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Bevezetés és rovid osszefoglald

A Balaton-felvidéki Nemzeti Park igazgatdsaga altal 2022. janudr 11-én kiadott engedély (102-
2/2022) alapjan 2022. december 31-ig végeztlink kutatasi tevékenységet a Berger-barlang
jarataiban. Az engedély alapjan a 2022. februdr 17-én és 2022. julius 18-an sikerilt 4-4
résztvevével mintavételezést végezni. A résztvevSk: Berentés Agnes, Szilaj Rezsé (a barlang
kutatasvezetGje), Pulsfort Zsuzsanna, Borka Pal, Szabd Zoltan. A kutatdsi munka sordn viz és
karbonat mintavételezés tortént. Emellett 2022-ben a 2021-es mintavételezés soran nyert mintak
feldolgozasa, az adatok értelmezése tortént meg.

2022-ben a barlangi munkak alapvet&en a fizikokémiai paraméterek (hémérséklet, pH,
vezet6képesség, kémiai és stabilizotopos 0sszetétel) meghatdrozasat, valamint ehhez
Uveglemezek kihelyezését, juliusban a begytijtését, az ezeken kivalé karbonat, valamint a
benyujtott tervekben megadott és begyjtott karbonat mintdk elemzését céloztak. A 2022-ben
kapott eredményekbdl 1 kézirat elkésziilt, a Quaternary Research folydirat jelenleg biralja. A
kéziratot a jelentéshez csatoltuk, a Nemzeti Park engedélyére és részvételére hivatkoztunk mind a
szovegben, mind a készonetnyilvanitas fejezetében.

Az asvanytani/ geokémiai elemzések mellett a kordbbi mikrobiolégiai mintavételezéskor
beszerzett mintak DNS elemzése tortént meg kilfoéldi laboratériumban. Az eredmények
publikaldsa folyamatban van.

Tartalom:

A jelentés a kovetkez6ket tartalmazza:

1) Terepi dokumentdcié a 2022. februdr 17-i barlangi munkarol
2) Terepi dokumentacio a 2022. julius 18-i barlangi munkardl
3) A mikrobioldgiai kutatds eredményei

4) ,Subaqueous carbonate speleothems as paleotemperature archives— comparison of clumped
isotope and inclusion-based formation temperature determinations” — kézirat bekildve a
Quaternary Research folydirathoz




1) Berger Karoly-barlang

Titkok-tava és Nagy Langos két tavanak viz és karbonat mintazasa
Mintagydijtés ideje: 2022_02_17
Mintazast végezte: Berentés Agnes

Mintdzasnal jelen voltak: Szilaj Rezs6, Pulsfort Zsuzsanna, Szabd Zoltan

A Berger Karoly barlang ezuttal két védett tavahoz, a Titkok-tavahoz és a Nagy Langoshoz tértlink
vissza. A viz és leveg6 paraméterei mellett karbonatkivalasokat is gy(ijtottiink a tavak kornyékérdl,
valamint a karbondtképzG6dés intenzitdsanak vizsgalata végett tavanként 5-5 Uiveglapot is
kihelyeztiink, melyek egy része a viztlikor ald kerlt és sorba helyezve 6ket, 1-2 liveglap a viz szintje

felé is esik.

Berger Karoly-barlang
(Tapolca)

Vizlatos alaprajz

Felmérte és készitette:

Tapolcai Plecotus Barlangkutaté
Csoport 2012
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pH oc vez.kép | CO2(tf.%) | Mintaszamok Egyéb
(uS/cm) mintazasok
Bejaratban | - 17,1 - 1,02
mért
értékek
Titkok-tava | 7,569 19 943 0,77 Bg_Titkok- stabilizotop
tava_01 +nyomelem
+titrdlas
Nagy Langos | — 23,3 901 0,82 Bg NL/2_01 | stabilizotép
2-esté +nyomelem
+titrdlds
Nagy langos | — 24,3 919 0,82 Bg_NL/1_02 | stabilizotop
l-esté +nyomelem
+titralas

1. tdblazat: A mintazott tavak paraméterei. A pH méré elektréda a vizen vald atkelés vagy a
hideg m(iszerre lecsap6dd para folytan nedves lett, a Nagy Langosok pH értékeire hibas (sa-
vas) értéket adott. A Nagy Langos tavai a szdmozas szerint a Titkok-tava fel6l a 2-es, a keri-
I6at fel6l érkezve az elsé kapta az 1-es szamot.

Uveglap Mintavételezés tiszta liveglap |kihelyezés
szamozasa | helyszine sulya (g) idépontja | Megjegyzés
1| Titkok-tava 8,0309 2022 02_17
2 | Titkok-tava 8,1101 2022 02_17
3| Titkok-tava 8,0227 2022 02_17
4 | Titkok-tava 8,1929 2022 02 17
5| Titkok-tava 8,0331 2022 02_17
6 | Nagy Langos 2. t6 8,3043 2022 02_17
7| Nagy Langos 2. t6 8,2828 2022_02_17
8| Nagy Langos 2. t6 8,2735 2022_02_17
9| Nagy Langos 2. t6 8,2644 2022 02 17
10 | Nagy Langos 2. t6 8,2986 2022 02_17
A 2-es tohoz kozelebb
11 | Nagy Langos 1. t6 8,1362 2022 02_17 |esé részre helyezve




A 2-es tohoz kozelebb
12| Nagy Langos 1. t6 8,1860 2022_02_17|es6 részre helyezve

A 2-es tohoz kozelebb
13| Nagy Langos 1. t6 8,0541 2022_02_17|es6 részre helyezve

A 2-es tohoz kozelebb
14| Nagy Langos 1. t6 8,1203 2022_02_17|es6 részre helyezve

A 2-es tohoz kdzelebb
15| Nagy Langos 1. t6 8,3118 2022_02_17|es6 részre helyezve

A raftosabb részébe
16| Nagy Langos 1. t6 7,9043 2022 _02_17 | helyezve a ténak

A raftosabb részébe
17| Nagy Langos 1. t6 7,7091 2022 _02_17 | helyezve a ténak

A raftosabb részébe
18| Nagy Langos 1. to 8,1530 2022_02_17 | helyezve a ténak

A raftosabb részébe
19| Nagy Langos 1. to 7,8693 2022_02_17 | helyezve a ténak

A raftosabb részébe
20| Nagy Langos 1. t6 8,2655 2022_02_17 | helyezve a ténak

2. tdblazat. A tavakba kihelyezett liveglapok helye és sulya.

