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NNEPIAHYH

Ot {wveg KUAVOOGXIGTOAOWY amMOTEAOUV QVaTOOTIACTO THNMA APXOIKWV KAl
MPOGPATWV OPOYEVETIKWV CUGTNUAT®WV. ETNV EAAGSa, 1) e€wTEPIKY) KUAVOOXLGTOALOIKT)
{wvn Tapadoolakd avTImPocs®wTeVETAL and TV evotTnTa Twv PVAATEY - Xadalttwv (1)
evotnta Apvag).

H Bopsiotepn gp@davion ™G €v Ady®w £vOTNTAC UHEAETNONKE GTNV TEPLOXT TOVL
deveoV, B. MleAomovvnoog. H TEKTOVIKY] KOl KWWNUATIKY] avdAvon Tiov Siedny0et otnv
TEPLOYY) amoKGAVYe pia apyikr) ovumieon oty SievOuvvon BA-NA mov o81ynoe otq
Snuovpyia BA-TTuXwv 6TV evOTNTA TWV PUAMTOV - XaAQ{IT®OV KAl 0TA VTIEPKEINEVA
otpowpata Tov Tupov, Tavtdyxpova pe T Snuovpyia TG emkpatovsag @UAAwong. H
apxlKn ovutieon akoAovOnOnke amd £vtovn mpog BA Siatunon n omola Kataypa@nke
TOOO0 SLACTIAPTN 0 OAGKANPN TN CTPWUATOYPAPLKY] OTNAN TG TEPLOXNG 000 KAl OF
StakpLrég {wveg Suatunone. H suykekppévny votepn Stdtunon Eekivijoe ca@wg 6to Ttedio
NG TAXGTIKNG TAPAUOPPWONG KAl @AIVETAL VA OUVEXIOTNKE KoL oTto TEdSio NG
Opavotyevi| TApaApOPP®WONG KATW and To i8to evrtatikd edio. H ievBuvon BA-NA mov
XapaktnpieLt TO60 TNV wapXlKl) cuuTieon 660 kat TNV Votepn Swatpunon (TMOavov
OUVSEOUEVT] HE TNV EKTAPY) TWV TETPWUATWV) SEIYVEL TIWC TA TETPWUATA OAWV TWV
EVOTNTWV TNG TEPLOXNG SEV UTTEGTNOAV ECWTEPLKN 1] GXETLKT] TEPLOTPOPT] KATA HEPOG TG
Sudpkelag TG yewAoyikng toug totopiag. To yeyovdg mwg 1 TteAevtaia Sidtunon mov
kataypagetal o€ [leAomovvnoo katr Kpftn, yiax v evotnta tTowv Gvilitev - Xadalltwv,
elvar avtiotoyya mpog BA kat mpog B Seiyvel T oxetikn meploTpo@n MHETAED TNG
leAomovvioovu kat TS Kpntng w¢ amotédeopa tn¢ one008pounong tov eEAAnvikov toéEov
(slab rollback).

H emavektipnon twv ocuvONkwv Tiieong petapdp@wong amdé Nén dnpocievpiva
Sedopéva amokdAvPav TV VMAPEN ONUAVTIKOU HETAHOPEPLKOUV KEVOU HETAED TNG
EVOTNTAG TOV PUVAMTOV - XXAQTLTOV KAL TOV VTIEPKEINEVOV 0TPpOUAT®WVY Tov Tupov otnv

TEPLOYT) MEAETTG.

H ynueia 0AKoU TETPWUATOS KAL 1) GNUELAKT) XPOVOAOYN oM ekTpurtyevwyv (detrital)
{ipkoviov and éva yadalitn (peta-Poappitn) g evoTnTag TOV PUAAMTOV - XaAa{LTOV
amokdAvye: (i) ™V avakOkAwon £vOG apxikol O§Lvou TETPWNATOC KATA TN Sidpkela
VOTEPWV OEPMKDV/0POYEVETIK@WV YeEYOVOTWV Kot (ii) v éAdendm (ipkoviwv Bapiokiag
NAkiag. To TeAevtaio kKataypa@etTal €8w ylx mpwtn @opd o Avw MMalaolwikd
(peta)lnuata g Kpntng/Medomovvijoov.

Aé&eig KAeS1d: Pevedg, KvavooxLoTOALBOL, TEKTOVIKY) avdAvon), {WVes StaTunong, Statunon,
XPovoAdynaon J{ipkoviwv, TPoéAsvon I{NUATWV.



ABSTRACT

Blueschist belts form an integral part of many ancient and recent orogens. In Greece,
the external blueschist belt is traditionally represented by the Phyllite - Quartzite unit (or
Arna unit).

The northernmost exposure of this unit is studied in the Feneos area, N.
Peloponnese. Structural and kinematic analysis carried out there revealed an early NE-SW
compression that resulted in the formation of NW-trending mesoscopic folds in the Phyllite
- Quartzite unit and in the overlying Tyros beds, contemporaneous with the formation of
the regional foliation. This early compression is followed by strong NE-shearing, both
distributed throughout the pile and localized in well-developed shear zones. This late
shearing started clearly in the ductile field and continued possibly in the brittle field under
the same stress field. The NE-SW direction for both the initial compression and the later
shearing (possibly related to the exhumation of the units) suggests no internal or relative
rotation of the units throughout much of their geological history. The post-peak
metamorphic NE-shearing recorded in the Phyllite - Quartzite unit from Peloponnese
compared to the equivalent N-shearing from Crete adds to the point of view of significant
relative rotation between Peloponnese and Crete possibly related to the rollback caused by
the negative buoyancy of the subducting slab.

New thermodynamic treatment of already published data revealed the existence of
significant metamorphic gap between the Phyllite - Quartzite unit and the overlying Tyros
beds in the study area.

The whole-rock chemistry and detrital zircon spot dating from a quartzite (meta-
sandstone) from the Phyllite - Quartzite unit revealed: (i) the recycling of an initial arc-
related acid rock during later thermal/orogenic events and (ii) the lack of any Variscan
zircons. The latter is documented here for the first time from Upper Paleozoic
(meta)sediments of Crete/Peloponnese.

Key words: Feneos, blueschists, structural analysis, shear zones, shearing, zircon dating,
sediment provenance.
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EKTETAMENH INEPIAHYH

To eAAnvikd opoyevetikd cvotnua (Ex. 1.1) elval 1o amOTEAEopX TNG HAKPOXPOVNS
oUYKAloNG petaéV ¢ Evpwmng kat tov Bopelov mabntikov mepOwpiov ¢ I'koviBdava 1 omoia
odNynoe omv €£aPAVION WKEAVIOU PAOLOU KL OTNV EVOWUATWOT NTEPWTIKOV BpauoudTwy
KaTA TN SLapKeLa TOU AATILKOU KUKAOU. ETIS e§wTepikég EAANViSeG, 800 {wveg TETPpWUATWY VYPMATG
Tieong petapdpewong (HP belts) umopovv va StakpiBovv (Xx. 1.3): (i) n eowtepikn (KukAadikn)
KUOVOOXLOTOALBIKT {wvn Tov ep@avifetatl kupiwg otig KukAdades (BA. Philippon et al. [2010] kat
mapamopteg) kat (ii) n e&wtepkn] kvavooyloTtoABikn {wvr mov gp@aviletal otnv Kpntn kot oty
[TeAomtovvnoo (BA. Jolivet et al. [2010] kot mapamoumég). H Bopeldtepn eugavion g eEwTEPLKNG
KUQVOOXLOTOALOIKNG (VNG 1 OTold QVTITPOCWTEVETAL ATO TNV evOTNTA Twv PLAMTOV -
XaAalitwv (M evotnta Apvag), elvat To avTiKEIPEVO TNG TAPOVoAS EPYATLAG.

H evomta twv PvAltowv - XaAalltwv amoTteAel pia peta-tdnuatoyevr) akoiovBia Avw?
ABavBpakopopov - Kdatw (| Méoo Tpuadiknig) nAwiag amdbeong (Ewk. 2) m omoia
petapopwbnke oe vyMAN mieon kata to Tpirtoyevés. H vmapén Bacikwv kal vmepBacikwv
TETPWUATWY, OTIWG ETIONG KAL AVOPAKIK®OV TETPWUATWY 0T evOTNTA Twv PUAATWOV — XaAalLTWV
UTOSEIKVVEL TIWG 1) €V AOYw evOoTNTa £lval oxetikd ovvBetn (Papanikolaou and Skarpelis 1986,
Skarpelis 1989, Trotet et al. 2006). Zuvavtatal KATw amd Ta oTpWuATa Tov Tupov (1} opdAoyeg
evotntes oe Kprtn kat Iedomoévvnoo) katl yevika v evomta s TpIimoAng Kot mavw amod Tty
evotnTa g Mavng, o dmoleg eplox£g N tedevtaia epavidetat (y Talyetog, [Tapvwvag, Aiktn)
(Zx- 2.3, 2.4). H ieon petapdppwong eivat petagd 10Kbar kot 15Kbar yua ™ Sutikn Kpntn kat
votia [Tedomovvnoo (Papanikolaou and Skarpelis 1986, Theye and Seidel 1991, Theye et al. 1992,
Brix et al. 2002) av kot T660 vPMASGTEPT 600 KAl YapunAdTepT TiEOT UETAUOPPWONG EXEL TIPOTAOEL
atd SLk@opoug epeuvnTéG. OL HEYLOTEG LETAUOPPLKEG CUVONKEG PAIVETAL VX UELWVOVTAL TIPOG TA
avatoAka otnv Kpntn kat mpog ta fopeia otnv [eAomdovvnoo.

