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Abstract

The Vasrelarved Sediments Diatabase (VARDA) was lannched m 2020 and aimed to establizh 2 commmumity
databaze for anmallv-rezolved chronolesieal archives with their associated high-resolution proscy records. Thas
resource would support reproducibility throwgh acceszible data for the paleoclimate and modelling commumities,
In thas paper, wessed VARDA toassessblean-extensmohas been extended by 2 datazet of European tephra
geochemical data and metadata to enzhle the synchronization of varve records during the Last Glacial-Interglacial
Transition (LGIT. here defined ac 25 ka BP to § k= BP). Geochemical data from 49 kmown indrriduzl tephra layers
acrosz 19 zm=ee lake racords have been meludad, with Lage di Grands Monticchio bamng tha zingla bipgest
confributor of gaochermeal data with 28 tephra layers. The Vedde Ach and Laacher Ses taphra are the most
conunon lzvers being found m & differant vers-arecords and highlizhts the potential of rafining the absclute age
estimatas for these tephra layers using varve chronolosties and for synchronizsmz regional palecclimate archives.
This 1= the first sfage in a 3 year plan fimded by the Past Global Changes (PAGER) Data Stawardship Scholarship
to meorporate 2 global dataset of tephra geochemical data m varve records. Further stages of this project will focus
on diffarent repions and timescalas.
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1. Introduction

Varved lzke sadiment records are ansmalby-razaolved archives of climatic and envirormental change (Brauer, 2004;
Zohtschka et 2l 2015, with comparakls resolution fo 1ce-cores (Basmussen ot al |, 2007} The very naturs of theza
records allows for robust chronologies bazed on anmual layer counts, which can be validated b usmgz mdependent
radicmetric dating techmiques. Furthermore, other Iithelogical and biological proxy data within these archives can
be explored at sub-decadal to seasomal scales (Braner et al., 2008; Zolftechka ot 2l 2013) Crrar the last two
decadas, thers has been an increazing focus on (croypto-) tephra in varved sediments. Improved technigues for
extracting taphra from sediments with a low shard concantration {e.g. hlarkt ot a1, 1953 Blockley et al., 2003;
Walsh et al , 20217 has enzbled distal tephra honizons to be detected in varve lzke records, enabling the applhication
of tephrochronclogy to improve varve chronelogies (e Stibler ef al, 1592: Walf a2 al |, 2004, 2016; Palmer =t
al, 20207, the uza of varve chromologies to generate more precize ages for tephra lavers (2.7 Lane et al, 2013;
Diriger ot 2l 2017; Walsh ot al., 20211 and a= a synchromization tool to better understand the tume-fransgressva
nzhire of rapid exvironmental and climahe change at regional scales (Tephra lathees) (Lane ot al, 2013; hiacleod
etal 2014; Wulf et al. | 2016}

Tephra hornizons datected within varve sedmment= are often well constrained, undisterbed and can be precizely
dated n=ing the varve chronologies (Lane of al . 2013: Palmer af al . 2020: Walsh et al 20237, However, a ey
step m developing a tephrochronology requirsz a Iink betwaen the tephra honzon m a sediment archrve and an
emption of a known age. This stage 15 nommally imdartaken using peochamical data which links the tephra to an
eruptive centre ( [immes et al., 201%). A= more tephra horizons have been detected. thera have been imporiznt
cormmunity afforts to mmprove the accessibality of tephra geochamical datasets. Examplaz melude the RESET
Databaze (Bronk Famesy et al., 2015) and TeplraBase (Mewton et al, 2007) which both provide geochemical
data and metadata related to tha sample anabras, VOLOORE (MMabhony et al, 20200, 1= 2 mors recent addibon to
tephra datzbases, providing strabizraphic and seographical data on wisible tephra layvers dizcovered inm ocezn
drilling projects.