5 db Uveglap a Nagy Langos 2-es tavaban (1,5 db ér a viz szintje folé, 6-10-ig, lentrél felfelé
szamozott liveglapok keriltek ide).




Nagy Langos 1-es tava, bal kozéps6 részén az Giveglapokkal.

begyiijtés
mintaszam helyszin egyéb id6pontja
Titkok-tava felé menet, a
1|Bg_2022.02.17_01 f64gbdl atbujas utan 2022 02 17
2 |Bg_2022.02.17_02_asv. | Titkok-tava, viz feletti kivallas 2022 _02_17
3 |Bg_NL/2_kalc/01 Nagy Langos 2. tava 2022 02_17
vizszint alatti kis
4|Bg_NL/2_02/kalc. Nagy Langos 2. tava karbonatcsomé 2022 02 17
5|Bg_NL/2_03/kalc. Nagy Langos 2. tava plafonképz6dmény | 2022_02_17
Medenceujj
6|Bg_NL/1_02_asv/02 Nagy Langos 2. tava tormelékbdl 2022_02_17
Aragonitos jellegd,
agas-bogas minta
7 |Bg_NL/1_02_asv/03 Nagy Langos 1. tava a plafonrdl 2022_02_17
Medenceujj a
8 |Bg_NL/1_&sv/05 Nagy Langos 1. tava tormelékbdl 2022 02_17
aragonitos jelleg(
9|Bg_NL/1_&asv/06 Nagy Langos 1. tava tormelék 2022 02_17
3. tablazat: a begylijtott képz6dmények mintalistdja.




Bg_N L/2_kalc/01

Bg_NL/2_02/kalc. minta: Nagy Langos 2 tavanak vize aldl.




Bg_NL/1_asv/05 minta: Nagy Langos 1 tava melll tormelékbdl

Bg_NL/1_asv/06 minta: Nagy Langos 1 tava mellél, tormelékbdl



2) Berger Karoly-barlang

Titkok-tava és Nagy Langos két tavanak vizmintazasa, liveglemezek begyilijtése és kihelyezése
Mintagydijtés ideje: 2022_07_18
Mintazast végezte: Berentés Agnes

Mintdzasnal jelen voltak: Szilaj RezsG, Pulsfort Zsuzsanna, Borka Pal,

A 2022 februarjdban kihelyezett iveglapok begydjtése volt a cél a harom té partjardl, valamint az
ehhez kapcsolddod vizmintavételezések pH, vez.kép és vizhEmérséklet-mérés.

Az Uveglemezek begylijtése mellett a hosszu tavu karbonatkivalasi folyamat vizsgdlatara a kitlizott
helyekre Gjabb tveglemezek keriiltek.

pH oc vez.kép | Mintaszamok Egyéb mintazasok
(uS/cm)
Titkok-tava | 7,337 19,0 1022 Bg_Titkok- stabilizotép +nyomelem

tava_01/03 +titralas

+Ba(OH)2
Nagy 7,383 22,8 951 Bg NL/2_02 | stabilizotép +nyomelem
Langos 2-es +titrdlas
to

+Ba(OH)2
Nagy langos | 7,408 24,3 982 Bg NL/1_02 | stabilizotédp +nyomelem
l-esté +Ba(OH)2

4. tablazat. A tavakbdl gyjtott vizmintdk és elvégzett mérések.




Titkok-tavdba helyezett iveglapok begy(ijtés el6tt (1-5-ig)

A Nagy-langos 2-es tavaba helyezett lUveglapok begytijtés el6tt (5-10-ig).

A Nagy-langos 1-es tavaba helyezett liveglapok begytijtés el6tt (16-20-ig)

10



4) A mikrobioldgiai kutatas eredményei
Lange-Enyedi Nora Tiinde, Makk Judit

A barlangban eziddig nem tortént vizsgalat a mikrobialis diverzitds széleskor( feltarasara. A
baktériumkozosségek biogeokémiai folyamatokban vald részvételét szeretnénk tanulmanyozni.
Célunk a Berger Karoly-barlangban a mikrobialis tevékenység és a karbonatképz6dés
Osszefliggéseinek feltarasa, amit korabbi, 10 °C-os léghémérséklet(i epigén barlangi kutatasok soran
sikerdlt kimutatni (Enyedi et al., 2020). Azokhoz képest a barlang a regiondlis dramlasi rendszerekbdl
szarmazo vizek és a meteorikus vizek a keveredési korrézié hatdsara alakult ki a varos alatt 12-15
méter mélyen (Mdga és mtsai, 2013). A tavak hémérséklete 20-30 °C, a barlang levegdje is melegebb
(13-16,5 °C) a hazai barlangi viszonyokhoz képest és a felszin alatti vizek fejl6édésének megfelel6en

magasabb szulfat- és klorid-koncentracidval jellemezhetéek (Szilaj, 2006; 2011).
Eredmények

A 2020. szeptember 5-én, oktéber 1-jén és 26-an torténd mintavétel sordn vett mintak
feldolgozasa tértént meg ezidaig. A mintdkat Berentés Agnestdl kaptuk meg, melyek a kivalasok
feltletérdl szarmazé kenetmintak és barlangi talajmintak az Almok-termébdl, a H6forras-terembdl
(Babahasadék), a Husvét-terembdl, az Imagéd-terembdl és a Nagy-tavak kornyékérdl szarmaztak.
Kaptunk kenetmintat logomitok melletti terlletrél a Zdzda utan, illetve vizmintakat a Meleg-terem
utdn, az 1. szamu Nagy-tébdl, az Almok-termébél, a Hasadék-terem savas és nem savas tavakbdl,
valamint feltehet6en vas-oxidos mintat a Nagy-tavak el6tti tertletrdl.

A bakteridlis kozosség elemzését a mintakbdl kivont kozosségi DNS 16S rRNS-gén V3-V4
régidjanak Uj-generdciés bazissorrend meghatarozasaval (lllumina MiSeq platformon, Michigan
State University) végeztiik (Téth et al., 2020). A bioinformatikai kiértékelés (mothur v1.44.3) az ELKH
ATK martonvasari szerverén tortént, melynek soran mindségi szlirést végeztlink, kiszlrtiik az
amplifikacios és szekvenalasi hibakat, a kiméra szekvencidkat és a szingleton szekvencidkat (Schloss
et al., 2009). A szekvencidk illesztése az SILVA Release138 SSU NR referencia adatbazis segitségével
tortént (Quast et al., 2013). Az OTU-k (operativ taxondmiai egységek) megallapitdsa 97%-0s
szekvencia hasonldsagi kiiszobnél tortént (Tindall et al., 2010). A sikeresen megvizsgalt mintdkat

tartalmazza az 5. tdbldzat.
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5. tdblazat: A Berger-barlangbdl (BG) 2020-ban mikrobiolégiai vizsgalatok céljara vett mintak.