Ta Stabéoipa otolyeia padioxpovoArdynong (kupiws K/Ar kat Ar/Ar o€ papuapuyieg) and
™mv evotnTa Twv PUAATOVY — XaAalltwv Selxvouv pia cuykEVTPwWOT NAKLWY peTadV 25 ek. xp. Kol
15 ex. xp. (Seidel et al. 1982, Jolivet et al. 1996, 2010). H mapamdvw KATAVOUN] TWV NALKLOV
08MyNoe TOAAOUG EPEVVNTEG VA CUOYETIOOUV TIG NALKIEG AUTEG PE TNV APIEN TNG EVOTNTAS OTO
emimedo TOL PHEGOU PAOLOY, TIPLV ATTO TNV ATIOKAALYT] TNG OE EMPAVELNKEG oUVONKEG TTpLV amo 10
EK. XP. OTIWG TIPOEKLYPE A0 UEAETEG TWV LINUATOYEVWOV akoAouvBlwv ota TomdAwa g Kprng
(Seidel et al. 1986). AvtiféTwG, Ta PASLOXPOVOAOYIKA GTOLXEIQ ATTO TNV VTIEPKEIUEVT] EVOTNTA TNG
TpimoAng Seixvouv TwG aUT TAPEUEIVE OTA AVOTEPA 4-7 XIALOPETPA TOV PAoLoV amd To Hokawvo
(Thomson et al. 1998a). Autr] 1 TapATPNOT, O GUVAPTNON HE TN Slx@OopPd Tieong PETAED NG
vTokeipevng evotnTag tTwv PLAATOV - XoAallTwv Kol TWV VTEPKEINEVWY EVOTHTWV 08NyNoE
TOAAOUG €PELVNTEG va TPOTE(VOUV TNV VUTIaPEN HIAG KUPLAG EQPEAKUOTIKNG €ma@ns (pnyua
amokoAAnong) petafd toug (my. Fassoulas et al. 1994, Jolivet et al. 1996, 2010, Papanikolaou and
Royden 2007, Papanikolaou and Vassilakis 2010). H kwvnuatikn g evotntag twv GuAATOV —
XoAalltwv mov oxetifeTal pe ™ Spacn G TapaATavw eTa@ng elval mTpog BA otnv IleAdomovvnoo
(Zx- 2.3) xaL mpog B oty Kpnjtn 6mov emmAéov emikaAUmTeL pia Tpog N TOAKLOTEPT) KLVILATIKY)
(Zx- 2.5).

H mepoyn perémg (Ex. 3.1) amoteAsl 1 Lopeldtepn eU@AVION TNG €EWTEPLKNG
KLUavooXLoTOAOIKNG Twvng. To Kevtplkd TUNUA TNG TEPLOXNG QTOTEAE(TAL amd £va TupHvVA
UETAUOPPWUEVWVY LINUATWY KAl BACIKOV TETPWUATWY (XX. 3.2) 0 0T0{0G TAALGLOVETAL KUPlwg
amd avBpakikd metpwpata. H evotta twv PuAAMToV - XaAalltwv ep@avi(eTal oTov KEVTPLKO
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TUPNVA Kol OTOTEAEITAL KUPIWwG amd peta-lnpata (xoAaliteg kat petamniiteg). ABoAoyieg
avtioToles Twv oTpwHdTwy Tou Tupol (petamniiteg, acfectommAites, Pacikd kot Alya
avBpakikd TETpOHATA) ep@avifovtal emiong otov mupnva Tng meploxns. Ta avBpakika
TETPOUATA TNG EVOTNTAG TNG TPLTOANG ER@avIlovTaL 0TI TAEVPEG TOU KEVTPLKOU TTUPTVA.

H moaAaiotepn empdvela mov mapatnpnnke oty meploxn elvat n otpwon (Ex. 3.2b,
3.2g). O petpnoelg UAAwoNG £8el€av pia kKOpLa Kol eMKPATOVOA QUAAWGOY UE ETILPAVELS TTOU
KAivouv mpog ta NA (Ex. 3.3 évOeto) kat eivatr mdvta TapdAAnAeg pe ) otpwon, Selypa g
EVTOVTG KATOKOPLENG Ppayuvons. H xatavoun twv em@avelmv @UAAWONG KaL 0 XAPTNG TWV
Tpoxlwv @LUAAwonG (foliation trajectories) £8el€av mwg 1 Sour ™M evomrtag twv PLVAMTOVY -
XoAalltwv eivat avtikAwvikn pe déova SlevbBuvong BA-NA (Xx. 3.3). Ot TEpLOCOTEPEG UETPTOELS
EPEAKVOTIKNG YPAUUWOTNG TIOU HETPNONKAV Tl TWV €MMESWYV TG EUAAWONG TIPOEPXOVTAL ATIO
mv evomta twv PvAlitwv - XaAalditov kot £6el€av pia otabepry BA-NA SievBuvon, pe v
emkpatovoa Sevbuvon va eivar petafy B050° kat B060° (Xx. 3.4). H (St BA-NA SievBuvon
HeTpnONKe Kol ot uTepKelpeva metpopata tov Tupov (Xx. 3.4). OL Alyes YPAUUWOELS oTtO
Statoun mou petpnOnkav £del€av pla atabepn SievBuvon BA-NA (Xx. 3.4) OV GUUTITITEL PUE TOUG
AEOVES TWV HECOOKOTILKWV TITUXWV (BA. 0T ovvéxela). Ol LEGOGKOTILKES TITUXEG TTOU UETPTONKaV
meplopioTnkav kKuplwg otoug petammAites. OL mMAsoym@ia AUTWY TWV TTUXWV TTAV OYXETLKA
KAELOTEG WG LOOKALVELG, pe oxedOV 0pl{OVTIOUG (1] e pKpT] KALoT) dgoveg Kol oxedOV opLlovTia
atovika emimeda (Tx. 3.5). H oxéon twv TTUXWV PE TN YEVIKY] @UAAWGT) TNG TIEPLOYNS ATTOKAALVYE
800 €1 TTUXWV: TIG TTLXES e afovikd emimedo TapdAAnAo ot @UAAwaon (Type I - ¥x. 3.5a, 3.5¢)
KOl EKEVEG TWV OTOlWV Ta afOVIKA EMIMESH TEUVOVTAL HE TN QUAAWOT Kal §ev ep@avifouv kKaid
QVETITUYUEVEG ETILPAVELEG TIAPAAANA pe Ta afovikd toug emimeda (Type Il - Xx. 3.5d). Ze kB¢
TEPITITWOT OL TLTUXEG TOU TIPWTOU TUTIOV EIVAL ELPAVKS TIEPLOCOTEPES ATIO EKEIVEG TOL SeVTEPOL
tomov. Kat ot 600 tomol ttuywv gp@avifouv v Sla yewuetpia atouvg déovég toug (BA-NA; Zy.
3.5e, 3.5g) vmtoSekviovTtag pia apyikn ovptmieon otn SievBuvorn BA-NA.

H mieoymela towv TETPpOHATWV TOU UEAETNONKAV NTav TAOVCLA OE (PUAAOTIUPLTIKA
OPUKTA KoL ELVOOVUCAVY TN SNUlovpyla KvnuaTikwy SelkTt®v. H KivnpaTikn Tov Kataypa@nKe ftav
ouvexws Tpos BA (Zx. 3.6), akoAovBwvTtag TN SLtevBuvomn NG EPEAKVOTIKNG YPAUUWAONG. AV KalL oL
TEPLOGOTEPEG ATO TIG UETPNOELS TNG KIVIUATIKNIG a@OPOVsay TNV evotnTa Twv PLuAATOV -
XoAalltwv, Alyeg HETPNOELS IOV £yvav 0T oTpwpata tou Tupol €8ei&av va €xouv v (Sl
vewuetpia (Ex. 3.6). Tpeg lwveg Stdtunong, mMov avamtuxOnkav €(te KOVTA oTNV 0po@n NG
evomTag twv PuAditwv - Xadalltwv (Xx. 3.8) eite kovtd otnv opo@tn touv Tupov (Ex. 3.7, 3.9),
eMAEYOMKaV Yia Tapovciaon. To Kowd TOUG XapaKTNPLOTIKO NTtav 1 kivion mpog BA 1 omoia
Eekivnoe ca@ws oto MeSio NG MAAGTIKNG TAPAUOPPWONG Kol cuvexioTnke oto medlo TG
Bpavaotyevols TTapapdpewong 0mws @avnke ano (i) tTig Bpavotyevels Sopég kovTd otnv afovikn
TePLOXN Twv TPog§ Ta BA acOuuetpwv mruxwv (Zx. 3.7e), (ii) ™ Siakomr) Twv WKPpWV {wvwmv
Statunong amd vedtepa ouvvOeTikd prypata pe Sievbuvon BA-NA (Zx. 3.7d), (iii) v
ETIAVEVEPYOTIOMON Twv 16N acBevav emmédwy dmws ta emimeda C' (Xx. 3.8c¢), (iv) v Vmapén
£VTovNnG Katakiaong oTig (8leg Tig (wveg Sidtunong (Ex. 3.8a, 3.9) kat (v) ™ Swaxomn Tng
OUVEXELAG TWV XAAETIAAANAWY EVOTHTWY aTo prypata StevBuvong BA-NA 6Ttwg autn @aivetal o€
KA lpaka yapm (Zx. 3.1).

