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Abstract

Ice-core timescales are vital for the understanding of past climate; hence they should be updated whenever significant
amounts of new data become available. Here, the Greenland ice-core chronology GICCO5 was revised for the last 3835 years by
synchronlzmg six deep ice-cores and three shaIIow ice-cores from the central Greenland ice sheet A—Iaye#—eeuntmg—bmswas

neeessa#y—tempeasetmesealfeaeewaey—A new method was applled by com blnlng automated countlng ofannual Iayers on
multiple parallel proxies and manual fine-tuning. A layer-counting bias was found in all ice cores because of site-specific signal
disturbances, therefore the manual comparison of all ice cores was deemed necessary to increase timescale accuracy. After
examining sources of error and their correlation lengths, the uncertainty rate was quantified to be one year per century.

The new timescale is younger than the-previeusGreenland-chrenelogyGICCOS by about 13 years at 380883835 years ago. The
most recent 800 years are largely unaffected by the revision,whiletheslepe-of. Between 800 and 2000 vears ago, the offset

between timescales isincreases steadily, with the steepest offset occurring between 800 and 1100 years ago-steepest-between

800 and 10001100 years ago. Moreover, offset-oscillations of about 5 years around the average are observed between 2500 and
3800 years ago. The non-linear offset behavior is attributed to previous mismatches of volcanic eruptions, to the much more
extensive data set available to this study, and to the finer resolution of the new ice-core ammonium matching.

d 5 -By anaIy5|s ofthe common
varlatlons of cosmogenlc radlonuclldes the new ice-core tlmescale is found to be in allgnment with the IntCaI20 curve.

1. Introduction

Paleoclimatic chronologies allow the synchrenizationcomparison of-sueh proxy records from different geographic locations,
thereby prowdlng a fundamental tooI for the understandlng of the Earth’s cllmate Onemethed—fer—tlmesealepee%stmenen%
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from 4.2 thousand years ago totoday (Walker et al., 2012), the large amount of well-resolved data makes it possible to construct
very precise and accurate timescales. Late Holocene timescales are constructed by a large variety of methods dependingon the
typology of the sample, from dendrochronology to radio-isotopic measurements, from tephrochronology to chemical analysis of
ice cores. Timescale methods fall into two main categories: absolute methods providing an absolute age of the sample, such as
radiocarbon dating (Bronk-Ramsey, 2008), and relative or comparative methods, such as stratigraphic comparison of isochrones
in ice cores (Rasmussen et al., 2008). For the case of ice core dating in Greenland, annual-layer counting is a privileged method
for the construction of a relative sequence of events, thanks to well-resolved annual layers recognizable well into the last glacial
in the chemical and optical measurements of the ice (Andersen et al., 2006).

Once theindependent timescales from different geographic locations are set up and compared, it may be possible to investigate
lead-lag dynamics within the broader climate system. In the Holocene, recent studies investigated the comprehensive impact of
volcanic eruptions, suggesting for example a 10-year cooling in European summer temperatures (Sigl et al., 2015) or a 5-year
positive North Atlantic Oscillation (NAO) (Sjolte et al., 2018), both observed after tropical eruptions. Other examples of such
inter-regional comparative studies, dependent on timescale accuracy, are the study of bi-polar timing of climate changes in the
last glacial (WAIS Members, 2015; Pedro et al., 2018; Svensson et al., 2020) or the relative timing of the Holocene onset over
Greenland and Asia (Nakagawa et al., 2021).

1.1. Annual layers in Greenlandic ice cores

Ice cores from Greenland contain high-quality climatic information thanks to the steady deposition of snow and impurities and
to theinclusion of air bubbles in the ice, processes which have occurred continuously since the formation of the ice sheet. The
deposited snow is-enrichedbycontains avariety of chemical compounds, such as sodium, calcium, orammoniumions, and water-
insoluble particles, like dust and volcanic ashes, which may all be interpreted as proxies for climatic conditions and processes
(Fuhrer, Wolff, & Johnsen, 1999; Rhodes, Yang, & Wolff,2018). Moreover, theisotopic composition of the deposited snow stands
as-a-prexyis an important indication for temperature and moisture at the drill- sites, although the link between climate and
isotopesisintrinsically complex, especially onshorter timescales (Dansgaard, 1964;Johnsen, Dansgaard, & White, 1989; Laepple
et al., 2018).

Some proxies follow a clear annual cycle that can be observed if the layer thickness and the analytical measurement method
provide sufficient resolution. The seasonal patterns of ice-core proxies are determined by complex depositional dynamics that
control the transport from the sources to the ice sheet (Gfeller et al., 2014, Whitlow et al., 1992, Beer et al., 1991, Fischer et al.
1998, Fuhrer et al., 1996). For example, sodium (Na*) has a strong winter peak because of increased advection of marine air
masses (Herron, 1982), which can be used to define the start of the ice-core layer. Relative to sodium, calcium (Ca?*) peaks in
the spring because of enhanced transport from terrestrial reservoirs (Whitlow et al., 1992); ammonium (NH}) has a maximum in
the late spring/summer because of enhanced biogenic activity in the North American continent (Fischer et al., 2015); nitrate
(NO3)Error! Bookmark not defined.,_ which is also related to biogenic processes, peaks in the summer (Herron, 1982;
Réthlisbergeretal., 2002). Waterisotopes (§*¥0 and §D) show a sinusoidal pattern with winter valleys and summer peaks, mainly

representing temperature variations at the drill site (Jouzel et al., 1997).

The quality of the retrieved signals is highest during high-accumulation periods and especially at high-accumulation sites, since,
for example, isotopes are heavily affected by diffusion (Johnsen, 1977).4aTo correct for the isotopicdiffusion, it may be necessary
to apply deconvolution techniques to reconstruct the original annual layers (Vinther06). At the Holocene peried-{last 11.7ka}
snow-deposition-was—relativelyonset, the accumulation rates are about double as high and-stable.as in the glacial-stadial
(Rasmussenetal., 2006). Furthermore, the Holoceneice roughly comprises the upper half of the central Greenland ice sheet and
is not affected by ice thinning at the same level as the older, much thinner, glacial layers (Vinther et al., 2009; Gkinis et al., 2014;
Gerber et al., 2021). However-the datagualityinin the Late Holocene, the isotopic signal was quite stable, an indication of a
relatively constant layer record (Vinther et al., 2009). Overall, the shape and thickness of Late Holocene layers in all ice cores is
expected to be stable and well-recognizable. However, the data quality for parts of the Holocene is hampered by the brittle ice

zone, which is found at depths at which high-pressure gas bubbles in the ice make the core very fragile (Neff, 2047).2014).
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1.2. Annual layer counting methods

ThankstotheproxiesthatshowanannualpatternannualAnnual layers inice cores can be counted manually, a process that has

always been a challenging part of ice-core timescale reconstructlons (Vintheret al., 2006 referred to as Vlnther06 in the rest of

; Siglet al., 2016). Manual identification of annual layers is a time-consuming and inherently subjective task, and attempts have
been made to automate the process (McGwire et al., 2008; Smith et al., 2009). StratiCounter (SC) is a software package that
computes the most likely sequence of annual layers in an ice-core multi-proxy dataset (Winstrup M., 2011; Winstrup M. et al.,
2012); Winstrup et al., 2016). Starting from example- data provided by the user and applying a Hidden Semi-Markov Model, the
algorithm learns to recognize the specific annual pattern. SC provides a layer count and a probability distribution of the
recognized layer boundaries. Some initial settings determine if the program should, for example, reduce the resolution of the
original data, apply some pre-processing, or give different weight to the different data series in the analysis. These requirements
are both ice-core and proxy dependent.

1.3. Holocene stratigraphic markers

Short-term events,;such-asvelcaniceruptionsorbiomassburningevents; may be used to synchronize ice cores if the
corresponding layershorizons can be unambiguously seen in several ice cores. Volcanic eruptions constitute the most robust
base for thematching efice cores because they often leave a clear imprint in the ice-core signal. When available, sulfate (SO%‘)
measurements are used to lecateidentify individual eruptions, because of the associated emission of sulfur compoundsto the
atmosphere that precipitate onto theice sheet (Lin et al., 2021). EruptionsThanks to the acidic nature of sulfate, eruptions are
also recorded as prominent peaks in the Electrical Conductivity Measurements (ECM) and in the dielectric permittivity (DEP)
(Hammer, 1980; Clausen et al., 1997; Wilhelms et al., 1998; Mojtabavi et al., 2020). However, ECV and DEP volcanic peaks
might be weakened or eliminated by the opposite effect of alkaline dust, hence sulfate remains the most reliable indicator of
volcanic spikes (Rasmussen et al., 2008).

The identity of the volcano can be confirmed when volcanic ash layers (tephra) are found in the ice cores, and geochemically and
stratigraphically matched to reference deposits from the origin site (Zielinski et al., 1994; Abbott and Davies, 2012; Bourne et al.,
2015; Cook et al., 2018a). ; Hammer 1980 Wilhelmset al-1998)-Otherwise, if the source volcano has not yet been identified,
geochemical similarity of layers found in different ice cores provides evidence of synchronicity (Cook et al., 2018b, Mojtabavi et
al., 2020). However, for the most part, there is no tephra associated with acidity peaks of assumed volcanic origin, and thus, for
those tephra-free sections, the matching of the cores relies entirely on identification of corresponding patterns of acidity peaks.

The volcanic-eruption signal usually spans more than one year, so that one can identify the start, the maximum, and the end of
the event (Clausen et al., 1997).

The chemo-stratigraphic response to volcanic eruptions can vary between ice cores due to different depositional dynamics. The
recorded shape and delay of the volcanic signal depends, for example, on the distance from the eruption site, on the balance
between dry and wet deposition of sulfate, on snow redistribution, erand on different noise levels at the ice core site (Robock
and Free, 1995, and references therein; Gautier et al., 2016). Therefore, it can happen that a very strong eruption signal at GRIP
from e.g. an Alaskan eruption will only appear as a minor signal in the DYE-3 core, because the two drilling sites havea-different
distance from-the originand,—moreover—receivereceived snowfall during different meteorological situations (Clausen et al.,
1997). Hence the matching cannot rely only on the similarity-betweenposition of single peaks, but must also depend on the
patterns they-form-inof closely-spaced eruptions. Still, the link between many historical eruptions and the corresponding ice-
core acidity spikes is well-established and serves as an exact time reference (Sigl et al., 2015, referred to as Sigl15 in the rest of
this paper).

