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1) Bevezetés

2019. madrciusaban az Ariadne-barlangrendszer és az Ajandék-barlang klimatoldgiai,
légkorzési, valamint beszivargdsi és cseppkSképz6dési mechanizmusainak megismerésére
irdnyuldan mintavételezések és monitoring vizsgdlatok kezd&dtek.

2020-ban a monitoring vizsgalatok az Ajandék- és a Vacska-barlangokra koncentralédtak.
Ezutdbbi esetében a kordabban megkezdett vizsgdlatok mikrobiolégiai mintavételezéssel
egésziiltek ki.

2) CO2monitoring

A barlangi CO2els6sorban a talaj mikrobioldgiai aktivitasabdl ered. A talajon keresztiilfolyo,
CO2-t6l enyhén savas csapadékviz beszivarog a kézetek repedéseibe, oldja azt. A nyomas
novekedésével az olddképesség is n6, majd ha a vizcsepp nagyobb légtérbe érkezik a
lecsokkend nyomas hatdsara elillan a CO2 egy része és kivalik a karbonat (cseppkdképzédés).
Ennek jelenléte és mértéke nem csak a cseppkovek képz6désében, de azok visszaoldasaban
is szerepet jatszhat, amennyiben tulzottan magas a gaz mennyisége. A barlangi CO2
mennyiségét befolyasolja a szell6zottség és légaramlasi viszonyok, igy a kiilsé hémérséklet is.
Ebbél kovetkezben ez az érték évszakos valtozdst mutat. Még a felszinen 320-450 ppm
kozotti CO2 értékek az altalanosak, addig a barlangjaratban ez 1500-4500 ppm. Az Ariadne-
barlangrendszer cseppk&képz6désének jobb megismerése érdekében a rendszer egyik
tagjaba, a Vacska-barlang Mérfoldk6hati-termében elhelyeztiink egy CO2 méré és regisztrald
mdszert, melyet a STIEBER LevegGtisztasag-védelmi Bt.-t6l bérel az intézet. A mdszer jelenleg
is 2 oranként 7 percen keresztil mikodik, 2 perces id6kozokkel rogziti az aktudlis CO:2
értékeket(ppm-ben). A most mar tébb, mint 1,5 éves detektaldsi adatsoron szemléltetve jol
latszik, hogy juniusban, a detektalds kezdetekor mért 0,6 tszf%-os érték (6000 ppm) Gsszel,
tovdbb novekedett a barlangban (elérve a 9000 ppm-t). Majd, a kilsé hémérséklet
csokkenésével a barlangi |égkorzés megfordult (a Vacska-barlang bejaratan keresztil befelé
aramlik a leveg6, ha a barlang atlagos h6mérséklet magasabb, mint a felszinen mért
hémérséklet). Ebben az esetben a bedramld levegé felhigitja, atszell6zteti a barlangot,
jelent8s visszaesést okozva a CO:2 koncentracidjaban (1. abra). A kulsé hémérséklet
novekedésével a CO; szintje is ismét emelkedni fog. A mellékelt diagramm szépen szemlélteti
ezt az évszakossagot.

Terepi megfigyelés alapjan, az erGs szél szintén hirtelen valtozdst okozhat a barlangi
légkorzésben, ezdltal a CO2 mennyiségben is. A Leany-, és Legény-barlang nagyméreti
bejaratan at befujo szél a rendszer tobbi tagjanak légkorzését is megfordithatja.
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1. abra: A CO:2 koncentracio értékek valtozasa 2019 majustél 2020 oktdberéig terjedd
idészakban, a Vacska-barlangban.

2. CsepegOviz- és karbonat kivalas gylijtése

Ennek keretében a kézetrétegen at barlangba beszivargd csepegdvizekbdl gydjtiink mintat,
kihelyezett mintavev6 kannakba, vagy kozvetlenil a cseppkovekrél gydjtjik be eppendorf
csovekbe a cseppeket. A kannakba gydijtott csepegések intenzitasat eddigiekben a Rézsat-
teremben kihelyezett intenzitasméré mdszerrel rogzitjiik. 2021 janudrjdban a mintagydjtési
pontot athelyeztiik a Cseppkoves-hasadékba, egyrészt, hogy olyan helyrél gyljtsink, ahol
kevésbé érvényesil a barlangi légkorzés, masrészt, hogy a kordbban innen gydjtott V_03
mintaszamu cseppkd képzbédési kortilményeirdl tudhassunk meg tébbet (2. abra).

A Rozsat-teremben kordbban tovabbi 5 csepegési pont ala kihelyezett liveglapokat tovabbra
is kint hagytuk (3-4. abra). A kéthavonta begydjtott Gveglapokbdl ketté6 megy mikrobioldgiai
vizsgalatokra, a tobbin a ,,frissen” kivalt karbonat nyomelem- és stabilizotép 6sszetétele keril
meghatarozasra.

Ezek segithetnek a karbonat kivdlas sordn végbemens folyamatok (frakcionacio)
jellemzésében, és ezaltal a cseppkdvekben tapasztalt nyomelem és izotdp-Osszetétel
értelmezésében.
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2. &bra: A sppkoves;hasadékba helyezétt csepegés-mintagydijté és az intenzitasmérd
logger.

3-4. dbra: karbonatkivalas a kihelyezett Giveglapokon

3. Vizszint regisztralas az Ajandék-barlang tavaiban (irta: Fekete Zsombor es
Berentés Agnes)

Az Ajandék-barlang egyik kilonlegessége a 2014-ben felfedezett harom té, amelyek 1 km
hosszu jaratrészt toltenek ki. A harom kiilonallé té vizszintje a csapadékutanpdtlast lassan
kdvetve valtozik (lassu csokkenés, és gyors emelkedés jellemzi). Viszont a két té vizszintje mind
csokkenés, mind novekedés esetén 40 cm eltéréssel kovetik egymas valtozasait.



Mindharom toba automata vizszintregisztraldkat telepitettiink. A telepités az elsé és masodik
tdba 2019.07.11-én, a harmadik toba 2019.10.08-an tortént. Két alkalommal tortént kiolvasas,
mindkét alkalommal lentebb kellett helyezni a nyomasmér6é szondat, mivel a vizszint
csokkenése kovetkeztében hamarosan szdrazra kerilt volna. A harmadik té vizszintje
viszonylag hamar, 2019. december 11-én, a jarhatd, hozzaférhetd szakasz ald csokkent. A
rogzitett vizszintcsokkenés egy majdnem linedris folyamatot mutat. MegjegyezhetS, hogy
ebben az id6szakban a masik két té csokkenése is majdnem linedris volt. Az egyes és kettes
téban szerencsére 2019. juliusban sikerilt egy nagyon révid emelkedd szakaszt is rogziteni. Ez
El6sz6r a 2-es, majd az 1-es tdban julius vége — augusztus koril megallt és csokkenni kezdett.
A két to vizszintje azonos sebességgel csokkent és linedris jelleget mutatott egészen 2020
marciusig, amikor lecsokkent a vizszint valtozas sebessége (vall-szerlien). Egy atmeneti id6szak
utan pedig Ujra linearis valtozas allt be. A két gorbe itt szintén parhuzamos, tehat a két té
vizszintvdltozds sebessége azonos, a kordbbi linedris meredekséggel viszont nem azonos,
megkozelitGleg fele akkora meredekség alakult ki. A hémérséklet az 1-es t6 esetében egy
nagyon lassu melegedést mutat, 8.05°C-rél 8.2°C-ra, ami az eszkdz mérési pontossagat éppen
csak meghaladja. A 2-es té esetében teljes mértékben valtozatlan a viz hGmérséklete. Az
elektromos vezet6képességben szintén minimalis, mérési pontossag kozeli valtozasokat
észleltlink. Az 1-es to esetében, a 2020 madrciusi ,jellegvaltozas” el6tt valamivel megnétt (10
uS/cm korali értékkel) a vezet6képesség. Miutan a hGmérséklet is az 1-es té mérési pontjaban
mutatott egy minimalis valtozas, feltételezhetd, hogy ez a mérési pont a tavak taplalasahoz
kdzelebb van, mint a 2-es té mérési pontja.

A vizszint id6beli valtozdsa egy nagyon kiegyenlitett jelleget mutat, amire latszélag a felszinen
megszokott éves periddus nincs hatdssal. Tobb éves periddusok jellemezhetik, amibél még
csak a csokkend ag egy részét és egy nagyon rovid emelkedé szakaszt sikeriilt megmérni. A
méréseket érdemes tdbb éves id6tartamra tervezni. A vizszintregisztraldkat célszer( hosszabb
légz6kabellel rendelkez6 eszkozre cserélni és a cserét az alacsony vizallas mellett megoldani.

4. 3bra: Dataqua kiolvasas alacsony vizszintnél, a 2. t6 lejaratanal.