To povtéAo oV TPOTEIVETAL GTNV TTAPOVCNA EPYATIA TIEPLYPAPETAL OTIG EMOUEVES YPAUWUES.
H mtoxwon ¢ apxikns otpwong (1] plag GAANG maAaldg empavelag) odnynoes ot Snuovpyia
mtuxwv (Type I kat II) pe SievBuvon BA-NA kabBwg kat g kOpLag @UAAWONG KATWw amd éva
OUUTILECTIKO evTatTiko Tedio pe SieBuvon BA-NA. H cuykekpiuévn @domn mbavov va oxetiletal pe
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klvnomn mpog A 1) mpog NA Tov kataypd@nke o€ pikpokAipaka amd tous Xypolias and Koukouvelas
(2001). Av kal kataypaEnke TTOXWOT VEOTEPN TNG YEVIKNG @UAAwoNG (Type II TTuxEG), @aivetal
Vo oxNUaTioTnKe KATw amo To (510 evtaTikd medlo Tov mePLypd@nKe o Tavw (ouptmieon ot
SevBuvon BA-NA). Ou ovuykekplpévou TUTOU TTUXEG Sev OXETI(OVTAL HE KOUAQ QVETTUYHEVEG
Sloumepels emPAvVELEG TTAPAAANAEG UE TO afoVIKO TOUG em(mMeSO. XTI OUVEXELX, OAN 1) UETA-
inuatoyevig akoAouvBia tng meploxng vméon évtovn Tpos BA Siatunon tavtdypova pe (i)
Snuovpyia Twv {wvwv Satunong mou ueAemiOnkav, (i) ™ Suovpyia TANBwpas amd
KnuatikoUs Seikteg kat (iii) ™ Snuovpyia g mpog BA e@eAKUOTIKNG YPAUUWONG TIOU
xapaktnptlel T0co v evotnta Twv PLAATOV - XaAalltwv 000 KAl TX UTEPKEIPNEVA OTPOUATA
tou Tupov. To (510 evtatiko meSio @alveTal va TAPEUELVE EVEPYO TOUAQYLOTOV KATA VA LEPOG TG
ETMAKOAOLONG BpavGLYEVOUS TTAPAUOPPWONG TWV TETPWUATWY OTIWG TIPOKVTITEL ATIO SLAPOPES
KA lpakes mapatnpnong (Xx. 3.1, 3.7d). Evroitolg, Alya XIALOpeETpa TTPoG Ta BOPELA O EQEAKUTOG
oto medlo NG Bpavolyevols Tmapapdpewong sival kaBapd oe SievBuvorn B-N, 0mwg €xel
emonpavOel amd MOAAOUG gpeuvNTEG, Kol oxeTiletan pe ™ Siavolen touv KopuvBiakov KoAmou
(Moretti et al. 2003, 2004). H oxéon petafd NG TeEPLOXNG UEAETN Kol TNG KATAOTAONG Alya
xAopetpa Boplotepa pével va SiepeuvnBel. H avtikhviky Soun g meployns, OTws TTPoKUTITEL
aTod TI§ TPoXLEG TNG UAAWONG (. 3.3), umopel elte va amotedel ula kAnpovounuévn Soun amd to
APXKO OCUUTILECTIKO YeYOvOG KaBwg €xel TV (Sla yewpetpla pe kAnpovounuéves Souég Tou
xwpifouv IMAslokavikég Aekaves ota Bopela (Askaveg AgpBeviov kat Atylov; Ghisetti and Vezzani
[2004]) kot pe To (610 TOo pétwmo cvumieong (fold-and-thrust belt) ota avatoAikd, eite va
oxetileTal ue 0ooTaATIKY ooppomia efautiag Tng votepng, €viovng mpog BA, Sidtunong. To
HoVTEAD IOV TipoTeiveTal £8w elval ouuBatod e ekelvo TTov TpoTddnke amod Toug Papanikolaou and
Royden (2007) oL omoiot peAétnoav TNy €EWTEPLKN KLUAVOOXLOTOAOIKY {WVN O CAQ®S
UeyaAUTEPT KAlLaKa.

Onwg €xeL 6N emonuavOel amd toug Katagas et al. (1991) ot omoiot peAétnoav TIg
OUVONKEG HETAUOPPWONG TNV Teploxn Tou Peveov, n evotnta Twv PuAMT®V - Xodalltwv elvat
HEYaAUTEPOL HETALOP@PLKOU Babpol, ocuykpvopevn e Tov vmepkeipevo Tupo, xwpis wotdco va
UTAPYEL ONUOVTIKO UETAUOPPIKO KEVO. ZUYKEKPLUEVA, TIPOTEWVAV OTL 1 UEYLOTN Ogpuokpacio
HETAPOpwaonG Sev Eemépace TOTE Toug 4400C pe tnv BavoTepn T va keltal petad 340°C kat
420°C kol 6TL 1] PEYLOTN TIEOT LETAUOPPWONG, AV Kol eV elval ca@®s oplopévn, eV TIPETEL Vi
temépaoce ta 5Kbar. T olUykplon, ol petapop@ikés cuvBnkes tov vmepkeipevou Tupov, OTwWG
auTég voAoyiotnkav amd Bacikd metpwuata, eival 290°C - 380°C kat 3.5 - 5Kbar (Baltatzis and
Katagas 1984). Avtifeta, otnv kovtivi) Ttepoxn s Kaotaviag (Atya ytlidpetpa NA amd tov
deved) oL oLVONKEG HETAPOPPEWONGS TwV PUAATWV — XoAalltwv ival oxetika avinuéves (10Kbar
katl 450°C; Jolivet et al. [2010]).

0L ovuvOnkeg Tieong kot Oeppokpaciag g evotntag Twv PLAAMTOYV - XoAalltwv
EMAVEKTIUNONKOY 0TV TOpoVcH HEAETN XPNOLUOTOLWVTAS 18N Onuoctevpéves avaAVoELS
TETPWUATWV ATIO GAAOUG EPEVVNTEG KAl TO TaAkETO Beppoduvapiknig avaivong PERPLE_X. INa to
OKOTIO aUTO emAéxOnkav évag xaAalitng amo tnv meploxn Popelx ™G ZapoUxAag Kol €vag
petamnAitng amd v meploxr s Kaotavidag. To Selyua amd v meplox g Zapovyiag Seixvel
va €xeL LooppoTmoel ota 9-11Kbar av kat 1 Ogpuokpacio Sev pmopel va TpoadloploTel e OXETIKY
akpifela (peyadvtepn amo 230°C) (Xx. 4.1). To Selypa amo v meploxn s Kaotavids Seixvel va
€XEL LOOPPOTIMOEL 0€ OXETIKA avénuévn mieon (13Kbar 1 akopa kot ieomn peyartepn and 15Kbar)
(Zx- 4.2). H mieon petapdp@wong mov VTOAOYIOTNKE oTnv Tapovoa gpyacia sival WSialtepa
au&nuévn o oxéon WE TIG UEXPL TWPA SMUOCIEVUEVES EKTIUNOELG. AV oL uTtoAoylopol eival cwoTol
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TOTE VTapxeLl mMAEov 1 avaykn Yo (i) Sldkplon LTOEVOTHTWY TNG evoTnTaS Twv PLAMTOV -
XoAalTwV e SLA@OPETIKA UETAUOPPIKA XUAPAKTNPLOTIKA 0TI TEPLOXEG Tou Peveol KAl TNG
Kaotavidag 1 (ii) Siakplon PeETall SLA@POPETIKOV UNYXAVIOU®Y, 1] EVTACTG TWV UNYXAVICUWY, TIOU
oupBaAovv oty amokAALVYM NG EV AGYW EVOTNTOG OTLG VO TEPLOXES.

[ v avixveuon ™G TPOEAEVONG TWV UNTPLKWVY TETPWHUATWY TNG eVOTNTAS PUAMTOV -
XoAalltwv yxpnopomomonke évag xaialdltns amd tnv mepLox1] Tou Peveov o omoiog kat avaAvOnke
YEWXNUIKA Yix KUpLa otolyela kal yvootolyeia. ETl mAgov, amo To mETpwua auto Staxwplodnkay
extpupyevn (ipkovia (detrital zircons) ta omoia kat xpovoAoynOnkav onuelaxd pe tn pebodo U-
Pb. H nAwia amdéBeong tov metpwuatos avtov eivat Avw(;) AtbavBpako@dpo - Katw Tpradikd. To
Selypa gtvat évag yoadadlakdog — apevitng (Xx. 5.1) KoL To UnTPIKO Tov METPpWHA pTopel va elval
KATIOLO HOYUOTIKO 1 HETOHOPPWUEVO TIETPWUA, ALYOTEPO 1) TIEPLOGOTEPO SLAPOPOTIOMUEVO HEOT
amod YEWAOYIKEG Slepyaoies, 1 AKOPX KOl KATIOLO TOHAXLOTEPO LINUATOYEVEG TETPWHA. ATO TA
vewxnuika Sedopéva (Xx. 5.3) Sta@aivetal OTL TO UNTPLKO TETPWHA NTOV £vO TOAXLOTEPO
XaAadlovyo WNUATOYEVEG TETPWUA TOV eixe amotebel mOavotata ot TePBAAAOV TTabNTIKOU
meplBwpiov kal To omolo, pe ™ cepd Tovu, MOAVOV TTPONABE aTO O&VA PAYUATIKA TIETPWOUATH
mepBdArovTog evepyol meplBwpiov (ypaviteg, puoAbol). M pikpr] cLUPBOAN TETPWUATWYV
Baowov-vmepBacikol xapaktnpa otn Agkdvn amobeong Tou apevitn tou Peveol elval emiong
opat (Zx. 5.3).

0L teploooTEPOL a6 TOUG 127 KOKKOUG {IpKOViwy ToV eTMAEXONKAVY Y xpovoAoynon (ZX.
5.4) eival otpoyyvAomompeévol, pe e&aipeon HEPLKOUS LOLOHOPEOUG KPUOTAAAOUG, SeiyvovTag
LOKPA HETOPOPA TIPLY TNV amoBeo1] Toug. Me BAoT T HOPPOAOYIKA XXPAKTPLOTIKA TTPOEKLYIOY
TpeLS opddeg Lpkoviwyv (Xx. 5.4). H mpwtn opdda eplEXel OYETIKA PUEYAAX, YKPI{Q KAL adLo@ov]
Qlpkdvia, 1 8e0TEPN OHASA TEPLEXEL OYETIKA WIKPA, Sld@ava Kal MUK {LPKOVIX evw 1 TPITN
opdda mepLExeL peoaiov peyéBoug, pol, NuSLd@ava Jipkovia. ATO TV YEWXNULKY avdAvon Twv
(ipxoviwv (Mivakag 5.4, Xx. 5.6) mpoékuPe OTL 1| SeVTEPN OUASA TIEPLEXEL KUPIWG HAYUATIKA
(lpkOvVIa evw oL OAAeg 800 OpAdEG TEPLEXOUV EMMPOCHETWG HETAHOP@PIKA (lpkovia. H
xpovoAdynon {ipkoviwv (Appendix B) amokaAve v UTtapén Te60dpwV opddwv nAkiwv: 500 -
825¢k. xp. (Neo-mpwtepolwikds — M. KauBpro), 950 - 1075¢k. xp. (Avw Meco-mpwtepolwikds —
Katw Neo-mpwtepolwikog), 1750 — 2000ek. xp. (M. - Av. IaAawo-mpwtepolwikdg) kat 2400 —
2750¢k. xp. (Neo-apyaikog - Katw IMarato-mpwtepolwikog) (Ex. 5.5). Mia akopa mibavn opdda
NAKLOV ep@aviletal ota 2925 - 2950ek. xp. (Zx. 5.5). e YeVIKEG ypaupés Ta JLpKOvIa He TN
ueyaAutepn a@Bovia eivat gkeiva g vedtepNS opddag nAkiwv. Emiong ta Jipkdvia pe tov
UETUUOPPIKO XAPAKTNPA TIPOEPYOVTAL KUPIwG atd TNV TP TN S€oun oudda NAKLWOV Kol AtydTtepo
ato v Tpitn S£oun NAKLOV.

