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ABSTRACT

The Mediterranean area is a densely populated megfiaracterised by an extremely complex atmospheric
circulation, which is particularly sensitive to ampdification of air mass dynamics. Thus, the ustderding

of past climate fluctuations in this area is ofagrenportance to gain insight in the pattern ofoagl climate
variability in response to hemispheric and glob@hate changes. The central Mediterranean aredagisg
contrasting climatic responses to atmospheric Etimun re-organization following the last glaciarpd. In
particular, drier/wetter conditions in the northisouthern regions respectively, lasted until ab@bt ka,
followed by a trend towards an inversion of thesaditions. This trend, which is evident in marineda
continental records from the Italian Peninsula dreAdriatic Sea, is less witnessed in the Balkarere
few Holocene climate reconstructions are availdbl@rder to better understand Holocene climateadyins

in the Balkan Peninsula, five stalagmites wereeotdld from two Bosnian caves (Govjestica and duia
Pe&iina; Pr&a Valley). Speleothems are indeed excellent arshifgast climate and environment thanks to
their deposition in stable environments, protedteth most surface weathering processes. Rainfdllcave
monitoring (in Mr&na Péina Cave) was set up in order to understand pressntave hydrology and better
interpret how the environmental and/or climate algrare transmitted to the speleothem through #nst k
system. Both drip water and rainfall samples wetkected for stable isotope analys&¥@ andsD).

All stalagmites were dated using the U-Th diseftiiim, measured by MC-ICPMS, and age-depth models
were derived from a Bayesian-Monte Carlo treatnuérthe ages with stratigraphic constrairi¥0 and
8"°C were analysed along the growth axis. Indeedethafues can provide information about temperature,
precipitation regime and vegetation cover if caldé deposited close to isotopic equilibrium caonds.
Unfortunately, stable isotope profiles were noisg @ot interpretable straightforwardly. Therefaxenulti
proxy approach was adopted, coupling stable isotopktrace element profiles with detailed petrobi@p
observations. This allowed for the interpretatidngeochemical proxies and petrography variations in
relation to hydrological changes. In particulatreand towards relatively drier conditions appeanses about

4 kyr, suggesting a local response to climate chaigilar to the one of the southern Mediterrarstes.

A marginal part of this project involved the exaation of a dark laminadeposited around 1.2 ka én4h
samples from Mréna Peéina cave. This layer, appearing fluorescent under fluorescence optic
microscope, was not identified using the FTIR ancranRaman techniques, but only with SEM observatio
which demonstrated its soot nature.

La Méditerranée est une région densément peupléectérisée par une circulation atmosphérique
extrémement complexe et particulierement sensibtenzodifications de dynamique des masses d'aisi,Ain
la compréhension des fluctuations climatiques peEsskans cette région est d'une grande importance po
mieux comprendre les modalités de la variabilitimakique régionale en réponse aux changements
hémisphériques et globaux. La zone méditerranéeserdrale a présenté des réponses climatiques
contrastées a la réorganisation de la circulatioimasphérique suivant la derniére période glaciaiEs
particulier, dans les régions du sud/nord des ctiods plus séches/humides, ont duré jusqu'a envtbn
ka, suivies d'une tendance vers une inversion decorditions. Cette tendance, qui se manifeste ens
archives marines et continentales de la péningaleenne et de la mer Adriatique, est moins ateesténs

les Balkans, ou peu de reconstructions climatigdes I'Holocéne sont disponibles. Afin de mieux
comprendre la dynamique du climat dans la pénindakeBalkans pendant 'Holoceéne, cing stalagmitgs o
été collectées dans deux grottes de Bosnie (Gmgedt Mra’na Peina, Praca Valley). En effet, les
spéléothemes sont d’excellentes archives du clgndes environnements passés, grace a leur dépdt da
des environnements stables et protégés de la fldparprocessus d'altération qui existent a laaaf Un
monitoring de la pluie et en grotte (Mfi@a Pe&ina) a été mis en place afin de comprendre la dygaen
actuelle des égouttements en grotte et de mieesphéter la fagon dont les signaux environnementtiou
climatigues sont transmis aux spéléothémes a tsaver systeme karstique. Des échantillons d'eau
d’infiltration et de précipitations ont été recueipour les analyses d'isotopes stab&&Q etoD).

Tous les stalagmites ont été datées en utilisadésgquilibre U-Th, mesuré par MC-ICPMS, et les étexd
d'age en fonction de la profondeur ont été calcyl@sun traitement Bayésien-Monte Carlo des agex av
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contraintes stratigraphiques. Les analyses desjset stablesst?0 et d™°C) ont été réalisées le long de
I'axe de croissance. En effet, ces valeurs peueanir des informations sur la température, le irag des
précipitations et la couverture végétale a conditgue la calcite soit déposée dans des conditiooshges

de I'équilibre isotopique. Malheureusement, ledifrales isotopes stables se sont avérés tresdsreit pas
interprétables directement. Ainsi, une approchetinpubxy a donc été adoptée en couplant les prafds
isotopes stables avec des observations pétrographigiétaillées et les variations de concentraties d
éléments traces. Ceci a permis d'interpréter lesiatians des indicateurs géochimiques et de la
pétrographie en termes de changements d'hydrol@gigparticulier, une tendance vers des conditiolus p
séches apparait depuis environ 4 ka, ce qui suggreeréponse locale au changement climatique simila
a celle des sites du sud de la Méditerranée.

Une partie marginale de ce projet a été consacréexamen d'un dépdt sombre datant de ~1,2 ka diems
échantillons de Mréna Peina. Cette lamine, apparaissant fluorescente saugnicroscope optique a
fluorescence, n'a pas été identifiece au moyen debniques FTIR et micro Raman. Cependant, les
observations au MEB ont permis de définir qu'ilgi&sait d’'un dépot de suie.

Il Mediterraneo & una regione densamente popoladgatterizzata da una circolazione atmosferica
estremamente complessa, particolarmente sensitdéleol piccole modifiche delle dinamiche tra le 9sa
d’aria. La comprensione delle fluttuazioni climdtec del passato in questa regione € quindi di grande
importanza al fine di comprendere le variazionimd@itiche a scala regionale in risposta ai cambiarnent
climatici globali. La zona del Mediterraneo centalé stata caratterizzata da risposte climatiche
contrastanti in seguito alla riorganizzazione detimcolazione atmosferica dopo l'ultimo periodo giale.

In particolare, un clima umido/arido si € instausatelle regioni meridionali/settentrionali fino arca 4,5
mila anni fa, seguito da un andamento opposto. Q@uEndenza climatica &€ evidente nei record magini
continentali della penisola italiana, mentre € mecdioiara nei Balcani, dove sono disponibili poche
ricostruzioni pale climatiche. Al fine di compremdemeglio le dinamiche climatiche nella penisola
balcanica nel corso dell’Olocene, cinque stalagngtno state campionate in due grotte bosniache
(Govjestica e Mréna Peina;Valle di Praca). Gli speleotemi sono eccelleatchivi paleoclimatici e
paleoambientali grazie alla loro formazione in aeni relativamente stabili, protetti dai processosivi
che avvengono all’'esterno. Un programma di monigoyia delle precipitazioni e dei parametri fisici in
grotta (nella grotta Mra@na Peina) € stato messo a punto con lo scopo di comprente dinamiche
idrologiche odierne e di interpretare come i segnambientali e/o climatici vengono trasmessi agli
speleotemi attraverso il sitema carsico. Campidacdua, sia di precipitazione, sia di stillicidispno stati
raccolti per le analisi della composizione isotaig'®0 esD).

Le stalagmiti sono state datate col metodo U-Thda cosi ottenute sono state utilizzate per tatea
modelli eta-profondita utilizzando un metodo cheappia la statistica Bsyesiana al metodo Monte &arl

Gli isotopi stabili ¢*%0 e ¢'°C) della calcite sono stati analizzati lungo l'assk crescita delle
stalagmiti.Questi valori, infatti, possono fornirenformazioni sulla temperatura, sul regime delle
precipitazioni e sulla copertura vegetale, a pathe la calcite precipiti in condizioni di equililarisotopico.
Purtroppo pero, i profili isotopici di queste stalaiti sono risultati essere affetti da un’elevatomore di
fondo, che ne ha resa complicata l'interpretazioRertanto, € stato adottato un approccio multi-prox
accoppiando i profili isotopici con la variazioniedli elementi in traccia e i cambiamenti di tessitulei
cristalli di calcite. Questo approccio ha consemtiinterpretazione dei proxy geochimici e delleiaaioni
petrografiche in termini idrologici. In particolareun trend verso condizioni relativamente arideta&tes
osservato negli ultimi 4 mila anni, suggerendo usposta climatica locale simile a quella registaatei siti

del Mediterraneo meridionale.

Una parte marginale di questo progetto ha coinvdigsame di una lamina scura depostasi circa 1, mi
anni fa nei 4 campioni prelevati nella grotta Mra Pe&ina. Questo orizzonte, apparso fluorescente al
microscopio ottico a fluorescenza,non ¢ stato ifieato utilizzando le tecniche FTIR e micro-Ramarg
solamente attraverso I'osservazione al SEM, cheenmesso di identificarlo come un deposito di filig..
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The Mediterranean area is a transitional zone kmivtlee European temperate and African tropical
zones (Magny et al., 2013). The complex atmosplogealation of this region is responsible for its
strong sensitivity to climate fluctuations (Gior@0Q06): even small changes in air mass dynamics
can have significant hydrological consequencedatrégional scale. Considering the population
density in this region, it is of fundamental im@orte to understand local responses to climate
changes occurred in the past, in order to betttipr possible future trends.

During the Holocene interglacial period, the cedntviediterranean area displayed contrasting
responses to climate changes related to the atraosptirculation re-organization following the
last glacial period. In particular, northern sigaperienced relatively dry conditions during thdyea

to middle Holocene followed by increased precipiatduring the late Holocene, while the
southern ones experienced the opposite trend. Bngeb between these two different climate
responses has been assumed to be at ~40°N (Magal, €2013). However, whereas these
contrasting trends have been recorded by marinecantinental records of the Italian Peninsula,
the palaeoclimate dynamics in the Balkans are t#essimented. In this region, few Holocene
climate reconstructions are available, suggestingpee gradual onset of the Holocene than in the
Italian Peninsula. Although less marked than in ltaéan records, contrasting climate responses
seem to have been recorded also in this region.eMexy the availability of only few studies in the
central and northern Balkan regions does not aftmwthe identification of the boundary between
the different climate responses to atmosphericgz®es. A combination of orbital, ice-sheet and
solar forcing influenced the atmospheric re-orgatiin after the glacial period, leading to the
development of a NAO-type circulation at ~5ka, whis thought to have caused the contrasting
north-south patterns in the last 4.5 ka; howeveretventual role of atmospheric circulation patterns
other than NAO in the identified palaeohydologidghamics is not clear (Magny et al., 2013).

In the context of Holocene climate reconstructionthe central Mediterranean basin, the western-
central Balkans are a strategic target for 1) ttemiification of the boundary between the north-
south contrasting climate responses and 2) thesiigation of the eventual role played by eastern
Europe atmospheric circulation in palaeohydroldgiaaiations. Aiming to investigate Holocene
climate dynamics of this region, in this study weeused on five stalagmites sampled in &Mia
P&ina and Govjestica caves (PaaValley, Bosnia and Herzegovina), covering alntbst entire
Holocene interglacial. These two caves, which bglana karst system developed in the Romanija
plateau, are located at a latitude of 43°N, thgsilteng an interesting target for the exploratidn o

Holocene climate fluctuations.
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Among the continental archives of past climate andironmental changes, carbonate stalagmites
are considered excellent materials thanks to tlaeackeristics of the environments in which they
are found and to the processes that lead to tbemdtion. Indeed, these natural archives are
deposited in relatively stable underground envirents protected from surface weathering
processes, allowing them to potentially grow camimsly over long periods of time. These
speleothems are formed by calcium carbonate ptatpi from water infiltrating the soil and the
bedrock before reaching the cave. When calciteemoslited, it incorporates the U transported by
the infiltrating water that starts decaying ints daughter products, allowing for a potentially
precise radiometric dating of these materials. myrheir growth they can also record external
changes over seasonal to multi-millennial time quisi Indeed, the speleothem parent drip water
transfers some information related to both atmosphend soil processes into the karst, and
ultimately into the precipitated carbonate. This d@ deduced from calcite oxygen and carbon
stable isotope ratios, trace element concentratimh petrographic features (Fairchild and Baker,
2012 and reference therein; Frisia, 2015). Therpnétation of isotopic signals in terms of
palaeoclimate fluctuations relies on calcite prigatpn close to equilibrium conditions and on the
absence of post-depositional alterations. Whenethamnditions are met, the oxygen isotope
fractionation between water and calcite dependg onltemperature, which in cave environments
is usually stable and reflects the average temperatt the surface. This value can then provide
information on the original isotopic composition iafiltrating water, which in turns depends on
several factors more or less directly related tmale. The stable carbon isotope composition of
calcite is instead influenced by the isotopic stgrea of soil pCQ which is related to the type and
density of vegetation cover and soil microbial atyi

However, even when calcite precipitates under diibgum conditions, climate-related signals
may still be preserved, but their interpretationas straightforward.

Environmental and/or climate fluctuations can gsaduce variations in the type and concentration
of trace elements leached from soil and bedrocktlaewl incorporated into calcite crystal lattice and
in speleothem texture (e.g. Fairchild and Trebl@Q® Frisia, 2015). Thus, coupling all the
information that can be extrapolated from stalagrggochemistry and petrography can improve the

interpretation of the paleaoenvironmental and/dagazclimate signals recorded by these archives.
In this thesis the multi-proxy study of the five lHdoene Bosnian stalagmites is presented.

This work is divided into seven main sections, casipg the thesis introduction and conclusions.

An up-to-date review of Holocene climate recondtams in the central Mediterranean area is
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treated in the second section, together with ailddtaverview over on carbonate speleothems as
archives for palaeoclimate information.

In the third section, the study area is present@th whe geological setting and present day
vegetation and climate dynamics.

The five studied stalagmites and the methods usetthis research project are described in the
fourth section. In the fifth one, results of theciawve and precipitation monitoring and stalagmite
geochemical analyses together with petrographyreasens are presented. The sixth section is
entirely dedicated to the discussion of the obthinesults. This part is divided into 5 minor
chapters regarding, respectively, present-day hggdyoof the monitored cave and the transfer of
precipitation isotopic signature to the karst, tpalaeoenvironmental significance of the
petrographical and geochemical variations in thalagmites, the palaeoclimatic and/or
palaeoenvironmental reconstruction of this recadd, finally, the origin of a dark lamina

deposited close to the top of four of the five sksp
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2.1 Present day climate: ocean and atmospheric curtation patterns in
the central Mediterranean with particular focus onthe Adriatic area

2.1.1 Atmospheric circulation

Located in the transitional zone between the huwedtern and central European domain and the
arid North African desert belt (Dinkeloh and Jaipt003), the Mediterranean area presents an
extremely complicated atmospheric circulation iaflaed by teleconnection patterns, which have
been investigated by several authors. The Northiermisphere patterns which play an important
role in defining the climate over Europe and theditranean are: the North Atlantic Oscillation
(NAO), the East Atlantic pattern (EA), the Scandiaa pattern (SCAN), the East Atlantic/Western
Russia pattern (EA/WR) and the Artic OscillationQQA all characterised by changes in their
behaviour throughout the year (Casanueva et dl4;2Qingston et al., 2015 and reference therein).
At a more global scale, Gaetani et al. (2007) ihgated the possible influence of the West Africa
Monsoon on the Mediterranean climate. This pattean cause a strengthening of the North
Atlantic subtropical anticyclone (Rodwell and Haski 2001) leading to heat waves over the
Mediterranean basin during periods of particulemrsj monsoonal season. This occurs through the
intrusion of the Libyan anticyclone in the Meditemean region and the strengthening of the Hadley
cell circulation. However, according to Krichak aAdpert (2005) and other authors, the two
prominent teleconnection patterns affecting the kechnean area are the North Atlantic
Oscillation (NAO) and the East Atlantic/Western sRian pattern (EA/WR). During positive
phases of the NAO, whose influence is stronger imtex, westerly winds are strengthened and
storm tracks are shifted poleward, bringing drienditions over the Mediterranean. Conversely,
during phases of negative winter NAO are charasadrby general wetter conditions (Krichak and
Alpert, 2005; Fig. 2.1).

NAO Negative Mode NAO Positive Mode
Fig. 2.1 — Jet stream variation in relation to pesiand negative NAO mode (figure adapted from
AIRMAP by Ned Gardiner and David Herring, NOAA).
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The EA/WR pattern is characterised by predominamtherlies onto Europe over the Baltic Sea
area during its positive phases, bringing drier ditbtons; instead, wetter climate in the
Mediterranean is inferred for negative EA/WR pha3éss particular pattern, according to Krichak
and Alpert (2005) might be strictly related to tHAO whose strengthening might indirectly induce
the formation of the EA/WR pattern bringing impartadry air masses over the Eastern
Mediterranean.

According to this general circulation picture, thAdriatic area is located between the subtropical
high-pressure zone and the mid-latitude or westetbielt (Ork et al., 1992). The latter dominate
the region for most of the year, disturbed in sumine the dominance of the subtropical high-
pressure zone. However, Hellerman and Rosenst@&83jland May (1982) infer a dominant
easterly component over the northern and middlaatidr Winter and summer are characterised
respectively by the main presence of the Bora wiholwing from NE) and the Sirocco (from SW)
and by the Etesian winds from NW (@rét al., 1992). At present, maximum precipitati@ewrs in
late autumn while the driest period occurs in sumrmesummer there is not a great difference in
temperatures between the northern and the soutbarts with mean temperatures spanning
between 22 and 26°C, but it is in winter that tlomtcast becomes more important with colder
conditions in the north (about 2°C) and markedlymer ones in the southern parts (about 10°C;
Orli¢ et al., 1992). Relative humidity is generally reghn the northern area during the coldest
season, with highest values during late autumnJewtiie southern portion presents a relative
humidity minimum in all seasons (Artegiani et 4997). Mean air temperature reaches the highest

values in July and the lowest ones in January.

2.1.2 Ocean circulation in the Adriatic Sea

The Adriatic Sea is a semi-enclosed elongated alatively shallow basin orientated N-NW/S-SE,
presenting an increasing depth towards the Otr@trit. The northern portion reaches a maximum
depth of about 100 m, dropping quickly to 200 mt jsisuth of Ancona (Jabuka Pit); the deepest
portion reaches 1200 m depth in the South Adridiiaising again in the Otranto strait, where the
Adriatic opens to the lonian Sea (©rét al., 1992). The Po River represents the magshfwater
source in the Adriatic, while other smaller contitibns come from the Apennine and the Balkan
rivers. The northern portion of the Adriatic is shaharacterised by a surface circulation mainly
controlled by the Po River seasonal discharge, Wwipiays an important role in freshening the
waters of this semi-closed basin influencing theutation also at its southern end (Siani et al.,

2013). In addition, in winter a NE wind (the Borplays an important role in modifying the
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conditions of the region and generating a coldsdemater mass accumulating in the western flanks
and dividing southwards into two branches: oneismko the bottom of the Jabuka Pit and the
other proceeding southward (@rkt al., 1992). The complex circulation pattern oiated by the
freshwater input and the formation of dense deefemia the northern and the central Adriatic,
results in a cyclonic movement of surface watei thartially separate the northern and the
southern portions of the basin. This is probablyhier enhanced by the freshwater input also from
the northern regions of the Balkans (Orkt al., 1992). This pattern can be found also in
intermediate layers where the Modified Levantineedimediate Water (MLIW) enters along the
eastern coast while the cold water originatinghi@ morthern Adriatic flows southwards along the
western coast. In the south Adriatic there is atinapus outflow at the Otranto Strait below the
inflowing of the MLIW and the lonian waters, givirmmn important contribution of the formation of
the Eastern Mediterranean Deep Water (EMDW) (Fig).2
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Fig. 2.2 — Eastern Mediterranean Sea circulatidgtep@s. From Siani et al., 2013.

These dynamics highlights that the Adriatic longrtevariability is driven by the winter formation
of dense water masses and their partial removald®p ocean currents (Qrlet al., 1992). But
while winter is the most important period for thlield and dense water formation, the Adriatic
waters are freshened during spring and summereogivtar runoff (Artegiani et al., 1997).

Even if the current variability is thought to beetmajor responsible of this circulation pattern,
winds are more and more considered as importavindrforces for the seasonal formation of dense
water (Artegiani et al., 1997).
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2.2 The Holocene in the Periadriatic area

In this chapter a summary of Holocene climate retroictions available in the Periadriatic area is
developed. The considered records are shown inZ=8y.This summary is subdivided into three
phases (Early Holocene, Middle Holocene and Lat¢éme) following the temporal subdivision

for the Holocene proposed in Walker et al. (2012).
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Fig. 2.3 — Location of the Periadriatic recordsoming Holocene climate reconstructions.

