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Abstract 

I 15 Th, "'-eVarved Sedunents Databau CIARDA) wu buncb,d in 2020 .nd ,un,d to establiih a community 

database for annuilly-re"'--0lved chronological archives ,vifh their associated high-resolution proxy records. This 

resource W'Ould support reproducibility tb_,..ough accessible data for the paleoclimate and modelling communities. 

In this paper, " e aseEI VARDA te as!ea'ale aa ea · ·has been extended by a dataset ofEurope.m tepbra 

geochemical data and metadata to enable Ue synchronisation of varve records during the Lan Gb.cial-: lnterglacial 

20 T ran,ition CLGIT. here d,fined as 251:aBP to 8 1:a BP). Geoch"'1ical data from 491:non" indilo-idual tephra layen 

across 19 ¥aPie-lal:e records have been included, wifh Lago cli Grande Montic.chio being the single biggest 

contributor of geochemical data with 28 tephra layers. The Vedde Ash and Laac.h:r See tepbra are the most 

common layers being found in 6 differen1 ~ ecords and highlight; the potential of refining the absolute age 

etimates for these tephra layers wing va:rve chronologiH and for synchroni.:ing regional paleoc.lim.ate archives. 

25 This i, lb, fir>t stage in• 5 year plan fund.I by the Part Glol>al Change, (PAGES) Data St,ward,hjp Scholanhip 

to incorporate a global data.:et of tephra geochemical data in varve records. Further !-b.gesof this project will focus 

on different regions and time.:c.ales.. 
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1. Introduction 

\iar\'ed lake !eclim!llt records are 3JUll.W}y-reo.olved archives ot climatic and environmental change (Brauer, 2004; 

30 Zolitschka et al., 2015), nith comparable resolution to ice<ores (Rasmussen et aL, 2007). The very nature of these 

records allows for robust chronologies ba!ed on a:nnua1 layer counts, which can be validned by using independent 

radiometric dating techniques. Furthermore, othu lithological and biological proxy data within the~ archives can 

be e>..'J)lo-red at su~decadal to u.aronal .;c.ales (Brauer et al., 200S; Zolinchka et al., 2015). Over the last two 

dee.ad~ there has been an increasing focus on (crypto-) tephra in varved sediments. Improved techniques for 

35 e,,.1racting tepbra from SPdimetrts ,vifh a low shard concentration (e.g. Merkt et al. 1993; Blockley et al, 2005; 

Walsh et al., 202L) ha.; enabled dirtal tephra horiz.ons to be detected in varve lake records, enabling the application 

of tepbrochronology to improve var\'e chronologies (e.g. Stihler et al. 1992: Wiulf et al , 2004, 2016; Palmer et 

al, 2020), the we ofnr,re chronologies to gene:rate more precise ages for tephra layers (e.g. Lane et al, 2015; 

Origer et al., 20l 7; Walsh et al., 2021) and as a synchronisation tool to better unden.tand the time-transgressive 

40 nature of rapid encvironm!lltal and climatic change at regional «:ales (Tephra lattices) (Lane et al, 2013; l\•facleod 

et al., 2014; Wulf et al., 2016). 

T ephra horizons ,detected within varve sediments are often well constrained, undisturbed and can be precisely 

dated w:ing the Hrve chronologies (lane et al. 2013· Palmer et al .. 2020· Walsh et al 2023). Ho,vever, a key 

:Step in developin,g a tepbrochronology requires a link beh..-een the tepbra horizon in a sediment archive and an 

45 eruption of a bl<n,n ag•. This stag• is normally uud.rtakm u,iug g•ocliemical d.ita which liul:s th, t•phra to an 

erupti\•e centre (Timms et al , 2019). As more tephra horizons have been detected, there have been important 

community efforts to- improve the accessibility of tep,hra geochemical datasets. Examples include the RESET 

Database (Brouk Ramsey •t al., 2015) and~~ {Net"on et al., 2007) " ½uch both pro,id. g,ochemial 

data and metadata related to-the !ample analysis. VOLCORE @.fahony et al., 20:20), is a more recent addition to 

50 tepbra databases,, providing stratigraphic and geographical data on visible tephra layers discovered in ocean 

drilling projects. 