Ta kUpla cvpmepdopata mov Byaivouv amd TV KATavoun Twv {IpKoviwy oTig SLd@opeg
ouades nAklwv eivat: (i) ta vedtepa OepuiKd/TEKTOVIKA YEYOVOTA TIOU KATAYPAPOVTAL ATIO TA
UNTPLKA TETPOHATA TOU XoAaditn Tov dPeveov elval autd Twv opoyevésewv Grenville kot Pan-
African, (ii) Ta untpka metpwpata dev delyvouv xvn g Bapilokiag opoyéveong kdTL To omoia
TEKUNPLOVETAL €6 VIO TIPWTN QOPA& o€ peta-linpata tng Kpntng/Ielomovvioov. Enuelmvetot
Twg elval advvato éva TETolag NAKING PETAPOPPWUEVO (U, oav auTO Tou peAeTnONKe (e
NAwkia amdBeong vedtepn amd ~300ek. xp.), va unv €xeL ixvn ™ Bapiokiag opoyéveong (n omoia
elval yvwoto mwg dmpknoe petafd 330 kat 280 ek. xp.) €KTOG €AV TO PNTPLKO TETpwHA SEV
ovppeteiyxe oe auth. ' ouykpLTIKOUG Ad0YoUS ava@épetal Tws atnv Kpntn, ot Kock et al. (2007)
€deliav o petapop@wpéva Wnpatoyevy metpwpata Avw ABavBpakogopov - Katw Iéppiag
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NAwiag (~300ek. xp.; Ztpwuata F'aAnvov) mov Bpiokovtal KATw amd v evotnTa TG MdAvng, T
vmapén {ipkoviwv ¢ Bapiokiag opoyéveong.

ZUUTIEPACUATIKG, 1] TTAPOVOA HEAETN TWV JIPKOVIWV TOU apevitn Tou Peveol katadelkviel
oa@®WG TNV  AVAKUKAWON O0flvou MMEPWTIKOU @Aol0U  Tou  Snulouvpyndnke Koatd TNV
[Tava@pLlKaviKr 0pOYEVEST KL TEKUNPLWVEL YA TPWTN QOPA, TNV TPoEAEvon amo To POPELo
madnTikd meplBwplo G T'kovtfavas (AmovAia) TPO-AATIKWY WNUATWY TWV EEWTEPLKWV
eEAMNVISwv.
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Introduction to the geology of

Greece — The Hellenic blueschists
Chapter 1

The Hellenic orogenic system (Fig. 1.1) is the result of the long-lasting convergence between
Europe and the North Gondwana passive margin leading to the consumption of oceanic domains and to
the accretion of continental blocks. Major oceanic lithospheres disappeared since M.-Up. Jurassic is the
Vardar/Axios oceanic domain, to the north, and Pindos oceanic domain to the south. At present, the
three continental crusts along with their sedimentary cover i.e. Rhodope massif s.l., Pelagonian and
External Hellenides, are separated by two suture zones i.e. Vardar/Axios and Pindos (Fig. 1.2).

mow 5W 0 5E 10E 15E 20E 25E 30E 35E 40 E A5E

50N - 50N
i
Pannonlan
Bay of X
45N Blscay ok, 7 - 45N
> |

40N |-40 N
35N |-35 N
30N A |-30 N

Mesozoic oceanic crust

/ Past and actlve major normal faults

25N Cenozoic oceanic crust -/ e |. 25N

Post-orogenic thinned continental crust
20N 20N

mnow 5w 0 5E 10E 15E 20E 25E 30E 35E 40E 45E

Fig. 1.1. Tectonic map of the Mediterranean region. The main compressional and strike—slip features as well as the
extensional basins are highlighted. From Jolivet and Brun (2010).

Ix. 1.1. Tektovikdg Xaptng tng Meooyeiov. OL KUPLEG CUMILECTIKEG Kal opllovtiag oAicBnong Sopég, Omwe emiong Kot ot
£peAKUOTIKEG AekAVEG £XOUV TovioTei. Ano Jolivet and Brun (2010).

One of the most well-studied, but still extremely controversial subject, is the exhumation of
(U)HP rocks. It involves the vertical displacement of previously metamorphosed rock near the surface
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through some removal of the overburden (see Ring et al. 1999 for a review). The exact mechanism or
the participation of several different mechanisms to the overall exhumation process is still controversial.
For example, channel-flow mechanism still has supporters (e.g. Gerya et al. 2002) despite the fact that
low viscosity and/or high erosion rates are required. Buoyancy and/or erosion can account for part of
the exhumation assuming the trench moves away from the upper plate i.e. rollback (Dewey 1981, Brun
and Faccenna 2008), producing strong extension and thinning of the upper plate. In the Mediterranean
realm, sun-convergence exhumation, through a continuous subduction, from depths of 70Km or more
has been documented and attributed to the above mechanisms (Jolivet et al. 1994). On the other hand,
post-convergence extension can account for the exhumation of HT rocks within core-complexes, like in
the Aegean region (Lister et al. 1984). Note that, although exhumation is commonly closely related to
extension, it may also play a significant role in converging systems (e.g. Burg et al. 1984).

E25°

/Crustal»scale Detachments

[=] Cenozoic Magmatism

100 km
[ Attico - Cycladic Massif - Rhodope Province
[ Pindos Zone = g [ Serbo - Macedonian Massif
[ Gavrovo - Tripolitza Zone g E [ Circum - Rhodope Belt
= '_q.g [l Phyllite - Quartzite Unit (Arna) = E [l Axios / Vardar Zonev
% % [ 1onian / Plattenkalk (Mani) [ Pelagonian Zone
* | [ Paxon zone [ Parnassos Zone

Fig. 1.2. Geotectonic units of the Hellenides based on the work of Papanikolaou (1989), Pe-Piper and Pipper (2002),
Papanikolaou et al. (2004), Koglin (2008), Papanikolaou and Vassilakis (2010) and Kostopoulos and Brun (in prep.).

IX. 1.2. TewTeKTOVIKEG EVOTNTEG TWV EAANViSwV pe Baon toug Papanikolaou (1989), Pe-Piper and Pipper (2002), Papanikolaou
et al. (2004), Koglin (2008), Papanikolaou and Vassilakis (2010) ko Kostopoulos and Brun (in prep.).
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In Greece, two exhumed HP belts can be distinguished (Fig. 1.3) : (i) the internal (or Cycladic)
blueschist belt appearing mainly in Cyclades and (ii) the external blueschist belt appearing in
Peloponnese and Crete. The Cycladic blueschists (see Philippon 2010 for a review) contain both oceanic
and continental material metamorphosed at 15-20Kbar and exhumed between 45Ma and 55Ma (Altherr
et al. 1979, Maluski et al. 1987). The external blueschists belt, which is the subject of this study, is mainly
represented by the Phyllite Quartzite Unit and composed of continental sediments. The maximum
pressure attained is between 10Kbar and 17Kbar (Trotet et al. 2006, Jolivet et al. 2010) and the
exhumation of these rocks to mid-crustal levels is placed between 15Ma and 25Ma (Jolivet et al. 1996,
2010).

28°H
1

Fig. 1.3. The two main metamorphic belts in the Aegean region. Extensional ductile sense of shear is shown (black arrows).
From Jolivet et al. (1994).

IxX. 1.3. OL 8U0 KUpLEG peTapopdIKEG LWVEG TNG TTEPLOXKG TOU Alyaiou. H popd MAAOTIKAG SLATUNONG OUTOTUTIWVETAL ME T
navpa BEAn. Ao Jolivet et al. (1994).

In short, the geological history of Greece comprises: (i) initiation of the convergence in Jurassic
times with the subduction of the northern Vardar margin and the UHP metamorphic event in Rhodope
s.l. (Reischmann and Kostopoulos 2002), (ii) accretion of the Pelagonian block into the south European
margin between Lower Cretaceous and Eocene, (iii) initiation of the subduction of Pindos ocean at
Middle Eocene (Ferriere et al. 2004), development of the South Rhodope Core Complex (Dinter and
Royden 1993, Sokoutis et al. 1993, Brun and Sokoutis 2007) and syn-orogenic exhumation of the
Cycladic blueschists (Jolivet et al. 2003), (iv) accretion of the External Hellenides since Lower Eocene -
Oligocene and (v) subduction of the Eastern Mediterranean basin since Middle Miocene (Le Pichon et al.
2002) contemporaneous with the development of the Cycladic Core Complex (Lister et al. 1984, Gautier
and Brun 1994) and the exhumation of Cretan blueschist belt (Jolivet et al. 2004). The Hellenic geological
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history is marked by the migration of the Hellenic volcanic arc from northern Greece to the current
position in south Cyclades (Fytikas et al. 1984, Pe-Piper and Piper 2002, 2006) related to the slab
rollback triggered by the subduction of oceanic material (Brun and Faccenna 2008). Slab rollback is
responsible for: (i) opening of the Aegean Sea, (ii) the curvature of the trench system from an almost
linear geometry in Eocene until today’s almost orthogonal geometry (Papanikolaou 1993, Jolivet and
Brun 2010), situation similar to what observed in analogue modeling (Funiciello et al. 2003) and in other
synchronous Alpine Belts (Rosenbaum et al. 2002) and (iii) clockwise rotation of most of the continental
Greece (Kissel et al. 1985, Van Hinsbergen et al. 2005). The puzzle is finished with the westward
propagation of the Anatolian block since Upper Miocene (Philippon 2010) and the neotectonic activity
mostly accumulated at the Corinth Gulf (Armijo et al. 1996, Rohais et al. 2007) and the North Aegean
Trough (Papanikolaou et al. 2006) since Upper Miocene — Lower Pliocene.
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The External Blueschist Belt:
Introduction to the study area