Red squares> marine cores; 1: core RF93-30 (Oldfield et al.020 2: core MD90-917 (Siani et al., 2013;
Combourieu Nebout et al., 2013); 3: core CM-92-A8izfegui et al., 2000; Asioli et al., 2001); 4:reoAD91-17
(Sangiorgi et al., 2003). Blue dot speleothems ; 5: Grotta Savi (Belli et al., 2018) Grotta di Ernesto (Scholz et
al., 2013); 7: Modric Cave (Rudzka et al., 2012)e&h pentagons lakes; 8: Lake Ledro (Joannin et al., 2013; Peyron
et al., 2012); 9: Lake Frassino (Baroni et al.,@000: Lake Lavarone (Filippi et al., 2007); 1Jake Vrana (Schmidt
et al., 2000); 12: Lake Ohrid (Wagner et al., 20@8gel et al., 2010); 13: Lake Prespa (Panagiottysoet al., 2013;
Cvetkoska et al., 2014); 14: Lake Maliq (Denéfleakt 2000; Bordon et al., 2009); 15: Lake Dojré&naficke et al.,
2013); 16: Lake Voulkaria (Jahns, 2005); 17: Alikegyoon (Avramidis et al., 2012); 18: Lake Shko@Zanchetta et
al., 2012); 19: Isle Mljet (Wunsam et al., 1999); Pago Alimini Piccolo (Di Rita and Magri, 20091: Lago Grande
di Monticchio (Allen et al., 2002); 22: Lago Salddi Rita et al., 2011); 23: Lago Battaglia (Caratid Caldara, 2007).
Black dot—> glacier; 24: Calderone glacier (Giraudi et al.020
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2.2.1 Lateglacial-Holocene transition and early Halcene (~13,000 - 8,200 yr cal
BP)

2.2.1.1 The Younger Dryas

During the Younger Dryas (YD) the Adriatic area 2;800 — 11,700 yr cal BP; Ariztegui et al.,
2000) was characterised by a semi-desert vegetadftactting cold and dry climate conditions (e.g
Watts et al., 1996; Magri and Sadori, 1999, Deneflal., 2000; Allen et al., 2002; Bordon et al.,
2009; Kotthoff et al., 2011; Combourieu-Nebout &t 2009; Combourieu-Nebout et al., 2013;
Fletcher et al., 2010; Desprat et al., 2013). Cedad surface temperatures (SSTs) have been
identified in the south Adriatic Sea and the lowmstan temperature for the coldest month (5-7°C
lower than the preceding and following periods) hasn detected at about 12,000 yr cal BP (core
MD 90-917; Siani et al., 2013; Combourieu-Nebouiakt2013). At the same time, subtropical
foraminifera species, which characterised the Audri&ea waters during the Bglling Allerad
oscillation, disappeared and cold and productivéergawith low fresh water input are inferred
(core CM92-43; Ariztegui et al., 2000; Asioli et,&000). At about 12,500 yr cal BP, the Po river
discharge increased, while between about 12,00014nd00 yr cal BP, climate improved, with
increased moisture availability and the replacensésemi-desert plants with arboreal associations.
This change is accompanied with higher dischargesricom the Apennine rivers in the Adriatic
Sea (Combourieu-Nebout et al., 2013), probablgtee to the melting phase identified both in the
Alps and in the Apennines by Maisch (1982).

Inland, the northern area of the Adriatic regiompexenced a period with high seasonal rainfall
variability with high autumnal recharge and longters. At Grotta Savi (Friuli Venezia Giulia, NE
Italy), Belli et al. (2013) recognised the begimniof the Younger Dryas in a drastic decrease of
stalagmite lamina thickness. According to Bellakt(2013) and Grisogono and Belug§2009), the
cooler and drier conditions that characterisedYtbein this region might be related to an increase
in the Siberian High resulting in the strengthenofgthe Bora wind. In Northern lItaly, pollen
records from Lake Ledro (NE Italy) and diatom retsofrom Lake Lavarone confirm the presence
of a cold and dry climate phase during this periddannin et al., 2013; Filippi et al., 2007).
Unfortunately, no palaeoclimatic lake record frobuth-eastern Italy covers this period, preventing
the possibility of comparison with climate fluctioats recorded in north-eastern regic side of the
Balkan region

In contrast with the trend recorded in northeastaly and in the south Adriatic Sea, sediment
analyses at Lake Vrana (coastal lake in centrahtzrpsuggest the onset of more humid conditions

during the Younger Dryas (Schmidt et al., 2000) viMig southwards along the Adriatic regions of

25



the Balkan Peninsula, climatic evidence of the YmmDryas is not always clear. At Lake Ohrid
(Albania), this peculiar climatic period is not Wweéecorded, while it is marked by increased
seasonality of precipitation with arid conditiomswinter and wetter conditions in summer at the
nearby Lake Malig (Albania-Montenegro) (Vogel et, &010; Bordon et al., 2009). Lake-level
reduction, wind stress and possibly wider catchneeosion have been recognised at Lake Prespa a
bit earlier (~13,100 — 12,300 yr cal BP; Cvetkosghaal., 2014). Lake Dojran (Albania-Greece)
seems to have registered this period with a higksylution allowing a subdivision of the Younger
Dryas in two phases: the first one (~12,500-12,¢0@al BP) showed cold and dry conditions,
while climate improved a little bit during the sedoone (~12,100-11,500 yr cal BP) with slightly
higher summer temperatures and more humid conditibrancke et al., 2013). The second phase,
in particular, is remarkable by its correspondenth the increased river discharge from the Italian

peninsula recognised in the south Adriatic core @927 by Combourieu-Nebout et al. (2013).

2.2.1.2 The onset of the Holocene

According to several authors (Ariztegui et al., @08sioli et al., 2000; Combourieu-Nebout et al.,
2013; Siani et al., 2013) the onset of the Holodartee region occurred at about 11,500 yr cal BP.
The studies regarding the marine cores from thethS@driatic Sea highlight soft climate
deteriorations in the basin after the improvemenbgnised at the end of the Younger Dryas. This
phase was followed by amelioration at about 11,00@al BP, when mixed deciduous forests
started developing (Combourieu-Nebout et al., 20TBg beginning of the deposition of Sapropel
S1 at about 9,000 yr cal BP recognised in the sAdtiatic sea clearly marks a period of increased
precipitation, especially in the southern partsttid Mediterranean Basin (e.g. Sangiorgi et al.,
2003; Ariztegui et al., 2000); the sea surface &nmajpires started increasing, reaching a maximum
at about 8,400 yr cal BP (Siani et al., 2013). Adcspell at about 8,200 yr cal BP in the south
Adriatic SSTs has been associated with the inteomf Sapropel S1 deposition and corresponds
to the main sea water salinity decrease recordedglthe early Holocene (Siani et al., 2013). This
cold phase is also confirmed by the increase df hijtude pollen taxa in the south Adriatic core
AD91-17 (Giunta et al., 2003) although Sangiorgale(2003) did not detect this SSTs cooling.

» Adriatic side of the Italian peninsula

The early Holocene climate improvement in northigaty presents warmer temperatures associated
with generally low moisture availability. Climatenalioration and a weakened seasonality are also
recorded in NE Italy at the beginning of the HoloeéGrotta Savi; Belli et al., 2013). At about 10.8
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and 10.1 ka, two cold events led the stalagmittdp growing twice (Belli et al. 2013). In contrast
at Lake Ledro a slight increase of summer predipitaand of vegetation development occurred at
about 10.800 yr cal BP, while lake levels remaigederally low (Magny et al., 2012; Joannin et
al., 2013). Afforestation and warmer temperatur@gehbeen recorded also at Lake Lavarone, while
a general dry period is highlighted at Lake Fras<giilippi et al., 2007; Baroni et al., 2006). At
Lake Ledro, at about 9,300 yr cal BP, the expansiomontane trees is accompanied by a relative
rise in lake level and temperature decrease, vatileake Frassino dry conditions persisted (Baroni
et al., 2006; Joannin et al., 2013). The lake leise recorded at Lake Ledro at about 8,200 yr cal
BP, in apparent contrast with the drier conditioeported in the South Adriatic Sea, can be
associated with cold and dry winters and cool artisummers according to Peyron et al. (2013).
Southwards along the Adriatic side of the Italisanipsula, at Lago Grande di Monticchio, the
afforestation process started at about 10,000lyBegSadori and Narcisi, 2001). This process was
soon followed by the increase Abiesin the temperate deciduous forest compositionr &&00 yr

BP suggesting a wetter and/or cooler climate (Aktral., 2002), which would agree with the

increased moisture inferred during the depositioihe Sapropel S1.

» Adriatic side of the Balkan region

On the Adriatic side of the Balkans, the onsethef Holocene was more gradual and cool summers
have been reported at Lake Maliqg until about 930€al BP (Denefle et al., 2000). After 11,000 yr
cal BP relatively humid climate conditions and lstly warmer summers are reported at Lake Ohrid
(Vogel et al., 2010). Increasing lake Prespa ledaling the early Holocene support the hypothesis
of higher moisture availability in the region (Ckeska et al., 2014). The same trend with increased
moisture, warmer summer and vegetation developmastrecorded also at Lake Dojran (Albania -
Greece; Francke et al., 2013). In Croatia, enhanoedture is inferred only from about 8,400 yr
cal BP (Wunsam et al.,, 1999), while at Lake Mahg temperate deciduous forest deteriorates
between about 8,300 and 8,100 yr cal BP due tauanréo drier and cooler conditions (Bordon et
al., 2009). At Lake Prespa, the period betweenDdhd 8,000 yr cal BP is marked by a general
arid phase. A markedly cold and dry spell is obsérat 8,400 yr BP (Panagiotopoulos et al., 2013;
Cvetkoska et al., 2014). At Lake Dojran cool coiodis were still present between 10,700 and
8,300 yr cal BP with a trend of increasing humidi@gnser vegetation developed from about 9,000
yr cal BP declining after 8,700 yr cal BP with &ure towards cooler temperatures (Francke et al.,
2013). The increase dPistacia in Greece between about 9,000 and 8,000 yr calaBt its
disappearance at about 8,000 yr cal BP confirmglihete deterioration observed in other records
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of this region (Willis, 1994). Still in Greece, bake Voulkaria, between 10,500 and 8,300 yr cal
BP the landscape appeared semi-open with decichakssaccompanied by significant amounts of
Pistacia (Jahns, 2005; Di Rita and Magri, 2012). At Alikesgoon (Greece), open vegetation is
inferred between 8,450 and 8,100 yr cal BP witheganlow rainfall (Avramidis et al., 2012). A
decline in forest cover between 8,300 and 8,10falBP is the most prominent event in this period
(Di Rita and Magri, 2012).

2.2.2 Middle Holocene (8,200 — 4,200 yr cal BP)

After the climate deterioration centred at abou08, yr cal BP, in the Adriatic basin forest
openings are reported until about 7,500 yr cal BRile at 7,700 yr cal BP increase of conifer
population in the mixed deciduous forest probaldgusred in the northern regions of the basin
(south Adriatic core MD90-917; Combourieu-Neboutakt 2013). A period of particularly cool
SSTs has been recorded between about 7,300 an@d W,8al BP, interrupted by two warm spells
at 7,100 and 6,500 yr cal BP, the first of whiclaliso associated with an increase in water salinity
(Siani et al., 2013). The highest values of preatmn in the basin were reached between about
8,000 and 7,500 yr cal BP, when both annual andnsemprecipitation increased during the
deposition of Sapropel S1b in the south-easternitélednean basin. In particular, at ~7,700 yr cal
BP a long humid season with low summer and wirgenperatures occurred during a period of
decreased salinity, SSTs cooling and increasedvieo discharge (~7,800-7,500 yr cal BP), while
from ~7,000 yr cal BP increasing annual precipstatwith less Po river influence and increased
Apennine river discharge probably occurred (ComisasNebout et al., 2013; Siani et al., 2013).
At about 6,800 yr cal BP, SSTs increased reachieg tmaximum values between ~6,900 and
5,600 yr cal BP and stabilising at values similarttie present ones. This trend, associated with
enhanced salinity, suggests the beginning of a ghase in the South Adriatic (Sangiorgi et al.,
2003; Siani et al., 2013; Sangiorgi et al., 2008)short phase of decreased salinity indicating a
brief period of enhanced river discharge occurretiveen about 5,000 and 4,800 yr cal BP, while
foraminifera evidence suggests the onset of waguoeditions in the central Adriatic Sea (Piva et
al., 2008).

» Adriatic side of the Italian peninsula

In north-eastern lItaly, between about 8.0 and &3 dtrong seasonality is inferred (Grotta di
Ernesto; Scholz et al., 2012). From 8,200 yr cal 8Rke level rise coupled with increased summer

precipitation is recorded at Lake Ledro (Peyron at 2013). Considering temperature
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reconstructions from pollen concentration, the queraround 7,700 yr cal BP shows minima in
annual temperatures and average temperatures @faimeest month, while dry and/or cold spells
are identified at ~7,000 - 6,400 - 5,000 and 4,206al BP (Combourieu-Nebout et al., 2013). Cold
temperatures between 7.8 and 7.6 ka are also owmdiby the record from Grotta di Ernesto (NE
Italy), where high hydrological instability occubgtween ~6.6 and 4.2 ka (Scholz et al., 2012). At
7,300 and 7,100 yr cal BP, two lake level rise ¢veme recognised at Lake Ledro (Magny et al.,
2012), the second of which corresponds to a waetl gjentified by Siani et al. (2013) in the South
Adriatic Sea. Phases with warm winters are recsghin north-eastern Italy at ~7.9, 7.4, 6.5, 5.5,
and 4.9 ka (Grotta di Ernesto; Scholz et al., 20%2)mmer cooling is recorded at Lake Ledro from
about 7,000 until 4,600 yr cal BP together with @am low water table until about 4,500 yr cal BP,
with the exception of two lake level rise events5&50 and 5,300 cal years BP (Peyron et al.,
2013). Human activity at this site is recorded frabout 6,700 yr cal BP but remains low until
about 4,100 yr cal BP (Joannin et al., 2013). Irtheon Italy, from about 5.700 until 4.100 yr cal
BP, a general cooler and wetter interval is recdrdéh an increase in flooding activity at about
4,500 yr cal BP (Lake Ledro; Joannin et al., 20R8yron et al., 2013). In this context, Lake
Frassino record appears controversial: here theoktigk early Holocene arid phase seems to occur
at about 7,000 yr BP and wetter conditions arerdsmbuntil about 5,000 yr cal BP. The alternation
of dry and wet phases followed, with dry eventstiehat ~5,800 and 4,500 yr cal BP during a
period of general wetter conditions (Baroni et 2006).

In southern Italy, the presenceAlhusat Lago Grande di Monticchio, from about 7,10&¢&r BP,
suggests the onset of warmer and probably drieditons (Allen et al., 2002). In Apulia (Lake
Battaglia) typical Mediterranean vegetation is presat ~6,000 yr cal BP with a trend towards a
progressive drying from about 4,200 yr cal BP (Gaod Caldara, 2007). At Lago Salso (Laguna
di Salpi; Tavoliere delle Puglie) between 6,350 4r@b0 yr cal BP, a marshland was present while
extensive broad-leaved forests were located atehiglevations inland (Di Rita et al., 2011). The
same trend towards more arid conditions is recomteddake Alimini Piccolo (southern Apulia).
Here from 5,600 to 5,200 yr cal BP, seasonal dasamt is recorded. From 5,200 to 4,350 yr cal
BP, the climate was more humid than today at tités w/hile between 4.800 and 4.500 yr cal BP,
evergreen taxa decreased. This period was folldwed drop in pollen composition from 4,359
until 3,900 yr cal BP that has not been associatighdl human activity (Di Rita and Magri, 2009,
2012). At Lago Salso (Laguna di Salpi; Tavolierdeduglie) between 6,350 and 4,050 yr cal BP
the area corresponded to a marshland while extensivad-leaved forests were located at higher

elevations inland (Di Rita et al., 2011).
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» Adriatic side of the Balkan region

At about 8,000 yr cal BP, in the north-western Balk a phase of deciduous oak forest expansion
is recorded, suggesting mild and relatively wetdibons (Lake Vrana - Croatia; Schmidt et al.,
2000). At 7,300 yr cal BP, pollen concentrationSiavenia dropped to values similar to the ones at
the beginning of the Holocene, suggesting a coplptrase (Andric, 2007). At about 7,100 yr cal
BP in Croatia (Isle of Mljet) a short phase of #yidis identified, followed by increased
precipitation until about 6,300 yr cal BP (Wunsatak, 1999). According to Horvatirt et al.
(2003) it was only from ~7,000 yr cal BP that irethorthern Balkans the climatic conditions
favourable to the formation of tufa occurred, tbgetwith a regeneration of the forest in Slovenia
(Andric, 2007). At Isle of Mljet (Lake Malo Jezer@roatia) a transitional phase towards a
Mediterranean climate is recorded between 6,30055d0 yr cal BP (Wunsam et al., 1999). In
particular, according to Colombaroli et al. (20@9¢ transition from deciduous to evergreen forest
in the Croatian coast that occurred at about 6y06al BP, lived a temporary decline between
5,600 and 5,200 yr cal BP associated with increéisedctivity. The second event corresponds to
drier climate conditions recorded at Lake Vranar(hern Dalmatia) followed by a new expansion
of evergreen forest at about 4,300 yr cal BP (Sdhetial., 2000).

In the central/southern Balkans the Holocene ckmiaiprovement finally started bringing warmer
summers, while winters remained cool at least uh®00 yr cal BP (Lake Ohrid; Vogel et al.,
2010). From about 7,800 yr cal BP warmer winterdittons and lower available moisture are also
seen at Lake Maliq (Bordon et al., 2009). After thiemate deterioration recorded at about 8,400 yr
cal BP at Lake Prespa, the climate improved brigpggmarmer and wetter conditions; between about
7,900 and 6,000 yr cal BP this lake was charae@riby a phase of high lake level
(Panagiotopoulos et al., 2013; Cvetovska et all4P0At Lake Dojran the climate deterioration that
started at about 8,700 ended at about 7,900 yBRalith a progressive development of vegetation
and increased moisture conditions. This phase wl&sMed by relatively high lake levels between
~7,900 and 4,300 yr cal BP, even if between 6,06D4300 yr cal BP warmer temperatures and
more arid conditions are inferred (Francke et2413). At Lake Ohrid warmer and drier conditions
characterise the period after 6,500 yr cal BPrinpted by a cold spell at 4,300 yr BP (Vogel et al
2010). At the same time, dry conditions are recoralel ake Shkodra, while, in contrast with these
findings, at Lake Maliq a water level rise is reseal at about 4,200 yr cal BP (Zanchetta et al.,
2007; Fouache et al., 2010). Moving southwards ieeGe, at Lake Voulkaria (Greece; Jahns,
2005) between 8,300 and 5,500 yr cal BP therediscaease iistaciaassociated with increase in

deciduous taxa. Between ~5,500 and 2,900 yr cattizPdecrease in deciduous cover is interpreted
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as a more important human activity in the aredl &tiGreece, at Alikes Lagoon, between 8,100
and 7,800 yr cal BP a reforestation occurred witlieases in arboreal and Mediterranean taxa. This
period was followed by a decrease in temperateltakaeen ~7,800 and 6,300 yr cal BP. From this
period until about 5,000 yr cal BP there is an @ase of wet environments and Mediterranean
arboreal communities (mild and moist winters ang\darm summers; Avramidis et al., 2012; Di
Rita and Magri, 2012).

2.2.3 Late Holocene (4,200 yr cal BP — present day)

After the opening of the forest observed at 4,506ay BP, a cold and moist event is recorded about
500 years later in the South Adriatic Sea. At time time, in the central Adriatic, increased fllivia
input occurred. In addition, Sangiorgi et al. (2D@&cognise a decrease in alkenone temperatures
(SSTs) of the central Adriatic together with anre@ase in high altitude trees between 4,100 and
3,000 yr cal BP, suggesting a phase of cooler andétter climate conditions. In particular, after a
cooling of SSTs at 3,500 yr cal BP, a warming ferired with most significant changes between
~3,500 and 2,000 yr cal BP. This period was chiarsed by a general decline in tree cover in the
Adriatic Basin (from about 3,000 yr cal BP), witlgh rates of deforestation at 2,400 yr cal BP (late
Bronze Age; Sangiorgi et al., 2003). In the Cenfdtiatic (core RF 93-30; Oldfield et al., 2003),
human interference with natural vegetation is réedrfrom about 3,600 yr cal BP, reaching a
maximum intensity of deforestation at about 3,00@3t BP. Even if this trend could be related to
anthropogenic pressure on the landscape, the mees®rPistacia from about 3,500 yr cal BP
together with the increase Gleaand of herbaceous taxa could be consistent wthreate change
towards decreased summer precipitation, in thenirdene of the drying trend which characterised
the southern Mediterranean regions during the Haéocene (core MD 90-917; Combourieu-
Nebout et al., 2013). Thus, a possible couplingwaian activities with natural climate change
should be considered. After this period, a slovovecy of deciduous forest occurred between about
3,000 and 1,500 yr cal BP, even if evidence ofiwatiion was still present (Oldfield et al., 2003).
According to Siani et al. (2013), at the same locain the southern Adriatic, periods of reduced
salinity are recognised between about 3,000 and02yr cal BP, 2,000 and 1,800 yr cal BP, at
~1,400 and 1,200 yr cal BP and between 600 yr €alaBd present day. These events could be
related to enhanced runoff of the Po river accayda'°C values ofGlobigerinabulloidesandG.
Sacculiferchanges (Piva et al., 2008; Siani et al., 2018)sipport this interpretation, periods of
enhanced Po river discharges have also been i@enbf several studies during the last 5,500 yr
cal BP (Correggiari et al., 2005; Stefani and Ve 2005; Amorosi et al., 2008; Rossi and
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Vaiani, 2008). Sangiorgi et al. (2003) found an amant cooling at 2,000 yr cal BP and between
1,800 and 1,600 yr cal BP after the peak of highperatures occurred between 2,500 and 2,100 yr
cal BP. These temperature changes are probabliedeta modifications in the water column
stratification possibly driven by changes in Pceriwutflow. In this context, an apparently cold
alkenone SST temperature might reflect enhanced awutflow.