5. Mikrobioldgiai vizsgalatok (irta: Lange-Enyedi Néra Tunde)

A Vacska-barlangban folytatott geokémiai monitoring jellegli kutatdst 2020-ban
mikrobiolégiai vizsgalatokkal egészitettiik ki, hiszen a barlangban eziddig nem tortént vizsgalat
a mikrobidlis diverzitas széleskor( feltarasara. A baktériumkozosségek osszetételének idGbeli
valtozasat és a biogeokémiai folyamatokban vald részvételét szeretnénk tanulmanyozni.
Célunk a Vacska-barlangban a mikrobidlis tevékenység és a karbondatképz6dés
Osszefliggéseinek feltarasa, amit korabbi barlangi kutatasok soran sikerilt kimutatni (Enyedi
et al., 2020).

Eredmények

Az eddigi mintavételekre 2020 juniusaban és szeptemberében keriilt sor. Berentés Agnes
vett mintdkat a barlang feletti talajbdl, illetve a Rdézsat-terembdél, a MérfoldkShati-terembdl, a
Cseppkoves hasadékbdl és a Fennkéhati-terembdl a cseppkéfelszinekrdl és barlangi talajbdl
(1. tablazat). A mintavétel a cseppkdéfelszinekrdl steril fizioldgiai séoldatba mosott steril
vattapalcikdkkal tortént, mig a begyljtott lveglemezekrél a kivalast laboratériumban gazégé
langja mellett aszeptikus mddon steril spatulaval.

1. tablazat: A Vacska-barlangbdl (Va) 2020-ban mikrobiolégiai vizsgdlatok céljara vett mintak.

Minta tipus Mintajelzés Id6pont

. - VaT 2020.06.11.
Felszini talajminta (T) VaT2 5020.09.17.
Roézsat-terem (R)

« - . VaR2a (elhelyezés utan

fécsepegési ponttal szembeni Gveglemez (a) 2 honap elteltével) 2020.06.11.
VaR'2b (eIher?zes utan 2020.06.11.
. . 2 hénap elteltével)
Uveglemezes minta (b) VaR3b (elhelyezés utan
. . 2020.09.17.
3 hét elteltével)

L . . P VaRD 2020.06.11.
fécsepegés alatti cseppkérdl (D) kenet VaRD3 5020.09.17.
talaj (S) VaRS 2020.06.11.
MérfoldkShati-terem (M)
talaj (S) VaMS 2020.06.11.
Cseppkoves hasadék (C)
cseppkéfal (M) VaCM 2020.06.11.
talaj (S) VaCs 2020.06.11.
Fennkd&hati-terem (F)
pocsolya melletti aktiv cseppkd (D) Varb 2020.06.11.

VaFD2 2020.09.17.
talaj (S) VaFs 2020.09.17.

A bakterialis koz6sség elemzését a mintakbdl kivont kézosségi DNS 16S rRNS-gén V3-V4
régidjanak Uj-generaciés bazissorrend meghatdrozasaval (lllumina MiSeq platformon,
Michigan State University) végeztik (Toth et al., 2020). A bioinformatikai kiértékelés (mothur
v1.44.3) sordn minGségi szlirést végeztiink, kisz(irtiik az amplifikacids és szekvendlasi hibdkat,



a kiméra szekvencidkat és a szingleton szekvencidkat (Schloss et al., 2009). A szekvenciak
illesztése az SILVA Release138 SSU NR referencia adatbazis segitségével tortént (Quast et al.,
2013). Az OTU-k (operativ taxonédmiai egységek) megallapitasa 97%-os szekvencia hasonldsagi
kiiszobnél tortént (Tindall et al., 2010). A sikeresen megvizsgalt mintakat tartalmazza az 1.
tablazat.

A kilonbozé mintdk baktériumkozosségének elemzése soran kapott eredmények
mennyiségi jellemzdit a 2. tablazat foglalja 6ssze.

2. tablazat: A 16S rRNS-gén amplikon szekvenalassal kapott bakteridlis OTU szdmok és diverzitas
indexek. Az indexek esetében abrazolt értékek az adathalmaz Ujramintavételezésének atlagértékei
14350 (Bacteria) és 2009 (Archaea) szekvencia alapjan. A lefedettség értékek a Good-féle lefedettség
becsl6 index alapjan lettek szamitva.

Minta Csoport  Szekvenciaszam OTU szam Lefedettség Shannon-index Inverz Simpson-index
VacM Bacteria 20833 1119 98,71% 5,17 36,8
Archaea 17314 76 98,50% 2,01 3,98
Vacs Bacteria 26467 1323 97,37% 5,28 55,4
Archaea 21561 85 98,15% 2,32 5,30
VaFD Bacteria 30830 407 99,21% 2,96 7,81
Archaea 14147 26 99,57% 0,45 1,17
VaFD2 Bacteria 28231 1563 96,64% 551 49,2
Archaea 34216 74 98,38% 2,47 7,28
VaFs Bacteria 22646 1055 98,51% 5,10 49,3
Archaea 27225 126 97,21% 2,92 9,13
VaMs Bacteria 25251 754 98,78% 4,12 13,6
Archaea 49007 88 98,07% 2,46 5,52
VaR2a Bacteria 29549 762 98,40% 4,52 28,8
Archaea 2940 54 99,52% 2,43 6,82
VaR2b Bacteria 33608 756 98,16% 4,14 18,9
Archaea 2009 28 99,95% 1,82 3,23
VaRD Bacteria 26753 1844 95,75% 5,73 72,0
Archaea 8927 31 99,38% 0,88 1,63
VaRS Bacteria 20792 1075 98,74% 5,33 62,1
Archaea 14468 89 98,24% 2,52 5,18
VaRD3 Bacteria 26201 1426 96,69% 4,63 20,7
Archaea 3675 42 99,56% 1,64 3,13
Bacteria 35267 713 98,13% 3,72 13,3
vaR3b Archaea 6388 50 99,21% 2,39 7,19
VaT Bacteria 20034 3342 94,25% 7,06 263
Archaea 10436 22 99,55% 1,73 4,61
VaT2 Bacteria 14350 2586 99,99% 7,11 434
Archaea 8269 14 99,76% 1,65 4,41

Az el6zetes eredmények alapjan a szekvencidk szdma megfelel§ lefedettséget adott a
bakteridlis diverzitas feltardasahoz. A Bacteria doménbe tartozé baktériumok esetében a



diverzitds fokozatosan ndétt az Uveglemezekrél eltavolitott biofilmekt6l kezdve, amit a
cseppkovek felszine, majd a barlangi talajmintak és a felszini talajmintak kovették, utébbiban
nagy mennyiségl 5%-nal is kevesebb relativ abundancidju szekvenciaval rendelkezd
baktériumok jelenlétére kovetkeztethetiink (5.C dbra). A barlangi és felszini talajokban a
legvaltozatosabb anyagcserével jellemezhet6 baktériumok lehetnek jelen. Az Archaea
doménbe tartozé baktériumok (Gsbaktériumok) esetén azonban ez megfordul és a
cseppkéfelszini és a felszini talaj baktériumkozosségek bizonyultak a legkevésbé diverznek,
amiket az Gveglemezeket boritd, majd a barlangi talajban él6 baktériumkozosségek kovetnek
(2. tablazat).

Ehhez hasonldan jelent6s kilonbség lathatd a mintak (Uveglemezek, cseppkovek, talajok)
kozosségi Osszetételében (5-6. abra) is. Szamos OTU ismeretlen nemzetség vagy magasabb
rendszertani kategoéria képvisel6je. MegfigyelhetS bizonyos nemzetségek dominancidja a
kiilonb6z6 termekbdl kilonboz6 id6pontban vett mintak baktériumkozdsségében. A legtobb
azonositott Bacteria doménbe tartozd nemzetség ismert képvisel6i aerob kemoorgano-
heterotrof, koztik komplex szerves anyagok (kitin, celluldz, lignin) lebontdsara képes
baktériumok. A barlangokban gyakran el6forduld, viszonylag alacsony szerves anyag tartalom
miatt megjelend kemolitotréf autotréf baktériumok és Gsbaktériumok is jelen vannak, melyek
képesek a barlangi kérnyezetben nitrogén-koérforgalom fenntartdsara és a biofilmek alapjat
képezik. A kialakuld biofilmek a barlangi taplaléklanc bazisat is adhatjak. A kiilonb6z6 terembdl
vett mintdk kozll a bejarathoz kozelebbi Roézsat-teremben viszonylag tobb heterotréf
baktériumot mutattunk ki, mint a barlang tavolabbi részeirdl, ahol az autotréfia dominal. Az
Uveglemezekrdl eltdvolitott biofilmek kozdsségei kiilonboznek mintavételi hely és mintavételi
id6pont alapjan. Tobb kimutatott nemzetség kozel rokonai képesek a karbonatok kivalasat
indukalni  laboratériumi  kisérletekben. A baktériumok megtapadasat és a
baktériumkozosségek osszetételét meghatarozhatja a kiilonféle mintak asvanyi dsszetétele.
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5. abra: A Vacska-barlangbdl vett Uveglemez (A), cseppks (B) és talaj (C) mintdk bakterilis
kozosségének Osszetétele (Bacteria domén) filogenetikai nemzetség szinten. Az dbran az 5% alatti
relativ abundanciaval rendelkez6 nemzetségek az egyéb kategdriaba kerultek.
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6. abra: A Vacska-barlangbdl vett Uveglemez (A), cseppks (B) és talaj (C) mintdk bakterilis
kozosségének Osszetétele (Archaea domén) filogenetikai nemzetség szinten. Az dbran az 5% alatti
relativ abundancidval rendelkezé nemzetségek az egyéb kategdriaba kertltek.