Chapter 2

Peloponnese covers a significant part of the continental Greece. The main geotectonic units
appearing there are, from west to east, lonian unit, Gavrovo — Tripolitsa unit, Pindos unit, Phyllite —
Quartzite unit, Plattenkalk unit and Pelagonian platform (Fig. 2.1). For a summary of the rock-types and
ages of the sedimentation of all the units reported here, the reader is referred to Plate 2. In the
simplified geological map (IGME) (Fig. 2.1) some striking characteristics are: a) Pindos unit is dominant
and appears rather flat to the east and relatively deformed to the west as one approaches the fold-and-
thrust belt, b) Pindos thrust (on top of Gavrovo — Tripolitsa unit) to the west has a peculiar «S» shape
being NW-SE-directed to the north and to the south while between those two segments it appears NE-
SW-directed, c) the relatively autochthon, Plattenkalk unit, appears in southern Peloponnese anticlines
(Taygetos and Parnon Mt.) where Pindos cover is totally absent, d) Phyllite — Quartzite unit appears
mainly in southern Peloponnese on top of the relatively autochthon although in some areas it
represents the autochthonous unit (N and SE Peloponnese), e) strong recent extension is either in N-S
direction to the north (Gulf of Corinth) or to E-W direction to the south (Messiniakos, Lakonikos and
Argolikos Gulfs).

of Peloponnese
1:1,000,000

Coardination System wesuN

Fig. 2.1. Simplified geological mapm(":(lzl.OO0.000) of Peloponn;wste. Modified after IGME.
Ix. 2.1. AmAonounuévog YEwAoykog xaptng tng Mehomovviicou (1:1.000.000). An6 ITME, pe S10pOwoelg.
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2.1 The Phyllite-Quartzite Unit from Peloponnese and Crete: A comparison.

Although lots of researchers (e.g. Seidel et al. 1982, Papanikolaou and Skarpelis 1986, Blumor
1998, Trotet et al. 2006, Jolivet et al. 2010) have been working for decades on the Phyllite — Quartzite
unit, many questions still remain unanswered. What is commonly accepted is that the Phyllite -
Quartzite unit is lying directly below Tripolitsa or Pindos units and above Plattenkalk unit both in Crete
and Peloponnese. In Crete, the Western Crete unit is sandwitched between the Phyllite - Quartzite unit
and the PkU and is supposed to represent a duplication of the PkU (Papanikolaou 1988). An ordinary
problem in the literature is the discrimination between the lowermost Plattenkalk flysch, the medial
intensively deformed metasediments of the Phyllite - Quartzite unit and the uppermost base of the
Tripolitsa unit, known as Tyros beds in Peloponnese (or Ravdoucha in Crete). The description of the local
characteristics of the above units is not easily followed among different authors as already noted by
Papanikolaou and Vassilakis (2008). As an example, the Lada sub-unit is either correlated to the Tyros
beds (Papanikolaou and Skarpelis 1986 — their fig.6) or to the Phyllite - Quartzite unit (Jolivet et al.
2010).

The palaeogeographic position of the Phyllite - Quartzite unit is still in debate. Numerous
hypotheses have been proposed in the literature according to which, the Phyllite - Quartzite unit could
represent: (i) the metamorphic equivalent of the Tyros beds of the basement rocks of the Tyros beds
(Karakitsios 1979, Karakitsios 1986, Bonneau 1982), (ii) a separate palaeogeographic domain of the
External Hellenides between the lonian zone to the west and the Tripolitsa carbonate platform to the
east (Kopp and Ott 1977, Jacobshagen et al. 1978), (iii) an equivalent of the HP units of the Cyclades
(Papanikolaou and Skarpelis 1986).

Peloponnese and Kythira

In Peloponnese, the Phyllite - Quartzite unit can be found in Feneos Valley, in Merkouri and
Doliana windows, in Taygetos and in Parnon mountains. In Peloponnese and Kythira, the Phyllite -
Quartzite unit represents a metasedimentary sequence which consists mainly of metapelites,
metaconglomerates, metapsammites (quartzites) and marble layers (Papanikolaou and Skarpelis 1986,
Trotet et al. 2006) despite that mafic and untramafic rocks have also been reported (Papanikolaou and
Skarpelis 1986, Skarpelis 1989). Slices of orthogneisses (also referred as micaschists) overlying the
metasediments have been extensively investigated in Kythira (Seidel et al. 2006a, Xypolias et al. 2006,
Lode et al. 2008) but never reported for Peloponnese even though they do exist in Taygetos
(Kostopoulos pers. comm.).

The stratigraphic data available for the Phyllite - Quartzite unit from Peloponnese are extremely
poor (Plate 2). Phytofossils of Oligocene age have been reported from quartzites, of uncertain
geotectonic attribution north of Sparti, near Selasia village (Lekkas and loakim 1980) and also Triassic
ostracods in carbonate beds of the Xyli peninsula (SE Lakonia) (Doert et al 1985). In Lakonia, Brauer et al.
(1980) reported Anisian fossils.

Commonly appearing minerals from southern Peloponnese in the metapelites are Fe-Mg
carpholite, chloritoid, glaucophane, sudoite and garnet, indicating, at a first approximation medium- to
high-pressure metamorphism (Trotet et al. 2006). The report of lawsonite (Seidel et al. 1982 — Artemisia,
Taygetos) indicates again similar metamorphic conditions of possible marl or mafic rock precursor. In
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Taygetos Mt. the quartzites appear either as massive rocks (at the road connecting Arna village with
Kastania village — South Taygetos) indicating a metapsammitic origin or as boudins in the metapelites
possibly related to local dissolution and re-precipitation of Si. Mafic rocks appear tectonically within a
metapelitic matrix and they contain glaucophane + epidote + actinolite + albite + sphene (Papanikolaou
and Skarpelis 1986) suggesting a HP prograde metamorphism with a strong greenschists-facies
overprint. Ultramafic rocks characterized by the assemblage antigorite * chlorite + magnetite + diopside
are reported by Skarpelis (1989) in Taygetos (Artemisia), Parnon (Ag. Petros, Vresthena) and Kythira (Ag.
Pelagia) and appear as lenticular bodies in metapelitic matrix with the long axis of the lenses following
the foliation of the matrix.

In southern Peloponnese, Theye and Siedel (1991), Theye et al. (1992), Seidel and Theye (1993)
suggested peak metamorphism at ~17+4Kbar and ~450+30°C. However, other authors suggested lower
peak metamorphic condition (i.e. 4-6.5Kbar / 325-400°C; Thiebault and Triboulet 1983). The discovery of
retrograde carpholite in metapelites from the base of the Phyllite - Quartzite unit in Taygetos allowed
the determination of the retrogression path from peak metamorphic conditions of 14Kbar / 400-450°C
to 3-4Kbar / 250°C through a rather continuous cooling during decompression (Trotet et al. 2006).
Rather controversial is the incorporation of the Kastania Phyllites, outcropping at the core of Taygetos
Mt., either to the overlying Phyllite - Quartzite unit (Thiebault and Triboulet 1983, Papanikolaou and
Skarpelis 1986) or to the base of the underlying Plattenkalk unit (Psonis 1981, Kowalczyk and Dittmar
1991, Blumor et al. 1994). The peak metamorphic conditions recorded for Kastania Phyllites are
approximately 7-8.5Kbar and 310-360°C (Blumér et al. 1994).

Quaternary deposits

23
N
100 km A

Pindos and Tripolitza units
(undifferontiatod)

D,

Pre-Alpine basement
Gneiss, mica-schist

[

Felsic gneiss

Phyllite - Quartzite unit (PQU)

Fig. 2.2. (a) Geographic position and geological map of Kythira island. (b) Geological mapping of the contact between the
Phyllite-Quartzite unit and the overlying orthogneisses and mica-schists. From Lode et al. (2008).

3x. 2.2. (a) Fewypadikni B€on Kot yewAoyikog xaptng twv KuBnpwv. (B) Frewloyikr xaptoypadnon tng emadng tng evotntog
Twv QuAATwV-XoAa{ITWV UE TOUG UTEPKEIPMEVOUG 0pBOYVEUGIiOUG KOl popuapuylakoUg oxtotodiBoug. And Lode et al.
(2008).

In southern Peloponnese early studies provided K—Ar ages around 23Ma for the peak pressure
of the Phyllite - Quartzite unit (Seidel et al. 1982), a finding later confirmed by “°Ar/*’Ar dating of the
phengites of an orthogneiss from Kythira (~19Ma; Seidel et al 2006a). Although Seidel et al. (2006a)
proposed that the orthogneiss is intercalated within the metasediments of the Phyllite - Quartzite unit,
recent mapping supports that the basement rock tectonically overlies the Phyllite - Quartzite unit (Lode
et al. 2008; Fig. 2.2). More detailed work (*°Ar/**Ar spot-fusion on micas) from the Phyllite - Quartzite
unit from Jolivet et al. (2010) shows distribution of ages mostly between 26Ma and 13Ma for Taygetos
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and between 50Ma and 16Ma for Parnon, with the ages obtained becoming younger at the deepest
parts of the Phyllite - Quartzite unit. The same authors argued that the ages obtained by *°Ar/**Ar are
cooling ages and the maximum pressure achieved before ~26Ma while the exhumation at mid-crustal
levels happened around 13Ma. Zircon fission track (ZFT) ages from Kythira scatter between 9Ma and
13Ma, identical to those of southern Taygetos (Neapoli) while the ages are progressively becoming
older, between 13Ma and 21Ma, to the north Taygetos (Marsellos et al. 2010). As noted by the previous
authors, only the ZFT scattering between 9Ma and ~14Ma from Kythira and South and North Taygetos
are meaningful ages because the older are representing partially reset ZFT ages. Younger apatite fission
track (AFT) (5Ma - 8Ma) ages from Kythira and South Taygetos Mt. are in line with the previous ZFT ages
and the lower closure temperature of the system (Marsellos et al. 2010). Unfortunately, no data from
the surface exposure of the HP rocks are available in Peloponnese.