Further to this, there has been a major mereaszs m the number of varve chronelogies reported over the past 20
vears znd even more recantly an increase m papers discuszing tephra honzons detected m varve records (zee Fiz.
1. In 2012, the Varve Workmg Group (VW) creatad a databaze of varved records m spmel file format, contaiming
metadata relating to the chronologies of 108 varve lzke records, as disenssed m Ohzls of 2l (2012] bat thas
databaze lacks =pecific data from promiss and addional chronological control. The recent developmeant of
VARDA (Varved Sadiments Diatabase 1.0 (Famizsch et al. 20207) has provided for the first tome a zlobal databass
of varve sites that meludes metadata on site locations, duration of the varve racord and the azzociated prowy data.
In thiz paper, we prezent an extensive datasat of tephra horzons identfied m varved records—ssms SAEDLS
togethar with therr publizhed geochenucal datzaszets and metadata 35 an update to VAREDA . Thiz dataset focuzas
on European varve records on VARDA  specifically during the Last Glamal-Interslacial Transtion (LGIT)
because of the zbundance of sequences with tephrz reported m thiz region. We discusz the nature of laka
1dentification, datz collaction and the range of records now available within the databasza.
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2. Methods
1.1. Lake record identification

Thiz werk 12 2n mufial stage of 2 five-vear programme which aims to reach a global scale and therefore, 2z a first
step, three criteria weare raquired to be met before tephra data was collacted in order to develop the framework: for
later stages of the project. Firstly, we defined a region to collect tephra data from. Since the taphrestratisraphias,
of differant voleanic provinees m Europa are reasonably well developad 1t was considered that there was sufficient
tephra data to estzblizh the raquired metadata and the framework could be tested when developing thus part of the
database. 3zcondly, we focused on a2 specific time penied, and, m this caza, we chose the Lest- Slasial Tntesplamal
Tramsition {LGITL L GIT, hers defined broadly batween 25 and & ka BP. This will enable varved records to be
synchromsed uzing tephra during 2 period of known abrupt climate change during the last deglaciation. Finally,
when tephrz layvers had been identified within a published varve record on VARTIA ot was eszential that thosza
Uzing the pre-sxisting “age within time span” and “ssarch by contment”™ features i VARDA (Fiz. 2a), lake
repords that wera within the determmmead time period and region wera narrowed dovm to 2 total of 33 records. Tha
next stage coneiztad of systematic lferature search through the Varre Workang Group (VWG papers and, wsing
Google Scholar, to identify more recent publications for each lake zite and to determmes which sites contamed
tephra layers.
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Figure2: a) Screenzhot of the parameters wsed on VARDA to narrow down the szearch for lakes withn the
specified time frame and region. (Last accessed : 18/07/2022). b) location of all records with tephra geoch emical
dats included in this update. c) region where tephra data has been collected , including relative location to the
zreenland ice core records. “** indicates sites that are mon-varved.

1.2, Data collection

With the aim of adding new proxy-records to VARDA (which 1z beyond the scope of the present papar], wa
structured the newl-acquired data usmng fields 1dentrfiad 1n Bammuszch et al. (20200, Where necezzary, new fields
ware adopted to crezte a standard approach for docwmenting and compilmg tephra peochemical data i line with
establizhed tephra commumity standards (e.z. Tomms ef al., 2019, Wallare et al., 2022), and matadata ralated to
the tephra laver as identified by the authors (Table 1 and Table 2. This process generates the ralevant mformation
for each mdividual fephra layer and the sites it has been identifiad in.

Of the parameaters = Tabla 1, ‘Cormrelation’ and “Source’ are mandatory but can be recorded as Unkmowm’. Thas
allovwrs for 1) the input of tephra geochermical data from unkmown emiptions and therefore not comrelated to 2 named
tephra layer; and 2) allows for the imput of tephra lavers with an wkmown or weenfirmed voleanie source. Taphra
layers without a kmewn souree or correlation can shll ba vahiabla 1sechronous marker horizons therafore making
these fields mandatory was desmed appropriate.

