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O Apng Anuntprog Agovtapitng
dNAovVe vevBovva OtL:

1) Eipot 0 KGTOY0G TOV TVELHOTIKOV SIKOLOUATOV TG TPOTOTUTNG OVTHG
gpyaocioc kot amd 660 yvopilm 1 epyacio LoV € CLKOPAVTEL TPOCMOTAL,
00TE TPOGPALEL TO TVELLOTIKG STKOMDUATO TPITMV.

2) Amodéyopan 6Tt 1 BKIT umopet, yopic vo aArld&el 10 mepLeyOUEVO NG
gpyaciog Lov, va tn 0abEGEL 6E NAEKTPOVIKT] LOPPT) LEGA AT TN YNOLOKN
Birobnkn e, va v avtiypdyel 6€ OMO00NTOTE WEGO M/KOL GE
OTOLOONTOTE HOPPOTLTO KAOMG Kol vo. Kpotd mePLosotepa omd £va
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This work is dedicated to the wild and
beautiful Greek nature and still unspoilt
and wonderful mountains.

And like this they shall remain in the
difficult years yet to come.

Mountains have been and will always be
home to the eternal spirit of freedom

and of its unspoken wilderness;

refuge for the poor and the persecuted,

for all the bandits and all the Robin Hoods,
for all the partisans that dared to defy power
and fight for political and social justice.



Abstract

The objective of this thesis is to address temporal gaps in the glacial history of the Pindus
Mountains in northwest Greece with new insights from the study of the glacial record of Mt
Mavrovouni and its connection with the respective records in southern Greece and in the
Balkans. The glacial geomorphology of Mt Mavrovouni was mapped and the timing of Late
Pleistocene glaciations was constrained by cosmogenic 3Cl exposure ages from ophiolitic
glacial boulders within a well-preserved glacial/periglacial sequence. These ages indicate that
the most extensive Late Pleistocene glaciers reached their terminal positions at 26.6 + 6.6 ka
suggesting a Late Pleistocene local glacial maximum close in timing to the Last Glacial
Maximum (27-23 ka). This timing was confirmed by **Cl ages from limestone glacial boulders
in a similar study in the nearby Mt Tymphi. The consistency of these ages validates the
theoretical suitability of cosmogenic 3°Cl exposure dating on ophiolites while it constitutes the
only chronology of Late Pleistocene glaciations on the mountains of Greece that is independent
from inherent issues in surface exposure dating of limestones such as weathering rates of rock
surfaces. At the same time the geochronological framework of Late Pleistocene glaciations in
the Pindus mountains in northwest Greece is now one of the best dated in western Balkans.
New evidence and a detailed review of glacial studies in the mountains of Greece provided a
new synthesis of our current understanding of the Quaternary glacial history of Greece. The
ice cover during the largest Middle Pleistocene glaciations (MIS 12/ MIS 6) was more
extensive than previously thought. Latest evidence from Mt Tymphi, Mt Smolikas and Mt
Chelmos along with findings of other glacial studies in western Balkans suggests that valley
glaciers radiated from central ice field/ice caps throughout this region during the most extensive
Middle Pleistocene glaciations. Ice extent was considerably smaller during the Last Glacial
Cycle (MIS 5d — MIS 2) whereas during the Holocene only very small glaciers formed in some
deep-cirques thanks to strong local topographical and climatic controls. Finally, an analysis of
regional palaeoclimatic records showed that moisture supply of the atmospheric systems seems
to have been the most critical factor for the formation of glaciers in the mountains of Greece.
Moreover, the Late Pleistocene Equilibrium Line Altitudes across Greece indicate a wetter
climate in southern Greece that can be attributed to different palaecoatmospheric circulation

mechanisms in central Mediterranean that forced moisture supply into a SW-NE track.

Keywords: Quaternary climate change; chlorine-36 cosmogenic dating; geomorphology;

glacial history; Greece
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Extetapévn Iepinym

To Tetaptoyevég, yapakmnpiletar omd KAMUOTIKEG £EAPOELS HE Eva ONUOVTIKO aplOud
TayeT@O®V Ko pecomayetmddv kokiwv (Ehlers kou Gibbard, 2003). Avtéc ov €€dpoeig
OTTOTVTTAOVOVTAL EVTOVO GTO YEOMAOYIKO apyeio HECW TV eVvOLiEe®V TV eMavaAaUPovOUEV®V
TPOWONCE®V KOl VITOYWPNCE®V TOV TOYETOVOV: HEYOAD TAYETOVIKA KOADUUATO GCE
VYNAOTEPO YEOYPAPIKA TAGTN Kol aAmikol moyetdveg oe opewvég meproyés (Ivy-Ochs ko
Briner, 2014). Ot moyetdveg omoKpivoviol oTIC KAMUOTIKEG OAAayEG Kot 10woitepo ot
Oepurokpacio Kot To VYOS TOV KaTakpnuvicewv kabmg ennpedletot 1o 160L0y10 palag Toug pe
amoTéAEG L0 TV TTpo®ONnon 1 TV VIToYdpNon tov petdmov tovg (Oerlemans, 2005). ‘Etol n
€KTOOM TOVG KATA TO TOPEADOV TOV ATOTLIMVETOL GTIG TOYETMVIKEG AOBEGELS KOl YEMUOPPES
(Fuchs kot Owen, 2008) TowTOYPOVO OITOTVTOVEL KO TLG AVTIOTOUXES OAANYEG OTO TTOAALOKAILLOL
(Ivy-Ochs xou Briner, 2014).

H meproyn g Mecoyeiov, Bpioketon og po mohd onUaviikn yewypagikn 6éon yuo tnv
KATavonon TV KAMUOTIKGOV dAlay®dv 610 Bopeto nuoeaipto kotd to Tetaptoyevég kabag
Bploketon apésmg avatoikd tov B. AtAavtikov Qkeavod Kot eivar evBuypapicpévn pe ta
Héoa Tpog yaunia yewypaoikd tiatm (Hughes kow Woodward, 2017). 'Etot, évag onpoavtikog
aplOpog cHYYPOVAOV EPELVAV ETIKEVIPAOVETOL GE OLTN TNV TEPLOYN KOl 1OW0iTEPA OTN
YPOVOALOYNON KOl TN YOPTOYPAPNON TNG £KTACNG TMV TOANOTOYETOV®OV GTO BOLVA NG
Megooyeiov.

H EAAGoa eivor o dwoitepo opevi) pesoyelakn yopd, pe to 42% g NrelpoTikng
empaveldg g vo yapokmpileton og opewn (Bassiouka, 2011). H tomoypagia ¢
yopoakmnpiletar and v opocepd g Ilivdov, n omola exteiveton and o BA mpog ta NA
(Figure 1). Ot xvpidtepeg kopvpég g Eemepvodv ta 2200 m ce VYOUETPO Kot OUETPNTES
devtepevovces kKopveég Eemepvoiv tar 1800 m oe vyopeTpo. Yrdapyel tAnbmpa evdeiEewv yia
v Ymapén Tetaptroyevav mayetovov (Figure 1; Table 1), 0nwg vrédeiEay kot o1 TpOTOTOPOL
gpeVVNTEG oTIg apyég Tov 200V at. omwg ot Niculescu (1915), Cvijic (1917), Sestini (1933),
Mistardis (1937a) kaw Messerli (1967).

H pelétn e ariniovyiog tov tayetovik®v anofécemv oto 6pog Touen ot B. Ilivdo
elval g amd T TPATEG TPONYUEVEG TOAAOTAYETWVIKEG EPEVVES OTIG OPEVEG TEPLOYES TNG
Mecoyeiov kot mAéov yopokmnpiletor omd pior GeEPd TOAD KOADV YE®YPOVOAOYNCEMV
(Woodward et al., 2004; Hughes et al., 2006a, 2006b; Woodward ka1 Hughes, 2011; Allard et
al.,, 2020). To oamoteAéouATO TOV EPELVOV OLTOV 0dNYNoav otov kabopiopd NG

Xpovootpopatoypagiog g ITivoov (Hughes et al. 2006a). Qotéco dtav Ekivinoe N Tapovca
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épevva (2015-2016), ot mponyuéveg Epevveg mov mepAauPovay  dedouEVO  OTOAVTOV
ypovoroyncemv mepropiloviav yemypapikd otn B. EAAGSa kot cuykekpipéva oto 0pog THuen.
Emumpocbétwc, to yewmypovoroyikd miaicto oty B. Ilivoo kaBopilotav omd amdAvTEG
YPOVOLOYNGELS LOVO Y10l TIG TAAOLOTEPES KO EKTEVEGTEPESG TAYETMVIKEG PAGELS KATA TO MEGO
[Mieotoxavo (1ootomikd otado | MIS 12 — MIS 6) evd o1 vedtepe Ko O TEPLOPIGUEVES
eacelg iyov arodobel oto Avodtepo ITAeloTOKOVO HECH TNG GYETIKNG XPOVOLOYNONG TOVG KoL
¢ 0éong/vyouétpov toug. H Ehdetyn mepattép® OE00UEVOV OTOAVTNG YPOVOLOYNONG TMOV
TAYETOVIKOV pAcE®V Tov Avatepov [Theiotdkavov amotelohoe OOV £va GNUOVTIKO KEVO
ot ypovootpopatoypapio. g Ilivoov mov odfynce omv Evapén VE®V EPELVOV,
oLUTEPIAOUPAVOUEVIG TG TOPOVOTG, TOGO 61N Popel 6co kot otn votwe EArGda. Ta
tehevtaio ypovia, véa dedopéva dnpoctevdnikay t6co ard ™ N. EAAGdoa (Opog Xeipndg otnv
[Telomdvvnoo - Pope et al., 2017; Pavlopoulos et al., 2018) aArd kot amd Tov Olvumo ota BA
(Styllas et al., 2018) kot v Topuen ota BA (Allard et al., 2020), mopéyovtog éva mo cupmaryég
YE@YPOVOLOYIKO TAUIGLO Yoo TNV TTayeTOVIKY| 16Topia Tv Bovvev g EAAGdag (Figure 1,
Table 1). Mo ektevig BiBAMOYpa@IKN OVOCKOTNON TOV EPELVOV OVTAOV TTAPOTIOETAL GTO

KepdAaio 3.
Avtikeipevo ‘Epgvvag

210 TAQIC10 0VTO, 1| TAPOVGH EPEVVOL EMKEVIPDOVETAL GTI LEAETT TAYETOVIKOV 0mofEcemv
tov Avotepov ITiewotokovov ot BA EALGOa oe o mpoomdbeio oAokANpmong g
ypovootpopatoypoeiog g Iivoov and pa yeoypovoroyikn okomid. Tavtdypova, n perét
™G mayeT®ViKNG otopiag g N. EALGOag anockonel 6T ye@ypo@ikY| ENEKTAGT 0VTOD TOL
YE®YPOVOLOYIKOV TAouciov oty vrdioutn EALGSa. 'Etot, 0 facikdg 61o)0g TS Epeuvag anTrg
glval M ypovoAdyNon TV TAYETOVIKOV amofécemv mov omodidoviol 6t0  AVAOTEPO
[TAewotdKOVO GE TPEIS TEPLOYEG LEAETNG: TO Opog Mavpofovvi oty B. Tlivoo, o XeApodg oty
[MTehomovvnoo kot o Mapvaccodg ot Lteped EALGSa (BA. Figure 1 yio tomofeoicc).

YVVOTTIKA, CLYKEKPLEVOL GTOYOL TNG EPELVOG OVTNG Elval:

i. 1 ygpovoldynon pe Koopoyovikd 1oétomo °Cl tov maystmvikdv Kot
TEPUTAYETOVIKOV amoBécewv mov amodidovtar katd 10 Avatepo I[TAeiotdravo
kot cuykekppéva katd to LGM/Late-Glacial oto 6pog Mavpofovvi. H epappoyn
g neBddov avtNg epapprdletat Yo TpdTN POPd € 0PLOAIDIKE TETPOULATA.

Il. M OVOKOTOOKELT TNG EKTOOTG TMV TOALOTAYETOVMV KOl TOV 1IG0DYOV YPOUUDV

wooppomiog palag (Equilibirium Line Altitudes 1 ELAS) pe ypion e€edikevpévav
epyareiov GIS (m.y. Pellitero et al., 2015, 2016)
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iii. H ypovoldynon acPectoMbikdv moyetovik®v arobécewv oto 6pog Xeluog e

™ uébodo OSL (Optically Stimulated Luminescence)
IV. H mpokatapkTiky TayeTmviKn YEOUOPPOAOYIKN épevva otov [Tapvaccd

V. M gpunveio TOV OTOTEAEGUATOV KOl 1] GLGYETION TOVG HE GAAEC neATEG OTNV

EALGSa kot ta evpHtepa Baikdvia

Vi. 1 60YKPIoN TOL TAYETMVIKOD YPOVIKOD UE GAAN TOAMLOKALLOTIKG opyeio Kot
wlaitepa pe aAAnAovyieg YOPNG, OVOOEIKVOOVTAG TN CNUOGI0 TOV GTO EVPVTEPO

ToAookAMpatikd Tlaicto g Mecoyeiov

AmoteLEONOTO KO CVUTEPAORATO

H maystovikn yeopoppoioyio tov dpovg MavpoBoidve yaptoypoaprOnke AETTONEPDS Kol
TO YPOVIKO TOV TAYETOVIKOV PAce®V Katd T0 Avdtepo [TAeiotoOKoVo TPOoGo10picTKE HEGM
™G AmOAVTNG XPOVOAOYNONG OPLOMOIKOV TayeTOVIKOV AMBwv pe ™ péBodo KoopoyeEvdOV
ootonov yhopiov (*°Cl) oe o moystovikh/meputayetoviky akolovdio amoficemv. Ot
NAMKieG TOV TPOEKVYAY £3€1EAV OTL 01 TAYETMVES glyav POAGEL OTIC TEAIKES TOVG BEoElg 26.6 £
6.6 ka pwv and onpepa, LTOIMADGVOVTOS OTL TO TOTIKO TAYETMVIKO UEYIGTO KATH TO AVATEPO
[Tietotdxavo érafe yopa kovtd oto [aykoco Hayetovikd Méyioto (LGM: 27-23 ka), kdrtt
nov emPeParmOnke omd o TpdSEATN OVTIGTOYN UEAETT OTO YEITOVIKO 06PecTOAOIKO OGpOg
Touen (Allard et al.,, 2020). H ocvvoyf tov nMKIOV 0VTOV €TKLP®VEL T Oempntikn
KATOAANAOANTO TNG emAeypéEVNG HeBOSOL Yo TN ¥POVOAOGYNGN OPLOADIKOV OEYUATOV EVD
TOVTOYPOVO. ATOTEAEL TN LOVAOIKY] YEWYPOVOLOYNON TTAYETOVIKAOV amoBécewv otnv EAALOQ
nov givor amoAdaypévn and Tig eyyevelg afefordnreg g ypovordynong acPestoMOikdv
derypdtov Omwg o pvbudg oamocdBpwone. Q¢ dupeon ouvvémEl NG EMKVPOONG NG
EQOUPUOCILOTNTOG TNG OTOAVTNG XPOVOLOYNONG LE TN HEBODO KOGHOYEVDV 1GOTOTWV YAMPIiov
o€ OQPOMOIKA TETPOUATA, CVOLYEL 1 TPOOTTIKY TNG XPOVOAdYNoNS ¢ axolovdiog tmv
TAYETOVIKOV amofécemv o10 emiong oploAbwd Opoc ZpoAkag, m omoia &ivor m mo
oAOKANpOUEVT IOV £xEl KoTaypagel otnv EALGDA.

Ytov XeAud, n ypovordynon o popaivog o€ vyopetpo 1900-2050 m a.s.l. oty kotkdada
Ymavorokog pe tn uébodo OSL £dwoe nhikieg amdBeong mpiv amd 89-86 ka mov Oa pmopovoay
VO DTOSEIKVOOLV [0 0KOUO, TayET@VIKN @don oty [lehondvvnco katd to MIS5h. Qotoco,
dev vmapyovv avtictoryeg evoeitelg and dida Pouvd otnv EAAGSa kot too Bolkdvia kot
EMOUEVMG UEXPL VO LTTAPEOVY TTEPIGGOTEPO. OESOUEVA TTOL VoL TNV emPePatdvouv, 1 vodeon

ot Oo TpEmel va avTILETOTILETOL LE EMLPVAOET.



Tavtodypova, N AETTOUEPNS OVOCKOTNGN TMOV TPONYOVUEVOV TOYETOVIKMOV LEAETMOV OAANL

Kol VEEG TaPATNPNOELS 00Nynoav o€ pwo. véo ovvheon g TeTapPTOyEVOLS TTAYETMVIKNG

otopiag g EALGS0G 1) 0ole AmOTURTAOVETOL GTNV TPMTH OPYOVOUEVT BAoT dEdOUEVMV Y10 TG

naAaonayeTOViKEg Epevveg oty EALGda (Table 21). H avdAivon ko n ov{tnon ndve ce

vt TV PAcn 0ed0UEVOV 00MYNGE GTNV SLOPATIKOTEPT KOATOVONGT] HOC TOV TOYETOVIK®OV

eacemv ota Pouvd g EALGdag. Ta kxuprdotepa otoryeia yio v kdbe mepiodo cuvoyilovion

o6 eéfg:

A. Méoo ITheiotOKouvo

Ov mo extevelc moyetwvikég @doelg mbavotata Elafav ydpa xotd 10 MéEco
[MietotoKOVO Kot cvykekpluéva katd to MIS 12 (Skamnellian Stage) kot to MIS 6
(Vlasian Stage). H moyokdAvyn Kotd Tig TayeTmVIKEG OWTEG PACELS TV UEYOADTEP
a6 000 glye apykd exktiunOel. Ta wo TpodceoTa evpruata amd to fovvd e EALGSag
AL Ko Tov Boikaviov vtodnidvoovv ot extevn medio mlyou KuplapyovsoV GTOVS
OPEWVOVG OYKOVLG KOTO TIS TMEPLOOOVS OVTEG TPOPOOOTMOVTIOG TOYETMVES TPOS TIG

YOUNAOTEPES KOIAAOES, VEEAPTITWS TPOGOUVAUTOAGLOD.

Ta TOAOKAUATIKA/TOAOO00IKOAOYIKE apyeia Tov voTiov Baikaviov vrodstkviovv
YUPEG OAAG VYPEG KAUOTIKESG GUVONKES KATO TO. OPYLKO GTAS TMV TOYETOVIKOV
neptodwv MIS 12 ka1 MIS 6, t1g omoieg axolobOncav Wraitepa Yoypég Kot Avudpeg
oLvONKeG. AVTO LIOJEIKVOEL OTL O CYNUATIGUOG TV TayeTOVOV Ba Tpémel va Ehafe
ADOPO KATA T APYIKE KO TTL0 VYPA GTASIN TOV GPOOPDV AVTAOV TAYETOVIKDV TEPLOIDV.
MéMota, 1 avdAvon tov moAiotokApatikoy apyeiov g Alpvng Oypidag vy ta
tehevtaio 1,36 ex. ypovia (Wagner et al., 2019) £deiée Ot o1 mePiodol eViGLUEVOV
YEWEPIVAV KOTOAKPNUVICEDV GUUTINTEL PE TEPLOSOVS YAUNANG NALOKNG aKTVOBOATNG
010 PoOpeo MUoEaAiplo, VTOSEKVOOVTOG 1OWHTEPO EVVOTKES GLVONKES YL TO

GYNUOATIOUO EKTEVAOV TOYETOVOV KOl TOYOKOAVUATMV.

B. Tekevtaio [Tayetdong Iepiodog (Tymphian Stage MIS 5d-2)

H mayokdAvym NTov 6oQoOg KpOTEPT KATA TNV TEAELTOIN TAYETOON TTEPi0d0, EVA
Kkatd To OAOKovo emPimcay ToAD pikpoi tayetdveg oe Padid Eykotla otov Odvumo

YOPV TNG 1GYVPNG EMOPAONG TOTIKADV TOTOYPUPIKMY Kol KALATIK®V TOPUYOVI®V

To yewypovoroykd TAAIGLO TV TAYETOVIKOV @docwv otnv [livoo givar éva amd ta
KoAvTEPOL YpovoroyNuéva ota Baikdvia. To tomikd moayetovikd HEYIOTO KOTO TO

Avotepo TTieiotokawvo éhafe ydpa kovtd oto Iaykdopo Ilayetovikd Méyioto



(LGM: 27-23 ka) 6mm¢ vTodelkvdouy Ol GUVETEIC NMAIKIEG LE KOGUOYEVT 1GOTOTA
yropiov (36Cl) 1600 and 10 0@lolbiKd dpoc Mavpofoivi, 6ov 1 otadeponoinon Twv
O EKTEVAOV TOYETOVOV KOTd T0 Avdtepo [Theiotokawvo EhaPe ydpa 26.6 £ 6.6 ka
TP omd onuepa, 660 Kot and TV acPestolbikny TOHuen, 6mov v 1610 Tepiodo ot o
eKTEVELG TayeT®VES elyav KataAdPetl Tig TeAkég Toug Béaeig mpwv amd 29.0 + 3.0 - 25.7
+ 2.6 kaevo eiyav 1om vmoympnoel viog eykoilwv og peyaddtepa vyouetpa ota 24.5
+ 2.4 ka (Allard et al., 2020). O ypovikdg 0VTOG TPOGIIOPIGHOG TOV TOMIKOL
TAYETOVIKOV peyiotov katd 1o Avotepo IIieictdkowvo elvar ocvvemnig pe To
OTOTEAECUOTO TOV OVOADCE®V TV TOTAM®V Inuatov tov motapov Boidopdtn
KATAVTL TOV TOYETOVIKOV Aekavav T TOpeng kabog kat pe to apyeio yopng amd
verrovikny Alpvn Toppotide, 10 omoio vwodekviel VYPES Kol WYoypeg KAUOTIKEG
ovvOnKec, KOTAAANAES Yo TO oynpaticpd mayetovov, tpv ord 30-25 ka (Allard et al.,
2020).

210 O0pog Xehpodc omv Ilehomdvvmoo, €pevveg €0e1av OTL OL TAYETMVES KATO TO
Avotepo [Theiotokovo Eptacav otn peyodvtepn €ktact] Toug mpv and 36.5 + 0.9 -
28.6 £ 0.6 ka (Pope et al., 2017 pe enavaimoroyiopd niikiov copeova pe Allard et al.,
2020), evd Katoypagetat vroydpnon Kot otabgpomroinon tovg ota 22.2 £ 0.3 -19.6 +
0.5 ka (Pope et al., 2017). Avto vrodeikvoet 6Tt mhavotata To YNAOTEPA EYKOIAO TOL
Xelpot katarapfavovray and tayetmves katd to MIS 3 kot to MIS 2 ko n 6éom Tovg
dwkvpaivovtay cav omdkpion ot LeTaPAAAOIEVES KAMLOTIKEG GLVONKES Kot 1dtaiTepaL
OTIG OAAOYEG O eMIMEDO YIAMETNPIO®V HETAED YOXPDOV/AVUIPOV KOl OPOGEPOV/VYPDV

GLVONKOV 6TV TEPLOYN).

H ypovordynon pe ypfion koouoyevav tooténwv ylopiov (36Cl) 1660 TOV
TEPMAYETOVIKOV amobécewv 610 0pog MavpoPoivt ota 20.0 £ 5.0 ka aAld kot tov
TayeTOVIKOV orofécewv (teppotikéc popaiveg otmv BA Touen) ota 18.0 £ 1.9 ka
(Allard et al., 2020) vtodekvHOVV N EVVOIKEC GUVONKEG Y10, TO OYNUOTICUO TOYETOVOV
katd ™ petofotikn mepiodo amd to LGM mpog to Late-glacial, aAld apketd yoypéc
Ko VYpEG Y1oL T dloThpnon TEdiov awdviov yroviov (perennial nevé fields) kot pikpov
TOYETOVOV GE TOTOYPOPIKA ELVOIKEG BEaels.

Kabdc ta povva g Bopetag [elomovviocov (Xehpog, Epdpaviog) kat to fovva g
Bopetag EALadag (B. TTivoog, Olvumog) Slapépovy TepiocdTEPO 0o 20 GE YEOYPUPIKO
Adtog, 1o KAipa Bo avapevotay Oeppdtepo oy [lehondvynco. Qotdco N avdivon
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£0€1Ee 0T 01 oVYYpoveG péoeg unviaieg Beppokpacieg otnv EAAGSa e€aptdvtal oyeddv
OTOKAEIGTIKA atd TO LYOUETPO KOl EAG)IOTO OO TO Ye®Ypaplkd mAAtog. Etot,
OTOLEGONTTOTE GUOTNUATIKEG OLPOPEG OTA VYOUETPO TV 160UY®V Ypaupmv ELA Ba
TPENEL v amodidovIol o€ O10POPEG OTIC KOTOKPNUVICES TOPA GE EMKPATOVGEG
Beppokpactakéc opopés. H avaivon Tov Teploepelok®y TOAMOKAMUATIKOV 0pYEIDV
£€0€1Ee OTL Ol KaTOKPNUVicelS eivar o mo KaBoploTikdg mapdyovtag Oonuiovpyiog
nayetoOvov.  Tovtdypova, HEAETOVIOG ocLYYpove Oedopéva  KOToKpNUvicewv
amoKoAVEOnKE O6TL 01 d1dpopot opewvoi dykot oty EALGda yapaktnpilovtal amd ToAd
SlapopeTikd potifo Katakpnuvicemv. O VETOC KO Ol YLOVOTTMOCELS OTA BOVVE TNG
[Tivéov oyetilovtal 1Ioyvpd pe GLOTAOTO KOPOV ard To SVTIKG/BOPELOSVTIKA EVD TOGO
0 Xelpudg 600 kar 0 Olvpumog d€xovtar Aydtepn vypacio amd t BA EALGSa kot o
TEPLOCOTEPO YLOVL KaTakpnuviletor amd TAoOGL0 GE VYPAGIN VOTIOOVTIKG GUGTHHOTO

amo ™ Mecsoyglo kot votioovatolkd cuotiuata and 1o Atyaio [TéAayog avrictoyya.

Aappdavovtag voyn TV TEKTOVIKT avOymon to tedevtaio 30Kka, ot 1oodyelg ypappég
ELA tov tayetdvov mpv addd Kot katd ) ddpketo tov LGM oty Topen kot otov
Xeluo eaiveton va Bpiokovtav ot ~1990-2000 M mtdve amd T SNUEPIVY ETPAVELL
¢ Odhacoag Kot Kot eMEKTACT] LWTOPOVUE VO GUUTEPAVOLLLE OTL Ol TAYETOVES KOTA
NV TEPI0d0 VTN oYNUATICTNKAY 6T SVO BOVVA VIO TOPOUOLES KAMUOATIKEG GUVOTKEC.
Ocov agopd 10 TEAOC TNG TeAevtoiag mayet®dovg meptddov (Late-glacial), ot
TAYETOVIKEG amoBEcELS and avt TV TEPi0d0 AMOVIOVTIOL GTAVIK 6To Bouvd NG
EALGSac kat Exovv kataypaei kot ypovoroyn0ei povo otov Oivumo (pdon HS1: 15.6-
14.2 ka, pdon YD: 12.6 - 12.0 ka) kou tov Xelpuo (pdon YD: 12.6-10.2 ka). Ot
oobyeig ypappés ELA v toug mayetmdveg avTovg dlyvouy o evolopEpovcsa Taon.
"Etot, evod ot Bopeta EAAGO o1 tayetdveg givat amdvteg amd v Topen, 610 ZpodAKa
ot TayeTMdVEG mov amodidovrar ot Nemtepn Apvada (YD) yapaxtnpilovror amd pia
puéon ELA ota 2372 m a.s.l. kot otov Olvumo ot popaiveg mov aviietoryovy oto YD
vrodelkvoovy oodyeic oe ELA peyolvtepa and 2300 m as.l., otov Xelud oty
[Tehomdvvnoo ot taAaionayetmveg Kotd 10 YD giyav mold youniotepa ELA ota 2174
m a.s.l. Avtég ot dpopéc ota ELA vmovoodv onpavtikd vypotepo KApo ot voTia
EALGSa oe oyéon pe ) Popeta kKatd v mepiodo avtr. To gavopevo avtd pmopet va
amod00el o€ H1OPOPETIKOVG UNYXAVICUOVS ATUOGPOIPIKNG KUKAOPOPING GTNV KEVIPIKN
Meodyeto mov 0onyoHoe Ta fPoyoPoOpo GLGTHUATO GE L0 VOTIOOVTIKN-VOTIOOVOTOALKN

TPOYLA.

Xii



Acknowledgements

I would like to specially thank my supervisor Kosmas Pavlopoulos for his open-mindedness
in believing in my abilities to complete this research although | had a different academic
background. His unlimited support throughout this period and his rare ethical/academic attitude
is outstanding. The same stands for Katerina Kouli who | would also like to thank heartfully
for her support in anything | might have needed during these years. | also wish to thank Phil
Hughes for his input and advice during my research and for his support in my first steps in the
wonderful world of paleaoglaciers. Thank you to Petros Katsafados for taking responsibility of
my PhD research during the last months and Constantin Athanassas for his contribution in this
research and especially for the hard work during the sampling field trip on Mt Mavrovouni in
October 2017. Special thanks also to Adriano Ribolini and Matteo Spagnolo for their
collaboration in publishing part of this research and for the wonderful and very insightful field
trip in the Maritime Alps in 2019. | would also like to heartfully thank Shasta Marrero for her
invaluable help with testing and confirming the suitability of the CRONUS online calculator
for the calculation of 3Cl exposure ages oh ophiolitic samples and Ramon Pellitero for his help
with the use of the GLARE tool. Many thanks also to George Panayiotopoulos of the beloved
Metsovion Interdisciplinary Research Centre for sharing his super-useful aerial videos of Mt
Mavrovouni. Limited space permits me to mention only a few of the many people who came
out with me on numerous field trips and insightful hiking trips in numerous mountains
throughout the world: Miltos Karamanlis (an expert in glacial sediments by this time!), Dimitris
Verdelis, Thomas Chatzigeorgiou, Panos Giannopoulos, Katerina Moutoupa, and Francesca
Marchina. | am also thankful to the Kalaitzis family for letting me use of their family house in
Konitsa as a base for a number of field trips in Epirus. Many thanks to everyone in Munti
Smolikas guesthouse for their warm hospitality. 1 would also like to mention that the
encouragement and advice of Giannis Pantekis and Fotini Pomoni has been really helpful at
the very first steps of pursuing a doctoral research project on paleaoglaciers. Thanks to
Penelope Matsouka and Ivy Adamakopoulou of Anavasi Editions for their support with digital
and hard-copies of their precious maps. Moreover, without the flexibility in my engineering
job in the National Technical University of Athens | would not be able to complete this
research. Thus, I would like to thank Sotiris Karellas and my colleagues Tryfon Roumpedakis,
Stratis Varvagiannis and Platon Pallis for their understanding and support. Most of all, | thank
my partner Elena Dalamara for her support, understanding and patience as well as for

accompanying me in some quite rough field trips throughout this research.

Xiii



Contents

Abstract Vi

ACKNOWIBAGEMENTS ...ttt e e e e et e neesreeeennes Xiii
LIS OF FIGUIES ...ttt sttt et e et esbeeteeneenne et e XVii
LISE OF TADIES ...ttt e et re e be et aneenre s XX
Chapter 1. INTrOQUCTION ......cci it re e neenres 1
1.1 The Mountains of Greece and their glacial hiStOry ..........c.ccoooiiiiiiiine 2
1.2 Glacial studies and past CHIMALES .........c.ccciiieiiieiie et sre e 5

1.3 The significance of the glacial record of Greece and the Balkans in Mediterranean Quaternary

] (010 1= SRRSO PR ORI 6

1.4 Study areas and aims Of thiS reSEArCH .........cccccviv i 8
141 PartiCular ODJECLIVES .......cvcieiece e e ens 10
Chapter 2. MethodolOgy ........coviiiiiiiii e 12
2.1 GeomorphologiCal MAPPING ........ciirrerieieieieer ettt 12
211 Morphostratigraphic classification of glacial and periglacial features.............c.ccccoeerenne 14
2.2 GBOCHIONOIOY ... ittt 15
221 Dating methods applied in the StUdY areas..........cccoveiiiiiiineieece e 16
2.2.2 Terrestrial Cosmogenic NUCHAES (TCN) ....oiviiriiiiiiieieise e 18
2.2.2.1  Physical principles of TCN dating.........ccooeiiiiiiiiie e 18
2.2.2.2  Calculation Of EXPOSUIE AGES ....c.oiuiieiiieiietiite ettt sttt sbe et sb e e n s 20
2.2.2.3  IMOFAINE GALING ..ottt b et bbbt bbbt bbbttt 21
2.2.3 LUMINESCENCE AALING.....c.viivieieiiiete ettt sttt be et e besre e e e sbe e e steens 23
2.2.3.1  Physical principles of luMINeSCENCE AAtING .......cccveivirieieiieci e 24
2.2.3.2  Calculation of IUMINESCENCE AQES.......civiiieiieiie ittt sre e ste e e re e 26

2.3 Glacier reconstructions and ELA CalCUlAtiONS...........coooiiiiiiiiieeeseee e 26

Chapter 3. Review of glacial geomorphologic studies and new evidence on the

MNOUNTAINS OF GIBECE ...vvveeieeee oottt ettt e e e et r e e e e e e e e rreeeeenaias 28

3.1 The Pindus Range in NOMhWEST GIEECE .........ciiiiiriiieieieiees s 28
3.11 IMIE TYIMPNT ottt sb et 29
3.1.1.1 Middle PIeiStoCENE GIACIAl PRASES .......c.veeeeeeeeee ettt ettt e e e e s e e e e e e e 30

Xiv



N LAV [0 (=T (o TR 32

3.1.12 Late PleiStocene GIAaCIAtiONS..........cvciuiiiieieeie ettt sre e ebe s 34
3.1.1.1  Summary and glacier reCONSIIUCTIONS. .........viieieiieiesiese e ete ettt e et sbe e re e eneas 38
3.1.2 MU SMOLIKAS ...ttt re et nreens 39
3.1.3 New evidence from Mt SMOLIKAS..........cceiiiiiiieiice e 44
B0 T A [0 T 1 T TS o] o =SSR 44
TN B S 1o 1011 T TS o] o =SSOSR 49
3.1.3.3  Conclusions and interpretation 0f NEW EVIAENCE .......cceieiiviiiiicieesece e 53

3.2 Mt OIYMPUS (NOI GIEECE) .....viivieieeiteee ettt sttt sre et et sre e re e 54
3.2.1 Advanced studies 0N Mt OIYMPUS .......cveiiiiiiiie e 60
3.3 Peloponnese (south Greece) and the complex glaciations during the Tymphian Stage............ 63
3.3.1 Advanced studies 0N Mt ChelMOS ........ccciiiiiiiiice e 64
3.4  Central Greece (The Mountains of Sterea Hellas and the Agrafa mountains)..............c..c.c...... 67

Chapter 4. Mt Mavrovouni: Geomorphological evidence, geochronology and glacial

FECONSTIUCTIONS ...ttt ettt bbb 70

4.1  Setting Of Mt MAVIOVOUNI......ccuiiiiieieiieiii ettt 70
4.2 MEtNOUS @PPIE. ...ttt 73
421 Geomorphological MAPPING........oieiiiiei s 73
4.2.2 SAMPIE COIBCLION ... st re e re e 74
4.2.3 Samples preparation and processing and AMS Measurements..........ccocoeeeeevvereseereeenenn, 76
4.2.4 GROCNEMISIIY .ttt ettt et e st e st e et esbeeraestesreeeesre e 77
4.2.5 Cosmogenic **Cl exposure age CalCUIAtioNS .............ccoeveveveeeeeeieeeeeee e, 78
O N LTS ] OSSPSR 81
4.3.1 Glacial GEOMOIPROIOGY .....cviiviiiiiiii et re e 81
A3 L1 FIEQAVAIIRY ..ottt nta e ae e 82
4.3.1.2 Mnimata (Flega Lakes) VAIIEY ........c.ccoviiiiiiii ettt 87
4.3.1.3  Arkoudolakos (Bear) VAIIEY ..........coiiiiiiiiiiieiee e 92
4.3.2 CRIONOIOQY ...ttt bbb 94
44 Reconstructing the glacial history of Mt MavroVOUNI ..........cccoceiveiiiiieieneceee e 95
441 Application of cosmogenic *Cl exposure dating on ophiolitic lithologies...................... 97

Chapter 5. Mt Chelmos: Geomorphological evidence, geochronology and update of

glacial reCONSTIUCTIONS .......cvoiviiiiiiee e 99

5.1  Setting Of Mt ChelMOS .......coiiiiiiiiee e 99

XV



5.2  Geomorphological MaPPINg.......cceie ettt nne e neeenes 103

521 TOPOGIaPNIC GALA. .....ccvevitiiet e 103
522 REMOLE SENSING QALA........eeiriiie e 104
5.2.2.1  Advanced Land Observing Satellite (ALOS) ..o 104
5.2.2.2  PRISM a8 PrOCESSING . .c.veueitiiiriitiiteieiiet ettt bbbt 104
523 Semi-automated geomorphological MapPINg ........ccceoveieiriiiiiiieseeee e 105
524 Geomorphological Mmap COMPOSITION .......ceoviiiiiiieeeee s 105
5.3  Geomorphology Of STUAY @rEa.........cciveiiiiiiiiriie e 105
531 Glacial and glacio-fluvial fEATUIES ...........ccooiiiiiiieee e 107
5.3.1.1  SPAN0IAKOS VAIIEY ......ooviiiiiiciic e 109
5.3.1.2  Xerokambos VallY .......c.ociiiiiiiiiii e 110
5.3.1.3  LAGAANA VAIIRY ... 112

5.4  Optically stimulated luminescence (OSL) dating of moraine deposits..........cccccevevvevvivierneane. 116
5,5  Summary and overview of the glacial and glacio-fluvial features on Mt Chelmos................ 119
Chapter 6. Preliminary glacial geomorphological study of Mt Parnassus.................. 122
6.1  Setting Of Mt PaArNASSUS.........coiiuiiiiiiieieiisi st 122
6.2  GeomorphologiCal BVIUENCE ..........coeieiiiiiiie s 125
6.2.1 Morphostratigraphically older mid-altitude depoSitS........c.cocvvvveveiiviiere e 131
Chapter 7. Discussion of results and correlation with other proxies ...........ccccocveevenne. 133
7.1  Towards a robust geochronological framework for Quaternary glaciations in Greece .......... 133

7.1.1 The importance of the study on the ophiolitic Mt Mavrovouni for glacial research in
Greece 134

7.2 Discussing the Quaternary glacial history of GIreeCe..........ocoovviiiiiiiiiiicece e 134
7.2.1 Middle Pleistocene glaciations (Skamnellian — VIasian Stages) .......c.ccccooveveveiicnennnn, 136
7.2.1.1  lce configuration during Middle Pleistocene glaciation ............cccceoveieriieiinienencceeee, 139
7.2.1.2  Evidence from regional pollen and other palaeoenvironmental records.............ccccceovvevvevnennn. 140
7.2.2 The Last Glacial Cycle (Tymphian Stage: MIS 5d-2) ..o 142
7.2.2.1  Early Tymphian Stage (MIS 50-58) .......cooiiiiiiiiiiie e 143
7.2.2.2  Around the Last Glacial Maximum (MIS 4 — start of the Late-glacial at 17.5ka).................... 145
7.2.2.3  The Late-glacial (17.5-11.7 KA) ..c.eeoueiueiiitiieeiieiieee et 148
7.2.2.4  Late Pleistocene POIEN FECOMUS ..........oiviiiiiieiieiese e 151
7.2.25  The Fluvial Record in the Voidomatis CatChment .............cooeiviiiiiienescee e 154
7.2.3 HOIOCENE GIACIALIONS ..ot 155

XVi



7.3  ELAs, Palaeoatmospheric circulation and precipitation patterns...........ccoccocceeevveerenceeresnne 156
7.3.1 Considerations for interregional ELA COMPAIISONS.........cooviiiiiererieieesesise e 156
7.3 11 TeCIONIC UPIITL ..ottt 156
7.3.1.2  Impact of Lithospheric Glacial Isostatic Adjustment and denundation on mountain topographic
evolution 157

7.3.1.3  Airtemperature and palagoSea-1eVel ...........cccveviiiieieii i 158
7.3.2 ELAs of glaciers in the mountains of GreeCe ........ccevvieiieiiiiec e 159
Chapter 8. CONCIUSIONS ........coiiiiiiieic e 164
RETEIENCES .ottt 169
List of Figures
Figure 1. The mountaing Of GIEECE. T ..cuviiiiiiiiii ettt sre et b sre et 3

Figure 2. Major regional palaeoclimatic and palaeoenvironmental proxies in relation to best dated
glaciated MOUNTAINS IN GIEECE ........cviiviiie ettt ettt s re e te e sreans 8
Figure 3. Applied workflow diagram of the glacial geomorphological mapping process.................... 13
Figure 4. Schematic of possible prior exposure and incomplete exposure of boulders deposited on
moraines and relationships between ages of boulders and the true depositional age of
L 0T0] 2=V TSP 22

Figure 5. The rechargeable battery analogy of the optically stimulated luminescence (OSL) dating .. 25

Figure 6. Glacial extent during the different Glacial Stages on Mt Tymphi.........cccooviiiiiiiiiiicnenns 31
Figure 7. A road-side exposure of till sediments near the village of Papigo. .........ccccceoviiiiiiiieienns 32
Figure 8. Glacial evidence in the Papigo region depicted on virtual globe imagery. ..........cccoceverenae 33
Figure 9. Glacier boulder within the till unit above Mikro Papigo...........ccccoveririiiiniiiniicsce 34
Figure 10. Glacial geomorphological map of Mount Tymphi, Epirus, northwest Greece.................... 36
Figure 11. Glacial landforms at sampling sites and yielded **Cl ages on Mount Tymphi.................... 37
Figure 12. Reconstruction of the maximum extent of Late Pleistocene Tymphian Stage glaciers on
MOUNE TYMPNI. (et bbb 39
Figure 13. Glacial extent during different Glacial Stages on Mt Smolikas according to so far published
SEUTIES .ottt s b et 41
Figure 14. The impressive NE cirque below the summit of Mt Smolikas the Mossia cirque below the
PEAKS IMOSSTIA I & 1 .. 42
Figure 15. Glacial Stages and updated glacier extent according to new evidence on Mt Smolikas.. ...45
Figure 16. Exposures of lithified till in the Koutsoura valley...........cccoovoiiiiiiiii e 46
Figure 17. The moraine ridges in the Mesopotamos Valley ...........ccovviiioiiiiiie e 47

XVii



Figure 18.
Figure 19.
Figure 20.
Figure 21.
Figure 22.
Figure 23.

Figure 24.

Figure 25.
Figure 26.

Figure 27.
Figure 28.
Figure 29.

Figure 30.
Figure 31.
Figure 32.
Figure 33.
Figure 34.

Figure 35.
Figure 36.
Figure 37.
Figure 38.
Figure 39.
Figure 40.
Figure 41.

Figure 42.
Figure 43.
Figure 44,
Figure 45.
Figure 46.
Figure 47.