Mintaszam !Vlm,t a Helyszin Minta fiytlutes °C pH Vez.kép.
jelzés ideje
Bg_Al_01 BGAC Almok-terme kalcittlk kornyékérdl kenet 2020.09.05 27,2 7'737 953
Bg_Al_02 BGAW Almok-terme té viz 2020.10.26
BGBS Babahasadék, savas tava homokos talaj 2020.09.05 31,4 6,7 r:;acts
Bg Sav_01 vizkozeli visszaoldott feliletrdl
BGBC Babahasadék, savas tava 2020.09.05
kenet
Bg_Sav_02 BGBW Babahasadék, savas tava | viz 2020.10.26
Bg NS 02 | BGBNW ?aavk;ahasadek nemsavas i 2020.10.26
Bg_NS_CS_01 | BGBNC2 f:vk;ahasadek NeMSavas | seppkérél mikrobi. kenet. 2020.10.26
BGHS Husvét-terem homokos talaj 2020.09.05 18,8 7,18 875
Bg_H1_01
BGHC Husvét-terem kalcittlk kornyékérdl kenet 2020.09.05
Imago_01 | BGIR Imég6-terem karbondtosodott gyokerek és 2020.09.05 X X X
kalcitlemezek
Bg_Log_01 BGL Logomitok a Zuzda utan logomitokrol feluleti kenetminta 2020.09.05 X X X
BGCW Meleg-terem utan viz 2020.10.01 18,8 7,22 579
Bg_Cl_01
BGC Meleg-terem utén kalcit kenet 2020.10.01
Bg_g 01 BGG Nagy tavak el6tt vas-oxidos darabka 2020.10.01 X X X
BGNW 1.sz. Nagy-to viz 2020.10.01 21,1 7,17 974
Bg_Nt 01 8
BGNS 1.sz. Nagy-to talaj 2020.10.01

A kilénb6z6 mintdk baktériumkozosségének elemzése sordn kapott eredmények mennyiségi

jellemzdit a 6. tdbldzat foglalja Ossze.

6. tdblazat: A 16S rRNS-gén amplikon szekvendlassal kapott bakteridlis OTU szamok és diverzitas
indexek. Az indexek esetében dbrazolt értékek az adathalmaz Ujramintavételezésének atlagértékei
15684 (Bacteria) és 5824 (Archaea) szekvencia alapjan. A lefedettség értékek a Good-féle
lefedettség becslé index alapjan lettek szamitva.

. . . . Shannon- Inverz Simpson
- 0,
Minta Csoport Szekvenciaszam OTU-szam | Lefedettség (%) index index (1/D)
BGAC Bacteria 32939 590 100,00% 2,44 4,72
Bacteria 22037 1104 100,00% 4,29 20,98
BGAW
Archaea 5824 107 99,98% 3,26 13,4
Bacteria 22170 777 99,99% 4,45 29,01
BGBC
Archaea 21358 152 100,00% 2,36 4,16
BGBNC2 Bacteria 43285 545 100,00% 3,22 13,04
BGBNW Bacteria 45855 472 100,00% 3,86 9,90
Bacteria 24384 575 100,00% 3,28 6,11
BGBS
Archaea 23141 225 100,00% 3,22 14,5
BGBW Bacteria 35025 109 100,00% 1,94 3,57
Bacteria 29979 492 100,00% 2,29 2,93
BGC
Archaea 19176 89 100,00% 2,28 5,78

12



BGCW Bacteria 29795 1148 100,00% 5,43 42,39
Bacteria 17470 477 100,00% 4,50 36,29
BGG
Archaea 28094 118 100,00% 2,56 7,53
Bacteria 36797 466 99,99% 2,10 3,65
BGHC
Archaea 32946 127 99,99% 2,51 6,98
BGHS Bacteria 35809 1140 100,00% 5,57 87,50
Bacteria 24675 566 100,00% 3,31 7,96
BGIR
Archaea 22776 177 100,00% 2,45 5,35
BGL Bacteria 62876 1119 100,00% 2,91 6,39
Bacteria 15684 536 100,00% 4,74 41,41
BGNS
Archaea 28527 176 100,00% 2,90 9,93
Bacteria 22025 363 100,00% 2,50 4,77
BGNW
Archaea 15815 188 99,98% 1,62 2,74

6.tdblazat folytatdsa

Az eredmények alapjan a szekvenciak szama a Bacteria doménben megfelel6 lefedettséget adott
a bakteridlis diverzitas feltardsdahoz az &sbaktériumokkal szemben, melyekb8l esetenként
elhanyagolhaté mennyiségl szekvencidt tudtunk kimutatni. A mintdk diverzitdsa valtozatosan
alakult, a kilonb6z6 mintdk diverzitdsa nem volt hasonlé a Bacteria és az Archaea doménben (6.
tablazat).

A Bacteria doménbe tartozé baktériumkodzosségek jelent6sen kiilonboztek mas hazai epigén
karsztbarlangok baktériumkozosségeitél, mely feltételezhet6éen a barlang mélységébdl,
hémérsékletébdl és a részleges hévizi eredetbdl adddhat (1. dbra). A mintdkban fGként a
Proteobacteria torzs tagjai voltak jelen a legnagyobb mennyiségben. Oket kovették abundancidban
az Actinobacteria torzs tagjai, melyek f6ként a logomit felliletén (BGL) alkottdk jelentds hanyadat a
baktériumkozosségnek, illetve a Firmicutes kiilondsen a kalcitos mintak feliiletén volt nagy
mennyiségben (BGL, BGAC, BGBC). A vas-oxidos minta (BGG) jelentGs mértékben kilonbozott a
tobbi mintatdl, nagyszamu Myxococcota és Methylomirabilota torzsekbe tartozé szekvenciaval. Az

egymashoz kozelebbi mintavételi helyek baktériumkdzdsségei mutattak hasonldsagot.
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1. dbra: A Berger Karoly-barlangbdl 16S rRNS-gén Ujgeneraciés amplikon szekvenadlassal kimutatott
baktériumkozosségek megoszldsa a mintdk kozott A) torzs, B) nemzetség szinten. Jelmagyarazat:
unc. (uncultured) — azonositatlan.