6. A csepeglvizek stabilizotdp és kémiai 6sszetétele

A csepeglviz-mintagyUjtés a Vacska-barlangra koncentralédott, ahol hat helyszinen tortént
mintavétel kétheti rendszerességgel. A kilonboz6 helyszinekrdl vett vizmintdk stabilizotép-
Osszetétele alapjan megallapithatd, hogy a Rézsat-terem markansan elkilonil a tobbi vizsgalt
ponttdl (MérfoldkShati-terem, Cseppkoves-terem, Nyeregponti-terem, Fennk&hati-terem), a
hidrogén- és az oxigénizotdp-Osszetétele azoknadl jéval pozitivabb értéket mutat (7. dbra). A
Rézsat-teremben mért értékek kozelebb esnek a csapadék éves, mennyiséggel sulyozott
értékéhez, amely alapjan arra lehet kovetkeztetni, hogy ezen a helyszinen ,egyenletesebb” a
beszivargds, mig a tobbi helyszin esetében jéval nagyobb a téli csapadék hozzajarulasa a
csepeglbvizhez. Ez a kilénbség nagy valdszinlséggel a beszivargds maddjaval és a viz
tartézkodasi idejével van 6sszefliggésben. A mért kémiai paraméterek kozil kiilondsen a Sr
koncentracid és az abban tapasztalt kilonbség, jelezhet eltér6 tartézkoddsi id6t. A Rézsat-
terem esetében a Sr koncentrdcié joval alacsonyabb a tobbi teremhez képest (8. dbra), amely
rovidebb tartézkodasi id6t valdszindsit (Czuppon et al., revised).
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8. dbra: A Vacska-barlang csepegbvizeiben mért oxigén és hidrogénizotdp-6sszetétel,
valamint Sr koncentracié.

7. Cseppkd6kutatas

e Az Ajandék-barlangbdl a kordbbi évtizedek soran toértént tormelékgyijtésbdl szarmazd
gyljteményi cseppké (AJ-1) stabilizotopos elemzését végeztiik el. A karbonat szén- és
oxigénizotépos mérése mellett a fluidumzarvanyokba zart viz hidrogén- és oxigénizotépos
elemzése is megtortént. A cseppkdvet 8 U-Th sorozatos korméréssel dataltuk, ami 240-180
ezer évvel ezelGtti képzbdést jelez. Az elemzések alapjan a megadott id6szakra
paleoh6mérsékletet szamoltunk. Az eredmények a Chemical Geology folydiratban jelentek
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meg (Demény et al., 2021), a Nemzeti Park tdmogatasanak megjel6lésével. A cikk a jelen
jelentéshez csatolva talalhato.

e A Vacska-barlangban tortént gydjtésbdl szarmazo cseppkovek (lasd a 2019-r6l sz6l6
jelentést) kozil az el6zetes kormérések alapjan két cseppks esetében készilt részletes
korvizsgalat. AV_01 jelii cseppk&bdl 10 AMS 4C kormérést végeztiink az Atommagkutatd
Intézetben. Az adatok kiértékelése és a kormodell készitése jelenleg folyamatban van. A
koradatok modellezése alapjan a fels§, mintegy 1,6 cm vastag rész az utolsé 1000 évet fedi
le, az alatta levé mintegy 2 cm-es vastagsagu réteg kb. 5500-6000 évvel ezel6tt képz6dott. A
fiatalabb szakasz stabilizotdp-6sszetételei j6l 6sszevethetbek a fliggetlen klimatolégiai
adatokkal, ami segit az id6sebb cseppkdvek adatainak értelmezésében.
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e
> R EY =25
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9. dbra. AV_01 cseppkd nem korrigélt *C-koradatai.

AV_03 jeld cseppkébél 12 db. U-Th sorozatok kormérés és 20 db. AMS 4C-elemzés késziilt.
Az eredmények azt mutatjak, hogy a cseppkd mintegy 10 ezer évvel ezel6tt kezdett
novekedni és 8 ezer évvel ezel6tt allt le a ndvekedés. A cseppkd igy a hires 8200 éves
esemény jeleit rogziti, amelynek részletes vizsgdlata jelenleg folyik. A cseppkébdl 175 db. C-
O izotépelemzés, valamint 76 db. XRF Sr-tartalomelemzés késziilt. Az adatok a 8200 éves
eseményt néhany éves felbontassal mutatjak. Az eredmények értelmezése és publikdlasa
folyamatban van.
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10. abra. AV_03 cseppké U-Th sorozatos koradatai és a StalAge kormodell.
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ARTICLE INFO ABSTRACT

Editor: Michael E. Boettcher The combined use of the stable isotope compositions of speleothem carbonate and inclusion-hosted water pre-
sents great potential in paleotemperature reconstructions, due to the various temperature-dependent isotope

Keywords: fractionations detected in cave systems and their environment. This paper evaluates the applicational possibil-

Speleothem ities of hydrogen and oxygen isotope measurements of inclusion-hosted water and its host calcite, in three

Paleotemperature reconstruction

o . different approaches: i) direct determination of calcite-water oxygen isotope fractionation by measuring inclu-
Fluid inclusion

Calcite sion water and carbonate compositions, ii) calculation of water oxygen isotope composition from hydrogen

Stable isotope composition isotope data and of temperature from the inferred calcite-water fractionation, and iii) calculation of formation

Clumped isotope temperature from measured hydrogen isotope data and its temperature dependence in the modern precipitation
water. Fluid inclusion oxygen and hydrogen isotope compositions as well as calcite oxygen isotope compositions
were determined for five speleothem occurrences in Hungary. Although the background processes are not
resolved, calculations involving measured calcite and water oxygen isotope compositions yielded unrealistic
paleotemperatures, likely because of syn-formation isotope fractionation processes and diagenetic alterations.
The hydrogen isotope data may yield realistic temperatures, provided that long-term isotopic composition -
temperature relationships are known and the stable hydrogen isotope composition of the precipitation waters in
the study area is temperature-controlled. Winter half-year and annual isotope-temperature relationships (8%H/T
gradients) were calculated using multidecadal isotope composition records from the Global Network of Isotopes
in Precipitation (GNIP), gridded surface temperatures, and precipitation amounts from the E-OBS 21.0e database.
The calculations yielded a paleotemperature record for the last ~250 ka, with average precisions ranging from
+0.6 °C for interglacial to +2.4 °C for glacial periods. Clumped isotope analyses of cave-hosted flowstones
support the inferred formation temperatures based on gradients, while detection of kinetic fractionations by
combined hydrogen and oxygen isotope analyses of calcite and inclusion water lead to filtering clumped isotope
(A47) data and more coherent A4y-temperature relationships.

1. Introduction spectroscopy has given new momentum to the research field, as the
technique is cost-effective compared to mass spectrometry and yields

Stable isotope analyses of inclusion-hosted water extracted from combined hydrogen and oxygen isotope compositions on the same H,O
speleothems began over 40 years ago (Schwarcz et al., 1976; Harmon aliquot, with precisions reaching or exceeding mass spectrometric ana-

and Schwarcz, 1981; Yonge, 1982). The application of laser absorption lyses (Hodell et al., 2012; Arienzo et al., 2013; Affolter et al., 2014;
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Czuppon et al., 2014; Demény et al., 2016a; Uemura et al., 2016; de
Graaf et al., 2020). We note here that, although there are other isotopes
of hydrogen and oxygen (radioactive *H and stable 170) besides 2H, 'H,
180, and 1°0, the term hydrogen and oxygen isotope composition is
based on the abundances of the latter isotopes (expressed as 5°H and
5180, respectively) and will be used in this paper for simplicity’s sake.