Ammonium (NH})is a proxy for biogenic activity (Fuhrer etal., 1996),and ammonium spikes have been directly linked to biomass
burning events, i.e. wildfires (Fischer et al., 2015). Wildfires are also recorded in other chemical species, such as black carbon
and vanillicacid (Griemanet al., 2018; Zdanowicz et al.,2018). Because of the alkaline nature of NHZLthe ECM will record marked
dips in correspondence with ammonium spikes (Taylor et al., 1993; Rasmussen et al., 2006). Sometimes nitrate (NO3) peaks are
observed to coincide with NH spikes, but they do not provide a reliable proxy for wildfires on their own (Legrand et al., 2016).
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The quality of these species as a unigue proxy for wildfires is debated since they are not always consistent with each other and
likely reflect different aspects of the source, the event intensity, and the trajectory to Greenland. It is not possible to find the
origin of wildfires with the same certainty as for volcanic eruptions, because thereis no “fingerprinting” technigue for wildfires,
but patterns of ammonium-rich yearslayers can nonetheless be identified across the GreenlandGreenlandic ice cores, prowdmg
an. addltlonal toolstool for synchronlzatlon (Rasmussen et al., 2008; Legrand et al 2016)

Other events that serve as matchingtie points between ice cores include variability of cosmogenic radionuclides, which are

caused by solar storms or by other forms of solar variability (Muscheler;Adelphi-& Knudsen; et al., 2014). By measuring the co-
registration of two tie-points such as the 775 CE and the 994 CE events, Sigl15 showed that Beryllium-10 {**8e}enhancements
(*°Be) provide mereprecise constraints of alignment between tree-ring and ice-core timescales. In the recent work by O’Hare et
al. (2019), the signature of an intense solar storm was identified in ice cores, at an age of 660 BCE, which provides an added
alignment point between ice cores and tree-ring timescales in the late Holocene. As a conclusive remark, the radioactive fallout
from nuclear bomb testing, which peaked in 1963, provides a reliable and very recent chronostratigraphic marker in the form of
a tritium or 3°Cl peak, which is especially useful for shallow ice cores (Qiao et al., 2021).

1.4. The GICCO5 timescale in the Holocene

The Greenland Ice Core Chronology 2005 (GICC05) is the most widely recognized timescale for Greenland ice-core studies
(Vinther06):, Svenssonet al., 2008). In the Holocene, GICCOS is based on three ice cores-ferm-thebasis-of GICCOS: the DYE-3 ice
core from southern Greenland (Johnsen et al., 2001), the GRIP ice core from Summit/central Greenland (Dansgaard et al., 1993),
and the NorthGRIP ice core from north-western Greenland (NGRIP members, 2004). The ice cores were matched by recognizing
common volcanic eruptions in the ECM signal, and the annual layers were manually counted using water isotopes (880 and 6D
are available in overlapping sections and are equally suited for annual layer identification). In the older part of the Holocene,
high-resolution impurity records were also included in the layer counting, but at the time they were not available-atthetime for
reconstructing the timescale for the Late Holocene (Rasmussen et al., 2006).

When the ice-core data quality was not equal between the three cores, a master chronology was produced on the best resolved
record, which was then transferred to the other ice cores. Until 1813 years b2k (years before 2000 CE, same convention applied
in the rest of this paper), the count was produced on isotopes from DYE-3 and deconvoluted isotopes from GRIP and NorthGRIP.
From 1813 until 3835 years b2k, NorthGRIP ages were transferred from DYE-3 and GRIP, because of lacking isotope data.

In the construction of GICCO5, an acidity spike attributed to the Vesuvius eruption (79 CE, Italy) was considered an exact time-
marker carrying no age uncertainty, based on a tephra deposit found in NerthGRIPGRIP (Vinther06; Barbante et al., 2013).
RecentHowever, recent analysis has-howeverconfirmedof the NEEM-51-2011 ice core shows that the sampletephra associated
with the acidity peak in this core is geochemically distinct from the shards found in GRIP (Plunkett et al., 2022), and most likely
originates from an Alaskan eruption—{Plunkett—et—ak,—2021);, thus leaving the GICCOS5 chronology with a significant
syrehronizationchronological weakness. As another discussion point, Hammer (1980) and Vinther06 attributed a prominent ECM
peakin GICCO5 to the massive Hekla 1104 CE eruption. Later, Coulter et al. (2012) attempted to find confirmation in the tephra
found close to this ECM peak, but neither DYE-3 nor GRIP and NorthGRIP supported the identification with Hekla 1104 CE.
Recently, Guillet et al. (2020) proposed that the signal represents a cluster of eruptions, one of them possibly originating from
Mount Asama, Japan. Recent comparisons between Greenland-Greenlandicice cores and **C chronologies have exposed other
issues with the layer count in selected sections of the timescale (Baillie,2008, 2010; Lohne et al., 2013; Torbenson et al., 2015;

Muscheler et al., 2014 Slgl15 Adolphl&MuscheIer 2016 Adolphlet al., 2018; McAneney&Balllle 2019)—mamly—eaused—by

MMM%%L In th|s work we aim to expand on the causes ofthe GICC05 mlsmatches and
to investigate enpessible-other recurring problems to be resolved, such as, for example, the uncertainty question of ice core
timescales.

A special mention for the Greenland timescale has to be made for the GISP2 ice core, drilled at Summit in the vicinity of the GRIP
site. Meese et al. (1997) constructed a timescale for this ice core that remained a widely-used standard until GICCO5 was
released. Annual-layer counting was done manually using a combination of visual stratigraphy, ECM, dust laser scattering,
isotopes, and ion chemistry. A number of tephra samples was collected in the Holocene ice, confirming the identity of, among
others, the Laki eruption of 1783 CE (Fiacco et al., 1994), the Samalas eruption of 1257
CE (Palais et al., 1992; Lavigne et al., 2013), and the Eldja eruption of 939 CE (Zielinski et al., 1995). Of these three eruptions,
only thefirst two have an independent historical estimate of the age, the Samalas eruption being dated by indirect evidence of
its occurrence in 1257 CE (Vidal et al., 2016). In addition, authors of GISP2 also used Vesuvius to constrain the timescale. Over
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the rest of the Holocene, the agreement with GICCO5 has previously been found to be rather poor, according to the match with
GRIP and NorthGRIP (Seierstad et al., 2014).

1.4.1. Uncertainty estimates of GICCO5 in the Holocene

The uncertainty associated with a timescale previdesis essential information-for-a correct interpretation of the climatic data. The
most important source of uncertainty in GICCO5 was considered to be the misinterpretation of annual layers by the observers.
By defining uncertain layers to be features in the ice core that could neither be dismissed nor confirmed as—annuatlayers
(Vinther06), the GICCO5- uncertainty was estimated from the Maximum Counting Error (MCE), thatis;defined as half the sum of
the uncertain layers accumulated until the corresponding age (Rasmussen et al., 2006). Thus, each uncertain layer contributes
with % + % years to the age scale, whereas certain layers contribute 1 £ 0 years.

A fundamental choice in uncertainty estimation is whether one assumes eerrelation-betweenuncorrelated errors. In case the
errors are assumed-uncorrelated,then they should be summed in quadrature. If, on the other hand, all errors are assumedte
befully correlated, then the total uncertainty-atagiventimeis a linear sum of the individual errors. Acknowledging that for the
case of ice cores the errors are likely neither fully correlated nor uncorrelated, the authors of GICCO5 opted for a conservative
approach and summed the MCE linearly, but in turn did not include contributions from other sources than misinterpretation of
annuallayers. The authors also observed that the count between 1362 CE (Oraefajokull, Iceland) and 79 CE (Vesuvius) was correct
within one year, corresponding to ~0.1% of the interval. As this number was smaller than the MCE it was considered negligible.
Hence the MCE does not consider the bias one canintroduce because of e.g. misleadingassumptionsonthetie points or abruptly
changing layer shapes.

Stilin summary, GICCO5 was considered exact for the part younger than the Vesuvius eruption, because many well-known
historical eruptions tied the chronology together. Therefore, the published uncertainty until about 2.7 ka b2kis only 2 years,

whilethepublished-GICCO5-uncertainbyincreasing to 5 years at 3.9 ka b2k-is-5-rears.

1.5. The NS1-2011 timescale

A morerecent Greenland ice-core timescale for the past 2500 years was based on new bipolar tie-points, such as volcanic tephra
and solar storm data, and on new high-resolution multi-parameter impurity records (Sigl15). This timescale will be referred to as
the NS1-2011 chronology:, as it was designed on the NEEM-2011-S1 ice core by lifting the Vesuvius and Hekla constraints and
replacing them with newer historical evidence about volcanic tie-points at 536, 626, and 939 CE and a solar proton event at 775
CE. StratiCounter was employed to count annual layers on the NEEM-2011-S1 shallow icecore{Sigletal-2043}and on the NEEM
main/deep ice core-{Siglt5).. These ice cores were matched to NorthGRIP via 15velcanicand-selarmarkersnumerous volcanic

tie-points to allow for comparison to GICC05 Moreover, a manual count on the NEEM main core was conducted forthe-oldest
~until 500 y ' etBCE. For most of the timescale, SC was run
in constrained mode using voIcanlc tie- pomts of known age. The earliest exact time marker applied for the chronology is the 536
CE eruption, prominent in the acidity and sulfate records—{Siglt5+}.. For ice older than 536 CE, the authors analyzed detailed
records of historical, literary, and climatic evidence and found that the timescale aligns with most of the validation points,
providing statistical tests to evaluate the significance of the result. The-tests-were repeated-with-GICCO5and-theresultswere
notsignificant demonstrating the superioraceuracy-ofthe NS1-2011 timeseale-Moreover, the timescale was compared to the
Antarctic timescale WD2014 (Sigl et al., 2016) and to tree ring records to verify the overall good agreement of Greenland with
other climatic archives.

The NS1-2011 offset to GICCO5 at around 79 CE was quantified to be 8 years and the age of the layer formerly attributed to
Vesuvius was changed to 87/88 CE.

The uncertainty estimate of the NS1-2011 timescale was based on the SC probability estimate. The age of volcanic eruptions is
reported as a weighted average of the SC-counts in NEEM-2011-S1, the NEEM main core, and WDC: (West Antarctic Ice Sheet
Divide Ice Core). For example, the age of the Indonesian Samalas eruption (Vidal et al., 2016) is given as 1258 + 2 years CE.
Moreover, the comparison between the manual and the automated count in NEEM amounted to a difference of 1 year over the
500--year time interval. The timescale was estimated to have a 5 year uncertainty at 2500 years b2k.

