041) ' A|| data have been normalised to 100 %

(anhydrous basis).
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Supplementary Figure 7: (a) Non-sea-salt Sulfur (Nss-S) from TUNU2013 ice core and associated insoluble particle

record (5—-10 um) across the period 742—-768 CE. Targeted tephra sample (grey) and sulfur isotope (green) locations
(which were screened for tephra) are shown, with the geochemically confirmed occurrences of cryptotephra
indicated by red circles; (b) Background corrected 6*S (%o) and sulfur concentrations versus time recorded in the
TUNU2013 ice core; (c) Background corrected A33S (%o) and sulfur concentrations versus time recorded in the
TUNU2013 ice core. Blue shading indicates stratospheric A3S range (0.0 + 0.2 %o); (d) non-crustal thallium (Nc-Tl),
non-crustal bismuth (Nc-Bi) and non-sea-salt chlorine (Nss-Cl) record for TUNU2013 ice core. A pronounced

enrichment can be observed at the beginning of the Hrafnkatla episode.
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Supplementary Figure 8: a) IVI2*? and b) eVolv2k*® Stratospheric Aerosol Optical Depth (SAOD) estimates based on
polar ice core records across the period 745—770 CE. No volcanic events were detected in the IVI2 estimates across
the Hrafnkatla episode, in contrast to eVolv2k where some volcanic perturbations were incorporated. Data was

plotted using the SAOD Visualization App (https://cj.argpages.usask.ca/saod-visualization/) Ogilvie, C.J. [2022]*.
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Supplementary Figure 9: a) Enrichment Factor of Tl relative to Ce (a crustal dust tracer) defined as EF
=([Tl)ice/[Celice) / ([Tl]crust/[Ce]crust) with crustal values from McLennan (2001)*; b) non-crustal-TI defined as [Tl] -
(0.01172 x [Ce)); c) Enrichment Factor of Bi relative to Ce calculated as for Tl; non-crustal-Bi defined as [Bi] — (0.00198
x [Ce]). All Cerium concentration values were corrected for under-recovery during CFA analysis by multiplying with
1.7 following Arienzo et al.*®. The Hrafnkatla episode (blue shading) and Icelandic Active period (beige shading) are
marked for reference along with confirmed Icelandic volcanic eruptions (red triangles) across the study period 700-

1000 CE.
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Supplementary Figure 10: Map of Iceland with the location of Icelandic volcanic systems which experienced activity

during the period 700-1000 CE (based on published literature 44849 the Global Volcanism Program, Smithsonian

Institution®®, and the Catalogue of Icelandic volcanoes®!) indicated by the black triangles, with Lj(Ljosufjéll),

Br(Brennisteinsfjoll), La(Oddnyjarhnjukur-Langjokull), Kv(Kverkfjoll), Eyj(Eyjafjallajokull), and H(Hekla). Icelandic

volcanic systems with which a correlation has been made to in this study, K (Katla), G(Grimsvotn), VB(Bardarbunga—

Veidivotn), and Torf(Torfajokull) are indicated by the orange triangles. The ~880—910 CE Hallmundarhraun lava flow,

and the Eldgja fissure, products of the Oddnyjarhnjidkur-Langjokull and Katla volcanic systems respectively are shown.

The locations of where proximal samples were obtained for geochemical cryptotephra analysis are indicated by the

green circles with (1) Quarry Hafid Outcrop [64.054°N, 19.786°W] and (2) Atley outcrop [63.67295°N, 18.68231°W].
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a Atley, Iceland b Quarry Hafid, Iceland
63.67295°N, 18.68231°W 64.054°N, 19.786°W
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Supplementary Figure 11: (a) Annotated photograph of outcrop at Atley, Iceland. Eruption layers identified are
indicated with K939 CE, VB877 CE, and K760s CE being the 939 CE Eldgja eruption of Katla, the 877 CE Bardarbunga—
Veidivotn component of the Settlement Layer, and the 763 + 1 CE Hrafnkatla eruption of Katla respectively. K
indicates an eruption of Katla, for which no correlation was made in this study. Proximal samples collected as part of
this study are shown by the green circles with [a] 01-SL, [b] 04-764, [c] 05-757, and [d] 06-752. A scale bar is provided
for reference. (b) Annotated photograph of outcrop at Quarry Hafid, Iceland. Eruption layers identified are indicated
with H1104 CE, K920 CE, T877 CE, K760s CE, and HA 2460 b2k being the 1104 CE eruption of Hekla, the 920 CE
eruption of Katla, the 877 CE Torfajokull component of the Settlement Layer, the 763 + 1 CE Hrafnkatla eruption of
Katla, and the 1050 BCE eruption of Hekla respectively. The proximal samples collected as part of this study is shown

by the green circle with [e] 13-SL877. A scale bar is provided for reference.
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