Combined analyses of hydrogen and oxygen isotope ratios performed
directly on HyO are particularly advantageous in the case of minerals
whose chemical composition contains no hydrogen or oxygen (like
fluorite, CaF5) that would undergo isotope exchange with fluid inclusion
water. Thus, they may provide direct information on the parent solution,
without entrapment-related isotope fractionation (Czuppon et al.,
2014). Contrary to oxygen-free minerals, late-stage oxygen isotope ex-
change is possible between inclusion-hosted water and the host car-
bonate (e.g., Uemura et al., 2020), so potential alteration processes must
be evaluated. Analyses of stable isotope compositions of inclusion-
hosted water, combined with the determination of the oxygen isotope
composition of the host carbonate produce carbonate-water oxygen
isotope fractionation values that in turn can be used to calculate for-
mation temperatures, when fractionation-temperature relationships are
applied (Schwarcz et al., 1976; Uemura et al., 2016). However, studies
dealing with such analyses seldom use the measured carbonate and in-
clusion water oxygen isotope compositions to calculate formation tem-
peratures (Allan et al., 2018). A potential reason may be the diagenetic
alteration processes described by Demény et al. (2016a) that deteriorate
the original oxygen isotope composition of the encapsulated water, due
to post-entrapment fractionation processes. Recent experimental results
suggest that simple isotopic exchange has only a minor influence on the
oxygen isotope composition of inclusion-hosted water and on tempera-
ture reconstruction (Uemura et al., 2020). Extensive recrystallization or
dissolution-reprecipitation of the host carbonate is therefore required to
create significant oxygen isotope shifts. Alternatively, instrumental ef-
fects or isotope exchange processes related to analytical procedure may
cause shifts away from the original oxygen isotope compositions
(Meckler et al., 2015). Additionally, site-specific carbonate-water oxy-
gen isotope fractionation may also complicate the interpretation of
calculated temperatures. Various calcite-water oxygen isotope frac-
tionation equations have been published in the last decades, depending
on carbonate precipitation conditions and water chemistry (see Demény
et al., 2017a; Daéron et al., 2019; Jautzy et al., 2020; and references
therein). The uncertainty deriving from differences in these fraction-
ation equations (up to about 8 °C using the most differing equations of
Kim and O’Neil, 1997, and Daéron et al., 2019) affects all of the pale-
otemperature calculations that apply oxygen isotope compositions of
calcite and water.

Another approach in fluid inclusion-based paleotemperature recon-
struction is the use of the hydrogen isotope composition to calculate the
water’s oxygen isotope value (Zhang et al., 2008). In this method, the
hydrogen isotope composition is determined for the extracted fluid in-
clusion, and the water oxygen isotope value is calculated using the local
or global meteoric water line (GMWL, Craig, 1961, the relationship
between hydrogen and oxygen isotope compositions of meteoric wa-
ters). As the water oxygen isotopic composition is calculated and the
carbonate is measured, the formation temperature is given as above.
This approach has two major uncertainties: i) knowing the local mete-
oric water line equation, which is valid in the time period studied; and ii)
the selection of the carbonate-water oxygen isotope fractionation
equation (see above).

The third approach is based solely on hydrogen isotope compositions
and uses the composition-temperature relationship that was determined
for the research area (Demény et al., 2017a, 2019; Affolter et al., 2019).
The advantage of this method is that it relies on a relatively simple and
robust analytical technique, whereas the disadvantages are that the
composition-temperature relationship is estimated only from recent
monitoring activities and that the approach can only be applied in set-
tings where the hydrogen and oxygen isotope compositions of the

Chemical Geology 563 (2021) 120051

precipitation water are driven by surface temperature. The latter
requirement is not fulfilled in the maritime tropical-subtropical and
Mediterranean regions, where the isotopic compositions of precipitation
depend on the amount of rainfall.

This paper evaluates these three approaches using 156 fluid inclu-
sion and associated calcite analyses from five speleothems collected in
Hungary. The conventional isotope analyses were supplemented with
clumped isotope measurements on speleothems that cover glacial-
interglacial periods and, thus, a relatively large temperature range.
We demonstrate that in a temperature-sensitive region, where the
composition-temperature relationship is known from monitoring activ-
ities spanning several decades, hydrogen isotope compositions can be
used in paleotemperature reconstructions.

2. Materials and Methods
2.1. Speleothems

Five speleothems from four caves were examined in this paper (see
Fig. 1 and the Supplementary Material). Speleothems ZEP and BAR-II
were collected from Baradla Cave (NE Hungary), while a flowstone
core (BNT-2) was obtained from the nearby Béke Cave (NE Hungary).
The Baradla and Béke caves are near the village of Jésvaf6, and at their
closest point, they are less than 1 km from each other. The ZEP
(abbreviated from ,,Zeppelin”) stalagmite, drilled from the bottom (see
Supplementary Material, Fig. S1), is 7 m long, broken, and tilted. In-
spections of the drill cores ZEP-1, —2, and — 3 revealed that the sta-
lagmite was built on a ~ 40 cm thick flowstone layer, which is examined
in this paper. The core material is primarily characterized by columnar
calcite that contain elongated fluid inclusions aligned in growth direc-
tion (Fig. S2). U-Th dating of 15 samples (Table S1) revealed that the
flowstone covers the period between ~330 and 150 ka BP (thousand
years before present, where ,,present” refers to 1950 CE). An age-depth
model was constructed for the inner part of the core covering a period of
227 to 159 ka BP (See Supplementary Material, Fig. S3). The ZEP-1 core
was selected for detailed analyses. Both the BAR-II (Baradla Cave) and
BNT-2 (Béke Cave) speleothems were analyzed in previous research. In
this study, we refer to the original age models constructed for these two
speleothems (Demeény et al., 2017a and Demény et al., 2019, respec-
tively). Previously published data on the water contents, the inclusion
water 52H and 580 values, and the carbonate §'20 values of stalagmite
BAR-II (Demény et al., 2017a) are used. For BNT-2, however, new data
on the isotopic ratios of speleothem fluid inclusions are reported in this
paper. The Baradla and Béke caves were monitored from 2013 to 2016
(Czuppon et al., 2018). The long term cave air temperature in the Bar-
adla Cave was 10.2 £ 0.3 °C, the drip water at a selected monitoring site
had stable hydrogen and oxygen isotope compositions of —65 + 2%o0 and
— 9.4 £ 0.3%o, respectively (n = 19). The nearby Béke Cave is charac-
terized by similar values (9.8 + 0.3 °C; —65 £ 1.5%0; —9.4 £ 0.2%0; n =
63). The temperature and stable isotope data showed no significant
seasonal fluctuations (Czuppon et al., 2018).

The 33 cm long stalagmite AJ-1 was found on the cave floor in
Ajandék Cave (North-Central Hungary). The stalagmite carbonate is
primarily characterized by dendritic fabric, with layers of columnar
calcite (Figs. S4A and B). Fluid inclusions are usually elongated and
arranged in growth layers (Figs. S4C and D). Eight U-Th ages ranging
from ~240 to ~180 ka BP were obtained for AJ-1 (Table S1). These were
used to establish an age-depth model (Fig. S5). The Ajandék Cave was
monitored from 2013 to 2016 that yielded mean cave air temperature
and drip water stable hydrogen and oxygen isotope data (8.9 & 0.7 °C;
—71 + 0.7%0; —10.2 £ 0.1%o, respectively; n = 38; Supplementary
Table S2).

The fifth speleothem sample examined in this study is a flowstone
from Abaliget Cave (Southern Hungary, Fig. 1), which was dated and
analyzed for carbonate carbon and oxygen isotope compositions by
Koltai et al. (2017). Two drill cores (ABA-1 and ABA-2) covering the
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Fig. 1. Map of the study area, with the studied caves’ locations and GNIP stations. Modern-day 5°H/T gradient values (in %o °C-1) are also shown. §*H/T values for
the winter half year (October-March) are followed by data obtained for the entire year (in square brackets). White dots and letters: GNIP stations. Red dots and pink
letters: cave locations. Reference period: 1980-2018.The asterisks show significance level *: p < 0.1; **: p < 0.05. The values adjacent to the cave locations are the
inverse distance weighted mean 8>H/T slopes. Basemap source: Google Earth: Landsat/Copernicus imagery; accessed on 12.12.2020. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

period of 165 to 105 ka BP (Koltai et al., 2017) were sampled for fluid
inclusion analyses. Stable hydrogen and oxygen isotope values of drip
water (—65.2%0 and 9.3%o, respectively; n = 7), collected from soda
straws above the flowstone, were consistent with the local meteoric
water line (Koltai et al., 2017). These drip water compositions are very
close to those of the Baradla and Béke caves (see above) and are slightly
lower than the amount weighted annual precipitation hydrogen and
oxygen isotope values (—62.3%o and 9.1%o, respectively; Czuppon et al.,
2018). This difference indicates that the drip water is biased toward
winter precipitation due to extensive evaporation during summer in the
studied region. The drip water compositions of the Ajandék Cave are
significantly lower (see above), approaching the amount weighted
average winter precipitation hydrogen and oxygen isotope compositions
(—71%o and 10.2%o, respectively; Czuppon et al., 2018). In spite of the
differences between the Ajandék Cave and the other caves, all of the
studied caves showed stable conditions with no significant seasonal
fluctuations. The drip water compositions described above are used in
the paleotemperature calculations described below as modern-day
values.