1.6. The need for a revised and unified Greenland ice-core chronology in the Holocene

Given the known inconsistencies between existing Greenland Holocene timescales-and-thanksto-theadventeofa, we find it
timely to revise the GICCO5 timescale to provide a new unified ice-core chronology that includes most available data from
Greenlandic deep ice cores. Our dataset includes, amongst others the new hlgh resolution dataset from the recent EastGRIP ice
core (Mojtabavi et al., 2020; Erhardt et al., In Prep-- :
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see ice-core chroneology-thatincludes—allavailable-data from-Greenland-deep—ice—cores.availability section at the end). Our
method relies on parallel dating of multiple cores with well-resolved annual data ceveringtheperied-back to 3835 years b2k, a

period which ensures data coverage from at least four ice cores until the brittle ice zone affeetsstarts affecting theiee-cere data
quality.

SC cannot presently be applied to multiple ice cores together. Hence, SC cannot at this time provide a fully automated multi-
core timescale. Nevertheless, SCcan be applied separately to each ice- core, on +tsthe|rown depthscale, after WhICh the resultlng
counts can be combined between cores.— = =
Furthermore, SC cannot be used to assess whether the ice-core 5|gnal is affected by dlsturbances that mlght have altered |ts
shape, such as snow redistribution, melt layers, and multiple seasonal peaks in the proxies (Mosley-Thompson et al., 2001;
Westhoff et al., 2021; Lei Geng et al., 2014). These observations rely on a comparison of records from several ice cores. Hence,
an extensive manual effort is still required to identify problematic layers and to bring a multi-ice-core timescale to a final state.

We find the MCE netsuitedunsuited to apply toourtimescale, since by nature itis a single-record uncertainty estimate that does
not capture the complexity of the multi-core chronology: an uncertain layerslayer in one core may be certain or absent in
another,and thus acomparison of thetwo can solve many chronological issues. Based on the combination of statistical estimates
and empirical observation, we propose a simple formula to provide the new tlmescale named GICC21, with a robust, con5|stent
and user- frlendly uncertamty estlmatlon :

Data from 6six deep and 3three shallow ice cores provide the basis for GICC21; details about each drilling site are given in Table

1Table-L. FheresolutionResolution and-the quality of the data reflect not only the local climatic conditions but also the state of



the technology at the time of ice-core retrieval and measurement. Moreover, data is only available, or of sufficient resolution
90 and quality for layer counting, at selected ice-core depth ranges;as-can-beseenin- (igure 1Figuredb:).
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igure 1 Overview of the data used for this study. (a) Geographic locations of the ice cores, effor which Table 1Fable—2 contains the site
specifications. (b) The colored patches summarize the available datasets used for annual-layer counting (e.g. Continuous flow analysis - CFA)
95 and inter-core matching; (e.g. ECM), plotted on their approximate age-range.
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Table 1 Specifications about the ice cores included in this study, ordered by coring location, North to South.

Ice Core Elevation, Lat., Long.,  Mean Air Accumulation, Length, Years of Brittle ice zone,
m ‘N ‘W Temp., 'C mice peryear m Drilling m

NEEM—20141-S1 2450 45 5106 23 [aRb L 410 204

NEEM 2479 7725 5109 29+ 0227 2540 2008—2012° £004001

EastGRIP 2458 75.38 36.00 -29* 0.12¢ 2150 2017—2019 650-950'

(ongoing)

NEEM 2479 77.25  51.09 -29° 0.222 2540 2008—2012b 609-1281k

NEEM-2011-S1 2450 77.45  51.06 -21¢ 0.224 410* 20119

NorthGRIP1 2917 75.10 4232 -32f 0.19f 1351 1996-1997 & 790-1200f

NorthGRIP2 2921 75.10 42.32 -32f 0.19° 3085 1997—2004# 790-1200f

GRIP 3230 72.58  37.64 -32f 0.23f 3027 1989-1992h 800-1300f

DYE-3 2480 65.18  43.83 -20f 0.56' 2037 1979—1981i 800-1200f

DYE-3 4B 2491 65.17  43.93 -20* 0.535f 174* 1983

DYE-3 18C 2620 65.03 44.39 -20% 0.44f 113* 1984

* Shallow ice cores. @2 (NEEM community members, 2013)° (Rasmussen et al., 2013)¢(Fain, et al., 2014)d (Sigl, et al., 2013)¢ (Gerber, et al., 2021)f
(Vinther, et al., 2010) &(Dahl-Jensenetal., 2002) " (Johnsen et al., 1992) i(Vinther06)i(Clausen etal5& Hammer, 1988)k(Warming et al., 2013)
I(Westhoff et al., 2021)*estimated from PROMICE data (Ahlstrgm et al., 2008) *Assumed same as DYE-3

2.1. EastGRIP

The East GReenland Ice-core Project (EastGRIP) is an ongoing drilling effort which in the latest field season (2019) reached a
depth of about 2150 m. The ECM and DEP measurements were made in the field camp on 1.65 m long pieces of ice (Mojtabavi
et al., 2020). Chemistry records of aerosol impurities were measured in Bern using the proven Continuous Flow Analysis (CFA)
Setup (Kaufmann et al. 2008) coupled to an ICP-TOFMS (Erhardt, Jensen, Borovinskaya, & Fischer, 2019). The chemistry data
include a vast range of different species measured continuously at high sampling resolution (1 mm), with a resolving power of
about 1 cm, making this dataset among the most detailed available-hewever. However, the annual accumulation rate at this site
is also the lowest of the records included (Table 1). A detailed description of the CFA setup and the data used in this study can
be found in Erhardt et al. (in prep, see Ice-core data availability section). For counting layers, we used Na, Ca, NHz, and NO3
concentrations from 13.82 to 460.30 m depth. Water isotope records were also measured continuously but, due to the low
annual accumulation, the annual signal does not survive diffusion in the firn, and therefore cannot be used for annual layer
identification.

2.1. NEEM and NEEM-2011-S1
The North Greenland Eemian Ice Drilling (NEEM) was completed in 2012 (NEEM community members, 2013). ECM and DEP were

measured in the field at 1 mm resolution (Rasmussen et al., 2013). Impurity records, measured by an international team
coordinated by the University of Bern, were as well obtained in the field and have a depth resolution similar to the EastGRIP data
set (Kaufmann et al., 2008) but, due to brittle ice, suffer from increasingly wide data gaps that make annual-layer identification
difficult below around 750 m. Hence, we used ECM, Na*, Ca?*, NH}, and NO; for layer counting between 7.6 m and 727.3 m
depth.A detailed description ofthe NEEM CFA measurements and the dataset can be foundin Erhardtetal. (2021). Anadditional
CFA-dataset was measured at DRI by Sigl15 and provides additional data from 399 m to 500m. This dataset was not used for the
SC count, but the quality of the layer count was later verified considering this additional data. Moreover, the Sigl15 dataset
contains black carbon (BC), which we used to consolidate the ammonium match.

The NEEM-2011-S1ice core is a 410 m shallow core that was drilled about 100 m away from the NEEM main core (Sigl et al.,
2013). This core reaches back until the volcanic layer attributed in GICCO5 to the Vesuvius eruption (79 CE). Chemistry data was
measured at DRI for the entire core length, but the ECM of the shallow core was not measured, hence we relied on non-sea-salt
sulfate (nss-S) for volcanic matching (Sigl et al., 2013). The species Na, nss-Ca, nss-Na, NHj, NO;, and BC were used for layer
counting between 6.1 m and 410.8 m, in order to achieve a similar SC output as in Sigl15. BC was also used to consolidate the
ammonium match.
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2.2. NorthGRIP

The NorthGRIP drilling was completed in 2004 and is composed of two ice cores: NorthGRIP1 and NorthGRIP2 (Dahl-Jensen et
al., 2002). For NorthGRIP1, ECM data are available until the core ends, at about 1351 m, and discrete chemical measurements
(5 cm resolution) are available uninterruptedly until 350 m and in short fragments below this (Vinther06). Despite the resolution
of only 4-5 samples per year, the annual layer pattern is clearly recognizable, and we used ECM, Na*, Ca?*, NHZ, NO3, CI, Mg?",
SOZ, and 6'®0for layer counting between 9.9 m and 349.1 m depth.

For the upper part (159-582m?) of NorthGRIP2, a continuous chemistry dataset was |later measured at the Desert Research
Institute (DRI) with a resolution of 1 cm (McConnell et al., 2018). WeThe dataset includes a vast range of species, of which we
used Na, Ca, NH3, and NOj for layer counting between 159.6 m to 582.4 m depth- (approximately from 730 to 3200 years b2k).
For volcanic matching, we mainly used a combination of ECM and DEP signals. This new record constitutes an important addition
to the BERchronology, since it allows coverage of the NorthGRIP site until almost the end of our timescale.

2-2-.2.3. -GRIP

The drilling of the GRIP ice core (or Summit ice core) was completed in 1992 (Johnsen et al., 1992). Only ECM and isotope data
are available for counting layers in this core in the late Holocene. The annual signal in the isotopedata (2.5 cm resolution) is
moderately affected by diffusion, but deconvolution restores a very strong sinusoidal pattern that can be used for annual

counting (Johnsen et al., 2000; Vintherdehnsen,-Andersen Clausen& Hansen 2003} Hence, weused ECM; et al.,, 2003). ECM

also shows an annual signal, analogous to GISP2, with a summer peak caused by enhanced acid deposition (Meese et al., 1997).
Hence, we used ECM (1 mm resolution), §*80, and deconvoluted 580 to count annual layers between 5.3 m and 770.1 m depth.
The deconvolution is sensitive both to melt layers and to unusually wide layers. The first contain sharp gradients which create
artefacts in the data, typically resulting in a series of high-amplitude oscillations that do not correspond to real annual layers,
while the second result in spurious low-amplitude oscillations. The width of these perturbations is usually 2-5 years, and they
are not difficult to spot for a trained investigator (Supplementary Information Fig. SZ56).

2.:3-2.4. DYE-3

The oldest ice corein this chronology is DYE-3 whose drilling was completed in 1981 (Clausen etak;& Hammer, 1988). The data
availableto our study aremainly ECM (“7mm resolution) and waterisotopes (1 cm resolution) (Langway et al., 1985). Theisotope
record resolves the annual layers very well thanks to the high accumulation rate which provides wide layers that are safe from
diffusion, and is used for counting from 0.9 t0 1271.7 m depth. The ECM signal also appears to have an annual pattern; (Neftel
et al., 1985), hence we also used ECM to count layers from 136 m to 1271.7 m. Because of lacking setup in the first year of
drilling, the ECM measurements only start after 136 m. Therefore, to construct the top chronology of DYE-3, we included two
shallow cores named 4B and 18C located close to the deep core site, for which ECM and water isotopes were available for
counting (Vinther et al., 2010).