Pwther to this, there lw been a major increase :in the nwnber ot ,,arve chronologies reported over the past SO 

rears and e;.•en more recatly an increase in paper; discussing tephra horizons detected in varve records (see Fig. 

1).In2012, the Varve Working Group (\i\VG)cre:ated a database of varved recorcb in ~ file format, containing 

55 metadata relating to the chronologies of 108 varve lake records, as discwsed in Ojala et al. (2012) but this 

database lacks specific data from proxies and additional chronological control The recent development of 

VARDA (\la:rved Sediments Database 1.0 (R:amiscb et al. 2020)) has provided for the first time a global database 

ofvarve sites thae: includes metadata on ..:ite locatiom, dw-ation of the n.rve reco-r.d and the associated pro>.:· data. 

In this paper, we: pre!ent an e:ttensfre dataset o.f tephra horizons identified in varved records l¼Siag m~,RI>\, 

60 together ,,~th their published geochemical dmse:ts and metad.ata: as an ue;la1e to VARDA. This dataset focuses 

on Europe.m varve records on VARDA, specificaJJy during the Last GJacial-:lnterglacial Tramition (LGm 

because of the abundance of sequence with toephra reported in this region. We discuss the nature of lake 

identification, data collection and the range of records now available ,,i.thin the d atabase. 
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~ 

Year 
• Articles menbO!Wlg V•l'llofS' ANO 'tiftphr.l' 1 Articles tnenbO!Wlg ONLY "varvelt." 

Figure 1: Rmalts ofn"Sfematicsean:11 ofCoogleScllolaru.sillg ad••cei sean:11 ftm.cfiom foreacll year from 1951 t, 
2021 using key 11·ord seardus .. 

65 l . Methods 

: .1. Lake record ideotification 

This worlc is an initial stage ofa five-year prog;amme ,..-hich ailru to reach a global 3C.3le and therefore, u a fun 

rtep, three criteria w-ere required to be met before tephra data was collected in order to deYelopthe franmvo-rk for 

later stages of the project. Fll""..tJy, we defin~ a region to collect tephra data from. Since the t,Pb,tQ;M)gi;~i.R). 

70 of different volcanic provinces in Europe are reasonably well develc:ped it was considered that there was sufficient 

tepbra data to establish the required meta.data and the framew'Ork could be tested ,..-hen deYeloping this part of the 

database. Secondly, ,n focmed on a !pecific time period, and, in this case, we chose the bas1 Glaeial fme,r.glaeial 

Ha:Miniaa (l,~,LGIT here defin~ broadly between 25 and 8 b BP. This wiU eru.ble varved records to be 

iynchronised wing tephra during a period oflmowu abrupt climate change during the last d~aciation. Finally, 

7 5 when tepbra layers had been identified "ithin a published varve record on VARDA, it wa, enential t!ut thov, 

reported tepbra byers included tepbra geochemistry and inform.1tion on the analytical operating conditions 

including instrument !ettings and secondary -standards 1:teml fer eal:l-' .diae . • 

Using the pre-E>cirting "age within time _;pan" and "search by cC!lltinent" feature; in VARDA (Fig. 2a), lake 

records that were ,,i.thin the determined time period and region wm nmo,ved down to a total of33 records. The 

SO nm stage corui!.ted of systematic literature u.arch through the Varve Working Group (V\VG) papers and, using 

Google Scholar, to iden~• more re.cat publications for each lah site and to determine ,vhi.ch !ites contained 

te-pbra layers. 
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Fioo-ure 2: a) Screeuhot of the parameten uU!d on VARDA to narrow down thettarcb for laJ.:es uithin the 
specified time frame and region. (Ltif ae<ened: 13/07/2022). b) loc.ation of all records uith fephra geocbemic.al 
data included in this update.. c) region where rfepbra data bas beell collected, iodudi.ag relative loc.ation to the 
Greenland ice core records.. ~•• india.fes sites tllaf an ■oa-nned. 

~.~. Data collection 

\Vitb the aim of adding new proxy-record;; to VARDA (which is beyond the scope of the present paper), ,n 

S5 structured the newly-acquired data using fields identified in Ramisch st al. (2020). \Vh*e necessary, W!\Y fields 

were adopted to create a standard approach for documenting and compiling tep,hra geochemical data in line with 

atablished tephra community standards (e.g . Timnu BI al., 2019; Walli.ce et al, 2022), and metadata related to 

the tepbra layer u identified by the authors(Table 1 and Table 2). This process generates the relevant information 

for e.aclt individual tepbra layer and the sites it ha; been identified in. 