Table 2 outhines all the relevant mformation publizhad with the gecchemical data and provides context to the
mazjor elament zeochermstry. Thiz melndes providing age estimates and the methods usad for datmz sach laver,
which zids in distmzuishing identical peochemical signaturas based on age. It must be noted that the *Azs cal BE”
providad on the datzbasze mav vary for the same tephra layer across diffarent sites; defining the “hest’ age fora
tephra layer 15 subjactive and therefore this project has taken the approach to use the dafe quetad m the paper
publizhing the zeochemical data. Thiz allows for recaleulating ages of the tephra honzon wsmng the most recent
“¢' calibration curve, if appropriate. In addition, there has been a recent drive in the tephra commumity for
reporang the anzalyviical condrbions uszad for obtainmg geochemustry, and meluding the standard matenals used for
calibrating the analvtical device. This matadata information enablas the data to be reproducible and consistent for
futura tephra mvestipation: and was therefore collectad from the litaraturs for each taphra lavar, with futura
additions to mnclode the publizhed anahvtical tofals of the stesdasdssecondary standards: companns analviical
totals for sacondary standards sives qualiby assurance for accurate tephra comrelations and should be more widely

used



110 Table 1: Criteriahlandatory fields for recording tephra geochemical data. Green =2 landator Vellow — Optional.

Field Name Field type Field Dezeription

Dataszed Short text File name of the onginal dataset

Lake Short text Hame of the lake where the fephra laver was foumd in

Correlation Short text Mame of the comralated taphra lzver ez, Vedds Aszh
Option for “Unlmosm”

Sample ID Short text Tha lab code of ID uzad to identify the sampla

Source Short text Volcanie onpin of the taphra layer
Option for “Unkmows”

Lah Short taxt Laboratorny Institution where analysis was underizkan

Analytical method Short text Tyvpe of geochamical analysis undertzken ez, WDE EPDIA

5102 mita Murmmbar Weizht %% of Bilicon (separate fislds for raw and nommalizad
values)

Ti0? wt% Murnbar Weizght total % of Titznium dioxide (separate fialds for raw and
nomnalised values)

ALZO3 mio Murmmbar Weight total % of Ahrmisnem oxde (zeparate fields for raw and
nomnalised values)

FeO{tot) wi% Murmmbar Weight total Fo of Iron omades (zeparate fields for aw and
nommalized valuss)

a0 e Murmmbar Weizht %% of Manganese comds (zeparate fislds for raw and
nomnalised values)

M0t Murnbar Weizght total % of Magnesivm ccda (zeparate fields for raw and
nommalized valuss)

Cal mt%s Murmmbar Weizght total %o of Calenmm cxds (zeparate fields for raw and
nomnalised values)

NalQ it Murnbar Weizght total % of Sodmm oxide (zeparate fields for raw and
nomnalised values)

K0 wita Murnbar Weight %% of Potazzium cxide (zeparate fields for raw and
nomnalised values)

PI05 mita Murmmbar Weight total % of Phosphorus pentomade (zeparate fields for raw
and nommalized valnaz)

502 mt% Murmnbear Weizght total % of Sulphur diccide (zeparate fislds for raw and
nomnalised values)

Cl i Murmmbar Weight total % of Chlonme (zeparate fislds for raw and nonmalizad
values)

F mt Mumbar Weizht total % of Fluorime (zeparate fields for raw and nonmalizad
values)

Total pt2e Murnbar Sum of Waight total % of all elements



Table I: Criteria for meta dafa relating to individual tephra layers, a= identified by the puoblishing anthors.

ereenl] = Mandatory, ¥ellesw—0 = Optional

Field Name Field type Field Dezcription

Dated in core TrueFalze Have the publishing authors dated the tephra layers m eta? I
Either True or False

Age tranzfer reference DI If pravions fiald False, provide DOT of the refarence for the O
age of the taphra racognized by the authors

Age cal BP Munhbar Estimated aga of the tephrz layer m calibratad vears bafore L
prezant (either in srtu or external aze)