A barlangi mintak mélységi eredetiiknek megfelel6en nagy mennyiségl, a tudomany szdmadra
még ismeretlen baktériumcsoport jelenlétérdl is tanuskodtak. Szamos OTU ismeretlen nemzetség
vagy magasabb rendszertani kategoria képviselGje, kiilonosen az Archaea doménen beliil (2. dbra),
a Bacteria doménen beliil a vizmintakban (BGCW, BGNW; 1. dbra). A legtébb azonositott Bacteria
doménbe tartozd nemzetség ismert képviselGi aerob kemoorgano-heterotréf, koztiik komplex
szerves anyagok (kitin, celluldz, lignin) lebontdsara képes baktériumok, pl. Pseudomonas és
Acinetobacter spp. tagjai egymashoz képest forditott abundanciaval. Szamos kalcium-karbonat
kivalasztdsdra potencialisan képes baktériumot sikerilt kimutatni (pl. Pseudomonas, Bacillus,
Acinetobacter, Pseudarthrobacter, Exiguobacterium, Cupriavidus spp.), valamint a BGBS mintaban
nagyobb szdmban intracellularis kalcium-foszfat precipitaciéra is képes Ramlibacter nemzetség
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kdzel rokonait (Benzerara et al., 2004). A barlangokban gyakran el6forduld, viszonylag alacsony

szerves anyag tartalom miatt megjelené oligotrof (pl. Brevundimonas sp.), kemolitotrof autotrof

baktériumok (pl. Hydrogenophaga sp., 1. dbra) és ammania-oxidald sbaktériumok (Crenarchaeota

torzs: Nitrosarchaeum sp., Candidatus Nitrososphaera, Candidatus Nitrosotalea, Candidatus

Nitrosotenuis) is jelen vannak (2. dbra), melyek képesek lehetnek a barlangi kérnyezetben szén- és

nitrogén-korforgalom fenntartdsara és a biofilmek alapjat képezhetik.
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2. dbra: A Berger Karoly-barlangbdl 16S rRNS-gén Ujgeneracids amplikon szekvendlassal kimutatott

Gsbaktérium kdzosségek megoszldsa a mintak kozott A) torzs, B) nemzetség szinten.
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Abstract

Clumped isotope measurements of carbonates and stable isotope analyses of water trapped
in fluid inclusions are both promising techniques to determine carbonate formation
temperatures. Cave-hosted carbonate deposits (speleothems) would be excellent targets for
such studies, but kinetic fractionations and diagenetic influences frequently deteriorate the
temperature data obtained with these methods. However, subaqueous carbonate deposits
may provide reliable data as kinetic fractionations are less significant in underwater
environment. In the present study subaqueous carbonate formations were investigated,
whose formation temperatures were i) directly measured in the water, or ii) calculated using
host carbonate and inclusion water compositions. We have also investigated the effect of

sample preheating conditions to provide the most reliable inclusion water compositions. Our
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study shows that subaqueous carbonate speleothems are useful targets for clumped isotope

and inclusion water analyses, and therefore they are valuable paleotemperature archives.

Keywords: subaqueous carbonate, speleothem, clumped isotope composition, stable

isotope compositions, fluid inclusion, formation temperature

Introduction

Carbonate speleothems (called speleothems from here for the sake of simplicity) are
attractive subjects of paleoclimate research as they can be dated with absolute dating
methods, they are formed in closed cave environments that prevents them from significant
late-stage alteration, and they provide various proxy data from which past climate
conditions can be deciphered (see the comprehensive review by Fairchild and Baker, 2012).
The age and proxy datasets are used to determine changes in temperature, humidity,
precipitation amount, seasonal variations, moisture transport routes, and even
meteorological teleconnections (e.g., Lachniet, 2009). On the other hand, quantitative
determination of climate conditions are rather difficult as the proxy data are usually not well
calibrated with respect to meteorological parameters, and the validity of recent calibrations
in the geological past is questionable. A typical example is stable oxygen isotope composition
(6*80) of speleothems, which is basically determined by the formation temperature and
water composition together (e.g., O’Neil et al., 1969; Coplen, 2007; Tremaine et al., 2011),
and hence water composition should be known to calculate formation temperature. A
solution may be provided by the direct measurement of water composition by extracting
inclusion-hosted H20 and its 680 determination. Conventionally the *20/®0 ratios were

analysed in the extracted H,O by mass spectrometry that required CO,-H,0 equilibration in
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micro-sealed vessels (Socki et al., 1999) or reaction of H,O with fluorine compounds (O’Neil
and Epstein, 1966) in case of speleothem-hosted inclusion waters (Yonge, 1982). These
methods are rather complicated or dangerous, hence the new techniques of using a high-
temperature conversion elemental analyzer attached to a mass spectrometer, or the
application of laser spectroscopy — that allows direct and combined determination of 2H/*H
and 80/*€0 ratios in H20 vapor — induced a revolution in fluid inclusion stable isotope
analyses (Vonhof et al., 2006; Dublyansky and Sp6tl, 2009; Arienzo et al., 2013; Affolter et
al., 2014). With both of the 6*80water and 8*80carbonate Values in hand and with the knowledge
of the temperature dependence of calcite-water oxygen isotope fractionation in
speleothems (Coplen, 2007; Demény et al., 2010; Tremaine et al., 2011; Johnston et al.,
2013; Daéron et al., 2019), the formation temperature might be calculated. However,
although some speleothems yielded reliable temperature data, some studies have dealt
with only 82H values, owing to diagenetic alterations that changed the original oxygen
isotope compositions in the inclusion-hosted water (Demény et al., 2016; 2021; Affolter et

al., 2019).