90 Of the parameters in Table 1, 'Correlation' and 'Source' are mandatory but can be recorded as 'Unknown'. This 

allo,,"'S for 1) the input of tephra geochemical data from unknown eruptions and therefore not correlated to a named 

tephra layer; and 2) allows for the input of te:phra layers ,,i.th an unknown or unconfinned volcanic source. Tepbra 

layers nithout a knoml .iOW'Ce or conelation can still be valuable isochronous marker horizons therefore making 

these field."- mandatoT)' was deemed appropriate. 

95 Table 2 outline, all the relevant iuformation publisb,d with the geochemical data and provides cont~'<I to the 

major element geoclwnistry. Thi; includes providing age ertimates and the methods wed for dating each layer, 

which aids in dirtinguishing identical geochemical signatures based on age.. It must be noted that the • Age W,.BP' 

providM on the database may n.ry for the :same tephra layer aero..:; different sites; defining the 'best' age for a 

tephra layer is subjective and therefore this project has taken the approach to we the cl.ate quot-ed in the paper 

100 publishing the geochemical data.. This allo,,."'S for rec.alculating ages of the tepbra horizon using the mort recent 
1"'C calibration cwve, if appropriate.. In adclmon, there has been a recent driv-e in the tephra community for 

reporting the analytical conditions wed for obtaining geocheminry, and including the !tmda.rd materials wed for 

calibrating the anaJytical device.. This metacbta information enables the data to be reproducible and consistent for 

future tep,hra innnigations and wa; therefore collected from the literature for each t,epbra layer, "'ith future 

105 additiom to include the publimed analytical totals of the rta J duecoodary nand.ards· comparing analytic.al 

totals for wcondary stmda:rds gives au.alit\' .a:sru.rance for aCttll"ate tephr.a conelations and should be more widely 

used. 
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110 Table 1: ~aton: fields for rKording tephra geochemical data. CFeea- Mend at,..,·. Yellew- QpQeoaJ. 

Field N ame 

Dat>ut 
Lab 
Correlation 

Sample ID 
Source 

Lab 
An~·tical method 
SiOZ ~ /4 

Ti0l ~ % 

AIZ03 w"/4 

FeO(tot) m % 

Mo.Om% 

Mg0 ~ % 

"-AN% 

NrlOW % 

Kl0 m % 

P205 w"/4 

SOZ ~ /4 

Cl~ /4 

:r w"/4 

Total ~ ¾ 

Field type 

Short text 
Short text 
Short text 

Short text 
Short text 

Short text 
Short text 
Number 

Number 

Number 

Number 

Number 

Number 

Number 

Number 

Number 

Number 

Number 

Number 

Number 

Number 

Field Description 

File name oftbe original cbtaset 
Name oftbe lake where the tephra layer was found in 
Name of the correJated tepbra layer e.g. Vedde Ash 
Ootion for ·unbionn ' 
The lab code of ID used to identify the sample 
Vokanic origin of the tepbra layer 
Option for ·unbionn ' 
Laborato1yl1nstitution ,..-here analysis ,,-as undertalcen 
Type of geochemical analysis undertaken e.g. WDS EPl\•lA. 
We:ight total % of Silicon (separate fields for raw and nonnaJi~d 
, ,alues) 
We:ight total % of Titanium dioxide (separate fields for raw and 
nonnalised values) 
We:ight total % of Aluminium oxide (-separate fields for ra\Y and 
nonnalised values) 
We:ight total % of Iron oxides (separate fields for raw and 
nonnalised values) 
We:ight total % of ~langanese oxide (separate fields for ra\Y and 
nonnalised values) 
We:ight total % ofMagnesiwn oxide (separate fields for raw and 
nonnalised values) 
We:ight total % of Cllcium oxide (sepuate fields for raw and 
nonnalised values) 
We:ight total % of Sodium oxide (s.epar.ate fields for raw and 
nonnalised values) 
We:ight total % of Pob!siwn oxide (separate fields for raw and 
nonnalised values) 
We:ight total % of Pho_;phorus pento:Ode (-separate fields for ra\Y 
and. nomulised values) 
We:ight total % of Sulphur dioxide (sep.airate fields for raw and 
nonnalised values) 
Weight tot,! %of Chlorine (,epame ti,!ds for raw illld nomwi:,d 
, ,alues) 
We:ight total % of Fluorine (separate fields. for raw and no~d 
,,alues) 
Sum of Weight total % of aJJ elements 
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1115 
Table 2: Criteria for mrta data relating to illdilidual tepbra layer~ as identified by tile publishing authors. 
GHeM = Mandatory, ¥elle'fl =O - Optional 