2.2. Stable isotope analyses

Stable oxygen isotope ratios of calcites (samples ZEP-1 and AJ-1)
were measured using an automated GASBENCH II sample preparation
device connected online in continuous flow mode to a Thermo Finnigan
Delta Plus XP isotope ratio mass spectrometer at the Institute for
Geological and Geochemical Research (IGGR in Budapest, Hungary).
The isotopic compositions are expressed as SISOCC values in %o, relative
to V-SMOW. The accuracies of §'0,, values are better than +0.1%o.
Analytical details are described in Demény et al. (2019). Water contents
and the stable hydrogen and oxygen isotope compositions of inclusion-
hosted waters were determined at the IGGR, following the procedure
described by Demeény et al. (2016a). Sample chips of about 0.5-1 g were

crushed under vacuum in stainless steel tubes, after which the released
water was purified by vacuum distillation and introduced into a liquid
water isotope analyzer, model LWIA-24d, produced by Los Gatos
Research Ltd. It should be noted, that due to the generally large sample
requirement the measured compositions represent multidecadal-
centennial averages. Water contents were determined on the basis of
H50 amount extracted from inclusions and a calibration by measuring
different amounts of water standards, and expressed as ppm (mg H20
per 1000 g of calcite). Measurement drifts, amount effect, and memory
effect were tested, analyzing laboratory standards (BWS-1, BWS-2, BWS-
3; see Czuppon et al., 2014), along with samples, as previously described
(Demény et al., 2016a; Demény et al., 2019). Prior to running samples,
actual memory effect was calculated by injecting laboratory standards
with very different isotopic compositions (see below). As most of the
sample values were close to the BWS-2 water (see below), BWS-2 was
analyzed before the extracted water samples. Once the water sample
from the speleothem was analyzed and the HyO yield was known, lab-
oratory standards with the same amount of HyO were measured to
overcome amount effect. Finally, shifts from the theoretical composi-
tions of the measured isotope values of water standards were used to
correct the sample values. Standard deviations (1) of BWS-2 (8%H =
—74.9%q, 8'80 = —10.41%0) and BWS-3 (8°H = —147.7%o, 50 =
—19.95%o) laboratory standard waters (see Czuppon et al., 2018) were
calculated for the corrected and selected analyses (1 pl HyO was
analyzed, first three analyses were discarded, and values were drift- and
memory-corrected) for the measurement period. The standard de-
viations of BWS-2 82H and 6'%0 measurements were 0.6 and 0.14%o (n =
58), while the BWS-3 water yielded 0.8 and 0.14%o (n = 60).

The isotopic compositions of waters extracted from fluid inclusions
(“flinc”) are expressed as 5°H and 6180ﬂinc values in %o, relative to V-
SMOW. The reproducibility of §%H and 6180ﬂinC values is £2 and +
0.5%o, respectively (Czuppon et al., 2014). The analytical accuracies of
the speleothem inclusion-hosted water’s §°H and §'"%0ginc
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measurements are shown by the analysis of NU-2, a recently formed
stalagmite (Demény et al., 2016a). The 5°H and 6180ﬂinc values of in-
clusion water from the topmost 5 mm of the stalagmite (—64.8 £ 1.2%o,
—9.5 + 0.5%o, respectively) reported by Demény et al. (2016a) are very
close to the values obtained in this study (—66.0%o and 9.4%o), as well as
to the drip water compositions measured at the same site (—64.7%o and
9.4%o, Czuppon et al., 2018). Furthermore, calcite samples (HUA-8 and
Sterling Mine calcites donated by Hubert Vonhof and Yuri Dublyansky)
that were analyzed at independent laboratories were also measured in
this study, and their isotopic compositions are plotted in Fig. 2. Sample
HUA-8 was cut from a stalagmite collected in the Huagapo Cave in Peru,
in the higher Andes, where precipitation waters are relatively 2H- and
180-depleted, and the stalagmite is consequently characterized by low
§°H and SISOﬂmC values (—105%o and 14%o, respectively, determined at
the Vrije Universiteit Amsterdam; Hubert Vonhof, pers. comm.). The
Sterling Mine calcite originated from Sterling Mine, Nevada, whose
analyses at the University of Innsbruck yielded *H = —107.6%o and
6180ﬂmC = —16.4%0 (Yuri Dublyansky, pers. comm.). The 5°H and
5'80ginc values obtained in this study are slightly more positive for the
Sterling Mine calcite (by 3 and 0.5%o, respectively) and slightly more
negative for the HUA-8 calcite (by 2.2 and 1.0%o, respectively) than
expected, but these differences may derive from the combined effects of
sample inhomogeneity and differences in laboratory protocols (de Graaf
et al., 2020).

Clumped isotope analysis of carbonate samples was performed be-
tween July 2019 and June 2020 on a Thermo Scientific MAT-253 Plus
isotope ratio mass spectrometer (IRMS) in the Isotope Climatology and
Environmental Research Center (ICER) of the Institute for Nuclear
Research (Debrecen, Hungary). Phosphoric acid digestion of the samples
occurred at 70 °C in a Thermo Scientific Kiel IV automatic carbonate
device, which is coupled to the IRMS by an inert, silica-coated capillary.
To eliminate organic contamination from the extracted carbon dioxide
gas, an additional Thermo Scientific PoraPak trap was installed between
the two cold fingers of the Kiel device. The operation temperature of this
trap was —30 °C. An hour-long, 120 °C cleaning and regeneration pro-
cedure of the PoraPak trap is usually required before each measurement
process. After cryogenic purification, the carbon dioxide gas was
measured against a working CO4 gas (Linde AG, 613CVPDB = —3.9%o,
6180VPDB = —12.5%o, purity = 99.998%) for m/z 44-49 in micro-volume
inlet mode and with the long integration dual inlet (LIDI) method (Hu
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et al., 2014). MAT-253 Plus IRMS has 7 Faraday cups with resistors 3 x
108[2, 3 x 1010.(2, and 1 x 101 for masses 44, 45, and 46, respectively,
as well as 1 x 10'3Q for masses 47, 47.5, 48, and 49. The carbonate
clumped isotope analyses system has a similar build-up to that described
in previous publications (Schmid and Bernasconi, 2010; Hu et al., 2014;
Meckler et al., 2014; Miiller et al., 2017; Piasecki et al., 2019).

Each carbonate sample measurement consisted of 10-12 replicate
analyses of 100-120 pg aliquots, which were divided into three mea-
surement carousels (with 46 positions) and were measured alongside
carbonate standard samples with assigned values. ETH1, ETH2, and
ETH3 were the standard samples (with long-term standard deviations
ranging from 0.032 to 0.038%o) during A47 calculation, and IAEA-C2
was used to monitor instrument performance. The 53¢, 6'%0, and A4y
values of the ETH standards (Table 1 in Bernasconi et al., 2018) were
used to transfer sample A47’s results into the absolute reference frame.

The signal collection of one replicate consists of 40 cycles of a 10 s
integration period. During this collection period, the initial 17-18 V
intensity of m/z 47 drops down to 12-13 V. The applied working gas was
measured under the same conditions. The background correction of the
Isodat NT software was disabled. Peak scans at six different intensities
were used to calculate the pressure baseline correction. These scans
were performed before and after measurement, and the correction
values were interpolated (V44-V49 ETH PBL).

Data evaluation was conducted with the Easotope application (John
and Bowen, 2016), using the CO5 clumped ETH PBL replicate analyses
method and “Brand parameters” (Baertschi, 1976; Gonfiantini et al.,
1995; Meijer and Li, 1998; Assonov and Brenninkmeijer, 2003; Brand
etal., 2010), also called the “IUPAC” parameters (International Union of
Pure and Applied Chemistry). A phosphoric acid correction factor
(A*35_70) of 0.066 was applied (Petersen et al., 2019).

3. Results and discussion

The speleothems cover a long time period, ranging from sub-recent
flowstones to a > 300 ka old flowstone that formed in different cave
systems and under various climate regimes. Paleoclimatic in-
terpretations of stable isotope compositions would be beyond the scope
of this paper, thus, the isotopic compositions are not described in detail
here. However, the observed relationships concerning paleotemperature
calculations are discussed in the following sections. Listed in Table S2

Fig. 2. Stable hydrogen and oxygen isotope compo-
sitions (in %o relative to V-SMOW) of inclusion-
hosted waters from Hungarian speleothems (see
Table S2), as well as the results of interlaboratory
sample measurements. ZEP: ZEP-1 core from the
Baradla cave. ABA: ABA-1 and ABA-2 cores from the
Abaliget cave. AJ-1: stalagmite from the Ajandék
cave. BAR-IL: stalagmite from the Baradla cave. BNT-
2: flowstone core from the Béke cave. See Fig. 1 for
locations. SM: Sterling Mine calcite donated by Y.
Dublyansky and measured at the Innsbruck Univer-
sity. HUA-8: calcite donated by H. Vonhof and
measured at the Vrije Universiteit Amsterdam. Bar-
adla drip water compositions are from Czuppon et al.
(2018). Local meteoric water line (LMWL) for the
Mecsek Mts. is 5°H = 7.8-5'%0 + 6.1 (based on the
2004-2017 data of Forizs et al., 2020), whereas for
the Baradla Cave’s area it is §°H = 7.5-5!%0 + 6.0
(for the period of 2013 to 2016, Czuppon et al.,
2018).
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are the water contents, the hydrogen and oxygen isotope compositions
of inclusion waters, and the calcite oxygen isotope values averaged for
the inclusion analyses samples. Clumped isotope data are listed in
Table S3.