3. Methods

The first objective of this study wasis the construction ofacommon chronology for severalice cores with datasuitablefor annual
layer counting.

Our timescale construction method relies on three main steps:

- Automated annual-layer boundary identification using SC;
- Ice-core matching using volcanic and ammonium tie-points;
- Multi-core layer comparison by multiple observers (called fine-tuning).
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AWe subsequently perform a study of the uncertainty of the resulting timescale-cempletesourmethod.

3.1. The raw output: counting annual-layers on each ice core with StratiCounter

To avoid the lengthy and likely somewhat inconsistent process of manual layer counting, GICC21 was based on a multi-core set
of annual layers identified on each ice core by SC, which also returns an uncertainty distribution of the number of layers efin
each individual ice core. SC has better performances with multiple proxies, but including more than four species did not prove
to make a substantial difference for the final result, because some species are not independent of each other (e.g. those
dominated by minerals with dust as primary source) and some have similar seasonal patterns. As training data, SC req uires a
set of annual layers manually placed by the user. We chose to place the annual layer mark on the annual sodium maximum as
the best indicator of the start of a new year, except for ice cores without impurity data, where we chose the isotope annual
minimum, since the two methods are roughly equivalent (Supplementary Information Fig. S857).

Measurement gaps should be minimized using all available data to obtain an accurate layer count. Since DEP is generally
measured on the full ice core, and ECM is measured on the first longitudinal cut of the core, they are both less affected by ice
core breaks than the subsequent measurements made on smaller samples or obtained from a continuous stream of melted
sample. So, although the yearly pattern in the ECM signal is not always discernible and cannot be the basis of reliable annual
layer identification, it proved useful for ice cores with many small gaps, like NEEM and EastGRIP. In addition, the ECM records of
DYE-3 and, to some degree, GRIP-de exhibit an annual ECM cycle, which helps improve the SC result. When data gaps cannot be
avoided, SC makes a probabilistic estimate of the layer count considering the neighboring data.

To facilitate the pattern recognition process by SC, the datasets were preprocessed using the approprlate settlngs for each ice

with-a-width-oftwice the-expected-average layer-thickness: (see Strat|counter Supplement about pre-processing). The best pre-

processing settings were established after testing if SC was able to accurately estimate the layers between the Laki and Samalas
eruptions, within a tolerance of a few years. Elemental and ionic concentratlons were treated identically, as the dlfferences
should not matter for layer identification. A
Even though it is possible to constrain SC to hlstorlcal age markers, we chose to run SC in unconstrained mode to be able to
guantify any possible biases of the algorithm.

“In order to account for changes in Iayer thlckness r data quality ineachice core, a variant of SCwas implemented to count on
independent stretches of data- obabi

mel-ueled—fer—eeu-ntmg—m—the—ne*t—ad*aee@t—seetren (more detalls can be found in the Su-pptementar—y—mﬁermat-r@a—table

S4Straticounter Supplement).

We observed that SC has-atendencytends to under-count over data gaps, especially within longer gaps. This issue was fixed a
posteriori by evaluating the average layer thickness around each gap and inserting the missing layers. However, too large
datagapsdata gaps make the timescale uraecedurateinaccurate. Around 3.8 ka b2k, the length of data gaps in NEEM and EastGRIP
increases as both ice cores enter the brittle ice zone. Around the same time, the effects of isotopic diffusion in GRIP gradu ally
make recognition of the annual signal difficult, and the high-resolution sampling was discontinued (Vinther06). Therefore, we

stopped the tlmescale revision at 3835 years b2kin order to feueweepmum-eeredat&reqwemem#eeeermﬁeeiwtheebaek

3.2. Ice-core matching using synchronous events

Ice cores were matched to each other by finding patterns of assumed synchronous events that will be referred to as tie- points.
Previously published ice-core matches (Rasmussen et al., 20432013; Seierstad et al., 2014; Sigl15; Mojtabavi et al., 2020) were
extended to all cores considering the new data sets. The manual match is facilitated using a MATLAB GUI called Matchmaker
that allows for the insertion of visual bars to place stratigraphic markers on top of the data and to align the-data according to
these markers (Rasmussen et al., 2008), of which an exampleis givenin Figure 2Eigure 2,

+s—en—theerder—ef—ene—m—}9The Laki eruption that happened between June 1783 and Februarv 1784 CE is easily detected in all

ice cores thanks to apronounced acidity spike and a corresponding tephra deposit (Clausen & Hammer, 1988; Fiacco etal., 1994).
Hence, we use Laki as a reference datum to calculate relative ages for the rest of the timescale. For DYE-3, however, we tie the
timescale to the Oraefajékull eruption of 1362 CE, because the DYE-3 ECM measurements start below the Laki layer. Although
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the tephra identification of this eruption is elusive (Coulter et al., 2012), the associated peak is visible in DYE-3 and hence
constitutes the most recent available candidate to tie DYE-3 to the other ice cores. Furthermore, the top chronology of DYE-3
was confirmed by comparing to two nearby shallow cores that record Laki in their ECM signal (see also the section provided in
the Supplementary Information about the DYE-3 top chronology).

When reporting historical events, we find it most convenient to use CE/BCE years (avoiding year 0). When talking about the
ice-core timescale, we will use years b2k. The conversion between the age units is easily done for rounded years:

Yep = 2000 — Y,y ; Ypep = 2000 — Y, — 1

More details about the age conversion are provided in the Timescale Supplement, and is similar to the one explained by
McConnell et al. (2020). Since years b2k increase going back in time, we remark that decimal ages correspond to the inverted
month order. However, we note that it may not be possible to accurately perform sub-annual dating of events, since
accumulation throughout the year is not constant.

3.2.1. Ammonium matching patterns

A chemical species that shows good potential for inter-ice-core matching is ammonium, since it is regarded as a good tracer of
North-American wildfires. The lifetime of ammonium in the atmosphere is very short, on the order of days, so the origin of the
signal is rarely further away than Canada (Legrand et al., 2016). However, the shape of the ammonium peaks might vary across
the ice sheet because of different trajectories from the source. Rasmussen et al. (2008) report on using a number of ammonium
tie points in the transfer of GICCO5 from NorthGRIP to GRIP and GISP2 in the glacial. Although Legrand et al. (2016) provided a
200-year long ammonium match between NEEM and GRIP, they only identify 9 possible historical events that could have
originated the peaks.

To test the applicability of the ammonium matching, we examined ammonium data between sections of closely spaced volcanic
eruptions and found many cases where ammonium, confirmed by black carbon, had a clear correspondence across ice cores
(some examples are shown in Figure 2). We used black carbon data of NEEM and NEEM-2011-S1, reaching until 2500 ka b2k, to
select the ammonium spikes best suited for matching, since this provides an additional criterion for the attribution of a peak to
a wildfire event (Sigl15; Legrand et al., 2016). In some cases, we observe a strong spatial variability, thus we confirmed that the
ammonium matching can only have a supporting role of the volcanic match. Ammonium spikes neutralize the ECM signal,
producing minimain the ECM (Robock & Free, 1995; Taylor et al., 1992). Therefore, we inverted and log-transformed the ECM
record and used it as an ammonium substitute, whenever NH; was lacking for an ice core.

Beyond 2500 years b2k, patterns of NH}, spikes were used to supplement the volcanic match, especially when volcanic tie points
were widely spaced by many decades (Supplementary Information Fig.S 10). Here, we only select ammonium tie points that left
an imprintin the ECM signal of the corresponding ice core. Overall, ammonium peaks constitute 63% of our 290 tie points over
the last 3835 years, the proportion being higher in the region beyond 2500 years b2k (70%). The reason of the higher number
of ammonium tie points is that we use patterns instead of single peaks. The frequency of the ammonium spikes is on the order
of one in 20 years, so that, by including ammonium, we have effectively increased the resolution of the multi-core match with
respect to a purely volcanic match-As-mentioned-before the ECMshows somenarrow-and-deep-valleys-that stronghycorrelate
. .. . . .

h N H nika a a-core Ha

having only 35 years average resolution.
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Figure 2 AnexampleTie points of the-matehing-ofice—core-data—Data-isshewnGICC21 between threetwo eruptions, which are highlighted by
the grey; vertical bars=tie—peint no. 2 and no. Lre—2415 (Eldja, 939 CE}and-re—15—Prexiesefveleanicaeidity). Volcanic proxies are shown
enin black and the inverted log-ECM for each |ce—ee¥e—s%ep-a*|s—PFe*+es¥e{—b+e—nﬁrass—bam+nge¥eﬂ%sa¥e— core is shown in purple Ammonium

GICC21. a) NEEM-2011-S1: The black-carbon peaks)—We—ebsewe%a#abJeamprde(brown) support the choice of this subset of ammonium
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tie points. b-e) The co-occurrence of ammonium peaks and peaks in veleaniesignatureforexamplene-the log-inverted ECM provides another
criterionfor tie-pointselection. f-g) For DYE-3 and GRIP, lack of ammonium data means that we can only use the log-inverted ECM to provide

indication forthe tie-points, of whichnr.3,4, 5, 6, 11, 12, 14 are bestrecognizable. The green bar between 14 and 15 highlights the very subtle
ECM peakassociated to the Tianchi tephra (Sun et al. 2014) has—a-differentrelativeamplitudeineachicecorer

3.3. Requirements for athe manual fine-tuning procedure

The number of layers between synchronous tie- points must be the same across ice cores. Hence, we assessed the quality of
the SC output by evaluating the number of layers counted by the algorithm between historically known volcanic eruptions .
Even after having chosen the best settings for SC, we observed a general tendency of under-counting in some ice cores and
over-counting in others (Table 2Table2). This is a result of the algorithm being run without age constraints, which was
considered to be appropriate for using the methedalgorithm in older sections of data, where no age constraints are known. We
conclude that, although SC correctly identifies almost all annual layers, it fails to assign a sufficiently high probability to some of
the thin or otherwise unusual annual layers in each ice core, which are thereby not counted. Also, it assigns an excessive
probability to other layers, which upon closer inspection cannot be confirmed as annual layers, but being due to abnormal
events that can be manually recognized from comparison of the chemistry records, especially after comparison with the age of
historically known eruptions. The cause of the under-count may be related not only to data gaps but also to partially wind-
eroded layers of snow, to unusual impurity loading, or to other site-specific perturbances. In the case of DYE-3, the high
accumulation makes it unlikely to miss layers in the count but, in turn, gives a higher risk of multiple isotope oscillations within
one year; (Supplementary Information Figure S 8), leaving more opportunities for an over-count of the layers, which could also
result from the highereceurencerelatively high occurrence of melt layers in this ice core. Therefore, we resort to a manual

processing of the timescale, which in the following we will refer to as “fine-tuning”.