Glacially transported limestone boulder in the village of Aghia Paraskevi......................... 48

Road-side exposure of till sediments on the lowermost southern slopes of Mt Smolikas...50

Detailed geological map of the southern slopes of Mt Smolikas. ...........cccocviciieiceninnnnnns 51
Roadside exposure of diamicton deposits within the village of Pades...........cccccocveiernnns 52
Geomorphological maps of the glaciated uplands of Mount Olympus ...........cccccceeviierinane. 55
Road-side exposure of diamicton deposits near the outlet of the Ourlias stream at the

eastern piedmont of Mt OIYMPUS........ccooviiiiicc e 58
Diamicton deposits at the outlet of the Ourlias stream at the eastern piedmont of Mt

OIYIMPUS ...ttt ettt s b e s e et e s r e et eeba e st e sbe e s s e beabe et e sbeeneesreateebenre s 58
The uplands of Mt Olympus bare traces of very extended glaciations in the past. ............. 59

Mean cosmogenic **Cl surface exposure ages of moraines in the Megala Kazania (MK) and

Throne of Zeus (TZ) cirques 0N Mt OIYMPUS. ........coiveieiiiieicic e 61
Moraine complexes and *Cl ages within the Megala Kazania on Mount Olympus. .......... 62
The set of terminal moraines at Gouves on Mt TaygetoS........ccccvviieieieiiiese e 64

Glacial Geomorphological map of Mt Chelmos showing sample locations and exposure

T [T O P PP PP R RPRPP 65
Glacial evidence in the southern Pindus Range (Hatzi peak)..........ccccooevviiiiniiinencnnennns 68
Moraines below the summit of Mt Chelidona in Evritania, southcentral Greece ............... 68
Map of the study area on Mt MaVIOVOUNI.. ........cccverveiiieiiiie e 70
The Pindos ophiolite within the Hellenides. ... 71
The Mnimata U-Shaped valley and the glacial/periglacial sequence within a well-

AEVEIOPEU CITQUE. ...ttt bbb 72
Sampled boulder on the well-consolidated terminal moraine. ...........cccocvevevveiieneieereeennn, 74
Sampled boulder on the crest of the less-consolidated pronival deposits...............ccccveu.n. 75
Calculated *Cl production rates through time .............cceeeeereeeeeeeeceeeeee e 80
The E-NE looking and debris-filled proto-cirque below the Flega Peak. ...........c.ccocuvne..e. 82
Glacial geomorphologic map of the study area on Mt Mavrovouni...........cccceeveeveiecneineane. 83
The moraine dammed seasonal lake/swamp on the upper Flega valley...........ccccccoovennnn.n. 84

Glacially transported boulder within the glacial deposits damming the seasonal lake/swamp

at the upper FIega Vall Y. ... e 84
The creeping inner flank of the Flega formation moraine. ...........ccoccooviiir i 85
The Flega formation MOTAINE .........cooiieieiieieie et nee s 86
The upper Mnimata valley and the glacial/periglacial SEqUENCE...........ccevvvveierieireiennnn, 88
Detailed glacial geomorphologic map of the Mnimata Valley............ccccocevvvviviieiininccnn 89
Glacially transported and sub-rounded boulders between the two Flega tarns. .................. 90
The upper part of the lateral moraine at the W flank of the valley............cccccooveviivinnnnn, 90

Xviii



Figure 48.
Figure 49.
Figure 50.
Figure 51.
Figure 52.
Figure 53.
Figure 54.
Figure 55.
Figure 56.
Figure 57.
Figure 58.
Figure 59.
Figure 60.
Figure 61.
Figure 62.
Figure 63.
Figure 64.
Figure 65.
Figure 66.
Figure 67.
Figure 68.
Figure 69.
Figure 70.
Figure 71.
Figure 72.

Figure 73.

Figure 74.
Figure 75.

Ice-polished bedrock with well-preserved striations below the lower Flega tarn ............... 91

The U-shaped E branch of the upper Arkoudolakos valley. ..., 92
Sub-rounded glacier boulder right in the upper Arkoudolakos valley............cc.ccocviiinenns 93
The Bear fOrmation MOFAINE.........c.coviiiiiiii it 94
Location of Mt Chelmos in Greece showing the major tectonic features of the area........ 100

Location map of the study area on Mt ChelmosS..........cccoviveieie e 101
Glacial cirque at the uplands of Mt Chelmos ...........cccovveiiiiciciecc e 102
Geomorphological map of the study area: geology and landforms .............ccccccovviveienns 106
Glacial Geomorphological map of Mt Chelmos.........cccccvviiiicieccc e 108
Detail of the diamicton tillite unit below the ski resort car park. .........ccccccoovevieiiiiiveinennnn, 111
The Lagadha alluvial fan at ca. 950 M a.S.l. ...cooeoiiiiiicic e 113
The diamicton lower part of the Lagadha sedimentary formation..............cccoeccvvivveiennn, 114
The southern un-buried part of the Lagadha moraing(?) ......c.ccoevvevvevieiiicieiieic e 115
The sampling site fOr OSL dating.........cccoivieiiiiiie e 116
The dated arcuate termino-lateral moraine in the Spanolakos valley ..............ccccoeienenns 117
Typical OSL decay curve and growth CUIVE .........ccocviiiiiiiinieieeee e 118
Summary geological map of Mt Parnassus within central-eastern mainland Greece........ 123
Geomorphological maps of key sites 0N Mt Parnassus ..........ccccocveveriiiierenivenesesiesiennens 126
The Arnovrisi moraines seen from the peak above the Cirque. ..o, 127
Frontal moraine and glacio-karst depression below the peak of Liakoura. ..........c........... 128
The NW Tsarkos small cirque and related moraing. ..........ccocooevereeeiniininesese e 129
The thick glacial deposits at the head of the Velitsa glacial valley ..............ccccoovvnininns 130
The Velitsa valley as depicted in virtual globe imagery (Google Earth)..........c.ccccevenenns 131
The Velitsa valley as seen from the Liakoura peak 100king SE. ...........cccocvivveviiecieineennn, 132
Geological cross-section of the lateral north-eastern sector of Ivrea Morainic Amphitheatre

and tentatively correlation with Pleistocene glaciations ...........cccccccvevvvevcieiiccc e 138

Selected regional pollen records plotted against age (ka), in correlation to planktonic

foraminiferal 820 in the LC21 marine sediment core from the Aegean Sea.................... 152
ANnual preCipitation IN GIEECE. .....ccv ittt ettt be e e 161
Composite anomalies associated with precipitation maxima in Lake Ohrid.................... 163

XiX



List of Tables

Table 1. References table for the glaciated mountains shown in Figure L.........ccccocooviiiiinninenenenns 4
Table 2. The Pindus Chronostratigraphy ..o 30
Table 3. Pleistocene glacial phases and morphostratigraphic units on Mt Tymphi ... 38
Table 4. Pleistocene glacial phases of Mt SMOIIKAS ...........ccooeiiiiiiiiii e 40
Table 5. Comparison of PDlIs of sedimentary units and respective age model for Mt Olympus and Mt
L1370 012 PUOS PRSP 56
Table 6. Late-glacial to Holocene glacial phases of Mt OlympuS .........ccccocviveieiecieic e, 62
Table 7. Glacial Morphostratigraphic units of Mt Chelmos ..., 66
Table 8. Precipitation and temperature data from weather stations near Mt Mavrovouni.................... 73
Table 9. Location and characteristics of collected 2CI SAMPIES. ........cccvevvveveeeirieieeec e 75
Table 10. AMS analytical data for 3CI SAMPIES.........ccccveveriieieeeece e 76
Table 11. Geochemistry of the serpentinized peridotite samples for *Cl dating.............ccccoevevevevennnes 77
Table 12. Spallation and thermal neutron production rates for LSDN scaling framework................... 79

Table 13. Exposure ages, share of total *Cl production and total production rates of *Cl per element
as calculated by the online Cronus %CI Exposure Age Calculator (V2.1) ......cccocevrvrvrirnee. 79
Table 14. Exposure ages as calculated by the beta version of the Cronus *CI Exposure Age Calculator

(08 1ol U] o] g PSRRI 81
Table 15 Glacial morphostratigraphic units on Mt MavIoVOUNI .........ccocvevviieiiereeiene e 96
Table 16. Precipitation and temperature data from weather stations near Mt Chelmos .................... 103
Table 17. Glacial morphostratigraphic units of Mt Chelmos...........cccoiviiiiiiiiiice e 107
Table 18. Updated glacial morphostratigraphic units on Mt Chelmos ..........ccccveveieiiiievciiee e 119
Table 19. Original and recalculated **Cl ages for the different stratigraphic units in Mt Chelmos. ... 121
Table 20. Precipitation and temperature data from weather stations near Mt Parnassus.................... 124
Table 21. Overview table of the glacial history of Greece. .........cccccvvveiiiiiicic e 135
Table 22. Estimated total uplift of the Pindus mountains and Mt Chelmos............ccccoovvveviiiiiicinnane. 157

XX



Chapter 1. Introduction

The Quaternary period, the last 2.58 million years of Earth history, is characterized by
extremes in climate with a number of glacial and interglacial cycles (Ehlers and Gibbard,
2003). These extremes are vividly indicated in the geologic record by the evidence for repeated
advances and retreats of glaciers: the large ice sheets that occur in the higher latitudes and the
alpine glaciers of mountainous regions (lvy-Ochs and Briner, 2014). The study of the current
and past climatic cycles through glaciers and palaeoglaciers was consolidated by the influential
Glacial Theory of Louis Agassiz (1840) and has evolved into one of the most important fields
of Quaternary research worldwide. The acceptance of the glacial theory in the mid- 19" century
led to the observation of former glacial deposits throughout Europe and as far south as the
mountains of the Mediterranean region (Hughes, 2004): here, glacial features were first
described in the Pyrenees by Penck (1885), in the Lebanon by Diener (1886), on the Balkan
peninsula by Cvijic (1898) and in Greece by Niculescu (1915) and Cvijic (1917).

The Mediterranean region is situated in an important geographical position for
understanding Quaternary climate change in the northern hemisphere, immediately to the east
of the North Atlantic Ocean and aligned along the low mid-latitudes (Hughes and Woodward,
2017). Much of modern research is devoted to this region and the timing of glaciations in the

Mediterranean mountains in particular.

In the last three decades, the advances in geochronological dating techniques, especially in
terrestrial cosmogenic nuclide (TCN) exposure dating of glacial boulders and bedrock surfaces
led to a significant increase in glacial studies across the Mediterranean region. Other methods
widely used include the radiocarbon dating of relatively young landforms (<50ka), the
luminescence dating of glacial and glacio-fluvial outwash deposits and uranium series dating
of secondary carbonates in glacial and glacio-fluvial deposits (Fuchs and Owen, 2008). As a
result, it is now possible for researchers to explore patterns in the large number of dates now
available to better understand the regional patterns of glacial advance and retreat and their
wider palaeoenvironmental significance (Balco, 2020; Hughes and Woodward, 2017 and

references therein)

However, as it often happens in science, the publication of a scientific study creates more
questions than it answers. In other words, sometimes the more things we understand about a
scientific hypothesis, the more complex it becomes. For example, the legendary astronomical

theory of Milankovic (1941) for ice ages posits that quasiperiodic expansions and contractions



of Northern Hemisphere ice sheets are driven by variations in Earth’s orbital geometry and
axial inclination (obliquity 41-kyr cycles and precession 23- and 19-kyr cycles) that influence
the amount of summer insolation received at northern high latitudes (Tzedakis et al., 2017).
Although this theory provided great insight into the causes of climate oscillations through the
earth history and was generally in accordance with records of changing ice volume and climate,
it was not able to fully predict and explain the domination of a 100-kyr cycle in climate variance
in the Middle and Late Pleistocene (Hay et al., 1976; Tzedakis et al., 2017). Moreover, it has
not been clear how astronomical forcing translates into the observed sequence of interglacials.
It was only recently, that a plausible theory that was also verified by the climatic and ice-
volume records was developed by Tzedakis et al. (2017). In short, this theory is based on the
idea that complete deglaciation does not depend only on the intensity of summer insolation but
also on the time elapsed since the previous deglaciation, taking into account the fact that time
contributes to glacial instability through glaciological or carbon-cycle processes. The simplest
possible model was developed to describe and predict whether a particular insolation peak led
to the onset of an interglacial throughout the past 2.58 Myr. The results showed that the
succession of interglacial onsets that has occurred is one of a small set of possibilities Tzedakis
et al., 2017). Nevertheless, the development of an extended astronomical theory of ice ages is

still incomplete.

In this context, further research is needed in order to overcome contradictions in the
developing theories and move towards the understanding of Quaternary climatic variability and
its implications to the Earth and its ecosystems.

1.1 The Mountains of Greece and their glacial history

Mainland Greece is highly mountainous with 42% of its surface characterized as
mountainous (Bassiouka, 2011). Its topography is dominated by the Pindus mountain range
that extends from NNW to SSE (Figure 1). The mountains of Greece represent part of the
Alpine—Himalayan orogenic system that formed due to the collision between the African and
Eurasian plates (Aubouin, 1959; Angelier, 1978; King et al., 1997; Jolivet and Faccenna, 2000;
van Hinsbergen et al., 2009). Its main peaks exceed 2200 m a.s.l. and countless minor peaks

exceed 1800 m a.s.l. in altitude.

Evidence of former glaciation episodes is abundant throughout the mountains of Greece
(Figure 1; Table 1) and was first identified by pioneer researchers/geographers at the beginning
of the 20th century such as Niculescu (1915), Cvijic (1917), Sestini (1933), Mistardis (1937a)



and Messerli (1967). It has been argued that glacial evidence is confined only on the higher

parts of mountains that exceed 2200 m a.s.l. (Woodward and Hughes, 2011; Boenzi and

Palmentola, 1997). However, even though the Geological Sheets of the Greek Institute for

Geological and Mineral Exploration (IGME) often misinterpret glacial deposits, in reality some

mountains even below 2000 m a.s.l. have been glaciated in the past while glacial sediments

within mountain valleys have been found down to 700 m a.s.l. (Pavlopoulos et al., 2018),

implying that glacial extent was greater than previously thought.
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Figure 1. The mountains of Greece. The numbered mountains are those with identified glacial

evidence (from Leontaritis et al., 2020)
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Table 1. References table for the glaciated mountains shown in Figure 1
(modified from Leontaritis et al., 2020)

Massif References Massif References
Bourcart (1922) Louis (1926)
1. Grammos Louis (1926) 2. Nemercka
. Mistardis (1935)
Nl_culesc_:u (1915) Palmentola et al. (1990)
Mistardis (1937a) i
. . . Smith et al. (1998)
3. Smolikas Boenzi et al. (1992) 4. Tymphi
Woodward et al. (2004)
Hughes (2004) Huah L (2006
Hughes et al. (2006¢) ughes et al. ( 2)
' Allard et al. (2020)
Cviji¢ (1917)
Wiche (1956)
Messerli (1967)
5. Mavrovouni | Present research 6. Olympus Faugeres (1969)
Smith et al. (1997)
Manz (1998)

Styllas et al. (2006; 2008)

7. Lakmos

Sestini (1933)

8. Kakarditsa

Sestini (1933)

9. Agrafa

Hunt and Sugden
(1964)

10. Tymphrestos

Klebelsberg (1932)

11. Kaliakouda

Mistardis (1937a)

12. Vardousia

Maull (1921)
Mistardis (1937a)

13. Gkiona

Mistardis (1937a)
Pechoux (1970)

14. Parnassos

Renz (1910)
Maull (1921)
Mistardis (1937a)
Pechoux (1970)

15. Erymanthos

Mistardis (1937a)

16. Chelmos

Philippson (1892)

Maull (1921)

Mistardis (1937a, 1937b,
1937c, 1946);
Mastronuzzi et al. (1994)
(Pope et al., 2017)
Pavlopoulos et al. (2018)

17. Ziria

(Pope et al., 2017)

18. Taygetos

Maull (1921)

Mistardis (1937a)
Mastronuzzi et al. (1994)
Pope (2010)

Kleman et al. (2016)




The glacial sequence in northwest Greece (Mount Tymphi) is one of the first mountainous
areas in the Mediterranean where the full progression from pioneer to advanced glacial research
took place and is very well dated (Woodward et al., 2004; Hughes et al., 2006a, 2006b;
Woodward and Hughes, 2011; Allard et al., 2020). The result of these studies led to the
definition of the Pindus Chronostratigraphy (Hughes et al. 2006a). However, at the time this
research was initiated (2015-2016), advanced glacial studies including radiometric or other
dating data was -from a geographic perspective- limited to Northern Greece and Mt Tymphi in
particular. As regards the geochronology of the glacial sequence on Mt Tymphi though, whilst
glacial deposits on Mt Tymphi and Mt Smolikas had been ascribed to different glacial Stages
spanning from Middle Pleistocene and MIS 12 to the Late Pleistocene and the Younger Dryas,
their geochronological constraint had been achieved only for the Middle Pleistocene Stages
(MIS 12 and MIS 6). The lack of further dating data from the Late Pleistocene glacial phase(s)
constituted an important temporal gap of the contemporary chronostratigraphy of the Pindus
Mountains which led to the initiation of further studies, including the present one, both in

Northern and Southern Greece.

In this perspective, the present research focused on Late Pleistocene deposits in northern,
Greece in an effort to complete the Pindus Chronostratigraphy from a geochronological
perspective. At the same time studying the glacial history of southern Greece aimed at
expanding geographically this chronology to the rest of Greece. In recent years new dating data
has been published from southern Greece (Mt Chelmos in the Peloponnese - Pope et al., 2017,
Pavlopoulos et al., 2018) from Mt Olympus in the northeast (Styllas et al., 2018) and from Mt
Tymphi in the northwest (Allard et al., 2020) providing a robust chronological framework for
the mountains of Greece (Figure 1; Table 1). A complete review of the glacial studies in Greece

is presented in Chapter 3.

It should be noted that although the glacial record on the mountains of Greece constitutes a

significant and relatively well-studied paleoclimatic archive, it remains only partially explored.

1.2 Glacial studies and past climates

Glaciers change volume, and thus thickness and length, in response to changes in air
temperature and precipitation (Oerlemans, 2005). In other words, glaciers respond to climatic
changes and therefore to changes in their mass balance, with a consequent advance or retreat
of the glacier’s front. Their former extents therefore record past changes in climate. Moreover,

even though many studies use marine sediments and ice cores to reconstruct past climate



variations, neither of these types of records, provides information on the locations or specific
extents of glaciers on continents, nor how patterns of ice distribution have varied spatially with
time (Ivy-Ochs and Briner, 2014). The former extents of glaciers are however documented by
terrestrial glaciogenic sediments and landforms (Fuchs and Owen, 2008). In this context,
mapping and dating of past ice margins based on evidence such as moraines and associated
landforms (outwash plains, kettles, eskers, trim-lines, erratic boulders etc.) provide valuable
information which can be used to gain a better understanding of landscape evolution and
palaeoclimate change (Owen et al. 2002; Svendsen et al. 2004). Apart from the determination
of glacial advance and retreat phases which provide qualitative indications of
favourable/unfavourable conditions for glacial development, quantitative climatic data can be
inferred by the mass balance of former glaciers with the use of empirical equations that link
temperature and precipitation at the Equilibrium Line Altitude (ELA) like the one proposed by
Boettcher and Ohmura (2018). The glacial record can thus be compared with modern climate
data to generate information on the nature of winter moisture supply and summer temperatures

during Pleistocene cold stages (Hughes and Woodward, 2017).

1.3 The significance of the glacial record of Greece and the Balkans in
Mediterranean Quaternary studies

The former glacial environments in the mountains of Greece and the Balkans, similarly to
other mountains in the Mediterranean during glacial episodes, are dynamic landscape systems
that are highly responsive to regional or local climate variability and due to their geographical
position in the mid-latitudes they are very important for palaeoclimate research (Oliva et al.,
2019; Hughes and Woodward, 2017; Tzedakis et al., 2004; Regato and Salman, 2008;
Woodward, 2009; Vogiatzakis, 2012).

The data retrieved from glacial studies of the Mediterranean mountains usefully
complement the rich body of proxy climate data that has been retrieved from other
Mediterranean archives (Woodward, 2009), including lacustrine sediments (e.g. Sadori et al.,
2016; Wulf et al., 2018), speleothems (e.g. Luetscher et al., 2015) and the marine sedimentary
record (e.g. Grant et al., 2012). Overall, the chronology and reconstruction of palaeoglaciers
can provide a regional perspective on how and when glaciers responded to past climate
oscillations across the Mediterranean, and how hemispherical/regional climate changes were

modulated at the regional to local scale in terms of air temperature and precipitation.



As regards precipitation and palaeoatmospheric circulation patterns across the central-
eastern Mediterranean, the underlying mechanisms of change and their persistence are poorly
elucidated (Kuhlemann et al., 2008). Thus, a proxy record that covers multiple glacial—-
interglacial cycles and is sensitive to changes in the Mediterranean hydroclimate is key to
addressing long-standing questions regarding the underlying mechanisms, such as timing and
amplitude of precipitation variability under different climate boundary conditions (Wagner et
al., 2019).

The glacial records of the Balkans, and Greece in particular, could prove very useful in
answering these questions both due to their geographical position and the availability of
numerous well-dated proxies in the region (Figure 2), such as the LC21 marine sediment core
from the Aegean Sea (Grant et al., 2012) and the lacustrine pollen records from Tenaghi
Philippon (Wulf et al., 2018), Lake loannina (Tzedakis et al., 2002), Lake Ohrid (Sadori et al.,
2016; Wagner et al., 2019) and Lake Prespa (Panagiotopoulos et al., 2014). For example,
changes in the regime of westerly atmospheric depressions generated both in the North
Atlantic, and in central Mediterranean along with southward outbreaks of the polar front
(Florineth and Schlichter, 2000; Lionello et al., 2006; Kuhlemann et al., 2008) and the
consequent southerly track of atmospheric depressions through the Mediterranean (Florineth
and Schluchter, 2000; Luetscher et al., 2015; Oliva et al., 2019) could have affected glacier
viability on the mountains of Greece. At the same time these changes would also be recorded

in proxy records.

Overall, while a number of glacial deposits have been identified in the mountains of Greece
(Figure 1) only some have been successfully dated to Late Pleistocene and particularly to the
LGM and Late-glacial and the response of glaciers in the mountains of Greece to these cold
events remains largely understudied. Reconstructed former glaciers relative to the few dated
moraines indicate climatic conditions that could fit with regional, Mediterranean-wise
palaeoclimatic models. However, palaeoprecipitation, which most likely played a key role in
this region, and which can be obtained through the reconstruction of glaciers ELA relative to
dated deposits, has essentially never been quantified. This kind of information would be very
useful for the reconstruction of the palaeoclimate of the eastern Mediterranean and as a test for
regional circulation models. Understanding where, when and why Mediterranean glaciers
reached their maxima during the last glacial cycle is not only important for understanding the
local and regional dynamics of the glacial climate during this period, but also the sediment and

meltwater delivery to river systems, the dynamics of Mediterranean refugia, and the



environmental context of Middle and Upper Palaeolithic archaeological records (Hughes and
Woodward, 2008, 2017; Allard et al., 2020).
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Figure 2. Major regional palaeoclimatic and palaeoenvironmental proxies in relation to best dated
glaciated mountains in Greece (from Leontaritis et al., 2020)

1.4 Study areas and aims of this research

As already analysed, the present research focuses on Late Pleistocene deposits in northern,
central and southern Greece in an effort to address both temporal and geochronological gaps
in the glacial chronology of the mountains of Greece. Thus, the core objective of this research
is to constrain the age of Late Pleistocene glacial deposits - focusing on the LGM and the Late-



glacial - in two key-locations: Mt Mavrovouni in northern Greece and Mt Chelmos in

Peloponnese in the south (see Figure 1 for locations).

The ambition is firstly to complete the Pindus chronological framework in northwest
Greece by a full glacial geomorphological study of the ophiolitic Mt Mavrovouni in the Pindus
Mountains combined with geochronological control of the high-altitude deposits. Given their
morphostratigraphy, altitude and orientation and according to the glacial-research background
in the mountains of Greece presented in Chapter 3 these deposits are expected to be Late
Pleistocene in age. Mt Mavrovouni has been selected as the main study area, mainly for its
well-preserved high-altitude glacial sequence, for its proximity to Mt Tymphi and for its
relatively good accessibility (Chapter 4). Moreover, its ophiolitic lithology makes it ideal for
both testing the applicability of **Cl dating on ophiolites and for providing limestone-

independent geochronological control of Late Pleistocene deposits in the mountains of Greece.

Overall, Mt Mavrovouni is the ideal alternative to the already identified but undated glacial
sequence on Mt Smolikas (see section 3.1.2) which bares the same characteristics: it is also
ophiolitic and is located in the very near proximity of Mt Tymphi. However, a sampling
campaign on the rather inaccessible highlands of Mt Smolikas would require complicated
logistics, while a much larger number of samples to be dated would be required in order to
provide effective geochronological control on this extended glacial sequence. Given the
uncertainties in the applicability of 3Cl dating of ophiolites (see Chapter 2) and the increased
funds that are required for an advanced glacial study on Mt Smolikas, such an option was out

of range for this research project.

The aim is, then to expand this geochronology to the south, by studying Mt Chelmos in the
Peloponnese. Mt Chelmos was selected as the most appropriate -for glacial studies- mountain
in the Peloponnese due to its well-preserved and almost complete glacial sequence and for its

accessibility (Chapter 5).

The new glacial studies for Mt Olympus (Styllas et al., 2018) in the northeast and for Mt
Chelmos (Pope et al., 2017) that were published in the course of this research were partly
controversial (see 2.3), highlighting the importance of a firmly-grounded comparison and
interpretation of the results from these studies and the reconstruction of the palaeoclimatic
conditions across Greece at these times. A very useful tool for the achievement of this goal
would be the creation of a key geographical link for Late Pleistocene glaciations between the
well-studied Pindus mountains/Mt Olympus in northern Greece and Mt Chelmos in the south.

Such a link would allow for the comparison and interpretation of the results from these studies
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and the reconstruction of the palaeoclimatic conditions across Greece at these times. Taking
into consideration that the glacial sedimentary records in the mountains of central Greece (Mt
Parnassus, Mt Gkiona, and Mt VVardousia - Figure 1) had already been identified as a potentially
important archive of former glacial episodes that has not yet been studied (Pavlopoulo et al.,
2018; see also section 3.4), it was decided that this link could be realised by focusing on one
of these mountains. As high-altitude glacial deposits are best preserved on Mt Parnassus, the
massif was selected as the third study area of this research (Chapter 6). Work on this study
area was limited to a preliminary geomorphological study as an outline for a future research

project.

Finally, it should be mentioned that new observations and glacial evidence recorded by the
author in different mountains outside the study areas mentioned above, are presented alongside
the review of the glacial studies in Greece in 2.3. This evidence does not necessarily constitute
part of systematic research but it has been considered meaningful to be included in this thesis
as they provide further insights and pose new research questions in the Quaternary glacial

history of Greece.

1.4.1 Particular objectives

In summary, the particular objectives of this research are:

vii. the cosmogenic exposure dating of likely LGM/Late-Glacial moraines and
pronival ramparts on the ophiolitc Mt Mavrovouni

viii. the application of 3Cl cosmogenic exposure dating on ophiolitic boulders for

the first time in order to prove its applicability in these lithologies

ix. the development of an independent geochronological control of Late
Pleistocene deposits in the mountains of Greece, providing the first ages from
non-limestone glacial boulders from Mt Mavrovouni and testing the existing

36Cl ages form limestone samples

X. the reconstruction of the extent and equilibrium line altitudes of the studied
palaeoglaciers with specialised GIS tools (e.g. Pellitero et al., 2015, 2016)

xi. the optically stimulated luminescence (OSL) dating of limestone-derived

morainic deposits on Mt Chelmos
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Xili.

Xiii.

Xiv.

the preliminary glacial geomorphological study of Mt Parnassus focusing on

high altitude and thus probably Late Pleistocene in age evidence

the interpretation of the results and their correlation with other glacial studies
in the southern and northern mountains of Greece, as well as in the wider

Balkans, in order test and provide inputs for palaeoclimate models

the comparison of the glacial chronology with other palaeoclimatic records
and especially pollen sequences, highlighting possible correlations and the

significance of these records in a wider palaeoclimatic perspective.
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Chapter 2. Methodology

2.1 Geomorphological mapping

Geomorphological mapping is a well-established method for examining earth surface
processes and landscape evolution in a range of environmental contexts. In glacial research, it
constitutes a crucial tool for palaeoglaciological reconstructions, providing an essential
geomorphological framework for establishing glacial chronologies (Chandler et al., 2018). The
general approach involved detailed, thematic geomorphological mapping with an emphasis on
glacial and periglacial landforms and processes. Such a reductionist approach is helpful in
ensuring a map is not ‘cluttered’ with less relevant data that may in turn make a multi-layered
map unreadable (Kraak and Oremling, 2010; Chandler et al., 2018).

In this context, the idealised approach proposed by Chandler et al. (2018) for glacial
geomorphologic mapping in alpine environment which involves several consultations of
remotely-sensed data and field mapping was to a certain extent followed (Figure 3). This
methodology provides a robust approach to mapping that has been broadly used in previous

studies (e.g. Benn and Ballantyne, 2005; Brynjolfsson et al., 2014; Schomacker et al., 2014).

Accordingly, the first step for the geomorphological mapping in the study areas was the
collection and reconnaissance analysis of available digital and printed topographic maps (e.g.
commercial topographic maps, maps from the Hellenic Army Geographical Service or Open
Street Maps - OSM) the regional 1:50,000 Geological Sheets of the Greek Institute for
Geological and Mineral Exploration (IGME) and high-resolution satellite imagery (Google
Earth, Bing Maps). The Digital Elevation Model (DEM, also known as Digital Terrain Model
or DTM and as Digital Surface Model or DSM) in the case of Mavrovouni was provided by
the Hellenic Cadastre at a resolution of 5 m whereas on Mt Chelmos the DEM provided by the
Hellenic Cadastre was enriched by digitizing contours from high resolution maps. After
identifying possible glacial and periglacial features from this material and mapping some of
the clearer features, a detailed mapping fieldwork plan was developed. In the field, already
mapped as well as new glacial, erosional, glaciofluvial and periglacial landforms and sediments
were verified, mapped and recorded using a GPS device over numerous fieldtrips. Field
mapping began with traverses of the study area starting from higher ground, where an overview
can be gained, and proceeded by crossing valley axes and cirque floors, enabling the viewing
and assessment of landforms from as many perspectives, angles and directions as possible
(Demek, 1972).
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Figure 3. Applied workflow diagram of the glacial geomorphological mapping process in the study
areas. Modified from the idealized flow chart for glacial geomorphological mapping in alpine
environments by Chandler et al. (2018). DEM: Digital Elevetion Model; UAV: Unmanned Aerial
Vehicle; GPS: Global Positioning System; GIS: Geographic Information System
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Additionally, on Mt Mavrovouni (Chapter 4) aerial videos and pictures were taken with the
use of unmanned aerial vehicle (UAV or a drone in common language) in a specific valley.
This material proved very useful both in finalising the geomorphological mapping and in
interpreting the different landforms and deposits along the valley. In the case of Mt Chelmos,
a detailed orthophoto was also created by using ALOS (Advanced Land Observing Satellite)
PRISM imagery as described in detail in Pavlopoulos et al. (2018) and in Chapter 5.

The digital mapping and the creation of the glacial geomorphological maps were conducted
in an open source GIS (Geographical Information Systems) environment (QGIS). Additionally,
for Mt Chelmos a semi-automated geomorphological mapping approach was followed as
described in detail in Pavlopoulos et al. (2018) and in Chapter 5. In both study areas the
geographical entities were classified according to their characteristics following the rules of
cartographic generalization, abstraction and simplification (Gustavsson, 2006). Specifically,
discrete levels of information were generated concerning topographical, hydrographical,
geological and geomorphological features. As regards glacial and periglacial features in
particular, they were further classified in different morphostratigraphic units following the

principles of morphostratigraphy described next.

2.1.1 Morphostratigraphic classification of glacial and periglacial features

Stratigraphy is the science dealing with the description of all rock bodies (including
sediments) and their organisation into distinctive, useful, mappable units based on their
properties or attributes (Salvador, 1994). Hence, morphostratigraphy refers to the application
of stratigraphic principles to geomorphology (Lukas, 2006) and it can be defined as the
subdivision of sedimentary units based on surface form (Frye and Willman, 1962). However,
in practice, morphostratigraphical units are rarely defined without using at least some
lithological criteria (Bowen, 1978). For example, glacial units may be recognised by
lithological criteria incorporating a range of sedimentological characteristics, such as striated
subrounded boulders, diamicton exposures or erratic lithology, but separated by morphological
criteria, such as moraine position (Hughes, 2010a). Clearly these units are not directly
comparable to standard lithostratigraphical units, where vertical and lateral changes, as well as
relationships to other units, can generally be observed unambiguously (Rawson et al., 2002)
and therefore morphostratigraphical units should only be given informal status (Richmond,
1959). Moreover, the apparently simple external morphology of some landforms, such as ice-
marginal formations, commonly hides internal complexities of sediment sequences preserved

beneath or within them (Rawson et al., 2002). For this reason, whilst morphostratigraphy
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might prove to be very useful, it should never be regarded as a substitute forother more precise
types of stratigraphical units, such as lithostratigraphy and allostratigraphy (Rawson et al.,
2002).

Nevertheless, morphostratigraphy is especially useful for glacial geomorphologic studies
as it allows for the utilization of spatial relationships between individual landforms to assign
them to events or periods (Lukas, 2006). Due to the limited availability of dateable sites or
material and for economic reasons, it is feasible to date only some representative landforms
within a study area and thus, the necessity of extrapolating characteristic geomorphological
evidence from dated sites to those that remain undated arises in most glaciated areas (Lowe
and Walker, 1997; Benn and Ballantyne, 2005; Lukas, 2006). This approach has been
successfully applied in glacial geomorphology worldwide, underlying many glacier
reconstructions (e.g. Colhoun, 1988; Lemmen and England, 1992; Chadwick et al., 1997,
Lehmkuhl, 1998; Richards et al., 2000). In the present research, the stratigraphic classification
of glacial and periglacial features in different units was based upon morphostratigraphy which
proved crucial for local (i.e. within the same massif) and regional (e.g. within the Epirus region
in Greece) morphostratigraphic correlations which allowed for extrapolating available
geochronologies into a robust age model for the glacial history of Greece.

2.2 Geochronology

The use of glacial sediments and landforms in order to infer the nature and magnitude of
past glaciations and thus past climatic conditions requires a robust temporal framework.
Relative dating methods, such as the use of morphostratigraphy, are very useful for a first
placement of glacial evidence in temporal order but absolute dating methods are of fundamental
importance in establishing independent chronologies (Wagner, 1998; Fuchs and Owen, 2008).
Some of the most widely applied methods include, lichenometry, tephrochronology, varve
chronologies, dendrochronology, amino acid geochronology, palaeomagnetism, radiocarbon,
luminescence, K/Ar, Ar/Ar, U-series, terrestrial cosmogenic nuclide (TCN) surface exposure
and fission track dating (Brigham-Grette, 1996). The application of these dating methods varies
considerably and only a few are suitable for targeting Middle to Late Pleistocene deposits such
as those considered in this thesis. Radiocarbon dating is the most widely-used for the
Quaternary, but prerequisites the existence of well-preserved organic matter within the
sediment or on the landforms which can be very scarce within the rather sterile and extremely
active geomorphic systems associated with glacial environments (Fuchs and Owen, 2008).

Moreover, this method is limited to the last 50 kyr because of the relatively short half-life of
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14C (lvy-Ochs and Kober, 2008). Other methods, such as lichenometry and dendrochronology
have found a wide range of applications but are quite limited in time span whereas
palaeomagnetism, K/Ar, Ar/Ar and U-series dating which have been successfully used for
longer timescales (>10 ka) require appropriate dateable material, which is often difficult to find
(Fuchs and Owen, 2008).

Luminescence dating has been used in a great number of various types of
palaeoenvironmental and landscape evolution studies. Although it has been argued that it could
prove very useful also in directly dating glacial deposits as suggested by a number of successful
studies, its application in this field has been limited due to concerns in the detection and
handling of insufficiently bleached sediments associated with the nature of glacial processes
(Fuchs and Owen, 2008).

Sites unsuitable for luminescence techniques, such as sediments that have not been exposed
to light long enough, may be dated with cosmogenic nuclide methods (lvy-Ochs and Kober,
2008). During the last three decades, there has been a great increase in the use of Terrestrial
Cosmogenic Nuclides (TCN) surface exposure dating of glacial landforms and erosion rates
but to be accurate, this method requires stable surfaces, little or measurable weathering and
shielding by snow cover, exclusion of inherited TCNs due to prior exposure and other factors
which sometimes are hard to achieve in glacial environments (Putkonen and Swanson, 2003;
Ivy-Ochs and Kober, 2008).

2.2.1 Dating methods applied in the study areas

Overall, TCN, luminescence and U-series are the most commonly used methods for dating
glacial deposits. The U-series method has a great potential in placing glaciation phases within
the 100ka glacial cycle in the scale of climate variance in the Middle and Late Pleistocene (i.e.
to determine the Glacial Stage and Marine Isotope Stage associated with glacial activity) as it
has been showcased by influential glacial studies in Greece and the Balkans (e.g. Woodward
et al., 2004; Hughes et al., 2006a; Hughes et al., 2010) but is of less use in determining the
exact timing of glacial phases within the same glacial period (e.g. the Last Glacial Cycle) which
is the aim of this research.

In this research both luminescence and TCN dating methods were applied in order to
constrain the timing of deposition of glacial sediments in the study areas. A short summary of
the characteristics, physical principles and application suitability on glacial deposits for the

TCN and Luminescence methods is given in section 2.2.2 and 2.2.3 respectively, whilst
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thorough reviews of both methods are provided in a series of landmark publications such as
those of Gosse and Phillips (2001), Ivy-Ochs and Kober (2008), Fuchs and Owen (2008),
Rhodes (2011) and Balco (2020).

On Mt Mavrovouni in the Pindus mountains in northwest Greece, the cosmogenic *°Cl
exposure dating method was applied on ophiolitic glacial boulders along moraine and pronival
rampart ridges which are expected to be Late Pleistocene in age. This method was chosen over
luminescence and cosmogenic *°Be or 2°Al as the entirely ophiolitic lithology of the massif
excludes the presence of quartz, feldspar or secondary calcites that are necessary for the
application of these methods (Fuchs and Owen, 2008; Ivy-Ochs and Kober, 2008). Noble gases
isotopes (*He and 21Ne) were also excluded due to their usefulness for longer time scales
(>50ka; Ivy-Ochs and Kober, 2008) than the targeted glacial and periglacial deposits that are
expected to be pre-LGM to LGM (35-23ka) to Late-glacial (<20ka) in age. On the other hand,
3Cl exposure dating can be used for any rock type or mineral separate under most conditions

(Ivy-Ochs and Kober, 2008) and it was hence chosen for this application.

Cosmogenic *Cl exposure dating is well-proven in limestone-dominated environments in
the mountains of Greece (e.g. Pope et al., 2017; Styllas et al., 2018; Allard et al., 2020) and in
principle it should also be applicable on ophiolites. However, its application on mid to highly
serpentinized ophiolitic rocks (i.e. silicate rocks with high concentrations of Mg and Fe and
very low to insignificant concentrations of Ca, K and Ti) such as those dominating the glaciated
valleys on Mt Mavrovouni, is challenging as the main production of cosmogenic 3¢Cl atoms is
expected to mainly take place from neutron capture of stable ClI in the rock and Fe spallation
(see section 2.2.2), which are processes that are not fully explored and are sources of
uncertainty (Gosse and Phillips, 2001; Marrero et al., 2016b; Moore and Granger, 2019). This
application is attempted for the first time, and although theoretically this should not cause any
major issues, it is an element of innovation. The confirmation of the suitability of %ClI dating
on this kind of lithologies would have significant impact on our dating capacity of glacial and
other sediments with this method. Moreover, the resulting ages would constitute the only
geochronology of Late Pleistocene glaciations on the mountains of Greece that is independent
from inherent issues in *Cl surface exposure dating of limestones such as the erosion rate of
rock surfaces (Sarikaya et al., 2020). The importance of independent age constraints is also
stressed by Ivy-Ochs and Kober (2008).

On Mt Chelmos in Peloponnese in southern Greece, the Optically Stimulated

Luminescence (OSL) dating method was implemented to directly date limestone-derived
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subglacial till within a termino-lateral moraine. Although ®CI dating would also be applicable
in this case, the OSL method for the dating of glacial sediments was chosen for reasons of

diversity in the methodology of this research.

Details on samples collection and characteristics, application of the methods and obtained
results are given in Chapter 4 and Chapter 5 for Mt Mavrovouni and Mt Chelmos respectively.

2.2.2 Terrestrial Cosmogenic Nuclides (TCN)

In the last decades surface exposure dating using cosmogenic nuclides has emerged as a
powerful tool in Quaternary geochronology and landscape evolution studies (lvy-Ochs and
Kober, 2008). Cosmogenic nuclides are produced in rocks due to reactions induced by cosmic
rays and upon this principle several earth science applications for the accumulation of
cosmogenic isotopes were predicted by Lal and Peters (1967). However, it was not until the
development of accelerator mass spectrometry (AMS) that routine measurement of terrestrial
cosmogenic nuclides became feasible (EImore and Phillips, 1987). Hence, depending on rock
or landform weathering rates the determination of the exposure history of landforms ranging
in age from a few hundred years to tens of millions of years is possible whereas the number of
nuclides available (the radionuclides *°Be, *C, 2°Al, and **Cl and the stable noble gases *He
and 2Ne) allows almost every lithology to be dated (Ivy-Ochs and Kober, 2008). The selection
of the appropriate nuclide is controlled by the estimated exposure duration of the surface being
investigated, and the nature of the study, whereas the choice of lithologies can restrict the
nuclides used (Gosse and Phillips, 2001).

Cosmogenic-nuclide exposure dating has been attempted on thousands of glacial landforms
located in all continents (Balco, 2020), including boulders on moraines (e.g. Gosse et al., 1995;
Finkel et al., 2003; Balco and Schafer, 2006) and buried glacial deposits (e.g. Balco et al.,
2005), boulders on glacial outwash fans (e.g. Phillips et al., 1997), boulders on the former
margins of ice-dammed lakes (Davis et al., 2006), boulders deposited during catastrophic
outburst of ice-dammed lakes (Cerling et al., 1994; Reuther et al., 2006) as well as rates of
glacial retreat and depth of subglacial erosion upon ice-moulded bedrock (e.g. Guido et al.,
2007; Hippe et al., 2014)

2.2.2.1 Physical principles of TCN dating

Cosmogenic nuclides (®He, °Be, ?!Ne, %Al, %¢Cl) accumulate predictably in minerals
exposed at the Earth’s surface due to nuclear reactions induced by cosmic ray particles (Dunai

and Lifton, 2014). The property that makes cosmic-ray-produced nuclides valuable for
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geochronology is that they are produced only at the Earth’s surface or very close to it (Balco,
2020). Therefore, measuring their concentrations allows determination of how long rocks or
sediment have been exposed at or near the surface of the Earth (Lal 1991; Gosse and Philips,
2001).

The Earth is constantly being bombarded by cosmic rays and interactions of high-energy
cosmic ray particles with nuclei in the Earth’s atmosphere result in a cascade of secondary
particles and especially neutrons and short-lived muons (Gosse and Philips, 2001; Ivy-Ochs
and Kober, 2008). Cosmogenic nuclides build up in rocks due to the interactions of cosmic
rays with atoms in minerals which include high energy spallation, muon-induced reactions and
low-energy (epithermal and thermal) neutron capture (Lal and Peters, 1967). A spallation
reaction is a high-incident energy process in which a secondary cosmic ray neutron collides
with a target nucleus within a mineral and breaks from it several lighter particles, leaving a
lighter residual nucleus (i.e. the cosmogenic nuclide) in the mineral lattice (Templeton, 1953).
Muonic interactions producing TCN mainly involve the capture of slow negative muons by
charged nuclei, although coulombic interactions of fast muons also contribute (Lal, 1988).
They can also indirectly release neutrons, through a variety of reactions, which can in turn
generate nuclides such as ¥CI through low-energy neutron absorption (Stone et al., 1998),
whereas highly energetic muons can also interact spallogenically (Gosse and Phillips, 2001).
Low energy neutrons include thermal and epithermal neutrons whose path is described by
Brownian motion due to random collisions with atomic nuclei in the medium, ultimately being
absorbed by the nuclei of atoms they encounter and resulting in the formation of thermal-
neutron-produced cosmogenic nuclides (Gosse and Phillips, 2001). As the mechanisms of low-
energy neutron production and difuusion within the rock are still not fully understood, this
pathway of cosmogenic nuclides production is a source of uncertainty (Gosse and Phillips,
2001; Marrero et al., 2016b).

As regards the production of cosmogenic *Cl in particular, production from spallation takes
place mainly from Ca and K and to a lesser extent from Ti and Fe (the combined contributions
from Ti and Fe are typically less than 1-2% in samples excluding oxide mineral separates;
Marrero et al., 2016b) whereas the muon-induced reactions take place in Ca and K but their
contribution to total *CI production is proportionally much smaller than spallation (Stone et
al., 1998; Marrero et al., 2016a). In rocks with sufficient natural CI (*Cl and 3’Cl), **Cl is
produced through low-energy (thermal and epithermal) neutron capture on 3Cl (Gosse and

Phillips, 2001; Ivy-Ochs and Kober, 2008). However, the much higher production rate of Ca
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and K spallation compared to low-energy neutron capture means that in rocks with high Ca and
K content the production of **CI will be spallation-dominated regardless the natural Cl content
(Marrero et al., 2020). On the other hand, in rocks with considerable Cl content but negligible
Caand K content such as the highly serpentinized ophiolites that were dated on Mt Mavrovouni
in this research, the *Cl production will be dominated from low-energy neutron capture on
authigenic *Cl whereas depending on Fe and Ti concentrations, spallation from these elements

might also have a higher contribution than a total of 1-2% mentioned above.