Using the stable isotope data obtained in this paper, temperature
calculations may be based on i) direct 6180ﬂmC and 8180.:C measure-
ments, ii) combination of measured 5'80,, values and §'®Oyater values
calculated from §2H data, or iii) on basis of the temperature dependence
of the hydrogen isotope composition of precipitation water in the region
(i.e., long-term, modern-day 52H/T slopes/gradients). The procedures,
advantages and drawbacks are described and discussed in the
followings.

3.1. The use of 5180ﬂinc values in paleotemperature calculations

Speleothems usually form in caves from dripping water that origi-
nated as meteoric precipitation. As a result, the drip waters’ hydrogen
and oxygen isotope compositions generally follow global or local
meteoric water lines, i.e., linear relationships in the §2H-5'%0 plot (e.g.,
Rozanski et al., 1992, 1993), and inclusion-hosted water should be no
exception to this relationship. However, strong shifts in the 6180ﬂinc
values were previously reported (Demény et al., 2016a) and were also
detected in this study (Fig. 2). Significant 5°H changes from the original
compositions are not assumed as the host carbonate’s structure contains
no hydrogen and late stage alteration that would cause hydrogen
diffusion in or out is also unlikely for speleothems. The current dataset
covers a large 5°H range of about 40%o, and significant negative 6180ﬂinc
shifts (of up to 10%o) away from the Global Meteoric Water Line (GMWL)
(Fig. 2). All the researched speleothems display similar shifts, albeit to
different extents. One possibility is analytical bias, i.e., methodology-
related isotope fractionation that affects part of the samples. However,
materials with expected isotopic compositions and samples measured at
independent laboratories were also analyzed and yielded close-to-
expected results. The top layers of recently formed stalagmites that
cover the last few decades (NU-2 stalagmite, Demény et al., 2017b)
yielded 5°H and Slsoﬂinc values which were very similar to the values of
the local drip water compositions (Fig. 2). The Sterling Mine calcite and
the HUA-8 calcite yielded isotopic compositions along the GMWL
(Fig. 2) that were similar to the expected values (see Materials and
Methods section). Thus, we can conclude that the negative 5'%04inc shift
is not related to measurement bias.

Next, we examined if secondary alteration could explain the
observed negative 5'80ginc shift. The lower the water content of the
sample, the higher the chance of late-stage oxygen isotope exchange
between the water and calcite that could alter the original isotopic
composition. The isotope shift was quantified by calculating the %0
value of water from the 52H values, using the GMWL equation (§°H =
8.5'%0 + 10, Craig, 1961), and the difference between the calculated
values and the Slsoﬂinc data were computed. The Slgoﬂinc shifts were
plotted as a function of water contents, which yielded ambiguous re-
sults, with some speleothems showing positive correlations and others
no correlations (Fig. S6). The ZEP-1, the AJ-1, and the BNT-2 samples
had statistically significant positive correlations, while the ABA flow-
stone and the BAR-II stalagmite did not show significant correlations
(Fig. S6). It should be noted, however, that the water content of spe-
leothems may also depend on climate conditions (Vogel et al., 2013;
Demény et al., 2013), thus, the correlations with the isotope composi-
tions of ZEP-1, AJ-1, and BNT-2 may not necessarily indicate late-stage
alteration effects. On the other hand, there is a systematic relationship
between the §°H values and the 6180ﬂinc shifts for all five speleothems,
which suggests that lower 52H values are associated with larger negative
5180qinc shifts (Fig. S6).

Negative 5'80qinc shifts are difficult to explain with late-stage isotope
exchange (Uemura et al., 2020), as they would require either a strong
temperature decrease (that in turn would preclude diffusive isotope
exchange) or an influx of a low-5'80 fluid. Strong negative 6180ﬂmc
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shifts are related to low 82H values in glacial parts of the studied spe-
leothems, which makes additional cooling or introduction of more *¥0-
depleted solution unlikely. Rising cave temperatures during subsequent
interglacial periods may induce re-equilibration (although, we must
note that the low temperature precludes diffusion-driven exchange), in
which case, the calcite-water oxygen isotope fractionation would
decrease and the inclusion water would approach the host calcite
composition (i.e., it would undergo a positive 5'80ginc shift). Mineral-
ogical changes may induce negative 6180ﬂinc changes, if an amorphous
calcium carbonate (ACC) is formed, with a small carbonate-water oxy-
gen isotope fractionation; calcitization would result in a fractionation
increase and, consequently, a negative 5180ﬂim shift (Demény et al.,
2016a, 2016b). The ACC is inferred to have a 580 value that is at least
2.4%o lower than that of calcite precipitating at the same conditions
(Demény et al., 2016b). However, this fractionation would not explain
the observed ~10%o shift.

Another explanation may be the preferential and non-equilibrium
bonding of 80 to the calcite structure, causing the inclusion water to
be 80-depleted. The lower the formation temperature, the higher the
degree of '®0-bonding, whereas the opposite means that rising tem-
perature results in approaching a thermodynamic equilibrium, analo-
gous to the clumping of rare heavy isotopes in the carbonate structure
(Eiler, 2007). Extraction of 80 from the water would not appear in the
calcite composition, due to the large mass difference between the two
compounds. However, in the absence of evidence, the explanation of
preferential removal of 180 from the trapped inclusion water is specu-
lative and requires further research. Whatever process caused the
observed §'®0gjy shift, the data are not appropriate for temperature
calculation. This observation is demonstrated by the large and unreal-
istic temperature values (from —39 to 22 °C, with an average of —7 °C,
Fig. 3A, Supplementary Table S2).

3.2. Combined application of 5180, and 62Hﬂinc values in
paleotemperature calculations

In this paleotemperature calculation approach, the oxygen isotope
composition of water is calculated from the §2H value and from the
actual global or local meteoric water line (GMWL or LMWL), and the
fractionation between the calculated water value and the measured
calcite 8'®0.. may provide the absolute temperature, if the
fractionation-temperature relationship is known (Zhang et al., 2008).
The uncertainties in fractionation equations have been widely discussed
(e.g., Daéron et al., 2019). As a compromise, an intermediate equation
(Eg. 1) between those of Coplen (2007) and Tremaine et al. (2011) (in
the ratio of 65% and 35%, respectively) was selected for the present
study, as this relationship was found for the local settings (Demény et al.,
2016b).

1000-Ina(calcite — H,0) = 0.65-(17, 400/ T-28.6) -+ 0.35-(16, 100/ T-24.6)
(@]

Additionally, the hydrogen and oxygen isotope data must be cor-
rected for changes in the oceanic source composition, which is related to
ice volume variation throughout glacial-interglacial cycles. The correc-
tion procedure is based on the method of Spratt and Lisiecki (2016), who
suggested corrections using the relationship between sea level and the
5180 values of ocean water. The 8?H correction was obtained by
multiplying the §!80 correction by 8 (based on the GMWL equation in
Craig, 1961). A temperature error of 1.6 °C was obtained by assuming
+0.1%0 and + 2%. measurement uncertainties for 8'%0.. and &°H,
respectively, and calculating with worst-case scenario (both un-
certainties acting in the same direction). This calculation yielded a
paleotemperature record (Supplementary Table S2) with large fluctua-
tions (Fig. 3B, open circles) that are unrealistic within the local envi-
ronmental parameters. Speleothem formation temperatures below 0 °C
are impossible, because there would not be a drip water supply at those
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Fig. 3. A). Paleotemperature data yielded by the combined application of
stable oxygen isotope compositions of calcite (slsocc) and fluid inclusion water
(5'®%0gine). B) Paleotemperature data obtained from hydrogen isotope analyses
of inclusion waters (§2H-based) and from the combined use of §2H values and
oxygen isotope analysis of speleothem calcite (5'®0-based). Shaded areas
mark the range of realistic temperatures that can be inferred from the studied
speleothems (see text). Temperature errors were calculated using error propa-
gation of analytical and 8?H/T gradient uncertainties (see text). Calculated
errors are smaller than the dot size for the BNT-2 samples. The 5'80,-based
temperatures have a uniform uncertainty of +1.6 °C originated from analy-
ical precisions.

temperatures. Temperatures reaching 19 °C at the last interglacial (at
about 120 ka BP, Fig. 3) are also unrealistic, even during the interglacial
periods, as temperatures would have needed to be about 9 °C warmer
than in the present day. On the contrary, the last interglacial was
approximately 1.5 °C warmer on a global scale than the present day
(Turney and Jones, 2010). Furthermore, a maximum temperature
anomaly of +4.3 °C relative to the present day was found at a high-
altitude cave in the Italian Alps by Johnston et al. (2018). Thus, Fig. 3
shows a realistic temperature range of 0 to 12 °C as a reference.