Field Name Field type Field Description 

Dated in core Tnwl'alse Hav-e the publishing authors cb.ted the tepbra layers in !itu? 1,! 
Eifh* True or False 

Age transfer reference DOI If previous field False, provide DOI of the reference for the Q 
age of the tepbra recognised by the authors 

Age w_BP Number E!tim.ated age of the ttpbra layer in calibrated ye.31s before 1,! 
prc:.cnt (either in :ii:tu or er.tend ~ c) 

Cal age mean Number Mean tepbra age (Optional) Q 
Cal age median Number Me<lian tepbra age (Optional) Q 
Uncertainty(+/-) Number Uncatainty of the teplll'a age in +/- years Q 
Sigma Number Confidence ,,indow of the age uncertainty: 1=68%,2= Q 

95.4%, 3 = 99.)o/~ 4 = 99.9% 
Calibrated Tnwl'alse Has the tephra age provided been cahbl'ated in any way? 1,! 

E.e:, us.in~ l4Cs 
Cahl>ratioa cun·e Short text If "Calibrated - Troe,.,: ca.librmon curve wed for ~e 

estimation e.g. lntCa.113 
Dating method Short text Method used fo-r dating the tepbra layer e.g. van:e counting, 1,! 

l4Cs ae:e mode1lin~. 
Depth Number What depth within & lake !equence/co-re was the tephra. 1,! 

identified at? 
DeetL uoin Short tQ.Xt Unit ofmu.-un.mo.nt m the do~ oft,;,e.2. l.2.:,;<an !.f 
Notes Short text Additional rele,,ant inrOmufion not aligned with any other Q 

field 
Primary data source URL DOI of ~ primary paper that published ~ tephra. 1,! 

eoclwnical data 
A.n~·tical method Short text Method used for obtiining geochemical data e.g. VlDS 1,! 

EPtl,IA. 
i\naQ·tical instrument Short text T , ;2e of analytical instrument used e.e. Cameca SX-lOOi LI 
Beam diameter Number Mearured in ~ 
Beam curre-n.t Number Mearured in DAi LI 
Beam Accelerating Number Meuured in kV 1,! 
Volt •e 
Shu1dards Short text Standard material used for analytical calibration e.g. Lipari 1,! 

Ob;idian 
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3, Results 

Of the 33 lakesofruitable age and location on VARDA, 22coutained tephra byers, but only 19 of those b.r.,-e 

120 publiwd geochemical cbta ofth, tepbn byers Qocatons di;pbyed in Fig. 2b). The lake archin, with tepbra 

geochemical data are (Fig. 3, Fig. 4): B,Jau (Dorfler etal., 2012), Bled (L.., et al., 2011b), ~ (\Vulf 

et al., 2016), Din Mere (Martin-Puertas et al., 2021; Walsh et al., 2021), ~ (~ •t al., 2002), 

~ .(Macleod et al., 2014), ~ (Jone, et al., 2018), t!,,1-!<;w (Wulf et al., 2013), l j'l!:IH (Scluniclt 

~ ;ii, ?M?.), f ..t'lr-h;ih.,... (P;itm"'r ~ nl, ?.000), ~ M;i;i-r (l .;in"' "'t ;ii , ?.01 )), T .ll;!n ~i C'..r;iri.i"' Mnmir-r-hin 

125 (\Vulf ,t al., 2004, 2008), ~ (~ Bl al, 2002), O!>tid-(Vogel et al., 2010), Pr .. -1>a (Wagn,r ,, al., 

2012), ~ (Wulf., al., 2013), $Qm,..w«, (Lan, et al., 2011a), ~ See (\Vulf st al., 2016) and 

~ (Wulf ,r al., 2013) . Whero applicable, if only part ofth, lal:e record fell "'thin the time frame, all 

tepbra layers found in the record,. iududi.ngpre 25 ka BP and/or post S ka BP, were compiled to create a consirtent 

approac:b for each lake record. 