According to Piva et al. (2003) between about 583@00O, 3,800-2,400 and 2,100-600 yr cal BP
peaks inGlobigerina sacculifer correspond to warm intervals recognised in the iMe@nean
(“Copper Age”, “Bronze Age”, “Roman Age” and the @dieval Warm Period”). In addition, two
cool and wet oscillations are recognised at 3,2@D23800 yr cal BP. The first of these cool phases
has also been recognised by Sangiorgi et al. (200Be South Adriatic Sea. The last occurrence of
Globigerinasacculiferoccurred at about 550 yr cal BP, approximatinglieginning of the Little
Ice Age (LIA). Besides, the LIA coldest phases, 1a690-1,630 AD and 1,810-1,820 AD,
correspond with two peaks dalvulineria complanatan the Adriatic cores (Kinzl, 1932; Mayr,
1964; Lamb, 1980; Veggiani, 1986). During this pdrenhanced river runoff is recorded (Piva et
al., 2008).

The lack of evidence of the beginning of the Neoigllaperiod in the north-central Mediterranean
from about 4,500-4,000 yr BP recorded in the sglinecord of the south Adriatic Sea has to be
highlighted (Zanchetta et al., 2012; Siani et 2013). At 2,400 yr cal BP a modest increase in
sedimentation in the central Adriatic could be tedlato increased rural settlement during Samnite
and Roman times, however, the period between 22400640 yr cal BP is probably characterised
by a decrease in fluvial runoff which correspondsat period of forest recover and reduced
terrigenous input. In the Central Adriatic core B8-30 there is no evidence of human impact
during the Roman Period (Oldfield et al., 2003).o#rer important decline in forest cover
happened around 1,100 yr cal BP and became mowatamp around 700 to 600 ca yr BP. The late
Holocene landscape in the central Adriatic, espigciduring the Medieval Age, is thus
characterised by reduced forest cover and impodgntultural activities with the tendency for the
Mediterranean evergreen woodland to degrade tdshru

» Adriatic side of the Italian peninsula

Considering north-eastern Italy, at lake Ledroglédvels remained low at least until 4,100 yr cal
BP (Joannin et al., 2013), even if an increasingdlactivity started at ~4,500 yr cal BP (Joannin e
al., 2013; Peyron et al., 2013). At Lake Frassime tecorded arid period came to its end with
fluctuations between dry and wet conditions betwe®®0 and 2,600 yr cal BP, with dry events
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centred at 4,500 and 3,600 and 2,800 yr cal BRyd®at 3,000 and 2,600 yr cal BP the onset of
drier conditions is inferred (Baroni et al., 2008}. 3.7 ka at Grotta di Ernesto a phase of warm
winter conditions is recorded (Scholz et al., 2012) Lake Ledro, maximum in summer
precipitation is recorded at about 4,000 cal y&#s(Peyron et al., 2013). Here, a general cooler
and wetter interval is identified between 5,700 dntO0 yr cal BP Quercusand Abieg with a
considerable increase in flood activity starting-4f500 yr cal BP (Joannin et al., 2013; Peyron et
al., 2013). After an abrupt rise, the lake levehated generally high, with higher level events at
3,300 - 2,600 - 1,700 - 1,200 and 400 yr cal BRe faximum mean elevation of the lake level was
reached during the period from 2,800 yr cal BP aadw@Magny et al., 2012).

Nicolussi et al. (2005) identified in tree ringetmn the eastern Alps periods of higher altitude tree
line at 5,460-5,300 and 4,740-4,540 yr cal BP. Hupr@sence at Lake Ledro remained low at least
until 4,100 yr cal BP, after which it increased sioierably (Joannin et al., 2013); at Lake Lavarone
high human impact is recorded during the Late Hahecwith high deforestation and cultivation
while after the end of the Roman Empire the vegwiastarted to grow more naturally again
(Filippi et al., 2007).

In the southern Apennines, Giraudi et al. (2008pgaised the expansion of the Calderone glacier
after 4,520-4,090 yr cal BP. Between ~1,300 and\@7al BP minima winter temperatures 0.9°C
higher than today are inferred, while between ~3,32d 3,380 yr cal BP periglacial features
occurred in soils. The lowest minima winter tempéanes were registered after 525-275 and 175-
150 yr cal BP. Environmental changes coherent Wightwo cooling cycles of the North Atlantic
dated 2,800 and 1,400 yr cal BP are recogniseddBdral., 1997; Giraudi et al., 2005). Again,
talking about Apennine glaciers, the Calderoneigtathat disappeared during early-mid Holocene,
had some expansion phases at 2,855-2,725, 1,490-arl 640-580 yr cal BP. Periglacial features
in phase with the Calderone advancement, have bmerd around 3,360-3,270, 2,950-2,760,
1.400-1.270, 1.070-940 and 920-670 yr cal BP. Agd-&rande di Monticchio the presence of
Abiesrecorded during the early and mid Holocene stadecreasing until its disappearance at
around 3,000 cal years BP: this could point to lditmate change and human forest exploitation
(Allen et al., 2002). Between 3,000 and 1,000 yrBR Quercusrecovered an@®lea increased,
while during the last 1,000 cal years BP wooder aallen concentration fell considerably; during
the last 2,000 yr cal BP human activity became nmaportant in the area (Allen et al., 2002).

In southern Italy, in the “Tavoliere delle Pugli@hvironmental transformations occurred between
4,050 and 3,800 yr cal BP: in this area, aroun&@lyg cal BP a near-closed lagoon became a lake
with the complete disappearance of salt-marsh watraminifera at 3,700 yr cal BP, while at a

regional scale an abrupt deforestation startedbatita4,000 yr cal BP (Di Rita et al., 2011).
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Anthropogenic disturbances of vegetation due tacatjural activities are reported at least from
3,500 yr cal BP, when the southern slope of theg@®ar already appeared completely deforested as
it is today, suggesting that the forest openingmed at ~4,000 yr cal BP had a long-lasting effect
increased by local human activity (Di Rita and Mag012). At Lago Battaglia (Apulia) a
progressive drying is inferred from about 4,20@gr BP; in particular between 4,000 and 2,700 yr
cal BP fire frequency is thought to have increagedpably related to warmer and drier climate
according to pollen records (Caroli and Caldard)720At about 3,500 yr cal BP the vegetation
recovered with the expansionBinus The presence dfaguspoints to probably wetter conditions
between 2,700 and 2,190 yr cal BP, while agricaltactivities and fire occurrence became more
important (Caroli and Caldara, 2007). A similamtieis seen also at the nearby Alimini Piccolo
Lake (Southern Apulia). A decrease in pollen cotregion occurred from 4,350 to 3,900 with a
minimum at 4,100 yr cal BP, suggesting the ongaihg drying process (Di Rita and Magri, 2009).
Between about 3,900 and 2,100 yr cal BP, a newsfagpansion occurred with an increase in
evergreen shrubs (Di Rita and Magri, 2012). At abi8,600 yr cal BP there is an important
increase irDleathat could be related to both human presence lamdte, while from about 2.600
yr cal BP the area became more exploited by hurf@@anRita and Magri, 2009). The spreading of
Pinusat about 2,400 yr cal BP in the region could hagen human induced (Gruger and Thulin,
1998). During the Roman occupation at Lake Alinitiecolo between about 2,500 and 1,500 yr cal
BP deforestation increased with the developmertgoicultural activities. During the last 2,000 yr
cal BP the opening of the landscape is mainly hudraren. Around 1,900 yr cal BP an
exponential growth oDleahas been detected together with an increasees i Rita and Magri,
2009). The opening of the landscape registeredcala¢ IBattaglia, particularly important during the
roman period, was followed by a vegetation develepnbetween about 1,500 and 1,000 yr cal BP,

preceding the last phase of deforestation recardéds record.

» Adriatic side of the Balkan region

On the Balkan side, in Croatia, climate conditismilar to present day ones have been recognised
during the late Holocene. At Lake Ohrid, a regiowarmer and drier climate is inferred between
6,500 and 2,400 yr cal BP, but colder climate coon$ (decrease in precipitated calcite) are
recognised from 4,300 to 3,000 yr cal BP (Vogedlet2010). At the coastal lake Shkodra, between
4,200 and 3,700 yr cal BP decreased calcite ptatipm leads to the hypothesis of drier climate
(Zanchetta et al., 2012), while at lake Maliq arugbrise at 4,200 yr cal BP is inferred (Fouache e
al., 2010), with a second rise event at 2,600 yB&a At Lake Shkodra the percentage of arboreal
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plants remained rather stable for the whole penitd minima at ca. 4,000 - 2,900 — 1,450 and 370
yr cal BP (Sadori et al., 2015). Southward, at LBlegran, the high humidity suggested by the high
lake levels from 7,900 to 4,300 yr cal BP is folemhby more arid conditions (Francke et al., 2013).
In particular between 4,300 and 2,800 yr cal BRigmestability is seen. At 4,000 yr cal BP a short
phase of dry conditions is recognised (maybe réledghe 4.2 kyr event; Francke et al., 2013). This
phase was followed by more humid conditions. Aftex short cooling recognised at Lake Ohrid, a
return to conditions similar to present day is seetil 2,400 years BP, when human presence
became important in the area; from 1,000 to 300syB® and at about 100 years BP possible drier
conditions are deduced from a decrease in orgaattemand increased precipitated calcite (Vogel
et al., 2010). These oscillations could be refeteethe Medieval warm period and the Little Ice
Age, even if it is not possible to disentangle ¢wentual human interference on the signal (Wagner
et al., 2009). At Lake Shkodra the late Holocenguisctuated by prominent dry events identified at
4,100-4,000, 3,500, 3,300, 1,850, 1,400, 1,150mtdeen 750 and 200 yr cal BP, while enhanced
rainfall is inferred between about 4,500-4,100 &r&D0-2,100 yr cal BP and 1,800-1,500, 1,350-
1,250, 1,100-800 and 90 cal years BP suggestietptiviely high climatic instability (Zanchetta et
al., 2012). A period of increased calcite precipia is recorded in the lake sediments from 1,250
yr cal BP, after a period of low concentration gine3,700 yr cal BP (Zanchetta et al., 2012).
Microcharcoal influx shows a peak at 4,200 yr cBlBllowed by a second episode of fire at 2.900
yr cal BP (Sadori et al., 2015). The pollen recofdthis lake does not show any important
vegetation change except a slight decreasing ftirenad the bottom to the top sequence, with more
significant changes only in the last 700/800 yegBadori et al., 2015). Regional fires were
important at 4,200, 3,000 yr cal BP and in the 13600 yr, mainly related to human activity. Traces
of local fires have been identified at 4,400, 2;25000 and 1,300-1,200 yr cal BP. Changes
possibly related to dry periods occurred at 4,900 and 1,450 yr cal BP (Sadori et al., 2015).
Two periods of increased humidity have been fowm# before 4,100 yr cal BP and the second at
1,300 yr cal BP. The humidity occurring before ©1¢r BP was followed by a decrease of
precipitation at 4,300 yr cal BP. High humidity asisted with a warmer phase is inferred between
2,700 and 1,200 yr cal BP, a part from a dry emsaund 1,900-1,850 yr cal BP (Sadori et al.,
2015). In the northern Balkans at MadCave (Croatia; Rudzka et al., 2012) dry conditians
recorded at about 512 + 76 AD and 900 = 76 AD, hélatively wet conditions are recorded
during the period between 1,348 + 59 and 1,580 AM6At Lake Prespa the situation is
characterised by more stable conditions with |&kels remaining high until about 1,900 yr cal BP
with no evidence of the events recorded in closgtas (Cvetkoska et al., 2014; Mayewsky et al.,

2004). Here, increased human deforestation isredleafter 2,000 yr cal BP, while the last 1,900 yr
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cal BP have been characterised by lake level faiins; increased moisture is inferred between
1,000 and 50 cal ka BP, while there are some euadar increased temperatures followed by
subsequent drying and lake level decline betwe®d0land 600 yr cal BP (Panagiotopolous et al.,
2013; Aufgebauer et al., 2012; Leng et al., 20A38)Lake Dojran between 2,800 and 1,200 yr cal
BP a decreasing lake level is inferred; this pex@s apparently characterised by a slight cooling.
From 1,200 to 900 yr cal BP, more humid and ware@nditions and higher lake levels are
inferred. From 900 yr cal BP until today flake Ieflactuations are related to human influence; the
warm medieval period seems to be followed by cotderperatures (Francke et al., 2013). From
this period onward the human influence is partidylatrong, except for the period between 2,500
and 2,200 yr cal BP, during which the decrease rdhrapic pression in the area allowed a
regeneration of the deciduous woodland. DuringRbenan period, a decreaseOtea and a slight
increase in evergreen vegetation occurred, whita Wie Byzantine times a new increaseOiea
increased again (Jahns, 2000; Di Rita and Magfi2p0

2.2.4 Short summary of Holocene climate fluctuatiomin the Periadriatic area

The extremely complex picture exposed in the previchapters shows how diverse
locations reacted differently in terms of both temgiure and hydrology to the onset of the
Holocene. However, inside this detailed contextiegal trends have been identified, in line
with the contrasting patterns observed in the eémMiediterranean Basin by Magny et al.
(2013). Indeed, relatively dry conditions are foundhe northern sites of both the Italian
and Balkan Peninsula followed by a transitional gghavhich bring generally wetter

conditions during the late Holocene. Southern igiteoth the Italian and Balkan Peninsula
experience the opposite (Fig. 2.4). However thectexXamit between these opposite

responses is not clear.
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2.3 Hints of history: human presence and activitiesn the Balkans

during the last 11,000 years

The Balkans are characterised by a mountain enwvieoy, which played an important role in rural
development. This kind of environment contributedthe birth of isolated communities making
cultural exchanges difficult. Located at the borbetween western and eastern Europe, this area
has always been a crossroad between differentrealand religions. Despite the difficult territory,
its strategic position as a point of access to Noeth Adriatic Sea together with the mineral
resources (i.e. silver, gold, copper and iron),sen¢ especially in the actual Bosnia and
Herzegovina, made this region an interesting tawrifor conquerors.

The first modern humans appeared in the Balkanoregipproximately 46,000 yr BP, as
documented at Bacho Kiro, Bulgaria (Bailey, 20a)ring the last ice age this territory was not
covered in ice and permafrost, providing a survivighe for both fauna and deciduous vegetation
(Willis, 1994; Bailey, 2000). The main human adies during this period consisted in foraging,
gathering, hunting and fishing, causing a margihabt negligible effect on the natural landscape
evolution. This period was characterised by higltbititg of people across the regional landscape,
concentrating their activities in sheltered plagesses and rock-shelters; Chapman 1990; Whittle,
1996; Bailey, 2000). These characteristics werd Keppugh the post-glacial and early Holocene
when the density of human communities was still.|éwom about 8,500 BP changes occurred in

human habits. The first stable settlements devel@pel the manufacturing of tools and containers
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increased. Group of humans started building woodenstructions and stable settlements,
increasing their influence on the natural landsq@&@aeley, 2000). Despite the southern and eastern
Balkans, where stable villages started being bunlthe western Balkans (i.e. Serbia) temporary
settlements have been found (Bailey, 2000). Atghme time activities related to breeding and
agriculture developed, especially from about 7,$0BP. From this time, constructions evolved
into more complex structure-forming permanent g#ls, while breeding slightly shifted from
ovicaprids to cattle. The seasonal grazing herdsvaments developed in the previous millennia
continued and new areas were occupied (Bailey, X080 the same time, cereal cultivation
intensified. Expansion of cultivated area has kastiected in different archaeological sites, togethe
with increased metal mining and manufacturing (Chapman, 1990; Tringham & Stevanovic,
1990). The development of these

Invasions of the

Roman Empire | activities may thus have had a less
100 - 500 CE

negligible impact on natural

landscape evolution with increased
deforestation. However this impact
may have played a role only at a

scale restricted to the more

Empire )
———— populated areas. During the VI
Franks
s millennia the number of stable
Ostrogoths ) . . .
Huns villages decreased in this region,
— \Andals

. o _ probably in relation to the
Fig. 2.5 - Map of the Roman Empire invasions.

By User:MapMaster (Own  work) [CC B®%A 25
(http://creativecommons.org/licenses/lay&5)],  via  Wikimedie Together with this, a
Commons. diminishedmining activity

increasing size of grazing herds.

occurred during this period, followed by a furthecrease in the next millennia (Bailey, 2000).
Despite this general frame, only few late Neolithichaeological sites have been found in the
Bosnian mountains (i.e. Visoko Basin, Schroedtealgt2012). Also mining activities developed
later than elsewhere in the Balkans: according eégetnann and Schmitt-Strecker (2005) copper
ores of central Bosnia were not exploited during tarly Bronze Age; only few permanent
settlement structures have been observed in theframe between 3,600 and 3,400 yr BP
(Gavranow, 2012). From this period onward these settlemexizanded and developed. The
presence in the region of iron ores allowed thetinaity of settlements in central Bosnia at the
passage from the Late Bronze Age to the Iron Adg&0B0-2,900 BP). This period faced the
development of different cultures in the BalkansaCEs of the presence of the Cetina culture in the
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area of Sarajevo were found (Govedarica, 2006)s Thiture, which mainly developed on the

coastal area of the Adriatic Sea during the EarlgnBe Age (~4,200-3,500 BP), may have been in
contact with other tribes in the Balkan inland itery, a region that did not correspond to the
environment where this culture developed (Goveda2006). Among the several cultures, which
developed in the Balkans, between the Late Bronge &nd the Iron Age the Glasinac culture
occupied an important role in the area comprisihg southern Croatia, Serbia, Bosnia and
Hervegovina and Montenegro. This culture can beaated with the Autariatae, one of the most
important lllyrian tribes(Stipcevi¢, 1977). lllyrian tribes were the dominant cultumethe region

until the Roman occupation, which occurred durihg 1"

century BC. These tribes, which
vanished around the Vllcentury AD, were mainly devoted to agriculturejnaal breeding and
mining, activities which were kept and increasedrduthe Roman occupation, while trade started
playing an important role in the region, thus augtimg the anthropic pressure on natural landscape
(e.g. deforestation related to increased agricejtubfter the division of the Roman Empire (325
AD), the area became part of the Byzantine Emfiteing the IV" and V" centuries AD a violent
period occurred in the Balkans due to the contiesr between the Romans and the Goths
(German tribes which invaded central and southarrofie) which lead to the collapse of the

Western Roman Empire. Between th8 &¥hd VIII™

centuries AD massive migration of different
populations from north-eastern Europe occurredhm Roman Empire territories (Hines et al.,
1999). The most important German tribe whose migmafollowed a direction parallel to the
Adriatic coast along the Balkans is representethbyVisigoths (Fig. 2.5). During the Vlicentury

a demographic decline affected the Balkans (C2®43). After the fall of the Western Roman
Empire, the western Balkans became part of theo@stins Reign (W century AD), whose
territories were conquered again by the Byzant{h#s" century AD). The Balkan region remained
under the Byzantine domain until the conquest ef shme territories by the Ottoman Empire,

which ruled the area from the Xfito the beginning of the XIX centuries AD.
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2.4 Speleothems as palaeo-environmental records

Among the continental materials which can recorst géimate and/or environmental fluctuations,
speleothems are considered excellent archivesksham their formation in relatively stable
underground environments, protected by erosion wmgthering occurring at the surface.
Information related to air mass and precipitatignaimics and temperature can be transferred to the
speleothem calcite over seasonal to multi-milleintimae scale through precipitation stable oxygen
isotope composition. When water infiltrates thel smid bedrock, it can be enriched by further
information related to hydrology, soil activity atgpe and density of vegetation cover. These are
transferred to the percolating water by the stabibon isotope composition of soil CO2 and trace
elements, which are leached from the soil and lmbdrand then incorporated into the speleothem
calcium carbonate. The recorded information carpieeisely time-constrained with radiometric
dating. However, the interpretation of speleothemeodahpemistry in terms of
palaeoclimate/palaeoenvironmental reconstructisneot straightforward since several processes
can mask and modify the original signals. Indeestrqgraphy observations are essential for the
identification of post-depositional modificatiorig. addition, calcite textures can be influenced by
cave hydrology and concentration of foreign pagschs well, thus representing a further tool for
the identification of past environmental and/onwte fluctuations. In the following paragraphs an
overview of the processes leading to speleothemmdbon and their recording of climate and/or

environmental signals is presented.