2.2.2.2 Calculation of Exposure Ages

In order to calculate the exposure ages of rock samples the total production rate of Cl
needs to be determined. However, as each rock has a different chemistry, the 3®Cl production
rates must be calculated individually for each type of reaction and for each element (lvy-Ochs
and Kober, 2008), which requires the accurate measurement of rock composition. First of all,
the determination of major element oxides concentrations such as CaO, K20, Fe20z and TiO-
is needed for the calculation of the spallation and muon-induced production rates. Additionally,
concentrations of trace elements of B, Gd, and Sm must be determined as these elements are
strong neutron absorbers and influence the proportion of low-energy neutrons that are available
for neutron capture reactions (Ivy-Ochs and Kober, 2008). U and Th concentrations are also
needed to correct for subsurface non-cosmogenic neutron-capture *6Cl production (Fabryka-
Martin, 1988). Major/minor element and trace element concentrations are usually determined
using ICP-ES (Inductively Coupled Plasma Emission Spectrometry) and ICP-MS (ICP - Mass
Spectrometry).

A crucial issue for the calculation of the ®Cl production rates from low-energy neutron
capture reactions, is the determination of the total rock Cl concentration in samples. A
significant improvement in **Cl methodology is the implementation of isotope dilution: by
adding a spike of known isotopic composition but different from the natural ratio of 3CI:3'Cl
which is about 3:1, both the total rock CI concentration and *°Cl can be determined in a single
target using AMS, by measuring the 3’CI/*°Cl and the *CI/Cl ratios (Elmore et al., 1997; Ivy-
Ochs and Kober, 2008). This has led to marked improvements in both precision and accuracy

in cosmogenic *Cl dating results (Desilets et al., 2006).

Other considerations in the calculation of exposure ages include the shielding by
surrounding land or the seasonal snow cover that reduce the cosmic ray flux to the sampling
site leading to lower **Cl production rates which can produce overestimated exposure ages

(Ivy-Ochs and Kober, 2008). In general, the effect of typical topographic obstructions is small
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because the incoming cosmic radiation is strongly concentrated near the vertical, but the
shielding effect may be accentuated if the sampled surface is sloped toward a major
topographic obstruction (Gosse and Phillips, 2001). Land-shielding corrections are usually
done with field measurements following Dunne et al. (1999) and Gosse and Phillips (2001) and
the use of nowadays available online calculators (e.g. http://hess.ess.washington.edu/math/)
The calculation of topographic shielding factors is also possible through dedicated DTM-based
GIS tools (e.g. Li, 2018; available online at https://web.utk.edu/~yli32/programs.html). As
regards snow cover, the shielding effect depends on the average values of the annual duration
of snow cover, of its thickness and of its density, but reasonable estimates can be made for the

degree of snow cover shielding over the long term (Gosse and Phillips, 2001).

Finally, where field evidence indicates that rock surface weathering (erosion) has been
significant, an assumed or measured erosion (denudation) rate needs to be used for the
calculation of ages (Ivy-Ochs and Kober, 2008). The effect of erosion on cosmogenic nuclide
accumulation does not depend on the erosion rate, but rather on the total erosion depth (Gosse
and Phillips, 2001). Significant erosion can be defined as an appreciable fraction of the
apparent attenuation length, on the order of 15 or 20 cm rock depth and therefore assumptions
of negligible erosion are probably generally adequate for surface-exposure dating studies in the
late Quaternary age range (Gosse and Phillips, 2001). Inheritance is defined as the presence of
a non-zero cosmogenic nuclide concentration in the rock surface at the beginning of the
exposure period that is of interest and can lead to overestimations of ages (Ivy-Ochs and Briner,
2014). These inherited cosmogenic isotopes would then have been produced during previous

exposure to cosmic rays.

The most widely used calculators of exposure ages for different available cosmogenic
nuclides and scaling models include the production rates and calculation code of Marrerro et
al. (20064, 2006b) incorporated in the online Cronus  Calculator
(http://cronus.cosmogenicnuclides.rocks) and the Excel spreadsheet and production rates of
Schimelpfennig et al. (2009, 2011).

2.2.2.3 Moraine dating

Surface exposure dating with cosmogenic nuclides is especially well suited to the dating of
moraines and such landforms ranging in age from hundreds of years to hundreds of thousands
of years in both hemispheres have been dated (e.g. Barrows et al., 2002; Kaplan et al., 2004;
Briner et al., 2005; lvy-Ochs et al., 2006; Balco and Schafer, 2006). As the boulders transported

by a glacier and deposited on moraines originate from collapsed rock walls in the accumulation
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area and from rocks plucked from beneath the glacier’s base they are mostly fresh, never-
before-exposed rocks (lvy-Ochs and Briner, 2014). As the glacier retreats from its terminal
position near the moraine, deposition ceases, and cosmogenic nuclides build up in the boulders
of the moraines. Therefore, exposure dating of a boulder on the moraine crest can well
approximate the time since the glacier last contributed sediments to the moraine (lvy-Ochs and
Briner, 2014). This is the ideal case (Figure 4a). However, there are two principal geological
factors that can lead to erroneous deposition ages (Heyman et al., 2011): inheritance due to
exposure prior to glaciation yielding older exposure ages than the true age of deposition (Figure
4b) and incomplete exposure due to post-depositional shielding, yielding younger exposure

ages than the true age of deposition (Figure 4c).
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Figure 4. Schematic of possible prior exposure and incomplete exposure of boulders deposited on
moraines and relationships between ages of boulders and the true depositional age of moraines. On
the right-hand side, the buildup of cosmogenic nuclides with time in the respective boulder surfaces

(green, red, blue circles) is shown: a)(up): Ideal case where the sampled boulder has been completely
shielded from cosmic rays prior to glaciation and continuously exposed since deglaciation exposure —
yielded age same as true age of deposition, b) (middle): inheritance due to exposure of the sampled
boulder to cosmic rays prior to glaciation — yielded age exceeds the true age of deposition, ” and
c)(bottom): sampled boulder disintegrated or exhumed after moraine deposition leading to incomplete
exposure of sampled boulder due to partial post-depositional shielding from cosmic rays - yielded age
younger than the true age of deposition. [Modified from Heyman et al. (2011) and Ivy-Ochs and
Briner (2014)].
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Several studies compiling ages from sites across the globe suggest that marked inheritance
in moraine boulders is rare (Heyman et al., 2011) due to the excessive erosional features of
glaciers and relatively short transport distances compared to fluvial sediments (Schmidt et al.,
2011; Sarikaya et al., 2020). Incomplete exposure on the other hand is more likely to be an
issue, especially in old degraded moraines where boulders may have been exhumed or toppled.
(Ivy-Ochs and Briner, 2014). Such effects may be reduced by cautious selection of sampled
boulders. Stable - broad and large boulders that are well embedded in relatively stable moraine
crests are more suitable -and when possible, they also need to be high enough (>1.5 m high) to
ensure they have protruded above the matrix all the way since moraine deposition (Hallet and
Putkonen, 1994; Putkonen and Swanson, 2003; Putkonen and O’neal, 2006). In general, the
spread in ages amongst the exposed boulders increases with moraine age due to longer periods
of erosion processes and boulders exhumation (Zreda et al., 1994; D’Arcy et al., 2019) This
may make interpretation of the deposition age of moraines difficult (Kaplan et al., 2005; Smith
et al., 2005). In such cases a detailed scrutiny of the landforms and morphostratigraphic
relationships is required and, in some cases, the oldest age can usually be assumed to be
geomorphologically the most reasonable to be closest to the moraine deposition age (lvy-Ochs
and Kober, 2008). It should be noted that taking a mean of all ages is not necessarily the best
choice (lvy-Ochs et al., 2007).

Finally, the fact that a glacier may fluctuate about the terminal moraine for centuries to
millennia resulting in complex nested moraine formations that might have been additionally
modified by post-depositional fluvial erosion and that lateral moraines can also have a
composite architecture that reflects to repeated glaciation phases, makes the detailed field
mapping of the landforms to be dated a prerequisite for judicious sampling (lvy-Ochs and
Kober, 2008; lvy-Ochs and Briner, 2014).

2.2.3 Luminescence dating

Dating of sediments using optically stimulated luminescence (OSL) has become important
for studying Earth surface processes, and this technique continues to develop rapidly. A group
of closely linked luminescence methods can be used to estimate the time since grains of quartz
and feldspar were last exposed to daylight by detecting their subsequent response to
environmental ionizing radiation exposure (Rhodes, 2011). Luminescence dating can be
readily applied to most terrestrial sediments and can be used to date sediments on timescales
from a few years to 200ka, encompassing the entire Late Quaternary (Fuchs and Owen, 2008;

Rhodes, 2011). As this dating method defines the timing of sedimentation, in most instances it
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directly dates landform formation, and is potentially extremely accurate (Lian and Roberts,
2006). Moreover, errors of OSL dating within a few percent of the age can be achieved and
therefore represents one of the most potentially useful and applicable dating methods for
defining the age of late Quaternary glacial and associated sediments and landforms (Fuchs and
Owen, 2008). However, OSL dating has not yet been widely applied to glacial sediments
despite its usefulness and applicability as shown by a number of studies such as in the Himalaya
(Spencer and Owen, 2004), the European Alps (e.g. Bavec et al., 2004; Klasen et al., 2007) and
the Alps of New Zealand (Preusser et al., 2005). The application of OSL dating is particularly
valuable when combined with TCN surface exposure dating of moraines (e.g. Spencer and
Owen, 2004).

The limited use of luminescence dating probably reflects a common concern that glacial
and associated sediments have not been reset by sufficient daylight exposure during the last
process of sediment reworking before deposition (Fuchs and Owen, 2008). Insufficient
daylight exposure results, if undetected, result in age overestimation (Duller et al., 1995). Most
studies dealing with palaeoenvironmental reconstruction of glacial environments have
therefore concentrated on dating proglacial glaciofluvial or glaciolacustrine sediments, which
are considered less likely to have insufficient bleaching problems compared to glacial
sediments and ice-contact sediments (Fuchs and Owen, 2008). Nevertheless, the double
whammy of rapid deposition along with poor quartz characteristics which makes glacial
deposits challenging to date has been a driver of technical innovation for OSL (Rhodes, 2011)
and recent advances in luminescence dating techniques enable the production of reliable ages
(Duller, 2006).

2.2.3.1 Physical principles of luminescence dating

Luminescence dating is a radiometric dating method that is based on the time-dependent
accumulation of electrons at traps within the crystal lattice of minerals such as quartz and
feldspar (Fuchs and Owen, 2008). Natural environmental ionizing radiation, derived from
radioactive isotopes within the sediment and cosmic radiation, causes charge (electrons and
holes) to become trapped when grains are buried in the ground, as bonding electrons are excited
from their valence positions, and a small fraction become trapped within the crystal lattice of
minerals (Rhodes, 2011). A short daylight exposure (in the range of 1 to 100 s) is sufficient to
reduce certain electron trap, effectively resetting the luminescence dating clock (bleaching),
and the subsequent gradual increase in trapped charge population in response to the prevailing

radiation flux provides the basis for dating (Rhodes. 2011). The storage of trapped charge
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within the crystal lattice is similar to the action of a rechargeable battery (Figure 5), forming
an attractive analogy (Duller 2008). One important distinction is that in luminescence dating,
charging occurs very slowly (10 — 10° years), but charge removal happens very quickly (1-100
s) during both bleaching and OSL measurement (Rhodes, 2011).

Rapid bleaching

Trapped charge
reduction by
daylightin
environment

Gradual dosing

During burial,
trapped charge
builds up by
ionizing radiation
exposure

OSL measurement

Trapped charge
evicted by
stimulating light
recombines and
emits OSL

Figure 5. The rechargeable battery forms a useful analogy to help understand optically stimulated
luminescence (OSL) dating. Gray plates show charge level: a) (up): Daylight releases trapped charge
during grain movement over periods of seconds to minutes, b)(bottom): charge is slowly built up as a
small fraction of electron-hole pairs produced by low levels of environmental radiation are trapped in
the mineral lattice and c)(bottom): after sample collection and preparation, intense stimulating light

releases charge from light-sensitive traps, which recombines emitting a luminescence signal in the

form of an OSL decay (shown). [From Rhodes (2011) based on an illustration by Duller (2008)].

The release of the trapped electrons results in a detectable luminescence signal, the intensity
of which is a measure of the number of radiation-induced electrons, which in turn is dependent
upon the rate of natural ionizing radiation (dose rate) and duration of burial (Wagner, 1998;
Lian and Roberts, 2006). Trapped charge concentration is assessed by laboratory

measurements, in which minerals are stimulated with heat or light to release the trapped
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electrons (Fuchs and Owen, 2008) and create the luminescence signal (equivalent dose), which
consists of a rapidly decaying light emission as electrons are evicted (Bailey et al. 1997).
Natural radiation flux, or dose rate, may be determined with a choice of methods (e.g. Adamiec
and Aitken, 1998).

The type of luminescence dating is distinguished on the basis of the stimulation method,
such that stimulation by heat is Thermoluminescence (TL -not used so often nowadays),
stimulation by visible light is optically stimulated luminescence (OSL) which is applied on
quartz and stimulation by infrared light is infrared stimulated luminescence (IRSL) which is
applied in feldspar (Fuchs and Owen, 2008).

2.2.3.2 Calculation of luminescence ages

The three principal parameters required for the calculation of the luminescence age are (a)
the natural luminescence signal measurement, (b) an assessment of sensitivity (luminescence
signal response to applied radiation dose), and (c) the determination of the burial dose rate
experienced by each sample (Rhodes, 2011). The first two parameters are combined into a
single procedure that provides the applied dose acquired over the period of interest, which
represents the equivalent dose (De measured in Gy) of accumulated radiation energy in the
crystal during burial (Rhodes, 2011; Fuchs and Owen, 2008). The mean ionizing radiation dose
rate (D measured in Gy-yr') can be derived from direct measurements or measured

concentrations of radioisotopes.

The luminescence age (La) is then calculated by the equation:

De(Gy)

LU= 56y

2.3 Glacier reconstructions and ELA calculations

A geographic information system (GIS) approach was used for the reconstruction of
palaeoglaciers on Mt Mavrovouni (Chapter 4). In particular, the surface and thickness of the
former glaciers were reconstructed using the GlaRe toolbox, a semi-automated GIS tool based
on the numerical technique of Benn and Hulton (2010) and developed by Pellitero et al. (2016).
The approach is based on user-given basal shear stress value along the flowline of the glacier
(default value 100 kPa in accordance with Paterson, 1994; Rea and Evans, 2007), which in turn
can either be defined automatically by the toolbox according to the user given glacier limits

and the DEM or it can be user-defined. Palaeoglacier limits were established based on
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geomorphological field evidence such as terminal and lateral moraines. Where evidence was
absent or fragmentary a rough outline of the palaeoglacier limits was established based on usual

valley glaciers rheology.

The equilibrium line altitudes (ELAS) of former glaciers were automatically calculated with
the adaptation of the classic area— altitude balance ratio (AABR) method which accounts for
both glacier hypsometry and mass balance gradients (Osmaston 2005). The method was applied
in another dedicated GIS tool developed by Pellitero et al. (2015) using a balance ratio (BR) of
1.6, which is the average obtained on present-day glaciers in other Mediterranean mountains
(Rea 2009).

27



Chapter 3. Review of glacial geomorphologic studies and new

evidence on the mountains of Greece

A significant number of glacial geomorphologic studies has been conducted in the
mountains of Greece and therefore it is essential to provide a summary and an overview of this
studies that form the background of this research. A part of this review has been recently
published in a journal article (Leontaritis et al., 2020). Where it has been considered meaningful
and helpful for future studies, additional evidence collected by the author has been added

although by no means does this evidence constitute part of systematic research.

3.1 The Pindus Range in northwest Greece

The extensive glacial landforms and sediments in the mountains of northern Greece
attracted the attention of the first pioneer explorers (Figure 1 and Table 1). In the northernmost
part of Epirus, on the Greek-Albanian borders, cirques and moraines have been described on
the mainly ophiolitic Mt Grammos (2520 m a.s.l.) (Bourcart, 1922; Louis, 1926). Further south,
with ophiolites and flysch still dominating local lithology, stands Mt Smolikas (2637m a.s.l.)
the second highest mountain of Greece after Mt Olympus (2918 m a.s.l.). Evidence of its former
glaciation was first identified by Niculescu (1915) and Mistardis (1937a) while the first detailed

geomorphological mapping was conducted by Boenzi et al. (1992).

Some 15km to the south lies the impressive Mt Tymphi (2497 m a.s.l.- limestone) with
probably the most extensive and well-preserved glacial deposits in Greece (Mistardis, 1937a;
Woodward and Hughes, 2011). Mistardis (1935) was the first to report glacial evidence on Mt
Tymphi while detailed geomorphological mapping was first conducted by Palmentola et al.
(1990) and later on by Smith et al. (1998) who used satellite imagery to map the extent of
glacial deposits. Just 20km to the west, on the borders with Albania, impressive glacial cirques
and moraines were also observed by Louis (1926) on Mt Nemercka (2482 m a.s.l. - limestone).
On the ophiolitic Mt Mavrovouni (2157 m a.s.l.), about 15km in the south-east of Mt Tymphi,
a complete glacial sequence has been recorded and dated by the author which is part of this
research and is described in detail in Chapter 4. Finally, Sestini (1933) identified further south
the traces of the extensive former glaciation of Mt Kakarditsa (2429 m a.s.l. - limestone) and
Mt Lakmos (2295 m a.s.l. - limestone).

The first advanced study of the Pindus Mountains was the geomorphological study of Mt
Tymphi and Mt Smolikas by Hughes (2004, 2006a, 2006¢) and Woodward et al. (2004), which
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was supported by geochronological control for what proved to be Middle Pleistocene glaciation
phases. This provided the initial chronological framework for glaciations in Greece (Hughes et
al., 2005). After these first advanced studies in northern Greece, the lack of further evidence
from the last cold stage in Greece (MIS 5d - MIS 2; Hughes et al., 2006a) constituted an
important gap in the glacial chronology of the Pindus Mountains that led to further studies in

Mt Olympus and the Peloponnese that focused on Late Pleistocene deposits (see next sections).

The temporal framework for the glaciations of the North Pindus mountains however, was
further constrained only years later by the contribution of Allard et al. (2020) who provided
cosmogenic exposure ages for the - up to that moment - undated Late Pleistocene glacial
deposits, thus providing a constraint on the timing of the respective glaciations. The studies on

Mt Tymphi and Mt Smolikas are presented in detail next.

3.1.1 Mt Tymphi

Mt Tymphi is mainly formed of Palaeocene and Upper Eocene crystalline limestones that
dominate its upper slopes. However, older Upper Jurassic/Senonian limestones and dolomites
are also exposed on the cliffs of the northern escarpments of the highest peaks (Hughes et al.,
2017). Upper Eocene/Miocene flysch is generally restricted to the lower mountain slopes and
was mostly situated outside the main areas of glacier erosion (IGME, 1970). Combined glacial
and karstic processes on the other hand have formed a classic glacio-karst system (Hughes et
al., 2006e).

Numerous glacial and periglacial landscape features were recorded on Mount Tymphi
including cirques, deep ice-scoured troughs, limestone bedrock pavements, rock glaciers and
extensive and well-preserved moraine complexes including lateral, terminal and hummocky
moraines. Sketch maps of the glacial geomorphology were published in Palmentola et al.
(1990) and this pioneering work was then improved upon with more detailed mapping by
Hughes (2004). An extensive dating program followed: secondary calcites contained in the
older and most extensive recorded glacial deposits were radiometrically dated by means of
uranium series (Figure 10), first published by Woodward et al. (2004) then followed-up by
Hughes (2004) and Hughes et al. (2006a). These data formed the basis for the definition of the
glacial sequence on the Pindus Mountains (Hughes et al., 2005, 2006a).

Correlating the results of the aforementioned studies with cold stage intervals recorded in
the ca. 425ka long lacustrine pollen sequence at the nearby Lake loannina (Tzedakis, 1994,

Tzedakis et al., 2002), the glacial chronostratigraphy for the Pindus Mountains was defined.
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Three main glacial stages correlated with the marine isotope record have been identified
(Hughes, 2004; Hughes et al., 2005, 2006a). These stages are summarised in Table 2.

Table 2. The Pindus Chronostratigraphy as defined by Hughes et al. (2005, 2006a)

The Pindus Chronostratigraphy

MIS ; i

Stage Name Equivalent glacial phase
Age to northern Europe

. MIS12 .
Skamnellian Stage ca. 480-430 ka Elsterian Stage
Vlasian Stage MIS 6 Saalian of northern
g ca. 190-130 ka Europe
MIS 5d — MIS 2

Tymphian Stage Weichselian Stage

ca. 110-11.7 ka

3.1.1.1 Middle Pleistocene Glacial Phases

These studies on Mt Tymphi provided abundant and clear geomorphological evidence and
good geochronological control for extensive glacier formation during the first two Middle-
Pleistocene stages (MIS 12/MIS 6). As it can be seen in Figure 6, extensive valley glaciers
during the Skamnellian Stage extended down to altitudes of 850 m a.s.l. and 700 m a.s.l. on its
southern and north/north-eastern slopes respectively with a mean ELA of 1741m a.s.l. (Hughes
et al., 2006a). Aspect appears to have had insignificant effect on the overall distribution of the
glaciers. Thus, factors such as shading and lee-slope accumulation also appear not to have been
dominant controls on glacier development during these glaciations (Hughes et al., 2007). The
moraines from this glaciation have deeply weathered soil profiles with profile development
indices (PDIs) ranging from 51.8 to 61 (Hughes et al., 2006a). The PDIs were measured and
scored following the methods of Harden (1982). In short, this index is used to quantitatively
measure the degree of soil profile development taking as well into account its weathering
degree. The higher the value of the PDI of the soil that covers the moraines, the older the

deposits are.

As the deposits from this glacial stage are traversed by mountain tracks and village roads
around Tsepelovo, Skamnelli and Vrysochori (Figure 6), good-quality exposures are
commonly present in the lower altitude zone of the sediments. Such exposures in the tills show
that the glacial sediments are dominated by limestone-derived sediments with a minor flysch

component (Hughes et al., 2006e). They contain subrounded limestone boulders of a wide size
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range, cobbles and gravels commonly dispersed in a fine-grained matrix rich in sands, silts and
clays (Woodward and Hughes, 2011). Most interestingly, detailed sedimentological analyses
of the diamicton sequences within these moraines, indicated that stacked diamicts separated by
gravels related to meltout and glacial retreat record at least three phases of former glacial
advance and retreat (Hughes et al., 2006e). Evidence of the later Vlasian Stage is confined to
mid-valley positions (mean ELA 1862 m a.s.l.) with rather weathered soil profiles as the PDIs
range from 29.8 to 38.3 (Hughes et al., 2006a).

® Village
A Summit

Glacial Limits
[ Tymphian Stage
[] Viasian Stage
. 2
[] Skamnellian Stage 3 e

N f’\/\l o )IHNK

Figure 6. Glacial extent during the different Stages of the Pindus Chronostratigraphy on Mt Tymphi.
Denoted Tymphian Stage glacial extent refers to LGM glaciers after retreat from the positions held
during the local pre-LGM Late Pleistocene glacial maximum according to Allard et al. (2020). Hatched
area denotes a lobe glacier according to the new evidence presented here. Skamnellian Stage extent
increased to a near-ice-cap configuration accordingly (map modified from Hughes et al., 2007).
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New evidence

New observations, which even though are not part of systematic research, are included here
as supplementary material that could have important implications on the interpretation of the
well-documented glacial studies on Mt Tymphi. In particular, evidence from sediments with
similar characteristics to the subglacial tills exposed near Tsepelovo and Skamnelli was found
in the Lakkos Amarouda valley above the village of Papigo in the north-western part of the
massif (Figure 6 and Figure 8). These deposits contain various sizes of subrounded limestone
boulders commonly dispersed in a fine-grained matrix rich in sands and have been thrusted
over the flysch bedrock (Figure 7). They extend all the way from 1450m to 800m near the
villages Papigo and Mikro Papigo (Figure 8) along with scattered glacial boulders (Figure 9).
This glacier would have originated from the ice-scoured northern crags of Astraka. However,
perched glacial boulders and till were also identified on the col near the refuge of Astraka at
the head of the valley, implying that this former glacier breached the watershed and was an
outlet lobe of a larger plateau ice-field rather than a stand-alone valley glacier (Figure 6 and
Figure 8). If this was the case, the extent of glaciation during the most extensive Middle
Pleistocene glacial phase is likely to have been underestimated. Thus, it is very likely that
during the Skamnellian Stage Mt Tymphi was glaciated by a plateau ice field with valley
glaciers radiating from a central ice dome centred over the plateau between Astraka and
Gamila. Similar ice configurations occurred over Mt Chelmos in the Peloponnese (Pope et al.,
2017) and over the mountains of Montenegro (Hughes et al., 2010, 2011).

L2 2 C e e RS
Figure 7. A road-side exposure of till sediments near the village of Papigo (Photo: June 2017).
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Astraka

Amarouda
Valley

Figure 8. Glacial evidence in the Papigo region depicted on virtual globe imagery (Google Earth). Red Arrows denote the ice flow direction, dashed polygons
correspond to till units and spheres to areas with glacial boulders. The curved arrow denotes the Astraka refuge col where the ice cap broke the watershed.
Based on field work during autumn 2016- summer 2017.
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Figure 9. Glacier boulder within the till unit above Mikro Papigo (see Figure 8). The location of the
roadside exposure of the till unit near Papigo can also be seen in the background (Photo: June 2017).

3.1.1.2 Late Pleistocene Glaciations

As regards the Tymphian Stage — the last cold stage in Greece - the evidence implied a
much more restricted glacier development. The youngest deposits formed in the highest cirques
above 1800 m a.s.l. are well preserved but are limited to rock glaciers and small moraines
(Hughes et al., 2003; Hughes, 2004). These deposits are well within the limits of the Vlasian
Stage deposits and show only very limited evidence of pedogenic weathering (PDIs of 7.8 to
9.0) (Hughes et al., 2006a). Therefore, they were ascribed to the last cold stage even though at
this point there were no radiometric or cosmogenic dating data (Hughes, 2004; Hughes et al.,
20064a, 2006¢). More marginal glacial conditions during these later cold stages appear to have
forced glaciers to occupy locally-favourable topographic settings with northern and eastern
aspects (Hughes et al., 2007). These glacial limits however that are presented in Figure 6, were
later identified by Allard et al. (2020) as LGM positions of glaciers after retreat from their
maximum extent during the local Late Pleistocene glacial maximum prior to the LGM. This

work is summarised next.

The lack of geochronological data for the Tymphian Stage led to dedicated research on the
Late Pleistocene deposits found on the upper valleys of Mt Tymphi by Allard et al. (2020). In
this work there are presented 27 6Cl ages from glacial boulders that address both a significant
geographical gap in Mediterranean glacial chronologies and a temporal gap in the glacial
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history of this region by targeting the previously undated Late Pleistocene record (Allard et al.,
2020). Most samples were collected from glacial boulders within terminal and lateral moraines
expanding between 1700 m and 2050 m a.s.l. in the Laccos Megalon Litharion and the
Tsioumako valleys (Figure 10). These deposits mark the extent of Late Pleistocene glaciers on
the southern side of Mount Tymphi. Some more samples were collected from a pair of terminal
moraines within the north-oriented Laccos cirque. The main glacial features that were sampled

are presented in Figure 11.

As regards the Laccos Megalon Litharion valley samples were taken from two moraines: a
high altitude one at ~ 2000 m a.s.l. and a lower altitude one at ~ 1710 m a.s.l. The yielded
ages — excluding outliers - span from 14 £ 1.4 t0 245+ 2.4 kaand 15.7 + 1.9t0 25.7 £ 2.6 ka
in the upper and the lower moraine respectively (Allard et al., 2020). Similarly, in the
Tsioumako valley, three samples at ~1770 m a.s.l. reported ages of 29.0 + 3.0 ka, 15.5 £ 1.7 ka
and 18.9 £ 1.9 ka (Allard et al., 2020). The authors argue that the oldest age is likely to most
closely represent the true age of the moraines whilst younger ages have been assumed to
represent a period of moraine degradation and boulder exhumation. This assumption has been
based on the facts that these moraines are not cemented, making them susceptible to hillslope
processes while at the same time they do not have sharp crests providing some evidence for
degradation and boulder exhumation. Moreover, other methods of landform age interpretation
such as the mean age can lead to significant inaccuracy where incomplete exposure and erosion
are the main geological uncertainties (Applegate et al., 2010; D’Arcy et al., 2019). In this
perspective the oldest ages from the Tsioumako valley and the lower moraine in the Laccos
Megalon Litharion valley are considered to represent the most extensive Late-Pleistocene
glacier extent whilst the oldest age from the upper moraine in the Laccos Megalon Litharion
valley is considered to represent a distinct glacial retreat phase during which glaciers were

confined within the upper cirques of the valleys.

The samples from the terminal moraines between 1420 and 1435 m a.s.l. in the Laccos
cirque yielded ages between 6.7 + 0.9 ka and 18.0 + 1.9 ka (Allard et al., 2020). Glaciers in
this cirque were perhaps longer sustained in these low altitudes by avalanching and wind-blown
snow accumulation and topographic shading from the steep Goura cliffs (>1000 m tall). Even
though these ages could represent a younger Late Pleistocene glacial advance phase, this
interpretation should be regarded in view of the paucity of chronological data on the northeast
side of the Tymphi massif and therefore more data are needed to build a more robust age model
(Allard et al., 2020).
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Figure 10. Glacial geomorphological map of Mount Tymphi, Epirus, northwest Greece. The location
and **Cl ages of moraine boulders (black lettering - Allard et al., 2020) are identified along with
uranium-series sample sites and ages from secondary carbonates within glacial deposits (red
lettering - Woodward et al., 2004; Hughes et al., 2006a). The maximum extent of glaciation during
MIS 12 (Skamnellian Stage), MIS 6 (Vlasian Stage) and MIS 5d-2 (Tymphian Stage) is denoted by
morphostratigraphic units 1, 2 and 3 respectively (from Allard et al., 2020).
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Figure 11. Glacial landforms at sampling sites and yielded *CI ages on Mount Tymphi according to
Allard et al. (2020): A) Looking northwest towards the Laccos Megalon Litharion lower valley
terminal moraine. B) Looking northwest towards the Laccos Megalon Litharion cirque terminal
moraine and lateral moraine. C) Looking northeast towards the Tsioumako lateral moraine. D)

Looking northeast within the Laccos cirque at the inner terminal moraine (from Allard et al., 2020).
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3.1.1.1 Summary and glacier reconstructions

In summary, during the cold stages of the last glacial cycle, the glaciers of Mount Tymphi
were restricted to the cirques and upper valleys between 1700 and 2350 m. The updated glaciers
reconstructions of Allard et al. (2020) are depicted in Figure 12. The largest glaciers on Mt
Tymphi during the Tymphian Stage (MIS 5d-2), reached their terminal positions no later than
29.0 £ 3.0 - 25.7 £ 2.6 ka. The mean ELA for this stage was 2016 m a.s.l. (Allard et al., 2020)
uncorrected for tectonic uplift and sea-level change. Glaciers had retreated to the high cirques
by 24.5 + 2.4 ka, during Heinrich Stadial 2., with an ELA of 2231 m a.s.l. (Allard et al., 2020).
During this period of glacier retreat, rock glaciers formed below small glaciers in the Tsouka
Rossa cirques (Hughes et al. 2003) under cold and drier conditions. Initial results also suggest
that small glaciers persisted in the northeast cirques at 18.0 + 1.9ka although more evidence is
needed in order to confirm this. A mean ELA of 1596 m a.s.l. was calculated for these glaciers
(Allard et al., 2020), although glacier formation was controlled by slope angle, aspect,
topographic shielding and avalanching snow accumulation and therefore these values should
not be used for comparison between different massifs. Indicatively, extensive snow patches
remain today on this side of the massif during the summer months, fed by avalanching snow
and shaded by the Goura cliffs (Allard et al., 2020).

The identified glacial Stages and sub-phases, morphostratigraphic units, altitudinal extent
of geomorphological evidence and age models according to all the presented studies on Mt
Tymphi are summarised in Table 3.

Table 3. Pleistocene glacial phases and morphostratigraphic units on Mt Tymphi
(see text for references)

Orientation/mean ELA

Phase Age (Correlations) PDI ) )
Deposits Altitude
NE/1596 m a.s.l.
+ -
18019k 1420-1435 m a.s.l.
Tymphian Stage 24.5+24 ka S/2231mas.l.
(Unit 3) (retreat phase) _ 2150-2350 m a.s.l.

S,N/2016 ma.s.l.

+3.0- +
29.0+3.0-25.7+2.6ka 1700-1850 m a.s..

Vlasian Stage S/N 1862 m a.s.l.
MIS 6; ca. 190-130 k 29 - 38.
(Unit 2) 56; ca. 190-130 ka 9-383 1100-1350 m a.s.l.
Skamnellian N,S/1741 mas.l.
MIS12; ca. 480-430 k 1.8-61 ’
Stage (Unit 1) S12; ca. 480-430 ka 51.8-6 Down to750 m a.s.l.
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Figure 12. Reconstruction of the maximum extent of Late Pleistocene Tymphian Stage glaciers (25.7 +
2.6-29 + 3.0 ka) on Mount Tymphi. Dotted red lines show Late Pleistocene glacier extents at 24.5 +
2.4 ka, after glacier retreat and dotted brown lines show rock glaciers that developed during the same
period. The extent of previous glaciations during MIS 12 (Skamnellian Stage) and MIS 6 (Vlasian
Stage) are denoted by morphostratigraphic units 1 and 2 respectively (from Allard et al., 2020).

3.1.2 Mt Smolikas

Mt Smolikas is the second tallest mountain in Greece at 2637 m a.s.l. and lies just 15km to
the north of Mt Tymphi. However, its ophiolitic geology means it is less complex in form as it
is a generally rounded mountain with fewer cirques and deep valleys cut in to it compared to
Mt Tymphi (Hughes, 2004). Mt Smolikas is part of the Pindus ophiolite complex (Jones and
Robertson, 1991), part of a nappe which is tectonically overthrust onto the Eocene flysch of
the Pindus Zone. Its ophiolites consist of serpentinites, harzburgites and dunites which are
traversed by pyroxinite and gabbro veins. Jurassic schists and limestones are also present
locally, at the overthrust nappe of the ophiolitic complex (IGME, 1987). Simple sketch maps
of the glacial geomorphology of Smolikas were provided in the pioneering work of Boenzi et
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al. (1992) and this was followed-up with more detailed mapping and sedimentological

investigations by Hughes (2004).

Glacial geomorphological features are less well preserved than on Mt Tymphi and the
glacial sequence in some cirque-valley systems is typically more fragmented (Hughes et al.,
2006e). Evidence of a complete glacial sequence has been documented only on its northern
slopes, while near its highest peaks well-developed cirques and glacial deposits within them
have been recorded (Hughes et al., 2006d). Most importantly, four discrete phases of
Pleistocene glacial activity are recorded on Mt Smolikas (Hughes et al., 2006c) implying that
there is one more, younger stage of glaciation here that is absent on Mt Tymphi (Figure 13;
Table 4).

Table 4. Pleistocene glacial phases of Mt Smolikas (see Figure 13 for locations and text for references)

Orientation / mean ELA

Phase Age (Correlations) i i
Deposits Altitude
-alaci N /2372 m
Late glamal/Y_ounger Dryas MIS 2: 17.5-11.7 ka
(Unit 4) 2300-2400 m
. : N - NE-SE /2241 m
Tymphian Stage (Unit 3) MIS 2; 29.0 - 25.7 ka
2000-2200 m
: . N /1997 m
Vlasian Stage (Unit 2) MIS 6; ca. 190-130 ka
1100-1350 m
: . N /1680 m
Skamnellian Stage (Unit 1) MIS12; ca. 480-430 ka
1000 m

Traces of vast glacier formation have so far been documented only in the Vathylakos valley
on its northern slopes that has been correlated based on morphostratigraphy and altitude to the
Skamnellian/Vlasian Stages on Mt Tymphi (Hughes, 2004; Hughes et al., 2006c). This deep
ice-scoured valley is headed by typical glacial cirques near its tallest peaks which exceed 2600
m a.s.l. in altitude (Figure 14) and ends up in some thick diamicton deposits at an altitude of
1000 m a.s.l. near the village of Aghia Paraskevi (Figure 13; Woodward and Hughes, 2011).
These deposits are traversed by a road revealing a 30 m thick vertical section of ophiolite-
derived unconsolidated sediments with a minor limestone component (Hughes et al., 2006e).
A detailed sedimentological analysis of the diamicton sequences by Hughes et al. (2006e)
within these deposits revealed three stacked subglacial till facies separated by facies related to

meltout. Moreover, the boundary between glaciotectonized units and undeformed original
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glacial deposits was considered as lithostratigraphic division between the different glacial units
(Hughes et al., 2006e). Therefore, based on the morphostratigraphic sequence on Mt Tymphi,
the lowest non-deformed unit (Unit 1 — ELA 1680 m a.sl.) was ascribed by Hughes (2004) to
the Skamnellian Stage (MIS 12) while the pair of glaciotectonized units deposited about 500
m up-valley (Unit 2 — ELA 1997 m a.s.l.) were ascribed to at least two glacier advance/retreat
cycles during the Vlasian Stage (MIS 6). The latter phase is also related with similar deposits

that form clear ridges upvalley between 1100 and 1350 m a.s.l. (Hughes et al., 2006c¢).

(¢ N L
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Boghdhani
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Glacial Limits
[ Late-glacial
[ Tymphian Stage
[] Vlasian Stage
]

0

Skamnellian Stage

1 2 km
L1 1

Figure 13. Glacial extent during the different Stages of the Pindus Chronostratigraphy on Mt
Smolikas according to so far published studies (adapted from Leontaritis et al., 2020 — map
composition based on Hughes et al., 2007)
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Figure 14. Up: the impressive NE cirque below the summit of Mt Smolikas (2637 m a.s.l.) and
the upper western branch of the ice-scoured Vathylakos valley. Two distinct morphostratigraphic
groups have been identified here (3 and 4) which have been correlated to glacial activity around

the LGM and the Late-glacial/Younger Dryas respectively (Hughes et al., 2006¢). The eastern
branch of the valley can be seen in the left side of the picture and is headed by the Mossia cirque.
Bottom: the deposits within the Mossia cirque below the homonymous peaks Mossia | & 11 have
been ascribed to morphostratigraphic unit 3 which are attributed to morphostratigraphic unit 3
and glacial activity around the LGM by Hughes et al. (2006¢). (Photos: August 2019)
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Elsewhere on Mt Smolikas, the glacial sequence is fragmentary due to the high erosion and
numerous landslides of the ophiolitic bedrock. Therefore, morphostratigraphic correlations of
low to mid altitude deposits that could be Middle Pleistocene in age is difficult to establish.
Moreover, it was originally assumed, that there are no glacial erosional or depositional features
on the southern slopes of Mt Smolikas (Hughes, 2004; Hughes et al., 2006c). This was based
on the lack of obvious cirques or troughs in topographic maps and the mapping of Hughes

(2004, 2006c) generally agreed with the earlier observations of Boenzi et al. (1992).

The next two groups of moraines in the VVathylakos valley (Figure 13 and Figure 14) occur
at 2000 to 2150 m a.s.l. (Unit 3 — mean ELA of 2241 m a.s.l; Hughes, 2004) and 2300-2400 m
a.s.l. (Unit 4 —-mean ELA of 2372 m a.s.l.; Hughes, 2004). These two suites of moraines are
separated by hummocky moraines and perched boulders that were most probably deposited
upon glacial retreat. Unit 3 deposits have been correlated with the Tymphian Stage on Mt
Tymphi (MIS 5d — MIS 2) and probably predate the LGM (Hughes et al., 2006c). Moreoever,
under the light of the latest **CI chronology from Tymphian Stage moraines on Mt Tymphi
(Allard et al., 2020; see also section 3.1.1.2) this morphostratigraphic group could be more
precisely ascribed to glacial activity close to the LGM between 29.0 and 25.7 ka. Apart from
the Vathylakos valley, glacier deposits within the Mossia cirques (Figure 14; 2150-2200 m
a.s.l.) below the summits of Mossia I&I1 (2600 m a.s.l. and 2554 m a.s.l. respectively) were
also ascribed to morphostratigraphic Unit 3 based on their altitude and morphostratigraphic

position (Hughes et al., 2006c¢).

Arguably, some of the most interesting features on Mt Smolikas are the high-altitude glacial
deposits of morphostratigraphic Unit 4. These glacial landforms exceed in altitude the floors
of the highest cirques on Mt Tymphi by 200 m and therefore could postdate the youngest
moraines on Mount Tymphi (24.5 ka — Allard et al., 2020). It has been argued that they could
have been formed after the local Late Pleistocene glacier maximum and the last cold stage -
during the Late-glacial (17.5-11.7 ka; Rasmussen et al., 2006; 2014) - and in particular that
they might be Younger Dryas in age (Hughes, 2004; Hughes et al., 2006¢). This argument is
well supported by more recent findings on Mt Olympus and Mt Chelmos (see next sections)
but still needs to be confirmed by cosmogenic exposure dating. Historical satellite imagery
from late summer (September) appears to confirm that there are no permanent snowfields on
Smolikas, unlike on Mount Olympus (Hughes, 2018). Based on this evidence and snow melt
modelling, Hughes (2018) argued that pronival ramparts that are present against the north-

facing cliffs of Smolikas are also likely to be Late-glacial in age with no glacial or nival features
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dating to the Holocene. Again, this hypothesis requires further testing using cosmogenic

exposure dating.

3.1.3 New evidence from Mt Smolikas

The new evidence from Mt Smolikas that is presented here regards some diamicton
sediments that are interpreted as sub-glacial till and moraines both in the southern and northern

slopes of the mountain.

3.1.3.1 Northern Slopes

The evidence considering the northern slopes regards the identification of terminal and
lateral moraines in the Mesopotamos and the Koutsoura valleys, that are located to the west

and parallelly to the Vathylakos valley (Figure 15).

Koutsoura valley

The evidence in the Koutsoura valley (Figure 15) regards some terminolateral moraines at
1100 m a.s.l. which are characterised by some very thick accumulations of proglacial till
(>40m) (Figure 16a). These deposits have been incised by the Koutsoura stream which divides
them into two sections, revealing good exposures of the deposits (Figure 16b). The key
characteristic of these moraines is that their lithology is ophiolitic. In terms of composition,
this till unit is very similar to the Vathylakos lower undeformed till unit described by Hughes
et al. (2006e; see also section 3.1.2) that has been ascribed to MIS 12. The clasts within the
diamicton deposits are sub-rounded and striated and range in size between gravels and massive
boulders >80 cm in diameter. These clasts are supported by a sandy to muddy matrix. However,
an important remark is that in contrast to the Vathylakos lateral moraines ascribed to MIS 12
which are unconsolidated, these deposits are lithified in places (Figure 16c). This could indicate
that they are older in age compared to the ones in Vathylakos.