With the invention of clumped isotope analyses and the discovery of temperature
dependence of preferential bonding (,,clumping”) of 3C and 80 (Ghosh et al., 2006), direct
determination of carbonate formation temperature without the need of water composition
became possible. Experimental (e.g., Jautzy et al., 2020), empirical (e.g., Kele et al., 2015),
and combined (Anderson et al., 2021) calibrations of temperature dependence of clumped
isotope compositions (As7 values, the deviation of actual abundance of 3C'80%0 from the
thermodynamically determined stochastic distribution, Eiler, 2007) provide equations to
calculate paleotemperature simply using measurements of As47 values. However,

speleothems rarely yielded reliable formation temperatures (e.g., Meckler et al., 2015; Duan
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et al., 2022) due to kinetic fractionations along the karstic water migration routes, on the
stalagtite surfaces, and finally on the drip water arrival point on the stalagmite tips
(Deininger et al., 2021). Nevertheless, speleothems that formed at very low growth rate (i.e.,
reaching dynamic equilibrium between the carbonate and the solution) and under water
(i.e., preventing fast release of CO; during carbonate precipitation) can potentially represent
carbonate deposits that would provide reliable clumped isotope temperatures as
demonstrated for the Devils Hole and Laghetto Basso calcites by Daéron et al. (2019).
Additionally, travertines that although precipitated from strongly degassing solutions, but
under water cover seem to form in clumped isotope equilibrium (Kele et al., 2015), in
contrast with stalagmite carbonate, which is precipitating from a thin solution film that

rapidly releases CO,.

In this study we collected speleothem carbonates that were formed in cave-hosted
lakes, and gathered flowstone and travertine (both formed from flowing water) samples,
determined their clumped isotope compositions, and compared the As;—based temperatures
with temperature data yielded by stable isotope analyses of inclusion-hosted water. In order
to obtain reliable inclusion-based data, this study discusses the effects of incomplete
removal of absorptively bound water or extraction of sample water. Finally, the study shows

that subaqueous carbonates can provide reliable paleotemperature archives in cave settings.

Cave locations and samples

The Nagy-tufa flowstone deposit is formed in the Béke Cave, Northern Hungary (N 48° 27"
39”, E 20° 32' 34”). A detailed description of the cave site and the flowstone formation is

given in Demény et al. (2016). A core (BNT-2) was drilled from the flowstone and the BNT-2
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top sample was gathered from the youngermost surface. The cave temperature was 10.0 °C
in the period of 2013-2015, preceding the collection date, hence this sample represents the

low-temperature cave environment among the studied materials.

Thermal karst environments are represented by the Berger Cave in Western Hungary
and the Molndr Janos Cave in Budapest, Central Hungary. The Molnar Janos Cave (N 47° 31’
05”, E 19° 02’ 09”) contains a large underground lake, whose temperature is 23 1 °C, its pH
value is about 7.0, the 880 value is —10.8 %o (Virag, 2018). Calcite rafts were collected from
the Szt. Lukacs shaft that were formed on the water surface and deposited on the bottom. A
special carbonate formation, morphologically resembling a volcano (hence called
,Vulkanok”, ,volcanos”, Virag, 2018) were also collected. The cca. 20 cm large, cone-shaped
carbonate deposits (Fig. 1) have central chimneys, representing orifices of thermal water
emanations into an underground lake. The carbonate cones are made of coarse grained
calcite with abundant fluid inclusions (Fig. 1). The fluid inclusions are arranged in growth
zones within isometric calcite crystals, and hence can be regarded as primary. A travertine
calcite deposit was collected at the orifice of Szent Lukdcs well IV. The water temperature is

51.0 °C, the pH value is about 7.0, the 60 value is -11.7 %o (Virag, 2018).

The Berger Karoly Cave is situated in an urban environment, under the settlement of
Tapolca (N 46° 53’ 14”, E 17° 26’ 30”). The cave is strictly protected, only experts can enter
with the permission of the Balaton-felvidéki (the area north of Lake Balaton) National Park.
The cave was discovered releatively recently in 2022, the total length of shafts reaches about
2 km. The cave is a thermal karstic cave with abundant carbonate deposit decorations on the
walls, and several lakes, with thick calcite deposits (Fig. 1). The calcite deposits and local

physico-chemical parameters (water temperature, pH, chemical compositions) of two lakes
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(Langos and Titkok tava lakes) were investigated from 2020 to 2022, but only on 6 occasions
due to the restricted access of the lake chambers. The lakes are situated about 500 m away
from the artificial entrance. The Langos Lake’s and The Titkok tava lake’s water temperatures
were 24.3 +0.1 and 19.1 £0.1 °C, respectively, in 2022 February and July, both lakes had pH
values of 7.4 +0.1. 5x5 cm glass plates were placed just above and below the water levels
(Fig. 1) in February 2022 that were collected in July 2022. Visible carbonate deposition was
observed on the glass plates placed in the Ladngos lake, from which plate #17 yielded enough
carbonate to study. Drill cores were collected from the lake carbonate deposits at two
locations in the Titkok tava and the Langos lakes. Both cores were analysed at two sampling
points (Fig. 2A), as well as at the top where a carbonate crust was detected (L-top and T-top
for the Langos and the Titkok tava, respectively) (Fig. 2). Fluid inclusions are usually primary,
scattered within isometric calcite crystals, are distributed in growth zones (Fig. 2B). The
carbonate crusts formed at the top of the drill cores are about 1 mm thick (Fig 2C). The
Langos core’s top crust contains needle-like crystals at its base, covered by isometric crystals

(Fig. 2D).

Methods

Petrographic analysis was conducted using a Nikon Eclipse E600 POL optical microscope on
polished thin (~100 um) sections. The determination of mineral compositions of carbonate
crusts was carried out using a Rigaku D/Max Rapid Il diffractometer, which was operated
with CuKa radiation at 50 kV and 0.6 mA. In situ analyses on a polished thin section surface
were conducted using a 100 um collimator. A built-in CCD camera was used to select the

measurement areas. The IP was read by a laser scanning readout system in approximately 1
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min. Acquisition time for each measurement was set to 5 minutes. 2DP RIGAKU software
was used to record the diffraction image from the laser readout, allowing the operator to
determine the area to integrate for a 20 versus intensity plot. This plot was read into the

RIGAKU PDXL 1.8 software for data interpretation.