Stretching lineation and sense-of-shear from Peloponnese is presented by Jolivet et al. (2010).
At Taygetos Mt., Parnon Mt. and Feneos the direction of the stretching lineation varies from NE-SW to
E-W (Fig. 2.3). The sense of shear is clearly to-the-NE in Feneos (Fig. 2.3b), Central and South
Peloponnese (Fig. 2.3a) while in places (western Taygetos) is to-the-SW or-W (Fig. 2.3a).
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Fig. 2.3. Stretching lineation and sense-of-shear from (a) Southern Peloponnese and (b) Feneos area, Northern Peloponnese.
From Jolivet et al. (2010).

IX. 2.3. EdeAkuotikl ypAppwon Kot Kwwnupatikh and tn (a) Nota Melomdvvnoo kai tnv (B) Mepoxy tou deveou,
B.MeAomdvvnoo. Ano Jolivet et al. (2010).

Crete
As mentioned in the introduction of this paragraph, a major problem, particularly in Crete, is the

incorporation of the different lithologies into the different Cretan units. Papanikolaou and Vassilakis
(2010) addressing to this problem suggested a revised stratigraphy of Crete (Fig. 2.4). As mentioned in
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their work, phyllite-looking rocks can belong to: «(i) the metamorphosed flysch of the Mani unit
(Oligocene in age, also known as the Kalavros beds, Fytrolakis [1972]); (ii) the complex unit of Western
Crete, comprising a Tyros-type low-grade metamorphosed volcano-sedimentary sequence of Permian to
Middle Triassic age, followed by Middle to Late Triassic evaporites and Late Triassic — Early Jurassic
crystalline limestones (the latter formation referenced as Madara kalke by Creutzburg [1958] and later
as the Trypali unit by Creutzburg et al [1977], Kopp and Ott [1977], Fytrolakis [1980], Krahl et al [1983]).
This unit largely corresponds to the unit characterized by Tataris and Christodoulou (1965) as the
“Triassic transgressive system of Western Crete” during their geological mapping of the Alikianou sheet
(Tataris and Christodoulou 1967); (iii) low to medium grade HP/LT metamorphic rocks of the Phyllite -
Quartzite unit. The age of this unit is presumed to be Paleozoic as previously described, but its
metamorphism is Tertiary (Seidel et al. 1982, Thomson et al. 1999); and (iv) The Permo—Triassic volcano-
sedimentary base of the Tripolitsa carbonate platform, consisting of phyllites, metasandstones, volcanic
rocks and some carbonate layers, equivalent to the Tyros beds in Peloponnese (partly known as the
Ravdoucha beds — Creutzburg and Seidel 1975)». As an example, rocks which were supposed to
represent the Paleozoic basement rocks at the base of the metamorphic succession below the Tripolitsa
carbonate platform were dated in Sitia as tertiary (Kalavros beds) by Fytrolakis (1972). Due to the larger
extension, compared to Peloponnese, and subsequent shearing across the contacts, the discrimination
of the different unit is much more difficult in Crete.
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Fig. 2.4. Revised tectono-stratigraphy of Crete. From Papanikolaou and Vassilakis (2010).

2X. 2.4. Textovo-otpwpatoypadia tng Kpritng. Ano Papanikolaou and Vassilakis (2010).

In Crete, the Phyllite - Quartzite unit is outcropping always below Tripolitsa unit (Tyros beds and
the overlying carbonates) and above Plattenkalk unit. The thickest section is found in western Crete
while is usually missing below the Tripolitsa unit in central Crete. An additional unit named Western
Crete, comprising the Trypali crystalline limestones (Late Triassic—Early Jurassic) on top and a Permian
Tyros-type volcano-sedimentary sequence below, is sandwiched between the autochthonous
Plattenkalk unit and the uppermost Tripolitsa unit and is traditionally believed to represent either a
duplication of the base of the Plattenkalk unit or a separate paleogeographic unit nearby Plattenkalk.

Contrary to Peloponnese, more stratigraphic data are available from Crete. At western Crete,
the detailed work of Krahl et al. (1983) revealed unambiguously that lithologies equivalent to the real

Phyllite - Quartzite unit (Plate 5) (according to the new stratigraphy of Crete proposed by Papanikolaou
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and Vassilakis [2010]) maintain fossils (conodonts, ostracods, echinodermata) ranging in age from
Carboniferous to Triassic. The following age determinations should be treated carefully due to the fact
that the samples collected belong to uncertain stratigraphic positions. At eastern Crete fossils in gypsum
reveal an Upper Permian age (Papastamatiou and Reichel 1956), while Lower Triassic ages suggested by
Krahl et al. (1986). Lower — Middle Permian ages also suggested by Kozur and Krahl (1987) and Haude
(1989). In Central Crete Lower Triassic conodonts has been demonstrated by Epting et al. (1972).
Possible Upper Permian — Lower Triassic age has been proposed by Karakitsios (1979). | note again that
many of the previous ages reported (e.g. from Haude [1989]) in spite of the fact that they have initially
been reported for the Phyllite - Quartzite unit, according to the new stratigraphy proposed by
Papanikolaou and Vassilakis (2010) for Crete, they seem to belong to the Tyros beds, the base of
Tripolitsa unit. The only exception is the ages proposed from Krahl et al. (1983) for western Crete which
clearly shows that the protolith of the Phyllite - Quartzite unit is of Carboniferous to Triassic age.

The Phyllite - Quartzite unit shows similar lithological characteristics like those described in
detail for Peloponnese. Metapelites, quartzites and minor marble layer dominate. Typical lithologies of
the Phyllite - Quartzite unit like those described from Taygetos Mt. in Peloponnese (Papanikolaou and
Skarpelis 1986) can be found in several localities in Crete (Papanikolaou and Vassilakis 2010) like: (i) the
metabasalts in Preveli and Agia Pelagia, (ii) the metaconglomerates in Almyros to the east of Agia
Pelagia and in Sitia, north of the airport and (iii) the serpentinized peridotites in Malaxa.

The existence of carpholite, chloritoid and phengite in the metapelites as well as glaucophane in
the metamafic rocks indicates at least medium pressure of metamorphism (Seidel et al. 1975). The
estimated metamorphic conditions in eastern Crete are about 8-10Kbar and 300-350°C based on
paragenesis with carpholite, chloritoid or sudoite while in western Crete the peak metamorphic
conditions are 10+3kbar and 400+£50°C (Theye and Seidel 1991). Theye et al. (1992) studying aluminous
metasediments from the Phyllite - Quartzite unit estimated 8Kbar and ~300°C for eastern Crete, 9Kbar
and 350°C for Central Crete and 10Kbar and 400°C for western Crete suggesting slight increase in
pressure and temperature from east to west. Identical results produced by Brix et al. (2002). Theye and
Seidel (1993) reported aragonitic marbles belonging to the Phyllite - Quartzite unit of southwest Crete
but according to the Cretan map proposed by Papanikolaou and Vassilakis (2010) they belong to the
Western Crete unit mentioned above. In any of these cases, the non-retrogressed aragonite discovered,
implies relatively high pressure of metamorphism, either for the Phyllite - Quartzite unit or for the
Western Crete unit, and subsequent relative fast exhumation.

Judging from the above, it is obvious that the peak temperature is higher in western than in
eastern Crete. The temperature is a first-order factor for the geochronology/thermochronology, thus
the temperature gap observed is responsible for the difference in ZFT ages; 17-22Ma (Brix et al. 2002) in
western Crete and 414-145Ma (Brix et al. 2002) or 184+11Ma (Romano et al 2006) in eastern Crete,
implying that the peak temperature in eastern Crete was not high enough to fully anneal the fission
tracks. The same is reflected to the “°Ar/**Ar system obtained by Jolivet et al. (1996) where ages as old
as 180Ma were suggested for eastern Crete while in western Crete the ages are strictly scattering
between 15Ma and 25Ma. The “°Ar/*°Ar ages obtained by Seidel et al. (1982), i.e. 16-24Ma, are in
agreement with the previous authors. The youngest ages were obtained by AFT from Thomson et al.
(1998a) (~10-15Ma).

Jolivet et al. (1996) summarizing the geological history of Crete, suggested a top-to-the-south
early vergence inferred from the asymmetry of folds followed by a constant top-to-the-north post-high-
pressure extension recorded by the Phyllite - Quartzite unit of Crete (Fig. 2.5). The pressure gap

Page | 15



observed between the high-pressure Phyllite - Quartzite unit and the relative lower (or null) pressure
recorded by the Tripolitsa unit led Fassoulas et al. (1994), Jolivet et al. (1996, 2010) and Papanikolaou
and Vassilakis (2010) to suggest the existence of a detachment separating the Phyllite - Quartzite unit
from the ovelying Tripolitsa (and Pindos) unit.
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J early vergence of asymetric folds during the Miocene

lower plate
metamorphosed (HP-LT)

Fig. 2.5. Simplified geological map of Crete showing the direction and sense of post-HP shear observed in Phyllite-Quartzite
unit (big black arrows). Early vergence also shown (small black arrows). From Jolivet et al. (1996).

ZX. 2.5 ATAOTIOLNLEVOG YEWAOYLKOG XAPTNG TNG KPrTnG e onuelwpévn T StevBuvon ypapwaong Kot TNV Kvnpratkny (peyaia
pavpa BEAN) twv QuAAMTwWY — XaAa{ltwv MoU OXETI{ETAL LE TEKTOVIKA YEYOVOTA UOTEPA amd tn MeTapopdwon upnAig
ntiieong. H mponyoupevn TEKTOVIKA apapuopdwaon onUELWVETAL HE HIKPA padpa BEAN. Ano Jolivet et al. (1996).