These deposits were considered as the lowermost depositional limit of Skamnellian Stage
(MIS 12) glaciers originating from the Vathylakos valley (Hughes 2004; Hughes et al., 2006c).
An alternative interpretation could also be possible though. These till sediments could be
ascribed to a previous glacial interval if it is proved that they are stratigraphically older than
the MIS 12 deposits as indicated by their partial lithification. However, as the Vathyakos
formation deposits are partly nested into the deposits of the Koutsoura valley formation they
are difficult to be distinguished from their morphology and a detailed sedimentological analysis

is required. In any case, under the lack of further evidence and a detailed study of these deposits
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the adaptation of such an assumption would be speculative. Therefore, the approach of Hughes
at al. 2006¢ has been followed regarding the ascription of both the lower undeformed unit in
the Vathylakos valley and the deposits in the Koutsoura valley in the same morphostratigraphic
unit and its correlation with Skamnellian Stage (MIS 12) in Mt Tymphi. The respective ice
limits according to the new mapping of the Koutsoura and Vathylakos deposits are depicted in

Figure 15.
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Figure 15. Glacial Stages and updated glacier extent according to new evidence on Mt Smolikas.
While the identified till units indicate the lower glacial limits, the ice configuration depicted here
represents only an approximate logical assumption according to local geomorphology. Moraine
ridges on the northern slopes are denoted with red dashed lines whereas the detailed geological map
tile along with the mapped till units on the southern slopes of the massif are shown in Figure 20.
(Modified from Hughes et al., 2017)
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Figure 16. a) (Top): Looking west towards the western part of the deposits (~40 m tall) from a track
bisecting the eastern section of the deposits in the Koutsoura valley. Notice the person on the track for
scale, b) (Middle): trackside exposure at the same point and c¢) (Bottom): lithified till within the
eroded inner flank of the western section of the deposits (Photos: August 2019)
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Mesopotamos valley

The lithology of the upper Mesopotamos valley (above 1600 m a.sl.) is dominated by
ophiolites while in lower elevations the bedrock is mainly composed of flysch. Most
importantly, there are several outcrops of Jurassic limestone along the lower part of the valley
(IGME, 1987) and this is reflected in the lithology of the moraines that have been identified in
this valley (Figure 15; Figure 17).

Figure 17. The eastern (top) and western (bottom) moraine ridges in the Mesopotamos valley
are characterized by limestone clasts and boulders (see Figure 15 for location). Ophiolite-derived
sediments are limited to smaller clasts and to the fine material of the matrix supporting the deposits.
The moraine has been deposited on Flysch bedrock (Photos: August 2019).
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Apart from their rich content in ophiolite-derived sediments similarly to the moraines in
Vathylakos and Koutsoura valley, these moraines are characterised by the presence of
limestone clasts and large (>1.5 and up to 4 m in diameter), glacially transported boulders
within their deposits as well as on the valley floor between the two moraines (Figure 17).

These two moraines are much more restricted in height compared with the moraines in
Vathylakos and Koutsoura valleys that exceed 30m and this could be attributed to the much
larger width of the Mesopotamos valley that probably resulted in a considerably thinner glacier
compared to the Vathylakos valley glacier. The composition of the deposits is similar to the
subglacial till unit in the southern slopes of Mt Smolikas that is described in the next section.
They are characterized by clast-rich lithology with sandy to muddy matrix. The fine-grained
material is mainly ophiolite-derived and is unconsolidated. The clasts on the other hand are
subrounded and striated and their lithology ranges from ophiolite to limestone, with the
ophiolitic clasts and boulders being much smaller in size compared to limestone ones. It should
be noted that although it is here argued that these sediments are glacial in origin as it has been,
in the geological sheets of IGME (1987) the whole valley between 1600 and 800m a.s.l. is
marked as a land-sliding area.

: . _L,AMﬁ

Figure 18. Glacially transported limestone boulder in the village of Aghia Paraskevi. The village is
built on till composed of ophiolite and limestone-derived sediments from the uplands of Mt Smolikas
whereas the bedrock of the area around the village is dominated by flysch.

(Photo: August 2019)

48



The down-valley depositional limits of this unit have been recorded at 850 m a.s.l. below
the village of Agia Paraskevi (Figure 15) that is actually built upon glacial deposits between
900 and 1000 m a.s.l. (Figure 18). This till formation must have been deposited by the
Koutsoura valley glacier originating from the upper northern slopes of the mountain. The
watershed could be the upper limit but an ice-cap configuration should not be excluded. It
should be mentioned that although there are no cirques or glacially steepened headwalls
present, there is plenty of glacial evidence such as glacial boulders and fragmentary morainic
deposits along the upper valley. A similar lack of ice-steepened headwalls of formerly glaciated

valleys has also been observed in the nearby, also ophiolitic, Mt Mavrovouni (Chapter 4).

3.1.3.2 Southern Slopes

The road connecting the villages of VVrysochori and Palioseli traverses the northern bank of
the Aoos Gorge on the lowermost slopes of Mt Smolikas exposing good sections of diamicton
sediments at an altitude range between 650m to 1050m (Figure 19 and Figure 20). Similar
deposits were also observed near the village of Palioseli at 1140m and it is most probable that
these are of glacial origin. These sediments are characterized by clast-rich lithology with sandy
to muddy matrix (Figure 19a). The fine-grained material is mainly ophiolite-derived and is
unconsolidated, resembling the matrix of the Vathylakos and the Mesopotamos till/moraine
formations that are mentioned above. The clasts are subrounded and striated and their lithology
ranges from ophiolite to limestone. The ophiolitic clasts and boulders are much smaller in size
compared to limestone probably due to the several cracks and joints present in the parent

bedrock. This sediment unit lies on flysch (Figure 19b).

As it can be seen in the geological map of the region (Figure 20), ophiolite within the
studied basin occurs at higher altitudes (1400-2100 m a.sl.) while limestone mainly appears in
the 1350-1500 m a.s.l. altitude zone. Therefore, the ophiolite-derived sediments must have been
transported a further distance down-valley compared with the limestone material, although
both lithologies represent erratic material since they are lying on top of flysch bedrock in the
lower valley areas. Taking also into account the composition of the sediments, gravitational or
fluvial deposition could be excluded, implying a glacial origin. In particular, these sediments
might be subglacial till from a glacier originating from the above slopes. However, it should
be noted that neither a cirque nor a typically deepened ice-scoured glacial valley is present
above these deposits. Therefore, while this till unit indicates the lower glacial limits, the ice
configuration depicted in Figure 15 represents only an approximate logical assumption

according to local geomorphology and the position of the lower glacial deposits.
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Figure 19. Road-side exposure of till sediments on the lowermost southern slopes of Mt Smolikas: a) (Top
left): note the sand and mud rich matrix and the mixed limestone/ophiolite subrounded clasts - sunglasses
for scale; b) (Top right): the limestone/ophiolite diamicton deposits derived from higher altitudes have
been thrusted over the underlying flysch bedrock; c) (Bottom): a massive erratic boulder (Photos: July
2017).

Another till unit is reported on the local geological sheet of the Greek Institute for
Geological and Mineral Exploitation (IGME, 1987) above the village of Pades which can be
attributed to the same glacial phase (Figure 20). In the geological map of IGME (1987) the
deposits are mapped with the symbol for glacial deposits but labelled on the same geological
map by the code for terraces of carbonate debris, which is inconsistent with local
geomorphology and lithology. These deposits are also mapped as scree in Hughes (2004)

following the IGME Geological Sheet.
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Figure 20. Detailed geological map of the southern slopes of Mt Smolikas within the Palioseli/Pades
region on southern Mt Smolikas where new glacial evidence has been identified. Till units drawn
upon new evidence and the local 1:50,000 geological sheet of IGME (1987). The Lithology has been
based on the same geological sheet. See text for further details.

However as new evidence indicates, these deposits are indeed diamicton deposits of glacial
origin and are similar in sedimentological composition to those described above (e.g.) and are
therefore interpreted here as subglacial till. In particular these sediments are ophiolite-derived
and are characterized by clast-rich lithology and unsorted gravels supported by a sandy matrix
which remains unlithified (Figure 21). The clasts are striated and subrounded and vary in sizes
with the bigger boulders exceeding 50 cm in diameter. Similar exposures can be found
throughout this area and are generally in agreement with the limits of the unit denoted in the

IGME geological sheet (1:50:000; IGME, 1987).
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Figure 21. a) (Top): Roadside exposure of diamicton deposits within the
village of Pades at an altitude of 1160 m a.s.l.; b) (Bottom): detail of the same
till exposure (Photos: January 2020)

It should be noted that in this case the valley above these deposits is headed by the ice-
steepened NW flanks and semi-developed cirques below the Smolikas summit at 2637 m a.s.l.
However, the valley has undergone significant erosion and its lower parts are VV-shaped making
it difficult to distinguish their glacial origin as well as the glacier limits within the valley.
Therefore, the glacier configuration depicted in Figure 15, is an approximation based on local
geomorphology and the position of the identified till unit.
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3.1.3.3 Conclusions and interpretation of new evidence

The lack of typical glacial geomorphology (i.e. ice-scoured deepened valleys headed by
ice-steepened cirques) in the upper parts of some of the glaciated valleys described above has
so far led researchers (e.g. Boenzi et al., 1992; Hughes, 2004; Hughes et al. 2006c; 2007) to
identify with caution the glacial deposits on Mt Smolikas. This tactic is safe from a scientific
point of view but the conservative approach in this case proved to result in underestimating the
limits of former glacial extent on the massif. Nevertheless, in the nearby ophiolitic Mt
Mavrovouni (2157 m a.s.l.), moraines and other glacial deposits have been recorded in down-
valley positions whereas no glacial cirques or ice-steepened slopes are present at the head of
the valleys (see Chapter 4). At the same time, ophiolite-derived till is prone to post-depositional

fluvial erosion and other mass wasting processes and therefore it is not so often well-preserved.

Moreover, on neighbouring Mt Tymphi some areas also display sedimentary evidence of
glaciation in lower valley areas but no cirque forms in upper areas (Hughes et al 2007a). This
is the case on the slopes of the Astraka peak (Figure 6) where a Skamnellian Stage plateau ice-
field occupied the area to the south of Astraka, forming moraines in lower valleys but no
cirques in the upper valley areas (Hughes et al., 2006a). A similar situation may be envisaged
for Smolikas with a plateau ice-field or ice cap emanating, producing valley glaciers but no
cirques. This may also be compounded by the fact that cirques tend to be more weakly
developed in ophilolite terrains, whereas cirques in limestone areas are deeper, longer and more
enclosed (Hughes et al., 2007).

In terms of altitude, this phase of glacial activity could be correlated with the Skamnellian
Stage (MIS 12) in Mt Tymphi (Table 4) on the basis of altitude and morphostratigraphic
position, while the till units can be interpreted as the lower limits of the most extensive Middle
Pleistocene glaciers. However, the absence of distinct glacial or periglacial features in the
slopes above the two till units makes it very difficult at this point to establish the exact glacial
limits. In Figure 15, the drawn glacial extent depicts just an approximate assumption of what
could be a logical ice configuration that deposited the identified till units. Further evidence is
needed in order to confirm the observations presented here as well as to explore further
evidence in other valleys -especially in the eastern part of the massif where the glacial sequence
is fragmentary (see Figure 13) - and eventually clear out the ice limits on Mt Smolikas. It should
be noted that a plateau ice field with valley glaciers radiating from a central ice dome centered
over the tallest peaks of the massif cannot be excluded.
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In any case, a significant conclusion based on the new sedimentological observations is that
glaciers on Mt Smolikas also formed on its southern slopes and not only on its northern slopes
as it was up to now believed. This implies that as was the case on nearby Mt Tymphi, slope
orientation does not seem to have played a significant role on the formation of glaciers during
the most extensive Middle Pleistocene glacial phase. Therefore, these findings reveeal new
perspectives on the study of glacial history of Mt Smolikas and north Pindos in general and
open up the possibility that plateau ice fields dominated the palaeoglacier geometry of the most
extensive glacial phases, such as during the Skamnellian Stage, resulting in outlet glaciers

forming on all slope orientations.

3.2 Mt Olympus (north Greece)

Mount Olympus is the highest mountain of Greece and the second highest of the Balkan
peninsula reaching an elevation of 2918 m a.s.l. It is located in north Greece just 18 km west
of the Aegean Sea shoreline and comprises a relatively small (surface area: 550 km2,) and
isolated massif separated from adjacent lower mountains by shallow topographic depressions
(Styllas et al., 2016). The lithology of the massif is characterized by a metamorphosed and
deformed sequence of limestones of Triassic and Cretaceous to early Tertiary age, overlain by
a late Eocene flysch. High Pleistocene uplift rates up to 1.6 mm/yr have been reported (Nance,
2010). In the higher part of the mountain lies an extensive limestone plateau between 2200 and
2700 m a.s.l. surrounded by several peaks (Smith et al., 1997). Evidence of former glaciation
is abundant: clearly shaped cirques and morainic deposits can be found at the head of its deep
valleys both above and below the plateau. This glacial evidence was identified and reported in
the first pioneering studies of the mountain (Cviji¢, 1917; Wiche, 1956; Messerli, 1967;
Faugeres, 1969).

The first detailed field mapping on Mount Olympus and the surrounding piedmont zone
was carried out by Smith et al. (1997). In this study they identified evidence of former extensive
ice caps on the high-altitude plateaus of Mt Olympus as well as glacial deposits within a number
of glacially scoured valleys headed by typical glacial cirques (Figure 22). Three discrete
sedimentary packages (units 1-3) related to glacial activity in the uplands have been identified
in the area—each capped by a distinctive soil. The maximum glaciation was characterised by
an upland ice cap, extensive valley glaciation and piedmont lobes in the surrounding lowlands.
A second glaciation involved the development of upland ice and valley glaciers that did not
reach the piedmont. A third, and most recent, glaciation was restricted to valley heads and

glaciers that extended to mid-valley positions.
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Figure 22. Geomorphological maps of the glaciated uplands of Mount Olympus in northeast
Greece showing the landscape near the town of Katerini (A) and the cirques and glacial
deposits of the Bara plateau close to the summit (B) (from Woodward and Hughes, 2011 -
based on the maps of Smith et al., 1997).

The lack of radiometric data directed Smith et al. (1997) towards a tentative correlation
model for the timing of glacial phases based on the weathering of the soil profiles on those

three sedimentary units. The quantification of weathering using pedogenic maturity indices
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(PDI) after Harden (1982) allowed for the correlation with a poorly dated - for modern
standards - sequence of alluvial sediments in the nearby Larisa Basin by Demitrack (1986). In
short, this index is used to quantitatively measure the degree of soil profile development taking
as well into account its weathering degree. The correlation of these sediments placed unit 1
before 200ka (interpreted as deposition within MIS 8), and unit 2 within MIS 6 (Table 5). The
sediments of unit 3, representing the last major glaciation of the massif which was restricted to
valley heads, were placed within MIS4 to MIS2 (Smith et al., 1997).

Table 5. Comparison of PDlIs of sedimentary units and respective age model for Mt Olympus (tentative age
model and PDlIs after Smith et al. 1997) and Mt Tymphi (U-series ages and PDIs after Hughes et al., 2006a)

Mt Olympus Mt Tymphi
Sedimentary Unit PDI Age Glacial Stage Age PDI
3 5-13.2 MIS8 Tymphian Stage (Unit 3) EAI\I/ISIS% 78-9
2 38 MIS6 Vlasian Stage (Unit 2) MIS 6 29 -38.3
1 50.8-8L7  MIS4-2 Skam”e'"ag)Stage (Unit  \iis12 51.8-61

However, even though these ages are generally in agreement with the dated glacial deposits
in other mountains, this archive should be viewed with caution in terms of reliability for
regional correlation and comparisons due to both the poor chronological control of the Larisa
basin alluvial sequence and the difficulties of making valid comparisons of soil profile
development when sites are located at different altitudes in contrasting geomorphological
settings (Woodward and Hughes, 2011). Moreover, comparison of ELAS elsewhere in Greece
with those reconstructed for Mount Olympus is difficult since ELA reconstructions presented

in Smith et al. (1997) are very unclear and contradictory (Hughes, 2004).

The PDIs obtained from soils developed on glacial deposits on Mt Tymphi (Hughes et al.,
2006a) and Mt Olympus (Smith et al. 1997) are in any case comparable, since they have been
scored with the same methods of Harden (1982) and at the same time it is likely that soils in
these two areas have undergone similar rates and styles of weathering given the similar geology
and relatively short distance between the sites (Hughes, 2004). In this perspective, it should be
noted that the oldest deposits on Mt Olympus (Unit 1) have deeply weathered soil profiles with
profile development indices (PDIs) in the range of 50.8 to 81.7 (Smith et al. 1997) and compare
with values between 51.8 to 61 obtained for soils developed on the oldest glacial deposits on
Mount Tymphi (Table 5). Similarly, for unit 2 and unit 3 deposits, the scored PDIs of 38.0 and
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5-13.2 respectively compare with the respective values of PDIs obtained for soils developed

on Vlasian Stage (29-38.3) and Tymphian Stage glacial deposits (7.8-0) on Mt Tymphi.

Therefore, the oldest and most extensive deposits (unit 1) could rather safely be correlated
to the Middle Pleistocene stages of the well dated chronostratigraphy of the Pindus mountains
in north-western Greece (see section 3.1.1). In particular they could be related with the oldest
and most extensive Skamnellian Stage (MIS 12) although such a claim should be done with
caution. Similarly, unit 3 deposits can be correlated with the Tymphian Stage of the Pindus
Chronostratigraphy as suggested also by the latest study on Mt Olympus by Styllas et al.
(2018), which is presented in detail next. The geomorphological context of Unit 2 deposits

though is rather blurry so it would be quite risky to attempt a correlation based on PDIs only.

What is notable about the most extensive phase of glaciation that correspond to unit 1
deposits is that according to the work of Smith et al. (1997) glaciers formed piedmont lobes
that extended as low as 100 m a.s.l.. This was a radical revision of the early work of Faugeres
(1969) and Messerli (1967) where it was concluded that glaciers on Mount Olympus did not
descend to altitudes lower than 1600 m a.s.l. Faugeres (1967) interpreted most of the lowest
piedmont deposits as fluvial deposits and alluvial fans. Hughes (2004) argued that whilst there
is evidence of glaciation as low as 850 m a.s.l. on Mount Tymphi (Woodward et al. 2004),
nowhere in Greece are glacial deposits recorded as low as argued by Smith et al. (1997) for
Mount Olympus. Moreover, the interpretations by Smith et al. (1997) were contradictory to the
recorded extent of glaciation in the Pindus Mountains to the west which back in 2004 was the
best studied glacial sequence in the Mediterranean. On these grounds, the interpretations of
Smith et al. (1997) were disregarded as not plausible and the question of Middle Pleistocene
glaciation extent on Mt Olympus has since remained open.

Recent observations by the author seem to reopen this research questions. As stated at the
beginning of this chapter, these observations are not part of systematic research and are rather
included in this thesis as supplementary material that could help future glacial research in the
mountains of Greece. Diamicton deposits that could be interpreted as glacial in origin (till)
have been identified right at the outlet of the Ourlias river at an altitude of 260 m a.s.l. on the
eastern piedmont of the massif and ~14 km SW of Katerini (Figure 22). These deposits can be
seen in Figure 23 and Figure 24. It should be noted that the diamicton deposits depicted in
Figure 24 sit on top of a partly lithified and stratified sedimentary unit that could possibly be
of fluvial/glaciofluvial origin. This unit has been deeply incised by later fluvial activity

revealing a sedimentary unit with what could be described as a complex sedimentation history.
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Exposures of similar sedimentary units can be found near the outlets of many valleys in the
east/northeast piedmont of the mountain. Systematic research is in any case needed in order to

proceed with meaningful interpretations of such complex sedimentary units.

Figure 23. Diamicton deposits dominated by rounded and sub-rounded limestone boulders and
supported by a sand matrix, forming an obvious unconformity with the underlying bedrock. Road-

side exposure near the outlet of the Ourlias stream and the homonymous canyon at the eastern
piedmont of Mt Olympus. These deposits can be interpreted as till (Photo: August 2019)

Figure 24. Diamicton deposits on top of very thick (up to 40 m) accumulation of partly lithified and
stratified sedimentary unit of fluvial/glaciofluvial origin (?) at the outlet of the Ourlias stream and the
homonymous canyon (northern bank) at the eastern piedmont of Mt Olympus (Photo: August 2019)
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Figure 25. The uplands of Mt Olympus bare traces of very extended glaciations in the past.

Here are depicted two aspects of the ice polished and scoured NE flanks of the Rema Naoum valley
that also drains the Megala Kazania cirque (Figure 26, Figure 27). The whole area seems to have
been covered by an extensive ice cap rather than by glaciers confined within the boundaries of certain
valleys. The orange dot has been placed as a point of reference between the two pictures. Notice that
even though this rocky elevation is well above the valley floor, it is clearly scoured and polished by
ice indicating that this former ice cap was several hundred meters thick (Photos: September 2020).
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It could be stated that the above-mentioned deposits are far too low in altitude (260 m a.s.l.)
compared with the Skamnellian Stage deposits on Mt Tymphi that only came down to an
altitude of 700 m a.s.l. (see section 3.1.1). However, the valleys were glaciers formed on Mt
Tymphi are headed by peaks that hardly exceed 2400 m in altitude whereas on Mt Olympus
there are several peaks that exceed 2800 m. Moreover, Mt Olympus has at least two high
altitude plateaus at about 2600 m (Muses and Bara plateaus) that could effectively increase the
snow accumulation and formation of ice. This is also obvious on the present geomorphology
of the uplands of Mt Olympus that bares traces of very extensive past glaciations (Figure 25).

3.2.1 Advanced studies on Mt Olympus
The first radiometric data came soon after the study of Smith et al. (1997) by Manz (1998)

who tried to improve the age control of the glacial deposits by dating boulder surfaces from the
lower units applying the cosmogenic %*Cl exposure dating method. This was one of the earliest
attempts to apply cosmogenic exposure dating in the Mediterranean. The sampled boulders
yielded ages ranging from 32 to 56 ka that appear to disagree with the findings from Northern
Greece and Montenegro, which suggest that the most extensive glaciation phase took place
during Middle Pleistone (Skamnellian Stage/MIS 12 and Vlasian Stage/MIS 6 - Hughes et al.,
20064, 2010, 2011). However, the geomorphological context of the boulders sampled by Manz
(1998) is unclear and similar ages have been found from moraines on Mount Chelmos (Pope
et al., 2017) where it has been argued that these deposits identify with a phase of glaciation
belonging to MIS 3. The absence of a reliable and internally consistent chronology for the
Mount Olympus glacial record presented in these first studies limited its value as a basis for
information retrieval in the palaeoclimatic context and prevented accurate correlations with
other sites (Woodward and Hughes, 2011; Hughes and Woodward, 2017; Pavlopoulos et al.,
2018).

Interestingly, study of Styllas et al. (2018) on Mt Olympus brought up new evidence
supporting several glaciation episodes during the Late-glacial and Holocene. In particular, a
chronology of glacial phases of Mt Olympus was proposed based on cosmogenic 36Cl exposure
dating of moraine boulders. Samples were taken from boulders within two high altitude cirques
just below Olympus’ highest peaks: the northeast facing and steeply inclined Throne of Zeus
(TZ) cirque at 2580 m a.s.l. and the deeper, longer and more enclosed northwest oriented
Megala Kazania (MK) cirque at 2200 m a.s.l. (Figure 26, Figure 27). Notably, the
chronological order of the obtained ages is in good agreement with the stratigraphy of glacial
landforms (Styllas et al., 2018).
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A first phase (LG1) of glacial advance/stabilization is recorded in both cirques at 15.6 £ 2.0
-14.2 + 1.0 ka [revised timing after Leontaritis et al. (2020) based on Styllas et al. (2018)].
These glaciers started retreating by 14.09 £ 1.74 ka (Styllas et al., 2018) as dating of exposed
bedrock within one of the dated moraines in the TZ cirque indicated. This phase tentatively
correlates with the Oldest Dryas (17.5-14.7 ka; Rasmussen et al., 2006) and is characterized by
cold and arid climate (Styllas et al., 2018). A set of clearly shaped moraines (MK-A) was
mapped in the MK cirque below the LG-1 moraine complexes at an altitude of 2150 m a.s.l.
and was ascribed to a glacial advance phase predating LG-1 and presumably near or before the
LGM. Since this study was focused on the Late-glacial to Holocene glaciations this moraine
was not sampled. However, this morphostratigraphic unit can be correlated with Unit 1 deposits
of Smith et al. (1997) and the Tymphian Stage of the Pindus Chronostratigraphy (Leontaritis
et al., 2020) as also shown in Table 5. A second glacial phase (LG2) was attributed to 13.2 +
2.0 - 13.5 £ 2.3 ka, taking the mean of moraine boulders ages ranging from 14.6 to 12.5 ka .
However, considering that taking a mean of scattered ages is not the best choice (Ivy-Ochs et
al., 2007) and combined with the lack of any other evidence from palaeoclimate proxies or
other glacial studies in the western Balkans for this period, Leontaritis et al. (2020) did not
consider this phase and instead suggested that the respective boulder ages are attributed to LG1
and LG3 phases (Table 6). The LG3, was characterized as a glacial retreat phase at 12.6 + 1.6
- 12.0 £ 1.5 ka and is tentatively correlated to the Younger Dryas (12.9-11.7 ka ; Rasmussen
et al., 2014) under cold and dry climatic conditions (Styllas et al., 2018).
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Figure 26. Mean cosmogenic **Cl surface exposure ages of moraines in the Megala Kazania (MK)
and Throne of Zeus (TZ) cirques on Mt Olympus (from Styllas et al., 2018).
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As regards the Holocene, three distinct phases were recorded within the MK cirque. The
first phase of glacial stagnation or re-advance is placed at 9.6 + 1.2 ka (HOL1) is strongly
supported by identical ages of boulders coming from distinct moraines of the same
morphostratigraphic order while the second phase is placed at 2.6 £ 0.3 - 2.3 + 0.3 ka (HOL?2).
Finally, the most recent glacier advance (HOL3) is dated to 0.64 £ 0.08 ka, at the beginning of
the Little Ice Age, constrained by only one dated sample. However, glacier of snow/ice patch
expansion would be expected during the Little Ice Age since evidence for this has been
identified at multiple sites further north in Montenegro (Hughes, 2007, 2010b).

Table 6. Late-glacial to Holocene glacial phases of Mt Olympus
(after Leontaritis et al., 2020 with data from Styllas et al., 2018)

Phase Glacier behaviour Age
Little Ice Age (HOL3) Advance 0.64 £ 0.08 ka
Late Holocene (HOL?2) Advance 26+0.3-23%0.3 ka
Early Holocene (HOL1) Stagnation/ Re-advance 9.6+1.2ka
Younger Dryas (LG3) Retreat 126+1.6-12.0+15ka
Oldest Dryas (LG1) Advance/Stabilisation 15,6 +2.0-14.2+ 1.0 ka

MK-B2
135+16ka

MK-B3
133t12ka

MK-C1
Debris covered 96+0.7 ka
snowfields
MK-C4
0.6 +0.05 ka

.
o R
S

MK-B1
155+1.1ka
124:09 ka

- x

v MK-C2
b\ e 9.6+0.7 ka
Figure 27. The view of Megala Kazania (MK) cirque from the summit of Mount Olympus, Mytikas
(2918m). Moraine complexes MK-A (dark blue dashed line), MK-B (yellow dashed lines) and MK-C
(light blue dashed lines) and sampled moraine crests (MK-B1 to B5, MK-C1 to C4) are shown with
their respective **Cl ages (from Styllas et al., 2018).
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It should be noted that due to the uncertainties in the cosmogenic exposure dating
techniques that are related to the assumed production rates and the correction coefficients for
erosion/snow cover, the age control of these glacial deposits is to a certain extent limited
(Leontaritis et al., 2020). Indicatively, for the reported ages of Styllas et al. (2018) the combined
effect of the erosion/snow cover correction coefficients shifts backwards the raw calculated
age of a sample by 8-15% whilst the analytical and production rate errors are within = 10-15%
of the final calculated age (Leontaritis et al., 2020). Therefore, even though the above-
mentioned glacial phases of Mt Olympus can be placed with confidence within the Late-glacial
and the Holocene respectively, the reported ages should be viewed with caution and the precise
timing of the glacier phases is likely to be subject to revision (Leontaritis et al., 2020). The

same is true of the earlier ages obtained by Manz (1998).

3.3 Peloponnese (south Greece) and the complex glaciations during the
Tymphian Stage

The highest mountains in the Peloponnese (Figure 1), Mt Taygetos (2407 m a.s.l.), Mt
Chelmos (2355 m a.s.l.), Mt Ziria (2375 m a.s.l.) and Mt Erymanthos (2224 m a.s.l.), are
dominated by limestone lithologies and hold abundant glacial evidence like cirques, glacial
valleys, and moraines suggesting their multiple glaciations during the Quaternary. However,
the geochronology and the palaeoclimatic context of this glacial record have been only
explored partly so far (Pavlopoulos et al., 2018; Pope et al., 2017). In particular, Mt Chelmos
is the only mountain of the Peloponnese that has to a certain extent been studied to an advanced
level. The first pioneering studies on Mt Chelmos report cirques, moraines, glacial boulders
and ice-moulded bedrock which are generally attributed to Quaternary glaciers (Philippson,
1892; Maull, 1921; Mistardis, 1937a, 1937b, 1937c, 1946). Later on, Mastronuzzi et al. (1994)
presented glacial features on Mt Chelmos that were attributed a Late Pleistocene age, although
no ages were obtained. The first advanced studies on Mt Chelmos were conducted only years
later by Pope et al. (2017) followed by a part of this research that was dedicated to Mt Chelmos.
The former study is summarised in the next section while the results of the latter one have been

published by Pavlopoulos et al. (2018) and are presented in detail in Chapter 5.

Further south in the Peloponnese, glacial features are reported on Mt Taygetos by Maull
(1921), Mistardis (1937a), Mastronuzzi et al. (1994), Pope (2010) and Kleman et al. (2016).
On the eastern slopes of the massif there is an impressive set of moraines and glacial boulders
within a steep cirque at an altitude of only 1850 m a.s.l. (Leontaritis et al., 2020; Figure 28).
Pope (2010) argued that glacial meltwater is likely to have been closely related to alluvial fan
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development in the Sparta fans situated downslope and luminescence dating suggests that
proximal fan sediments were deposited between 250 and 130 ka (MIS 8-6) (Pope and
Wilkinson, 2006). However, the moraine and proximal fan soils differ significantly in terms of
magnetic and iron properties, which are proxies for weathering (Pope and Millington, 2000),

and this may reflect a large age difference.

Even though in the study of Mastronuzzi et al. (1994) it is claimed that Chelmos and
Taygetos are the only mountains in the Peloponnese where glacial traces can be recognized,
Mistardis (1937a) reports glacial cirques and moraines on Mt Erymanthos while recent
observations from Mt Ziria, just a few km to the east of Mt Chelmos, suggest that this massif

has also been glaciated in the past (Pope et al., 2017).

Figure 28. The set of terminal moraines at Gouves (alt. 1850 m a.s.l.) on Mt Taygetos
(Photo: June 2017).

3.3.1 Advanced studies on Mt Chelmos

The first advanced systematic study on Mt Chelmos was conducted by Pope et al. (2017),
and included detailed geomorphologic mapping of glacial evidence and a dating program of

the younger moraine deposits with cosmogenic *Cl (Figure 29).

The most extensive glacial phase along with its unequivocal glacial traces
(morphotratigraphic unit 1) remains undated but has been correlated with the
Skamnellian/Vlasian Stages of northern Greece (MIS 12/MIS 6) on the basis of its

morphostratigraphic position. This unit could represent more than one glaciation episodes but
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it was not possible to distinguish multiple moraine units that correspond to both stages. During
this glacial phase Mt Chelmos was glaciated by a plateau ice field with valley glaciers
characterised by a mean ELA of 1967 m a.s.l. radiating out of it (Pope et al., 2017). Deposits
from these glaciers were found down to 1180 m a.s.l. in the northeast.

22"10E 22°11'E 22°12E 22°13E 22°14E
Kal
Ski
s
g i
\ [
N9
\ |/
‘ 3
s I
R “.. - i
% . . o
> o?; I~ b z
~ K
z /—\J g kS
3 AS {
. > )
P b
\
( 1.6 » X,
‘ 2 X
f 16k Epan o B
o
+30 H
A =2
z w
g ( ( K é e - E;‘
@ s z
ambos
2
14
N s
« Aegean Sea
B
G§ REEC °
L q
G Scheimos o Vg Sib
fonian Sea | 3 LA
i o \
z ) > £ (2]
&,..m.mm o A .;:at...g’ ! a
S| ooun. & : , i J//“Z
22°10E 22°11'E 22°12E 22°13E 22°14E
A Mountain summit (m a.s.l.) ~ Glaciofluvial deposits
O  Settlement \\‘K Ice moulded bedrock
0 1 2k
«m~ Cirque T Incised channel/gully 1 A I m
=~ Moraine ridge (clear morphology) — Maximum limit of glaciation

Moraine/glacial boulders (indistinct) ~~ 2"~ Stratigraphical unit

Figure 29. Glacial Geomorphological map of Mt Chelmos showing sample locations and exposure
ages (from Pope et al., 2017).
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The younger high-altitude moraines at the head of the valleys were formed during Late
Pleistocene glacial phases by smaller valley and cirque glaciers. Glacial boulders from these
moraines were dated using cosmogenic 3CI exposure dating (Pope et al., 2017). The yielded
ages suggest that these moraines are the result of glacier advance/stabilization during two
phases in Late Pleistocene at 39.9 + 3.0 - 30.4 + 2.2 ka (morphostratigraphic unit 2 — mean
ELA 2046 m a.s.l.) characterized by cirque and valley glaciers and at 12.6 £ 0.9 - 10.2 £ 0.7
ka (morphostratigraphic unit 3- mean ELA 2174 m a.s.l.) during which small glaciers were

confined within the existing cirques.

Table 7. Glacial Morphostratigraphic units of Mt Chelmos according to the study of Pope et al. (2017)

Morphostratigraphic ~ Altitude Range Age Glacial Stage
Unit mean ELA (%5Cl dating) (corresponding MIS)
2100 m a.s.l. 12.6+0.9
3 to MIS 2 - Younger Dryas
2200 m a.s.l. 229+16 MIS 2 — Global LGM -
Retreat Phase to Tvmohian St
ELA >2200 m a.s.l. 212+ 16 ka ymphian Stage
1600-2100 m a.s.l. 39.9£30 _
2 to MIS 3 - Tymphian Stage
correlation with MIS 12 — Skamnellian
-14 Sl . .
1 950-1450 mas Middle Pleistocene Stage

ELA —1967 m as.l. :
glacial phases MIS 6 — Vlasian Stage

At the global LGM glaciers were present but exposure ages of 22.9 + 1.6 - 21.2 + 1.6 ka
from a suite of recessional moraines (Retreat phase — mean ELA 2046 m a.s.l.) in the highest
parts of the Epano Kambos valley in the central part of the massif is assumed to indicate glacier
retreat at this time. The ages from these moraines combined with the older ages from unit 2
moraines suggest that ice is likely to have occupied the cirques of Mount Chelmos from MIS
3 to 2 and oscillated in response to varying climatic conditions (Pope et al., 2017). The most
recent phase of glaciation associated with morphostratigraphic Unit 3 (mean ELA — 2174 m
a.s.l.) is recorded by clear cirque moraines that are present in the highest parts of some, though
not all, of the glaciated valleys (see Figure 29). This last phase probably correlates with the
Younger Dryas (12.9-11.7 ka; Rasmussen et al., 2014).

66



3.4 Central Greece (The Mountains of Sterea Hellas and the Agrafa
mountains)

Traces of former glaciers on the mountains of central Greece that are dominated by
limestone lithologies were already identified by the first pioneer researchers in the beginning
of the 20th century. In Sterea Hellas just 70 km north of Mt Chelmos, traces of extensive glacial
valleys and till as well as high altitude well-preserved moraines within numerous typical
cirques were reported on Mt Parnassos (2457 m a.s.l. — Renz, 1910; Maull, 1921; Mistardis,
1937a; Pechoux, 1970) and Mt Vardousia (2495 m a.s.l. - Maull 1921; Mistardis 1937a) and to
a lesser extent on Mt Gkiona (2504m a.s.| — Mistardis, 1937a; Pechoux, 1970) and Mt
Tymphrestos (2312m a.s.| — Klebelsberg, 1932). Indeed, these observations of glacial evidence
in the mountains of central Greece can be confirmed both on the field and on satellite imagery
(Leontaritis et al., 2020).

It has been claimed that evidence of glaciation in Greece is present only in mountains that
exceed 2200 m a.s.l. in altitude (Boenzi and Palmentola, 1997) but the mountains of central
Greece hold abundant evidence that the geographical and altitudinal extent of former glaciers
in Greece has been underestimated. This is suggested both by early studies and by recent field
observations by the author in the mountains of southern Pindos (Figure 30), in the Agrafa
Mountains (1900-2184 m a.s.l. — Hunt and Sugden, 1964) and further south in the mountains
of Evritania (Mt Chelidona 1974 m a.s.l. - Figure 31, Mt Kaliakouda 2099 m a.s.l. — Mistardis,
1937a). It should be recognised that while the glacial sedimentary records in the mountains of
central Greece constitute a potentially important archive of former glacial episodes, it has not

yet been systematically studied (Leontaritis et al., 2020).

Moreover, the dating of the glacial landforms found in the above-mentioned mountains is
of great importance for understanding the missing links between Northern Greece and the
Peloponnese (Pavlopoulos et al., 2018). As the glacial studies for Mt Olympus (Styllas et al.,
2018) in the northeast and for Mt Chelmos (Pope et al., 2017) that were published in the course
of this research raised further questions in terms of moisture supply in these areas, the
importance of creating a key geographical link for Late Pleistocene glaciations between the
well-studied Pindus mountains/Mt Olympus in northern Greece and Mt Chelmos in the south
was further highlighted. Such a link would allow for the comparison and interpretation of the
results from these studies and the reconstruction of the palaeoclimatic conditions across Greece

at these times.
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Figure 30. The geomorphology of several mountains in the southern Pindus range bare numerous
glacial and periglacial features like this characteristic glacially scoured U-shaped valley under the
Hatzi peak (2038 m a.s.l.) with evident glacial sediments (Photo: July 2018).

Figure 31. Moraines below the summit of Mt Chelidona (1974 m a.s.l.) in Evritania,
southcentral Greece (Photo: June 2015)
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Initial studying of satellite imagery as well as field observations, showed that between the
glacial sedimentary records in the mountains of Sterea Hellas in central Greece (Mt Parnassus,
Mt Gkiona, and Mt Vardousia - Figure 1) high-altitude and thus stratigraphically younger
glacial deposits are present in all three mountains but the uppermost glacial deposits (>2000 m
a.s.l.) within north-oriented cirques on Mt Parnassus are best preserved. Therefore, in this effort
to create a key-link between Late Pleistocene glaciations in northern and southern Greece, it is
here argued that research should primarily focus on the Parnassus massif and as a next step the
results should be confirmed in the nearby Giona and VVardousia mountains. For this reason, the
characteristics of Mt Parnassus and the results of a preliminary geomorphological study are
presented next as an outline of future glacial/geochronological research focusing on its

uppermost glacial deposits.
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Chapter 4. Mt Mavrovouni: Geomorphological evidence,

geochronology and glacial reconstructions

The glacial geomorphologic study and cosmogenic *°Cl dating work presented here is part
of a journal article that is in preparation for publication (Leontaritis et al., 2021).

4.1 Setting of Mt Mavrovouni

Mt Mavrovouni is located in the north Pindus Mountains in NW Greece, only 20km to the
east/southeast of Mt Tymphi (2497 m a.s.l.) and 30km to the southeast of Mt Smolikas (2637
m a.s.l.) (Figure 1; Figure 32). Its highest peak (Flega) reaches an altitude of 2157 m a.s.l.;
considerably lower than the neighbouring mountains. Its lithology is similar to Mt Smolikas
and Mt Vasilitsa (2248 m a.s.l.). All three belong to the Northern Pindus ophiolitic complex,
part of a nappe which is tectonically overthrust onto the Eocene flysch of the Pindus Zone
(Dupuy et al., 1984).

Figure 32. Map of the study area on Mt Mavrovouni. Detailed glacial geomorphologic maps of the
areas denoted by boxes A and B are given in Figure 39 and Figure 45 respectively.
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The Pindos ophiolite is one of several ophiolites within the Hellenides in Greece and
Albania (Figure 33) that likely correspond to an originally magmatic, layered oceanic crust
with remnants of a clear dyke complex and an overlying lava section that formed in the Jurassic
Tethyan basin and was subsequently obducted (Robertson, 2002; Rassios and Dilek, 2009).
The thickness of the complex ranges between 3 and 5 km (Robertson, 2002; Saccani and
Photiades, 2004; Rassios and Moores, 2006).
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Figure 33. The Pindos ophiolite within the Hellenides. P, Pindos ophiolite;V,Vourinos ophiolite; O,
Othris ophiolite;A, Albanian ophiolites (from Pelletier et al., 2008).

In particular, Mt Mavrovouni belongs to the Dramala Complex subunit which represents
oceanic mantle and part of its crustal sequence (Pelletier et al., 2008). It primarily consists of
locally serpentinized, harzburgite-tectonite restite (i.e. depleted mantle harzburgite) of Mid-
Jurassic age while subordinate lithologies include dunite, pyroxenite and a range of ultramafic
cumulate rocks (Jones and Robertson, 1991). All these ultramafic rocks have slightly to highly
serpentinized equivalents (Pelletier et al., 2008). Mesozoic limestones and Palaeozoic
crystalline schists are also present locally, at the overthrust nappe of the ophiolitic complex
(IGME, 1959). Similarly to its ophiolitic neighbours, Mt Mavrovouni is less complex in form
compared with the limestone dominated Mt Tymphi (see section 3.1), as it is a generally
rounded mountain with many steep V-shaped valleys cut in to it and only a few and relatively
short crags. The slopes of the massif are densely forested up to 1800 m, with subalpine terrain,
open grasslands and scattered Pinus heldreichii (Bosnian pines) dominating its
uplandsn(Leontaritis, 2019). The vegetation of the lower altitude zone (900-1600 m a.s.l.) is
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generally dominated by Pinus nigra (black pine), while Fagus moesiaca (Balkan beech) grows
only in north oriented slopes between 1200 and 1600 m a.s.l. (Leontaritis, 2019). From this
point on takes over the resilient Bosnian pine with some smaller trees surviving the harsh

environment up to almost 2100 m a.s.l. (Leontaritis, 2019).

As regards its glacial geomorphology, cirque-valley systems seem to be present only on its
northern slopes and the glacial sequence in them is typically more fragmented compared with
the nearby Mt Tymphi (see section 3.1.1). Still, well-preserved evidence of a complete high
altitude glacial/periglacial sequence is present within a well-developed cirque in the typically
U-shaped Mnimata valley (Figure 34). Based on the altitude, extent and geomorphological
context, this sequence is expected to be Late Pleistocene in age. As the aim of this part of the
research is the completion of the Late Pleistocene part of the Pindus chronostratigraphy, special
focus was given on constraining the timing of glacial/periglacial processes that formed these
deposits. Moraines at lower altitudes are present in neighbouring valleys implying older and
much more extensive glaciation phase(s) which is in consistence with evidence from elsewhere
in the mountains of Greece (e.g. Mt Tymphi, Mt Chelmos, Mt Smolikas, Mt Olympus;
Leontaritis et al. 2020 and references therein). As it will be discussed later, the formation of
these moraines could be ascribed to Middle Pleistocene (MIS 12/ MIS 6) according to the

evidence from the nearby Mt Tymphi (see section 3.1.1).

” A ‘lx % |

Figure 34. The Mnimata U-Shaped valley and the glacial/periglacial sequence within a well-
developed cirque. Sample locations on terminal moraine/pronival rampart ridges (dashed black lines)
are denoted. Photo from the Flegka Peak at 2157 m a.s.l. (Photo: August 2016)
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No glaciers, permafrost or permanent snow fields are present today. The present-day
precipitation and annual temperature range at the nearby villages of VVovousa, Greveniti,
Elatochori and Metsovo are summarized in Table 8. When mean temperatures for these four
weather stations are extrapolated using a lapse rate of 0.6°C per 100 m of altitude, the mean
annual temperature at 2000 m a.s.l. is about 4.5°C while the mean monthly temperatures for
July and January are 13.8°C and -3.0°C respectively. With a mean annual precipitation of 1520
mm for the four stations at an average altitude of 1037 m a.s.l. the mean annual precipitation
at 2000 m is expected to exceed 2000 mm (Furlan 1977). Snow cover on the northern slopes

above 1800 m a.s.l. lasts from early December to late May.

Table 8. Precipitation and temperature data from weather stations near Mt Mavrovouni
(precipitation data from Fotiadi et al. 1999; temperature data from Gouvas and Sakellariou, 2011;
reference period >20yr).