Table 2 Evaluation of the SC bias of each ice core in the timescale sections constrained by historical evidence abeuttheon eruption ages. The
eruptions chosen for the overview were allieetandie, except for the-trdenesianeruptionefSamalas-one, Icelandic: Laki (1783 CE), Hekla
{4542-CcE}-Bardarbunga (1477 CE), Oraefajokull (1367 CE), and Samalas (1258 CE, Indonesia, consideringa 1-year depositional delay). Within
each interval, the number of expectedlayer boundariesis indicated by N. For each ice core, the difference betweenNandfrom the aumber
effayerseountedbyraw SCshews-count indicates the amount and the-direction of the-bias. A positive value means that SC layers had to be
added inorder to reach the expected N, while a negative value means that they had to be removed. The longestinterval (Laki-Samalas)
shows the total Iayer modlflcatlons requwed by eachice core. The Mwwmmmmm&wm

3 3 3 3 valuesindicate thatthe
”’CFA -eeres~cores (EastGRIP NEEM, NEEM- 2011 Sl) are mostly under counted—@n—theethe%haﬁd—the— partly because of measurement
gaps, while the ‘GICCO5-eeres“cores’ (NorthGRIP1, GRIP, DYE-3) were mostly in need of removinglayers. This evaluation of bias is what
eventuallyjustifies the fine-tuning process overa purely statistical combination of SC results.

Brent Agetbald Beent Agefb2l L EastGRIRDifference from the raw SC-count
Laki 2165 Helkda 4874 271 7 5 -4 -1 -1 -4 2
Helkla 4874 Bérbar 5228 35 1 2 4] [¢] [¢] 1 4
Barbar 5228 Sreet: 63743 Hs 4] 3 - 3 4] 0 5
Oreet: 6373 Saral A4 104 2 4] 2 [¢] 1 2 3
Lakd 2165 Saral A4 525 10 10 =3 2 9 5 14
O hierlayersaddeddaass 2 5 2] 2 2] 0 9
Event Age[b2k] Event Age[b2k] N | EastGRIP NEEM NorthGRIP1 NEEM-2011-S1 GRIP  DYE-3
Laki 216.5 Hekla  487.4 306 8 7 -4 -1 -1 -3
Barda. 522.8 Oref. 637.3 115 0 3 -1 3 0 0
Oraef. 637.3 Samal. 7411 104 2 0 2 0 1 -2
Laki 216.5 Samal. 7411 525 10 10 -3 2 0 -5
Of which layers added in gaps 2 5 0 2 0 0
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We remark that our fine-tuning is not in contradiction with SC, since the algorithm attemptsto derive the best layers based on
the available data of each singleice core. The SC raw layers are accompanied by a probability distribution which represents the
likelihood of the placement of each single layer. The fine-tuning was guided by observing where the likelihood of the layer
placement is most unsure, since the SC uncertainty increases locally where the data-annual-layer detection quality is low. Here,
the 95%-percentiles of the probability distribution register a 1-year “jump” that can be used to detect the layers that SC
deemed to be most uncertain. On the other hand, we also measuredidentified the placement of “ghost layers” where the SC-
assigned probability was just below the threshold atwhichrequired for SC assigasto assign an annual layer, and which may be
included in the fine-tuned timescale.

The fine-tuning is performed by comparing all ice cores in parallel and using an iterative protocol. To ensure reproducibility, we
adopted a ruleset to the fine-tuning process: we added layers in gaps according to the local layer thickness; we removed low -
probability layers that conflicted between parallel cores; we upgraded ghost layers to full annual layers when indicated by
parallel-core comparison. Some examples of how the fine-tuning was done can be found in Supplementary Information Fig. S 1.

Minor similarities between the records, such as minor ECM or NHj, features, §'80 patterns, and in some cases similar peak-shape
sequences in Na*Na* or Ca?* for geographically--close ice cores, were used to support or reject changes in the layer count. As a
consequence, sometie-points had to be re-examined because of now-apparent misalignments, and the fine-tuning was repeated
to ensure consistency between the ice cores.

As a further step, two to three observers were engaged in detailed review of each section of the timescale aiming to reduce
the impact of potential confirmation bias by each investigator. Whenever unanimity was lacking, the main observer (Sinnl)
examined the different opinions to propose a final solution, which was then accepted or rejected again. In the end, unanimity
was reached in all sections. Vloreover, no previous knowledge about age was initially used to fine-tune the timescale, except
for Laki and Oraefajokull. Later, the historical part of the timescale (until Samalas) was verified with knowledge about the ages
of some eruptions, finding that the fine-tuned layer count had already reached very accurate ages. Finally, we tested the
correlation between DYE-3 and GRIP in the top 400 years and found an improvement of 17 % (see Supplementary Information

Table S 1), which we take as an indication of the fine-tuning procedure reaching accurate results in the top of the timescale.
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3+5+3.4. Uncertainty of the GICC21 chronology

An important part of our objectives for this study is to provide a simple yet empirically justified estimation of the uncertainty
thatis-associated with the GICC21 timescale. Uncertainties in the layer count arise from two main sources: data issues-withthe
data and misinterpretation of layers (Vinther06). In our study, data gaps are a prevailing issue because the ends of each ice-core
piece are trimmed to prevent contamination during CFA measurements. This, combined with removal of small pieces around
core-breaks from the drilling process, causes frequent but brief interruptions in the records. We-expectOn the other hand, the

mlsmterpretatlon of layers to-beis largely accounted for by the flne-tunlng of multlple paraIIeI ice-core records—l;er—t-lrre—pawtt—ea€

TFhereare-manyVany factorsthat increase the complexity of the uncertainty estimation for our new ice core timescale. We find
ourselves in a mixed scenario between automated counting by SC, an algorithm that provides its own probability estlmates and
our manual intervention by flne-tunlng M :

we have to account for p055|b|e correlations between errors, at least within a certain correlation length. A data based error can
be caused, as mentioned, by measurement gaps or also by short-term accumulation changes, unsure tie-point placement (i.e. a
marker placed differently across ice cores), or a disturbed layer pattern. These errors might influence the local distribution of
layers, at least within neighboring tie-points, but are very likely unrelated to errors arising elsewhere in the timescale.

veleameeru—ptrens—Because of transport and deposmon dynamlcs the voIcanlc S|gnals in the ice cores are affected by deIays
which we quantify to be within 1 year after the event started- (Robock and Free, 1995). Furthermore, we estimate that an

additional 2~yearcontributionto the uncertainty eriginatesof up to 1 year originating from possible inaceuraciesvariations in the
precise position of annual layer pesitioningbetween-markers relative to the eruptions-Therefore, we-arguethattie points. We

use the linear sum of these contributions as a conservative minimum uncertainty is-reverbelow2years, but-also-thatthisisa
realistictotaluncertainty-ofthe historically constrainedpartofthefor our timescale: although some tie points are very certain

because of tephra and historical reference, these represent a minority in the timescale. Moreover, any layer could have been
placed too early or too late so that, although the number of layers between tie points is correct, the actual age at any given
depthis +1 year uncertain because of the misplacement, even though the error might get re-absorbed later on.

Until the Samalas eruption (742 years b2k), the fine-tuning is constrained by well-established historical evidence on volcanic
eruptions. Therefore, for the youngest part of the timescale, the uncertainty is quantified as a constant value of 2 years even
though it is likely smaller near good tie pomts For the remamderrest of the timescale, we proceed-by-quantifying-how-the
v-argue that the uncertainty is never below

2 years because ofthe aforementloned effects, and also increases with depth.

For the older part of the timescale, we quantified a time-dependent uncertainty based on the SC fereach-ice—core—Fhe
uncertainty and on the information from the fine-tuning. SC provides a probability distributiens-distribution of the likely layer
count between age markers for each of the ice cores, asprovided-by-SC—ecanwhich may be averaged by a convolution. Fhe
Without fine tuning, the convolution’s width, which ean—beis strongly depth/age- dependent because of data quality and
coverage would be a suitable candidate for the uncertainty-in

theolder. As descrlbed in Sec. 3.3, the SC probabllltles need, in any case, to be calibrated for the gap undercount in order to

reduce the width of the convolution. After correcting for the gap bias, the maximum likelihood layer number derived from the
SC-convolutionis expected to be closerto thefine-tuned layer count, however we observethat SCis misinterpretingsome layers.
We believe that fine-tuning improves the timescale, hence we regard the discrepancy between the SC result (corrected for the
gap bias) and the fine-tuned result to be a conservative estimate of the age uncertainty arising from layer interpretation and
dataissues.

To estimate the correlation length of the uncertainties, we observed that a tie pomt is typlcallv found once every 20 years.
Because a layer-identification error is not likely to affect sections e ‘

true countwould-beHence, we canonlycomparetheSC-separated by several t|e points, we ﬂnd it reasonable to assume that,
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beyond 100 layers, errors in the fine-tuning are uncorrelated. Conversely, because the number of years between tie points must
match, errors in layer identification are likely correlated over shorter intervals.

tuned—#esmt&mm sections of 100—209—and%09 flne-tuned years, at mgu*a#contlnuous |ntervals covering the entire study
period- older than Samalas. In each section, we performed a SCrun for every ice core, acquiring the independent probability
distributionsdistribution of the annruaHayers{preb-SC);layer count, for which plots can be found in Supplementary Information
Fig. S3. We manually aceountedforadded layers in the under-countacross-data gaps-based-onthelocallayerthickness
{Supplementary Information Table S2),, mostly found in EastGRIP, NEEM, and NEEM-2011-S1 (Straticounter Supplement). The
ndividualpreb-SCice-core distributions were eenveluted{eenv-SC)convolved to provide the multi-core average SC-estimation
of thenumberoflayersintheice—Aand a Gaussian curve was fitted to the eenv-S€convolution to obtainameanand a
standard deviation,-indicated. By subtracting these means from the expected value of 100 years, we obtain the values we call
8t7¢ (Figure 3a), where i indicates the century.