3.3. The use of 5°H values in paleotemperature calculations

The third approach is based on the temperature dependence of the
hydrogen isotope composition of precipitation water in the region (i.e.,
long-term, modern-day &2H/T slopes/gradients). Affolter et al. (2019)
used an equivalent approach and a recent 5°H/T gradient for a 14-ka
long record from the Milandre cave (Switzerland) that included the
Younger Dryas and the Holocene, as well. The local composition-
temperature relationship for the Baradla Cave’s area was studied in
previous research (Demény et al., 2017a), via monitoring over several
years. However, as Kern et al. (2019) elucidated, longer-term
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monitoring provides more robust and coherent relationships in the
wider region. The empirical §°H/T slope was determined for modern
precipitation (1980-2018) surrounding the study area (Fig. 1). Monthly
precipitation stable hydrogen isotope compositions were extracted from
the Global Network of Isotopes in Precipitation (GNIP; http://www.isoh
is.iaea.org) database for the five nearest GNIP stations with more than
10 years of data between 1980 and 2018: Krakow (Poland), Liptovsky
Mikulas (Slovakia), Vienna (Austria), Ljubljana (Slovenia), and Zagreb
(Croatia). The monthly records were updated with recently published
data for Ljubljana (Kern et al., 2020a) and Zagreb (Krajcar Bronic et al.,
2020). Monthly gridded (0.25 deg. x 0.25 deg., approx 30 km)
precipitation-amount and surface air temperature data were retrieved
(E-OBS 21.0e, Cornes et al., 2018) from the grid cell nearest to the GNIP
stations to infer annual mean and winter half-year (October to March)
SZH-temperature gradients. As a criterion for incomplete years, amount-
weighted annual and winter half-year mean §°H values were only
computed if the 5°H data represented more than 85% of the precipita-
tion total of the considered time interval (annual or winter), as it was the
critical threshold for precipitation tritium (Kern et al., 2020b).

Linear regression slopes were calculated between the amount-
weighted annual/winter §?H and the corresponding seasonal mean
temperature to determine the site-specific modern day 52H/T (%o °C™1)
gradient. The analysis returned a significant (p < 0.1) positive slope for
each station, and the gradient varied between 3.64 and 6.45%. °C ™! for
winter, and 2.27 and 5.38%o °C~! for the annual mean (Fig. 1, Table S4).
Finally, the inverse distance weighted mean §°H/T slopes were calcu-
lated for each cave location, using distances from the GNIP stations
(Fig. 1, Table $4). This procedure yielded 5°H/T gradient values of 5.0%o
°C™! for the Baradla and the Ajandék caves, and 4.7%c °C~! for the
Abaliget cave, which values are very close to the 82H,/T gradient of 4.8%o
°C~! inferred from the average mid-latitude 5'0/T gradient of 0.6%o
°C~! (Rozanski et al., 1992). The value of 5.0%o °C~! was applied for the
ZEP-1, BAR-II, BNT-2, and AJ-1 samples, while the 4.7%, °C™! value was
used for the ABA-1 and ABA-2 samples. Demény et al. (2017a) and
(Demény et al., 2019) used lower §%H/T gradient values (about 2 to
3.5%0 °C 1), based on local precipitation monitoring spanning about two
years. The large (up to >10 °C) variations in the calculated temperatures
of Demény et al. (2017a) and (Demény et al., 2019) may derive from the
use of 82H/T gradient values that are too low and should therefore be
revised in later studies.

For paleotemperature calculations, winter half-year precipitation
52H/T gradients were used, as local cave drip waters derive predomi-
nantly from cold season infiltration (Czuppon et al., 2018). One of the
primary issues of using modern §2H/T gradient values is that the
isotope-temperature relationship may change with time. The §'0/T
gradient calculated for non-overlapping, multiannual periods using
long-term precipitation isotope data from Zagreb was slightly different
but nevertheless statistically indistinguishable (Krajcar Broni¢ et al.,
2020), suggesting that the empirical §'80/T relationship at a given
location is robust at the sub-centennial time scale. Although the local
§2H/T variations at the researched caves are unknown, previous studies
on meteoric water and groundwater in the Great Hungarian Plain (East
Hungary) indicate subtle changes from recent to glacial times. A 8'80,/T
gradient of 0.32%0 °C™! was found during a 9-year long precipitation
monitoring sequence in Debrecen (East Hungary, Vodila et al., 2011),
whereas a slightly higher 5!80/T value of 0.38%0 °C™! was calculated
using differences in 520 values and noble gas temperatures of Holocene
and pre-Holocene (>20 ka BP) groundwaters (Varsanyi et al., 2011).
The 0.06%0 °C ™! difference between the recent and fossil values would
correspond to an approximately 0.5%o °C~! §2H/T increase, if the glacial
period is included. These small changes suggest that the empirical 5'0/
T relationship at a given location is robust even at glacial-interglacial
time scales. However, the uncertainties of winter half-year gradients
(expressed as standard error, SE) are rather high (1.7 to 2.7 SE)
compared to the annual gradients (0.8 to 1.6 SE, Table S4). The prop-
agated standard errors for the cave location gradients are 2.1 to 2.3 for
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the winter half-year and 1.2 to 1.3 for the annual data. Based on these
considerations and due to the use of the winter gradient values in the
temperature calculations, a tentative 2.2%o °C~! uncertainty is used for
the propagated error calculations, which represents a maximum error
estimation.

The shifts of source-corrected 5°H values (see above) from the
modern-day values were calculated and divided by the 8*H/T gradients
to obtain the shift from the modern-day temperature. This procedure
yields long-term surface temperatures (Table S2). The §%H-derived
temperatures in Fig. 3B show a realistic temperature range. The mini-
mum temperature yielded for the ~150 ka old glacial period is 1.1 £+
4 °C, while the maximum temperature is 10.7 + 0.3 °C in the Holocene,
10.2 £ 0.1 °C in the last interglacial (MIS5, about 120 ka ago), and 10.1
+ 0.1 °C in the MIS7 interglacial, approximately 200 ka ago. Un-
certainties of the §2H-derived temperatures were calculated using error
propagation with the following conditions: 8°H and §2H/T gradient
uncertainties are +£2%. and =+ 2.2%0 °C™., respectively, and the un-
certainties follow the Gaussian probability distribution. The average
propagated error for the entire dataset is 1.1 °C. We have to emphasize,
however, that the error propagation calculation is based on the
assumption that the uncertainties follow Gaussian probability distribu-
tion, which may not be valid for the isotope data and for the 5%H/T
gradient estimation. The +2%o uncertainty in the §2H values may itself
induce a temperature uncertainty of 0.5 °C, which can be considered as
the lowest limit of temperature error. Another source of uncertainty
derives from the estimation of the 8°H/T relationship, as there is no
information about the §2H/T variation on the multimillennial age scale.
However, the winter-based 2.2%o °C™! uncertainty is thought to be a
maximum value, as the annual values (based on larger datasets) have
much lower scatter, and the glacial-interglacial change are associated
with much smaller §°H/T variation (see above). The interglacial periods
(0-11 ka BP, 115-130 ka BP, 200-215 ka BP) yielded an average tem-
perature error of +0.6 °C, while glacial periods (108-115 ka BP,
130-200 ka BP, 215-227 ka BP in the present dataset) yielded an
average temperature error of 2.4 °C due to the large (up to 40%o) 5°H
shift from the present day drip water compositions.

To test if the 52H-derived temperatures are reliable, clumped isotope
analyses were performed on the ZEP-1 flowstone core, because it covers
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several glacial-interglacial periods (and thus large temperature ranges).
Additionally, unlike stalagmites, cave-hosted flowstones appear to yield
close-to-equilibrium A47 values (e.g., the Havasok cave tufa deposit that
was studied by Kele et al., 2015 and can be classified as a flowstone,
being a sheet-like, cave-hosted carbonate deposit formed on rock sur-
face). Also unlike stalagmites, whose carbonate is precipitated from
dripping water due to fast CO; degassing, flowstones are formed from a
water film flowing down on a rock surface. Thus, they are transitional
between stalagmites and subaqueous carbonate formations, the latter
yielding close-to-equilibrium clumped isotope values (Daéron et al.,
2019).

The topmost part (upper 2 mm) and a sample at 10 mm from the top
of the BNT-2 flowstone were measured for comparison. Based on the age
data of Demény et al. (2019), the topmost sample covered the last de-
cades based on radiocarbon activity measurements, whereas the sample
at 10 mm had an age of about 520 yr BP (Before Present). The A4y data
(see Table S3) were plotted as a function of 5°H-derived temperatures
(for the ZEP-1 samples and for the BNT-2/10 mm sample) and moni-
tored cave air temperature (for the topmost BNT-2 sample) in Fig. 4. The
ZEP-1 and the BNT-2 flowstone data scatter around the Jautzy et al.
(2020) equilibrium line, which indicates that the §°H-derived temper-
atures are realistic. Further evaluation of the clumped isotope data re-
quires the inspection of kinetic and equilibrium isotope fractionations,
as discussed in the following section.