- (]
Meteorological Altitude Apr!ual_ Mean Temperature (°C)
Station | Precipitation Annual Jan Jul
(ma.s.l) (mm)

Vovousa 1000 1439 9.8 0.4 19
Elatochori 1014 1626 10.4 1.1 20.3
Greveniti 976 1512 10.9 1.4 20.2
Metsovo 1160 1514 10.5 1.0 19.6
Mean 1037.5 1523 10.4 098 19.8

Mt Mavrovouni

. 2000 >2000 4.5 -3.0 138
(Extrapolation) mm

4.2 Methods applied

4.2.1 Geomorphological mapping

Geomorphological mapping on Mt Mavrovouni was initiated with the use of available
topographic maps (1:50,000, Anavasi,2016; Open Street Maps), the regional 1:50,000
Geological Sheet of the Greek Institute for Geological and Mineral Exploration (IGME, 1959),
high-resolution standard satellite imagery (Google Earth, Bing Maps) and orthophotos from
the Hellenic Cadastre. After identifying possible glacial and periglacial features from this
material, detailed fieldwork was conducted in summer 2016, 2017 and 2018 in order to confirm
the morphology and origin of these features, record their characteristics and map them using a
standard GPS/Glonass device (Garmin 64s). At the lower densely forested northern slopes of
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Mt Mavrovouni (below 1700-1800 m a.s.l.), fieldwork revealed features that could not be
recognised by aerial or satellite imagery. Additionally, drone aerial photos and videos were
taken from the upper Mnimata valley within the well-developed cirque under the Flega Peak
(Figure 34). This material was of great use in interpretating the recorded glacial/periglacial
deposits and processes that resulted in their formation. The geomorphological maps were
finally produced using the Digital Elevation Model provided by the National Cadastre at a

resolution of 5 m.

4.2.2 Sample collection

Sampling for **Cl cosmogenic dating was focused on the glacial/periglacial deposits
sequence in the upper Mnimata valley (Figure 34). As regards the lower in the valley, matrix
supported and well-consolidated terminal moraine, 2 samples (FLE-1 and FLE-2 in Figure 34)
were taken from the largest (up to 1m diameter) and partly embedded glacial boulders along
the moraine ridge (Figure 35). The pronival deposits are less consolidated and are characterised
by larger (1-5m diameter) and more angular boulders which in places are only partially
supported by matrix. Two boulders (FLE-4 and FLE-5 in Figure 34) along the most
consolidated part of the pronival deposits were chosen for sampling (Figure 36). All sampled
boulders are of ophiolitic lithology. Samples were obtained with the use of a hammer and chisel

from the upper 2-3cm of a flat rock surface as far away as possible from the boulder’s edges.

Figure 35. Sampled boulder on the well-consolidated terminal moraine (samples FLE-1 & FLE -2)
(Photo: October 2016)

74



Figure 36. Sampled boulder on the crest of the less-consolidated pronival deposits (sample FLE-4)
(Photo: October 2016)
Topographic shielding for the four sample was determined with the use of a well-
established and open access DEM-based GIS toolbox dedicated to the calculation of
cosmogenic nuclide topographic shielding for discrete sample points (Li, 2018; available

online at https://web.utk.edu/~yli32/programs.html). Moreover, rocks in the study area

generally show very limited signs of weathering, like for example exposed ice-polished
bedrock that still bears clearly its glacial striations, indicating negligible erosion. Therefore, an
erosion correction factor for the calculation of the final ages was not considered. Also,
information about contemporary and Late Pleistocene snow cover is not available so this was
not considered. Still, if these factors were considered, the final ages are likely to be only some
hundred years younger. In the framework of this research and taking into consideration the
calculated age uncertainties, such deviations are practically negligible and the calculated ages
can be correlated with the age of moraine deposition. The location and characteristics of the

collected samples are summarised in Table 9.

Table 9. Location and characteristics of collected **Cl samples. Snow correction and erosion
corrections factors are neglected for all samples.

Sample Latitude Longitude Elevation Sample thickness Sample Density  Topographic

ID (N°) (E9 (mas.l) (cm) (g cm?) Shielding
FLE-1 39.8737 21.1204 2017 2 2.7 0.978
FLE-2 39.8735 21.1205 2017 2.5 2.7 0.985
FLE-4 39.8725  21.119 2038 3 2.7 0.978
FLE-5 39.8749 21.1193 1978 3 2.7 0.989
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4.2.3 Samples preparation and processing and AMS measurements

Rock samples were first processed at the National Technical University of Athens where
they were crushed and sieved. Subsequently the 250-500 um fraction underwent a chemical
processing stage at the Purdue Rare Isotope Measurement Laboratory (PRIMElab) at Purdue
University. About 130g of the 250-500um fraction of each sample was leached in 5% HNO3
(nitric acid) to remove any bulk carbonates. Samples were then leached in 5% HNO3 in an
ultrasonic tank for at least eight hours, acid was decanted and the samples were rinsed in
deionized water, and then leached in 5% HNO3 in an ultrasonic tank for at least eight hours
again to remove meteoric 3Cl. After triple-rinsing in deionized water, samples were oven-
dried. About 30 g of the dried sample, including an addition of approximately 1 mg of chloride
with a 3CI/3Cl ratio of 273 (dilution spike), were dissolved in a mixture of 90 g of deionized
water, 150 g of concentrated HF (hydrofluoric acid), and 2 g of concentrated HNO3z. After acid
addition, sample was placed in a 60°C water bath for at least four hours. After this initial period
of heating, 15 g of concentrated nitric acid were added to make sure all species were oxidized
and the sample was placed back into the bath for at least eight hours. Upon full dissolution the
fluoride dissolution products were removed by centrifugation and chloride recovered by the
addition of AgNOs (silver nitrate) to produce the target AgCI (silver chloride). Chloride was
purified by dissolution in concentrated NH4OH (ammonium hydroxide) with the addition of
Ba(NO3)2 (barium nitrate) to precipitate any sulphates in the form of BaSO4 (barium sulphate).
After the removal of sulphates through centrifugation, the silver ammoniac chloride complex
was loaded onto anion exchange columns to facilitate the quantitative separation of any residual
sulphate and the chloride was eluted and then isolated by precipitation with AgNOs3,
centrifugation, and drying. The AgCI targets were pressed into a AgBr (silver bromide) bed
within copper target holders. The 36Cl to total stable chloride ratio and the stable **CI/*’Cl ratio
were measured by Accelerator Mass Spectrometry (AMS) on the tandem accelerator at
PRIMEIlab. The AMS analytical data for the 4 samples are summarised in Table 10.

Table 10. AMS analytical data for *ClI samples

Sample Mass  Dilution Spike *CI/Cl Ratio  **CI/*’ClI  ClI content Measured *Cl

ID 9 (mg ClI) (x10%) Stable Ratio  (ppm) (atoms / g of rock)
FLE-1 30.242 1.0805 108.5 5.48 58.89 177,513+ 7,113
FLE-2 30.188 1.0864 186.7 5.51 58.57 307,692 + 10,891
FLE-4 30.213 1.0841 161.7 3.90 188.59 622,774 = 27,000
FLE-5 30.221 1.0676 368.0 8.50 23.43 386,192 + 8,942
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4.2.4 Geochemistry

Major/minor element and trace element concentrations were determined using ICP-ES
(Inductively Coupled Plasma Emission Spectrometry) and ICP-MS (ICP Mass Spectrometry)
respectively at the Acme labs in Canada (Bureau Veritas Mineral Laboratories). The same
elemental analysis in the processed target fraction was determined using Lithium Borate
(LiBO2/Li2B407) fusion coupled with ICP-ES analysis at the same laboratory. Prior to the
analyses, samples were pulverized to 85%, passing 200 mesh. The geochemistry of the 4 rock
samples is presented in Table 11. Please notice that the Cl content of rock samples has been
measured by AMS and the respective results are included in Table 10.

Table 11. Geochemistry of the serpentinized peridotite samples for **Cl dating. For major and minor
elements, results are given for both bulk rock and target (processed) rock samples.

Major and minor element mass fraction (wt %)

SampleID  SiO, AlO3 Fe0z MgO CaO Na,O KO TiO; MnO L.O.l.  CO2

Bulk rock samples

FLE-1 4344 043 821 4122 036 002 0.01 <0.01 0.11 4.6 0.6
FLE-2 4417 022 848 4233 024 0.01 <001 <0.01 0.12 2.9 0.6
FLE-4 4148 021 835 4038 021 0.01 <001 <0.01 0.11 75 0.6
FLE-5 4503 161 835 3945 142 003 <0.01 0.02 0.12 2.5 0.6

Target rock samples

FLE-1 4598 043 863 3936 039 001 <001 <0.01 0.11 - -
FLE-2 46.3 022 888 4126 024 <001 <0.01 <0.01 0.12 - -
FLE-4 4416 024 858 3916 02 <001 <0.01 <001 0.1 - -
FLE-5 46.21 1.8 864 3862 161 0.03 <0.01 0.02 0.12 - -

Trace element concentrations (ppm)

Sample ID B Sm Gd U Th Li \% Ba Ni Sc Co
Bulk rock
FLE-1 <3 <0.05 <0.05 <01 <0.2 <0.001 22 8 2388 6 123.6
FLE-2 <3 <0.05 <0.05 <01 <0.2 <0.001 16 10 2473 5 126.5
FLE-4 <3 <0.05 <0.05 <01 <0.2 <0.001 23 4 2470 4 123.6
FLE-5 <3 <0.05 0.06 <0.1 <0.2 <0.001 51 6 2214 11 113.3

Bulk rock compositions primarily reflect the proportions of minerals present. The sample
rocks are mainly composed of silica (SiO2: 41-45 wt%) and magnesium (MgO: 39-42 wt%)

while they are characterised by high Fe concentrations (8-8.5 wt%), as expected for this rock
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type. Moreover, all samples are highly depleted in TiO; (<0.02 wt%). Based on these
compositions, these rock samples are peridotites/harzburgites with predominant serpentine
alteration (Kelemen et al., 2004). Notably, three of the sampled rocks are strongly depleted in
CaO (relative to Al>Os which is also absent in the composition of these samples), suggesting
that serpentinization removed almost all of the calcium that was originally present in the
peridotite protolith (Kelemen et al., 2004). These compositions correspond to compositions of
serpentinized harzburgites and serpentinites from the Othrys ophiolites (Figure 33; Magganas
and Koutsovitis, 2015), of serpentines from mantle Harzburgites and serpentinized peridotites
(Economou-Eliopoulos and Vacondios, 1995; Pelletier et al., 2008; Kapsiotis, 2014) from the
Dramala unit of the Pindos ophiolitic complex and finally of serpentinites from the southern
Atlantic oceanic crust (Dilek et al., 1997a). The fourth sample (FLE-5) has slightly higher CaO
and Al>Oz contents at 1.42 wt% and 1.61 wt% respectively, correlating with the composition
of serpentinized Iherzolites from the Othrys ophiolites according to the petrological analyses
of Magganas and Koutsovitis (2015). A rock density of 2.7 g cm™3 was considered for all
samples (Table 9), in accordance to the respective values for ultramafic peridotites with
medium to high serpentinization degree (>70%) from the Pindos ophiolitic complex

(Bonnemains et al., 2016).

In the present research, the Loss On Ignition (LOI) was assumed to represent inherent water
content for all samples (Table 11) as suggested by the study of Kelemen et al. (2004) on
ultramafic rocks with predominant serpentine alteration from oceanic crust in the Mid-Atlantic
Ridge. In the latter study, XRD results showed high water content (12.6-15.2 wt%) and limited
CO- concentration (0.05-0.20 wt%) whereas LOI (11.8-13.1 wt%) slightly underestimated the
total volatile content because of the conversion of FeO to Fe>Os during heating of the sample
powders to ~1000°C. As regards CO; content, it was assumed at 0.6 wt% in accordance with
the average content of CO> in hydrothermally altered peridotites from oceanic crust (Kelemen
etal., 2011).

4.2.5 Cosmogenic *Cl exposure age calculations

This study represents the first documented use of *®Cl dating on ophiolitic rocks. Despite
this, the theory and method should be equally applicable to samples of this lithology with no
major issues. Due to low Ca and K concentrations, the samples are dominated by production
from CI, with a non-negligible contribution from Fe making these production rates more
important than in other samples. The calculated ages (discussed below) were consistent with

local and regional moraine morphostratigraphy, further supporting use of the technique.
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The exposure ages of the samples were calculated using the Online Cronus **Cl Exposure

Age Calculator v2.1 (http://cronus.cosmogenicnuclides.rocks/2.1/html/cl/; Marrero et al.,

2016a). The time-dependent and nuclide-dependent Lifton-Sato-Dunai scaling (LSDn) scaling
framework (Lifton et al., 2014) was selected as the best-fitting model when compared to all the
datasets of the CRONUS project (Phillips et al., 2016). This model is based on equations from
a nuclear physics model and incorporates dipole and non-dipole magnetic field fluctuations
and solar modulation (Lifton et al., 2014; Marrero et al., 2016a). The LSDn scaling framework
includes separate scaling factors for spallation reactions with Ca, K, Fe and Ti, and also for
low energy reactions (Borchers et al., 2016; Marrero et al., 2016b). The production rates used
in the calculator and the respective results are shown in Table 12. A fast neutron attenuation
length of 156 g/cm?2 was calculated by the model in CRONUScalc for the samples’ location
(latitude, longitude, elevation; Marrero et al., 2016a), which is based on atmospheric
attenuation lengths calculated from the PARMA model of Sato et al. (2008).
Table 12. Spallation and thermal neutron [ P+(0)] - production rates for LSDN scaling framework

used in the calculator (data from Marrero et al.,2016b; 2020 and S. Marrero pers. comm.
07/10/2020)

Ca K P«(0) Fe Ti
atoms 3Cl (g Ca)* yr |atoms *Cl (g K)* yr? |neutrons (g air)™* yrt |*Cl (g Fe)*yr? [**Cl (g Ti)*yr

55.6 +4.2 156 + 12 714 £ 191 1.86 3.8

The results of the Online Cronus 6CI Exposure Age Calculator v2.1 for the four considered

samples are summarised in Table 13.

Table 13. Exposure ages, share of total *Cl production and total production rates of **Cl per element
as calculated by the online Cronus **Cl Exposure Age Calculator (v2.1) for the considered samples.
Reported total production rates correspond to production from spallation and slow muons for Ca and
K, low energy neutrons for Cl and spallation only for Fe and Ti.

Results obtained with Online Cronus **Cl Exposure Age Calculator (v2.1)

36 P
Production rate (atoms *CI g y?) Percentage of total *°Cl production

Sample Age (ka) (%)

ID
Cl Ca Fe Ti Cl Ca K Fe Ti

K
FLE-1 | 17.0+42 | 7.894 0547 0 0.506 0 88.23 6.11 0 5.65 0
FLE-2 | 26.6+6.6 | 8714 0337 0 0.522 0 91.02 352
0
0

0 545 0
FLE-4 | 20.0+5.0 | 25.214 0.282 0.507 0 96.97 108 0 195 0
FLE-5 | 542+99 | 3316 2.051 0.454 0.002 | 56.94 3522 0 7.80 0.04
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Observing the calculated **CI production rates (atoms g™ y*) and percentages of the total
production from Ca, K, and Cl (Table 13; Figure 37), it can easily be concluded that *Cl
production takes place mainly from CI (57-97%). This can be explained by the almost-zero
concentrations of calcium (CaO) and potassium (K20) in most samples. However, the effect of
the higher production rates from Ca spallation are clear in one case (sample FLE-5). Although
the sample contains only 1.42% of CaO (Table 11), the production from Ca accounts for 35.2%

of the total **Cl production.
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Figure 37. Calculated *Cl production rates through time from Ca, K and Cl for the considered

samples as plotted by the Online Cronus **CI Exposure Age Calculator (v2.1)

The production rate of %Cl from Fe ranges between 0.454 and 0.522 atoms g* y7,
accounting for 1.95-7.8% of the total *®Cl production (Table 13). For most common rock types,
the combined contributions from Ti and Fe are typically less than 1-2% of the total ClI
production, but for oxide mineral separates it could be much larger (Marrero et al., 2016b). In
our case, as the composition analysis showed (Table 11), the rock samples are characterised by
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very high concentrations of Fe2Os (8-8.5%). As the current version of the calculator is
suspected to miscalculate the 3CI production rate from Fe due to insufficient calibration of the
model, the calculated °ClI production from Fe and therefore the resulting ages could be subject
to revision. In order to test this issue, further runs with a beta version of the Cronus *°Cl
Exposure Age Calculator Calculator v2.2 were conducted by S. Marrero (pers. comm.
08/10/2020). In this version, new Fe production rates of 1.29 + 0.11 atoms **Cl (g Fe)* yr'as
reported from Moore and Granger (2019) are incorporated in the LSDn scaling model (S.
Marrero pers. comm. 09/11/2020). The results obtained with the beta version (v2.2) of the
calculator are summarised in Table 14 and show negligible differences in the resulting ages
and production rates compared with the respective results obtained with the latest online
version (v2.1) of the calculator. As Moore and Granger (2019) underline that additional data
are needed to confirm the scaling behaviour described in their work, the above-described

results are a significant outcome of this research.

Table 14. Exposure ages as calculated by the beta version of the Cronus *CI Exposure Age Calculator
Calculator v2.2 against the results calculated by the online Cronus **Cl Exposure Age Calculator v2.1

Sample Age (ka) - Cronus *Cl Exposure Age Age (ka) - Cronus *Cl Exposure Age
ID Calculator v2.2(beta) Calculator v2.1

FLE-1 17.2+4.2 17.0+4.2

FLE-2 26.7£6.5 26.6 £ 6.6

FLE-4 20.2+4.8 20.0x5.0

FLE-5 55.1+9.8 54.2+99

4.3 Results

4.3.1 Glacial Geomorphology

Detailed mapping was performed in three north-oriented major glacial valleys on Mt
Mavrovouni (Figure 39). All valleys extend between the main NW-SE watershed at ¢. 2100 m
a.s.l. and the floor of the Valia Calda Valley at c. 1300-1200m a.s.l. This research primarily
focused on the Mnimata valley where geochronological control of the uppermost
glacial/periglacial sequence was attempted. The neighbouring Arkoudolakos and Flega valleys
to the west and to the east respectively were studied mainly for their older low-altitude
moraines. It should be noted that traces of glaciation were also observed in other north-oriented
valleys but the glacial sequence was fragmentary, incompletely shaped or less well-preserved
compared with the studied valleys. No traces of glaciation were identified in the southern

slopes.
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4.3.1.1 Flega Valley

The Flega glacial valley is generally U-shaped and has a N-NE orientation. However, along
the main axis of the valley runs the homonymous Flega river which has caused deep cut-off
erosion creating a steep, V-shaped bank-riverbed profile. The head of the valley is ice
steepened, forming a wide and not very well-developed cirque. The edges of this main cirque
stand between 1950 and 2050 m a.s.l.

On the western side of the valley there is a sharper and poorly developed proto-cirque just
below Flega peak (2157 m a.s.l.) with E-NE orientation (Figure 38). Unlike the main cirque, it
Is characterised by extensive talus cones, frost-shattered debris and large angular boulders. As
regards glacial deposits elsewhere in the upper valley, glacial evidence is generally fragmented
and limited to sub-rounded glacial boulders with quite indistinct depositional limits (Figure
39). The formation of these deposits could be synchronous with the high-altitude
glacial/periglacial sequence in the adjacent Mnimata valley to the W (morphostratigraphic unit
2 in Figure 39) but they could also be synchronous to the older and more extensive deposits
lower in the valley that belong to morphostratigraphic unit 1. However, a moraine (or prnivar
rampart?) dammed swamp/seasonal lake (Figure 40 and Figure 41) is present on the eastern
flank of the valley, at an altitude of 1880 m a.s.l. It has been correlated with unit 2 deposits in
the Mnimata valley on grounds of altitude and has therefore been ascribed to
morphostratigraphic unit 2 (Figure 39).

Figure 38. The E-NE looking and debris-filled proto-cirque below the Flega Peak.
(Photo: August 2016)
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Figure 39. Glacial geomorphologic map of the study area on Mt Mavrovouni. This is panel A in Figure 32.

In the lower part of the valley (below 1900 m a.s.l.), a continuous lateral/termino-lateral
moraine extending from 1740 to 1840m a.s.l. in altitude and 600m in length has been identified
(Figure 39). The moraine converges to the modern river channel, indicating the position of the
former glacier’s snout, although the terminal frontal moraine must have been eroded from run-
off water. This moraine has most probably been formed by a glacier originating from the
central-western part of the NE Flega main cirque and the NE Flega sub-cirque but a source
from the western section of the cirque cannot be excluded. The inner and steeper (western)
flank of the moraine shows signs of considerable creep as the base of the trunks of the pine
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trees growing there are downslope bended, typically indicative of creeping unstable soils
(Figure 42). Moreover, a cross-section of this moraine has been exposed (Figure 43) where the
morainic deposits haven been incised by a lateral tributary stream of the main Flega river. The
small size of the stream and the relatively big incision it has caused to the moraine is an

indication of how susceptible are these ophiolite-derived moraines to water erosion.

Figure 40. The moraine dammed seasonal lake/swamp on the eastern part of the upper
Flega valley. (Photo: August 2016)

Figure 41. Glacially transported boulder within the glacial deposits damming the seasonal
lake/swamp at the upper Flega valley. Notice the cracks in the boulder that upon further
glacial working would have decomposed this 1.5m in diameter boulder into smaller clasts.
(GPS device for scale) (Photo: July 2018)
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Observing the revealed exposure of the deposits, these ophiolite-derived glacial sediments
are characterized by clast-rich lithology with sandy to muddy matrix which ares partly
consolidated (Figure 43a and b). The clasts are striated and subrounded. Larger boulders do
not exceed 1.5m in diameter and are mostly evident along the moraine crest (Figure 43c).
Notably glacier boulders are smaller in size compared to limestone-derived moraines (e.g. in
Mt Tymphi or in Mt Chelmos) and large blocks (>5m in diameter), more typical of
granite/gneiss lithologies but also present in limestones, are absent probably due to the several
cracks and joints present in the parent ophiolitic bedrock (e.g. Figure 41). These characteristics
are in consistence with Middle Pleistocene glacial deposits of ophiolitic lithology from Mt
Smolikas (Hughes et al., 2006d) and Mt Vasilitsa (Hughes, 2004). As it will be discussed later,
the Flega formation could be correlated with the most extensive Middle Pleistocene
Skamnellian/Vlasian Stages of northern Greece (MIS 12/MIS 6) on grounds of
geomorphological context and altitude range of the deposits. This unit could represent more
than one glaciation episodes but it was not possible to distinguish multiple moraine units that

correspond to both stages.
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Figure 43. The Flega formation moraine; a) (Top left): the sandy to muddy matrix and unsorted gravels at
the lowermost part of the exposure; b) (Top right): subrounded clasts supported by sandy matrix at the
uppermost part of the exposure; c) (Bottom): larger subrounded and striated glacial boulders along the

moraine crest (Photo: July 2018).
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4.3.1.2 Mnimata (Flega Lakes) valley

The Mnimata glacial valley extends below the summit of Mt Mavrovouni (Flega Peak at
2157 m a.s.l.) with a N orientation. It is typically U-shaped and headed by an ice-steepened,
and well-developed cirque (Figure 44a). A detailed glacial geomorphological map of the valley
is shown in Figure 45. The upper valley is characterised by a clearly shaped and well-preserved
glacial/periglacial sequence of thick glacial deposits between 2050 and 2000 m a.s.l. which is
the focal point of this research (Figure 44). The lower limit of the sequence is defined by a
well-shaped terminal moraine. Two samples for *°Cl exposure dating were taken from the
moraine crest at 2017 m a.sl. (FLE-1 and FLE-2 in Figure 44a, Figure 45). The middle part of
the sequence can be described as a hummocky moraine with scattered subrounded glacial
boulders that must have formed upon the retreat of the former glacier that created the above-
mentioned moraine. These deposits most probably have undergone further periglacial creep,

without though any typical rock-glacial features as lobes.

Above these deposits, there is a sharp and continuous ridge mainly composed of large
angular boulders that have been deposited at the centre of the cirque-floor. These boulders are
considerably different in shape compared to the glacially worked and therefore subrounded
boulders found lower in the main sediment unit. For this reason, these deposits are ascribed to
a distinct younger stratigraphic unit (Unit 3 in Figure 39 and Figure 45). A sample was taken
from a well-stabilised boulder on the crest of these deposits at 2038 m a.s.l. (FLE-4 in Figure
44D, Figure 45). Two minor crests of similar deposits are nested in the eastern part of the main
ridge (Figure 44b). The main ridge along with the two minor crests of the angular deposits are
interpreted as pronival ramparts that formed after the formation of the main sediment unit
during persisting cold conditions that were sufficiently cold and humid for the formation of a
permanent snow filed but unfavourable for the development of a dynamic icefield. Local
topography and shading from the cirque-walls must have favoured the formation of this nevé
field as it is absent elsewhere in the mountain. Further up-valley no boulders or clasts can be
found, supporting the hypothesis of the formation of a pronival rampart during prevailing cold

conditions with increased debris supply due to freeze-thaw weathering of the cirque walls.
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Figure 44. The upper Mnimata valley and the glacial/periglacial sequence along with sample locations for
%Cl dating: a) (Top): Looking up valley (S). Notice the terminal moraine delimiting this set of deposits in the
foreground and the well-developed cirque; b) (Bottom): Looking down valley (N). Pronival deposits can be
seen in the foreground along with the denoted sample location. In the background there are the Flega tarns
sitting in ice-scoured hollows on the impermeable bedrock. Notice also the lateral moraine and trimline in
the base of the western (left) flank of the valley (Aerial Photos: George Panayiotopoulos, June 2019)

The middle part of the valley, extending between 2000 m a.s.l. and the treeline at 1850 m
a.s.l. is characterised by two glacial lakes known as the upper and lower Flega lakes. The valley
along this part is spilled with glacial boulders (Figure 45, Figure 46). Furthermore, a lateral

moraine that in places is visible as a trimline extends between 2010 and 1880 m a.s.l. along the
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western flank of the valley. It can also be clearly distinguished in the aerial photos that were
captured with the drone (Figure 44b), although its down-valley extent is impossible to be
established due to dense tree cover. This feature is correlated with glacial activity that predates
the glacial/periglacial sequence in the upper valley that is described above and in particular it
could be correlated with morphostratigraphic unit 1 deposits in the two adjacent valleys (Figure
39).
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Figure 45. Detailed glacial geomorphologic map of the Mnimata Valley. This is panel B in Figure 32.
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Figure 46. Glacially transported and sub-rounded boulders between the two tarns (Photo August 2016).

The upper part of this moraine has been overridden by pronival deposits (Figure 47) with
similar characteristics to the pronival rampart that has been sampled at the upper part of the
valley and therefore they have been ascribed to the same morphostratigraphic unit (Unit 3 in
Figure 39 and Figure 45). A sample for **Cl dating has been taken from the crest of these
deposits at 1980 m a.s.l. (FLE-5 in Figure 45 and Figure 47). Behind the crest there are angular

debris that were most probably deposited after the disappearance of the nevé field.

Figure 47. The upper part of the lateral moraine at the W flank of the valley that has been
partially buried under pronival rampart deposits. Sample location FLE-5 is also denoted.
Notice the streams nourishing the upper Flega tarn that spring below the deposits and onto the
ice-scoured exposed impermeable bedrock that also host the two tarns (Photo August 2016).
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As regards the two lakes, notably, they are indeed glacial in origin but are not moraine-
dammed as initially expected from the analysis of satellite imagery. Actually, they sit on ice
scoured hollows on the impermeable bedrock (Figure 46). It is indicative that there are at least
five springs just above the upper lake where the aquifer meets the exposed impermeable
bedrock (Figure 45, Figure 47). These springs nourish the two lakes. More importantly though,
ice-scoured and polished bed-rock has been identified just below the lower tarn at 1900 m a.s.l.
that still bares clear striations in the direction of the paleaoglacier ice-flow on its surface (Figure
48). This indicates minimum erosion of the rock surface (Gosse and Philips, 2001) and
confirms the neglection of erosion in the calculation of exposure ages of glacial boulders
described in section 4.2.5. Moreover, if the paleo-glacier that scoured the bedrock and also
formed the two tarns is correlated with the above-mentioned lateral moraine/trimline and the
lowermost glacial deposits
from the two adjacent
valleys that have been
attributed to
morphostratigraphic unit

_qiv
s PR

1, the surface exposure
dating of this bedrock
could be used for the first

;o ¥

time to independently test
the Middle Pleistocene
chronology in the Balkans
that until now is based on
U-series of secondary
calcites from limestone-
derived moraines. Finally,
the lower part of the valley
that extends below the
treeline is difficult to reach
and the down-valley limit

of the conducted fieldwork

was limited to some tens ) _ o
Figure 48. Ice-polished bedrock with well-preserved striations below

the lower Flega tarn indicative of very low erosion rates (Photo
of the two tarns. August 2016).

of meters below the lower
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4.3.1.3 Arkoudolakos (Bear) valley

The upper part of the Arkoudolakos glacial valley includes two converging valleys with
similar characteristics (Figure 39). The western branch has a NE orientation and is quite steep
and inaccessible so it was excluded from field work. Moreover, the identification of glacial
geomorphologic features from satellite imagery is also difficult due to the pine-forest cover.
The eastern branch (N orientation) though has been studied in detail. This branch is a U-shaped

and wide valley but its head is really smooth and does not bear typical glacial geomorphological

features like a cirque or ice-steepened headwalls (Figure 49).

R

Figure 49. The U-shaped E branch of the upper Arkoudolakos valley. The red dashed line denotes the
lateral moraine that extends below the confluence of the two upper valley branches.
(Photo August 2016)

However, scattered glacial boulders and remnants of sub-glacial till are evident throughout
the upper part of the valley (e.g. Figure 50). Similarly, to the Flega valley the depositional
limits are indistinct and although these deposits could be correlated on terms of altitude with
morphostratigraphic unit 2 deposits from the two adjacent valleys they could also be
synchronous to the older and more extensive deposits lower in the valley that belong to
morphostratigraphic unit 1 (Figure 39).
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Figure 50. Sub-rounded glacier boulder right on the treeline of the upper Arkoudolakos valley.
(Photo August 2017)

N ) }

ins

The main valley has a N orientation, is densely forested and along its central axis has
undergone - typical for ophiolites - VV-shaped erosion by run-off water. Two moraines have
been identified in the lower part of the main valley that are ascribed to the Bear formation. The
first is a clear and well-shaped lateral moraine that extends right from the point where the two
upper branches of the valley converge at 1660 m. a.s.l. (Figure 49) and down to 1500m a.s.l.
where it has been washed away by the river that runs along the valley (Figure 51). Its total
length is about 800 m. The second moraine is a termino-lateral moraine extending from 1510
to 1470 m a.s.l. and only 300 m in length, but most importantly it defines the down-valley
extent of the glacier that formed these two moraines. Both moraines are covered by dense beech
forests and thus are unrecognisable from satellite imagery and difficult to capture with a
handheld camera as well. Finally, it should be noted, that no exposures of the moraines were
discovered. The Bear formation is correlated with the Flega formation and is ascribed to
morphostratigraphic unit 1 (Figure 39). This unit is in turn correlated with the most extensive
Middle Pleistocene Skamnellian/Vlasian Stages of northern Greece (MIS 12/MIS 6). Similarly
to the Flega valley, although this unit could represent more than one glaciation phases it was

not possible to distinguish multiple moraine units that correspond to both stages.
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Figure 51. The Bear formation moraine; a) (Top left): large glacial boulder (d~2 m) along the
densely forested moraine, b) (Top right): subrounded and striated boulders and clasts along the well-
shaped moraine crest and; ¢) (Bottom): another glacially transported large boulder next to the path
that runs along the moraine ridge (backpack length ~0.6 m for scale) (Photos July 2018).

4.3.2 Chronology

As described above, sampling was limited to the stratigraphically youngest set of glacial
deposits in the Mnimata valley. The yielded 3¢Cl exposure ages for the main terminal moraine
samples FLE-1 and FLE-2 were 17 + 4.2 ka and 26.6 + 6.6 ka respectively. The older age is
considered to be the most representative for moraine deposition (Ivy-Ochs and Kober, 2008;

Ivy-Ochs and Briner, 2014), whilst the younger one may represent a period of moraine
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degradation and boulder exhumation as also argued by Allard et al. (2020) in their study on
glacial chronology of moraines of similar age in the nearby Mt Tymphi with the application of
Cl exposure dating on glacial boulders. The alternative interpretation of taking a mean value
of the landform ages is susceptible to inaccuracies (Ivy-Ochs et al., 2007) especially if
incomplete exposure and moraine dismantling are suspected (Applegate et al., 2010; D’Arcy
et al., 2019). Moreover, sample FLE-1 was taken from the inner side of the moraine which is
more susceptible to degradation and mass wasting processes while FLE-2 was taken from one
of the highest points on the moraine ridge making it less likely to have undergone significant
exhumation. This moraine is thus considered to have been formed by an advancing cirque
glacier when it reached its maximum extent close in time to the global LGM (27.5-23.3 ka;
Hughes and Gibbard, 2015) as the yielded age of sample FLE-2 at 26.6 = 6.6 ka falls within

this interval.

As regards the pronival ramparts at the uppermost part of this set of deposits (FLE-4) and
at the western flank of the upper valley (FLE-5) that were expected to have formed
synchronously, the samples yielded ages of 20.0 £ 5.0 ka and 54.2 £+ 9.9 ka respectively. The
most representative age for the formation of these periglacial features is considered to be the
younger one as the pronival ramparts in question are stratigraphically younger than the terminal
moraine ridge that was dated to 26.6 + 6.6 ka. Moreover, the FLE-4 sample was taken from a
large and well stabilised boulder on the highest point of the pronival rampart within a section
of angular deposits lacking finer material and therefore minimising the probability of
exhumation or other mass wasting processes. On the other hand, the FLE-5 age could have
been affected by inheritance of 3CI atoms from previous exposure, for example when it was
still attached to the cirque wall. However, marked inheritance in moraine boulders is rare
(Heyman et al. 2011) and incomplete exposure is more likely to be an issue (lvy-Ochs and
Briner, 2014). Therefore, a more probable interpretation is that this boulder was actually
deposited alongside the lateral moraine that has been ascribed to glacial activity during Middle
Pleistocene and correlated with Unit 1 deposits in this and the two adjacent valleys. In this
case, the boulder was part of this moraine that has been deformed by a nevé field and partly
buried under pronival rock slope failure deposits. The age of this sample could then represent
a period of boulder exhumation.

4.4 Reconstructing the glacial history of Mt Mavrovouni

Mt Mavrovouni has clear evidence of glaciation, such as moraines, glacially transported

boulders, ice-steepened cirques, U-shaped valleys, tarns and ice-polished and striated bedrock.
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A reconstruction of the glacial history of Mt Mavrovouni using the presented evidence is
summarised in Table 15. The reconstruction of the palaeoglaciers and the calculationof the
respective ELAs were conducted with the use of the GIS toolbox and the methodology
described in section 2.3. Only the palaeoglaciers in the Aroudolakos valley and in the Mnimata
valley corresponding to morphostratigraphic units 1 and 2 respectively (Figure 39) were
reconstructed as elsewhere the definition of the glacial limits based on the identified

geomorphological evidence is subject to excessive uncertainties.

The most extensive glaciation(s) was characterised by valley glaciers in northern slopes
that reached down to 1500 m a.s.l. The most representative reconstructed glacier for this phase
was the Arkoudolakos valley glacier which had an ELA of 1785 m a.s.l., covered an area of
~0.63 km? and was ~1.98. km long. This phase remains undated but is likely to be Middle
Pleistocene in age as they could be correlated with the stratigraphically oldest moraines
identified in the studied glacial valleys on Mt Tymphi and dated with uranium-series (Hughes
et al. 20064a; section 3.1.1). On Mt Tymphi there have been identified two Middle Pleistocene
phases, the Skamnellian (M1S12) and the Vlasian Stages (MIS6). However, on Mt Mavrovouni
the largest glaciation is represented by a single morphostratigraphic unit (Unit 1 in Figure 39)
Nevertheless, similarly to Mt Chelmos, where multiple moraine units that could correspond to
both Skamnellian and Vlasian Stage glaciations could not be identified (Pope et al., 2017), it

is possible that more than one glaciation is represented by the morphostratigraphically older

unit.
Table 15 Glacial morphostratigraphic units on Mt Mavrovouni
Morphostratigraphic  Altitude Range Age Glacial Stage and
Unit mean ELA (5Cl dating) corresponding MIS
1950-2050 m a.s.l. MIS 2 -LGM to
3 20.0 + 5.0 ka _
ELA n.a. Late-glacial

1950-2040 m a.s.l.
2 26.6 + 6.6 ka MIS 2 - LGM
ELA -1785 m a.s.l.

1470 -1840 m a.s.l. ) . . MIS 12 — Skamnellian
1 correlation with Middle Stage
ELA-2090m Pleistocene glacial phases )

as.l. MIS 6 — Vlasian Stage

The morphostratigraphic analysis and the 3ClI ages from the glacial/periglacial sequence in
the upper Mnimata valley provides further insight into the Late Pleistocene glaciation on Mt

Mavrovouni. The older of the **Cl exposure ages obtained from the terminal moraine of
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morphostratigraphic unit 2 (Figure 45) suggests that the local glacial maximum during Late
Pleistocene took place at 26.6 + 6.6 ka within the LGM (27.5-23.3 ka ; Hughes and Gibbard,
2015). The age uncertainty suggests that this glacial phase could predate or postdate the LGM
by 5 ka and 3 ka respectively. However 3CI Ages from Mt Tymphi (section 3.1.1.2) and Mt
Chelmos (section 5.5) calculated with similar production rates as the ones used in this research
suggest a pre-LGM Late Pleistocene glacier maximum at 29.0 + 3.0 - 25.7 + 2.6 ka and 36.5 +
0.9 - 28.6 £ 0.6 ka respectively. Therefore, a pre-LGM to LGM local glacier maximum on Mt
Mavrovouni is more likely. The glacier in the Mnimata valley at this stage had an ELA of 2090
m a.s.l., covered an area of ~0.1 km? and was ~0.35 km long. There is no evidence for the
timing of glacier retreat after this pre-LGM to LGM local glacier maximum but evidence from
Mt Tymphi (section 3.1.1.2) and Mt Chelmos (section 5.5) suggest that LGM glaciers had
retreated by 24.5 + 2.4 ka and by 22.2 £ 0.3 - 19.6 + 0.5 ka (section 5.5) respectively.

As regards the peroglacial pronival rampart deposits of the same sequence which were
ascribed to morphostratigraphic unit 3 (Figure 39 and Figure 45), the most representative *Cl
age has placed their formation at 20.0 £ 5.0 ka. The interpretation argued here is that after the
local Late Pleistocene maximum around the LGM at 26.6 + 6.6 ka and the subsequent glaciers
retreat, cold conditions persisted until 20.0 + 5.0 ka when the presence of perennial snow/ nevé
fields along the topographically shaded cirque slopes and the increased debris supply due to
freeze-thaw weathering of the cirque walls combined with rock slope failures led to the
deposition of these pronival ramparts. The evidence of periglacial features during this
transitional phase from the LGM to the Late-glacial suggests that unfavourable conditions for
the formation of glaciers prevailed but were cold/humid enough to preserve perennial snow
fields in topographically favourable positions close to the cirque walls. This is further
supported by initial results on Mt Tymphi, suggesting that small glaciers (<0.6 km?) persisted
in the northeast cirques at 18.0 + 1.9 ka perhaps sustained by avalanching snow and topographic
shading from the Goura cliffs (Allard et al., 2020).

4.4.1 Application of cosmogenic %Cl exposure dating on ophiolitic lithologies

One of the main novelties of the geochronological study of glacial deposits on Mt
Mavrovouni is the application of cosmogenic %6Cl exposure dating on ophiolitic boulders for
the first time. Although small in number, the presented *°Cl ages are in consistence with the
chronology of Late Pleistocene glaciations on the limestone-dominated Mt Tymphi and Mt
Chelmos as it has been shown. This is of great importance from a methodological point of

view as it proves in practice that the application of cosmogenic %Cl dating on ophiolites, which
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was in principle possible, is indeed applicable. This conclusion opens up the perspective of
dating the only complete glacial sequence identified in Greece which has been mapped on the
ophiolitic Mt Smolikas (see section 3.1.2). Moreover, the %Cl dating of ophiolite samples with
high Fe2O3 content (8-8.5 wt %) contributes on the validation of current scaling behaviour and
36CI production rates from Fe spallation for which further data from high Fe-content samples

is needed (Moore and Granger, 2019).

As regards the wider framework of Quaternary glaciations in Greece, this record constitutes
the only chronology of Late Pleistocene glaciations on the mountains of Greece that is
independent from inherent issues in surface exposure dating of limestones such as the erosion
rate of rock surfaces. The importance of independent age constraints is also stressed by lvy-
Ochs and Kober (2008)
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Chapter 5. Mt Chelmos: Geomorphological evidence, geochronology

and update of glacial reconstructions

A part of the glacial morphological study and OSL dating work that is presented in this

chapter has been included in the journal publication of Pavlopoulos et al. (2018).

5.1 Setting of Mt Chelmos

Mt Chelmos forms part of the mountain chain of the External Hellenides and rises to 2355
m a.s.l., favouring the accumulation of snow which does not melt until late summer. Its distance
from the coastline is only 25km, reflecting the intense tectonic uplift rates in the region. In
particular, although plate movements and orogenesis are still active far to the west, the Gulf of
Corinth, immediately to the north of Mt Chelmos, is a very active fault-controlled rift, with
contemporary uplift of the Peloponnese leading to new faulting (Figure 52; Pope et al. 2017
and references therein). On the basis of geologic data and uplifted topography the estimated
vertical uplift rates range from 0.3 mm/yr (Collier et al., 1992) to 1.1 mm/yr since at least 0.5
Ma (De Martini et al., 2004; McNeill and Collier, 2004) and 1.55 mm/yr over the last 350ka
(Armijo et al.,1996). During the Holocene rates are increasing to 1.3-2.2 mm/yr (Stewart,
1996; Stewart and Vita-Finzi, 1996) and up to 3-3.5 mm/yr (Pirazzoli et al., 2004).

Mt Chelmos is formed by a geological sequence of three distinct tectonic units. The first
(upper unit) corresponds to the Olonos-Pindos Unit, which consists of pelagic limestones and
radiolarites of Mesozoic age which are overlain by Tertiary flysch (Pope et al., 2017). The
second intermediate unit corresponds to the Gavrovo-Tripolis Unit, mainly composed of Upper
Triassic-Upper Eocene carbonate formations (Pavlopoulos et al., 2018). These two geological
zones bear similar geological/lithological properties but differ as to the geological age. The
presence of carbonate formations (highly soluble in water), the supply of water from melting
ice, and the precipitation and the influence of tectonism have led to significant karstic processes
on Chelmos. As a result, notable karstic landforms can be observed in the study area in the
western part of the massif (Figure 53), such as a polje, karstic sinkholes, dolines, caves, karstic
springs etc (Pavlopoulos et al., 2018). The northeastern lower slopes of the mountain are
composed of high-pressure/low-temperature metamorphic rocks of the lowest Phyllites—
Quartzites Unit that formed during the main alpine orogenesis, which culminated in the
Oligocene and Miocene,while subsequent orogenic processes resulted in the exhumation of

these metamorphic rocks (Skourtsos and Kranis, 2009; Skourtsos and Lekkas, 2011).
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Figure 52. Location of Mt Chelmos in Greece showing the major tectonic
features of the area. (From Pope et al., 2017)

The study area of this research includes the southwestern part of Mt Chelmos, which

includes the Loussoi polje (Figure 53). Likewise, sedimentary formations (northern part) of

later age can be seen. The most recently deposited sediments (Pleistocene-Holocene age) can

be found in the north-western part (gravels) and in the central part of the area depicted in Figure

53. These types of sediments are mainly transported and deposited by surface runoff along with

gravitational processes.
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Figure 53. Location map of the study area on Mt Chelmos (from Pavlopoulos et al., 2018)

Several glacial landforms can be distinguished within the study area (e.g. Figure 54). A full
review of all glacial studies on the massif is given in section 3.3. As the aim of this study was
to provide further evidence and timing constraints on the glaciation history of Mt Chelmos, a
moraine within the Spanolakos glacial valley, which drains the north-western flank of the
mountain to the polje of Ano Loussoi, was selected as the most representative high-altitude
glacial feature to be dated. The location of the moraine can be seen in Figure 1. This clear
arcuate termino-lateral moraine has also been identified by Mastronuzzi et al. (1994) and Pope
et al. (2017) and, although it has never been dated, it has been correlated by Pope et al. (2017)
with other dated units based upon their morphostratigraphy. Its formation has therefore been
attributed to a glacial advance/stabilization phase during 40-30 ka. In the framework of this

study, it was decided to collect samples from this moraine and date them in 2014 before the
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first version of the study of Pope et al. (2017) which was published in 2016. Still, the yielded

ages of the samples are useful in order to test the above-mentioned assumptions.