Cal age mean Murnbar Mhlean tephra aze (Opfional) o

Cal ape median Murmnbar Madian tephra ags (Optonal) o

Uncertainty (+/-) Mumbar Uncartainty of the tephra age m +- vears o

iTma Murnhbar Confidance window of the ags uneertamty: 1 = 68%, 2= 0O

934%, 3I=99T%, 4=999%

Calibrated TrueFalza Haz the taphra age provided bean calibrated m any way? M
E.g. usmngz 14Cs

Calibration corve Short text If “Calibrated = Tme™ cahbration curve used for age
estimation ez IntCall3

Dating method Short text hiethod used for dating the tephra laver ez, varve coumtmz, 1L
14Cs, zpe modallins,

Depth Murnhbar What depth within the laka saquence/core was the tephra M
identifiad at7

Depth units Short taxt Unit of measurement for the depth of tephra lavers M

Motes Short text Addional relevant mformation not ahgned with amy other O
field enfry

Primary data zource UEL DOl of the primary paper that publiched tha teplra L
geochemiczl data

Analytical method Short taxt hlethod uwsed for obtzinms geochemical data ez, WDE LI
EPALA

Analytical instrument Short taxt Tvype of analytical mstrument used e.z. Cameca 33-100, Wi

Beam diameter Munhar Meamred n wm

Beam current Murnbar hleazured 1m pd M

Beam Accelerating Mummbar heamured m kW Wi

Vi &

Standards Short text Standard materizl used for analytical calibration ez, Lipann LI

Obardian



120

130

140

150

[
Ln
LA

3. Rezultz

Of the 33 lakes of sumitable age and location on VAEDA, 22 confamed tephra layvars, but only 19 of those have
publizhed geochemical data of the tephra layvers (locations displaved m Fiz. 2b). The lzke archives with taphra
geochemical data are (Fig. 3, Fig. 4): Belan (Dérfler et al., 2012), Bled (Lane et al., 2011k}, Czechawskie (Wulf
et al., 2018), Dass Mere (Martin-Puertas ot al| 2021; Walsh et al, 2021), Furskosetamet (Zillen et 2l 2002,
Cropnpken (Maclaed et al., 2014), Himalesa (Jones et al, 2018), Holognear (Walf st al | 2013), Lingsae (Schmidt
et al, 2002), Lochsber (Pabmer et al_, 20200, learfalder Maar (Lane et al., 2013), Lazo di Grande MMonticchio
(Wulf et 2l 2004, 2003), Mattaredsthamet (Zillen er gl 2002), Chod (Vogel et al., 20100, Prespa (Wazner et al.,
2012), Behwdese (Wlf er ol 2013), Soppenses. (Lane ot al, 2011z), Tiefer See (Wulf or ol 2016) and
Trzachowekie (Wlf sr af., 2013). Where zpplicable, if only part of the lake record fall within the time framea._ all
tephra layers found m the record, mehiding pre 25 ka BP and/or post 8 ka BP, were compuled fo creats a consiztent
approzach for each lake record.

Figure I dizplavs the mfercommections estabhizhed between the archrves through the comrelated ftephra layers.
Within these 19 lake archives, there are 49 mdinidual samalatedlnoun tephra lavers each wath at least one laka
archrva providing zeochemical data The voleamic source regions for theszs tephra layers found i Burops ars
Iceland, Eifal, has=aaf Cantral, the Hellanic Arc and ke Baditanmmamnlialy, meloding mrmlitple tephra layers from
the Somma-Vesuvius and Campi Flagrel voleanmie complaxes. Thare are an additional 24 tephra lavars with
‘unkmoam’ correlations that have baen included in the databasze. The Vedde Aszh (Icaland) and Lazcher See Taphra
(Eifal} layers are the most commnonky found and of combined, allow us to synchromse nine records (Fig. 20
Craoeraphically the Vedda Ach (Eatla, Ieeland) 15 the most widespread taphra layer in the databasza, reaching from
Scotland in the West to Sweden and Slovenia in the East (Fiz. 4B). Both the Aslga-5 tephra layer (Askja Iceland)
and Meapolitan Yellow Tuff SdeditemaeazaCaninl Flagrel Italv) are found in four racords across Eurepe (Fig.
4.4 and 4TY). Lape-di Crande Mentiopkin indha sibe uath dho sk s deniifad donkys loers 58 weneppds dhapn aep 1