Clumped stable isotope analyses of carbonates were carried out at the Isotope
Climatology and Environmental Research Centre (ICER), Institute for Nuclear Research
(ATOMKI), Debrecen. The analysis of carbonate samples was performed on a Thermo
Scientific™ 253 Plus 10 kV Isotope Ratio Mass Spectrometer (IRMS), after phosphoric acid
digestion at 70 °C using a Thermo Scientific Kiel IV automatic carbonate device. 100-120 pg
aliquots of each carbonate sample measurement was replicated at least 8-12 times and
measured alongside carbonate standard samples. ETH1, ETH2, and ETH3 were used as
normalization standards, and IAEA-C2 was used as monitoring sample to determine the long-
term reproducibility of the instrument. Simultaneously with the clumped isotope analysis,
conventional carbonate stable isotope composition was also determined on the same
samples. Negative background, which is caused by secondary electrons on higher faraday-
cup detectors, was corrected by application of the pressure-sensitive baseline (PBL)
correction (Bernasconi et al. 2013) on all the raw beam signals. Peak scans at 5 different
intensities were used for PBL correction algorithm which is implemented in Easotope
Software (Release 20190125, concept by Cédric John, programmed by Devon Bowen) (John
and Bowen, 2016). The corrected data was exported into a csv file for further data
processing. Data evaluation, standardization, and analytical error propagation of As;
clumped-isotope measurements was carried out with D47crunch python software (Daéron,
2021) using the revised IUPAC parameters for 7O correction (Baertschi, 1976; Gonfiantini et

al., 1995; Meijer and Li, 1998; Assonov and Brenninkmeijer, 2003; Brand et al., 2010;
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Bernasconi et al., 2018, Daéron et al., 2016; Schauer et al., 2016). A47 results are given in the
I-CDES90 scale (Bernasconi, et al. 2021), and apparent temperatures in °C were calculated
based on the As7-temperature calibration from Anderson et al. (2021), with temperature

uncertainties propagated from the 1o standard error (SE) of the A47 value.

Stable hydrogen and oxygen isotope compositions of inclusion-hosted water were
determined following the procedure of Demény et al. (2016). Sample chips (2-5 mm pieces)
of about 1-2 g were crushed under vacuum in 10 mm outer diameter stainless steel tubes,
the extracted H,O was purified by vacuum distillation and the H,O was introduced into a
liquid water isotope analyzer model LWIA-24d (Los Gatos Research Ltd.). The H,O amount
was calibrated by injecting known water amounts. Corrections for measurement drifts,
amount effects and memory effects were conducted using three laboratory water standards
as described by Czuppon et al. (2014). The isotope compositions are expressed as 6°H and
5180 values in %o, relative to V-SMOW. The estimated analytical accuracies are about +05
and *2 %o for 8'80fi (where ,fi” means ,fluid inclusion”) and 6%H values, respectively (see
Demény et al., 2021). The present study investigated the effects of sample pre-heating and
extraction heating in details. In the laboratory of the IGGR the speleothem samples are
heated to 80 °C in order to remove absorptively bound water (Demény et al., 2016). In the
present study chips of a ~ 50 cm thick hydrothermal calcite vein (VK7) collected from a
Triassic limestone quarry (Tatabanya, W. Hungary; see Fig. 3 for optical microscopic fabrics)
were measured with various pre-heating conditions before crushing: (1) 80 °C under vacuum
for 2 hours; (2) 2 hours at 50 °C in an oven, 5 min vacuum pumping, flush with He at 80 °C for
15 min; and (3) flush with He at 80 °C for 15 min. In all cases H,O extraction was done by
heating the sample to 120 °C for 5 min with continuous trapping at liquid nitrogen

temperature (Demény et al., 2016). Some extraction lines are kept in an oven with the same
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pre-heating and extraction temperatures, hence the effect of low-temperature extraction at
80 °C was also investigated, and experiments (1) and (2) were repeated with 80 °C extraction

temperature (experiments 1’ and 2’, respectively).

Results and Discussions

Effects of incomplete H,O removal or extraction

As Verheyden et al. (2008) detected, some speleothem samples show inclusion
decrepitation at 100 °C (which otherwise would be needed to achieve 100% sorption water
removal). The effect is especially strong when the speleothem sample abundantly contains
large inclusions (e.g., sample CSB of Fig. 3) that cannot survive heating above 80 °C. Apart
from the H,0 content decrease, the remaining H,O may be fractionated by the preferential
removal of light isotopes, resulting in an evaporation-like §°H-680 distribution. In order to
avoid partial decrepitation, Demény et al. (2016) decided to use pre-heating at 80 °C.
However, most laboratories dealing with inclusion-hosted water isotope analyses apply >100
°C pre-heating (115-120 °C: Dublyansky and Spo6tl, 2009; Arienzo et al., 2013; Dassié et al.,
2018; de Graaf et al., 2020; Warken et al., 2022; Weissbach et al., 2023; 130 °C: Vonhof et
al., 2006; 140 °C: Affolter et al., 2014; 2019) in a He (e.g., Vonhof et al., 2006; Dublyansky
and Spotl, 2009) or in N3 flow (e.g., Arienzo et al., 2013). The removal of sorption water is
monitored by recording water signals in a mass spectrometer or in a laser spectroscope.
Czuppon et al. (2014) and Demeny et al. (2016) used a different approach, the samples were
heated only to 80 °C, but pumped to a high vacuum for 2 hours reaching a constant vacuum
of 1073 mbar. The analytical accuracy was tested by analysing speleothems with known

isotopic compositions (Demény et al., 2021), suggesting that the long vacuum pumping
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technique is effective enough to remove sorption water. The inevitable drawback is the
analytical throughput, which is certainly higher for the short-time 120 °C flushing method.
However, if other systems are changed to this low-temperature heating with short-time
inert gas flushing in order to avoid decrepitation, the effect of incomplete H,O removal has
to be determined. On the other hand, some extraction lines are placed in ovens (e.g.,
Affolter et al., 2014; Weissbach et al., 2023), whose temperature is not easily adjusted to
higher temperatures required for the sample H,O extraction. Hence, the effect of

incomplete H,0 extraction was also investigated.

The results of pre-heating and extraction temperature experiments are shown in Fig.
4. Firth the pre-heating effect is discussed when after-crushing extraction was conducted at
120 °C. The experiment with 80 °C pre-heating under vacuum (experiment 1) yielded 6?°H=—
61.8 +1.8 %o and 680s=—7.6 +0.1 %o (n=4). The experiment with 2 hours in a 50 °C oven,
followed by 5 min vacuum pumping and He flush for 15 min at 80 °C (experiment 2) resulted
in a large scatter, some results matching the data of experiment 1, some others shifted in
negative 680 direction. Experiment 3 was conducted only with 15 min He flushing before
crushing and yielded 6%H and 680y values negatively shifted (—63.3 +3.0 and —=8.7 +0.4 %o,
respectively) with increased scatter. These observations indicate that the 15 min 80 °C He
flushing did not remove the absorptively bound water that originated from the local

moisture, and the 2 hours vacuum pumping or longer He flushing is needed at 80 °C.