Figure 54. Glacial cirque at the uplands of Mt Chelmos (Photo: February 2015)

The nearest climatic data are available from the Akrata, Ano Loussoi and Kalavryta weather
stations (Table 16). When mean temperatures for these two stations are extrapolated using a
lapse rate of 0.6° C per 100 m of altitude, the mean annual temperature at 2000 m a.s.l. is about
5.3° C while the mean monthly temperatures for July and January are 13.8 °C and -3.0°C
respectively. It is notable that these mean temperatures are similar to the ones calculated for
Mt Mavrovouni in Nortwestern Greece regardless a difference of more than one degree in
latitude (A=22.1° and 21.05° for Mt Chelmos and Mt Mavorvouni respectively). With a mean
annual precipitation of 933mm for the four stations at an average altitude of 647 m a.s.l. the
mean annual precipitation at 2000 m a.s.l. is expected to exceed 1500 mm based on a linear
interpolation of the precipitation in Akrata (160 m a.s.l.) and Kalavryta (731 m a.s.l.). Snow
cover on the northern slopes above 1800 m a.s.l. lasts from late December to early May. The
precipitation is strongly seasonal, with a wet winter season and arid summers typical of a
Mediterranean climate (Koutsopoulos and Sarlis, 2003). No glacier permafrost or permanent

snow field survives on Mt Chelmos today.
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Table 16. Precipitation and temperature data from weather stations near Mt Chelmos
(data from Gouvas and Sakellariou, 2011; reference period>20yr)

R 0

Meteorological Altitude A_nn_ual_ Mean Temperature (°C)

Station | Precipitation Annual  Jan Jul

(ma.s.l) (mm)

Akrata 160 867 17 8.5 26.1
Ano Loussoi 1050 - 10.5 24 189
Kalavryta 731 999 12.8 4.5 21.7
Mean 647 933 134 5.1 22.2

Mt Chelmos 2000 >1500 mm 53 3 141

(Extrapolation)

5.2 Geomorphological mapping

Geomorphological mapping was conducted following the principles described in section
2.1. Research was initiated by collecting maps and satellite imagery. The second stage of the
geomorphological mapping involved the in-situ collection of data. During fieldwork many
landforms, as well as a number of topographical and geological features, which were not
apparent or recognizable on the maps and images of the study area, were documented. Finally,
during the fieldwork four (4) samples from a glacial moraine were collected and dated by the
OSL method. The obtained results were proved to be very useful for further defining the

glaciation phases of Mt Chelmos during the Tymphian Stage (MIS 5d-2).

5.2.1 Topographic data

The topographic maps that were used in this study included the large scale (1/5,000)
topographic sheets of Loussoi and the surrounding area, by the Hellenic Military Geographical
Service, as well as the medium scale (1/50,000) geological map from the Institute of Geology
and Mineral Exploration (IGME, 1977; 1978). The topographic maps provided the 4-meter
contours. In the areas where the slope was less than 15° the 4 m and the 2 m contours were
digitized in order to enrich the Digital Elevation Model (DEM) provided by the National
Cadastre (cell size 5 m). Cirques, moraines and glacial valleys have first been detected from
the observation of the high-accuracy orthophoto (see following section) and the DEM. During

fieldwork these landforms have been spotted, recorded and mapped with a GPS device.
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5.2.2 Remote sensing data

Remote sensing data included large scale aerial photos by the National Cadastre, Quickbird
satellite images, ALOS imagery and Google Earth imagery, which were used to enhance the
DEM. These combined with orthophotos provided significant information on the glacial,
periglacial and karstic features within the study area and contributed towards creating a

representative geomorphological map.

5.2.2.1 Advanced Land Observing Satellite (ALOS)

Almost all environmental and geological studies need quite accurate elevation data with
global coverage. The increased need for elevation data has simultaneously accelerated the
development of algorithms for automatic Digital Surface Model (DSM) extraction (Toutin
2001, 2004). As described in Nikolakopoulos et al. (2006) the along-track stereo-data
acquisition is superior as it reduces radiometric image variations (refractive effects, sun
illumination, temporal changes) and thus increases the correlation success rate in any image
matching. The vertical accuracy of ALOS PRISM DSM created with photogrammetric
techniques has been assessed in many studies worldwide (Takaku et al., 2007, 2008; Maruya
and Ohyama, 2007, 2008; Gruen and Wolff, 2007; Lamsal et al., 2011) and for the Greek
territory especially (Nikolakopoulos and Vaiopoulos, 2011; Nikolakopoulos, 2013). In general,
the vertical accuracy of ALOS DSM ranges between 2 and 3 m and thus ALOS DSM is

characterized as one of the most accurate sources for elevation data.

5.2.2.2 PRISM data Processing

The automatic DSM creation from ALOS PRISM stereopair is described in detail in
Nikolakopoulos et al. (2010). A PRISM data set acquired in 2008 over Chelmos Mountain
(provided freely by The European Space Agency) was used in this study. A stereo pair (Nadir
and Forward) with a base to height ratios (B/H) of 0.45 was processed using Leica
Photogrammetry Suite (LPS). Twenty-five ground control points and more than forty tie points
were used. A DSM with a pixel size of 7.5 m was created and no further processing (editing)
was performed. The vertical accuracy of the DSM from PRISM data was controlled using 145
ground control points very well spread around the study area. The RMS error was calculated
at 7.7 m an acceptable according to the sensor specifications and the steep relief. A final
orthophoto with 2.5 m spatial resolution was created and used in the suite of this study with the
respective DSM.
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5.2.3 Semi-automated geomorphological mapping

Basic criteria for the identification of the landforms were slope and lithology. Specifically,
according to Van Asselen et al. (2006) topographic gradients greater than 35 degrees were
treated as cliffs (alpine formations) while in case these gradients were within a buffer zone of
20 m from streams they were treated as down-cut erosion. Finally, topographic gradients
between 5 and 35 degrees were treated as deposit cones and debris (post alpine deposits). The
areas that were marked by the automated process were verified by remote sensing images
(ALOS orthophoto, Google Earth) and fieldwork. The shapes of the valleys, down-cutting
erosion and gorges were identified by the combined study of the topographic maps, the slope
map and fieldwork, while landforms like caves, were mainly identified through literature and

fieldwork.

5.2.4 Geomorphological map composition

The geographical entities were classified according to their characteristics following the
rules of cartographic generalization, abstraction and simplification (Gustavsson, 2006).
Specifically, discrete levels of information were generated concerning topographical,
hydrographical, geological and geomorphological features. Lithology, tectonics, and
geomorphology is generally in accordance with most geological and geomorphological maps
(Pavlopoulos et al. 2009). In general, the aim was to create a final geomorphological map,
which along with its legend is self-explanatory (Figure 55). Since the contours are displayed
with light shades of grey, indication of the relief inclinations was essential as an additional

feature of the morphology, in order to improve the map clarity.

5.3 Geomorphology of study area

The landscape of the study area is characterized by Karstic, fluvial and glacial landforms.
The most significant karstic landform is situated at the center of the map and can be described
as a smooth relief (low inclination) area. It has been formed by the dissolution of limestone,
and it is characterized as a polje (Tsoflias, 1973; Koutsi and Stournaras, 2011). The Ano-
Loussoi polje is mainly infilled by alluvial deposits-sediments transported by the fluvial and
glacio-fluvial processes. These torrents are nourished by the melting of the seasonal ice and
snow during spring/summer, as well as by rainwater during winter, to form the main stream of

the polje known by the toponym "Mana Stream" (Koutsi and Stournaras, 2011).
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Figure 55. Geomorphological map of the study area: geology and landforms (from Pavlopoulos et
al., 2018)
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This stream actually drains the whole area through two karstic sinkholes within the polje.
Moreoever, the presence of the karstic springs in Planitero village and the presence of sinkholes
in the western part of Loussiko village (located in the centre of the map) provide additional

indications about the intensity of karstic processes.

5.3.1 Glacial and glacio-fluvial features

Glacial landforms can be found mainly in the northern-eastern part of the study area in
altitudes between 1500-2200 m a.s.l. Cirques are situated on the higher part of Mt Chelmos, in
the eastern part of the geomorphological map (Figure 55, Figure 56), at altitudes between 2000
and 2200 m a.s.l. and have also been reported by Mastronuzzi et al. (1994) and Pope et al.
(2017). Most interestingly, on Mt Chelmos there is a number of glacial valleys reported also in
the studies of other researchers (Philippson 1892; Maull 1921; Mistardis 1937b,c, 1946;
Mastronuzzi et al. 1994; Pope et al. 2017). Within the study area of the present thesis the most
interesting examples are the valleys of Spanolakos, the valley of Xerokambos where the
Kalavryta ski resort is located and the valley of Laghada in the central part of the study area
(Figure 55). For reasons of consistency, the three morphostratigraphic units defined by Pope et
al. (2017) have been used to correlate the different glacial features, deposits and sedimentary
units. These morphostratigraphic units along with the 36CI exposure ages are summarized in
Table 17 and Figure 56.

Table 17. Glacial morphostratigraphic units of Mt Chelmos according to the study of Pope et al.

(2017)
Morphostratigraphic ~ Altitude Range Age Glacial Stage
Unit mean ELA (*Cl dating) (corresponding MIS)
2100 ma.s.l.
3 126 +0.9 -10.2+£0.7 ka MIS 2 - Younger Dryas
ELA -2174m a.s.l.
2200 m a.s.l. _ -
2 (Retreat Phase) 220+16 -212+16ka IS 2~ Global LGM
ELA —2046m a.s.l. Tymphian Stage

1600-2100 m a.s.l. .
2 39.9+3.0 -304+22ka MIS 3 - Tymphian Stage
ELA —2046m a.s.l.

. . . MIS 12 — Skamnellian
1 950-1450 m a.s.. correlation with Middle Stage

_ Pleistocene glacial phases
ELA —-1967 ma.s.l. g p MIS 6 — Vlasian Stage
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5.3.1.1 Spanolakos Valley

The glacial origin of the Spanolakos valley (2145-1300 m a.s.l.) has also been recognized
by Pope et al. (2017), distinguishing three main glacial features attributed to three distinct
morphostratigraphic units. A well-preserved cirque at 2145 m a.s.l. marks the head of the valley
(Figure 55 and Figure 56) along with large boulders and an indistinct moraine
(morphostratigraphic unit 3). The most interesting glacial feature however is a very clear
arcuate termino-lateral moraine (Mastronuzzi et al., 1994; Pope et al., 2017) at an altitude of
1900-2050 m a.s.l. Although it has never been dated, this moraine has correlated by Pope et al.
(2017) with the Kato Kambos formation and morphostratigraphic Unit 2 ( Table 17) on grounds
of altitude and morphostratigraphy. Its formation has therefore been attributed to a glacial
advance/stabilisation phase at 40-30 ka. However, the samples collected from the same
moraine were dated with the OSL method and yielded an age of 89-86 ka (Pavlopoulos et al.,
2018; see section 5.4).

The lower part of the Spanolakos valley (1900-1200 m a.s.l.) lies within the area below the
sampled glacial moraine and is characterized by thick accumulations of gravels and sand
interbeds. This sediment unit was firstly identified by Pope et al. (2017) and has been associated
with glacial activity in the Middle Pleistocene (morphostratigraphic unit 1 in Table 17), based
on the vast expanse of glaciation and the respective geochronological framework of North
Pindus in Greece (Hughes et al., 2006a). Between 1700 and 1900 m a.s.l. cemented gravels
and sands are topped by numerous large perched boulders and this range of heights has been
noted as the approximate down-valley extent of the largest former glacier limit in this valley
(Pope et al., 2017). In the same study, the range between 1700-1200 m a.s.l. where larger
boulders are absent was interpreted as a stacked sequence of glacio-fluvial fans. This formation
of glaciofluvial sediments can be seen in Figure 55 and Figure 56. These units are clearly
distinguished from those derived from erosional and depositional processes. Due to erosional
processes V-shaped valleys and down cut erosion are formed by the action of the hydrographic
network. The alluvial fans are present mainly in the western part of the study area, where most
of the torrents deriving from the neighbouring mountains end up in the polje of Loussoi,
forming a continuous line of alluvial fans. A direct result of the above alluvial and glacial
sediment flows was the extensive deposition inside, and in the boundaries, of the polje, filling
it with sediments. These sediments are cohesive and they are reported in the geological maps

as "Kato Soudena" formation.
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5.3.1.2 Xerokambos Valley

This valley drains the northern flanks of Mt Chelmos. Its glacial origin is easily
distinguishable and several glacier landforms, like a glacial cirque (Figure 55 and Figure 56)
and scattered perched boulders at the head of the valley at ca. 2200 m as.l.
(morphostratigraphic unit 3 in Table 17) as well as a terminal moraine at ca. 1850 m a.s.l., have
been identified (Philippson, 1892; Mistardis, 1937b, 1937c, 1946; Mastronuzzi et al., 1994;
Pope et al., 2017). The moraine has not been dated but it has been correlated by Pope et al.
(2017) with the Kato Kambos formation and morphostratigraphic Unit 2 ( Table 17) on grounds
of altitude. Its formation has therefore been attributed to a glacial advance/stabilisation phase
during 40-30 ka. However, given the new evidence from the dating of a termino-lateral moraine
in the Spanolakos valley at a similar altitude (1900-2050 m a.s.l.) this moraine could also be
correlated with a newly defined glacial advance/stabilization phase at 89-86 ka. The central
part of the moraine at 1850 m a.s.l. has been destroyed by ski-resort earthworks in 1985.
However, Mistardis (1937b, 1946) describes it as a quite high and very clear arcuate terminal
moraine, blocking entirely the valley. Mistardis names it “Loutsa”, which means seasonal lake
in Greek, and indeed Philippson (1892) states that a seasonal lake was present there. Later on,
in 1937, Mistardis (1937b; 1946) observed that the modern river channel at that time incised
the moraine and as a result it was draining the hollow area behind the moraine, preventing the
accumulation of water. Downstream from the moraine there was found a fluvial fan of fine,
well-sorted deposits (Mistardis, 1937b; 1946). Moreover, Mistardis in the same studies
remarked that the flat bottom of the hollow implied a lacustrine origin. The former lake bottom
was plane and rich in fine sediments while scattered large-size perched boulders were found.
The breakage of this moraine-dammed lake in Xerokambos valley between years 1896 and
1937 could be linked with tremendous floods in Peloponnesus at the beginning of the 20th
century (Diakakis et al., 2011). Indicative of the scale of the storms and floods of this period is
the creation of the nearby Tsivlos lake by a huge landslide on 24th March 1913 (Stavropoulou
et al., 2003). Finally, Mistardis (1937b, 1946) reports another smaller moraine at ca. 2000 m
a.s.l., partly blocking the valley and although it has not been confirmed by any other
researchers, some remnants of these glacial deposits can indeed be observed, flanking the ski
run above the upper building of the ski resort.

At the lower part of the valley (1650-1700 m a.s.l.), the construction of the ski resort runs,
buildings and car park has destroyed much of the evidence. The scattered surviving glacial

features (mainly sub-rounded boulders and thin diamicton deposits) have been interpreted by
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Pope et al. (2017) as the probable furthest extent of former glaciers during Middle Pleistocene

(morphostratigraphic unit 1 in Table 17).

However, further evidence at lower altitudes within the valley indicates further
glacial/periglacial processes. Specifically, there has been identified a well-preserved cemented
diamicton tillite unit (Figure 55 and Figure 56), just below the car park at ca. 1650 m a.s.l.
(Figure 57). The upper-altitude tillites consist of poorly sorted cemented sub-rounded rocks,
boulders and gravels and can be spotted on the ground surface. The unit’s downvalley
depositional limits are not clear but the cemented gravels, probably of glacio-fluvial origin
extend down to 1200 m a.s.l. at the western part of the Xerokambos valley. This unit has also
been reported by Tsoflias (1973), and was characterized as cemented conglomerates. At lower
altitudes (<1500 ma.s.l.), it mainly consists of gravels which are also exposed by the main road
from Kalavryta to the ski resort. However, at this stage, the absence of clear evidence for the
glacial limits makes rather difficult the determination of the extent of the largest former glacier

in Xerokambos valley.

Figure 57. Detail of the diamicton tillite unit below the ski resort car park at ca. 1650 m a.s.l.
(Figure from Pavlopoulos et al., 2018; Photo: Aris Leontaritis, March 2016)
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5.3.1.3 Lagadha valley

This valley neighbours the Spanolakkos valley in the south and drains the western flanks
of Mt Chelmos, including the basins of Strogilolaka (northern branch of Lagadha valley) and

Kato Kambos (southern branch of Lagadha valley) (Figure 55, Figure 56) .

The Kato Kambos valley (2280-2250 m a.s.l.) has clearly glacial origins and is headed by
a well-developed cirque at 2280 m a.s.l. (Maull 1921; Mistardis 1937c; Pope et al. 2017). Its
upper part is a glacio-karst cirque basin where cirque moraines have been identified at ca. 2140
m a.s.l. and perched boulders have been dated with cosmogenic %¢CI by Pope et al. (2017). The
results indicate a glacial advance/stabilisation phase at 13-10 ka characterizing
morphostratigraphic unit 3 (Table 17). Further down the valley, between 2050 and 2140 m
a.s.l. another latero-frontal moraine has similarly been identified and perched boulders at ca.
2120 m a.s.l. have been dated with cosmogenic *Cl by (Pope et al. 2017). The results indicate
a glacial advance/stabilisation phase at 40-30 ka characterizing morphostratigraphic unit 2
(Table 17). Glacial boulders can be found down to 2050 m a.s.l. perched just above the steep
and steeply incised upper Laghada valley which has been interpreted as the down-valley glacial
limit of this unit (Pope et al., 2017). Occasional boulders can also be seen further down until
the point where Kato Kambos valley converges on the southern branch of the Stogilolaka

valley, but no further deposits have been preserved due to the steepness of the valley.

Similarly, within the Strogilolaka valley (2100-1900 m a.s.l.) there is abundant glacial
evidence, like glacial boulders lying on top of diamicton ridges, but deposits have been poorly
preserved due to modern stream activity (Pope et al. 2017). In any case, the limits of
morphostratigraphic unit 1 have not been yet identified within the Lagadha valley, which ends

up right on the southern edge of the Loussoi polje.

The lower part of the Lagadha valley, stretching from 1000 to 2000 m a.s.l., is very steep
at middle altitudes (1400-2000 m a.s.l.) and deeply eroded by surface runoff for its entire stretch
(V shaped - Figure 55 and Figure 56). At around 1000 m a.s.l. it reaches the polje of Loussoi
where extended alluvial deposits similar to the ones found in the lower Spanolakos valley

above the settlement of Loussoi can be seen (Figure 55 and Figure 56).

This area is characterized by thick accumulations of gravels and sands, superficially (<5 m
in thickness) cemented in places (zone a in Figure 58). Interestingly, this sedimentary formation
expands over the southern edge of the polje, where it has been exposed both by the modern
Lagadha river channel on its eastern side and by the modern river channel draining the polje

on its western side. The latter vertical section is about 40 m deep and can be seen in Figure 58.
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As it can be observed in this picture, the material at the upper part (zones a and b in Figure 58)
is stratified forming a stacked sequence of gravel and sand accumulations, resembling the
Spanolakos formation. It could therefore be characterized as a sequence of glacio-fluvial fans.
The large sub-rounded boulders (>2 m in diameter) present in stratified sands (zones a and b)
are consistent with a glacio-fluvial origin. However, the lower part of the unit (zone c in Figure
58) is a non-stratified diamicton with gravels, rocks and sub-rounded rocks (ca. 0.5-1 m in
diameter). A more detailed picture of the unsorted material in zone c can be seen in Figure 59.
These lower parts of the Laghada sedimentary formation could be interpreted as a former
moraine which has then been eroded and subsequently mixed-with/covered-by later glacio-
fluvial fans during more recent glaciation-deglaciation phases. Alternatively, they could be
high-energy glaciofluvial deposits emanating from a glacier front that was a short distance up-
valley at the apex of the fan in the Lagadha gorge (Figure 56).

Figure 58. The Lagadha alluvial fan at ca. 950 m a.s.l. The lower part of this fan (zone c) is
characterised by sub-rounded rock and boulder deposits. These are likely to be glacial in origin,
either moraines or high-energy glaciofluvial deposits emanating from a glacier front that was a short
distance up-valley. The boulders present in stratified sands (zones a and b) are consistent with a
glacio-fluvial origin. (Figure from Pavlopoulos et al. 2018; Photo: Aris Leontaritis, March 2016)
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Figure 59. The diamicton lower part of the Lagadha sedimentary formation (zone ¢ in Figure 58)
topped by clearly stratified sand layers (zone b in Figure 58). Possibly a glacial moraine eroded and
buried by later glacio-fluvial deposits. (Figure from Pavlopoulos et al. 2018; Photos: Aris
Leontaritis, May 2017)

Moreover, the southern part of the Laghada sedimentary formation remains exhumed by
the later glacio-fluvial sequences, forming a ridge (Figure 60). As it can be seen from the photo,
there are large limestone sub-rounded boulders exposed on its surface, similar to the ones found
in the buried diamicton zone describe above. From a morphostratigraphic point of view, the
buried diamicton zone is in the same position as the ridge. This evidence indicates that this
ridge could be a former moraine created by the most extensive glacier in the Laghada valley.
This sedimentary unit could thus be interpreted as the approximate down-valley extent of the
largest glacier in this valley. In this case, it can be correlated with the diamicton deposits
identified by Pope et al. (2017) at the lower parts of Chaliki valley (1300 m a.s.l.) and the Styx
valley (1200 m a.s.l.) in the Neraidorachi area at the southern and eastern flanks of Mt Chelmos
respectively. Conclusively these deposits could be correlated with morphostratigraphic unit 1
(Table 17) and hence could be attributed a Middle-Pleistocene age. However, considering the
alternative interpretation that the lower zone of the sediments represents high-energy
glaciofluvial deposits, this sedimentary formation could be associated with a glacier front that

existed nearby in the valley and these have since been buried by later alluvial fan deposits.
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Figure 60. The southern un-buried part of the moraine(?) ridge. Top: looking north. Middle: Detail of
top picture Bottom: looking southeast. The large sub-rounded boulders exposed on the ridge surface are
solid limestone boulders rather than blocks of cemented gravels that are found elsewhere on the surface

of the northern part of the Lagadha sedimentary formation. These ridges are in terms of strata position

in consistence with the respective diamicton deposits shown in zone c of Figure 58. (Figure from
Pavlopoulos et al., 2018; Photos: Aris Leontaritis, May 2017)
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5.4 Optically stimulated luminescence (OSL) dating of moraine deposits

As already discussed, several glacial landforms can be distinguished within the study area.
However, this research focuses the Spanolakkos glacial valley which drains the north-western
flank of Mt Chelmos to the Polje of Ano Loussoi. The Spanolakkos valley has also been
identified by Pope et al. (2017), distinguishing three main glacial features attributed to three
distinct morphostratigraphic units. The most interesting glacial feature is a very clear and well-
developed arcuate termino-lateral moraine at an altitude of 1900-2050 m a.s.l. (Figure 61).
Although it has never been dated, this moraine has correlated by Pope et al. (2017) with the
Kato Kambos formation and morphostratigraphic Unit 2 ( Table 17) on grounds of altitude and
morphostratigraphy. Its formation has therefore been attributed to a glacial
advance/stabilisation phase at 40-30 ka. In the framework of this study, it was decided to collect
samples from this moraine and date them in 2009, well before the first version of the study of
Pope et al. (2017) was published in 2016. Still, the yielded ages of the samples are useful in

order to test the above-mentioned assumptions.
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Figure 61. The sampling site for OSL dating.
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Four glacial sediment samples (LOUS1, LOUS3, LOUS4, LOUS6) were collected from
the lower part of the moraine (Figure 62). Two of the samples (LOUS1, LOUSS3,) were taken
in aluminium tubes from cohesive sands and fine gravels at a depth of 50cm from the exposed
surface in order to ensure they were undisturbed while the other two (LOUS4, LOUS6) were
collected as blocks from cemented material (tillites). The two latter samples had to be carved
under controlled illumination conditions (subdued ~580 nm light) in order to extract their light-
safe interior prior to chemical treatments. All samples were subsequently submitted for OSL
dating at ‘Demokritos’ OSL dating laboratory (Athens, Greece).

Figure 62. Left: The dated arcuate termino-lateral moraine in the Spanolakos valley (1900-2050 m
a.s.l.). Right: Arrow points at the sample spot in the lower part of Spanolakos moraine.
(Figure from Pavlopoulos et al. 2018; Photos: Kosmas Pavlopoulos — 2009)

All samples underwent standard chemical and mechanical treatment (e.g. Athanassas et al.
2012) to isolate quartz grains. Initial steps involved treatment with HCI (10% concentration)
and H20- (20% concentration). Remaining sediment residue was found to be fine-grained and
clay-rich and, therefore, a fine-grain (or slit-grain) dating approach was followed (see Rhodes,
2011). The material underwent grain-size fractionation through suspension, isolating the 4-
1 1um particle-size fraction. The isolated fine fraction was then submitted to hexafluorosilicic
acid (H2SiFs, 40% concentration) for several days to dissolve the feldspathic content and purify
the fine-grained quartz. Retained fine-grain quartz was then divided into sub-samples (aliquots)

and was mounted on stainless disks (1 cm in diameter) to produce large aliquots.

Luminescence measurements were carried out using a RIS@-TL/OSL-15 reader.
Equivalent dose measurements were carried out running the post-infrared OSL (pIR-OSL)
protocol by Banerjee et al. (2001) on multiple aliquots (~20 aliquots/sample), generating in this

way a number of individual equivalent doses per sample. Specifically, measurement of natural
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infrared stimulated luminescence (IRSL) and OSL signals were succeeded by the measurement
of the IRSL and OSL responses to a series of regenerated laboratory irradiations, all normalized
by the IRSL and OSL response to a constant laboratory dose respectively, known as the test
dose (Murray and Wintle, 2000).

OSL stimulation induced explicit decay curves for samples LOUS1, LOUS3 (Figure 63a)
but poor signal-to-noise ratios for LOUS4, LOUS6, quite untypical of quartz. This observation
implies the dominance, and therefore the suitability, of quartz in samples LOUS1, LOUS3 but
absence of it in samples LOUS4, LOUS6. Therefore, only samples LOUS1, LOUS3 were
considered for further analysis. A typical regenerated growth curve is illustrated in Figure 63b.
Moreover, both LOUS1, LOUS3 vyielded normal and relatively tight equivalent dose
distributions, endorsing the reliability of the calculated equivalent dose and hence, of the OSL

ages. A typical equivalent dose distribution is shown in (Figure 63c).
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Figure 63. a) (Top left): Typical OSL decay curve. Top Right b) (Top right): growth curve -
interpolation of the natural signal onto the growth curve defines the equivalent dose on X-axis.
c)(Bottom): equivalent dose distribution. All figures for the LOUS3 moraine sample (from
Pavlopoulos et al., 2018).
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Dose rate estimation involved measurements of the sample’s radioelement content in U, Th
and K by means of ICP-MS (Inductively Coupled Plasma— Mass Spectrometry) combined with
in situ y-spectrometry. Concentrations of U and Th (in ppm) and K (in % by weight) were then
converted to dose rate units by taking into account conversion factors published by Adamiec
and Aitken (1998). The dose rate values were further corrected for moisture content, grain-size
attenuation and cosmic-ray contribution. The dose rate for samples LOUS1 and LOUS3 was
finally estimated to be 0.79 +0.1 Gy/ka. OSL ages were subsequently calculated (see section
2.2.3.2) at 89+9 ka and 86+7 ka respectively.

5.5 Summary and overview of the glacial and glacio-fluvial features on Mt
Chelmos

In this section, the glacial features that were identified and presented in this research are
summarized along with the findings of other researchers in an effort to correlate them with
each other and lead to a better understanding of the glaciation history of Mt Chelmos. The
different morphostratigraphic units and the correlated glacial stages are summarized in Table
18. The respective geomorphological map is presented in Figure 56.

Table 18. Updated glacial morphostratigraphic units on Mt Chelmos according to data from Pope et
al. (2017) and Pavlopoulos et al. (2018). The *CI exposure ages are reported according to the
recalculations of Allard et al. (2020) with the updated production rates of Marrero et al. (2006b) as
presented in Table 19

. . . Age .
Morphostratigraphic  Altitude Range 1 g_ 236 Glacial Stage and
. (* OSL Dating, = *°Cl .
Unit mean ELA . corresponding MIS
dating)
2100 m a.s.l.
3 13.1+0.2-105+0.3ka2 MIS 2 - Younger Dryas
ELA -2174m as.l.
2cC 2200 m a.s.l. _ -
222+03-19.6+05ka? M2~ Clobal LGM
Retreat Phase ELA >2200m a.s.l. Tymphian Stage
1600-2100 m a.s.l.
2b ELA — 2046 m 36.5+0.6-30.4+22ka? MIS 3 - Tymphian Stage
as.l.
1850-2050 m a.s.l. .
2a / 89+9-86+7ka! MIS 5b - Tymphian Stage
n/a
950-1450 m a.s.l. . ) . MIS 12 — Skamnellian
1 correlation with Middle Stage
ELA-1967m Pleistocene glacial phases )
as.l. MIS 6 — Vlasian Stage
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The lowest glacial sediments/deposits identified are the eroded/buried moraines at the
lower Laghada valley (down to ca. 950 ma.s.l.). They have been interpreted as the down-valley
limits of these glaciers and correlated with the respective sediments of morphotratigraphic unit
1, identified by Pope et al. (2017) in the Chaliki valley in the south (down to ca. 1300 m a.s.l.)
and the lower Styx valley in the north-east (down to ca. 1150 m a.s.l.). These new findings,
complement our knowledge of the most extensive glaciation on Mt Chelmos. Based on
correlations with evidence from northern Greece and Montenegro this glaciation took place
during the Middle Pleistocene, most probably during the Skamnellian Stage (MIS 12) and/or
the Vlasian Stage (MIS 6) (Pope et al., 2017).

The next morphostratigraphic unit (unit 2 in Table 18) is correlated to the Tymphian Stage
(MIS 5d-2) and is subdivided into three sub-units. The most significant evidence for this period
came from the OSL dating of the termino-lateral moraine at an altitude of 1900-2050 m a.s.l.
in the Spanolakos valley. This moraine had initially been ascribed an age of 40-30 ka based on
a morphostratigraphic correlation with the dated Kato Kambos formation (Pope et al., 2017)
but the new OSL dating of samples from the foot of the moraine yielded ages of 89-86 ka,
indicating that this could be another glacier advance/stabilization phase. This moraine has been
classified in the morphostratigraphic subunit 2a. Given the morphostratigraphic similarity, in-
valley position headed by a clear cirque of quasi-identical orientation (N-NW) and altitude, the

Xerokambos moraine at 1850 m a.s.l. could also be correlated with this unit.

The formerly defined morphostratigraphic unit 2 (Pope et al. 2017), correlated with the
Kato Kambos unit and a glacier advance/stabilization phase is redefined as subunit 2b in Table
18. Similarly, the glacial retreat phase that was also classified in morphostratigraphic unit 2 by
Pope et al. (2017) is here ascribed to a distinct sub-unit (2c).

The upper moraine in the Xerokambos valley, identified by Mistardis (1937b; 1946) at 2000
m a.s.l. has been almost completely destroyed by ski-run earthworks but could either be
correlated with morphotratigraphic unit 2b or interpreted as a recessional moraine and could
be ascribed to sub-unit 2c. Finally, morphostratigraphic unit 3 remains as defined by Pope et
al. (2017).

As regards the timing constraint of these stratigraphically younger deposits units (unit 2b,
2c and 3) the original comsmogenic **Cl exposure ages reported by Pope et al. (2017) were

calculated using the Excel spreadsheet and the production rates of Schimmelpfennig et al.
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(2009; 2011) and the authors argue that due to the continual refinements to the understanding
of %6Cl systematics, especially with regard to production rates, these ages are very likely to be
subject to revision. Indeed, Allard et al. (2020) recalculated these ages with the updated and
more reliable production rates of Marrero et al. (2016a) using the CRONUS Online Calculator
v2.0 (http://cronus.cosmogenicnuclides.rocks/2.0/html/cl/) and these ages have been adopted
in this research (Table 18). The differences in final ages due to the two different calculation

models are reported in Table 19.

Table 19. Original and recalculated *Cl ages for the different stratigraphic units in Mt Chelmos.
Ages reported by Pope et al. (2017) have been calculated with the Excel spreadsheet and the
production rates of Schimmelpfennig et al. (2009; 2011), whilst the ages reported by Allard et al.
(2020) have been recalculated with the updated and more reliable production rates of Marrero et al.
(2016a) using the CRONUS Online Calculator v2.0

Stratigraphic Unit ~ 36CI Age (Pope et al., 2017)  36Cl age (Allard et al. 2020)

3 126 +0.9 -10.2+0.7 ka 13.1.£0.2-10.5+ 0.3 ka
2c 229+16 -21.2+x16ka 22.2+0.3-19.6 £0.5ka
2b 39.9+3.0 -304+22ka 36.5+0.9-28.6+0.6 ka
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Chapter 6. Preliminary glacial geomorphological study of Mt

Parnassus

The latest glacial studies on Mt Olympus (Styllas et al., 2018) in northeastern Greece Mt
Tymphi in the northwest (Allard et al., 2020) and Mt Chelmos (Pope et al., 2017) in the south
which were published in the course of this research were partly controversial as regards Late
Pleistocene glaciation (see 2.3). This highlighted the importance of a key geographical link
between the well-studied Pindus mountains/Mt Olympus in northern Greece and Mt Chelmos
in the south. Such a link would allow for the comparison and interpretation of the results from
these studies and the reconstruction of the palaeoclimatic conditions across Greece at these
times. As in central Greece the high-altitude glacial deposits are best preserved on Mt Parnassus

(see section 3.4), it is argued that this massif is the most appropriate for creating this link.

In this context, the geomorphological evidence presented here give an account of field
sedimentological observations on Mt Parnassus in comparison with the work of the first
systematic mapping and geomorphological interpretation of glacial and periglacial features of
Pechoux (1970). This work forms the basis of a future glacial/geochronological project

focusing on the uppermost and thus stratigraphically younger glacial deposits.

6.1 Setting of Mt Parnassus

Mt Parnassus is located in Sterea Hellas in central Greece (Figure 64) and is one of the ten
tallest mountains in Greece with its highest peak, Liakoura, reaching an altitude of 2457 m
a.s.l. Its characterised by a broad and slightly inclined high-altitude plateau drained by steep
valleys and surrounded by several peaks exceeding 2300 m in altitude.

Central-eastern mainland Greece is a strip of land between two actively deforming gulfs
(Jolivet et al., 1994): Korinthos to the south and Evoia to the north (Figure 64). The Gulf of
Corinth is characterized by particularly high rates of deformation that reach an average rate of
about 10 mm/yr (Ambraseys and Jackson, 1990; Billiris et al., 1991), which are among the
highest in the Mediterranean area. The Delphi fault bounds the Mount Parnassus massif to the
south and it is the most prominent of the active antithetic structures of the Gulf of Corinth Rift
(Péchoux, 1977; Armijo et al., 1996; Piccardi, 2000 and references therein). Geologic and
geomorphic features indicate that the fault is active with an average slip rate between 0.5 and
0.7 mm/yr during the last 1 Ma (Piccardi, 2000).
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The region of central-eastern mainland Greece is characterized by an alpine nappe-pile
structure, overprinted by neotectonic features (Kranis and Papanikolaou, 2001). The lowermost
nappe is the Pindos Unit while the Parnassos Unit, which occupies the greatest part of central-
eastern mainland Greece is placed between the underlying Pindos and the overlying Sub-
Pelagonian Units. The Parnassos unit is a 1.5-2 km thick Upper Triassic to Paleocene neretic
carbonate sequence, terminating with a typical Paleocene clastic sequence (flysch) (Kranis and
Papanikolaou, 2001). The Sub-Pelagonian unit on the other hand is an Upper Triassic - Middle
Jurassic carbonate platform that evolves into a Middle to Late Jurassic clastic sequence
followed by Upper Cretaceous carbonate sediments and flysch deposition in the Danian
(Richter et al., 1994; 1996). Mt Parnassus is mainly built by the Parnassos Unit while only
relics/klippen of the Sub-Pelagonian unit can be found within the massif. The trace of the
surface that separates these two units marks the foot of Mt Parnassos northern front, an

impressive physiogeographic feature more than 2000 m high (Kranis and Papanikolaou, 2001).

D Quaternary and Neogene
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Figure 64. Summary geological map of Mt Parnassus within central-eastern mainland
Greece (Sterea Hellas). NAF: North Anatolian Fault. (from Kranis and Papanikolaou, 2001)
As regards the glacial geomorphology of the Parnassus massif, U-shaped valleys headed by
deep glacial cirques indicate its extensive glaciation, even though glacial deposits other than
erratic boulders have not been preserved (or discovered yet) within these valleys probably due
the steepness of its slopes in all orientations. In any case this extensive phase(s) must have
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occurred during the Middle Pleistocene (MIS 12/ MIS 6) according to the Pindus
Chronostratigraphy in Northern Greece (see section 3.1). Within the high altitude (>2000 m)
north-oriented cirques, younger glacial deposits are evident and most importantly, some clear
and well-preserved moraines are evident in many cirques (Pechoux, 1970; see also next
section). Given their morphostratigraphy, altitude and orientation and according to the glacial-
research background in the mountains of Greece presented in 2.3, these younger deposits are
expected to be Late-Pleistocene in age. Therefore, the dating of these moraines is in principle
ideal for the purpose of a future dating project.

No glaciers, permafrost or permanent snow fields are present today. The present-day
precipitation and annual temperature range at the nearby villages of Ano Souvala, Gravia,
Grammeni Oxia, and Itea are summarized in Table 20. When mean temperatures for these four
weather stations are extrapolated using a lapse rate of 0.6 °C per 100 m of altitude, the mean
annual temperature at 2000 m a.s.l. is about 5.6 °C while the mean monthly temperatures for
July and January are 14.7 °C and -3.1 °C respectively. With a mean annual precipitation of 936
mm for the four stations at an average altitude of 583 m a.s.l. the mean annual precipitation at
2000 m as.s.l. is expected to exceed 2000 mm based on a linear interpolation of the precipitation
in Itea (20 m a.s.l.), Ano Souvala (700 m a.s.l.), and Grammeni Oxia (1160 m a.s.l.). Snow

cover on the northern slopes above 1800 m a.s.l. lasts from late December to early May.

Table 20. Precipitation and temperature data from weather stations near Mt Parnassus
(data from Gouvas and Sakellariou, 2011; reference period>20yr)

Meteorological Altitude Arm_ual_ Mean Temperature (°C)

Station (mas.l) Precipitation Annual Jan Jul
(mm)

Ano Souvala 700 1141 13.2 43 225

Gravia 450 889 143 54 237

Grammeni Oxia 1160 1245 115 29 204

Itea 20 470 17.2 9.1 26.1

Mean 583 936 141 54 232

Mt Pamassus 2000 >2000 mm 56 31 147

(Extrapolation)
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6.2 Geomorphological evidence

Through this preliminary geomorphological field study a few clear and well preserved,
moraines within at least five high altitude (>2000 m a.s.l.), north-facing cirques have been
identified (Figure 65). All cirque moraines are confined to positions close to the cirque walls.
They bare no characteristics of pronival ramparts or other nival or periglacial features, while
their overall morphological characteristics indicate a glacial origin as Pechoux (1970) also
argued. Given the extent of the glaciers, the moraines are surprisingly high above the ground
(10-25 m), most likely an effect of karstic processes where glaciers tend to burrow into dolines
(Pechoux, 1970). According to the morphostratigraphy, altitude and relative position within
the valleys as well as the lack of soil development and according to the glacial-research
background in the mountains of Greece presented in the previous sections, these deposits are
expected to be close to the LGM or Late-glacial in age. It should be noted that whilst Holocene
glaciers are unlikely at this altitude/latitude (Hughes et al., 2006c), the presence of snow
patches within the cirques until late September reported by Pechoux (1970) which has been
confirmed on the field, strengthen the hypothesis that the stratigraphically younger moraines
are likely to be Late-glacial in age.

The glacial origin of these deposits is confirmed by the exposure of a cross section through
the moraine of the Arnovrisi cirque due to earthworks for the development of a ski resort in the
area. The outcrop shows that the moraine is made of a typical till deposit (Figure 66). There
are two nested moraine crests at 2100 m a.sl. in Arnovrisi cirque (Figure 66a) that could be
ascribed to two distinct glacial phases. Similarly to the Yerontovrahos moraine at 2200 m a.s.l.
(Figure 65), these deposits are unsuitable for exposure dating with cosmogenic *Cl as they are
very close to the ski runs and lifts and glacial boulders that could be sampled may have been

moved in the course of the earthworks.

In the Liakoura cirque (Figure 65) there have been identified two nested moraines at 2250
m a.s.l. (Figure 67; Pechoux, 1970). These moraines are ideal for sampling as their shape is
well defined with a height of 20 m (Figure 67a) and there are plenty of large boulders (d >1 m)
lying on their crests that are suitable for surface exposure *®Cl dating. This site is also isolated
and far from the ski-runs, thus minimising the risk of human intervention. It should be noted
that evidence suggests that the two moraines might belong to two distinct glacial phases as the
outer moraine is considerably more dismantled compared to the inner moraine, and glacial
boulders on its surface are also more weathered (Figure 67a). Therefore, it would be worth

dating both.
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Figure 65. Geomorphological maps of key sites mentioned in the main text including, in panel a and b,
the specific location of the moraines that would be aimed to be sampled in this project. Sites in panel ¢
and d were ultimately not considered for sampling because of a lack of large boulders and the
proximity to the ski runs and lifts (anthropogenically-reworked deposit refers to work done for the ski
resort).
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Figure 66. a) (Top): The Arnovrisi moraines seen from the peak above the cirque; b) (Bottom): The glacial
deposits exposed by ski resort earthworks (left) are characterized by clast-rich lithology with sandy to
muddy matrix (right). The fine-grained material is unconsolidated and the clasts consist of various sizes of
sub-rounded limestone boulders (1m long hiking pole for scale) (Photos: September 2019).

The glacial deposits in the Tsarkos NW and NE cirques were next studied (Figure 65). The
Tsarkos NW deposits comprise of a single, clear moraine within a cirque at 2250-2300 m a.s.l.
(Figure 68) that was also identified by Pechoux (1970). Its shape is well-developed and the
moraine reaches 10 m in height. As regards its suitability for *°Cl dating, although it is generally
composed of small rock fragments and sands there are at least two large boulders on its crest

that are suitable for sampling. This moraine can be correlated with the moraines in the other
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cirques and is expected to be Late-Pleistocene in age. This hypothesis is further strengthened

by the presence of snow in late September (Figure 68).

Figure 67. a) (Top): Frontal moraine and glacio-karst depression within the glacial cirque at 2250 m
a.s.l. below the peak of Liakoura (2474m a.s.l.); b) (Bottom): The clearly shaped inner Liakoura
moraine (right) nested into the more dismantled outer moraine.
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Figure 68. The NW Tsarkos small cirque and related moraine at 2250-2300 m a.s.l. Notice the presence
of snow in September, which strengthens the hypothesis that this is a Late Pleistocene moraine.
The Tsarkos NW is part of the deeply ice-scoured Velitsa glacial valley (Figure 65; Figure

69b) but the main head of the valley is actually marked by the Tsarkos NE cirque. The upper

Velitsa valley is characterised by thick accumulations of unshaped glacial deposits spilled with

very large glacial boulders. This sediment unit was described by Pechoux (1970) as a rock-

glacier but although it has undoubtedly undergone some periglacial creep it lacks the distinct
characteristics of rock glaciers such as lobes. Therefore, it is here considered as a sedimentary
unit of glacial deposits. A well developed and clearly shaped moraine with a height of 25 m is

nested into the older deposits near the cirque walls, at an altitude of 2140 m a.s.l. (Figure 69).

The moraine is double-crested like the Liakoura moraine, with an abundance of large boulders

that are suitable for *°Cl dating and it would be worth dating both the inner and the outer

moraine crests. It should be noted that a snow patch behind this highest moraine is still present
in September 2019, giving strength to the hypothesis that the most recent phase of moraine-

building is likely to be Late-glacial in age.