The average of all 6tl-SC is -0.70 + 0.04 years/century (average of absolute values: 0.84 + 0.04 years/century; all values are
reported in the Straticounter Supplement). The negative average indicates a bias towards under-counting by SC, probably
related to disturbances in the layer pattern and leftover gap undercount. However, this bias appears to be reabsorbed after
2500 years, where more balanced values around 0 appear in the dataset of Figure 3a. This more balanced StratiCounter bias is
not related to any particular horizon in the data availability and hence we exclude this effect to be caused by some lacking
data. At least for the part of GICC21 exceeding NS1-2011, we can say that the effects of over- and under-counting by eenv-SC-u

and-conv-SC-c{Fable-4):SC balance out, which could be a consequence of our manual gap intervention or our fine-tuning
process.
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O—Z—4—year—s—per—een%u+*—y—The flne tunmg process Ieads toan added uncertainty, WhICh is d|ff|cult to quantlfy mdependently, but
very likely smaller than 5t55 since we believe that the bias-correction-itself-estimatedabovefine-tuningsolves problems arising

from single-core layer identification, and thus brings us closer to 8:95years-percentury-on-average—Basedthe true age. Still,
based on the values obtained fromthetestsectionsabove, we suggest a depth-independentconservative empirical uncertainty
of 1 year/century.

On the base of our tests, we hypothesize that our uncertainty can be represented by the following empirical uncertainty-of
yearevery-100-1avers.
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Toconcludewe proposeanuncertaintyformula i i ions, where the uncertainty between

Samalas (agesymbek-Sts =1258 CE =742 years b2k) and any older age t will have an absolute uncertainty of:
Stltst>8)=(t; t > tg)
=2

Years (2
=S [t—t;

+ 1006 | 100

Results+theThis formula is composed by a constant term of 2 years, which we have previously set as a conservative, lower
boundary to our uncertainty, and a time-dependent term. Since we have argued that the century-errors are uncorrelated, we
apply a quadrature sum to evaluate the accumulated uncertainty over time: §t(t;) = 2 + \/(1)2 +(1)2+ .. +(2=2+
\/W. For convenience, we hypothesize that the formula can be made continuous, obtaining equation (1), which

compares well to our measured uncertainties (Figure 3b). In the Supplement, we also provide an alternative demonstration of
the correlation length.

a) SC Deviation from fine-tuned count
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b) Uncertainty formula

2+ 4/ (t—t5)/100

61 \

N( o5
2+ /30 or2

0 | I 1 1 | L I 1 |
0 500 742 1000 1500 2000 2500 3000 3500 4000

Age GICC21 [years b2k]

Figure 3 Empirical uncertainty estimation. (a) Deviation of the gap-corrected convolutions from the expected value of 100 years. Error bars
indicate the +o of each convolution. (b) The sum in quadrature of the measured deviationsis well reproduced by our uncertainty formula.

4. The timescale offset curve

We now present a comparison between the new GICC21 timescale and the existing ice-core chronologies GICCO5 (Vinther06),
GISP2 (Meese et al., 1997), DRI NGRIP2 (McConnell et al., 2018) and NS1-2011 (Sigl15), with the aim of investigating any
dating- offsets (Figure 46Figure6).a). To calculate the GICC21 ages at reported GICCO5 depths and infer the correct offset, we
linearly interpolated the GICC21-ages on the GICCO5-layers of DYE-3, GRIP, and NorthGRIP1 (Vinther06). A-The published
volcanic matehmatches of EastGRIP to NorthGRIP (Mojtabavi et al., 2020);) and of NEEM to NorthGRIP (Rasmussen et al.,
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2013);) allows us to find the GICC21-ages for these two cores at the published tie-points. The timescale offset of each
individual ice core from GICCO5 was averaged to obtain an overall transfer function of GICC21 from GICCO5. The transfer

function can be used to translate any age previously matched to GICCO5 to the new revised GICC21 ages (provided in Timescale

Supplement, see Appendix A for more details on the transfer curve).
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a) Transfer functions to GICC05
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Figure 46-Fimeseatecomparisenforeachieecere- Timescale comparison. a) Published timescales and GICC21 compared to GICCO5. The shaded
areas highlight the uncertainty of both GICCO5 (light blue) and GICC21 (grey). The GISP2 timescale was compared using the published match
with GICCO5 (Seierstad et al., 2014); itagrees with GICCOS at the former Vesuviustie point, but we observe how it also agrees with the recent
revisions until the 1109 b2k eruption, before it spreads to wider offsets. The NS1-2011 timescale (Sigl15) agrees with our revision within
uncertainties, as well as the DRI_NGRIP2 timescale (McConnell et al., 2018). b) The individual ice cores have different offsets from GICC05
depending both on the volcanic match and on the layer counting differences. A direct comparison with GICCO5 is possible for the ice cores
NorthGRIP, GRIP, and DYE-3, for which both GICCO5 and GICC21 are annual-layer-counted-{Andersenk—etal;2606).. The NorthGRIP 1 layer
comparison stops at 1813 years b2k, correspondingto the end of the IC dataset, afterwhich- GIcCO5-was-tranrsferredte-but the NorthGRIP frem
the-othertwe-iee—eores2 comparison continues thanks to the DRI CFA dataset. An indirect comparison was possible for EastGRIP and NEEM,

for which published match-point ages were used to mterpolate tothe new Iayer counted ages (Rasmussen etal., 2013; Mo;tabaw etal., 2020).




770

24

equatien{d)-The comparison for NEEM-2011-S1 was possible usingthe matching of the ice core onto GICCO5 using the tie points provided in
Siglet al. (2013).

In Figure 46Figure-6,alleurvesh, all ice-core individual offsets from GICCOS tend to stay close to each other, making it possible
to identify a common behavior, which illustrates the result of the timescale revision—: an increasing offset from GICCOS.
Therefore, we recommend a timescale-calibration offset toward younger ages, when using GICCO5 beyond 3835 years b2k. The
amount of calibration needed is 14 years for DYE-3, 12 years for EastGRIP, 11 years for GRIP, and 12 years for any other ice core
based on the average transfer curve (Appendix A).

A drift of one ice core away from the others can mean two things: either the veleanicice-core match is different, or there have
been interpolation problems in GICCO5, e.g. in the case of NorthGRIP1 beyond 1813 years b2k- (see Fig. 5 caption). No offsets
are observed in the section younger than about 750 years b2k, right after the prominent Samalas eruption of 742 years b2k,
except around 390-490 years b2k, where DYE-3 and EastGRIP differ by about 2 years from the other cores. We confirm the
observation, made by Vinther06, that DYE-3 displays a layer thickness fluctuation,—diseussed at 400-600 years b2k
(Supplementary Information Fig. S 2) that makes the layers thicker and possibly perturbed by upstream flow effects. As shown
in FigureZFigure 57, this period proved hard to match for DYE-3. Because EastGRIP is-alsewas matched differenthyto one
particular broad tie point, a divergence also arises there.

The erroneous attribution of Hekla (1104 CE) explains the steep 4-year offset which was introduced between the Samalas
eruption and 1104 CE. In hindsight, the 4 annual layers appear poorly supported by the DYE-3-isetepe, GRIP and NorthGRIP 1
data (Figure 68Figure8). After 10001100 years b2k, a steady increase in-effset-is observed until about 2000 years b2k at the
placeage of the previously assigned Vesuvius layer.
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Figure 57-Aelosertookatthe a) The first divergence of the timescale offset, at 390-490 years b2k{Figure-6)}+evealsa-, reported on the DYE-3

depthscale. Four layers were removed between 190 and 200 m, but they were gradually added back in the earlier part of the timescale. b) The
layer thicknessin this interval presents a fluctuation i et ir-towards thickerlayers, possibly because of upstream
flow effects (Vinther06). Between 180 and 240 m, the layer thickness according to GICCO5 presents a more gradual increase than according to
GICC21, butinturn has a sharp dlp at 220 m, which is not present in the GICC21 Iayercount c,d, e)By Iooklngat the actual data, it becomes
clear that DYE-3 shewsa-m : acernen = Hhaite h inearhyspace

hard to match sete

depth range The fact that the stratlgraphy of DYE-3 has been Ilghtly dlsturbed could have affectedthe 5|gnals so that both the ECM deS and
peaks become almost unrecognizable. The layers erth ms-th iR
tee—+-DYE-3-present many irregularities that make the flne tunlng more uncertaln than usual d) For EastGRIP we observed that the broad
shape of tie point no.29 caused the match to be revised and placed 2 years later than what was done by Mojtabavi etal. (2020).
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Figure 68 Example of GICCO5 overcounting between Samalas and 1108 CE in sections of DYE-3, GRIP, and NorthGRIP1l,—r-a-shert-windeow
betweenSamalasand-1108-CE. The top, green bars represent the GICC21 layer boundaries. The bottom, purple bars represent GICCO5 layers:
they include more layers (thicker purple bars) that are not included in GICC21. For DYE-3, the doubtful features of the isotopes, possibly
corresponding to melt layers or measurement issues, suggest that these are not annual layer boundaries. For GRIP, it seems un likely that a
year is found at a local maximum of the isotopes. For NorthGRIP, discrete sodium measurements are not always easy to interpret due to the

marginal resolution, howeverthe placement of a layerboundary at a sodium minimumis unlikely.
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4.1. The offset behavior between 2000 and 3835 years b2k

Beyond 2000 years b2k, the offset stays above 10 years, reaching an average of around 13 years in the last centuries- of the
timescale. We speculate that the reason for the overall increase in offset is related to a confirmation bias in GICCO5 after having
acquired the initial 10 years offset, meaning that by deciding to include more layers before Vesuvius, the authors possibly
continued to lean towards interpreting melt layers or isotopic fluctuations in DYE-3 as annual layers.

Around the previously attributed Vesuvius match, the NEEM ice core exhibits a divergence from the other ice cores, which was
also documented in Sigl15. NEEM was matched to NorthGRIP1, which in turn was matched to DYE-3 and GRIP, as the section sits
just below where the NorthGRIP1 IC-data stops. \We observe that boththe DRI NGRIP2 timescale and our revision of NorthGRIP
2 present a similar feature. We thus conclude that the likely reason effor the fluctuation is a previously erroneous transfer of
GICCO5, because the problem must lie in the ages previously assigned to the NorthGRIP1 match points. Since EastGRIP was
matched with fewer match points in this section, the divergence does not arise in the EastGRIP curve.