2.4.1 Formation of carbonate stalagmites

2.4.1.1 Precipitation of calcium carbonate in cave environments

Carbonate stalagmites are speleothems which forntawe floors from water infiltrating the
overlying soil and karst bedrock.

The high soil pC@ (higher than the atmospheric one due to root raspn and microbial activity)
can increase the acidity of infiltrating water arlays, its aggressiveness towards the carbonate
bedrock, which is dissolved (Witkamp and Frank,9)98Vhen the water enters the cave, the lower
pCQO, of the cave atmosphere causes the, @egassing which in turns triggers the solution
supersaturation and the subsequent precipitaticalofum carbonate.

This process follows the general karst equilibri@action for carbonate written below:

CaCQ + CO, + H,O €« > C&" + 2HCO
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The deposition of calcium carbonate from the pertboy water is thus related to its degree of
saturation with respect to calcite (e.g. Fairclaltl Baker, 2012). Thus, the difference in pCO
between soil and cave air is a key control on lbthamount of rock dissolved and the calcite
precipitation rate. If percolating water encounteagdose areas with lower pg©efore entering the
cave, it may reach calcite saturation and prediitalcite along its path towards the cave. This
phenomenon, which mainly occurs during dry periaglsalled prior calcite precipitation (PCP; e.g.
Fairchild and McMillan, 2007).

2.4.1.2 Factorsinvolved in speleothem growth

The process behind speleothem formation is onlagly simple. Several variables can play a
role in speleothem formation acting at differemdiscales, from the seasonal and annual scale to
the multi-decadal and multi-millennial one.

Surface temperature fluctuations are among theosabsariationghat most influence speleothem

growth (Fairchild and Baker, 2012). As explained\ad calcite precipitation is related to the pCO
contrast between soil and cave air. Air exchangevd®n the cave atmosphere and the external
environment can lead to the removal of cave air, §@. cave ventilation), thus enhancing
differences between drip water and cave atmospb@f@. In temperate climates, this process is
mainly controlled by seasonal variations in surfeemperature. Cave air temperature tends to be
rather constant through the year at values thatageethe mean annual surface temperature (e.g.
Wigley and Brown, 1976; Moore and Sullivan, 197B).temperate climates, in summer, when
surface temperature is higher, a poor if not négkgair exchange with the external environment
occurs, causing an ineffective g@moval. In winter the opposite occurs: due toltve surface
temperature, the warmer cave air tends to exicavéy, while the cold and fresh external air ester
the cave, causing a lowering of cave air pCQhis phenomenon increases the calcite
supersaturation of cave dripwater favouring spékemt formation during this season (Fairchild and
Baker, 2012). In case of small seasonal temperatiarges, the COemoval can be controlled by
periods of high precipitation as recorded in AlteanCave by Sanchez-Moral et al. (1999) where
CO, winter-summer exchange is reversed, with more &xgés with the atmosphere in summer via
the epikarst.

Considering _decadal-to multi-millennial scalghanges climatic controls can interfere with
speleothem growth (e.g. McDermott et al., 2001sikret al. 2003; Genty et al., 2003; McDermott

et al., 2004; Fairchild and Baker, 2012). Variasion temperature and precipitation, for example,
may trigger modification in natural vegetation covilaus changing soil COproduction and the
subsequent saturation of the percolating watees (lirectly affecting stalagmite growth). In
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addition long-term variations of those parameteay adfect the aquifer recharge and cause changes
in cave ventilation, making the air exchange betwtbe cave and the surface less or more efficient.
The recording of external signals in speleothenrs loa further complicated by cave hydrology
dynamics: the type of water flow plays a fundamentale in determining speleothem

characteristics. The two extremes are representéiffose and fracture flow (Fig. 2.6).

Fig. 2.6 — Left: speleothems fed by fracture floonmdnated paths (Orlo¥a Cave, Bosnia and Herzegovina). Right:
speleothems fed by diffuse flow dominated pathgfBdCucu Cave, ltaly)

The first one usually generates candlestick staitegmvith slow and regular drip rates, and is more
subject to mixing effects, which may buffer shentnt atmospheric signal. The second one is more
connected to external variations and is more stibtefo large variability of its drip rate, leadin

to the formation of wider stalagmites and othedkaf speleothems (Williams, 2008; Fairchild and
Baker, 2012). However, even in stable aquifers,rtdieom increases in discharge can cause
infiltration events. If this happens, seasonal atawns can be reflected in that of dripwaters (e.g.
Alpine environments where winter rainfall and snalivare usually associated with lightfO and
individual events can be associated with reducemvir rate and reduced saturation index;
Fairchild and Baker, 2012).

Given the complexity of the flow paths, speleothetoming from the same cave chamber may
display different signals due to differences in toyogy, while showing the same characteristics

related to cave ventilation.
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2.4.2 Isotopes in the study of carbonate speleothem

Chemical elements are identified by the number rotgns forming the atomic nucleus (atomic
number). However the same element can comprehand Seariants” characterised by a different
number of neutrons, still keeping the same atoruimiver. These “variants” are called isotopes.
Since the sum of the number of protons and neubm@snucleus is called mass number, isotopes
are characterised by the same atomic number afedteif mass number (e.g. Fig. 2.7).

Isotopes can be divided into two main categoritdble and radioactive isotopes.

Stable isotopes present a stable mass number, Wbahnot change through time. On the contrary
radioactive isotopes, which are also referred tad®nuclides, do not preserve their mass number
through time since they tend to decay emittingatoins. Radioactive isotopes, which are usually
expressed as ratios with their daughter products,alle to provide temporal information of a
particular process. Knowing the decaying series @articular isotope, its half-life time and the
decaying constant, it is possible to determine wiendecaying started, if daughter products are
preserved and radioactive stock is not reneweda(iolosed-system), thus enabling the age

determination of several materials (e.g. U/t).

Oxygen Isotopes

160 Isotope 180 Isotope

Fig. 2.7 — Oxygen isotopes. On the left the isotppesenting 8 neutrons
and 8 protons, whose mass number is 16; on thethghsotope presenting

10 neutron and a mass number of 18. (From wwwfaesdu).

Stable isotopes are instead expressed as ratioedretheavier and lighter nuclides of a certain

element. The relative abundance of different isesopf the same element can represent a reliable
signature of the nature and/or origin of the precemt involved these elements. Stable isotope
partitioning between two different substances oasgls is expressed through the fractionation

factor. This parameter, which is calleg represents the ratio between the heavier andeligh
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isotopes (R) of the same element in the two comsiblesubstances (i.ewg.n) =Rs/Ra). The
fractionation process between two phases can aacboth equilibrium and disequilibrium (i.e.
kinetic) conditions.

Equilibrium fractionations consist of isotope ptotiing between two substances in chemical
equilibrium (i.e. closed system in case of phasangks). In this case the heavier isotopes tend to
concentrate into compounds or phases in which @heynost stably bound. In kinetic fractionation,
which can occur in open systems during phase clsahgavier isotopes tend to move more slowly
and the isotopic fractionation tends to favourligkter ones. Thus, while equilibrium fractionation
is related to isotopes bond stability, kinetic fraeation is related to their relative speed.
Equilibrium fractionation can be easily predictedn the knowledge of the fractionation factor,
which characterises a particular process. On tmdraxy, kinetic fractionation requires a deeper
knowledge of the variables involved in the procedsich further complicates the interpretation of

signals relative to determinate processes occumrdte past (White, 1997; Lachniet, 2009).

2.4.2.1 Dating speleothems

Among the several characteristics which make catsospeleothems excellent materials for past
climate investigations, the potentiality of beergsely dated providing reliable and continuous
chronologies is one of the most important. Différdating techniques can be used, each of them

presenting some limitations.

. Radiocarbon dating

Radiocarbon (C) originating in the upper atmosphere is transférto carbonate speleothems
through the C@dissolved in percolating water$C has a half-life of 5715 years, which would be
suitable for the study of relatively young sample40 kyr). However part of th€C of speleothem
calcite is derived from hostrock dissolution thusfaming/distorting the original atmospheric
signal. Since the percentage of bedrock-derivedora(“‘dead carbon”) varies in speleothems, this
method is not considered reliable when its propartin the studied speleothem can not be
evaluated (e.g. Genty and Massault, 1999; Genl.et1999; Genty et al., 2001). However this
method can be useful to date young samples, wlustdpte the 1960s, since the aerial nuclear tests
performed in this period created a spike in atmesph“C (the “bomb pulse”) which can be

recognised in carbonate speleothems (e.g. Hodagle 2011).
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. U-series dating

The most used technique for speleothem dating sedan the U transfer from the soil to the
speleothem via the groundwater and its subsequeatydnto daughter products (Fig. 2.8).

The?3U - 2°Th decay series is the most used for speleotheimydartoviding accurate dates for the
last 400 kyr. Two prerequisites for stalagmiteratising the U-Th disequilibrium method are: 1)
the presence of a closed system in relation tategtececipitation and 2) a negligible detrital Th
contamination. The major source of uncertaintyiveig by the ratio between the detrital radiogenic
and stable Th?{°Th/?*2Th). The threshold value of this ratio, which alkweonsidering U-Th ages
reliable, is between 100 and 300 (Li et al., 1R@hards and Dorale, 2003). The effect of detrital
Th contamination can be corrected to some extengus stratigraphic approach as described in
Hellstrom (2006) and/or basing the correction aarttio of regional clays or bulk earth.

For older sample&®®U —?°Pb decaying series is used, allowing for age detetion of samples

several million years old (e.g. Woodhead et alQ&0

U decay series
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Fig. 2.8 —?*% and®**Th decay chain. Half lives are shown in red. Fraardhild and Baker,
2012, built on data from Dicken (2005) and Geyh Sotleicher (2000).
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2.4.2.2 Oxygen and carbon stable isotopes. cluesfor past environmental changes

2.4.2.2.1 The environmental significance of stabiggen isotope ratio®{°O)

One of the most studied stable isotope ratios lagmaenvironmental studies involving carbonate
material is thé®0/*°0 one.
This value is always reported against a standaatl ith represented by the VSMOW (Vienna
Standard Mean Ocean Water) for water and the VPD@&nfa PeeDee Belemnite) for carbonates.
It is noted as (Sharp, 2007):

§'%0 (6% (%o) = 1000 x [(°O/*°0)samplie— -20/*°0)standar! (**0*°O)standard
The significance of this value relies on the preessbehind its partitioning in atmospheric
precipitation. The first variable, which influencpgecipitation stable oxygen isotope composition,
is related to mean ocean isotopic composition. @cgater is the largest B reservoir and its
stable isotope composition directly affects preeijpon 5'%0. At the global scale, the major factor
that influences oceadt®0 composition is the amount of ice at the EartrePolndeed, ice sheets
tend to concentrate lighter oxygen isotopes, sthe& origin is related to both low temperatures
and increased high latitude snow precipitation,chtis particularly depleted iffO (e.g Rohling,
2013). At a more regional scale, océafO changes are mainly related to strong evapordéan
in the tropics), precipitation amount and riveratfr(Lachniet, 2009). In particular since the light
%0 tends to evaporates first, intense evaporationieave the ocean surface isotopically heavier.
On the contrary, important river runoff would habe opposite effect lowering the ocean surface
80 ratios due to the input of isotopically lighteeshwater (Lachniet, 2009).
The ocears*®0 signal is transmitted to moisture through evafimmaAs stated above, this process
causes a first modification §1°0 ratios since lighter isotopes tend to evaporiase fesulting in a
more’®0O depleted moisture if compared to the sourcerésence of relative humidity of 100% this
process occurs under equilibrium conditions andfthetionation corresponds to 9.34%. at 25°C
(Lachniet, 2009). However, at lower relative hurtyidilso kinetic fractionation occurs which is a
function of the percentage of relative humidity.c®nin the atmosphere the moisture can face
condensation, a process that occurs at equilibdantitions and tends to favour the heavfe
isotopes, thus lowering th#®0 ratios of the remaining vapour. The progressimedensation of
water vapour in the atmosphere causes a lowerimgezfipitations'®0 composition. This process,
known as Rayleigh distillation, is particularly eftive with decreasing temperatures, increasing
altitude, increasing latitude and distance fromdbeanic source (e.g. Yurtsever, 1975; Fig. 2.9 and
2.10).
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Fig. 2.9 — Rainout effect od’H and §'°0 in precipitation (Hoefs, 1997;
Coplen et al., 2000). From hpps//: web.sahra.agazdu.

Studying the5*®0 composition of precipitation it is thus possitBeidentify changes in the primary
moisture source composition and/or in atmospherimass trajectories.

Precipitations'®0 is transmitted to the karst environment throuwhinfiltrating water. Oxygen of
carbonate bedrock has a differénfO signature than the percolating water. Howevee, stable
oxygen isotope composition of HGQlerived from limestone dissolution equilibratestapically
with percolating water allowing for the transmissiaf the imprinted climate signal. This process is
time-dependent but generally occurs fast (hourome day) compared to the travel time of
infiltrating water to the cave, thus enabling theegervation of climate-related information
(Dreybrodt, 2008; Dreybrodt and Scholz, 2011).

Further processes that may complicai® ratios interpretation must be considered. Oncthén
soil, evaporation can further modify moistuif®0O composition triggering®0 enrichments (e.g.
Allison, 1982; Tank and Feng, 2001), an effect tisaparticularly evident in arid climates. In
addition, the mixing in the soil zone of moisturerided from different precipitation events may
buffer the original signal (Lachniet, 2009). Comsidg speleothem feeding systems, Bar Matthews
et al. (1996) tried to modulate the isotopic sigreéted to the different flow paths finding more
negatives*®0 for the diffuse (fissure) flow dominated watercémpared to the fracture flow
dominated one, making this system less sensitivatrtiospheric changes. However, both paths
were characterised by more positive values if cosygbdo the atmospheric ones due to mixing
effects (Fairchild and Baker, 2012). Thus, whileskavater is potentially an important climate-
related information reservoir, all the possiblegasses that can mask the original climate imprint
must be taken into account while interpretingif© ratios.
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2.4.2.2.2 The environmental significance of stalliéon isotope ratiosst°C)

Another isotopic ratio that is used in the studypakt climate change signals recorded in cave
carbonate deposits is the stable carbon isotomesyathich is referred to as:

83C (3"°C (%o) = 1000 x [(F’C/**C)sampie— “*CI*C)standard/ (**CIC)standard
This isotopic ratio, which is transmitted to therdtathrough the infiltrating water, is mainly
influenced by the isotopic composition of both #tenospheric and the soil derived £4d in a
minor way by bedrock composition. Soil derived £&mprises C® produced by both root
respiration and microbial activity whose relatindluence is still not yet well understood (Fairchil
and Baker, 2012). While the bedrock stable carbotope ratio is stable, the soil activity signai ca
be dynamic (Dorale and Liu, 2009). Atmospheric (QiDesents heavier carbon isotope ratios if
compared to the vegetation root respiration pragduct
The 5*°C ratios related to COproduced by root respiration is dependent on io¢hvegetation
density and the photosynthetic path: indeed pleatsbe divided into three important groups using
different photosynthetic pathways leading to déf@rcarbon isotopes fractionation. These groups
are represented by the C3, C4 and CAM plants, witigher averagé'*C values respectively of
-26%o0, -12%0 and intermediate values between the (Daines, 1986; Cerling and Quade, 1993).

While C3 plants are mainly found in temperate ctesaC4 are light demanding plants adapted to

48



water stress and are mainly found in arid clim#ékeg. 2.11, Cerling and Quade, 1993; Still et al.,
2003). Some succulents plants (e.g. Cacti) instepesent the CAM group (i.e. crassulacean acid
metabolism) (Smith, 1982). Thus in the central [peam area, at present, vegetation is dominated
by C3 plants. Their photosynthetic paths lead twest soil CQ isotopic ratios 18%. depleted in
respect to thé**C of the atmospheric G@Farquhar et al., 1982).

80°N —

40°N —

Lotitude
Q
|

40°S —

80°S —

Longitude

Fig. 2.11 — Spatial distribution of C4 fractionwagetation (from Still et al., 2003)

2.4.2.2.3 How"*C andd*®0 are recorded in speleothems

Once reached the cave environment, infiltratingewatn lead to carbonate speleothem formation
(Paragraph 2.4.1)5%0 and §*°C signals carried by the parent dripwater are tréted to
speleothems through the deposition of calcium czatm

However, during this process both values can fag¢hdér modifications that can mask the
imprinted environmental signal. In order to havesth signals recorded in a stalagmite, calcium
carbonate precipitation must occur at isotopic ldgum with the parent solution. Precipitation
close to equilibrium conditions likely occurs whirere is sufficient time for the isotope exchange
reactions to take place (Hendy, 1971; Sharp, 208hniet, 2009): under these conditiof%0
ratios can return to the equilibrium values throwglslow isotope exchange with water in the
hydration/dehydration processes of g@8ffeck and Zaarur, 2014; Dreybrodt, 2011), whishain
extremely slow process; when this happens, isotd@ictionation between water and calcite
depends on cave temperature (e.g. Hendy, 1971;afqdhO’Neil, 1997; Kim et al., 2007). The
relation betwee®0 and temperature ranges from -0.18 to -0.23%o/°@raperatures of 5°C and

35°C respectively (Lachniet, 2009). While tempemiimpactss**C fractionation less extensively,
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this isotopic value is more sensitive to in-cave,@®gassing and GQexchange with the cave
atmosphere occurring when calcite precipitatebaspeleothem surface. The latter process causes
an irreversibleC enrichment in the DIC (dissolved inorganic cafbionthe solution (Affeck and
Zaarur, 2014; Dreybrodt, 2011). However, strong/andapid CQ degassing can trigger Kinetic
fractionation also iB*?0 values causing enrichments of bétfO ands™C ratios (Hendy, 1971;
Wiedner et al., 2008). Dreybrodt & Scholz (2011y &hansen et al. (2013) demonstrated how the
rate of outgassing is related to the thicknesfhiefwater film on speleothems, preventing complete
880 DIC re-equilibration in thin water films. Consiitey that the occurrence of disequilibrium
conditions in DIC isotope ratios is recorded in grecipitating calcite, speleothems forming from
thin films of fluid, which are the result of longipl intervals, may experience enrich&dC and
8'%0 values (Mihlinghaus et al., 2007; Riechelmaral.e2013; Caddeo et al., 2015).
Hendy (1971) was the first who tried to exam## ands*®0 variations in speleothem calcite in
relation to cave conditions, looking for a criteriable to individuate disequilibrium fractionation
speleothem calcite. According to his study, twoditbons must be met by stalagmites grown under
equilibrium conditions:
1) the absence of covariance betwefC and§*?0 along the stalagmite growth axis and the
stalagmite growing laminae;
2) the absence of strosg®0 variation along growth laminae.
Thus, if these two criteria are met, the isotopgnal recorded in a stalagmite can be considered
reliable for past climate interpretation.
This approach has been considered valid for seyels and is still used to test for stalagmite
equilibrium conditions. However, this method is nminsidered fully reliable for testing the
preservation of climate signals in speleothem tmlas, for example, several other authors have
recognised the role played by climate fluctuatiomsausing covariation 08*C and&'®0 (i.e.
vegetation changes associated with climate char@eding, 1984; Dorale et al., 1992; 1998). In
addition, the variation of3'®0 values along single laminae, suggesting the oecoe of
disequilibrium fractionation, is not sufficient tiemonstrate the absolute absence of equilibrium
condition along the central growth axis (where siasdor stable isotope analyses are taken).
Furthermore, extremely thin lamination may prevesampling precise enough to be representative
of a single growth lamina. For these reasons, db& for replication of the stable isotope profiles
among coeval stalagmites from the same cave isidamesl more reliable in determining the
preservation of the original climate signal (Wamngle 2001; Dorale and Liu, 2009).
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2.4.3 Trace elements in speleothems and their rebawce in palaeo-climate and

palaeo-environmental studies

In geochemistry, elements that have a low conceotrgusually less than 0.1 %) in the analysed
material are referred to as “trace elements”. hb@aate speleothems, they mainly consist of all the
elements that can be leached from the soil andobkdby the infiltrating water and then
incorporated into calcium carbonate crystal lajtiménor contributes to speleothem trace element
composition can be atmospheric input and

sea-salt aerosol (e.g. S and Sr; Goede et al.,

Biological
| fation. Wet, dry _ _
and acolian 1998; Fairchild and Treble, 2009; Fairchild
epositon
Vegetation and Hartland, 2010; Flg 212)
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Fig. 2.12 — Scheme of pos@dources of trace eleme  depends on the element abundance and

as particulate, colloids or solutes (from Fairchddd

Treble, 2009).

the unsaturated zone overlying the cave and
partitioning at the water-calcite interface

(Roberts et al., 1998; Fairchild and Treble, 206%3. 2.12). A deep understanding of the

mechanisms behind trace element variations all@wghie identification of environmental and/or

hydrological changes during the period of growthhaf studied stalagmites.

A brief overview of the transfer mechanisms andghkeoenvironmental significance of the most

studied trace elements in speleothems is repogikeavb

2.4.3.1 Trace elementstransfer through the karst and their incorporation into calcite

Trace element enrichment in groundwater is maiehated to their chemical mobilization and
hydrological processes influencing water infiltoati(Fairchild and Treble, 2009).