Finally, it should be noted that the cirques mentioned here are well-developed and their
creation cannot be ascribed to the very restricted — probably Late Pleistocene - glacial phase(s)
during which the above-described cirque moraines formed. The cirques have been inherited by
previous glaciations of the massif that are indicated by the presence of ice-scoured and
deepened U-shaped valleys (Pechoux, 1970). Specific evidence of an older more extensive

glaciation phase has been identified only in the Velitsa valley and are shortly presented next.
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Figure 69. a) (Top): The thick glacial deposits at the head of the Velitsa glacial valley and the clearly
shaped moraine near the walls of the Tsarkos NE cirque. Notice the greenish patch below the moraine
at the cirque floor: that is a flat surface filled with clay deposits that could have been the bottom of a
former moraine- dammed lake. The outer moraine crest lays just below and left of the clear inner
ridge; b) (Bottom): The glacial deposits unit as seen from the saddle north of the Liakoura peak. The
two moraine ridges are easily distinguishable. The shaded crags of the NE Tsarkos cirque can be seen
behind with a snow patch still lingering at the end of September. At the upper right corner is the
lower basin of the Tsarkos NW cirque.
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6.2.1 Morphostratigraphically older mid-altitude deposits
The valley of Velitsa (Figure 65) is the only valley where morphostratigraphically older

glacial deposits have been preserved. In particular, a well-shaped, 950-metre in length
terminolateral moraine has been preserved in the southeastern flank of the valley between 1860
and 1470 m a.s.l. (Figure 70; Figure 71). The lower Velitsa valley below this point becomes
narrow and very steep. Elsewhere on Mt Parnassus, stratigraphically older deposits remain
elusive and this could be attributed on the one hand to the fact that some glacial valleys such
as the Liakoura valley are very steep below 2000m a.s.l. and any deposits are impossible to be
preserved there whilst on the other hand the extensive earthworks in the less-inclined valleys
below Arnovrisi and Yerontovrahos cirques for the construction of the ski-resort have
destroyed any possible evidence (Figure 65). Pechoux (1970) also argues that moraines might
have been eroded by excessive run-off water during a rapid glacial melt-out or during the
successive interglacial period(s). Unfortunately, there are also no reports on low-altitude glacial

evidence by early researchers.

Figure 70. The Velitsa valley as depicted in virtual globe imagery (Google Earth). Notice the clear
terminolateral moraine starting at the shade of the craggy southeastern valley walls at the upper left
corner and converges to the thalweg (valley path) at the bottom of the picture following the shape of

the former glacier’s snout

131



Figure 71. The Velitsa valley as seen from the Liakoura peak looking SE. Notice the lateral moraine
highlighted by the sunny patch at the center of the picture. The lower terminolateral part of the
moraine can be faintly seen converging towards the Thalweg of the valley between the clouds.
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Chapter 7. Discussion of results and correlation with other proxies

7.1 Towards a robust geochronological framework for Quaternary
glaciations in Greece

The main purpose of this doctoral research is to contribute to the addressing of temporal
gaps in the glacial history of the Pindus Mountains with new insights from the glacial record
of Mt Mavrovouni and its connection with the glacial record of southern mountainous Greece

towards a geographical expansion of this framework.

The work presented in this thesis along with the important glacial studies on different
mountains of Greece (Mt Chelmos - Pope et al., 2017; Mt Olympus - Styllas et al., 2018; Mt
Tymphi — Allard et al., 2020) which have been published in the course of this research have
crucially contributed to great progress towards the achievement of these goals. In particular,
the main issue of the complete absence of geochronological data from Late Pleistocene
onwards has been addressed and we now have a quite well-established Late Pleistocene glacial
maximum around and little bit prior to the LGM with cold conditions probably persisting
through the Late-glacial. Glacier development during the Holocene was very limited and
restricted only to Mt Olympus due to strong local topographic and climatic factors. As regards
the Middle Pleistocene Stages, although they were already well-established by radiometric data
in N. Greece and in Montenegro, the glacial extent has been revised as it is greater than previous
thought with some massifs throughout Greece showing evidence of the occupation of their

upland by former ice caps during these periods of extensive glaciation.

An updated and robust geochronological framework of Quaternary glaciations in Greece is
presented here along with a detailed analysis and discussion of the results that were produced
from this doctoral research. Moreover, the different glacial phases are placed within the
regional palaeoglaciological and palaeoclimatological context of the Balkans and the
Mediterranean in general and correlations are attempted. As it can be concluded from the
following discussion, the more we understand about the glacial history of Greece and the
Mediterranean the more research questions are raised. Therefore, further research is needed to
clarify important aspects of Quaternary glaciations such as a possible revision and expansion
of the Middle Pleistocene glaciation extent and the deeper understanding of the local climate
response in the mountains of Greece to major global and regional Late Pleistocene to Holocene
climatic events such as the LGM, Heinrich Events and the Younger Dryas. Particular

suggestions for further research are included in the discussion that follows.
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7.1.1 The importance of the study on the ophiolitic Mt Mavrovouni for glacial
research in Greece

The glacial study of Mt Mavrovouni presented in Chapter 4 has been of great importance
for glacial research in Greece. Firstly, alongside the study of Allard et al. (2020) in the
limestone-dominated Mt Tymphi nearby it addresses an important geographical and temporal
gap in the glacial geochronological framework of Greece and the Mediterranean in general. At
the same time, the application of cosmogenic *°Cl exposure dating on ophiolitic boulders for
the first time, constitutes the only chronology of Late Pleistocene glaciations on the mountains
of Greece that is independent from inherent issues in surface exposure dating of limestones
such as the erosion rate of rock surfaces. The importance of independent age constraints is also
stressed by Ivy-Ochs and Kober (2008)

From a methodological point of view, the *Cl dating of ophiolite samples with high Fe,O3
content (8-8.5 wt %) is of great importance as it contributes to the validation of current scaling
behaviour and 3¢CI production rates from Fe spallation for which further data from high Fe-
content samples is needed (Moore and Granger, 2019). Moreover, the validation of the
theoretical suitability of *Cl dating on ophiolites based on the consistency of the yielded ages
with *Cl ages from limestones on Mt Tymphi and Mt Chelmos opens up the perspective of
dating the only complete glacial sequence identified in Greece which has been mapped on the

ophiolitic Mt Smolikas (see section 3.1.2)

7.2 Discussing the Quaternary glacial history of Greece

The geomorphological and geochronological data and the respective glacial phases are
summarised chronologically into different time periods composing the first organised database
for glacial studies in Greece (Table 21). Each period is discussed in detail next, based on the
study of Leontaritis et al. (2020), which has been published in the framework of this research,
focusing on the results from Mt Mavrovouni (Chapter 4) and Mt Chelmos (Chapter 5) as well

as to the new evidence from other mountains in Greece (2.3).

It should be noted that due to the uncertainties in the cosmogenic exposure dating
techniques, the age control of younger glacial deposits is to a certain extent limited. Therefore,
even though certain glacial phases can be placed with confidence within the Late-glacial or
Holocene, the reported ages should be viewed with caution and the precise timing of the glacial

phases is likely to be subject to revision (Leontaritis et al., 2020).
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Table 21.

Overview table of the glacial history of Greece (modified from Leontaritis et al., 2020).

Glacial Evidence on the mountains of Greece

. Geographical Dating Period Type of
Glacial Stage Position avg. ELA (Age) Evidence Reference Study
Mt Olympus %Cl MIS 1 .
HOL3 n/a (0.64 ka) glacial boulder Styllas et al., 2018
Mt Olympus Cl MIS 1 moraines and
Holocene HOL2 n/a (2.6 - 2.3 ka) glacial boulders Styllas etal., 2018
Mt Olympus %Cl MIS 1 moraines and
HOL1 n/a (9.6 ka) glacial boulders Styllas etal., 2018
Mt Olympus %Cl Younger Dryas Retreat
LG3 >2300m  (12.6- 12.0 ka) moraines Styllas etal., 2018
Cl Younger Dryas moraines and
. Mt Chelmos 2174 m (13.1-10.5 ka) glacial boulders Pope etal., 2017
Hate-glacil Mt Smolikas n/a Late-lacial moraines Hughes et al., 2006¢
2372 m () g .
Mt Olympus %Cl Oldest Dryas moraines and
LG1 >2200m  (15.6-14.2ka)  glacial boulders  SY!lasetal., 2018
36 _
Mt Tymphi _CI PO?ES lI(_aC)BM Cirque moraine Allard et al., 2020
Mt %Cl Post-LGM Pronival Present thesis &
Mavrovouni - (20.0 ka) rampart ridge Leontaritis et al., 2021
%Cl LGM Retreat
MEChelmos S o0om — (22.2-19.6 ka) moraines Pope etal., 2017
) %C LGM cirque moraines
Mt Tymphi 2231 m (24.5 ka) retreat positions Allard et al., 2020
. Mt %Cl LGM Terminal This study &
Tyg?;)géan Mavrovouni 2090 m (26.6 ka) moraine Leontaritis et al., 2021
. %Cl Pre-LGM moraines and
Mt Tymphi 2016 m 29.0 - 25.7 glacial boulders Allard etal., 2020
Mt Smolikas n/a Pre-LGM moraines Hughes, 2006¢
2241m (29.0 - 25.7 correl.) ’
%Cl Pre-LGM moraines and
MtChelmos 546 m (36.5—-28.6 ka) © glacial boulders Pope etal., 2017
n/a N
Mt Olympus 52150 m Pre-LGM moraine ridge Styllas et al., 2018
Mt Chelmos OSL MIS 5b Terminolateral This sudy &
n/a (89 - 86 ka) moraine ridge  Pavlopoulos et al., 2018
. U-series moraines, till,
Viasian ~ METYmPhi 6o m MIS6 calcites Hughes et al., 2006a
Stage Mt Smolikas a (190 - 126 ka) moraines, till Hughes, 2004
1997m
. U-series moraines, till
Mt Tymphi 1741 m calcites Hughes et al., 2006a
. n/a . .
Skamnellian Mt Smolikas 1680 m MIS 12 moraines, till Hughes, 2004
Stage Mt Chelmos n/a (480 - 430 ka) moraines, till Pope et al., 2017
1967 m
Mt n/a moraines. till This study &
Mavrovouni 1785 m ' Leontaritis et al., 2021

* 36 Cl ages recalculated by Allard et al. (2020) with updated production rates of Marrero et al. (2006b)
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7.2.1 Middle Pleistocene glaciations (Skamnellian — Vlasian Stages)

The most extensive glacial phases in the mountains of Greece most probably took place
during Middle Pleistocene and particularly during MIS 12 (Skamnellian Stage) and MIS 6
(Vlasian Stage). This has been well established by radiometric data (uranium series from
secondary calcites in limestone-derived moraines/till) from Mt Tymphi in north-western
Greece (Woodward et al., 2004; Hughes, 2004; Hughes et al., 2006a). Later studies in the
mountains of Montenegro and more specifically in the Orjen, Durmitor, Sinjajevina, and
Moraca massifs confirmed that the largest glaciations there also date from the Middle
Pleistocene and at least two distinct glacial advance phases were identified (Hughes et al.,
2010; 2011). Furthermore, evidence in the Gran Sasso massif of the Apennines in central Italy
suggests that during Middle Pleistocene there were two glacial advances during which glaciers
reached further down-valley positions compared to the LGM and in particular it was estimated
that glacial extent exceeded that of the local LGM by about 5-10% (Giraudi and Giaccio,
2015). In the Alps, there is also evidence that glaciers were more extensive during the Middle
Pleistocene Stages compared to the LGM (Ivy-Ochs et al., 2006a; Gianotti et al., 2015)

At this point it should be noted that the stratigraphically older moraines on Mt Tymphi (and
similarly in the mountains of Montenegro) have been ascribed to MIS 12 based on maximum
uranium series ages from secondary calcites that are beyond the upper limit of U-series dating
which is 350 ka (Woodward et al., 2004; Hughes et al., 2006a). It is important to recognise
that as U/Th ages denote the age of secondary calcites formation sometime after deposition and
in this case during the more favourable warm interglacial periods, the oldest ages for a
particular deposit can be used to infer glacial activity during a previous cold stage (Woodward
et al., 2004). For this reason, the yielded ages of the older moraines (>350ka) indicate that
calcites formation was associated with MIS 11 (or older) although the precise ages are
unknown (Woodward et al., 2004; Hughes et al., 2006a). Taking also into account that the next
glacial period preceding 350ka (MIS11) is MIS 12 which is considered to be the most extreme
climatic glacial interval of the last ~500 ka (Tzedakis et al., 2003) the deposition of these
moraines was ascribed to this interval (Hughes et al., 2006a). Most interestingly, detailed
sedimentological analyses of the diamicton sequences within these stratigraphically older
moraines on Mt Tymphi, indicated that stacked diamicts facies separated by gravels related to
meltout and glacial retreat record at least three phases of former glacial advance and retreat
within the same glacial episode (Hughes et al., 2006e).
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Great insight into sequential deposition of glacial sediments separated by 100 ka cycles
during Pleistocene is inferred by the detailed stratigraphic study of the Ivrea morainic
ampitheatre, a vast end moraine system (505 km?) at the outlet of the Aosta Valley (ltaly) in
the southern Alps (Gianotti et al., 2015). In this study the glacigenic succession was divided
into 9 distinct stratigraphic units on the basis of buried stratigraphic of interglacial/interstadial
markers such as embedded palaeosols and palustrine deposits along with the pedostratigraphic
analysis (Figure 72). Each unit has been ascribed to distinct glacial advance phases that have
been correlated with the global isotopic curve from Lisieki & Raymo (2005). The age of the
oldest (outermost) deposits (first stratigraphic unit -MGD synthem) has been constrained to a
minimum age of 780 ka (MIS 19) on palaeomagnetic basis, according to both reverse and
normal magnetization of two glaciolacustrine sequences resting below and above the subglacial
till (Gianotti et al., 2015 and references therein). Therefore, its formation has been attributed
to glacial activity during MIS 20 or 22 (Gianotti et al., 2015). The next unit directly constrained
by dating of its overlying and buried palaeosol cap to MIS5 is the eighth unit (SER synthem)
that has been attributed to glacial activity during the penultimate glaciation (MIS 6). Notably,
the most extensive glaciation is correlated with the seventh unit (MAG synthem) on the basis
of its marginal ice extent in the amphitheatre. According to tentative correlations of the
stratigraphically older and younger units in relation to the MIS 6 and MIS 20/22
chronostratigraphic marks, its formation has been ascribed to MIS 8 (Figure 72; Gianotti et al.,
2015). However, these correlations are subject to revision when more geochronological data
become available and this age could be shifted to MIS 10 or 12. The innermost and thus
stratigraphically younger sediment unit (Ivrea Synthem) dates to the LGM and several LGM
retreat stadials have been recorded within the amphitheatre and upvalley prior to the final rapid
recession of glaciers after 20 ka.

Unlikely morainic amphitheatres formed by large ice lobes where successive very big
accumulations of glacial and glaciofluvial deposits are nested into each other preserving the
sequence order (Figure 72), in mountain valleys younger glaciers are expected to override and
rework remaining glacial sediments from previous glacial phases, incorporating them to their
own deposits and thus destroying the evidence of a distinct glaciogenic sediments sequence.
Based on the above analysis, it can be concluded that within the stratigraphically older deposits
in Mt Tymphi and in the mountains of Greece in general, there could be incorporated deposits
from older glacial phases. Therefore, MIS 6 glaciers for example may have overridden MIS8

or MIS 10 glacial sediments incorporating them to these younger sediment groups as also

137



pointed by Hughes et al. (2006a). This is the case also for the more extensive MIS 12 glaciers
that could have incorporated glacial sediments from preceding Middle or even Upper
Pleistocene glaciations. Conclusively, based on the evidence on Mt Tymphi, the MIS 6
glaciation (Vlasian Stage) was the most extensive of the MIS 10-MIS 2 period and the MIS 12
glaciation (Skamnellian Stage) was the most extensive glaciation up to the Early-Middle
Pleistocene boundary (MIS 20).
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Figure 72. A) Geological cross-section of the lateral north-eastern sector of lvrea Morainic Amphitheatre,
where all the stratigraphic units have been recognized. Interstadial or interglacial markers are indicated with
asterisks (1-4); B) The glacigenic sequence is tentatively correlated with the subsequent Pleistocene
glaciations on the global isotopic curve of Lisieki and Raymo (2005) (From Gianotti et al., 2015).

Similar glacial deposits in terms of extent and altitude reach with those recorded on Mt
Tymphi were also mapped on Mt Chelmos (Pope et al., 2017) and Mt Smolikas (Hughes, 2004;
Hughes et al., 2006¢) and have been attributed to the Middle Pleistocene, although without
obtaining any radiometric dates. It should be noted that on Mt Chelmos multiple moraine units
that could correspond to both Skamnellian and Vlasian Stage glaciations could not be
identified, although it is possible that more than one glaciation is represented by the
stratigraphically older unit (Pope et al., 2017). This also the case in Mt Mavrovouni (Chapter
4), where the most extensive glaciation(s) was characterised by valley glaciers in northern
slopes that reached down to 1500 m a.s.l. as indicated by the stratigraphically older moraines
identified in lower positions within the studied glacial valleys. The altitudinal reach is higher
compared to Mt Tymphi (2497 m a.s.l.) and Mt Chelmos (2355 m a.s.l.,) but it should be taken
into consideration that Mt Mavrovouni reaches an altitude of only 2157 m a.s.l. whereas most
importantly, unlikely these two massifs with the extended high-altitude plateaus, it is
characterised by limited high altitude areas that favour the accumulation of snow and the

formation of extensive glaciers. This glacial phase remains undated but is likely to be Middle
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Pleistocene in age as indicated by the stratigraphically older moraines identified in lower
positions within the studied glacial valleys that have been correlated with Mt Tymphi and Mt
Chelmos. Moreover, during the research on Mt Chelmos, there were also recorded the Laghada
deposits presented in Chapter 5. These heavily eroded diamicton deposits are buried within the
Lagadha alluvial fan at an altitude of 950 m a.s.l. and could be interpreted as till deposited by
a former thin and long glacier draining the central ice field, and notably reaching similar
altitudes with the respective Middle Pleistocene glaciers on Mt Tymphi. Elsewhere in mainland
Greece, evidence of vast glacier formation is evident in numerous mountains higher than 1900
m a.s.l. which can rather safely be ascribed to these Middle Pleistocene glacial phases
(Leontaritis et al., 2020).

7.2.1.1 Ice configuration during Middle Pleistocene glaciation

A very interesting conclusion regarding the glacial extent and ice configuration during
Middle Pleistocene glaciations in Greece can be drawn by the inclusion of the new evidence
from Mt Tymphi and Mt Smolikas (2.3) in the bigger picture we have for these glacial phases
in Greece and W. Balkans. The evidence from Mt Chelmos implies that during the Skamnellian
Stage the massif was glaciated by a plateau ice field with valley glaciers radiating from a central
ice dome (Pope et al., 2017). The same ice configuration is very likely to have occurred over
the mountains of Montenegro (Hughes et al., 2010, 2011) as well as over Mt Tymphi and Mt
Smoilkas in NW Greece as it is argued here. The new evidence from W. Tymphi presented in
indicate that ice breached the watershed of a W oriented valley and the till identified at lower
altitudes (down to 800 m a.s.l.) was an outlet lobe of a larger plateau ice-field rather than a
stand-alone valley glacier (section 3.1.1.1). If this was the case, the extent of glaciation during
the most extensive Middle Pleistocene glacial phase have so far been underestimated. Thus, it
is very likely that during the Skamnellian Stage Mt Tymphi was glaciated by a plateau ice field
with valley glaciers radiating from a central ice dome centred over the plateau among its highest

peaks.

As regards Mt Smolikas, the so far published evidence from Mt Smolikas is controversial
since it suggests that only its northern slopes were glaciated during Middle Pleistocene (Hughes
et al. 2006c¢), a fact that has been attributed to its ophiolitic lithology (Hughes et al. 2007).
However, based on the new sedimentological observations presented in section 3.1.3, glaciers
on Mt Smolikas also formed on its southern slopes and not only on its northern slopes as it was
up to now believed. This implies that as was the case on nearby Mt Tymphi, slope orientation

does not seem to have played a significant role on the formation of glaciers during the most
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extensive Middle Pleistocene glacial phase. Moreover, new evidence of vast Skamnellian Stage
glaciers in another N. oriented valley (section 3.1.3.1), indicates that a plateau ice field with
valley glaciers radiating from a central ice dome centred over the tallest peaks of the massif is
likely. However, further evidence is needed in order to confirm this hypothesis. A detailed
geomorphological study focusing also in the eastern part of the massif where the glacial
sequence is fragmentary is needed in order to eventually clear out the Middle Pleistocene ice

limits on Mt Smolikas.

Finally, there is still an open question regarding the extent of Middle Pleistocene glacial
phases on Mt Olympus (Leontaritis et al., 2020) as it has also been underlined by the
presentation of some new low-altitude evidence from the eastern piedomont of the massif in

section 3.2.

Overall, this discussion shows that new perspectives have been opened up in our
understanding of Middle Pleistocene glaciation in the mountains of Greece and in particular
that plateau ice fields dominated the palaeoglacier geometry of the most extensive glacial
phases, such as during the Skamnellian Stage, resulting in outlet glaciers forming on all slope

orientations.

7.2.1.2 Evidence from regional pollen and other palaeoenvironmental records

In the palaeovegetation/palaeoclimatic record from Tenaghi Philippon (see Figure 2 for
location) a close correspondence between abundances of tree populations and ice volume has
been suggested, as the subsequent aridity and cooling of ice accumulation would lead to tree
population reductions (Tzedakis et al., 2003). Based on the extremely low abundance of
arboreal pollen (AP), MIS 12 is considered to be the most extreme climatic glacial interval of
the last ~500 ka (Tzedakis et al., 2003), followed by MIS 6 and MIS 2.

Pollen assemblages from Lake Ohrid (see Figure 2 for location), indicate a not so dry
(compared to other glacial intervals) glacial period in the Balkan peninsula (Sadori et al., 2016;
Koutsodendris et al., 2019). In between 487-424 ka BP a two-step reduction of AP abundance
implies that the MIS 12 glacial phase has been cold but not very dry (Sadori et al., 2016).
Centennial-scale-resolution of the pollen record, shows on the one hand that the forest cover
around Lake Ohrid decreased substantially over the course of MIS 12 but at the same time a
persisting presence and abrupt changes in tree populations is also recorded despite the severe
character of the glacial conditions indicating a pronounced millennial-scale climate variability
(Koutsodendris et al., 2019). This bears strong resemblance to the interstadial and stadial events
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of the Last Glacial (Koutsodendris et al., 2019) and a similar trend has also been identified in
the pollen record of Tenaghi Philippon for MIS 8 (Fletcher et al., 2013) Most importantly, the
repeated forest expansion/contraction events are also characterised by differences in moisture
availability with annual precipitations values ranging from 25% higher to 10-35% lower than
today (Koutsodendris et al., 2019). These conditions would have been very favourable for the
development of very extensive glaciers similarly to the LGM glaciers in the Alps which is
consistent with the glacial record and the geochronology from Mt Tymphi (Hughes et al.,
2006a)

Similarly, during the long glacial phase corresponding to MIS 6, low AP abundances, but
also interesting vegetation variability in the palaeoarchives of the southern Balkans is
evidenced (Tzedakis et al., 2003; Roucoux et al., 2011; Sadori et al., 2016). Arboreal pollen
abundance of the early part of MIS 6 in Lake loannina is high, in relation to the late part, and
shows pronounced oscillations, implying cool and wet conditions (Roucoux et al., 2011). In
Lake Ohrid, the second part of MIS 6 appears to be the driest phase of the last 500 ka (Sadori
etal., 2016), while pollen-based palaeoclimatic reconstructions point to cold and dry conditions

in the area (Sinopoli et al. 2019).

The analysis of the time proxy series of Lake Ohrid for the last 1.36 Ma and model data has
shown that winter precipitation appears increased during periods of low Northern Hemisphere
winter insolation due to orbital forcing on changes in precipitation variability (Wagner et al.,
2019). Therefore, during periods like MIS 12 and MIS 6, favourable climatic conditions for
the formation of glaciers must have prevailed. However, this correlation does not apply during
colder and drier glacial periods with increased global ice volume (Wagner et al., 2019) such as
the later parts of these two severe stages. The extensive MIS 12 and MIS 6 glaciers were
therefore most probably formed during the early and relatively wet parts of these severe cold
stages (Leontaritis et al., 2020), as reduced precipitation during the later arid parts would have
inhibited glacier build-up (Hughes et al. 2003). Hughes et al. (2006d) also argued that the
maximum extent of glaciers during the Vlasian Stage (MIS6 / 190-130 ka) might have occurred
in an interval of cold, yet more moist conditions, prior to limit of the pollen record of Lake
loannina at 133 ka that indicates very arid climatic conditions at the end of MIS 6 (Tzedakis et
al. 2002). This evidence underlines that winter precipitation is a crucial factor for the glaciers
expansion as precipitation strongly controls the mass balance of glaciers (Ohmura et al. 1992).

Finally, it should be mentioned that the study of the rift basin in the Gulf of Corinth to the
north of Mt Chelmos (Figure 52) based on analysis of syn-rift sediment thicknesses from
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integration of seismic profiles around the rift showed changes in the sedimentation regime
(volume and character of sediments) over the last ~550ka corresponding to orbital-timescale
cycles of 100ka (McNeill et al. 2019). In particular, it was concluded that during glacial
intervals (MIS 12, 8, 6 and 5d-2), the basin was isolated from the ocean, and sedimentation
rates due to enhanced fluvial input into the basin were ~2—7 times higher than those during the
interglacials (excepting the Holocene) when the basin was marine (McNeill et al. 2019).
Moreover, as increased sediment fluxes during glacial periods reflect increased sediment
production and supply (McNeill et al. 2019) and pollen-based precipitation reconstructions
from the region (Tzedakis et al., 2006; Sadori et al., 2016) indicate a decrease in precipitation
during glacials rather than an increase (also discussed above), it has been inferred that reduced
vegetation cover during glacials drove increased erosion and higher sediment flux from the rift
flanks (McNeill et al. 2019). Nevertheless, it is here argued that an additional factor for the
increased sediment supply during glacial intervals can be associated with the glacial erosion
induced by the extensive glacial activity on Mt Chelmos both during Middle Pleistocene as the

above-presented evidence suggests and during the Last Glacial Cycle as it is discussed next.

7.2.2 The Last Glacial Cycle (Tymphian Stage: MIS 5d-2)

The Tymphian Stage in Greece (Hughes et al. 2006a) corresponds to the Last Glacial Cycle
corresponds to the period MIS 5d-2 following the Eemian interglacial (MIS 5e) that ended at
~115 ka (Dahl-Jensen et al., 2013). The Last Glacial Cycle is characterised by pronounced
climatic oscillations and major global and regional climatic events such as the Last Glacial
Maximum (LGM), the Heinrich Stadials (HS 1-10) and the Younger Dryas. The LGM in
particular is the timing between 26.5 and 19 ka, when the accumulation of ice in large ice sheets
of the Northern Hemisphere between 33.0 and 26.5 ka reached their maximum position (Clark

et al., 2009; Hughes et al., 2016). Hughes and Gibbard (2015) suggest a timing of 27.5-23.3

ka for the LGM based on the global dust record in polar ice cores and this is adopted here.

The later part of the Last Glacial Cycle is known as the Late-glacial and was characterized
by two cold periods that favoured glacial advance: the Oldest and the Younger Dryas (YD) at
17.5-14.7 ka (Rasmussen et al., 2006) and 12.9-11.7 ka (Rasmussen et al., 2014) respectively.
These two cold periods have long been recognised to form the beginning and end of the Late-
glacial interval and are recognized in the oxygen isotope record of Greenland cores and
correlate with GS-2.1a and GS-1 stadials in the GRIP ice core (Bjorck et al., 1998; Rasmussen
et al., 2006). It is noted that the Oldest Dryas, although it is a pollen assemblage zone well-
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recognised in northern Europe, in the Mediterranean it is not so clearly recorded and therefore
for this time interval it is preferrable to refer to Heinrich Stadial -1 (HS1: 18.0-15.6 ka; Sanchez
Gofii and Harrison, 2010).

In this section a full account of the local climate response to these climatic events as it has
been imprinted in the glacial record in the mountains of Greece is given. Generally, evidence
throughout the mountains of Greece suggests that the Tymphian Stage — the last cold stage in
Greece —saw much more restricted glacier development compared with the Middle Pleistocene

glaciations.

7.2.2.1 Early Tymphian Stage (MIS 5d-5a)

The issue of glacial activity in the Mediterranean during the cold sub-stages of MIS 5 (5d
and 5b) has been characterized by Woodward et al. (2004) as an intriguing one and it was

acknowledged that further work was required to confirm this.

Evidence for a possible glaciation phase in Mt Chelmos during the early Tymphian Stage,
was presented in Chapter 5 and has also been published by Pavlopoulos et al. (2018). The OSL
dating of samples from morainic deposits at an altitude of 1900-2050 m a.s.l. in the Spanolakos
valley yielded burial ages of 89-86 ka that could indicate another phase in glacial evolution in

the Peloponnese during MIS5b.

A very similar glacial sequence to the one recorded in Mt Chelmos has been identified in
the Pyrenees (Pavlopoulos et al., 2018). Pefia et al. (2004) applied OSL to date glacio-fluvial
deposits in the Gallego Valley in the western part of the mountain range. They were able to
differentiate between three phases of glacier advance/stabilization, at ca. 155.8 ka (Sabifianigo
phase — MIS 6), 85 ka (Aurin phase — MIS 5b) and 35.7 ka (Senegue phase — MIS 3) which
correlate very well with glacier Phases I, Ila and 11b (see Table 18 and section 5.5)

However, the OSL moraine burial ages from Mt Chelmos constitute the only glacial
evidence in Greece and the Western Balkans for MIS 5b and further geochronological data is
needed to further test this hypothesis. Specifically, although different evidence has indicated a
possible glaciation phase in the mountains of Greece during this period, this is the first time
that evidence is supported by direct glacial geochronology. In particular, the extensive dating
program on Mt Tymphi in northern Greece provided some unclear evidence for the glaciation
phases during the Tymphian Stage (Late Pleistocene - MIS 5d- MIS 2). The separation of Late
and Middle Pleistocene glacial units was achieved by detailed mapping and by applying U-

series dating methods to date secondary calcite cements in glacial deposits on Mount Tymphi

143



(Woodward et al. 2004; Hughes et al. 2006a). However, radiometric ages have only been
obtained from the Middle Pleistocene moraines because no secondary calcites were found in
younger moraines. There was just one case, in VVrichos member, where a single calcrete sample
from a lateral moraine at 1750 m a.s.l. yielded a uranium series age of 80.45+15.10 Ka,
indicating that this moraine system had a minimum age of creation during MIS 5b-4
(Woodward et al. 2004). Evidence from morphologically similar nearby moraines showed two
generations of calcite growth (131.25 + 19.25 ka and 81.70 + 12.90 ka). In this case, the older
of the two ages provided the minimum age of the latter moraine complex, suggesting a related
glacial phase during MIS 6. Accordingly, the moraine of Vrichos member has also been
correlated with this unit. Tymphian stage deposits on the other hand, are clearly younger than
those of the Vlasian stage based on stratigraphic position and soil PDI data (Hughes et al.
20064a) as well as on the 3°Cl-based geochronology (Allard et al., 2020), and are limited to rock
glaciers and small moraines in high altitudes (>1700 m a.s.l.). It is therefore possible, that
multiple episodes of glacial activity had occurred during the Tymphian stage, with only the last

of these being recorded in the glacial stratigraphic record (Hughes et al. 2006a; 2006d).

As it is more thoroughly discussed in section 7.2.2.5, indirect evidence of a glacial advance
phase during MIS 5b came with the development of a chronostratigraphic framework for fluvial
glacially-derived sediments deposited by the Voidomatis River, which drains the southern
slopes of Mount Tymphi (Lewin et al., 1991; Macklin et al., 1998). Four separate alluvial units
were recognised correlating with deposition during MIS 6, MIS 5b and MIS 2 respectively. As
regards the MIS 5b unit in particular, maximum uranium-series ages were calculated at 80 £ 7
ka (Lewin et al., 1991; Macklin et al., 1998, Hamlin et al., 2000). However, on Mt Tymphi no
evidence of 3Cl ages from moraine boulders that correspond with earlier phases of glaciation
during the Late Pleistocene, i.e. at 80 ka, was found (Allard et al., 2020). The suggested
interpretation is that glaciers at these times were probably much smaller than those dated to the
local Late Pleistocene glacial maximum at 29.0-25.7 ka and any older moraines, deposited
inside of these limits, were very likely reworked by later and more extensive glacier advances
(Allard et al., 2020). These fluvial units could suggest that glaciers oscillated within the upper
valleys and cirques of Mount Tymphi throughout the Late Pleistocene (Allard et al., 2020) but
they could also represent fluvial reworking of the limestone-rich outwash that was deposited
during the Middle Pleistocene (Woodward et al., 2008).

At a global level, the time interval 89-84 ka is representative of stadial conditions of the
early part of the MIS-5 interglacial (at the end of cold stadial MIS 5b). This is shortly after both
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global temperatures and atmospheric concentrations of CO. have fallen significantly and the
Laurentide ice sheet has expanded to a significant size, but before the Fennoscandian ice sheet
could have a major influence on climate (Hoogakker et al. 2016). The pollen-based biomization
for 84 ka (MIS 5b) clearly reflects the warmer and wetter conditions with more CO- available
than at the LGM (21 ka), especially in Europe, with the majority of sites showing highest
affinity scores for the temperate forest biomes (Hoogakker et al. 2016). Sites in other parts of
the world show similar affinity scores to those at the LGM, although there are not many sites
and it is less clear whether they reflect widespread climatic conditions (Hoogakker et al. 2016).
On the other hand, according to the evaluation of the GISP2 ice core as to the variability in the
North Atlantic at the millennial-scale, the ages of cooling events during MIS-5 were dated to
85.20-86.00 and 103.55— 103.80 ka respectively (Rohling et al. 2003), which are in agreement
with moraine deposition OSL ages from Mt Chelmos (Pavlopoulos et al., 2018).

7.2.2.2 Around the Last Glacial Maximum (MIS 4 — start of the Late-glacial at 17.5ka)

The geochronological data that have been produced in the last five years for the interval
between MIS 4 and the Late-glacial (Table 21) have been crucial for the address of the most
important temporal gap in the geochronological framework of the glacial history of Greece

(Leontaritis et al., 2020) by targeting the previously undated Late Pleistocene record.

The geochronological framework of Late Pleistocene glaciations in the Pindus mountains
in NW Greece is the best dated in Greece. The consistent 36CI dates from ophiolite-derived
moraines from Mt Mavrovouni that was presented in Chapter 4 and the 36CI dates from
limestone moraines (Allard et al., 2020) suggest a Late Pleistocene local glacial maximum prior
to but close to the LGM (27.5-23.3 ka) within the errors of the calculated ages. In particular,
the largest glaciers on Mt Tymphi during Late Pleistocene reached their terminal positions no
later than 25.7 £ 2.6 - 29.0 + 3.0 ka (Allard et al., 2020) while glaciers had retreated to the high
cirques by 24.5 + 2.4 ka during Heinrich Stadial 2 (Allard et al., 2020). Most importantly, this
timing of a near-LGM late Pleistocene glacier maximum was confirmed by the 36CI
geochronology of ophiolitic glacial boulders from an end moraine of a cirque glacier in Mt
Mavrovouni, indicating stabilisation of the most extensive Late Pleistocene glaciers at 26.6
6.6 ka (Chapter 4; Leontaritis et al., 2021). The application of cosmogenic 36Cl exposure dating
on ophiolitic boulders for the first time, constitutes the only chronology of Late Pleistocene
glaciations on the mountains of Greece that is independent from inherent issues in surface
exposure dating of limestones such as weathering rates of rock surfaces. Most importantly the

obtained exposure ages in the Pindus mountains have been carefully scrutinized in the
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framework of detailed field studies, including local moraine stratigraphy and regional
morphostratigraphic relationships as well as in light of independent age constraints as urged by
(Ivy-Ochs and Kober, 2008).

The timing constraint of a local Late Pleistocene glacial maximum in the Pindus mountains
in NW Greece near the LGM is in good agreement with well-preserved outwash sediments
dating to 28-24 ka in the Voidomatis River record downstream of the Mt Tymphi dated
moraines (Lewin et al., 1991; Macklin and Woodward, 2009) and is consistent with the
loaninna basin pollen record (Tzedakis et al., 2002) indicating cool and wet conditions, most
favourable for glacier growth, at 30-25 ka (Allard et al., 2020; see also section 7.2.2.4).

It should be noted that the age uncertainty of the terminal moraines’ deposition on Mt
Mavrovouni (26.6 * 6.6 ka) suggests that this glacial phase could predate or postdate the LGM
by 3 and 6 ka respectively. However, the **Cl ages from Mt Tymphi and Mt Chelmos (Table
21; see also next paragraphs) suggest a pre-LGM Late Pleistocene glacier maximum.
Therefore, a pre-LGM to LGM local glacier maximum on Mt Mavrovouni is more likely
although more data is needed to build a robust age model. On this basis and according to the
geomorphological studies on Mt Smolikas (Hughes et al., 2006¢) and Mt Olympus (Styllas et
al., 2018) in NW and N Greece respectively (see Figure 1 for locations) the well-formed
moraines of Stratigraphic Unit 3 at 2000-2200 m a.s.l. on Smolikas (Hughes et al., 2006c; see
section 3.1.2; and the moraine MK-A at 2150 m a.s.l. on Olympus (Styllas et al., 2018; see
section 3.2.1) which lack any cosmogenic dating data can be ascribed to a glacial advance
phase prior or within the LGM. As regards Mt Smolikas in particular, taking into account its
proximity to Mt Tymphi and Mt Mavrovouni and under the light of the above-discussed *Cl
chronologies from Tymphian Stage moraines on these mountains, this stratigraphic group

could be correlated with a glacial phase close to the LGM between ~29.0 and 25.7 ka.

In the Peloponnese, the study of Pope et al. (2017) on Mt Chelmos showed that Pleistocene
glaciers reached their maximum extent at 36.5 £ 0.9 - 28.6 = 0.6 ka (Pope et al., 2017 -
recalculated ages by Allard et al., 2020; see Table 18 and Table 19) implying that ice is likely
to have occupied the cirques of Mount Chelmos from MIS 3 to 2 and oscillated in response to
varying climatic conditions, especially in response to millennial-scale shifts between cold/dry

and cool/wet conditions in Greece (see discussion in Hughes et al., 2006d).

The shift of the recorded local Late Pleistocene glacier maximum on the Pindus mountains
(Mt Tymphi, Mt Mavrovouni) and Mt Chelmos prior to the global LGM, is in accordance with
evidence from other mountains across the Mediterranean like the Pyrenness (Garcia-Ruiz et
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al., 2010) northern Spain (*°Be ages: 33ka; Rodriguez-Rodriguez et al., 2011), Southern Spain
(*5Cl ages: 30-35ka; Gomez-Ortiz et al., 2012; Palacios et al. 2016) and the Italian Apennines
(33-27 ka; Giraudi, 2012). Interestingly, cosmogenic dates from the western and central Taurus
Range in Turkey suggest similar pre-LGM glacier advance phases: at 35 £ 2.5 - 28.1 + 2.6 ka
(*5CI) on Mt Akdag (Sarikaya et al. 2014) at 46.0 = 7 - 29.8 + 2.3 ka (**CI) on Mount Bolkar
(Ciner and Sarikaya, 2017) and at 29.7 + 2.9 ka (*°Be, 25Al) on the nearby Dedegdl Mountains
(Kose et al., 2019). Glacial advance during MIS3/early MIS2 in these areas has been associated
with the prevalence of optimal cold and wet conditions (Oliva et al., 2019).

As regards part of the LGM after 25 ka, glaciers were present in the mountains of Greece
but exposure ages of glacial retreat by 24.5 £ 2.4 ka in Mt Tymphi (Allard et al., 2020) and by
22.2 + 0.3 - 19.6 + 0.5 ka from Mt Chelmos (Pope et al., 2017 recalculated by Allard et al.,
2020; see Table 18 in section 5.5119) are assumed to indicate glacier retreat at this time, earlier
than the retreat of Northern Hemisphere mountain glaciers at ~19 ka (Clark et al., 2009).
Kuhlemann et al. (2013) have also argued that arid climatic conditions in Western Balkans
prevailed during the LGM. This is consistent with climatic deterioration during Heinrich
Stadial 2 ([HS 2: 26.5 -24.3 ka - Sanchez Goifii and Harrison, 2010] Macklin et al., 1997) and
a marked regional temperature depression between 25.6 and 23.2 ka (Galanidou et al., 2000;
Hughes, 2004) when cold and drier conditions prevailed, reducing regional moisture supply

and therefore inducing glacial retreat (Allard et al., 2020).

This is further supported by evidence from Mt Tymphi where the presence of debris rock
glaciers -which are stratigraphically younger than the moraines deposited by the most extensive
glaciers that occupied the cirques at 25.7 + 2.6 ka (Allard et al., 2020) - below small cirque
glaciers, has been interpreted as the result of arid and cold climate conditions (Hughes et al.,
2003). Palmentola and Stamatopoulos (2006) identified a number of rock glaciers on Mt
Peristeri and the adjacent Tzoumerka massif (Figure 1) and although no dating data are
available, they have ascribed their formation to the LGM. However, they recognise a possibility
that these rock glaciers might date to the Late-glacial (Palmentola and Stamatopoulos, 2006;
Leontaritis et al., 2020).

Ataglobal level, the LGM is succeeded an interval associated with changes on the northern
summer insolation induced by orbital forcing that resulted in the onset of Termination | at high
latitudes and mountain regions at 19-20 ka, as well as an abrupt rise in sea level (Clark et al.,
2009; Shakun et al., 2015).
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In Greece, evidence from periglacial features on Mt Mavrovouni suggest that after the
retreat of LGM glaciers, cold conditions persisted until 20.0 £ 5.0 ka but were unable to sustain
dynamic glaciers (Chapter 4; Leontaritis et al., 2021). This is supported by a 3Cl age from a
pronival rampart ridge. The deposition of pronival ramparts has been attributed to the presence
of perennial snow/nevé fields within the topographically shaded glacial cirque slopes and the
increased debris supply due to freeze-thaw weathering of the cirque walls combined with rock
slope failures. Furthermore, on Mt Tymphi, initial results suggest that small glaciers (<0.6 km?)
persisted in the northeast cirques at 18.0 £ 1.9 ka, perhaps sustained by avalanching snow and
topographic shading from the Goura cliffs (Allard et al., 2020). The evidence from Mt
Mavrovouni and Mt Tymphi, thus suggest unfavourable conditions for glacier development
during this transitional phase from the LGM to the late-glacial and the Holocene but
cold/humid enough to preserve perennial snow fields (i.e. nevé fields) and small glaciers in
topographically favourable positions. This is consistent with other proxies from the loannina
Lake that indicate locally cold and drier climate persisting during this period that would have
inhibited glacier development (Allard et al., 2020), such as low lake levels between 20 and 22
ka (Frogley, 1998) and a drop of temperatures by 7-10°C with annual rainfall around 600 mm
as it has been estimated by the analysis of the lacustrine pollen record in loannina (Tzedakis et
al., 2002). Finally, a decline in limestone derived fine sediment input from 24.3 £ 2.6 to 19.6
+ 3.0 ka in the Voidomatis River record implies the presence of smaller glaciers in the in the
VVoidomatis headwaters (i.e. in the high altitude S-oriented cirques of Mt Tymphi) than earlier
within the LGM (Macklin et al.,1997). The young limiting age of the Vikos unit is consistent
with the deposition of pronival ramparts on Mt Mavrovouni and overlaps within uncertainty
with a possible moraine deposition in the Laccos cirque on Mt Tymphi discussed above, thus
giving some support to this initial evidence for small cirque glaciers on the massif at 18ka
(Allard et al., 2020). Nonetheless, more data are needed from this period in the Pindus

mountains in order to build a more robust age model.