gl 20120 T aep di Grande Montiechio iz

the site with the most identified tephra layers at prozent: there are 28 tephra lavers (all onematms from Izl or
the Hellenic Arc) within the time period of 0 — 100ka BF included n the databasze but additional lavers have baen
wdentified earlier m the record (See: Waolf et 2l 20127 which will be added to the database m the next stepz of the
project.

4. Imphlications

Tha collection of thiz information 1z helpful to identify- both the temporal (Fiz. 3) and spatial rangs of the taphra
layers m predominanthy varvad (and three non-varved) sediment records across Europe (Fig. 4). Clearly, there 1z
a concentration of tephra lavers reported zround the Late slaeialGlacial penod (~15 -11 ka BP) mest likely
reflacting the wealth of studiss focusing on myvestizating this period of abmipt climate chanze and 1z 1mpact on
the temperate mid-latitudes of Ewrope. Monetheless thers iz considerabls zcope to exdend thesa studies to the
period mumediately after the Last Glacial Maximm in Europe. Facent mrrestizations i nud- and late Holocena
tephra layers m Furopean varves show potential for a more robust Holocens tephrostratizraphoe framewark in the
Morth Atlanfic sector (Drizer ef al., 2017; Walsh et al. | 2021; Walsh et al., 2023). Extending the spatizl reach of
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the tephra datzbaze will allow us to buld tephra lathees that will kelp in connecting’'svnchrom=ms climate records
on z zlobal scala.

Comparizon of varve records fo non-varved records shows whare varved sadiments with taphra are lacking but
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Fi 4 di a kerme] density estimation of the extent of the Askjz-8. Vadde Laacher

See and Meapolitan ¥allow Toff lavers usmz all known records in the BESET Databaze (Bronk Eamsey of

al. 2013a) and additvonal mose recent sites that extend the known limit of tephra dispersal (Wulf et al | 2013;

Haflidasom et al . 3019: Jones etal . 2020). The EDE m this mstance. 1= used statistically to br estimate

the 55% confidence interval for spahal distnbuhon of =ites each layer (Bromk et al.
ed over this, 1z 3 KOF of the 1 ing only the sites contaming these

(Armmersee (von Grafenstem et al., 1993; von Grafenstein of al . 1999, Goecias (Bonk et 3l 2021 Bfiller of al.
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search fimetions for sites within Europe and within the appropriate time span.
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15, Concluzions

Thera iz much potential n detecting {crypio-) tephra in varved sadiment records as they act as one of the most
precize forms of isochronous marker horizons that can help in better undarztanding the rate: of regional climatic
respanses to Zlobal periurbations. By concentrating on the Eurapean tephrostratigraphy during the LGIT, we hawve
imitiated the mchision of these Dmportant datassts, in particular the geochemical mfonmation and metadata to
improve accessibility. Further iterations of thizs expandsd databazs are plarmed through the PAGES Databazs
Stewardship Scholarship by extending the spatial coverage amd temporal range for tephra horizons m varved
T e e AR iz

collaction of tephra zecchemisiry provides opporiumities to explore novel and emergins datas snalysis technigues

to identify nnknown tephra layers bazed on their eochermical signanres, potential and estimated age
Finally, farther research imto tephrochronology in varyed records should focos oo exploring other regions and

time pericds with 2= muwch intensity as has besn given to the LGIT in Eurape.

QDBIB availabilify

Taphra geochemical data compiled for this project is available open access at the GFZ Data Sarvices
hitps-doLorg/10. 3880/ idgen. 2023013 (Beckett of al, 2022) ar via kttps=/varve gfz-potsdam de.
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