130 Figure 3 di;plays the interconnections established benveen the archives through the conelated tephra layers. 

\Vithin these 19 lake archfres, there are 49 indiridm) teeet.imo-111 tep,hra layers each with at le.art one lake 

archive providing geochemical data.. The , ·oJcanic .sot:rce regions for these tephra layers found in Europe are 

lcelmd,Eifel.MassifCentral. the Hellenic.Arc and the )4eel:ib ealtaly. inc:Judingmultipletepbra layers from 

the Somma-Vesuvius and C-ampi tlMJA.i volcanic co::nplexes. There are an additional 24 tephra layers with 

13 5 'u:nlatmu1' con elations that have been included in the dltaba!e. The V edde Ash (Iceland) and Laaclm See T epbra 

(Eifel) layers are the tn0$1 commonly found and if CQlllbined, allo,..- us to synchronise nine records (Fig. 3). 

Geographically the Vedde Ash QSatla Iceland) is the m,:,n ,vide,:,_pread tephra layer in the database, re.aching from 

Scotbnd in the Wet to S,vedm and Slovenia in the Easi (Fig.. 4B). Both the Askja.S tephra layer (Aslja.., I~Jand) 

and Neapolitan Yellow Tuff@ le~eeatwCzmM FJg;ei Italy) are found in four records across Europe (Fig. 

140 4A and 40). Lage di G,aJ!de ~ le&eehie ~ the sfte 1': tile mest id ±foll te,lw. las as at Jlfesefi!; thee aH: li 

1e,hfa la!i ea EaY, en le~ee:aaea rrigi ) wi1:b' the f periei ef:O 100& iP indt:tdei iB the llatHa:e lnll 

aEIIHHenal Las e'fS ha ·e hea liemiid eatiu Hl:th,e :Feea:EI (-$ee: u raU'.N sl, lOl)),Lago di Grande Monticcli.io is 

the site with the most identified tepbra la:ren at presei,t there are 28 tephn by&S (all ori&ating from Ifah' or 

the Hellenic Arc\ mtbin th, time period ofO- lOObBP included in the database but additional layers have been 

145 id,ntjjied ear1ie, in therecord (See: Wulf e! al 2012\ \\½uch " ill be added to the databu, in the next steps of th, 

project 

4, lmplicatiom 

The collection ofthis inftmnarion is helpful 10 idmtif'y both the temporal (Fig. 3) and spatial range of the tephra 

layers in predomin.a:ntlv varved (and three oco-·uarved) sediment records acr0$$ Europe (Fig. 4) . Clearly, there is 

150 a concentration of tephra layers reported around the Late glaetalGlacial period (~15 -11 ka BP) most likely 

reflecting the wealth of studies focusing on ilvetigating this period of abrupt climate change and ib impact on 

the temperate mid-latitudes of Ew-ope. Nonrthel.eu there is considerable !Cope to extend these !-tudies to the 

period immediately after the La.rt Glacial Mvcimum in Europe. Recent investigations in mid- and late Holocene 

tepbra layers in Ew-opean varves show potential for a more robust Holocene tephrortratigraphic framework in the 

155 North Atlantic sector (Drager Bl al., 2017; Wald, Bl al., 2021; Wald, er al. , 2023). Extending the ;p;tial reach of 
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the tephra cbtabase will allow us to build tephra lattices that ,,ill h.e.lp in connecting/;ynchronising climate records 

on • glob31 ,c,1'. 