7.2.2.3 The Late-glacial (17.5-11.7 ka)

In Greece, glacial deposits from the Late-glacial are rare have so far been dated only on Mt
Chelmos and Mt Olympus at 2100 m a.s.l. and 2200-2250 m a.s.l. respectively (Table 21). In
particular a limited glacial advance phase has been dated on Mt Chelmos at 13.1 £0.2- 105+
0.3 ka (Pope et al., 2017 recalculated by Allard et al., 2020; see Table 18 in section 5.5119)
that can be correlated with YD (Leontaritis et al., 2020), whereas in Olympus a similar
advance/stabilization of glaciers dated at 15.6 £ 2.0 -14.2 + 1.0 ka (Phase LG1; Styllas et al.,
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2018) has been ascribed by Leontaritis et al. (2020) to HS1 (18.0-15.6 ka). The morphological
features of glacial deposits on Mt Olympus that were dated to YD though, suggest a glacial
retreat phase and unfavourable conditions for glacial advance (Phase LG3 at 12.6 £ 1.6 - 12.0
+ 1.5 ka; Styllas et al., 2018). These findings further support the assumptions of Hughes et al.
(2006c¢) that have correlated the high-altitude (2300-2400 m a.s.l.) glacial deposits mapped on
Mt Smolikas (Hughes 2004) to the moraine complexes found above 2200 m a.s.l. in the Megala

Kazania cirque in Mt Olympus, ascribing their formation to the Late-glacial.

Notably, both on Mt Tymphi (Allard et al., 2020) and on Mt Mavrovouni (Chapter 4;
Leontaritis et al., 2021) in the Pindus mountains no evidence of glacial activity during the Late-
glacial has been identified. This is supported by the fact that there is no glacially-derived
outwash sediment detected in the slackwater flood deposits datingto 17.5+ 0.3 and 17.2 £ 0.4
ka from the Voidomatis catchment (Woodward et al., 2001; 2008) , implying the absence of
glaciers in the Voidomatis headwaters (i.e. in the high altitude S-oriented cirques of Mt
Tymphi) during this period (Allard et al., 2020). The paucity of Late-glacial moraines on Mt
Tymphi possibly indicates that relatively unfavourable climatic conditions for glaciers

formation continued throughout most of the Late-glacial.

Further insights for the formation of glaciers in the Pindus mountains during the Late-
glacial can be inferred by a future dating program targeting the undated Late Pleistocene record
on Mt Smolikas in northwest Greece. As it was analysed in section 3.1.2 there have been
recorded four discrete phases of Pleistocene glacial activity on Mt Smolikas implying that there
is one even younger stage of glaciation here compared to Mt Tymphi (Hughes et al., 2006c¢).
In particular, these glacial landforms exceed in altitude the floors of the highest cirques on Mt
Tymphi by 200 m and therefore could postdate the youngest moraines on Mount Tymphi
(~24.5 ka — Allard et al., 2020) as advocated by Hughes et al. (2006c¢). It has been argued that
they could have been formed after the local glacier maximum and the last cold stage - during
the Late-glacial (17.5-11.7 ka; Rasmussen et al., 2006; 2014) - and in particular that they might
be Younger Dryas in age (Hughes, 2004; Hughes et al., 2006¢). This hypothesis is further
supported by the pollen record of the near-by Lake Prespa as it is analysed in detail in the next
section. It is here noted that the pollen record of Lake Prespa might be more representative for
the climate conditions prevailing on Mt Smolikas compared with Lake loannina due to their
proximity as well as the absence of intervening tall mountain massifs between them (Figure 1

and Figure 2).
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Thus, the glacial sequence on Mt Smolikas is the most complete recorded glacial sequence
in the Pindus mountains and NW Greece in general. The potential of this important sequence
has only been partially explored, as the ophiolitic lithology of Mt Smolikas posed some
difficulties in the dating of glacial deposits (Woodward and Hughes, 2011). However, as it has
been proven by this research, the cosmogenic %*Cl exposure dating method is applicable in
ophiolites, opening up the perspective of a future 3Cl dating program on Mt Smolikas (see
discussion in section 7.1.1; Leontaritis et al., 2021). Moreover, the importance of dating this
glacial sequence for building a robust age model for the Late Pleistocene glacial history of
Greece is further highlighted by the fact that it would constitute the only complete Late
Pleistocene chronology in Greece that is independent from inherent issues in surface exposure

dating of limestones such as the weathering rate of rock surfaces.

The need for focused research on the Late Pleistocene and especially Late-glacial deposits
on Mt Smolikas is crucial in order to compare the studies in the Peloponnese, Mt Olympus and
northwest Greece and draw some conclusions upon the timing and ELAs of the recorded glacial
advance/retreat phases is also underlined by Leontaritis et al. (2020). Furthermore, such a study
would allow to confirm the (close to) LGM timing of the local Late Pleistocene glacier
maximum, the late-LGM glacier retreat as well as the cold and dry conditions during the

transition interval to the Late-glacial as analysed in the previous section.

A number of studies in southern Balkans provide further evidence for these Late-glacial
phases. A similar glaciation to the LG1 glacial phase in Olympus occurred in Mt Pelister,
situated immediately east of Lake Prespa in The Republic of North Macedonia, at 15.24 + 0.85
ka (*°Be Ages; Ribolini at el., 2017) that can also be correlated with the Gschnitz stadial of the
Alps (Ivy-Ochs et al., 2006b) and the Fontari Stadial at 15 ka in the Italian Apennines (Giraudi
and Frezzotti, 1997). Similarly, glacial advance has been dated to 17-14 ka in the south
Carpathians (Retezat Mountains; Reuther et al., 2017) and to 19-14 ka in the Rila Mountains
in Bulgaria, although the latter has been interpreted as a late LGM phase (Kuhleman et al.,
2013). In the Sara Range in Kosovo two phases of glacial advance have been dated with °Be
to 19.4-14.0 ka and 14-12 ka whereas rock glaciers developed within cirques between 12.4 £
1.0 and 11.7 £ 0.6 ka indicating the increasing seasonal aridity (Kuhleman et al., 2009). As
regards the former glacial phase, the oldest age points to a moraine formation in the course of
the LGM, whereas the others could potentially represent recessional moraines (Hughes et al.,
2013). On the other hand, the stratigraphically younger high-altitude moraines (2020-2300 m
a.s.l.) were ascribed to the YD (Kuhleman et al., 2009). On Mount Orjen, Montenegro,
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uranium-series dating of secondary carbonates within a terminal moraine in the Reovci valley
provides a minimum age glacial advance of 17.3 + 0.6 ka (Hughes et al., 2010). Evidence for
glacier advance phases early in the Late-glacial has also been identified in the Maritime Alps
in Italy (Federici et al., 2012; Federici et al., 2017 and references there in) and on several

mountains in Turkey (Sarikaya and Ciner, 2017 and references there in).

The YD phase is strongly supported by the cosmogenic *Cl ages from the Galicica
Mountains between Lakes Ohrid and Prespa in The Republic of North Macedonia, where five
limestone boulders from an end moraine were dated with *°Be to 12.8-11.3 ka (Gromig et al.,
2018). Uranium-series dating of secondary calcites within moraines in Montenegro also attests
to moraine formation prior to 13.4 + 0.4 ka, 10.6 = 0.2 ka and 9.6 = 0.8 ka in the Durmitor
Massif (Hughes et al., 2011), and before 9.6 + 0.8 ka at Mount Orjen (Hughes et al., 2010).

Further northwest, in Bosnia and Herzegovina, Zebre et al. (2019) dated 20 moraine
boulders that yielded ages spanning from Oldest Dryas in VeleZ Mountain (14.9 + 1.1 ka) to
YD in Crvanj Mountain (11.9 + 0.9 ka) while Ciner et al. (2019) report YD ages (within error)
from the Svinjaca (13.2 + 1.8 ka) and Glavice (13.5 + 1.8 ka) areas. A YD glacial advance
phase is also consistent with evidence from the Italian Maritime Alps (Federici et al., 2017 and
references therein), the Italian Apennines (Giraudi and Frezzotti, 1997) and western Taurus

range in Turkey (Sarikaya and Ciner, 2017).

7.2.2.4 Late Pleistocene pollen records

In an effort to examine possible correlations between the glacial record and other regional
palaeoclimatic proxies, selected regional pollen records plotted against age (ka), in correlation
to the recorded glacial phases in the mountains of Greece and the planktonic foraminiferal 0

in the LC21 marine sediment core from the Aegean Sea are presented in Figure 73.

A regards Late Pleistocene in general a close examination of arboreal pollen (AP) and AP
excluding Pinus frequencies from existing archives (Figure 73) shows that the duration and
independent characteristics of vegetation patterns vary significantly implying differences
connected with local microclimates, topography and elevation (Leontaritis et al., 2020). For
example, the comparison of the Tenaghi Philippon record at low elevation (Muller et al., 2011,
Milner et al., 2016 Wulf et al., 2016) with the intermediate to higher altitude ones of Lakes
loannina, Prespa and Ohrid (Tzedakis et al., 2003; Panagiotopoulos et al., 2014; Sadori et al.,
2016; Wagner et al., 2019) showcases the variability of trees response to Last Glacial climatic

oscillations like the Heinrich Stadials.
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Figure 73. Selected regional pollen records plotted against age (ka), in correlation to planktonic
foraminiferal 5**0 in the LC21 marine sediment core from the Aegean Sea (Grant et al., 2012).
Arboreal Pollen (AP) in black and AP excluding Pinus in green from: Tenaghi Philippon (data from
Wulf et al., 2018), Lake loannina (AP excluding Pinus and Juniperus: Tzedakis et al., 2002), Lake
Ohrid (Sadori et al., 2016; Wagner et al., 2019) and Lake Prespa (Panagiotopoulos et al., 2014). See
Figure 2 for location of sites. (modified from Leontaritis et al., 2020).
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The palaeovegetation and palaeoclimatic records from Lake loannina, Lake Ohrid and Lake
Prespa are in agreement with the onset of the recorded glacial episodes just before the onset of
AP percentages reduction (Leontaritis et al., 2020). The catchments of these lakes include
mountainous areas with significant glacial deposits like the Pindus Mountain ridge, Mt Pelister
and the Galicia Mountains respectively, adding up into their value as independent
palacoarchieve for discussion. The diversification of the planktonic foraminiferal &0
palaeoclimatic records in LC21 and the Arboreal Pollen (AP) excluding Pinus in Tenaghi
Philippon compared with the other pollen records, can be attributed both to the low altitude of
the latter and to the fact that they are open systems and in direct correlation with the Aegean
atmospheric and sea circulation. This particular climatic system influences the local climate by
increasing precipitation and modifying the wind regime with prevailing southern winds
(Leontaritis et al., 2020).

Further examining the pollen records of the southern Balkan Peninsula, several abrupt
vegetation successions indicating major changes in moisture availability and temperature
correlated to the succession of Greenland cold events have been identified during the Early
Last Glacial, corresponding to the later facies of the MIS 5 (Tzedakis, 1999, 2003;
Panagiotopoulos et al., 2014; Milner et al., 2016; Sinopoli et al., 2018), while this vegetation
pattern of rapid expansion and reduction of forest populations continues throughout the Last
Glacial (Figure 73). A scheme connecting the tree population abundance with climatic
favourable conditions for glacier formation has been proposed by Hughes et al. (2006d) based
on the pollen record of Lake loannina (Tzedakis et al. 2002). Taking into consideration that
that precipitation strongly controls the mass balance of glaciers (Ohmura et al. 1992), even
during major stadials that are characterized by low total AP frequencies related with arid and
cold climatic conditions, reduced precipitation would have inhibited glacier build-up and
would have forced the retreat of pre-existing glaciers (Hughes et al. 2003). Therefore, there are
two types of intervals with the most favourable conditions for glacier formation. The first are
intermediate phases between the most pronounced peaks and troughs of major stadials and
interstadials while the second type is characterised by large differences between total AP
frequencies and AP frequencies excluding the tolerant of cold conditions Pinus and Juniperus
species, reflecting to moist yet cold conditions (Hughes et al. 2006d). Such intervals are
recognized at 30-25 ka, 35-31 ka and 88-83 ka. The former period could be correlated with a
possible local pre-LGM to LGM Late-Pleistocene Glacial Maximum whilst the period between

88-83ka could be correlated with a glacial phase during the MIS 5b stadial (Leontaritis et al.,
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2020). It should be noted that the MIS 5b stadial is clearly recorded in the presented pollen
records (Figure 73) whereas the pre-LGM period shows considerable variability in AP

abundances among the different sites (Leontaritis et al., 2020).

Allard et al. (2020) used the pollen record of Lake loannina (Tzedakis et al. 2002) along
with this scheme to further support their **CI geochronology for Late Pleistocene glaciation in
the nearby Mt Tymphi (35 km to the N; see Figure 2 for locations). In particular they argue
that a local last glacier maximum on Mt Tymphi no later than 29-25.7 ka (Table 21) is
consistent with the loannina basin pollen record which indicates cool and wet conditions, most
favourable for glacier growth between 25 and 30 ka (Allard et al., 2020). This is also in
consistence with the 36CI geochronology on Mt Mavrovouni (30 km to the NE of Lake
loannina; see Figure 2 for locations) that suggests a glacier advance phase at 26.6 ka (Chapter
5; Table 21). Unfortunately, such a high resolution and independently-dated archive is not
appealable yet in southern Greece in order be used as a comparison for Mt Chelmos, as the
Kopais record immediately east of Mt Parnassus in southcentral Greece (see Figure 1 for

location) suffers several dating uncertainties (Tzedakis, 1999).

In the pollen record of Lake Prespa (Figure 73) during the intervals corresponding to HS1
(18.0-15.6 ka) and the YD (17.5-14.7 ka) large differences between total AP frequencies and
AP frequencies excluding the Pinus species are evidenced (Panagiotopoulos et al., 2014). The
expansion of montane coniferous forest over the mesophilous one might reflect to moist yet
cold local climate conditions that would have favoured the expansion of glaciers during these

intervals in near-by mountains, such as Mt Smolikas, according to the scheme described above.

7.2.2.5 The Fluvial Record in the Voidomatis catchment

Some further insights into the timing of Late Pleistocene glaciations were inferred from
radiometric dates obtained from fluvial sediments deposited downstream of the glaciated
headwaters of the VVoidomatis catchment on Mt Tymphi which provide some constraint on the
upstream glacial chronology (Hughes and Woodward, 2008). The uranium-series method was
used successfully to develop a chronostratigraphic framework for the coarse-grained alluvial
units at lower elevations in the VVoidomatis River basin (Macklin et al., 1998; Hamlin et al.,
2000) providing ages that were in good agreement with other methods such as ESR, TL (Lewin
et al.,1991) and radiocarbon (Woodward et al., 2001). Hamlin et al. (2000) recognized at least
four separate alluvial units. Secondary carbonates within three of them, yielded maximum
uranium-series ages of 113 + 6 ka, 80 £ 7 kaand 28.2 + 7 ka—24.3 £ 2.0 ka (Lewin et al., 1991;
Hamlin et al., 2000; Woodward et al., 2008) correlating with deposition during MIS 6, MIS 5b
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and MIS 2 respectively. The sand and silt matrix of these alluvial units is dominated by
limestone-rich fines, which are derived from glacial erosion in the catchment headwaters
(Lewin et al., 1991; Woodward et al., 1992; 1995). The uranium-series ages thus suggest that
large glaciers and active moraine complexes were present in the headwaters of this river

system.

7.2.3 Holocene glaciations

As regards the Holocene, Mt Olympus is the only mountain to hold such evidence in
Greece. Cosmogenic 36 Cl exposuse dating of glacial deposits suggests three discrete phases
of glacial advance (Styllas et al., 2018). Local topography seems to have played a crucial role
for the viability of these late glaciers as the deposits are found in a high-altitude cirque with
NW aspect and high walls (up to 600 m) that provide extended shading, while windblown snow
from the surrounding ridges (2900 m a.s.l.) is another factor that could have contributed in the

formation of glaciers during climatically unfavourable conditions (Styllas et al., 2018).

The first phase of glacial stagnation (HOL1 in Table 21) or short re-advance is placed at
9.6 + 1.2 ka (*°Cl ages - Styllas et al., 2018) during a general early Holocene phase of warming
and glacier retreat just before the onset of very humid and warm conditions in the north Aegean
Sea (Styllas et al., 2018). The second Late Holocene phase (HOL2 in Table 21) of glacial
advance at 2.6 + 0.3 - 2.3 + 0.3 ka (**Cl ages - Styllas et al., 2018) under wet conditions and
solar insolation minima is correlated with North Atlantic’s Bond 2 event (Bond et al., 2001)
and the Homeric solar Minimum (Wirth and Sessions, 2016). The most recent glacier advance
(HOL3 in Table 21) is dated to 0.64 + 0.08 ka (*®Cl ages - Styllas et al., 2018), at the beginning
of the Little Ice Age. Whilst this is constrained by only one age, glacier or snow/ice patch
expansion would be expected during the Little Ice Age since evidence for this has been
identified at multiple sites further north in the Pirin and Rila mountains in Bulgaria (Gachev,
2020), Montenegro (Hughes, 2007, 2010b).

Unlike on Mount Olympus, historical satellite imagery from late summer (Hughes, 2018)
appears to confirm that there are no permanent snowfields on Smolikas. Based on this evidence
and snow melt modelling, it has been argued that on Mt Smolikas there are no glacial or nival
features dating to the Holocene (Hughes, 2018).
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7.3 ELAs, Palaeoatmospheric circulation and precipitation patterns

A comparison of ELAs throughout Greece is attempted here in an effort to deduce some
conclusions regarding the moisture supply patterns in the different massifs and the regional
palaeoatmospheric circulation during different Pleistocene intervals. In reality, dedicated
research with meticulous modelling and a great number of data is needed for approaching this
issue which is out of the scope of this research. Still, some interesting conclusions can be drawn
from the existing glacial geochronological database of the mountains of Greece (Table 21) as
it is discussed next.

7.3.1 Considerations for interregional ELA comparisons
7.3.1.1 Tectonic Uplift

A crucial issue when attempting ELA comparisons is the consideration of the tectonic uplift
history of the different massifs. Tectonic activity has, in some places, significantly influenced
the altitude of the glacial cirques and the terminal moraines (Giraudi and Giaccio, 2015;
Bathrellos et al., 2015) so that comparing ELASs between different areas is problematic given
the uncertainties in knowing the uplift history of each area (Pope et al., 2017). Attempts of
ELA comparisons in the mountains of Greece will mainly focus on the Pindus Mountains (Mt
Tymphi, Mt Mavrovouni, Mt Smolikas) in northwest Greece, on Mt Olympus in north Greece
and Mt Chelmos in the Peloponnese in south Greece so it is important to summarise estimations

of the tectonic uplift in these regions.

The Pindus mountains are characterised by estimated tectonic uplift rates of 0.4 —0.8 mm/yr
for the Epirus region although rates might be greater (King and Bailey, 1985). This is a rough
assumption for the Pindus mountains that includes many uncertainties but at the same time it
is the best available estimation of uplift rates in the region. The estimated rates regard the
whole region with many active local faults in the different massifs that are present in Epirus
(section 3.1). It is therefore likely that uplift rates may vary for each mountain discussed here
and especially between the limestone-dominated Mt Tymphi and the ophiolitic Mt Smolikas
and Mt Mavrovouni. Tectonic movements are more active in the northern Peloponnesus area,
where uplift rates have been estimated at 1.1-1.3 mm/yr over the last 350-500ka (Armijo et
al.,1996; De Martini et al., 2004; McNeill and Collier, 2004) increasing to 1.3-2.2 mm/yr
(Stewart, 1996; Stewart and Vita-Finzi, 1996) during the Holocene. Here, a rate of 1.1-1.3
mm/yr is considered for the Middle and Late Pleistocene and 2 mm/yr for Holocene as the

more representative values for the area of Mt Chelmos. On Mt Olympus the tectonic uplift rate
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has been estimated between 1.3mm/yr over the last 250ka (Smith et al., 1997) and 1.6mm/yr
over Pleistocene (Nance, 2010). Indicative total uplifts for different glacial phases at these two

regions based on the presented estimated uplift rates are summarised in. Table 22

Table 22. Estimated total uplift of the Pindus mountains and Mt Chelmos for the different glacial
phases of the recorded glacial history of Greece (Table 21). See text for uplift rates and references.

Total Uplift
Glacial Phase

Pindus Mountains Mt Chelmos Mt Olympus
Younger Dryas (11ka) 44-88m 22-25m 143-176m
LGM (25ka) 10-20m 37-40 m 325-40m

Pre-LGM (30ka) 12-24m 43-47 m 39-48m
MIS 6 60-120m 175-203 m 195-240m

MIS 12 180 - 360 m 505-593 m 585-720m

7.3.1.2 Impact of Lithospheric Glacial Isostatic Adjustment and denundation on mountain
topographic evolution

Apart from uncertainties in the estimation of tectonic uplift rates, other major geological
uncertainties which affect the ELA comparisons between mountains in different areas and of
different lithologies include the estimation of the impact of isostatic response to lithospheric
loading/unloading caused by glaciation/deglaciation and glacial/postglacial erosion during
major glaciations/deglaciations (e.g. Delacou et al., 2004; Sue et al., 2007; Nocquet et al., 2016;
Mey et al., 2016) and the impact of post-glacial denudation on mountain topographic evolution
(e.g. Whipple, 2009; Champagnac et al., 2012).

Constraints for estimating the contribution of glacial isostatic adjustment (i.e. postglacial
crustal rebound) to present-day uplift rates in the Alps (Sternai et al., 2019) showed that the
isostatic adjustment to the last deglaciation and postglacial erosion accounts for the entire
current rock uplift rate in the Eastern Alps and roughly half of the respective rate in Central
and Western Alps. It should be noted that even small ice caps, such as those that formed in the
mountains of Greece and the Balkans during Middle Pleistocene, can long-term effect the
elevation of massifs, as shown by evidence of small LGM ice caps dominating present-day
rock uplift in tectonically active regions in the Alps (Mey et al., 2016).

As regards denundation, functional relationships between erosion and topography have

remained elusive for most mountain ranges (Delunel et al., 2020). However, it has been
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recognised that glacial erosion may cause isostatic uplift of rocks (e.g., Champagnac et al.,
2007) and accelerate post-glacial mountain erosion (e.g., Herman et al., 2013) influencing the
evolution of the relief for tens of thousands of years after glacial retreat (Salcher et al., 2014).
An insight of post-glacial topographic forcing on erosion rates is provided by the quantitative
study of erosion rates in the Austrian Alps (Dixon et al., 2016) which are 2 to 4 times higher
in previously glaciated catchments compared with non-glaciated ones, reflecting the erosional
response to local topographic preconditioning by repeated glaciations. Moreover, rock strength
is another decisive parameter of the intensity of post-glacial erosion (e.g. DiBiase et al., 2010;
Salcher et al., 2014) that could lead to measurable differences in the relief evolution of
mountains with significantly different lithologies in terms of rock strength such as the carbonic

Mt Tymphi and Mt Chelmos and the ophiolitic Mt Smolikas and Mt Mavrovouni in Greece.

Although the importance of these mechanisms has been highlighted, they remain largely
unknown in the mountains of Greece and the Balkans. Thus, cirque or valley-floors elevations
at different glacial or interglacial intervals might have been different than those suggested by
estimated average long-term tectonic uplift rates presented above. Still, for the scope of this
research, and especially regarding the conclusions derived from major regional differences in
ELAs during Late Pleistocene glacial phases are unlikely to be significantly affected.

7.3.1.3 Air temperature and palaeosea-level

As the Peloponnese (Mt Chelmos) and northern Greece (Pindus Mountains/Mt Olympus)
are separated by more than 1° of latitude (A=22.1°and ~21.05° for Mt Chelmos and the Pindus
Mountains respectively). a warmer climate is expected for the Peloponnese. However, data
from weather stations representative for the Pindus Mountains (Table 8) and for Mt Chelmos
in the Peloponnese (Table 16) show that modern temperatures extrapolated to 2000m a.s.l. in
these two regions show negligible differences. Mean annual temperatures have been estimated
at 4.5 and 5.3 °C for the Pindus mountains and Mt Chelmos respectively, mean month
temperatures at -3 °C for January in both areas and at 13.8 and 14.1 °C respectively for July.
The dependence of air temperatures mainly on altitude within the short latitudinal range that
corresponds to Greece has also been advocated by Papada and Kaliampakos (2016).
Additionally, Katsoulakos and Kaliampakos (2014) showed that in mountainous areas of little
but not insignificant latitudinal variation, such as a country level (Greece/ Austria in their
study) or a region within a larger country (ltaly in their study), heating demand in buildings -
which is a direct function of air-temperature - can be predicted based only on altitude with over

90% accuracy. Thus, any ELA differences at similar palaeoaltitudes should be attributed to
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differences in precipitation rather than to lower temperature differences at higher latitudes (and

vice versa).

Finally, it should be noted that the reconstructed ELAS, presented below as above modern
sea-level, may be lower than if presented as above palaeosea-level as eustatic sealevels were
120 m lower around Greece (Lambeck, 1995) as it has also been underlined in other glacial
studies in Greece (Hughes, 2004; Pope et al., 2017; Allard et al., 2020). However, as
comparisons between different areas are not diachronous but refer to the same periods, this

factor is not considered in this analysis.

7.3.2 ELAs of glaciers in the mountains of Greece

The Skamnellian stage glaciers (MIS 12) in the Pindus Mountains in northwest Greece had
a mean ELA of 1741m a.s.l. on Mt Tymphi and 1680 m a.s.l. on Mt Smolikas (Hughes, 2004;
Hughes et al., 2006a), whilst on Mt Mavrovouni glaciers were slightly higher at 1785 m a.s.l.
(Chapter 4; Leontaritis et al., 2021), probably reflecting drier climate conditions on Mt
Mavrovouni due to its more inland location to the southeast of Mt Tymphi (Figure 1). On Mt
Chelmos in the Peloponnese the largest Middle Pleistocene glaciation was characterized by
ELAs of 1967m a.sl. (Pope et al., 2017). This difference of 180-280 m could be attributed to
the difference in tectonic uplift during this long period (Table 22) and thus ELAs can be
considered to have been at comparable palaeoaltitudes of ~1350-1450 m (above modern sea
level) which implies consistent climate conditions throughout Greece during this severe cold
stage which has been recognised as the most extreme climatic glacial interval of the last ~500
ka (Tzedakis et al., 2003).

For the pre-LGM to LGM period the available data from dated glacial deposits comes from
Mt Tymphi where the glaciers during the local Late Pleistocene Glacier Maximum at 25.7-
29.0 ka had an ELA of 2016 m a.s.l. (Allard et al., 2020), whereas on Mt Chelmos the glaciers
at 36.5 — 28.6 ka (Pope et al., 2017 recalculated by Allard et al., 2020; see Table 21) had a
mean ELA of 2046 m a.s.l. (Pope et al., 2017). Taking into account the tectonic uplift of these
massifs since the last 30ka it appears that glaciers were characterised by similar ELAs at ~1990-
2000 m (above modern sea level) implying that glaciers during this period formed under similar
climate conditions. On Mt Mavrovouni, glaciers at 26.6 ka had an ELA of 2090 m a.s.l.
(Chapter 4; Leontaritis et al., 2021), slightly higher than on Mt Tymphi as for the Middle
Pleistocene glaciation. The glaciers that have been attributed to the same period on Mt

Smolikas based on morphostratigraphic correlations of the respective glacial deposits between
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Mt Tymphi and Mt Smolikas, had a higher mean ELA of 2241 m a.s.l. (Hughes, 2004).

However, these deposits remain undated and no conclusions can be drawn.

As regards the Late-glacial, although glacial deposits in the mountains of Greece are rare
and have so far been dated only on Mt Olympus (HS1: Phase LG1 at 15.6-14.2 ka, YD: Phase
LG3 at 12.6 - 12.0 ka; Styllas et al., 2018) and Mt Chelmos (YD; 12.6-10.2 ka; Pope et al.,
2017 recalculated by Allard et al., 2020; see Table 21), the ELAs for the Late-glacial glaciers
show an interesting and unexpected trend (Leontaritis et al., 2020). Whilst in northern Greece
Late-glacial glaciers were absent on Mt Tymphi (Allard et al., 2020), the assumed YD glaciers
on Mt Smolikas had a mean ELA of 2372 m a.s.l. (Hughes, 2004; no cosmogenic dating data
and therefore likely to be subject to revision) and on Mt Olympus the Late-glacial moraines
had an ELA higher than 2300 m a.s.l. (the lowest moraines lying at 2250 m a.s.l. and the cirque
walls at 2500 m a.s.l.; Styllas et al., 2018), on Mt Chelmos the YD palaeoglaciers appear to
have been considerably lower at a mean ELA 2174 m a.s.l. (Pope et al., 2017). Some 70km
north of Mt Smolikas, on Mt Pelister, Oldest Dryas glaciers had an ELA of 2250 m a.s.l.
(Ribolini et al., 2017) which is still higher compared with Mt Chelmos, while in above the
nearby Lake Ohrid, the YD glaciers had a slightly lower ELA of 2130 m a.s.l. (Gromig et al.,
2018). It should be noted that no information on the uplift history of these massifs is known
and climate is considerably colder both on Mt Pelister: (mean annual temperature is 2.7°C,
with January and July being the coldest [-5.8°C] and warmest [11.5°C] months respectively at
~2100m a.s.l.; Ribolini et al., 2017) and in the Galicica mountains (mean annual temperature
of ca. 3.4 °C at 2010 - 2050 m a.s.l.; Gromig et al., 2018).

These differences in Late-glacial reconstructed glacier ELAs between those massifs, points
toward more conducive for glaciation conditions in the Peloponnesus than in the northern
Pindus Mountains and Mt Olympus (Pope et al., 2017). Furthermore, taking into account that
air temperatures are not dependent on latitude in the mountainous regions of Greece, a
considerably wetter climate in southern Greece than in northern Greece during this interval is
suggested (Leontaritis et al., 2020).

Examining the precipitation map of Greece today (Figure 74) it is evident that moisture
supply is strongly associated with westerlies and hints at a west—east track of atmospheric
depressions through the Mediterranean (Leontaritis et al., 2020). A good indication of the
impact of westerlies on the western Balkans climate is the fact that the Pleistocene glaciers on
Mt Orjen in Montenegro were ~500-600 m lower than in the Peloponnese and in the Republic

of North Macedonia (Leontaritis et al., 2020), a situation that could have been forced only by
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considerably higher precipitation in Montenegro which today on average exceeds 5000 mm
per year (Gromig et al. 2018). The Pindus Mountains extend from the NW to the SE causing
orographic precipitation to the westerly depressions and as a result rain shadow to eastern
mainland Greece where Mt Olympus is located. Indeed, the source of moisture and snow
supply on Mt Olympus generally occurs from southeast moisture-laden fronts from the Aegean
Sea but the same time it is also associated with large-scale atmospheric circulation patterns
primarily related to enhanced westerlies over the eastern North Atlantic (Styllas et al., 2019).
This is reflected on the fact that the eastern (marine) side of Mount Olympus receives on
average 200mm more precipitation than the western (continental) side (period of observations
1960-2000; Styllas et al., 2016).
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Figure 74. Annual precipitation in Greece (source: Climatic Atlas of Greece - climatlas.hnms.gr).
1. Pindus Mountains, 2. Mt Olympus, 3. Mt Chelmos (from Leontaritis et al., 2020)

As regards Mt Chelmos, today it receives less moisture than northwest Greece (Figure 74)

as in contrast to western Balkans where moisture and snow supply is strongly associated with
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westerlies (e.g. Hughes et al., 2010; Gromig et al., 2018) on Mt Chelmos most of the snow is
precipitated by south-west atmospheric systems. It should be noted that although southerly air
masses are generally characterised by high air temperatures, even today they are sufficiently
cold during winter to deliver snow at high altitudes (>1800m a.s.l.) on Mt Chelmos as modern
observations indicate (personal observations; dedicated work is needed to confirm this), and
this phenomenon would be even stronger during a Pleistocene cold stage winter (Pope et al.,
2017).

As a conclusion, the similar ELAs of LGM glaciers in southern and northern Greece and
the supressed ELAs of Late-glacial glaciers in southern Greece suggest equally wet climate
during the LGM and wetter climate in southern Greece during the Late-glacial which in turn
implies that given the different patterns in moisture/snow supply in each massif, the prevailing
moisture-bearing atmospheric systems that delivered winter snow to the mountains of Greece
had a more southerly track than today as also suggested by Pope et al. (2017) and Leontaritis
et al. (2020).

Further insights into the Late Pleistocene precipitation regime of this region that provide
support to this conclusion can be inferred by palaeoatmospheric circulation patterns
reconstruction for the Mediterranean basin based on the recent analysis of the time proxy series
from Lake Ohrid for the last 1.36 Ma and model data by Wagner et al. (2019). More
specifically, the reconstruction of the geographical expansion of geopotential height anomalies
associated with precipitation maxima in Lake Ohrid (Figure 75) showed pronounced troughs
in the central Mediterranean area and an increase in rainfall during the winter half-year in
western Balkans (Wagner et al. 2019), which is crucial for glaciers formation in this area.
Enhanced winter precipitation in the Mediterranean mid-latitudes is a result of local
cyclogenesis combined with the southward shift in the atmospheric circulation cells in the
Northern Hemisphere during winter (Wagner et al. 2019) which in turn favours a more
southerly trajectory for storm tracks across the North Atlantic and into the Mediterranean
(Kutzbach et al., 2014). Moreover, the local cyclogenesis in central Mediterranean during
precipitation maxima (Figure 75) forces moisture supply to the mountains of Greece into a SW-
NE track which implies significantly enhanced precipitation in the Peloponnese compared to
northern Greece and the Republic of North Macedonia as it can also be observed in similar
cyclogenesis events today (Leontaritis et al., 2020). On the other hand, the precipitation regime
in the coastal mountains of Montenegro would not be affected. This is also consistent with

oxygen isotope data from speleothems in the Central Alps (Luetscher et al., 2015) which
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indicate that major glacier advances during the LGM had a primary moisture source from
southerly advection, pointing to the Mediterranean Sea and the subtropical area as source

regions for high precipitation rates in the Alps (Monegato et al., 2017).
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Figure 75. Composite anomalies of September—November, 800 hPa geopotential height (m, shading)
and wind (m s™*, vectors) associated with precipitation maxima in Lake Ohrid.
(from Wagner et al. 2019)

Overall, the presented glacial evidence and the respective ELAs are in accordance with this
hypothesis while at the same time it underlines the significance of precipitation in the formation
of glaciers. Therefore, as the moisture supply of the atmospheric systems in Greek mountains
is one of the main driving forces along with air-temperature depressions for the different
glaciation cycles, it can be concluded that the development of glaciers must have been more
prominent at the climatic transition onsets between (wet) interglacial and (arid) glacial intervals

or between interstadial and stadial intervals when more humid climate conditions prevailed .
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Chapter 8. Conclusions

The main objective of this doctoral research was to contribute to the addressing of temporal
gaps in the glacial chrono-stratigraphy of the Pindus Mountains with new insights from the
glacial record of Mt Mavrovouni and its connection with the glacial record of southern
mountainous Greece towards a geographical expansion of this framework. To a great extent

these goals have been achieved.

Specific conclusions that can be from this research are summarised in the following points:

— The consistency of the yielded *°Cl ages from the ophiolitic samples on Mt
Mavrovouni with *®Cl ages from morphostratigraphically similar limestone-derived
glacial deposits on Mt Tymphi has validated the suitability of cosmogenic *ClI
exposure dating on ophiolites. At the same time these ages address the most

important temporal gap in the glacial geochronological framework of Greece

— The application of cosmogenic *Cl exposure dating on ophiolitic boulders for the
first time, constitutes the only chronology of Late Pleistocene glaciations on the
mountains of Greece that is independent from inherent issues in surface exposure

dating of limestones such as the erosion rate of rock surfaces.

— The 3%CI dating of ophiolite samples with high Fe.Os content (8-8.5 wt %)
contributes to the validation of current scaling behaviour and ¢CI production rates

from Fe spallation for which further data from high Fe-content samples is needed.

— The perspective of dating the most complete recorded glacial sequence in Greece
on the ophiolitic Mt. Smolikas, where four distinct stratigraphic units have been
correlated with glacial phases spanning from the Middle Pleistocene to the Late-

glacial has been opened.

— As the Peloponnese (Mt Chelmos) and northern Greece (Pindus Mountains/Mt
Olympus) are separated by 2° of latitude a warmer climate is expected for the
Peloponnese but data from weather stations show that modern temperatures in these
two mountain regions show negligible differences and mainly depend on altitude.
Thus, any ELA differences at similar palaeoaltitudes in the mountains of Greece

should be attributed to differences in precipitation rather temperature differences.
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The geomorphological and geochronological data from all the available glacial studies in
Greece and the respective glacial phases have been summarised chronologically into different
time periods composing the first organised database for glacial studies in Greece (Table 21).
The analysis and discussion of this database provides further insights into our current
understanding of glaciations in the mountains of Greece. A synopsis of the main points for

each period is given next.

A. Middle Pleistocene

— The most extensive glacial phases in the mountains of Greece most probably took
place during Middle Pleistocene and particularly during MIS 12 (Skamnellian
Stage) and MIS 6 (Vlasian Stage).

— In mountain valleys younger glaciers are expected to override remaining glacial
sediments from previous glacial phases. Therefore, based on the evidence from the
mountains of Greece, it can be concluded that the MIS 6 glaciation was the most
extensive of the MIS 10-MIS 2 period and the MIS 12 glaciation was probably the

most extensive glaciation up to the Early-Middle Pleistocene boundary (MIS 20).

— The glacial extent during the Middle Pleistocene Stages, has been revised as it is
greater than previous thought. New evidence presented from Mt Tymphi and Mt
Smolikas in NW Greece and some observations from Mt Olympus in northern
Greece alongside published studies on Mt Chelmos in the Peloponnese as well as in
Montenegro suggest that their uplands were occupied by former extensive ice
field/ice caps with outlet glaciers forming on all slope orientations.

— The palaeovegetation/palaeoclimatic record of the southern Balkans indicate cold
but wet climate conditions during the early parts of MIS 12 and MIS 6 followed by
cold and arid conditions, indicating glacier build-up during the early and relatively
humid parts of these severe cold stages. Moreover, the recently published analysis
of time proxy series for the last 1.36 Ma showed that increased winter precipitation,
corresponds with periods of low Northern Hemisphere winter insolation providing

very favourable conditions for the formation of extensive ice-fields.

— Differences 220-280 m between ELAs of Skamnellian Stage (MIS 12) glaciers on
Mt Tymphi/Mt Smolikas and Mt Chelmos have been attributed to the calculated

differences in tectonic uplift since this long period. Thus ELAs are likely to have
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been at comparable palaeoaltitudes (~1350-1450 m above modern sea level) which
implies consistent climate conditions throughout Greece during this severe cold

stage.

B. Last Glacial Cycle (Tymphian Stage MIS 5d-2)

On Mt Chelmos, the OSL dating of samples from morainic deposits at an altitude
of 1900-2050 m a.s.l. in the Spanolakos valley yielded burial ages of 89-86 ka that
could indicate another phase in glacial evolution in the Peloponnese during MIS5b.
However, the OSL moraine burial ages from Mt Chelmos constitute the only glacial
evidence in Greece and the western Balkans for MIS 5b and further

geochronological data is needed to further test this hypothesis.

The geochronological framework of Late Pleistocene glaciations in the Pindus
mountains in NW Greece is the best dated in Greece. A Late Pleistocene local
glacial close in timing to the Last Glacial Maximum (27.5-23.3 ka) is suggested by
the consistent 36CI dates from ophiolite-derived moraines from Mt Mavrovouni,
where the stabilisation of the most extensive Late Pleistocene glaciers took place at
26.6 * 6.6 ka, and the recently publishes *Cl dates from limestone moraines on Mt
Tymphi, where the largest glaciers during Late Pleistocene reached their terminal
positions no later than 29.0 + 3.0 - 25.7 + 2.6 ka and retreated to the high cirques by
24.5 + 2.4 ka. The timing constraint of a local Late Pleistocene glacial maximum in
the Pindus mountains in NW Greece near the LGM is in good agreement with well-
preserved outwash sediments in the Voidomatis River record downstream of Mt
Tymphi and is consistent with the loaninna basin pollen record indicating cool and

wet conditions, most favourable for glacier growth, at 30-25 ka.

On Mt Chelmos in southern Greece, recent studies showed that Pleistocene glaciers
reached their maximum extent at 36.5 £ 0.9 - 28.6 + 0.6 ka while a glacier retreat
phase was dated at 22.2 = 0.3 - 19.6 £ 0.5 ka implying that ice is likely to have
occupied the cirques of Mount Chelmos from MIS 3 to 2 and oscillated in response
to varying climatic conditions, especially in response to millennial-scale shifts

between cold/dry and cool/wet conditions in Greece.

Taking into consideration tectonic uplift over the last 30ka, ELAs of glaciers during

the pre-LGM to LGM period on Mt Tymphi and Mt Chelmos appears to have been
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at ~1990-2000 m above modern sea level, implying that glaciers during this period
formed under similar climate conditions. On Mt Mavrovouni, glaciers at 26.6 ka
had an ELA of 2090 m a.s.l. which can be attributted to slightly drier climate
condition on Mt Mavrovouni due to its more inland location to the southeast of Mt
Tymphi.

The evidence from Mt Mavrovouni (pronival rampart dated with *°Cl at 20.0 + 5.0
ka) and Mt Tymphi (terminal moraines in the northeast cirques recently dated with
%Cl at 18.0 + 1.9 ka), suggest unfavourable conditions for glacier development
during the transitional phase from the LGM to the Late-glacial and the Holocene
but cold/humid enough to preserve nevé fields and small glaciers in topographically

favourable positions.

Examining regional pollen archives showed that the duration and independent
characteristics of vegetation patterns vary significantly during the Last Glacial
Cycle implying differences connected with local microclimates, topography and
elevation. Still, the palaeovegetation and palaeoclimatic records from Lake
loannina, Lake Ohrid and Lake Prespa are in agreement with the onset of the
recorded glacial episodes just before the onset of Arboreal Pollen percentages
reduction. Unfortunately, such a high resolution and independently-dated archive is
not appealable yet in southern Greece in order be used as a comparison for Mt

Chelmos.

As regards the Late-glacial, although glacial deposits in the mountains of Greece
are rare and have so far been dated with **Cl only on Mt Olympus (HS1: 15.6-14.2
ka, YD: 12.6 - 12.0 ka) and Mt Chelmos (YD: 12.6-10.2 ka). The ELAs for the
Late-glacial glaciers show an interesting trend. Whilst in northern Greece Late-
glacial glaciers were absent on Mt Tymphi (Allard et al., 2020), the assumed YD
glaciers on Mt Smolikas had a mean ELA of 2372 m a.s.l. and on Mt Olympus the
Late-glacial moraines had an ELA higher than 2300 m a.s.l., on Mt Chelmos the
YD palaeoglaciers had a considerably lower ELA at 2174 m a.s.l. (Pope et al.,
2017). These differences in Late-glacial ELAs, points towards a considerably wetter

climate in southern Greece than in northern Greece during this interval.

The analysis of modern precipitation data underlined the different moisture supply

regime in different mountain regions across Greece. In the Pindus Mountains
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(northwest Greece) moisture and snow supply is strongly associated with westerlies
whereas Mt Chelmos (south Greece) and Mt Olympus (northeast Greece) today
receive less moisture than northwest Greece and most of the snow is precipitated by
south-west atmospheric systems and southeast moisture-laden fronts from the

Aegean Sea respectively.

— The similar ELAs of LGM glaciers in southern and northern Greece and the
supressed ELAs of Late-glacial glaciers in southern Greece indicates equally wet
climate during the LGM and wetter climate in southern Greece during the Late-
glacial. This can be attributed to the palaeoatmospheric circulation mechanisms and
precipitation regime during this period. Enhanced winter precipitation in southern
Greece is a result of a more southerly trajectory for storm tracks across the
Mediterranean while at the same time the local cyclogenesis in central

Mediterranean forced moisture supply into a SW-NE track.

— As regards the Holocene, very small glaciers formed in some north-oriented deep
cirques on Mt Olympus where they survived because of strong local topographic

and climatic controls.

Finally, a general conclusion is that even though important information has been added in
the last two decades, there is need for further research in Greece and the wider Balkans to
establish the timing and extent of glaciations. Important aspects of Quaternary glaciations in
Greece that remain open include a possible revision and expansion of the Middle Pleistocene
glaciation extent based on dedicated glacial studies in southern, central and Northeastern
Greece, and the deeper understanding of the local climate response in the mountains of Greece

to major global and regional Late Pleistocene to Holocene climatic events.
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