Comparison between Peloponnese-Kythira and Crete

Summarizing the above, it is obvious that the Phyllite - Quartzite unit in Peloponnese-Kythira
and Crete shows both similarities and dissimilarities. In all places studied, the Phyllite - Quartzite unit
represents a metasedimentary sequence (mainly metapelites, metasandstones and metaconglomerates
with mafic rocks intercalations) of Upper Paleozoic — Lower Triassic stratigraphic age that is closely
related to the locally exposed basement rocks (orthogneisses). The Phyllite - Quartzite unit is always
below Tripolitsa or Pindos units and appears either as the autochthon unit or above Plattenkalk unit.
Peak-metamorphic conditions decrease eastward in Crete and northward in Peloponnese while
exhumation to mid-crustal levels is between 25Ma and 15Ma (based on K/Ar isotopic dating on micas)
for both places.To my knowledge, ultramafic rocks have never been reported for Crete, which is not the
case for Taygetos. Finally, post-HP shearing in to-the-E or to-the-NE in Peloponnese while in Crete is
constantly to-the-N.
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2.2 Exposure of basement rocks - Adria or Apulia?
Exposure of basements rocks

In general, the basement rocks consist of orthogneisses with mafic dykes and paragneiss
intercalations. A powerful method for constraining old magmatic events is provided by zircon or
monazite geochronology (U/Pb) due to their high closure temperature (Cherniak and Watson 2001,
Cherniak et al. 2004). K/Ar and “°Ar/**Ar system have lower closure temperature (~350°C in white micas
or ~500°C in amphiboles) and is likely to date lower temperature thermal/metamorphic events. The
existence of the two suture zones of Greece, Vardar/Axios and Pindos, allows the basement rocks to be
grouped into three families: (i) basement rocks belonging to the Rhodope s.I. massif, (ii) basement rocks
belonging to the Pelagonian continental crust and (iii) basement rocks belonging to the Adria/Apulia
continental crust. The first group is located above Vardar/Axios suture zone, the second is between the
two suture zones and the third is lying below Pindos suture zone (Fig. 1.2). In general, mostly Paleozoic
ages have been documented (Fig. 2.6, Plate 2).
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Fig. 2.6. Distribution of known ages corresponding to basement rocks from Greece and Turkey. From Engel (2006). For the
references, shown as numbers or asterisks, inside the circles the reader is referenced to Engel (2006).

IX. 2.6. Katavopn nAkiwv opOoyveuoLaKWV ETpWHATWVY arnd tnv EAAGSa kat tnv Toupkia. Ano Engel (2006). Ou aptBpoi
KoL oL aoTepioKkoL oToug KUKAoug avadépovtal o BiBAloypadikég mapanounég (BA. Engel 2006).

The dating of the Pelagonian basement rocks reveals the incorporation of Pre-Cambrian terrains
(~700Ma) into a Permo-Carboniferous Hercynian (¥~280Ma — 320Ma) crust (Anders et al. 2006). In many

places at the eastern or western Pelagonian zone, acid intrusions of Permo-Triassic age (~250Ma) are
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attributed to the rifting stage (Anders et al. 2007), contemporaneous with the opening of the Pindos
ocean to the east and the Vardar/Axios ocean to the west, and are usually closely related to volcano-
sedimentary sequences.

It is obvious that the appearance of basement rocks in Peloponnese, Crete, Cyclades and Attica
belongs to Adria/Apulia continental crust as they lie below the Pindos suture zone although a long-
lasting debate for the terms “Adria” and “Apulia” still exists (see below). The orthogneisses appear as
non-molten rocks, usually fine- to medium-grained with a major exception in Naxos and Paros where
partially-molten rocks are outcropping. In the case of Kythira and Crete the basement rocks are always
in close relationship with the external high-pressure belt (Phyllite - Quartzite unit) even if it is not clear
whether they appear above or within the Phyllite - Quartzite unit.

Many studies related to the dating of the Adria/Apulia basement rocks in Greece are published
in the literature (Plate 2). In Peloponnese, the basement rocks are outcropping to the south in Taygetos
Mt. (Kostopoulos pers. comm.), as well as in Kythira island. For Peloponnese there are no data available
from the U/Pb system. However, dating of orthogneisses from Kythira (Agia Pelagia and Potamos)
clearly shows a Late Carboniferous age (~320Ma; Xypolias et al. 2006, 300+12Ma; Seidel et al. 2006a).
Xypolias et al. (2006) also suggested inherited zircon ages in the range of 2.4 — 2.5Ga. For the same rocks
in Kythira the “°Ar/*’Ar system indicates the age of 19.3+0.44Ma related to cooling after the high-
pressure event (Seidel et al. 2006a).

In Crete, the basement rocks are outcropping mainly to the east of the island. The basement
rocks belong to the upper Chamezi Crystalline Complex (CCC) and to the lower Myrsini Crystalline
Complex (MCC). The structurally lowest part of MCC is also known as Kalavros basement rocks (Franz
1992). For the CCC orthogneiss a Late Panafrican age is suggested (511+16Ma; U/Pb zircon upper
intersept; Romano et al. 2004, 521+28Ma; U/Pb monazite; Finger et al. 2002). Similar age is suggested
for MCC orthogneiss (Exo Mouliana) (514+14Ma; U/Pb zircon upper intersept, Romano et al. 2004) while
Finger et al. (2002) has also documented a Carboniferous age (345+18Ma; U/Pb monazite) from the
same rocks. Micaschists from MCC yield also a Carboniferous age (335+20Ma; U/Pb monazite; Finger et
al. 2002) while at the base of the pile (Kalavros basement rocks) a Permo-Triassic age was documented
(257+19Ma; U/Pb monazite; Finger et al. 2002). Romano et al. (2006) suggested ages ranging from
380Ma to 260Ma for MCC and from 308Ma to 214Ma for the structurally lowest parts (Kalavros
basement rocks). Zircon fission track (ZFT) ages, obtained by Romano et al. (2006), suggest cooling
below ~350°C at 150+14Ma for MCC. Another orthogneiss from Vai shows lower intersept age of
223+11Ma (U/Pb zircon; Romano et al. 2006) while the ZFT age is 184+11Ma (Romano et al. 2006).

In the Cyclades the basement rocks are well preserved in Delos (Engel and Reischmann 1999),
los (Henjes-Kunst and Kreuzer 1982), Sikinos (Andriessen et al. 1987) and Syros (Tomaschek et al. 2008)
while in Naxos (Keay et al. 2001) and Paros (Engel and Reischmann 1998) appear partially molten. The
non-molten orthogneisses have Permo-Carboniferous ages ranging between 290Ma and 330Ma (Engel
and Reischmann 1999) while the partially-molten gneisses have identical primary magmatic age. Permo-
Triassic ages related to rifting have also been reported from the Cyclades (e.g. Tinos; 240+3Ma;
Tomaschek et al. 2001) or Attica (e.g. 240+4Ma; Liati et al. 2009). The melting event in the partially-
molten lithologies is dated at ~20Ma (e.g. Keay et al. 2001).

To summarize, in Crete, the basement orthogneisses (CCC and MCC) vyields a clear Late
Panafrican age (~500Ma) with an important Hercynian magmatic event at ~330Ma. At the base of the
basement pile of eastern Crete (Kalavros) Permo-Triassic ages reveal the rifting stage before the final
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cooling of the rocks below ~350°C between 180 and 150Ma. In Kythira island, south of Peloponnese, the
basement rocks are dated as Late Carboniferous (~320Ma) with much younger “°Ar/*°Ar ages (~20Ma)
while in Peloponnese dating is missing. In Attico-Cycladic massif the basement rocks are mainly dated as
Hercynian with some clear Permo-Triassic ages.

Adria or Apulia ?

Adria and Apulia terms are very often used as synonyms in the literature. The classic
interpretation of the Hellenic orogen is that of a complex nappe pile between an Apulian microcontinent
foreland and a Rhodope hinterland (Aubouin et al. 1970, Jacobshagen 1986) [from Piper Igneous rocks
pll]. Accordingly, the term pre-Apulian was used extensively since 70’s or 80’s for the most external
part of the nappe pile known also as Paxon unit appearing to the western part of Greece.

Although much debated, a more recent terminology implies that the Adria microplate is a
continental block that extends NW-SE, and is mainly occupied by the Adriatic basin but also includes the
Po Plain, Istria, the Gargano Promontory and the Apulian Peninsula. The microplate is surrounded by
several strongly deformed belts originating: (i) from the collision with the Eurasian plate (e.g. the
Dinaric—Albanian—Hellenic chain during the Cretaceous — Paleocene; the Southern Alpine chain from
Oligocene to the present), (ii) post-collisional rotation of the Sardinia Block (Northern Apennine belt)
and (iii) from subduction-related migration towards the SE (Southern Apennine belt) of the Calabrian
arc. The Adria microplate, including the Adriatic region, has generally been considered as a single, rigid
and nearly aseismic block with seismicity mostly confined to its margins (e.g. Scisciani and Calamita
2009).

According to the most accepted reconstructions, (e.g. Stampfli and Borel 2002, 2004, Moix et al.
2008, von Raumer and Stampfli 2008, von Raumer et al. 2009, Spiess et al. 2010) Apulian plate, along
with Cimmerian plate, represents a part of the southern (“Gondwanian”) passive margin of the Paleo-
Tethys since Late Ordovisian — Silurian (Fig. 2.7a). During the northward subduction of Paleo-Tethys
below the southern European margin in Carboniferous times, magmatic events affected the continental
crust below the future Pelagonian and Adria platform (Fig. 2.7b). Shortly after, at M. — L. Permian, the
northern Gondwanian margin splits for the creation of the Neotethys and the separation of the
Cimmerian and the Apulian block (Fig. 2.7c). Branches of the Neo-Tethys are both Vardar/Axios and
Pindos oceanic domains bordered by Permo -Triassic rift-related magmatism and sedimentation. The
continuous northward subduction of the neo-Tethian branches, in the Hellenic realm, resulted in the
consumption of these oceanic domains and the accretion of the Pelagonian and Adria continental crust
onto the stable southern European margin. The coupling of the Apulia and Adria microplates happened
in Late Cretaceous — Paleogene according to Stampfli and Borel (2002).
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Fig. 2.7. Plate reconstruction model (Stampfli and Borel 2002). (a) Ordovisian — Silurian rifting and opening of the Paleo-
Tethys is accompanied by the separation of the so-called Hun Superterrane (see also von Raumer et al. [2008] for a younger
terminology) from the northern Gondwana margin. (b) Continuous northward subduction of the Paleo-Tethys beneath the
southern European margin caused the Permo-Carboniferous magmatic event in Pelagonian and Adria continental crust. (c)
Rifting near the southern margin of the Paleo-Tethys led to the opening of the Neo-Tethys and the separation of Apulian and
Cimmerian blocks (or the so called Cimmerian Greater Apulian Terrane).