These elements can be derived by different sownbsdistinctive dissolution behaviour and they
can be taken in charge as solutes (e.g. Mg andr&$ particulate and ion aggregates (especially

trace metals). Groundwater residence time and flaths play an important role in both type and
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concentration of trace elements. In particular, flaw conditions allow for leaching less soluble
elements: as a reflection of this, water enteriegpd caves is usually more enriched in trace
elements than in shallower ones (Perrin, 1997);sdmae can be said for longer residence times
related to drier environments (Fairchild and Bak¥]12). On the contrary, fast flows favour the
mobilization of particles and coarse NOM (natungjamic matter; cf. Hartland et al., 2012), which
can transfer both organic molecules and crystatitemorphous solids like Fe, Mn or Al oxides
(Buffle et al., 1998; Lead and Wilkinson, 2006).

When the infiltrating water precipitates calcites, load in trace elements can be incorporated into
the calcite crystal lattice where divalent caticas substitute Gaions and/or, together with other
ions, attach to lattice kink sites (Burton et 4851; Fairchild and Baker, 2012). Trace elememts (i
particular trace metals) can also concentrateyiertarich in organic matter which usually present a
brownish/dark colour visible in stalagmite polish&ettions and in speleothem thin sections (e.g.
Fairchild et al., 2001; Richter et al., 2004; Bdoset al., 2007).

2.4.3.2 Palaeo-environmental meaning of speleothems trace element composition

The understanding of the variables influencingdratement mobilization and incorporation into
speleothem calcite can provide information relatedlocal hydrology variations even at the
seasonal scale (e.g. Huang et al., 2001; Trelak,&2003; Borsato et al., 2007).

Mg and Sr are among the most studied elementspocated into speleothem calcite. Mg can be
leached from soil and/or bedrock where Mg-beariagoanate/metamorphic/igneous rocks (e.g.
dolomites, ophiolites) are present. Its leachinglirectly related to groundwater residence time
which can be modulated by the alternation of daied wetter conditions: indeed drier conditions
induce longer residence times and allow for selecteaching of Mg from soil or host rock
(Plummer, 1997; Fairchild et al., 2000). Howeveryddi and Morse (1990) demonstrated that
temperature influences variations in Mg concerdgratis well. Indeed Mg incorporation into calcite
is temperature-dependent and higher temperatuds keahigher Mg concentration in speleothems
(Verheyden, 2004 and reference therein).

On the contrary, Sr incorporation into calcite taydattice is not temperature dependent (Mucci
and Morse, 1990). This element seems to be rel@terhicite precipitation rate, where higher
concentrations would indicate faster speleothemwtiro(Fairchild et al., 2001; Gabitov and
Watson, 2006). However this does not always ocely. Borsato et al., 2007).

All trace elements can also be influenced by preeg$inked to calcite precipitation along the water
path before reaching the cave.

A negative correlation between Mg and Sr can becatde of the alternation of drier (higher Mg
and lower Sr) and wetter (lower Mg and higher Smpges, reflecting, in some cases, annual

52



ciclicity (e.g. Roberts et al., 1998; Treble et, &003). On the contrary, Huang et al. (2001)
observed a positive correlation between Mg anch@minual laminae of a stalagmite from Ernesto
Cave (Italy), interpreting this signal as a comhbora of selective leaching of Mg from soil and

bedrock and prior calcite precipitation.

Another element that can provide information abeuwironmental processes during calcite
speleothem growth is P. Its concentration in sghlos is commonly interpreted as related to
vegetation die-back or microbial mats. The mobitfyP in soils is higher at pH between 4 and 6
(Giesler et al., 2005), conditions that usuallywdn summer (Sartori et al., 2005). However, P is
commonly re-adsorbed by the lower alkaline soietaynaintaining its mobility only in presence of

extremely rapid infiltration (Borsato et al., 2007hus, laminae portion rich in this element are
often deposited during autumn in temperate climétagg Huang et al., 2001; Borsato et al., 2007).
At the same time, rapid infiltration events mayoalavour the transfer of trace metals (e.g. Y, Pb,
Zn and Cu), that are attached to natural organitem@NOM) (e.g. Borsato et al., 2007; Hartland et
al., 2012). Their concentration fluctuations in Ispthem calcite may thus provide information

about the timing and magnitude of rainfalls, espéciwhere strong seasonality of precipitation
occurs (Hartland et al., 2012).

2.4.4 Stalagmite petrography and its capability irproviding environmental
information

In carbonate speleothems, calcite crystal arrangenage related to environmental conditions due
to water flow, supersaturation state of parent dvgter, presence of impurities and cave air
humidity and pC@ Changes in these parameters cause variatiomgstacnucleation, which result
in particular textures. Thus, in order to improne tomprehension of environmental fluctuations
recorded in speleothems, the importance to unaetstee conditions behind each fabric formation
is clear.

The calcite crystal growth mechanisms and changesystal habits, related to cave and drip water
conditions, have been poorly investigated in trstaght past, finding evidence of changes in calcite
habits related to parent drip water supersaturatiate and flow rate and possible influences of
foreign particles (e.g. Boistelle, 1982; Sunaga®@84; Dreybrodt, 1988; Gonzalez et al., 1992;
Genty, 1992). Subsequently, the idea that speleofaeric variations might have been a potential
reservoir of environmental information has beerestigated by Frisia et al. (2000) and Frisia and
Borsato (2010). These authors intensely analysed#nameters influencing speleothem textures

and recognised five main fabrics (columnar, dernihicrite, microsparite and mosaic calcite) that
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develop under particular conditions of drip watepersaturation and flow rates. The resulting
classification has been improved and coded in &1(j8015) to provide a universal and relatively
objective tool for fabric classification and itsmsersion into numerical values; thus allowing the
comparison between different proxies of the sanetesphem record and different records as well.
Indeed Frisia (2015) described the five main fabend their associated patterns assigning to each
of them a progressive number from the one reflgctimore stable conditions of drip rate and
supersaturation to the one related to the highestability. These fabrics and the associated

environmental conditions are described below.

2.4.4.1 Columnar Fabric

Columnar fabric has been observed by Kendall arali@irton (1978) and is considered the most
common fabric in carbonate speleothems (FrisiaBordato, 2010). Crystals are elongated along
the main growth axis and are characterised by tegrfaoundaries. In the past this fabric has also
been called “palisadic” by Genty and Quinif (1996)occurs in caves under different temperature
conditions (from 5 to > 25°C) and is characterigticrelatively low calcite supersaturation state
(Sl from about 0.1 to 0.35; Frisia et al., 2000). Ewentual presence of organic matter (colloids)
or foreign particles, drip rate variability and olgas in drip water chemistry are responsible fer th
associated patterns in which the columnar fabric loa subdivided. Microscopically it can be

divided into five sub-types described by Frisial2Pas follows (Fig. 2.13).

2.4.4.1.1 Columnar Compact (C)

This sub-type is characterised by a regular crytalking forming compact aggregates without the
presence of intercrystalline porosity. Crystals éhaa length-to-width ratio< 6:1 and are
characterised by regular intercrystal boundarieg. (Eolk, 1965). They rarely exhibit marked
competitive growth phenomena with the exceptiontte upper surface of major depositional
hiatuses (Kendall, 1993; Frisia et al., 2000). €kentual lamination does not disturb the compact
crystal stacking, even if flat crystal terminatioae often associated with dark and organic-rich
laminae, promoting the idea of a possible locabkdligtion related to organic matter oxidation
(Frisia, 2015). This fabric forms under a thin filwh fluid under relatively slow and constant drip
rate (from 0.1 to ~3 ml/min), enhanced degassiigh Wwater pH (~8.4), low calcite supersaturation
(Sle = 0.2 £ 0.15), low Mg concentration in parentpdwater and negligible presence of particles
and/or colloids (Kendall and Broughton, 1978; Friahd Borsato, 2010).
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2.4.4.1.2 Columnar Open (Co)

The main difference, which distinguishes this fairom the columnar compact is the presence of
high intercrystalline porosity, marked by lineaclusions or pores. It forms under a thicker film of

fluid, higher drip rate and less efficient degagstompared to the compact type (Kendall, 1993;
Frisia et al., 2000).

2.4.4.1.3 Columnar Elongated (Ce)

This fabric, that is common in flowstones, is cleéeased by crystals with a length-to-width ratio
exceeding 6:1 (Folk, 1965). Competitive growth pdraena are more widespread than in the other
columnar types. According to Gonzalez et al. (1982jormation requires high water flows on the
speleothem surface and presence of Mg in parergrwhtg/Ca from 0.85 to 2.8). Frisia et al.
(2000) reported the presence of this fabric in terage climate under constant drips, low calcite
supersaturation state (Sbetween 0.1 and 0.35) and Mg/Ca ratios higher thhd@n Examples of
lateral overgrowth in this fabric associated witkcmite rich layers have been described by Frisia
(1996). A similar pattern has been recognised agettietic in fresh water stromatolites examined
by Freytet and Verrecchia (1999). The presencatefdl overgrowth in elongated calcite crystals

associated with micrite may therefore imply diagené flowstone layers.

2.4.4.1.4 Spherulitic type growth in columnar faisri

This particular fabric consists of columnar polstats with a length-to-width ratio higher than 6:1
characerised by ondulatory extinction. This suletgpn be further subdivided into two sub-fabrics
called “fascicular optic” and “radiaxial’. The firassumes the appearance of a sector of a spkerulit
or a fan with crystals bending outwards, the latteinstead characterised by converging fast
vibration directions. Observations on speleothenggest an important role of Mg (Mg/Ca > 0.35)
and higher calcite supersaturation stateg (&tween 0.3 and 0.5) for its development (Mattey e
al., 2010; Neuser and Richter, 2007; Frisia, 20Considering the role of Mg in the formation of
this fabric, it is arguably reasonable to infersin@éwo sub-fabrics as indicative of Prior Calcite
Precipitation (PCP) and/or prolonged water residetiae in Mg-rich aquifers during dry periods
(Frisia, 2015).

2.4.4.1.5 Columnar Microcrystalline (Cm)

This fabric, mainly observed in stalagmites in Alpisettings, is characterised by flame-like
polycrystals with length-to-width ratio < 6:1 andhilorm extinction. The peculiarity that
distinguishes this fabric from the compact onehie presence of highly irregular boundaries

between the polycrystals associated with a higérirand intra-crystalline porosity. This particular
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fabric, usually fine laminated, forms under higlischarge rates than the compact one but with
higher variability, comparable low supersaturateomd strong input of foreign detrital or colloidal
particles associated with major infiltration eve(fsisia et al., 2000). According to Frisia (2015),
the microcrystalline pattern is typical in temperat¢gions characterised by high seasonal contrast
in temperatures, precipitation and vegetation #@gtivConsidering the Alpine settings where this
fabric has been recognised, flushing of organictenanay reflect the autumnal season, when a
combination of low degassing and low supersatunaticcurs. This can result in the development of
the observed regular layer of foreign particlethatgrowing surface. An additional requirement of
this process is the presence of an environmentereaisonal cave ventilation occurs, allowing for
a less efficient exchange between cave air and sghave during the season of higher colloidal
flushing (Frisia, 2015).

2.4.4.2 Dendritic Fabric

This fabric is characterised by composite crystatganised in branches resulting in the peculiar
aspect of a grid. It forms under relatively lowat saturation conditions (Slbetween 0.2 and
0.4) and high discharge rates with strong fluctregj including the alternation of periods of high
drip rate and prolonged dry seasons during whieh dpeleothem surface dries out completely
(Frisia et al., 2000; Frisia and Borsato, 2010).

This pattern has been observed in stalagmites gadase to cave entrances and in the flanks of
speleothems formed by the microcrystalline fabite.formation may be related to environments
with important exchanges between cave air and exteatmosphere and in case of prolonged
outgassing. The finding of important microbial auks on the tops of active stalagmites presenting
this fabric suggests a possible microbial influeimcés precipitation (Frisia, 2015), with importan

implication for the preservation of the originalbgiemical signal.

2.4.4.3 Micrite (M)

This fabric consists of tiny crystals (maxuéh) that appear dark in PPL (plain polarised ligiyl
dark brown in XPL (cross polarised light) (FrisidD15). Considering previous studies on
continental and stromatolitic-like carbonates, tfabric may be indicative of bio-influenced
processes (Kamierczak et al., 1996; Banks et al., 2010; Borgdtal., 2000; Frisia and Borsato,
2010; Alonso-Zarza and Wright, 2010; Frisia et 2012). In speleothems it might be the result of
microbial colonisation of the speleothem surfacardurelatively dry periods (Frisia et al., 2012).
However, also processes involving condensatiomss@mn of pre-existing calcite may create

micrite as a result of diagenesis (Cafiaveras €2@01); it is, therefore, not clear whether meig
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a primary or a diagenetic fabric, even if it is gpibte that micrite in carbonate speleothems reflect

biomediated processes during periods of relatikelydischarge (Frisia et al., 2012).

2.4.4.4 Microsparite (Ms)

Microsparite is composed of small crystals (betw2esnd 30um) with anhedral or subeuhedral
habits, usually organised in mosaic aggregatas.donsidered a diagenetic fabric as it can be the
result of micrite transformation by aggrading neopmism (Folk, 1965; Folk and Assereto, 1976).
This fabric may be the result of syn-depositionakdlution and recrystallization of micrite layers
related to oxidation of organic matter. Its forrmatimay also be favoured by the discharge
resuming after dry periods (Frisia, 2015).

2.4.4.5 Mosaic Calcite (Mc)

It consists of large (between @fn and 1 cm) euhedral to sub-euhedral crystals &ed ancludes

ghosts of needles that represent calcite replademkraragonite. This fabric has also been
associated with dissolution and precipitation ahfer low-Mg calcite (Frisia et al., 2012; Fairchild
and Baker, 2012). It is thus considered a diagenfaoric even when evidence of previous
aragonite precipitation is not present. In gendhas fabric is indicative of speleothems with poor

or no preservation of the original geochemical aign

Fig. 2.13 — Thin section images of stalagmite faoril:
Compact columnar calcite; 2: open columnar calcie;
elongated columnar calcite; 4: fascicular opticcitej 5:
microcrystalline calcite; 6: microcrystalline cai(XPL); 7:
Dendrite; 8: Micrite and Microsparite calcite; 9okhic calcite
(XPL). Modified from Frisia et al. (2000), Frisianéh Borsato
(2010) and Frisia (2015).
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2.4.4.6 Implication of calcite fabric micrologging for stable isotope profile interpretation

The calcite crystals in speleothems can assumdiffeeent fabrics described above in function of
environmental variations that cause fluctuationsvater availability, seasonality of precipitation,
vegetation cover and cave air p£®owever these factors, besides causing variatiorealcite
fabrics, may also cause a possible stable isotigp@lsalteration via the calcite deposition out of
equilibrium conditions. In addition, consideringtbdhe mechanisms at the base of stable isotope
ratio recording in speleothem calcite and the mesese that lead to each fabric formation, it is
feasible to infer the presence of a possible liskmMeen stable isotope ratios and calcite fabrics.
Evidence of stable isotope ratio variations rela@dhe occurrence of particular fabrics and the
associated outgassing conditions have been reportditerature (e.g. McDermott et al., 1999;
Frisia et al., 2000; Belli et al., 2013). An exdejs thed™*C shift towards more positive values
associated with dendritic fabric (compared to cochpabric layers in the same specimen) or the
more negatives'*C values characterizing the columnar compact eaiéicompared to the open
type in relation to the longer outgassing durirsgfdrmation (McDermott et al., 1999; Belli et al.,
2013). Based on these observations, Frisia (204&)oged the general classification of calcite
fabrics in speleothems described above suggestiranaformation of calcite types into numerical
values that can be adapted to each specific cage ZFL4). This procedure allows for the
construction of a microstratigraphic log enabliagid analysis of fabric changes through time and
a direct comparison with other climate proxies exgdl in the studied speleothems, as stable carbon
and oxygen isotope ratiaa primis. She also proposed a new way to represent daled chle
IsoFab plot. It consists in the representation \araged™*C and§'°O ratios and their standard
deviations grouped for each recognised fabric ct#sa studied speleothem. She explored the
potential of this representation in identifying pitde stable isotope anomalies providing
information about potential disequilibrium precgiibn, since both fabric and disequilibrium
conditions may be influenced by the same factoxofding to Frisia (2015), this plot, used in
conjunction with a comparison between coded falaras stable isotope ratios, may be considered a
valuable tool to test for equilibrium calcite depios similar to the well known Hendy test (Hendy,
1971) and the replication tests proposed by DaateLiu (2009).

The correct identification of the fabrics formingstudied speleothem and their correlation with
stable oxygen and carbon isotope ratios may thexefe of fundamental importance in
disentangling climate and hydrological signals rded in the stable isotope profiles and in the

identification of possible disequilibrium conditialuring calcite precipitation.
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needle:

Type Characteristics Environment of formation
(code)
| io<h:l; iki owth at i ri; : straight i1
C s ratlo. * fumgﬁ TWE sr abinterfaces; 3 rafgh ,tu serrated Relatively slow and constant drip; Slec <0.35; Mg/Ca <0.3;
Columnar boundaries; uniform extinction; common “flat” terminations or y -
1) _ N B} pPH up to 8. 4; low impurity content
protruding rhombohedra terminations { ~ 2um high)
i tat) iti i H lete coal ) .
Colummnar Co lfw: ratlc <6 1 C_GFTIDEtItIUE srumhat.mterfaces lrICﬂ.l'l'Ip c.Da eICeneR Drip rate >than in C; Slcc up 1o 0.35; Mg/Ca <<0.3; pH 7.5 up
of crystals; high intercrystalline poresity, commonly linear; uniform
open {2) S to 8.
extinction.
Colummnar Ce
elongated 13) Ifw ratio > 6:1; com petitive growth at interfaces; preferential growth of
acute rhombohedron; incom plete coalescence of crystals; protruding Drip rate constant; Slcc 0.1 to 0.4; Mg/Ca > 0.3.
terminations common; uniform extinction. May show lateral Ce,, : relatively fast flow; presence of particulate. Diagenesis?
Ce with lateral Ce,, owergrowths, in particular in the presence of im purity-rich layers.
awvergrowth {4)
Colitirirar cfa Polycrystals | mtiu-:r 6:1; urr.dulatorl,,l E!l‘tinl’:til:ll’ll diverge away from
Fascioularcpitic i) substrate when rotating table is turned COW,; split crystal growth
(spherulitic type); downward concave curvature. Low drip rate or laminar flow; Slcc 0.5; Mg/fCa > 1.5; typical in
e & Polycrystals |fw ratio > 6:1: undulatory extinction converge away from stalagmites 8: flowstones formed in caves cut in dolornite
o substrate wihen rotating table turned CW; split crystal growth; upward
radiaxial {5.5)
concave curvature,
P i :1; Irregular i r i ries; if . . =
Columnar micro- cm a',v:n:'“a s,l"n':{ - Lr:agu s CI";I‘S'!EIIHHE bwnlda s . Variable drip rate {seascnal); Sicc up to 0.35; Mg/fCa < 0.3;
_ extinction with “patches” due to cross-cutting by adjacent crystals; high . . . R
crystalline |6) 3 : 2 N i = drip/flow carrying colloidal particles.
intracrystalline microporesity; typical of laminated speleothems.
: o \Variable drip rate; Sicc up to 0.4, Mg/Ca possibly similar to
L D Branching polycrystals; scaffold-like appearance “warp and waft”; F . ! 3 e/ 5 P v I &
Dendritc {7 irregular intercrystalline boundaries; high intercrystalline porosit G Stewog; desmaing; presence of. per tiolatel Sareign fons.
& g ! Ty e - Bio-influenced precipitation
M Crystals < 2um; stromatceliticdike structure; clotted structure. Commen
Micrite TS o i 5 e Bio-influenced. Low flow,/dry. Condensation/corrosion?
(8) geometric selection abowve micrite layers.
i . s Ifw rakio ™ 1:1; crystal size > 2pum < 30pum; commonty assaciated with : . . . . . .
Microsparite Diagenesis. rad neomaorphism (micrite te microsparite
pal (9) micrite, Fabric-destructive replacement. B is. Aggrading phism { ' parite}
Replacive MIS s . . . . . . . "
mic:spmite 110) I/ ratio =~ 1:1; Crystal size > 2pum < 30pum; retention of aragonite fabrc  |Diagenesis. Mimetic replacement
e Diagenesis. If replacing calcite, no relicts of a former unstable
Maosaic cakite If'w ratio ~ 1:1; crystal sire > 30um. Fabric destructive. i
[11) fw rati Ty : wm w phase are visible,
Muosaic cakite . . . " " ¢ "
. . Me,, Ifwe ratio =~ 1:1; Crystal size > 30pum; Fabric destructive; preserves relic;s |Diagenesis. Commonly related to the transformation of
with aragonite " 2 F
[12) of aragonite, commonly needles. speleothem aragonite into calcite

Fig. 2.14 — Fabric classification and coding pragmbms Frisia (2015)
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lll. STUDY AREA
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3.1 Cave settings and sampling location

Mrac¢na Péina (also known as Banja Stijena) and GovjeStie@sare both located on the left side
of the narrow valley cut by the ReaRiver (43°46°20.8” N; 18°53'14.5” E and 43°46'26N;
18°53'18.9"E), about 40 km East of Sarajevo (Bosmd Herzegovina; Fig. 3.1).