Between 2500-yearsb2k and 3500 years b2k, three centennial-scale fluctuations are observed, with two notable offset-peaks
above 15 yearsat around 2900 and 3400 years b2k. We argue that theselarge wiggles in thetimescale offset are to be attributed
to a differentdifference in layer count within widely separated volcanic markers. The spacing of adequate volcanic eruptienstie-
points can be as high as 130 years, a fact that called for a heavier use of NH; markers in our work, and which were not used in
GICCO5-in this section. For the timespan 2800-3100 years b2k, we analyzed in detail the matching differences between GICC05
and GICC21 (Supplementary Information Fig. S 4) finding that the offset wiggle is explained by shifts of the tie-points, by layer
thickness fluctuations of DYE-3, and by interpolated NerthGRIPL-NorthGRIP 1 ages being used to date EastGRIP and NEEM.

4.2. The comparison with N§1-2011published ice-core timescales and Holocene chronostratigraphic markers

By-makingasimilarinterpolation-of the NS1-2011 timeseale,we \We found that both GICC21, DRI NGRIP2 and NS1-2011 have a
similar offset to GICCOS 4W|th|n their respectlve time perlods Figure 46F+gu4=e—6)—A—netabLy49wer—e#set—+s—ebsewed—at—1—7—9@
, , ona). Onthe
other hand Wgeﬁmgéeseﬁe@#@%at—@@@%ea#s—b%k—predeemgthe GISPZ tlmescale presents a eensrelerablejtumem

armin % dthe N \Vi hed RID 7o

GISP2 tlmescale however agrees with our revision unt|I 1109 years b2k after@%Z—yea#s—bQ—leNSl—%O%l—alse—shew—s—an—e#set—
wiggle between-which the assumption about the Vesuvius tie point produces a large offset-fluctuation, caused by the need to
insert and remove layers in order to compensate for the erroneous tie point. The offset of GISP2 from GICCO5 after 3000 years
b2k becomes very large and we chose not to plot it.

For the DRI NGRIP2 timescale (McConnell et al., 2020), we notice a very good agreement until 2250 years b2k, after which
DRI_NGRIP2 displays a linear increasing trend in offset, whereas than GICC21 shows a more constant offset. On the other
hand, the NS1-2011 timescale shows a lower offset between 2000 and 2500 years b2k;. Although both are well within the
GICC21 uncertainties, thatnenethelessthe two counteracting offsets between the two timescales might be a sign of widely
spaced eruptions and lack of multi-core comparison. Therefore, we conclude that, at least for Greenlandicice cores, a multi-
core comparison is favorable for timescale reconstructions, especially in the case of widely-spaced tie points.

We also highlighted the ages proposed by GICC21 of some events detected in ice cores in order to compare to historical ages

(Table 3). The oldest event is the eruption formerly attributed to Thera (Santorini) by the GICCO5 authors, who placed the layer
in 1645 BCE. Since then, the origin of the tephra was determined to be Alaskan and the dating of the corresponding acidity
peak was questioned, also in relation to comparison to tree-ring data (Pearce et al., 2004; McAneney and Baillie, 2019).
According to GICC21, we state the age of this acidity peak to be 1629 BCE (3627.5 years b2k) and we endorse the future search
for cryptotephrain ice cores that might indicate a more accurate age for the Thera eruption, which is going to be vital for the
archaeological framework of the Late Bronze Age.

Table 3 GICC21 ages of chronostratigraphic markers inthe Holocene which were important for this study. Tephra from eruptions and °Be
from solar proton events (SPE) both provide chronological references when the age of the eventis known from historical evidence orother
accurate timescales, such as dendrochronology.2 Only two of the events are used to anchor our timescale. PGICC21 ages are reported at the
peak of the signal identifyingthe event, a delayin deposition might occur. ¢ Not used as tie point across ice cores. 4 Age from NS1-2011
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chronology. ¢ Age from indirect historical evidence and tree rings (McConnell, etal., 2020) f Age from tree rings (Park etal., 2017; Sakurai et
al., 2020) 8 GICCO5 age of acidity layer * TUNU13 was not used for this study but we verified the match with NEEM-2011-S1 and NorthGRIP to

be the same as ours.

Name, Location Historical Age GICC21 age (+ &t)° Reference Tephra/*°Be foundinice
(CE/BCE) (CE/BCE) core
Katmai, Iceland 1912 CE 1912 +2 CE Coulteretal., 2012 NorthGRIP
2 Laki, Iceland 1783 CE 1783 +2 CE Fiacco et al., 1994 GISP2
Veidivotn- 1477 CE 1477 +2 CE Abbott et al., 2020 TUNU13*
Bardarbunga, Iceland
a Oraefajokull 1362 CE 1362 +2 CE Palais et al., 1991 GISP2
Coulteretal.,, 2012 GRIP
Samalas, Indonesia 1257 CE 1259+2CE Palais et al. 1992; GISP2
Lavigneet al., 2013
€994 CE SPE (*°Be) 994 CE 992 +3.6 CE Siglet al., 2015 NEEM 201151
Mekhaldi et al., 2015 NorthGRIP, GRIP
Tianchi, Japan 946 CE 946+3.7CE Sunetal., 2014 NorthGRIP
Katla, Eldja, Iceland 939 CE 939+3.8CE Zielinski et al., 1995 GISP2
Bardarbunga, ~877 CE 877 +3.9 CE Gronvold et al 1995; GRIP
Settlement, Iceland Zielinski et al 1997 GIsP2
775 CE SPE (1°Be) 774/775CE 774+4.1 CE Siglet al., 2015 NorthGRIP, NEEM 2011 S1
Mekhaldi et al., 2015 GRIP

UE 88 (former. ~88 CE ¢ 89+5.4CE Plunkett et al., 2022 NEEM-2011-S1

Vesuvius 79 CE)

Okmok, Alaska ~43 BCE ® 43 + 5.6 BCE McConnell et al., 2020 NorthGRIP 2
660 BCE SPE (*°Be) 665-660 BCEf 663 £ 6.8 BCE O’'Hareet al., 2019 NorthGRIP, GRIP
Aniakchak, Alaska ~1430 BCE® 1629 +7.3 BCE Pearce et al., 2004 GRIP

(former Thera,

Santorini)

4.3. Comparison of GICC21 to the tree-ring timescale and the IntCal20 curve

The ice-core timescale can be compared to other timescales and climatic archives to verify their relative consistency and infer
leads and lags in the climatic system. The fact that GICC21 was created as independently as possible from other archives makes
it possible, for example, to compare to the tree-ring chronology.

In Sigl15, a composite of five northern Hemispheric tree-ring chronologies, called 'N-Tree’, was created to describe tree-growth
anomalies over the last 2500 years in the Northern Hemisphere. Another recent reconstruction of temperature changes from
tree rings (Blintgen et al., 2021) can also be used as a comparison until 2000 years ago. These chronologies have virtually no
uncertainty since the vast availability of old wood makes tree-ring timescales very accurate thanks to many iterations of cross-
dating. By looking at the alighment of ECM with the two reconstructions (Supplementary Information Fig. S5 a and b), we
observe that Greenland eruptions align very accurately with some periods of abrupt cooling, providing an indication of the
timescale accuracy with respect to tree rings. A comparison to another tree-ring growth reconstruction reaching until 3835
years b2k (Helama, Sepp4, Bjune, & Birks, 2012) did not lead to conclusive evidence for a better alignment of GICC21 to growth
minima with respect to GICCO5, either because the resolution of the tree ring data was too low or because no clear minima
were seen in the vicinity of the ECM peaks.

We furthermore compared to the bristlecone pine-growth minima record, compiled by Salzer & Hughes (2007). We found very
good correspondence between two growth minima of North-Americantrees, at 3626 and 3649 years b2k, the first of them
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corresponding to the Alaskan Aniakchak eruption (Pearce et al., 2004), which again confirms the alignment of the eruptions in
ice cores and tree-growth minima (Supplementary Information Fig. S 5c¢). Finally, a calcium anomaly was reported in tree rings
by Pearson et al. (2020) at 3560 years b2k, speculated to be linked to the eruption of Thera, Santorini, which we find to align
with a modest ECM peak in someice cores (e.g. EastGRIP) (Supplementary Information Fig.S 5 c).

Synchronous deposition of cosmogenic radionuclides (*°Be and **C) provides an additional tool for the comparison of ice cores
to other archives at lower latitudes. However, the **C signal is dampened by the carbon cycle and therefore the comparison can
only be conducted by backward modelling the **C to retrieve the original production rates. In this way, GICCO5 was compared to
the radiocarbon calibration curve IntCal13 (Reimer et al.,, 2013) by Adolphi & Muscheler (2016), who found that the offset
between the timescales increased steadily over the Holocene, reaching about 20 years at 4 ka b2k. -This conclusionis supported
by eurnew-timesealeGICC21, at least until 3400 years b2k, by observing that the transfer function of -G1€€85-te GICC21 behaves
5|m|IarIy to theone produced by Adolphl & Muscheler( igure 79kigure 9a) whichindicatesthat therevised-timescaleis-nowin
- -). Furthermore, the solar proton event identified by O’Hare et al.

(2019) in NorthGRIP and GRIP dated through tree-ring evidence, keeps its alignment under the GICC21 timescale and is
confirmed at an age of abeut 2610663 + 7 years BR;b2k (Table 3), providing independent proof atthisageoffor the accuracy of
beothtransferfunctionsGICC21 for that period.

The transfer curve toIntCal13 is smoothed as a result of the statistical wiggle-matching approach between °Be and **C, designed
to match unstretched 1000-year long windows in order to avoid over-fitting of spurious peaks (Adolphi & Muscheler, 2016). This
implies that beyond 3500 years b2k, the wiggle-matching algorithm is influenced by data older than 4000 years b2k, which could
cause theincrease in observed offset in the 3500-3800 years window. Since the differences between IntCall3 and IntCal20 are
thought to be marginal in the Late Holocene, at least for the purpose of timescale comparisons (Reimer et al., 2020; Muscheler
et al., 2020) we refrain from repeating the wiggle-matching. Therefore, after 3500 years b2k, the IntCal-GICC21 offset can be
quantified as 746 years, which is almost negligible.