Comparison ofvu ve records to non-vMved records shows ,vb*e varved sediments with tepbra are Ja.clcing but 

"'ill also provide important information on the potential of finding cryptotephra in. varve sequences acro.ss Europe 

160 based on the likely pu;age of the tephra pi at the ti efthe etl:fll~ea Fef a e,: 1 le r4III. :e r g te 

ether ;:ell Be ;:s~ dat liaee-s,Flgwe 4 ~la:,·s ak;a:a,el d ·1'. r ( atiea(J@i~ efthe meat e&the t\skja 

165 

Datahs: Efi:nek R :r 8': sL, )Ql,fa~. Sa.,ia:· .pesed e :es this~* a &Qi ef~ pb l:leSH!:g eat,· the slt:s 

ee t • g t\te!!c tephfa !arers H11.1£\f~A (P ·!lelt 8f8'., 2,0093. ~BfE; the leealiee of!!Ev--efl a~~itianal 

site!5 ;:i,th ,ell~ 'af'l·e Seeebgies, 4tiM han Fgl rt rial fer e137hl:pl:ira Bfi-vrtioafnas are ¼de&teed 

~igw: 1~ dimer,:.\ at the tim.e of the eruption. For an e,-yr,pl"!' with £2!!!P?ring to other welUo:10wn tephra 

data.ham:, Figure 4 dispbvs a kernel density estimation (KDE) of the ext:entofthe Askja-S Vedde Ash, uaclw 

See and Neapolitan Yellow T ufi tephra bvers w.ing all known records in the RESET Database (Brot!lc Ramsey et 

al 2015a) md additional more recent sites that ext:end the blown limit oftephra dispem.l (V.,iulf et al. 2013· 

170 Hnlicwonehl. 2019· Jones etal 2020\. TheKDE in this instmce is usedpureystatu1iallvto bro;adlyestinute 

the 95% confidence int6val for spatial distribution of sites containing Nch teybra layer (Bronk R.a.m.sey et al 

2015a). ~m'l"'P!!T?!:'"<I over this. is a KDE of the teybra dimerµ) using only the sites conbinine- these tephra 

layers in VARDA lR,.amisch 8t al. 2020). Fttrthennore, the location of six additional sites with van•-e chronologies 

(AmRlf2'.W ('-:on Grafenstein et aJ 199S· von Grafenstein et al 1999) \"w:dar 03 ... n.k et al. 2021: Millier et al. 

175 2021\ Rmm {Lautert>ach et al. 2011b} Lagoon E/e!iJm IFlamn]er"' aL 2013) Mesdlf"',{Lau!ert>ach et al 

2011a; Swierczynski et al 2013) and Sch1ejp:re:e/Clarlc et al. 1989)) wbichluve hirl! r.otenful for soptotephra 

im-efflptjo"lS are hiehlighterl (Figure 4). These sites have been identified through a simple query ncing VARDA 

search functions for sites withitt Europe and within the :9!?!2J?ri?!e time span. 
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4.-5...a.. Conclusioas 

Th:re i; much potmtial in de~-g (aypto-) ttphra in vm.1ed sediment records s; they act as on.e oftbe most 

preds.e forms of isochronous llUlW horizons ttlZt cm telp in betw tllld-mta:nding th~ ra,e; of regional climatic 

responses to global penwbations. By concentrating on the European ttphro~ttatigraphy during th~ LGIT, we have 

initiated tbe inclusion of th~se imponant daas.m., in particular the geochemical infonnation and me.ad.na to 

190 improve accessibility. Fwtbe.r iteration; of this expanded dnabs~ are planned through the PAGES Dau.bate 

Stewardship Scbota:rsbip by mending the $patial CO\'e.?3fe ai::d temporal r-...n-g.e for tep-hra horizons in nnted 

sediments. 'J!ll.e iea&siM ehe.pbH geedlemistty ia W. EleEil:tle.se J!f8\iEles e eppe.fl'IHY1r te a.pie« asupffl'iseEI 

drto analysis ef ,epk,e ~eebmistr~/ Ee,.g;. sactire teminlS lJe,'HEI E'lll'l'e$ m 0±delegies. Expanding the 

collection oftephn geochemistrY pro\ides oppomm.ities to explore no\·el and emF'l'gin• dat2 ,ma}ysi:s tedpriques 

95 to wntify wm,on-n tephn by,n based on llwr geochemkol ,;,,.,. ,,., potenti•l djmegal and - ag~ 

Finally, further research into tephrochro:nology in nrved records should focus o:n exploring other regions ai:d 

time pe."lod! with as mu.eh in.eniit}' as !us been given to the LGIT in Ew-ope. 
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