Sarajevo
Mrac¢na Peéina and
Govjestica

- massive Triassic limestone

- massive Triassic limestone
with dolomite lenses

Fig. 3.1 — Mr&na Pe€ina and GovjeStica cave entrance locations (1:10@@®dlogical map, Vujnoviand Mar¢, 1973-
1981).

Before describing cave settings and sampling lonatia short digression on cave names is needed.
Indeed, Mréna Péina cave is also known as Banja Stijena. The laé@ne was the one preferred
by the exploring team and for this reason all sasgbming from this cave have been labelled as
“BS”. However, the name preferred for the cave styi of Bosnia and Herzegovina is Na
Pe&tina. For this reason from this point onward | wefer to this cave using this name.

Both caves has developed at the foot of the Romd&gteau, which reaches the highest elevation
of 1500 m a.s.l. in its western part, while thetcarand southern parts overlying the caves reach a
elevations between 800 and 1,000 m a.s.l. The Ripgmawassif consists of a Triassic succession of
basal sandstone followed by massive limestone amimonites, crinoids and lenses of dolomite,
reef limestone and light grey limestone with medalds and dolostone.

The Mrana Péina Cave network develops in the Triassic massimedtone and is characterised
by a W-E orientation, coherent with a major thriis¢ that separates the massive reef limestone
from the massive limestone containing ammonites datbmites (Fig. 3.1). This cave was
discovered at the beginning of theé™€entury; an artificial entrance and concrete staiere built
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between the First and Second World Was to allowigtsito access the first chamber (Danes,
1921). The artificial entrance is located at 59aml., about 20 m above the &aRiver, at the
foot of a limestone cliff. The natural entranceywnaccluded by a rockfall, is located on the north-
eastern upper side of the first chamber, not famfthe artificial entrance. The cave comprises a
chamber 10 m wide and up to 6 m high, decorateld stélactites and flowstones, and located close
to the entrance. A series of galleries totallint48, m in length occurs on the same principal level,
with a total depth with respect to the entrance86fm. In the entrance area, a dark coating is
ubiquitous on the cave walls, and is probably egldab the use of torches during tourist visitshat t
beginning of the last century.

Govijestica Cave is a resurgence located few hunahetdes downstream the Mrea P€ina Cave

at the elevation of 580 m a.s.l.. It develops i@ same Triassic massive limestone wherechbla
P&ina is found with a major NW/SE orientation, paghlto a fault marked on the 1:100 000
geological map (1973-1981); few minor branches bgvevith a N-S orientation. Thus, this fault
may have played a major role in Govjestica speleegis. This cavity drains the water infiltrating
on the Romanija plateau. The explored gallerie&a¥jeStica Cave develop for about 10 km. The
difference in elevation between the highest anddiest point is 138 m.

Four (BS8, BS9, BS14 and BS15) out of the five istidtalagmites were found already broken
near to the main chamber of M Péina Cave (between 50 and 100 m from the artificial
entrance; Fig. 3.3). Although it was not possilledconstruct their original position, the presence
of a dark coating on their surfaces, similar to tre deposited on the cave walls and other
stalagmites in this area, suggests their origiflatation in this portion of the cave. One sample
(G5) was instead found in the “Sala delle Ossall @ffdbones) in Govjestica cave (Fig. 3.2).
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- - i
Banja Stjena/Mracna
EV BR 1335

Swiluppo: 1148 m

Dislivella: 37 m

Accuratezza: UISv1 4-4-BCF

Ingresso artificale: WGS84 43° 45' 20.534" N 18° 53' 14.043"E

-

BS8, BSO, BS14
50 m ) and BS15

Govjestica

EV BR 1752

Praca Canyon, Rogatica (BiH)

Swiluppo: 9656 m

Dislivello: 138 m

Accuraterza: UISV] 4-4-HCF

Ingressa: WGSH4 43° 46' 26.820" N 16° 53' 16,265 £
Esplorazione e rilievo 2010-2011-2012-2013

CKS Sarajeve, GSB-USB, GGN, GSAA, GSPGC, CVSC
GSFa, SCF, CSCS I Cavernicoll

Elaboraziane grafica realzzata con cSurvey da Cendron F.

Sal daila Tmprants

Ramo Amila

G5

Fig. 3.2 — Map of Mré&na Péina cave and partial map of Govjestica cave (byppouSpeleologico Bolognese). Red circles indidageareas where the
stalagmites were found.



3.2 Atmospheric circulation and stable isotope congsition of
precipitation

The atmospheric circulation on the Balkan Peninssltuated in the central portion of the
Mediterranean basin, is influenced by the complegutation pattern described in section IlI. In
particular, according to Roik (1980), moisture bearing maritime polar andpital air masses,
originating respectively in the North Atlantic Oceand in the Azores, and dry continental polar
and tropical air masses, originating in Northerd &astern Europe and Northern Africa, influence
the weather in the central-northern areas of tHeaBa. The combined impact of those patterns and
the orography of the region determines the presefce mixture of continental, mountain and
Mediterranean influences in the Western Balkanpé&fiHajna, 2012).

Stable isotope composition of precipitation in Bedkans was investigated by \Veeet al. (2006).
This study, based on data provided by the Globaivhid of Isotopes in Precipitation (GNIP)
stations situated along the coast and inland ineBlia and Croatia, is mainly related to temperature
variation rather than precipitation amount, in agnent with the general trend observed in
temperate regions at middle latitudes. Howevennsger relation between stable oxygen isotope
variation in precipitation and temperature has bieemd in the inland station$’fO variation in
function of temperature: 0.37%./°Cif compared to the coastal onéd®Q variation in function of
temperature: 0.15%0/°¢) which present a less strong seasonal temperatngast, showing a
decreasing trend with increasing mean annual testyrer (Vr€a et al., 2006).

3.3 Present day climate and vegetation

The Balkan Peninsula presents different climatdsbel relation to the local topography and

distance from the Adriatic Sea. While the areas@lthe Adriatic coast present a Mediterranean
climate that becomes a sub-Mediterranean one tewdrel North, the inland areas are mainly
dominated by a continental climate (Waeet al., 2006; Fig. 3.3).

The present day climate in the Sarajevo area ipaeate, with warm summers and cold and snowy
winters. Rainfall is distributed all year round lwithe absence of a proper dry season. Annual
precipitation in Sarajevo region reaches 34860 mm, while mean annual temperature is 10.9
+0.7 °C (for the time interval 1992-2015; Sarajeveatier station, Federal Institute of

Hydrometeorology BIH; Fig. 3.4). The landscapetba Romanija Plateau is characterised by
conifer-dominated woods and pastures, while théaPvalley where the cave entrance is located

hosts deciduous vegetation.
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Nowadays, the surface above the cave is affectegréming and timber cutting (Milanolo et al.,
2013). Evidence of human occupation and activitiethe area dates back to the Neolithic period
(Srejovic, 1994).
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Fig. 3.3 — Major vegetation zones in Europe (Enmyakdia Britannica, Inc). Mediterranean forest
along the Balkan coast is the result of the Medismean climate present in this area, which

becomes more continental inland.
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V. MATERIALS AND METHODS
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4.1 Brief sample description

For conservation purposes, the impossibility tgeardirectly on the field the most promising
samples and the availability of huge quantitiebmken materials, only broken stalagmites were
collected for this study. Among the sampled staliéegn five Holocene samples were identified
with preliminary U-Th dating. Unfortunately, theiginal position of these samples was not
identified. Stalagmites have been longitudinally @&long the vertical growth axis using a wet-saw
in the laboratory of the University of Bologna. Bdealf has been polished and scanned at high

resolution (Fig. 4.1).

. Stalagmite G5 (Govjestica Cave):
It presents a candle shape and is 37 cm tall. Tdraeder varies between 8 cm in its largest portion
and 4.4 cm in its narrowest one. This sample isar@ddcompact and translucent columnar calcite

without visible lamination.

. Stalagmites BS8, BS9, BS14 and BS15 (Miraa P&ina Cave):

0 BS8: this candle-shaped stalagmite is formed of cledrralatively compact calcite.
This sample is 14.5 cm tall, with a regular diamefeabout 5.5 cm. Its lamination is
faint in upper part and wavy and irregular its loywart. Three brownish surfaces are
clearly visible and may represent growth interrops$l. Four additional sharp
surfaces are visible in the polished section anl e further investigated in
petrographic thin sections. A dark and sharp lansrdearly visible close to the top
of this stalagmite.

o0 BS9:this stalagmite also displays a candlestick sh@pes. sample is 14 cm tall and
only 3 cm wide. The bottom 4.8 cm are made of whitand porous calcite which
presents an extremely faint and irregular lamimatrmade of thin, wavy and
vertically spaced surfaces of more compact calditee rest of the stalagmite is
composed of relatively compact brownish/yellowisdicite characterised by faint
lamination. In addition, the alternation of relatiy thick and irregular whitish and
porous layers is seen. A dark interval is cleartyble close to the top of this sample.

o0 BS14:this sample is made of compact brownish/yellowgaltite associated with
flat and regular lamination formed of the alteroatiof more compact and
translucent calcite and relatively porous and nogaque layers. Whitish and porous
calcite is present along the flanks of the lowertipa of this stalagmite, where in
some intervals it expands toward the central alug surfaces are associated with
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slight changes in growth axis and may representwilrointerruptions. This
stalagmite presents a cone shape (9 cm tall andgeeiameter of 7.5 cm). A dark
layer is visible close to its very top.

o BS15: this sample presents a general aspect similahdgoptevious one. It also
displays compact brownish/yellowish calcite asdedawith flat and regular
lamination. Whitish and porous calcite is presdanh@ the flanks of the stalagmite,
but in contrast to BS14, the central portion appeaore compact and undisturbed.
BS15 presents a quasi-rectangular section, 10 Itmita a regular diameter of ~ 6.5
cm. A dark layer, similar to the one observed im tifiree previous samples, is found

close to the top.

Fig. 4.1 — Polished sections of the studied stalsgmG5 comes from Govjestica Cave;
BS8, BS9, BS14 and BS15 come from Bfra Péina Cave.
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4.2 Monitoring of cave parameters and present dayrgcipitation

4.2.1 Cave monitoring and precipitation sampling

In order to understand the cave hydrology, in-cgagameters of Mrgaa Péina cave and
precipitation monitoring was set up in May 2015. rMoring instruments were not positioned
where stalagmite G5 has been found in GovjeStioge,cdue to the difficult access and the
impossibility to guarantee periodic visits to tpmrtion of the cave. A Driptych Pluviméaieand an
iButton® temperature data logger were positione@nnopen area near the cave entrance, as the
area directly above the cave was not accessible.

Two drip-counting Stalagmatés(D1 and D2), registering data every 30 minutesewmsitioned

in two different areas of Mtaa Péina cave: one in the chamber where the samples aodiezted,
and one deeper in the cave. Three glass platesatswdeen positioned under active dripping sites
to measure calcite precipitation rate (G1, G2 a¥). @ temperature logger (iButton®) was set
close to D1 site (Fig. 4.2).

Natural entrance

Artificial entrance
—=l 597 ma.s.l

Fig. 4.2 - Mr&na Pé€ina cave map. The red circle: area where the statag were collected; D1 and D2:

monitored drip sites; G1, G2 and G3: location afsgl plates; T1: location of the temperature dajgdn

Before placing the glass plates in monitoring siteey had been left in the oven at 105°C for 2, 4
and 16 hours. Each time they had been cooledigagiel for 30 minutes and weighed. The same
procedure was repeated every time they had beeoveshfrom monitoring sites. The difference in
weight was used to estimate the calcite depositimat those sites. The cave was visited 6 times i
2015 and 2016 to collect data from the loggersinduthose visits, drip water pH and conductivity
were measured using, respectively, a WTW LF196,u&ron pH-222 and a Mettler Toledo

SevenGO DUO. Water temperature was measured aslmwalidition, drip water for stable isotope
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analyses was sampled at each drip site. In ordievéstigate stable isotope composition of present
day precipitation and understand the signal trattechito the karst system, major precipitation
events were sampled in Sarajevo for stable isatafie analysess{’0O ands?H). All water samples
were collected in 7 ml glass vials filled withowaling air bubbles to prevent evaporation. All
samples were stored at a temperature between 8°@anbefore being analysed. Precipitation stable

isotope results have been then compared with daiemstable isotope ratios.

4.2.2 Air mass backtrajectory analyses

Air mass trajectories are among the factors affgcprecipitations'®0 values. Modification of
atmospheric circulation can directly affect pret@pon patterns at regional and local scale and the
imprinted isotopic signature as well. Prolongedngjes in air mass circulation may thus influence
both dynamics and chemistry composition of watéitiating the karst system, thus influencing
stalagmite growth and their chemistry.

In order to investigate the atmospheric dynamidsirtake precipitation patterns in this region, air
mass back trajectories of present day precipitatidBarajevo were performed. Daily precipitation
in Sarajevo was obtained from both the Federal bly@teorological Institute of Sarajevo and our
own monitoring. Back trajectories were performeihgsthe HYSPLIT (Hybrid Single-Particle
Lagrangian Integrated Trajectory) model providedlinen by the NOAA ARL (National
Oceanographic and Atmospheric Administration Airs®&ces Laboratory) (Stein et al., 2015).
Following the approach adopted in Baldini et aD1@), back trajectories were calculated at three
atmospheric levels corresponding to 1500, 3015547 m a.s.l. (i.e. 850, 700 and 500 hPa). The
first two levels were chosen as an approximatiotheflevels from which precipitation forms, the
last one to investigate the presence of atmosplstraring instabilities (Baldini et al., 2010;
http://www.arl.noaa.gov/HySPLIT_FAQ.php). This amated system calculates trajectories at a
synoptic scale. It starts from wind field data geted by the global data assimilation system
(GDAS) and reconstructs the horizontal and vertoardinates for each hour along a trajectory, as
well as other meteorological variables (Baldinakt 2010). Back trajectories were computed for a
running time of 96 hours. Graphic representati@wilting from back trajectory reconstructions,
which are returned plotted on geographical mapse aealysed to look for possible seasonal trends
in air mass movements. These observations were ar@ehpwith isotope composition of daily
precipitation sampled in Sarajevo, searching fasfae links between air mass provenance and
precipitation stable isotope ratios, aiming to ustend the factors involved in precipitation stable
isotope values modification. The understandingheke dynamics, together with a good knowledge
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of signals transmission to the karst environmentfigireat importance for the interpretation of

environmental and/or climate signals recorded glesgthem calcite.

4.3 Analyses performed on the Bosnian stalagmites

4.3.1 U-Th dating and age modeling

Ages of all stalagmites have been determined Wwiehi-Th disequilibrium method.

Thirteen preliminary U-Th dates (2 in BS8, 2 in Bg9in BS15, 3 in BS14 and 2 in G5) were
performed, sampling calcite prisms of about 150wty a dentist drill. Additional dating (19 for

BS8, 9 for BS9, 15 for BS14, 17 for BS15 and 138 Fig. 4.3-4.4) was performed on calcite
powders, weighing between 50 and 70 mg, in ordemymrove sampling spatial resolution; they
were sampled with a CNC drilling machine (Microraystems MicroMill 2000). All samples

were prepared and analysed at the School of Eardn& - University of Melbourne (Australia),

according to the methodology described in Hellst(@003) and modified in Drysdale et al. (2012).

BS8 BS9

Fig. 4.3 — Position of dating and stable isotopmdas on the polished sections of stalagmites BEBES9. Labels
indicate samples for U-Th dating. Black dotted dinedicate the stable isotope tracks along the traxis. H1, H2

and H3 indicate the laminae sampled for the Heedy (black dots).
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Fig. 4.4 — Position of dating and stable isotopmas on the polished sections of stalagmites GHl4Band BS15.
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Uranium is transported to the karst environmentti@ infiltrating water, it is incorporated into
speleothem calcite and decays radioactively tadhoand other daughters products (Fairchild and
Baker, 2012). If the system remains closed (i.ereghare no post-depositional modifications
involving addition or loss of U and Th isotopes)yahere is no initial thorium in the drip water
forming the speleothem, it is possible to calcuthtetime of calcite deposition.

Uranium and thorium were separated from the bulkhef carbonate matrix through a procedure
involving the dissolution of the sample and addited a mixed spike that enables to constrain the
yield of the procedure. This procedure was perfarimehe clean laboratory of the School of Earth
Science of the University of Melbourne. A clean moaccessible only with special garments is
indeed necessary to prevent the introduction ofrexal contamination during sample preparation,
which may prevent the achievement of reliable tss@R calcite dating samples were prepared at a
time together with one “blank” sample and a stadd@&alcite samples were accurately weighed
and placed in 7 ml plastic beakers paying attentionto introduce cross contamination among
them. The “blank” sample is an empty plastic beak#ich is then prepared using the same
procedure as for calcite dating samples and s¢ovekentify the eventual presence of any mistake
and/or contamination occurred during sample prejperalhe standard is a calcite powder sample
whose age is known (in this case 400,000 yearsavid)that is used to calibrate dating results. All
samples were dissolved using concentrated ki@d then diluted with distilled water. The
resulting solutions were added with a spike of kné%U/23U/”*Th.

The spiked samples were poured through columredfilith TRU-Spec resin. Uranium-thorium
pure fraction was then separated from the carbanatex with repeated washes of Hy®ICl and
HCI-HF through the columns. HNGnd HCI acids are necessary to remove the calcanyonate
from the column resin; HCI-HF allows for the colien of U-Th compound in 3 ml vials, which
had been left to dry overnight on a hot plate s&ét@temperature of ~ 80°C.

The isotopic ratios were analysed with a Nu Inseote Plasma multi collector — inductively
coupled plasma — mass spectrometer (MC-ICP-MSheaatSchool of Earth Science (University of
Melbourne), following the methodology establishedHiellstrom (2003) and refined in Drysdale et
al. (2012). Considering the presence of high aggtabntamination affecting the analysed samples,
the obtained raw ages have been corrected accotditige stratigraphic approach described in
Hellstrom (2006) using &°Th/2%*Th initial activity ratios of 0.30 + 0.25 (&) for BS8, 0.45 + 0.30
for BS9, 0.30t 0.20 for BS14, 0.6% 0.19 for BS15 and 1.5 + 1.5 for G5. The calculaid initial
230Th/232Th activity ratios is based on a Monte Carlo sirtialawhich allows for the identification
of the best Th correction to apply for the corragé calculation (Hellstrom, 2006). Corrected ages

have been then used to calculate age-depth moolethd studied stalagmites. These have been
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calculated from a Bayesian-Monte Carlo treatmenthef U-Th ages performed using a model
developed by John Hellstrom at the University oflidderne. Only major hiatuses have been
considered in these models since it is possibEnter growth interruptions only when at least four
U-Th ages are available between two hiatuses. patadescription of these models is presented in

Results and Discussion Chapters.

4.3.2 Stable isotopes

Precipitation 5*°0 composition can be directly and/or indirectlyligihced by climate-related
processes. This isotopic signal can be transfeoré¢ie
karst environment through percolating water. During
its journey from the soil to the cave, th#°C
composition of water can be influenced by soil CO
which in turns depends on soil activity and type of
vegetation cover (see Paragraph 2.4.2.2.2). Stable
isotope composition of infiltrating water can thba

recorded in the precipitated calcite, if calcium
Fig. 4.5 —MicroProto systems Micromill 20C  carbonate deposition occurs at equilibrium condgio
used for sampling stalagmitesirfaces for bot Thus stalagmite813C and 80 composition can

stable isotopes and-Th analyse. . .. . .
P Y change during the speleothem deposition in relaton

Stalagmite| Lamina - Number| environmental and/or climate changes. In order to
distance from | of investigates'*C and§*®0 variations recorded during the
top samples

BS8 H1-26.5mm 5 period of growth of the studied stalagmites, sashte
H2 - 56.5mm| 4 stable oxygen and carbon isotope analyses werkedril
H3 — 99 mm 6

BS14 H1-165mnl 6 along the vertical growth axis with a 1 mm incremen
H2-31.5mm 6 About 2 mg of powder were collected for each sample
H3 =59 mm 6 i _ o _

BS15 H1—8 mm 6 using a 1 mm diameter drill bit mounted on a CN{lidg
H2-32.5mm| 6 machine (MicroProto systems MicroMill 2000; Figs}at
H3 — 79 mm I

EDYTEM laboratory — Université Savoie Mont Blanc.
Tab. 4.1 — Distance from the stalagmite top . ) )
However, it must be considered that only -calcite

of the laminae sampled for Hendy test in
stalagmites BS8, BS14 and BS15 andPrecipitation close to equilibrium conditions caad to the
number of calcite powder samples drilledparent drip water isotopic signals preservation.
for each lamin: Unfortunately, these conditions are unlikely metciwve

environments (e.g. Mickler et al., 2006).
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In order to look for the presence of strong disgpiiim fractionation affecting speleothem calcite
of the studied stalagmites, samples designed ®rHéndy test (1971) were drilled along three
distinct laminae, every 3 to 5 mm, in BS8, BS14 B&15, using a 0.6 diameter drill bit (Tab. 4.1).
This test was not performed in stalagmites BS9@bhdecause of the impossibility to sample with
precision along the same lamina due to the lagktear lamination in these samples (Fig. 4.3 - 4.4).
The Hendy test is based on the assumptions thifiellpck of covariation betwe&r*C ands'®0
along both the sample growth axis and the samplednka and 2) the presence of cons&ifiD
values along the sampled lamina are two prerequigit calcite precipitation at equilibrium
conditions. However limits of this method have bégghlighted by several authors (e.g. Cerling,
1984; Dorale et al., 1992; 1998; Dorale and LilQ@0As a more robust tool to test for the absence
of strong disequilibrium fractionation Dorale andil(2009) proposed the replication test, which
consists in comparing stable isotope profiles @vab stalagmites sampled in the same cave. This
test has also been performed and is further disdussChapter 6.3.