The effect of low extraction temperature was investigated by repeating experiments
1 and 2 but with heating to 80 °C after crushing and during H;O collection. The rationale is
that if the extraction line is held in an oven with constant temperature and pre-heating is

conducted at 80 °C, then extraction may also be done at this temperature. Experiment 1’ (2
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hours pumping and extraction at 80 °C) yielded altered §%H (—62.2 +7.7 %o) and 6805 (—9.8
+0.3 %o), strongly shifted from the results of experiment 1 (Fig. 4). Experiment 2’ (50 °C oven,
5 min vacuum, 15 min He flush, and extraction at 80 °C) yielded §2H and 680y values close
to the shifted ones of experiment 2. These data indicate that a part of the sample water
remained on the freshly crushed calcite surface, and molecules enriched in light isotopes are
preferentially extracted. As a conclusion, it is suggested that either the samples are pumped
or flushed for a longer time at 80 °C, but the extraction has to be done at >120 °C, or the
samples’ behavior during >100 °C flushing has to be carefully monitored in order to detect
sensitive samples, whose heating may alter the isotopic compositions. Inclusion
petrographic studies prior to isotope analyses are also suggested to detect samples with
large, and hence decrepiation-sensitive inclusions. However, the present study and the
earlier comparisons of samples with known isotopic compositions show that the 80 °C

vacuum pumping method can effectively remove sorption water and yield reliable results.

Clumped isotope temperatures vs. measured or inclusion-based temperatures

The most straightforward test of clumped isotope based temperature determinations is the
comparison with measured formation temperatures of recently formed calcites (e.g., Kele et
al., 2015). The results of the present study are listed in Supplementary Table 1. The Nagy-
tufa flowstone deposit (sample BNT-2 top) of the Béke Cave yielded a As7 value of 0.6383
+0.0094 %o (I-CDES90°C, Crunch, +1SE, as all A47 data in the followings) that corresponds to a
formation temperature of 10.3 +2.7 °C using the Anderson et al. (2021) calibration (applied
for all A4z temperatures in the followings), as compared with the measured cave

temperature of 9.8 °C (Czuppon et al., 2018). The calcite rafts formed at 23.2 °C on the lake
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surface of the Molnar Janos Cave (sample M3) yielded A47=0.5855 +0.0088, corresponding to
27.1 3.1 °C. The third occurrence was a travertine deposit formed at the orifice of the
Lukacs IV thermal well at 51.0 °C (sample M2) that yielded a A7 value of 0.5295 +0.0083 %o,
corresponding to 48.7 £3.5 °C. These data are plotted in Fig. 5 that shows the clumped
isotope based temperatures as a function of measured or inclusion-based temperatures. The
three samples with measured formation temperatures define a linear correlation that fit the
1:1 line within the analytical precision. Hence the applied clumped isotope technique and

the sample selection approach are appropriate for further evaluation.

The drill core samples collected in the Berger Karoly Cave were studied in details as
the glass plates placed under water and the uppermost surfaces of drill cores are covered by
actively forming carbonate crust (Fig. 2C), hence their compositions can be directly
compared with monitoring data, and as the drill core calcites contain abundant primary fluid
inclusions (Fig. 2B), whose water content could be analysed for stable H and O isotope
compositions. Glass plates placed under water on the carbonate deposit in both lakes
seldom contained enough carbonate to analyse, but plate #17 provided enough calcite
(tested by XRD measurement). The plate #17 calcite yielded a As7 value of 0.6046 +0.0145 %o
(20.7 £4.7 °C), close to the measured water temperature (24.3 °C). The carbonate crust of
the Titkok Tava (sample T-top) is made of 100% calcite, whereas the carbonate collected
from the Langos drill core’s top (sample L-top) for clumped isotope analysis contained
aragonite detected by powder XRD analysis. As Figs. 2C and D show, the carbonate crust
starts with a layer of needle-like crystals, and then it is covered by isometric crystals. Micro-
XRD analyses proved, that the needle-like crystal layer is aragonite, and the covering
carbonate is calcite. The L-top sample collected for clumped isotope analysis was a mixture

of the two carbonates (approximately 35% calcite and 65% aragonite). However, the As7
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temperature (19.5 +3.3 °C) is close to the measured water temperature of the lake (24.3 °C),
indicating that the presence of aragonite does not affect the clumped isotope temperature
determination. This is in agreement with the results of de Winter et al. (2022), who found
that aragonite and calcite behave similarly in terms of clumped isotope geochemistry. The
carbonate crust of the Titkok Tava drill core (T-top) is made of calcite and its As7 temperature
(23.8 £3.4 °C) is also close to the measured water temperatures (19.1 °C). These data are

plotted in Fig. 5, fitting the 1:1 line within the analytical uncertainties.

Apart from the measured water temperatures, the As7 temperatures can be
compared with inclusion-based data. The Langos and Titkok drill cores were sampled at two
points (samples L1, L2, T1, T2), the 6?H and &80 values were determined in duplicates
(Supplementary Table 1). Formation temperatures were calculated using average 860+
values, 880 data, and the calcite-water oxygen isotope fractionation equation of Johnston
et al. (2013). The reason of selecting the Johnston et al. (2013) equation was that the 680
value of the L-top calcite and the lake water yielded 22.9 +0.5 °C using the Johnston
equation close to the measured lake water temperature (24.3 °C), whereas other equations
yielded lower (20.0 °C, Friedman and O’Neil, 1977) or higher (26.6 °C, Daéron et al., 2019)
temperatures. The average A4z temperatures of the L1-L2 and T1-T2 samples are 24.7 +2.0 °C
and 20.4 +4.1 °C, respectively, which values are equal to the present day water
temperatures (24.3 and 19.1 °C, respectively) within the analytical uncertainties. The data
were plotted also in Fig. 5 as a function of inclusion-based temperatures. The good
agreements of As7 and measured water temperatures, and the good fit to the 1:1 line in Fig 5
indicate both a long-term temperature stability in the cave and that the subaqueous calcites