3.4. Calcite-water oxygen isotope fractionations

As discussed, paleotemperature reconstructions using calcite oxygen
isotope compositions appear to be unreliable, yielding unrealistically
high and low temperatures. Secondary, post-formational diagenetic
processes can be excluded as a major cause, because cave environments
are isolated, stable in the geological time scale, and usually untouched
by exotic fluids that could change the isotopic compositions of the car-
bonates. In contrast, primary processes related to formation, such as
kinetic fractionations and changes in the physiochemical conditions, can
significantly influence the 5'®0 value of the precipitated calcite, with
both scenarios affecting the calcite-water oxygen isotope fractionation
(Dietzel et al., 2009; Watkins et al., 2014). Once the 6180CC value is

Fig. 4. A) Clumped isotope compositions (A4;) of

0.90 - B 3559 the ZEP-1 and BNT-2 flowstones as a function of
A 35 temperature. Temperatures are 5°H-based for the
g ZEP-1 samples and monitoring-based for the BNT-2
@ ,equilibrium” S 34.5 samples. Red dots: ZEP-1 samples with no detected
| X . 8 34 kinetic shift in 5'80 values. Pink dots: ZEP-1 sam-
0.85 O ,kinetic — ples with detected kinetic shift in 5'80 values. Blue
@ BNT-2 335 - dots: BNT-2 samples. Solid line: Jautzy et al. (2020).
Uncertainties: standard error for A4 data and error-
334 propagated standard deviation for the temperature
0.80 o 325 ‘ ‘ data. B) 1000-Ina(calcite-water) values vs. 1/K for
0.0035 0.00355 0.0036 samples measured for clumped isotope compositon.
; 1/K Solid line: Daéron et al. (2019); dashed line: the
< Daéron et al. (2019) curve +0.3%o. See text for de-
0.75 - ® ) tails. (For interpretation of the references to colour
— in this figure legend, the reader is referred to the
Jautzy et qf. (2020) — 00— ) web version of this article.)
L
070 { © ® )
@
O
0.65 T T T T T 1
5 6 7 8 9 10 11

Temperature (°C)



A. Demény et al.

measured and source-corrected (see above), and the 880y value is
calculated from the source-corrected hydrogen isotope compositions,
the calcite-water oxygen isotope fractionation is obtained and expressed
by 1000-Ina, where a = (*¥0/'%0)/ (**0/'®Owater). The 1000-Ina
values can be plotted as a function of §?H-derived formation tempera-
ture to understand the impact of kinetic effects and physiochemical
changes. The calculated 1000-Ina values and the 52H-derived tempera-
tures would be automatically correlated, if the 5'80,. data were con-
stant, with a slope of 0.63 °C™1. The ~25%o 5?H change observed for the
individual speleothems (Fig. 2) would correspond to a 8'80,yater change
of approximately 3%o, which is transferred to the 5'80,. data through the
calcite-water oxygen isotope fractionation. Changing the 580, values
would decrease the slope of the linear 1000-lno—temperature correlation
to reach an equilibrium calcite-water isotope fractionation. Deviations
from the equilibrial calcite-water 1000-lno—temperature relationships
may indicate kinetic fractionation or changes in physiochemical con-
ditions. Fig. 5 shows that the oxygen isotope compositions of the calcites
change, along with the §°H-derived éilsow.mr values, by about 7%, that
makes the automatic 1000-Ino—temperature correlation unlikely.

Fig. 6. shows calculated 1000-Ina values as a function of temperature
with a large spread, as well as with systematic distributions. Most of the
speleothems yielded positive 1000-Ina-1/T relationships, starting from
“equilibrium” values around the fractionation curve of Daéron et al.
(2019) and trending toward higher 1000-Ina values at lower tempera-
tures. This shift can be explained by the increasingly dry conditions
during cooling (see Demeény et al., 2017a for the Baradla Cave cases). A
reduction in the precipitation amount increases the chance of degassing,
evaporation, and Prior Calcite Precipitation along the karstic water
seepage route, leading to kinetic isotope fractionation and '80-enrich-
ment in the precipitated calcite (Riechelmann et al., 2013).

In contrast, the shifts to low 1000-lna with decreasing temperature
can be attributed to changes in the solution chemistry. The equation of
Kim and O’Neil (1997) was obtained in calcite-precipitating experi-
ments, applying higher pH values in the solution than are present in
modern-day conditions in the studied caves (Czuppon et al., 2018).
Studies on calcite-water oxygen isotope fractionation showed
decreasing 1000-Ina values with increasing pH (Watkins et al., 2014;
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Kluge et al., 2018). Glacial conditions, which are presumed for the ABA
flowstone (Koltai et al., 2017), produce low temperatures and reduced
soil CO5 production, leading to higher pH in the infiltrating solution.
This process may explain the negative shift observed in the 1000-lna
values obtained for the ABA flowstone (Fig. 6) toward the Kim and
O’Neil (1997) curve.

However, some of the ABA data are shifted toward even lower
1000-1Ina values. An additional explanation can be found in mineralog-
ical changes, i.e., in the extensive formation of ACC with low ACC-water
oxygen isotope fractionation (Demény et al., 2016b), which is preserved
in the recrystallized calcite (Demény et al., 2016a).

The observed positive 1000-lna-1/T trends (Fig. 6) have another
implication. The Daéron et al. (2019) curve is based on data from
extremely slowly growing carbonate (including the Devils Hole calcite
reported by Coplen, 2007) and therefore can be interpreted to be the
closest to equilibrium. Samples shifted from this equilibrium toward
higher 1000-1na values that exceed the analytical uncertainties (~0.3%.o,
Fig. 4B) may be regarded as kinetically influenced, and their data can be
excluded from the interpretations. The ZEP-1 data scatter on the A4y-
temperature plot (Fig. 4) is slightly reduced, when the kinetically
affected samples (pink dots in Fig. 4) are excluded. The “equilibrium”
samples are plotted close to the Daéron et al. (2019) curve indicating
that not only are the §?H-derived temperatures realistic, but also that the
calculated 1000-lna-temperature relationship can be used to filter the
samples to obtain more reliable clumped isotope data for cave-hosted
flowstones.

4. Conclusions

Speleothems spanning the last ~250 ka and various formation en-
vironments (stalagmite or flowstone) were collected from several caves
in Hungary, and the stable isotope compositions of calcites and
inclusion-hosted waters were determined for 156 samples. The data
were used in paleotemperature calculations based on three approaches.

i) Direct determination of calcite-water oxygen isotope fraction-
ation by measuring the §'80 values of calcite and inclusion water.
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Fig. 5. Calculated 5'80,,,; values (see text for calculation procedure) as a function of calcite §'80,. data (both in %o relative to V-SMOW). Speleothems are marked
as in Fig. 2. Linear regression calculation for the entire dataset yield an R value of 0.8.
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Fig. 6. A) Calcite-water oxygen isotope fractionation
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The §'%0 values of inclusion waters determined for Hungarian approach indicate that the calcite §'%0 values may have been
speleothems show an increasingly negative shift from the Global affected by syn- and post-formational processes, such as kinetic
Meteoric Water Line, with decreasing 52H values, which may be fractionation and late-stage isotope exchange. More data on
due to the combined effects of diagenetic alteration, mineralog- diagenetically altered speleothem formations and additional
ical changes, and preferential bonding of 80 to the calcite experimental studies are needed to decipher the background
structure. The strong 5'%0 shift precludes the use of direct calcite- processes.
water oxygen isotope measurement in paleotemperature iii) Calculation of ambient temperature from the hydrogen isotope

calculation.

ii) Calculation of water 5'%0 values from the hydrogen isotope
composition of inclusion-hosted water and global or local mete-
oric water lines, direct measurement of calcite composition, and
temperature calculation, using known fractionation-temperature
relationships. The unrealistic temperatures yielded by this

composition of inclusion-hosted water. This calculation requires
the local long-term composition-temperature relationship for
precipitation waters, the modern-day temperature, and the drip
water composition. The precision of the calculations depends on
the 8%H difference between recent drip water composition and
the actual period’s 8°H value (1%o increase corresponds to



A. Demény et al.

~0.2 °C calculated temperature rise), as well as on the knowledge
of the §%H/T gradient (1%o °C~! increase causes ~0.4 °C higher
calculated temperature). The composition-temperature relation-
ships were determined for the study area by collecting amount-
weighted annual and winter half-year mean 5°H values from
the Global Network of Isotopes in Precipitation and monthly-
gridded surface temperatures. Clumped isotope analyses of a
flowstone layer supported the inferred §?H-based temperatures.
The calculations yielded paleotemperature data for the last ~250
ka ranging from 1.1 + 4 °C (MIS6 glacial period) to 10.7 £ 0.3 °C
(Holocene). Future studies on potential changes in the §2H/T
gradient are needed to determine the degree of temporal 52H/T
variations and their effects on the paleotemperature calculations.
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