All carbonate isotope samples were prepared anlysathat the School of Geography, University
of Melbourne (Australia). For the growth-axis saewlabout 0.7 to 0.8 mg of powder were
weighed into glass vials using a Mettler Toledo BSHAnalytical balance. Batches of 105 samples
each were prepared and analysed. These batcheistednsf 3 racks containing 132 stalagmite
powder samples and 37 standards (21 ‘Newl’ (Camzaeble standard), 2 ‘Newl12’ (powdered
omogeneous calcite prism of unknown origin), 2 ‘NB® (international reference standard) and
12 ‘NBS-19’ (international reference standard)). #dmples of each single batch were purged with
helium to remove the atmospheric gases (carbonidéoand oxygen in particular), a procedure
lasting about 8 hours for each batch. The samplese then acidified using 0.5 ml of 105%
H3sPO, and left 30 minutes at 70°C in a Nu Instrument€Shito sample preparation unit to allow for
a complete dissolution of the carbonate powder.

The CQ gas produced by carbonate powder dissolution \as tarried into an Analytical
Precision AP2003 continuous-flow isotope-ratio maspectrometer using an ultra high
purity (99.9995%) helium carrier gas. External ogjucibility was better than 0.05%. and 0.10%o
for C and O respectively.

For the Hendy test samples, about 0.05 to 0.10 fnegloite powder were weighed into glass vials.
The atmospheric gases were removed from the viahg)uhe same procedure described above and
then 0.5 ml of 105% PO, at 70°C were added to allow for a complete diggmiu The sample gas
CO,was admitted into the ion source under vacuum aadalysed on a Nu
Instruments Perspective dual-inlet isotope-ratiossnapectrometer. External reproducibility was

0.03%0 and 0.06%. for C and O respectively. Sampta ttam both instruments were normalised to
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the V-PDB scale using the two in-house calcitedaiatis ‘NEW1' and ‘NEW12’), previously
calibrated against the international referencedstads NBS-18 and NBS-19.

4.3.3 Trace elements

When water infiltrates the soil and bedrock, it dake in charge severs

elements as solutes or particulates and ion agg®gdhe type and e
concentration of the trace element content in giaater is related to botr‘/v
their availability (i.e. type of source) and hydnemical processes occurrin k\
in the epikarst (see Paragraph 2.4.3). These elsnian then be incorporate
into speleothem calcite providing insights over foyolgical processes fromn
the seasonal to the multi-decadal/multi centurylescAmong the Bosnian

stalagmites, only BS15 was chosen for trace eleraralyses, since it wa:

Trace element track

considered the most promising and most suitablepkartts compact texture
and the presence of a fine and relatively reguarimation without marked {
growth interruptions suggested the possibility davihg trace element
variations recorded at the lamina scale. Trace et¢moncentrations hav
been analysed continuously along the vertical gnoadis of a slab cut from
stalagmite BS15 (Fig. 4.6) at the School of Eartheisces, University of

Melbourne. This analyses was performed using a XélHeliumExcimer”)

1cm -
Fig. 4.6 — Trace element

. ) ) . ) ] track on BS15 slab.
laser ablation system, equipped with a customisesbRetics Resolution 19:

nm Arf laser system, in conjunction with an Agilenf00x quadrupole ICP-MS instrument as

described in Woodhead et al. (2007) and Drysdabd.€2012). This system operates in a helium
atmosphere to minimise sample re-deposition duainigtion; however the sample-bearing flow is

mixed with argon within the cell to promote mordi@ént sample transport path (Woodehead et
al., 2007 and reference therein).

The polished speleothem surface was pre-ablatddaniB8um laser spot and an intensity of 10 Hz

in order to eliminate surface contamination. An 840um laser spot size and a pulse rate of 10 Hz
were used for the analyses, which were carriedimw high purity helium atmosphere. One

continuous track was performed at the velocity @fi181/s, covering the entire length of stalagmite
BS15. In order to compare the data with the isatopiues and facilitate the statistical analysas, a
average value for each element has been calcudditadmillimetre interval corresponding to the

stable isotope profiles. Correlation coefficientgvés been calculated between individual trace

elements and between the trace element and stalbbpe values
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4.3.4 Petrography

All stalagmites were cut along their vertical growaxis. The two halves were polished for
stratigraphic observation and subsequently scanned
at high resolution. Growth discontinuities were
identified as a guideline for dating in order tcess

the duration of hiatuses. Broad description of
polished surfaces is provided in Paragraph 4.1.

In order to deeper investigate crystal shapes and
arrangements, identify the eventual presence of
post-depositional modifications, confirm the
hiatuses observed on the polished surfaces and
investigate the eventual presence of further growth
interruptions, thin sections for petrographic

observations have been realised. In particular five

thin sections, two containing the full lengths of
Fig. 4.7 — Thin sections of stalagmites BS8, BS9BS14 and BS15 stalagmites and three containing,
BS14 and BS1S. respectively, BS8 and BS9 stalagmites, were made
(Fig. 4.7). Any thin section was realised on staldg G5 due to its compactness and the absence of
evident changes in crystals arrangements. In adglisince only the upper part of G5 was studied,
it was preferred not to perform destructive marapiohs on this sample.

Petrography was studied on an Olympus BH-2 BHSrjzifg microscope. Pictures of magnified
thin sections have been taken with a Leica MC 1ROcEimera mounted on the microscope.

Growth discontinuities were identified and caldaggtures were recognised and classified following

the criteria proposed in Frisia et al. (2000), ir& Borsato (2010) and Frisia (2015).

36
5 Fig. 4.8 — Left: image of BS15 polished sectiorg tioles
marked by progressive numbemsrrespond to the sampl
38 drilled for stable isotope analyseRight: image of thi
39 section corresponding to the stalagmite portionhenleft.
' Black circles represent the position where sample:
‘ stable isotope analyses were drilled and to whiclalae
4 corresponding to the columnar microcrystalline tiex
sub<lassification was associated with allow for a di
& comparison between stable isotop profiles anc
43 petography.

1



For stalagmites BS14 and BS15 a detailed petrograpicrologging was performed: crystallite
arrangements have been classified at the millimatede, adapting the classification proposed in
Frisia (2015) to the specific case. At the laminale, calcite textures were classified on the basis
of: 1) the composite crystallite boundary geomeirfeom which intra-crystalline microporosity has
been deduced; and 2) inter-crystalline porosityuies (i.e. pores orientation and geometry and
their relative distribution). From this, a sub-didi€ation scheme for the columnar microcrystalline
texture was built for this case study. Following thierarchical classification of fabrics proposgd b
Frisia (2015), a ranking was associated with eabinid subtype, expressing a progressive increase
of inter- and intra-crystalline porosity within tmeicrocrystalline subtypes, which is related to the
presence of impurities directly affecting the cayide lattice development. In addition, by analogy
with the calcite classification proposed in Fri2@15), which was considered as a starting point fo
this specific subdivision, the deposition of thasdified textures under increased hydrologicakstre
(i.e. less regular dripping) was inferred, whichymaso have influenced the stable isotope
fractionation of the precipitated calcite.

Calcite textures were thus classified every milimeorresponding to the samples drilled for stable
isotope analyses (Fig. 4.8).

4.3.5 Statistical analyses used for comparing petgoaphy and geochemical
signals in stalagmites BS14 and BS15

Each petrography class was examined on the bastaloite stable isotope and trace element
composition to investigate the possible presenageothemical signatures. In order to test whether
isotopic variations are associated with petrogramanges, the isotope data were ranked and a
Kruskall-Wallis test was performed. Indeed, thistts a non-parametric method that is used to
determine whether the analysed samples (in this tes5**C and5'°0 grouped according to the
classified petrography classes) belong to the séistebution (Kruskal and Wallis, 1952).

An isotope-fabric plot (IsoFab) was built accorditegthe method described by Frisia (2015),
calculating the average®C ands'®0 values for each fabric and the associated stdritaniations.

In order to investigate the statistical significanaf isotopic differences/similarities between the
petrography groups, multiple comparisons usingBbaferroni correction were performed (e.g.,
Dunn, 1961) using an SPSS IBM software ®. Finatty, further investigate the presence of
geochemical signatures in the classified petrograpbups, discriminant analyses were performed
using SPSS IBM software ®, considering first #éC and %0 composition of petrography
classes in stalagmites BS14 and BS15, #1&@, 5*%0, Sr, and Mg composition (e.g., Green et al.,

2008). Indeed, this particular multivariate anayaliows for the attribution of single individudts
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different groups according to chosen variables.s€heariables (i.e. Mg, S8:°C and5'®0) were

used to construct canonical discriminant functiass function of which individuals were plotted.

4.3.6 Analyses applied specifically to the black yer

In order to understand the nature and origin ofagkblayer identified close to the top of the four
stalagmites sampled in Mnaa Péina cave, further analyses were carried out: irntiqdar,

observations with a fluorescence microscope, niRaoian spectroscopy analyses, Fourier
transform infrared spectroscopy (FTIR) analyses a&@gcdnning electron microscope (SEM)
analyses. Since the dark layer is more evidenttlaicll in stalagmites BS15 and BS14, only these

two samples were chosen for further analyses.

4.3.6.1 Fluorescence microscope

Fluorescence microscopy enables the detection gdnic matter in the analysed sample. The
instrument is provided with an illumination systedole to illuminate the sample with a light of a
specific wavelength. The organic matter absorbslitite, which causes its excitation and the
subsequent emission of light of longer wavelengtispectral emission filter is used to separate the
light emitted by the sample allowing for its detent These systems provide qualitative images of
the analysed samples in which colour intensitiesiadicative of the presence of organic matter.
Thin sections of stalagmites BS14 and BS15 werergbd with an Olympus BX51P polarizing
microscope. The fluorescence was observed usirily\Wdit tungsten light source which is filtered
by two cubes which enable the observation of UVatamh (excitation filter: 330-335 nm; emission
filter 420 nm). Pictures were taken with an OlympiG30 integrated camera. These observations

were carried out in the B. Bagolini laboratoryts tUniversity of Trento.

4.3.6.2 Micro-Raman spectroscopy analyses

The Raman technology is a spectroscopic technigaé allows for the identification of the
molecules of the analysed material through theatiete of molecular vibrations and/or rotations.
This technique depends on changes in the molepolasizability.

A monochromatic laser is used, causing excitatiothe system. The electromagnetic scattered
radiation is collected with a lens and sent to amoochromator. The Rayleigh scattering (or elastic
scattering) is filtered, allowing for the separatiof the Raman scattering (or inelastic scattering)
that is dispersed to a detector, measuring theivel&requencies at which the analysed sample
scatters radiations. The micro-Raman utilises tlaen& technology associated with an optic
microscope. A Horiba JobinYvon J64000 was usedplenuwith a reflected light microscope. The
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black layer in stalagmite BS15 thin section hambegalysed in the laboratories of the University

of Grenoble Alpes using a laser pulse intensit9§.6fmW and a microscope magnification of 50x.

4.3.6.3 Fourier Transform I nfrared Spectroscopy (FTIR)

FTIR spectroscopy is a vibrational spectroscopaheque that allows for the identification of
molecular composition of a material through theiteson of an infrared spectrum of absorption of
the analysed sample, measuring the absolute fregaseat which a sample absorbs radiations. This
technique relies on the direct absorption of lighta result of transitions between vibrationalestat
(Ali et al., 2013). While the Raman spectroscopsgti®nger in detecting symmetric electron rich
moieties, the FTIR tends to perform better in thgedtion of asymmetric polar moieties and is less
sensitive to the presence of organic matter (Alalet 2013). Thus, these two techniques can be
considered complementary.

Two “blisters” were realised using calcite powdamples drilled in the black layer in stalagmites
BS14 and BS15 (Fig. 4.9) and analysed at the Usityeof Savoie Mont Blanc.

Fig. 4.9 — Red squares indicate the position wpereder samples have been
drilled along the black layer in stalagmites BShd 815.

4.3.6.4 Scanning Electrom Microscope (SEM) analyses

The scanning electron microscope allows to carrly roarphological and chemical analyses of

samples using a focused beam of electrons. Thesea@is interact with the sample atoms whose
excitation produces secondary electrons that arectsel by the instrument. This signal contains
information on both the morphology and the chemecahposition of the analysed material.

A Stereoscan 440 was used at the University of iBaMont Blanc (Le Bourget du Lac, France) to

observe and analyse both powder and solid samfesleftover powders that had been previously
used for FTIR analyses from stalagmites BS14 antbB&ere used (Fig. 4.9). In addition a further

powder sample was drilled on the surface of staiegB®S14, where the black layer reaches the
surface (Fig. 4.10).
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The slab cut from stalagmite BS15 and used foetr

element analyses has also been used for
observations. None of the analysed samples
metalised not to compromise the original chemi
composition. A copper tape was used to enha
electron reflectivity (Fig. 4.11).

Fig. 4.10 — The red

square indicates tt

area on the surface
BS14 where one of tt

powder samples of tt

Fig. 4.11 — Copper
tape on BS15 slab.

black layer was drilled.
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V. RESULTS
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5.1 Monitoring data: cave dynamics and precipitation stable isotope

composition

5.1.1 Cave dynamics

One year of monitoring data is available (May 2018 2016), providing insights on the cave
hydrologic pattern in relation to precipitation.él'tdata highlight the presence of strong seasonality
affecting the monitored drip sites. In summer antha beginning of autumn, although precipitation
occurs, the cave is relatively dry with slow dripgiat D1 (7 drops/hour in October) and almost no
dripping at D2 (Fig. 5.1).
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Fig. 5.1 — Monitoring results between May 2015 d@hd beginning of July 2016. The blue line

represents precipitation recorded with a DriptydliviPnate © (mm/30min). The dark green and the
green lines represent, respectively, drip sitesdd@l D2 (counts/30min). The red line represents
external temperatures (°C). The black line on tepre@sents cave temperature (°C). The grey box

indicates the period of the year with stronger ing.
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In late autumn, drip site D1 is abruptly reactivasdowing strong responses to rainfall events. Drip
site D2, which generally shows slower dripping,rémctivated only by winter precipitation, in
February, as precipitation events become more é&mqDrip sites show increased reactivity to
precipitation in late autumn, winter and spring.ewhemperature is low (average daily temperature
of 1.5 £ 6.6 °C and 7.8 £ 4.3°C between, respelstivdovember-December and February-May)
and precipitation more abundant. The dry periodneéed in Mra&na Péina Cave is concomitant
with the highest external temperature (averagey demperature for the period May-October 2015:
18.4 £ 5.1°C). External temperature data are nail@e for January 2016 because the logger was
accidentally removed.

Cave temperature was measured close to drip sitettie area where the broken stalagmites were
collected and it appears relatively stable. Betwédasy and July 2015, the data logger was

inadequately set to measure temperature with dutesoof 0.5°C, and temperature did not vary by

Date pH | water SEC (Slem) | more than this range, around 9°C (Fig. 5.1). After
temperature .

D1 17-05-2015 | 7.67 | 9.6 478 July 2015 temperature was measured with a
D2 8.1 10.5 582
Gl 8.01 | 10.3 481 resolution of 0.1°C. From August to October, cave
G2 Dry Dry Dry
G3 789 | 13.7 681 temperature remained stable at 9.7 + 0.1°C and
D1 07-08-2015 7.13 11.6 455
D2 Dry | Dry Dry . . ..
o =107 Tis then it started decreasing, down to a minimum of
G2 Dry Dry Dry [ ;
o3 bry | Dry Bry 9.0°C in January 2016. Temperatures then
D1 29-10-2015 7.28 115 470 ivelv i d . h 9.6°C i
D2 bry | Dry Bry progressively increased again, to reach 9. in
Gl 7.28 10.2 693 . . .
Go Dry | Dry Dry May 2016 and remaining stable in the following
G3 7.08 12.9 410 . . o
D1 31-01-2016 | 8.02 | 9.4 469 monitored months (Fig. 5.1). So the max T
D2 8.38 | 10.9 n.m. ) ) )
Gl 8.13 | 94 497 amplitude measured in the cave over a year is
G2 Dry Dry Dry
G3 8.15 | 11 588 0.8°C.
D1 09-04-2016 n.m n.m n.m
D2 nm_| n.m n.m pH values of dripping water show variations in the
Gl nm | n.m n.m
G2 nm_| nm n.m range of 7.08 - 8.38 depending on the sampling site
G3 n.m n.m n.m
D1 12/07/2016 nm | nm n.m i H i
= P it and period of sampling (Tab. 5.1). In general, drip
Gl nm | nm n.m :
o T Thm — site D1 showed the lowest average pH among the
G3 n.m n.m n.m

measured drip sites. Considering the timing of the
Tab. 5.1 — pH, water temperatuf®C) ad specific

electrical conductance (SEC) of monitored dripssite analyses, a clear difference in pH has been

N.m = not measured. D1 and D2: drip sites monit.  Observed through the year. Relatively low values
with a stalagmite; G1, G2 and G3: drip sites wre were detected in May, followed by the lowest pH
glass tablet was positioned for growth 1 yglyes recorded in August and October associated
monitoring. with the highest conductivity at drip site G1 antl D

(Tab. 5.1). The highest pH values were observelitary.
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Glass tablet G2 was left in situ for the whole pérof monitoring (May 2015-July 2016) showing a
growth rate of about 4 mm/year. Glass tablet pms#td at site G1, close to the area where the
stalagmite were found, shows a period of relativiebh deposition (about 0.8 mm/year) between
May and August 2015 followed by an extremely lowat null deposition rate between August and
October 2015 (about 0.09 mm/year), while the grovete measured between January and the
beginning of July is about 0.7 mm/year. Betweenudan 2016 and April 2016 the measured
growth rate at G3 site is about 2.2 mm/year, foldvioy a higher growth rate of about 3.2 mm/year
between April and the beginning of July 2016. Thseyved high growth rate may be related to a

flowstone type calcite deposition occurring at thenitoring points.

5.1.2 Precipitation and drip water stable isotope @mposition

Owing to problems during water sample shippingylstésotope results of both drip water and rain
water are available only from September 2015 todl@016 (Tab. 5.2; Fig. 5.2).

Rainfall sample 80 3D Drip water sample| §**0 3D

S14 (10/09/2015) -6.87 -49.9 D1 (29/10/2015 -9.37 | -64.6
S15 (20/09/2015) -5.87 -31.0 G1 (29/10/2015 -9.36 | -64.9
S16 (27/09/2015) -11.17 -80.6 G3 (29/10/2015| -10.1 | -70.0
S17 (10/10/2015) -11.31 -81.2 D1 (31/1/2016) -9.43 | -64.4
S18 (17/10/2015) -4.75 .19.7 D2 (31/1/2015) -9.16 | 62.2
S19 (21/11/2015) -8.60 -53.0 G1 (31/1/2016) -9.43 | 64.7
S20 (25/11/2015) -18.05 -133.1 G3 (31/1/2016) 402 | -71.1
S21 (2/1/2016) -13.58 -95.4 D1 (9/4/2016) 9.4 -63
S22 (16/01/2016) -20.41 -156.] D2 (9/4/2016) -9.0 61.3
S23 (4/2/2016) -13.02 -96.5 G1 (9/4/2016) -9.2 561.
S24 (15/2/2016) -7.45 -59.0 G3 (9/4/2016) -9.9 966.
S25 (26/2/2016) -5.13 -62.2 D1 (12/7/2016) 9.4 .362
S26 (29/2/2016) -0.72 -9.8 D2 (12/4/2016) -9.5 264.
S27 (7/3/2016) -7.14 -53.4 G1 (12/7/2016) -9.6 663.
S28 (21/3/2016) -9.93 -65.2 G3 (12/7/2016) -9.80 6.66
S30 (14/4/2016) -3.0 -14.2

S31 (19/4/2016) -5.8 -35.1

S32 (24/4/2016) -7.5 -57.5

S34 (28/4/2016) -5.4 -34.5

S35 (3/5/2016) -7.1 -47.1

S36 (8/5/2016) -4.9 -22.8

S37 (12/5/2016) 5.7 -34.0

S38 (1/6/2016) -1.6 -18.6

S39 (6/6/2016) -8.1 -55.3

Tab. 5.2 — Stable isotope results of precipitatiosarajevo (labelled with
an S) and drip water from Mfaa Péina Cave (G and D samples.
Monitored drip sites are indicated in Fig. 4.1 inapter 4).
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Fig. 5.2 —5"%0 composition of rainfall sampled in Sarajevo anig dites D1, D2, G1 and G3 (see Tab. 5.2).