work well for both the clumped isotope and the inclusion isotope studies.
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The ,Vulkanok” sample provides a fossil example of subaqueous carbonates. The
inclusion-hosted water was analysed along with the A4z measurements and the calculated
temperatures are plotted in Fig. 5. The inclusion-based temperature (42 5 °C) is slightly
lower than the As7 temperature (53 +4 °C). One possibility is that the formation temperature
and the present day ambient temperature (about 20 °C in the Molnar Janos Cave) is so
different that the host calcite and the inclusion water have undergone post-formation
oxygen isotope exchange, leading to negative 8§80y shift due to the mass difference
between the calcite and the water. This explanation is supported by the observation that the
hydrogen isotope compositions of the nearby thermal well (Lukacs IV, =85.0 %o) and the
Vulkdnok inclusion water (—86.2 %o) are very close to each other, whereas the 6§80 values (—
11.7 and —13.7 %o, respectively) are significantly different. These data indicate that the
Vulkanok carbonate cones were deposited from a thermal water similar to that of the Lukacs
IV well. Using the —11.7 %o 8'80water value, the Johnston et al (2013) equation yields 54 £5 °C,
which is very close to that of the Lukacs IV well temperature (51.1 °C) and to the A4y
temperature (53 +4 °C). The effect of re-equilibration is marked by an arrow in Fig.5, shifting
the temperature from the 1:1 line to a lower inclusion-based value. Hence the inclusion
5805 -based paleotemperature calculation is only a rough estimation at or above 40-50 °C,
whereas the clumped isotope measurements can yield reliable temperatures for subaqueous

carbonates.

Conclusions

Cave-hosted subaqueous carbonate deposits were investigated by means of clumped
isotope analyses and measurements of stable isotope compositions of inclusion-hosted

waters in order to determine if they yield reliable paleotemperature data. First the analytical
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method of inclusion water analysis was investigated to determine the effect of sample
preheating. For the analytical setup used in this study (vacuum crushing in a line attached to
a laser spectroscope), the most reliable data were produced by heating the samples to 80 °C
for 2 hours to reach an end vacuum of <1073 mbar. Helium flushing for 15 min at 80 °C may
not remove the absorptively bound water. H,O extraction is incomplete at 80 °C, for the

collection of sample H,0 heating to 120 °C is needed.

Clumped isotope analyses of carbonate deposits with known formation temperatures
(flowstone, travertine, calcite rafts, lake deposits) yielded close-to-measured temperatures,
priving that such deposits provide reliable temperature data. Subaqueous carbonate
deposits formed in cave-hosted lakes were investigated also by stable isotope analyses of
inclusion-hosted waters that — together with the stable oxygen isotope composition of the
host carbonate — yielded realistic formation temperatures. These data indicate that
subaqueous carbonate speleothems are valuable paleotemperature archives as kinetic

isotope fractionations do not affect them significantly in the underwater environment.
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Figure captions

Fig. 1. A) The Vulkanok (,,volcanos”) carbonate cones in the Molnar Janos Cave (photo by
Dénes Szieberth). B) Optical microscopic picture with crossed nicols of the Vulkdnok
carbonate. C) The Langos Lake of the Berger Karoly Cave. Glass plates were placed on the
calcite deposit at the upper left corner of the lake shore. D) Core drilling at the Titkok Tava
lake in the Berger Karoly Cave.

Fig. 2. Drill cores from the Titkok Tava lake (samples , T”) and from the Langos Lake (samples
»,L”). B) Optical microscopic picture (one nicol) from the middle of the Langos drill core. C)
The top of the Langos drill core with thin carbonate crust. D) Optical microscopic picture
(one nicol) of the carbonate crust of the Langos drill core.

Fig. 3. Optical microscopic pictures (one nicol) of samples VK7 analysed in this study and
sample CSB of Demény et al. (2016).

Fig. 4. Stable hydrogen and oxygen isotope compositions (6°H and &80 values, respectively,
in %o relative to V-SMOW) of inclusion-hosted water of sample VK7 analysed using various
pre-heating and extraction temperatures. GMWL: Global Meteoric Water Line.

Fig. 5. Formation temperatures obtained by clumped isotope analyses as a function of
measured water temperatures or formation temperatures calculated from the oxygen
isotope fractionations between carbonate and inclusion-hosted water.
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Supplementary Table

Supplementary Table 1. Stable and clumped isotope compositions of carbonates and inclusio

6'°C [VPDB, %0] | 6'°0[VPDB, %.] D47Crunch A, |
Number of
Sample name .

Value | #1SD | Value | +1SD | replicates | Vvalue | +1SD
M1 ("Vulkanok™) 1.00 0.03 -18.19 0.09 12 0.5202 0.0162
M2 (Lukécs IV) -0.07 0.08 -15.87 0.08 12 0.5295 0.0205
M3 (calcite rafts) -1.69 0.02 -11.71 0.03 11 0.5855 0.0190
BNT-2 top -9.83 0.05 -6.71 0.05 11 0.6383 0.0306
BNT-2 10mm -10.18 0.06 -6.91 0.05 8 0.6420 0.0192
Berger plate #17 -6.85 0.05 -10.86 0.08 8] 0.6046  0.0443
L1 -2.28 0.06 -12.50 0.12 11 0.5867 0.0329
L2 -2.14 0.08 -11.87 0.13 12 0.5988 0.0474
T1 -2.04 0.04 -12.65 0.11 12 0.5933 0.0422
T2 -2.69 0.05 -10.80 0.11 11 0.6183 0.0393
L-Top -5.00 0.11 -10.07 0.10 21 0.6083 0.0358
T-Top -2.66 0.04 -10.49 0.08 21 0.5953 0.0396




n-hosted water, as well as temperatures calculated or measured.

I-CDES90°C, %o] Anderson Temp [°C] 18 temperature
&°H 670 (measured
[vsSmMow, . .
+1SE | +95% CL| Value +1SE A(A47) [ [VSMOW, %o] %] or inclusion-
based, °C)
0.0084 0.0166 52.7 3.7 -443.76 -86.2 -13.7 42.0 5
0.0083 0.0164 48.7 3.5 -427.42 51.0 £0.5
0.0088 0.0173 27.1 3.1 -347.15 23.210.5
0.0094 0.0186 10.3 2.7 -292.07 9.8 +0.5
0.0103 0.0205 9.3 3.0 -288.76 9.8 £0.5
0.0145 0.0287 20.7 4.7 -325.37 24.3 +1
0.0136 0.0267 26.7 4.7 -345.71 -72.0 -11.2 248 £3.5
0.0132 0.0260 22.6 4.4 -331.74 -71.2 -11.0 22.3+35
0.0132 0.0261 24.5 4.5 -337.97 -66.7 -10.7 28.3 16
0.0137 0.0271 16.4 4.3 -311.10 -74.7 -10.6 19.2 8
0.0104 0.0205 19.5 3.3 -321.41 24.3 1
0.0100 0.0198 23.8 34 -335.68 19.0 1