To address the finer structure of the offset in the last 500 years of the GICC21 revision, we directly compare the ice-core °Be
concentration measured in the GRIP ice core (Muscheler et al., 2009) and the **C production signal of the IntCal20 curve, which
is obtained by carbon-cycle modelling (Muscheler et al., 2005). Since the underlying production mechanisms are the same, the
two radionuclides show common variability. After detrending the signals, we compare the **C of IntCal20 and theice-core '°Be,
according to GICC21 and to the transfer function by Adolphi & Muscheler. Upon visual inspection (Figure 79b), we conclude that
there is good agreement between all production signals and that until 3835 years b2k, the offset between IntCal20 and GICC21
is resolved within uncertainties. However, we remark that between 3700 and 3800 years b2k comparative studies of tree-ring
and ice core data should address the inconsistencies observed in the radionuclide production signal. In conclusion, there is no
compelling evidence to suggest an offset of GICC21 versus IntCal20.
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Figure 79 (a) Comparison of the transfer function GICC21-GICCO5 with the transfer function modelled by Adolphi & Muscheler (2016), whe
wsedbased on 19Be data from the GRIP ice core; and converted+t to AC by modelling, and compared it to the A14C variations in IntCal13. The
agreementbetween GICC21 and +at€al3IntCal is supported by the closeness of the two transfer curves. We observe two notable differences
between the transfer curves: between 500 and 1000 years b2k, where the effect of the 1000-year smoothing of the Adolphi & Muscheler
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approach isevident (usedin the 1°Be-14C comparison to avoid matching spurious peaksHsevident;), and possibly between 3400 and 3835 years
b2k, where some offset (7£6 years) towards older GICC21-ages is still observed. (b) 1°Be concentrations measured in the GRIP ice core
(Muscheler et al., 2009) are shown in purple for GICC21 and black for the Adolphi & Muscheler timescales, with horizontal bars highlighting
the uncertainties in the peak positioning. The data were smoothed with a 20~ears-year running average and detrended to remove the long
term trend. The 4C production rate (green), based on the tree-ring timescale, is obtained from carbon-cycle modelling of the 14C data of
IntCal20 (methods outlined in Muscheleret al., 2005). Single realizations of the IntCal20-based production curve show that the position of the
peaks underlying IntCal20 can vary slightly, so that the average curve should be handled with care when performing timescale studies
(Muscheler et al., 2020). ice 2 is-eitherah i i ighlighti

atigneddata-The alignment with IntCal20 is kept within uncertainties throughout the period shown, with possibly GICC21 betteralignedin the
last century. Any production rate differences between tree-ring dataand ice-cores that cannot be resolved within realisticdating offsets (e.g.
the period 3700-3740 years b2k) could be explained by under-estimated data uncertainties or by transport and deposition effects on 1°Be,
since major carbon-cycle changes in this period are unlikely (Muscheleretal., 2004).
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6-5. Conclusions

Compared to GICCO5, the new GICC21 ice-core timescale shows higher potential for climatic studies and
synehrenizationcomparison to distant elimatierecords in the lateLate Holocene, such as radiocarbon--dated evidence proximal
to eruption sites. The timescale offset to GICCO5 shows a non-linear behavior, as a consequence of local issues with the layer
count and the ice-core comparison. Until 742 years b2k, the two timescales agree with uncertainties, which is convenient for
shallow ice-core studies. However, beyond the Samalas eruption (1258 CE, 742 years b2k), the offset increases rapidly because
of the mismatch of beth-the Hekla (1104 CE) eruptien-and the Vesuvius (79 CE) eruptions.

The automated-countingalgorithm StratiCounter was applied with success to recognize layers in the ice cores, using the new
available proxy data from EastGRIP and NEEM, but nonetheless showed some intrinsicissues, since the algorithm was under -
counting layers in some ice cores (EastGRIP, NEEM, and NEEM-S1-2011) and over-counting layers in others (GRIP, NorthGRIP,
and especially DYE-3), as demonstrated in the well-constrained age range younger than the Samalas eruption. Hence, we
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demonstrated the need for a multi-observer manual fine-tuning and applied an empirical statistical approach to show that the
rate of the timescale uncertainty envelope can be estimated as about 1 year per century, going back in time from Samalas. A
lower bound of 2 years needs to be added to the uncertainty, to account for uncertainties in displacement and delays in the
volcanic acidity deposition on the ice sheet. We remark that the existence of a counting bias in each ice core is not a failure of
SC, as thetask of recognizing layers is challenging regardless of the methodology applied. Thatis to say that the algorithm cannot
overcome the bias which is as much an intrinsic problem with the annual layer record as it is an issue with the layer identification
method. Since we demonstrated that ice cores do have site-specific disturbances that affect the layer count, it is clear that a
multi-core comparison such as the one conducted in this work is essentialfavorable to increase the accuracy of the Greenland
ice-core timescale.

The timeseale’s-offset of the timescale from GICCOS reaches 13 years at 3835 years b2k, which is significant even-considering the
small timescale uncertainty at this age. The offset has an oscillating behavior between 2000 years b2k and 3835 years b2k, with
three important excursions from the mean atamplitudewith amplitudes of about 5 years. This fact we attribute to matching
issues related to widely-spaced volcanic eruptions, a finer ammonium-based match in GICC21, and layer thickness fluctuations
in DYE-3.

The revision of the timescale was stopped at 3835 years b2k to ensure multi-core comparison. However, since NEEM data
improves again for depths larger than 1200 m (corresponding to roughly 8 ka b2k), there is a possibility for a revised Early-
Holocene ice-core chronology based on data from EastGRIP, NEEM, and DYE-3, made by a method similar to the one provided
here. In contrast, between 3.8 and 8 ka b2k, i.e. within the typical brittle ice section of the cores where data quality is lower, any
timescale revision will have to be constructed by different means or by acquisition of new data from new and old ice cores. \We
remark that the record of EastGRIP CFA data was acquired with the goal of covering the brittle ice zone part of the Holocenein
Greenland, hence this dataset will be key to improving the ice-core timescale in future studies. In the meantime, werecommend

a timescale-calibration offset tewardyoungeragesshould be added when using GICCO5 beyond 3835 years b2k (Appendix

ComparisonComparisons of GICC21 to previcusstudiesprovideother timescales provided new insightinsights on some debated
issues of ice-core timescales, such as the offset to the IntCal calibration curve. FhanksA comparison between several tree-ring
growth minima and volcanic acidity spikes supports the conclusion that GICC21 is in good alighment with tree-ring chronologies.
Moreover, thanks to the modelling of cosmogenic radionuclides, we were able to compare IntCal20 and GICC21 in-the Thera
rangeuntil 3835 years b2k, concluding that the offset between the two timescales is negligible within uncertainties-backto-at

good geographical coverage of the central Greenlandic ice sheet provided by the dataset, our improved synchronization of
Greenlandicice cores will allow more precise investigations of the relative timing of climatic events, such as, for example, the
climatic response to Holocene volcanic eruptions as reflected in the ice-core signal.
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Appendix A
The transfer function was calculated by, first, acquiring the timescale offsets of each of the ice cores involved in this study.

Then, we computed the uncertainty using equation {4):(1). For each year between 0 and 3835 years b2k, a weighted mean of
the offset andwas calculated with the corresponding weighted uncertainty-is-caleulated. The transfer function is reported in

the Timescale Supplement. For the ice cores EastGRIP, NEEM, NorthGRIP1, NorthGRIP2, and DYE-3 we advise the direct use of
the GICC21 layers and of equation {3)(1) for the uncertainty, in order to convert ages from GICCO5. For other cores, which were
matched to one or a combination of these ice cores (e.g. GISP2, Rasmussen et al., 2008), we recommend the use of the
average transfer function to translate ages from GICCO5 to GICC21 until 3835 years b2k. For sections older than 3835 years
b2k, we recommend ages of GICCO5 to be calibrated by a shift towards younger ages. The amount of calibration needed is 14
years for DYE-3, 12 years for EastGRIP, 11 years for GRIP, and 12 years for any other ice core based on the average transfer
curve.
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8.6. Supplementary Information

SupplementanrinformatienThe following documents are provided with the online version of this paper:

1. The GICC21 timescale layer boundaries, the volcanic/ammonium tie-points, and the GICC05-GICC21 transfer function
are availablein the Timescale Supplement.

2. For moreinformation about the pre-processing and the uncertainty study (sec. 3.4) we provide a Straticounter
Supplement.

Moreover:

3. Straticounter is available at: https://github.com/maiwinstrup/StratiCounter
4. Matchmaker can be obtained by direct communication with SOR.

7. Ice-core data availability

All data underlying GICC21 is available for use. As many of the data sets were also used for GICCO5 but not released at that time,
we have decided to release all hitherto unpublished data and information related to GICCO5 and GICC21 together. The
publication plans were split according to the ice core project and are still ongoing.

The CFA data sets from NorthGRIP and NEEM have been documented in a paper by Erhardt et al. (2021) (accepted). The
corresponding data files are available at Pangea (https://doi.pangaea.de/10.1594/PANGAEA.935838). EastGRIP CFA data arein
the process of being released in a similar way, and a preliminary datafile can be obtained from TE until the datafiles are available

at Pangea.

In addition, the following data files have been documented and are currently in review and undergoing curation at Pangea: ECM
from DYE-3 (main core, 4B, 18C) and GRIP; yearly resolved isotope data from DYE-3 (main core, 4B, 18C) and GRIP; impurity CFA
data from GRIP; impurity IC data from NorthGRIP1; linescan profile from NorthGRIP2; the GICCO5 annual layer markings for all
cores. The full metadata and documentation for these files are being compiled as a separate-decumentat-—manuscript for ESSD,
and the data files are available (with the current preliminary metadata) from SOR until they appear at Pangea in their final form.

Other data underlying the timescale, and where to find it, is listed below:

1) NorthGRIP DEP data from the top are at https://doi.pangaea.de/10.1594/PANGAEA.922308 (Moijtabavi et al., 2022,
accepted)

2) NEEM DEP is available at https://doi.pangaea.de/10.1594/PANGAEA.922139 (Mojtabavi et al., 2020)

3) EastGRIP, NorthGRIP, and NEEM Acidity (ECM) are published on the CIC website:
https://www.iceandclimate.nbi.ku.dk/data/

9.8. Author contributions

G.S. drafted the paper with comments and corrections form all co-authors. G.S. produced the SEStratiCounter raw counts and
led the fine-tuning, which was performed together with M.W. and S.0.R, who alse-provided guidance on methodology and on
layer recognition. M.W. provided supervision on the use of StratiCounter. S.0.R. produced the manual gap count for the
uncertainty study, supervised the general content of the work, and provided ideas regarding the uncertainty formula-and-the

Monte-Carlostudy.

B.V. producedthe correlation study for DYE-3, GRIP, and SWG temperatures. A.S. provided suggestions for the IntCal comparison
and the tree-ring minima comparison- and guidance about volcanic matching and tephra. T.E. and C.J. provided information
about the EastGRIP data. C.J. helped with research on ammonium signal in ice cores. T.E. provided useful insight and ideas about
the uncertainty and the statistical framework. E.C. provided information about tephra evidence in the Holocene. R.M produced
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the single realizations of the IntCal20 *C production rates by carbon-modelling, as well as providing guidance for the IntCal
comparison.
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