These data, although sparse, show similar isotgploes measured at sites D1 and G1 and
relatively lower values at site G3 (Tab. 5.2; sangplocation in Fig. 4.1, Paragraph 4.2.1).
Precipitation stable oxygen isotope ratios fluctuagtween the highest values of -0.72%., measured
in a precipitation event occurred on 29 Februar{62@nd the lowest value of -20.41%. measured
in a precipitation event occurred on 16 January62@onsidering the general trend, the highest
measureds*®O ratios are related to precipitation occurringldte spring/early summer (April to
June:3*0 = -5.46 + 2.10%0) and the lowest ones to wintercjpitation (November to February:
880 = -10.87 + 6.63%0). However, some intra-seasoashbility related to the isotopic signature
carried by single precipitation events is visidlrip water analyses show fairly constant values.
Drip sites D1 and G1, which are located in the sayakery, present similar isotopic values
(averages'®O, respectively, -9.38 + 0.06%o. and -9.40 + 0.17%bghtly enriched if compared to
the G3 site (averag&®O: -10.01 + 0.20%o), located further away from tlae entrance (Fig. 4.1

in section 4.1). Drip site G2, which is locatedsdoto monitoring site G3, present the highest
isotopic (averagé™®0: -9.22 + 0.26%o).

5.1.3 Air mass back trajectories of daily precipitéion in Sarajevo

Back trajectories performed on rainy days in 20106l 2016 highlighted a preponderance of
precipitation events originating in the Atlantic &m. However, different air mass tracks have been
identified. For each day in which precipitation ooed in Sarajevo, the three trajectories calcdlate
at different heights (850, 700 and 500 hPa) arecateld in the plots with different colours (Fig.
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5.3). When the three trajectories follow approxiehathe same path, shearing instabilities can be
considered irrelevant and the calculated backdrayg is reliable (cf. Baldini et al., 2010). This
occurs in the majority of the calculated trajeaor{98 out of 163 back trajectories). Conversely,
when air mass movement reconstructions show difterajectories at different heights, shearing
instabilities may have occurred and the reconstustare less accurate. This is mainly found
during spring and autumn months. While in winterraass tracks are mainly coming from N and
NW crossing over the European continent, in sumtiermain trajectories of air masses coming
from the Atlantic Ocean are slightly shifted sou#tnds (Fig. 5.3). The westerlies circulation that
characterises the European continent thus domirtagesnain storm paths. Trajectories of these
moisture-bearing air masses originating in the iitaOcean can be further modified over the
Mediterranean basin developing complex patterngdtreg in SW, S and NE paths (Fig. 5.3). These
have been identified mainly in spring, summer aatlmn. Also rarer storm paths involving air

masses from eastern and north-eastern Europe kawvedentified in spring and autumn.
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Fig. 5.3 — Example of backtrajectories performedainy days in Sarajevo showing the predominartepas of winter
and summer air mass trajectories (left) and thiemdift and less frequent air mass trajectories Ijné&nind in spring,
autumn and summer (right).
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5.2 Petrography

The polished sections of the studied stalagmitegeap relatively compact and remarkable
differences in calcite colour, textures and impucibntent have been identified.

A detailed description of the observed texturelws.

5.2.1 Calcite textures in stalagmite G5

StalagmiteG5 textures have only been observed on its polishédee since thin sections were not
realised for this sample in order to preserve thlagmite for further studies. The polished surface
shows compact, greyish and translucent calcite nedd®mlumnar crystals elongated in the same
direction as the stalagmite growth axis. The cortigss and pale colour of the calcite suggest low
content of impurities. Lamination is not or barelgible. Six surfaces interrupting the crystals
continuity were identified on the polished sectamd are possibly related to growth interruptions.
Two of them (86 and 272 mm from the top, surfacesd 6 in Plate 1) present a sharp interruption
of crystal growth associated with a diminished agjalite diameter and followed by a widening
above the surface. Conversely, the surfaces idgemhit 69, 55, 20 and 14 mm from the top are less
obvious and could be linked to shorter growth intptions (Plate 1).

5.2.2 Calcite textures in stalagmite BS8

The polished section of stalagmiBS8 appears grey and translucent but less compact @tan
Relatively large pores are distributed along thelhength of the sample; however the texture in
the lower half (from 51 mm from the top to the bat) appears less compact than in the upper half.
This stalagmite portion presents a lighter colowd &iequent vertically orientated porosity (Plaje 2
Faint lamination is visible in the more compact yger part. The more porous portion below 51
mm from the top presents a more evident but ir@gldmination. On the stalagmite polished
section, seven surfaces presenting sharp boundetlethe above calcite crystals were identified at
130, 123, 91, 51 35, 21 and 9 mm from the top. Divthem (the ones at 51 and 21 mm from the
top) display a detrital coating suggesting prolahgeowth interruptions. A further surface at 7 mm
from the top is instead marked by a sharp darkimga®ll these sharp surfaces have also been
identified under the petrographic microscope, whehey correspond to crystal growth
interruptions.

In thin sections, the calcite is made of compositgstals elongated according to the stalagmite
growth axis with sharp boundaries and uniform etiom (Fig. 5.4). These crystals present the
alternation of compact stacking of crystallites andabric characterised by linear and vertically
orientated inter-crystalline porosity. These twrtiees can be referred to asmpact columnar
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andopen columnar calcite(sensu Frisia et al., 2000; Couchoud, 2006; Fasid Borsato 2010;

Frisia, 2015). Their alternation is responsible floe faint lamination observed in the polished
section of the stalagmite. The sharp boundariesd®st the composite crystals together with calcite
compactness and colour suggest a negligible coimtecolloids. The presence of open columnar

calcite is predominant from 51 mm from the top luthié bottom of the stalagmite.

ST, ¢

Fig. 5.4 — Image of stalagmite BS8 thin section arndatural (right) and polarised light (left). Spavsoundaries
between composite crystals are evident in the inoagihe right. The red and the green rectangléseénmage on the

left indicate, respectively, open and compact colanportions.

5.2.3 Calcite textures in stalagmite BS9

StalagmiteBS9 polished section have a different aspect from gheviously described samples
(Plate 3): its calcite alternates yellowish and peaot portions with whitish and more porous
intervals. The lower part of the stalagmite, froBirBm from the top until the bottom, is milky and
opaque. A dark interval appears between 16 and m3from the top. Lamination is faint in the
compact portions and wavy and irregular in the ishitand porous ones. Two relatively sharp
surfaces are visible on the polished section. Tisedne, at 77 mm from the top, is associated with
a shift of the stalagmite growth axis; the second, adentified at 62 mm from the top, is thick and
sharp and is interrupting crystal growth. These sudaces are also recognisable in thin sections
(Plate 3). Another sharp surface has been idedtifiehe dark interval cited above, similar to the
one detected in stalagmite BS8.

Calcite texture in thin section appears less reghkn in the previous sample. The milky portion of
the stalagmite (from 93 mm from the top to the doit is characterised by branching crystals
presenting 60°/210° orientation. This texture wiemntified asdendritic calcite (Fig. 5.5). The rest
of the stalagmite presents composite crystals witliorm extinctions and highly irregular and
interfingered parts. These types of crystal bouedatogether with the yellowish colour of the

calcite, suggest the presence of colloids and iitiesir Since the crystallite size is not visibledan
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the optic microscope, this structure can be refetoeascolumnar microcrystalline calcite (Frisia
et al., 2000). The whitish portions identified beem 90 and 81 mm, 54 and 40 mm, 32 and 30 mm
from the top and from 23 mm up to the top of theagmite present a significant and irregular

porosity. In this portion, subtle transitions fratime columnar microcrystalline to the dendritic

fabrics are visible, showing a continuum betweeséhtextures.

Fig. 5.5 — Image of stalagmite BS9 thin sectionarmthtural (left) and polarised light (right). Ttveo upper images

show the columnar microcrystalline calcite, white tower two show dendritic calcite.

5.2.4 Classification of BS14 and BS15 textures fgetrography micrologging

The polished sections of boBS14 andBS15 stalagmites show compact (especially in stalagmite
BS15) and finely laminated calcite in the axialt@ard more porous and milky calcite on the flanks.
On the polished sections the presence of compositennar crystals (sensu Frisia et al., 2000;
from 1 to 5 mm wide and from ~20 to 90 mm long)ngjated along the growth direction can be
distinguished (e.g. Fig. 5.6).
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Two main “paleo” surfaces marking the temporapPL XPL
interruption of the stalagmite growth have be : )

identified on the polished surface of stalagm$
BS14 (at 15 and 25 mm from the top; 1 & 3 in Pl&:
4) and one in BS15 (at 18 mm from the top; surfg®
2 in Plate 4). These surfaces have been recogns
also in thin section as sharp interruptions of ka1y~

growth marked by visible crystal terminatio

hiatuses (e.g. a surface observed at 18 mm from
top in BS14 presents evidence of crystal-grov ’
competition, demonstrating the presence of a grogs
interruption; surface 2 in Plate 4). In thin sentig
the textures observed on the polished stalagriss
surfaces result mainly in large, columna e |
microcrystalline, composite crystals, with theFi. ._é' - icophtograps of composi
exception of dendritic calcite in a few areas. Ehegrystals identified in stalagmite BS15 tt
composite crystals consist of aggregates stack&gfion

with their c-axes oriented parallel to the vertical growth afighe whole stalagmite, which may
show mismatched stacking relative to the verticawgh direction in the upper portion of the
stalagmite. The crystallites forming these compgositystals show optical continuity under
polarised light. Relatively irregular vertical litaj which alternate with inter-fingered portions,
characterise the composite crystals. This featuggests subtle transitions to zones of higher
proportion of impurities favouring the formation afystal defects, resulting in high, intracrystadli
microporosity (Frisia, 2015; Fig. 5.6). Brownishmlimation related to periodic input of
detrital/colloidal particulates is visible in bagtelagmites (cf. Frisia et al., 2000).

The following detailed classification of fabricooi our samples is a subdivision of the columnar
microcrystalline fabric, based on the observed gioy@nd composite crystal boundaries (Fig. 5.7):
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Scheme of crystallites Sub-patterns of
Thin section - Thin section — arrangements (left) columnar
Plane polarised light Cross Polarised light | Zoom-in inferred crystallite microcrystalline
arrangements (right) calcite (cm)
'} 1) Ccm
m@m “Compact’
=
1D
Il MK Y‘
I W | 2) Ocm
|0 ?N | “Open”
QY
ll,\l\l\'\(‘l‘ll’\\\ll‘
\JMH«’J‘,J}‘}‘&'
‘l\l\”t‘l'll’\‘\n
3) Ecm
“Elongated”
. \ A m-
; G\
Q 4 ST 4) Pcm
SR kL “Porous”
i 3 k P
5) SScm
“Stricto sensu”
6) D Dendritic
) from Frisia (2015)

Fig. 5.7 — Fabric subdivision and classificatioorfnal and polarised light) modified from Frisia (&). The white bar
on the picture corresponds to 1 mm. The red squadisate the fabric classified in the columns be tight. The

number in the second column corresponds to thee\adgociated with each fabric in the micrologginges.

1) Highly compact and translucent laminae consistih welded crystallites, suggesting
negligible presence of particulate and/or foreignsi that would create lattice deformation or
occlude growth sites. This fabric subtype has hieeen classified asompact columnar

microcrystalline calcite (Ccm, Fig. 5.7a). Laminae formed by this fabric are iy “wavy”
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brownish surfaces, corresponding to flattened talcrystal terminations and to cavities in the

below compact carbonate lamina (Fig. 5.8).

Fig. 5.8 - Thin section images of stalagmite BSR&d circles indicate Ccm laminae presenting a bigiwooating and

evident signals of dissolution of the underlyindrite.

2) Some groups of laminae differentiate from thevjpus fabric (Ccm) by the occurrence of
linear intercrystalline porosity. The boundariestween the composite crystals are irregular,
suggesting that foreign ions or particulates oaetldrowth sites. Overall, the laminae appear
milkier than in Ccm, and, under the optical micamse, show the presence of colloid-rich brown
laminae with similar features as in Ccm. This falsiibtype has been classifiedopen columnar
microcrystalline calcite (Ocm, Fig. 5.7b).

3) Another fabric, observed only in the youngertioor of stalagmite BS14, is characterised
by elongated aggregates of crystallites (Fig. 5.Tte composite crystal boundaries range from
straight to inter-fingered. This is possibly rethte a different content in particulate. This fabis
very similar to the elongated columnar calcite gsefrisia, 2015), which occurs under relatively
high (> 0.3) Mg/Ca ratio of parent drip water asatedl with relatively fast dripping; when this
fabric is associated with micrite and lateral ovevgh, diagenesis may have occurred (Frisia,
2015). However, the elongated appearance in thée @& given by the succession of vertically
oriented pores, which, in turn, are characterised itvegular boundaries preventing the
identification of size and geometry of single cajstes. This suggests the presence of foreign
particles favouring the formation of crystal defgawvhich are reflected in the observed irregular
shapes (Frisia, 2015). Thus, this fabric has be&rned to azlongated microcrystalline calcite
(Ecm; Fig. 5.7¢).

4) Some sets of laminae consist of microcrystalfizmeric, crossed by narrow, vertically
oriented linear porosities and composite crystalth virregular boundaries similar to those
illustrated by Frisia et al. (2000). Thus, the falitas been classified a®rous microcrystalline
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calcite (Pcm; Fig. 5.7d). It differentiates from Ocm by the geace of a less regular intercrystalline
linear porosity and a higher intracrystalline parosferred from the more irregular boundaries of
the composite crystals. As for Ocm, some intera#tisbuted to the porous microcrystalline subtype
contain brownish laminae, testifying the input aflgidal particulates, which, in this specific
fabric, must have efficiently occluded growth sites

5) The last columnar microcrystalline subtype idfiesd in the Bosnian stalagmites is most
common in the younger portion of BS15, and rar8814. The composite crystals show irregular
boundaries more pronounced than in Pcm, but absendye, elongated porosities. This fabric has
thus been classified agicto sensu microcrystalline calcite (SScm Fig. 5.7e).

6) The only non-columnar fabric identified in th@alagmites islendritic (D), as described
in Frisia et al. (2000), Couchoud (2006), Bankale{(2010) and Frisia (2015). It can be observed
on the flanks of both stalagmites and in the ug@et of BS14 (Plate 4; Fig. 5.7f). The dendritic
fabric is characterised by crystals that are nohghted along the growth axis of the stalagmites,

and the composite crystals form branching asserablagith a 60° angle.

The brownish lamination cited above, which is badd to be related to periodic input of

colloidal/detrital particulate, has not been coastd for this classification, but has been treated
separately, assigning the value O to the pattexkirig the brownish lamination and the value 1 to
the laminated one. This feature and the fabric ypdst are then represented as a function of
distance from the stalagmite top, in profiles tbhah be compared with the geochemical data to
discuss hydrological changes (Fig. 5.9). The ratibn of a petrography microlog has not been
possible for stalagmites BS8 and BS9. The lack @fgalar lamination and the stalagmite portion
comprised in the thin sections (which did not conthe central growth axis), prevented an accurate

and precise association between the stable ispimbdes and the petrographic changes.

94



SScm 5 —

Pcm 4 —

Ecm 3 —

Oocm 2 —

Ccm 1

laminated 1 — H
I
20

40 60 80 100
BS15 - distance from top (mm)

not laminated 0 —

D 6 —

SScm 5 —
Pcm 4 —
Ecm 3 — 1 |-|-
Ocm 2 — |—|
Ccm 1 — —

laminated 1 — — H n—L ’|‘ L
not laminated 0 — J
I ! I ! I ! I ! I

0 20 40 60 80
BS14 - distance from top (mm)

Fig. 5.9 — Petrography curve and lamination cuorestalagmites BS14 and BS15.

5.3 Ages of the bosnian stalagmites

According to the U-Th dating results, BS8, BS9, BSind BS15 stalagmites cover a period
spanning from Early to Late Holocene (Tab. 5.3-5M)samples present low U content comprised
between 53 and 2 ppb and generally I6GRTh/”**Th (between 0.4 and 1024.9) resulting in

relatively large age errors. A detailed descriptdalating results for each stalagmite follows.

5.3.1 Stalagmite G5

Dating samples from stalagmites G5 present U cdratons between 2 and 28 ppb and
230Th/232Th ratios between 31.2 and 1024.9 in its Holoceortign. Raw ages were corrected using
an initial **°Th/~**Th of 1.50 + 1.50.
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This sample started growing at about 73 + 1.8 kdigAus identified at 86 mm from the top was
dated between about 12.5 £ 0.9 ka and 9.5 £ 0.3'kas, only the portion above the identified
hiatus was considered for this study since it gieming the Holocene. In the studied portion of G5,
at 14, 20, 55 and 69 mm from the top, four poss#flort growth interruptions were identified,
which occurred, respectively, just after and befafe+ 0.3 ka, before 8.6 £ 0.3 ka and before 9.1 +
0.5 ka (Fig. 5.10).
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Fig. 5.10 — U-Th ages for stalagmite G5. Resultsrapresented in relation to their
distance from the stalagmite top. Black and redicadrlines represent age uncertainty;
black and red horizontal lines indicate the widthhe dated sample. One result which
is not in stratigraphic order (i.e. younger abosleler below) is indicated in red. Red

dotted lines represent the identified growth iniption.

5.3.2 Stalagmite BS8

Dating samples from stalagmites BS8 present U curattons between 3 and 44 ppb and
230Th/?2Th ratios between 0.6 and 76.2. Raw ages wereatedrausing an initiaf*°Th/”**Th of
0.30 = 0.25 (tab. 5.3).

BS8 started growing at ~12.1 + 0.4 ka and stopgéaitvely at ~0.7 + 0.2 ka. Two major hiatuses
were identified at 50.5 and 91 mm from the top andurred between ~5.3 + 0.3 and 7.5 + 0.4 ka
and between ~8.0 = 0.3 and 8.9 * 0.4 ka. Minorusie$ were identified at 9, 21, 35, 123 and 129
mm from the top which occurred, respectively, aftér8 + 0.2 ka, 3.9 £ 0.2 ka, 5.1 + 0.3 ka and
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between ~9.9 £ 0.4 and 10.3 £ 0.4 ka (Fig. 5.1Tkokding to dating results, the black layer found

at 7 mm from the top was deposited between ~1.2a0d 1.8 + 0.2 ka.
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Fig. 5.11 — U-Th ages for stalagmite BS8. Resultsrapresented in relation to their distance fromgtalagmite top.
Black and red vertical lines represent age unagstablack and red horizontal lines indicate theltwiof the dated
sample. Results which are not in stratigraphic o(de. younger above, older below) are indicateded. Red vertical

lines represent the two major hiatuses; red dafttetical lines represent the minor growth interioms.

5.3.3 Stalagmite BS9

Dating samples from stalagmites BS9 present U curatons between 22 and 42 ppb and
230Th/?2Th ratios between 0.7 and 9.2. Raw ages have lwreected using an initid&f°Th/~**Th of
0.45 £ 0.30 (tab. 5.4).

Only the portion above the dendritic calcite idkedi in stalagmites BS9 was studied. This portion
started growing at about 5.1 £ 0.4 ka, followedablyiatus at 77 mm from the top, whose duration
was not identified. Unfortunately, U-Th ages clésdhe hiatus identified at 62 mm from the top

were affected by large age errors due to the heghtdl Th content, preventing its identification.
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However, it can be stated that the stalagmite stdgpowing after about 4.5 + 0.3 ka and started
again at ~2.3 £ 0.2 ka until ~1.1 £ 0.3 ka (FidlZ. According to dating results, the dark interval
identified between 16 and 13 mm from the top wasodied at ~1.0 + 0.3 ka.
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5.3.4 Stalagmite BS14

Dating samples from stalagmites BS14 present U exnations between 21 and 52 ppb and
230Th/%Th ratios between 0.4 and 128.8. Raw ages wereated using an initia**Th/”**Th of
0.30 = 0.20 (tab. 5.5).
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This stalagmite started growing at ~6.1 £+ 0.6 kig.(b.13). Its top age is not precisely known due
to the unreliability of the dating results in tipigrtion (cf. Chapter 6.2).

The two most evident growth interruptions identfia thin sections at 15 and 25 mm from the top
occurred, approximately, between ~2.8 £ 0.2 andt23 ka and between ~4.4 + 0.4 and 4.0 £ 0.4
ka (Fig. 5.13).
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5.3.5 Stalagmite BS15

Dating samples from stalagmite BS15 present U aunatons between 27 and 42 ppb and

230Th/72Th ratios between 41.3 and 1.0. Raw ages have dmeected using an initi&°Th/”**Th

of 0.65 £ 0.19 (tab. 5.5).

This stalagmite started growing at ~4.3 = 0.4 kd atopped after 0.9 £ 0.1 ka (Fig. 5.14). A

possible growth interruption is found at 18 mm frtdme top and occurred between about 1.9 £ 0.1
and 1.5 + 0.2 ka.

The dark layer similar to the one found close ®tibp of the other stalagmites samples indviea

Pe&iina Cave, which was found at 10 mm from the tops deposited at ~1.1 £ 0.3 ka.
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Fig. 5.14 — U-Th ages for stalagmite BS15. Resarésrepresented in relation to their distance from
the stalagmite top. Black and red vertical lingsresent age uncertainty; black and red horizontal
lines indicate the width of the dated sample. Resuvhich