IxX. 2.7. Movtélo nadaoyswypadikig avamnapaoctaong (Stampfli and Borel 2002). (a) H tadpoyéveon tou OpdoPioiov —
Zlhoupiou odfiynoe otn Stavolén tng Naiato-TnOUOg cuvodeuduevn and tnv anokGAAncn Tou TeKTovooTpwatoypadLkol
niediov Hun (PA. emtiong tnv gpyacia twv von Raumer et al. [2008] oxetikd pe Tn vedTEPN ovopatoAoyia) and to BopeLo
nepldwplo tng Mkovrfava. (b) H mpog Boppd BUOLON TG MNaAato-TNOVOG MPOKAAECE EKTETAUEVO LOYUATIKO oto MEPULO —
AOavBpakodopo mou enppéace Tov NIELPWTIKO PAoLd tng NMeAayovikng kat tng Avrplag. (c) TappoyEveon Kovtd oTo vOTLo
neptBwpto tng MaAato-TnOVoG 06ynon otn Siavoi§n tng Neo-TnOVOG Kat TNV anokGAAnon Twv Bpavopdtwv tng AloUALag
Ko twv Kypupepibwv.

Judging from the above, it is obvious that European affinity is suitable for the Adria microplate
which is characterized by Permo-Carboniferous magmatism while Apulia microplate is totally missing
this subduction-related magmatism. The extensive Permo-Carboniferous magmatism reported from
Kythira and Crete place the External Hellenides at the southern European margin during the subduction
of the Paleo-Tethys during that time. Taking into consideration that the age of the continental crust
below Tripolitsa unit is known from Kythira and Crete but below Paxon unit is not known, the latter unit
can either represent a southern prolongation of Adria platform or a part of Apulia amalgamated with
Adria in Cenozoic as is the case in Italy. In other words, Permo-Carboniferous magmatism is only
compatible with Adria microplate.

The present-day relatively small distance between the western part of Greece (Paxon and lonian
units) and the eastern part of Italy (Apulia s.s.) is caused by the rapid roll-back of the Calabrian arc since
Upper Miocene (~“6Ma; Rosenbaum et al. 2006), contemporaneous with the Hellenic rollback (Jolivet
and Brun 2010) and the initiation of Kephalonia transform fault (~5Ma; Royden and Papanikolaou 2011,
in press). This means that Paxon unit (and lonian unit also) doesn’t necessarily correlate with the Apulia
s.s. platform simply due to their present geographical position.
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2.3 Geological setting of the Feneos area

Feneos area is situated at the Northern Peloponnese. The Feneos valley (Fig. 2.8), with an
almost triangular N-S directed shape, separates Ziria Mt. to the east from Helmos Mt. (Aroania) to the
west. The main geotectonic units found at the northern Peloponnese are, from bottom to top, Phyllite-
Quartzite unit, Tyros beds (or equivalent) and Tripolitsa carbonates (also referred as Tripolitsa unit in
general), Pindos unit, Pelagonian platform and finally, the uncomfortably overlying post-alpine
sediments related to the Corinth Gulf.

The study area (Fig. 2.8, 2.9) occupies the central and northern Helmos Mt. as well as the
western flanks of Ziria Mt. and, at a first approximation, is mainly covered by deformed metasediments,
mafic volcanics and carbonate rocks. The geotectonic units appearing are the Phyllite - Quartzite unit
and the Tripolitsa unit, especially the base of it, known as Tyros beds.

Pioneering work was done in this area by De Wever (1975) according to whom the relative
autochthonous was named as “Zarouchla Group”. In Parnon and Taygetos, South Peloponnese, the
relative autochthon is instead the Plattenkalk unit. De Wever (1975) recognized five distinct units based
on the different mineralogical composition (Fig. 2.9b): i) The Feneos formation, consisting of quartzites,
quartz-phyllites and pelitic schists; ii) The Goura formation, consisting of irregular alternations of thin
limestone beds and sericite schists; iii) The Ag. Elias formation, composed mainly of intermediate and
basic metavolcanics; iv) The Ag. Nikolaos formation, consisting of various metaclastic lithologies (impure
guartzites, metaconglomerates and schists) and v) The Kinigos formation, with green and violet sandy
schists and local intercalations of small calcarenitic lenses.

38200’ 00"

37°54'0
Fig. 2.8. Satellite image (Google Earth) of the study area. Projection system: WGS84.
2x. 2.8. Aopudopiki ewkova (Google Earth) amnoé thv neploxr perétng. NpoBoAkdé clothua: WGS84.
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Fig. 2.9. Geological map of the Feneos area after (a) Dornsiepen and Manutsoglu (1996) and (b) De Wever (1975) (from
Katagas et al. [1991]).

IX. 2.9. TewAoylkAG Xaptng tng teploxrg tou Meveov katd (a) Dornsiepen and Manutsoglu (1996) kat (b) De Wever (1975)
(a6 Katagas et al. [1991]).

2.3.1 Phyllite-Quartzite Unit

Lekkas and Papanikolaou (1977) distinguished the five above formations into two piles: the
uppermost, consisting of Ag. Elias metavolcanics and Ag. Nikolaos and Kinigos metaclastics, and the
lowermost, constisting of Feneos and Goura quartzites and metapelites. The uppermost pile is generally
accepted that it represents the Tyros beds in the Feneos area. Despite the fact that Lekkas and
Papanikolaou (1977) correlated the lowermost pile with the Plattenkalk unit, numerous authors later on,
correlated it with the Phyllite - Quartzite unit (e.g. Xypolias and Doutsos 2000, Xypolias and Koukouvelas
2001, Jolivet et al. 2010).

The Phyllite - Quartzite unit in Feneos (Feneos and Goura formations) is a metasedimentary pile
dominated by pure quartzites, micaceous quartzites and metapelites with irregular alterations of thin
limestone beds (Katagas et al. 1991). The main assemblage reported by these authors is quartz +
phengite + chlorite + albite with rare occurrences of garnet (near Kastania area, SE of Gkoura village)
and chloritoid (north of Zarouchla village). Pressure-indicative minerals in this kind of metasediments
can be the garnet, the chloritoid or the phengite (3.46 Si p.f.u. reported from Katagas et al. 1991).
Chloritoid-bearing metasediments were also reported by Dercourt (1964) south of Ag. Nikolaos church.

Summarizing the work of Katagas et al. (1991) has revealed: a) Judging from illite crystallinity
and conventional thermobarometry, the Phyllite - Quartzite unit is of greater metamorphic grade
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compared to the overlying Tyros beds without, though, a pronounced metamorphic gap in between, b)
the peak temperature never exceeded 440°C with the most possible temperature being between 340°C
and 420°C, c) peak pressure is not well constrained but it should have never exceeded 5Kbar. The
suggested peak metamorphic conditions are compatible with the low-stability field of Fe-chloritoid in
typical metapelites in the system KFASH (Spear and Cheney 1989). Significantly higher temperature of
~500°C, but for the same maximum pressure (~4-5Kbar), was suggested by Jolivet et al. (2010) using
Raman spectrometry in carbonaceous material. Few kilometers to the SE of Gkoura village, in Kastania
area, Jolivet et al. (2010) suggested even higher pressure (~10Kbar) for the same maximum temperature
(~500°C). This is the same area where Katagas et al. (1991) reported the existence of garnet.

2.3.2 Tripolitsa Unit

The Tripolitsa unit can be distinguished in the underlying Tyros beds and the overlying
carbonates. In its type locality in southern Peloponnese, the Tyros beds is named after Ktenas (1924).
The Tyros complex consists of slates with metapyroclastic rocks and meta-andesites and is locally
conformably overlain by Triassic limestones, which are correlated with the lower part of the Tripolitsa
carbonates (Thiebault 1982). A rather detailed stratigraphy of the Tyros beds is given by Gerolymatos
(1993). As described above, Tyros beds is represented, in the study area, by a thick sedimentary pile
with, normally massive, mafic bodies. The metasedimentary sequence corresponds to the De Wever’s
Ag. Nikolaos and Kinigos formations while the related mafic bodies correspond to the De Wever’s Ag.
Elias formation.

The mafic bodies contain the peak paragenesis quartz + albite + chlorite +lawsonite * epidote
while pumpellyite, actinolite, muscovite, titanite and iron oxides occurring in variable amounts (Baltatzis
and Katagas 1984). The metasediments that belongs to the Tyros beds (Ag. Nikolaos and Kinigos
formations), contain the paragenesis quartz + albite + phengite + chlorite (Katagas et al. 1991). Note that
no relatively high-P minerals do exist and the Si content of phengite is moderate (3.26 a.p.f.u.; Katagas
et al. 1991, Table 2).

Judging from illite crystallinity applied in metasediments, Katagas et al. (1991) claimed that the
peak metamorphic conditions of the Tyros beds in Feneos are slightly lower than those of the underlying
Phyllite - Quartzite unit without a significant metamorphic gap and the peak metamorphic temperature
should be around 300°C. Indicative relative high-P minerals, such as lawsonite, reported from the
metabasic rocks (Ag. Elias formation) occurring within the sedimentary pile of the study area (Baltatzis
and Katagas 1984). The metamorphic conditions, as calculated from the mafic rocks are 290°C — 380°C
and 3.5 — 5Kbar, in good agreement with the peak temperature obtained from the related
metasediments (Ag. Nikolaos and Kinigos formations). The geochemistry of the mafic rocks belonging to
Tyros of Feneos area, corresponds to subduction-related tholeiites while in the type locality (Tyros area,
Eastern Peloponnese) are generally calc-alcaline (Pe-Piper 1983).

The equivalent of Tyros beds in Crete is the so called “Ravdoucha beds” (Randoucha, Selia,
Lasithi; Sannemann and Seidel 1976) where a relatively low-grade high-P metamorphic degree (e.g.
Creutzburg and Seidel 1975, Seidel et al. 1982) is based on the existence of minerals such as carpholite
(Kopp and Ott 1977) or by the illite crystallinity (Feldhoff et al. 1991).
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Tripolitsa carbonates are known from Peloponnese and Crete to extend from Upper Triassic to
Upper Cretaceous just before the flysch deposition in Lower Cenozoic (e.g. Fleury 1980). Tripolitsa
carbonate rocks are found east and west of Feneos Valley, at the mountains of Ziria and Helmos
respectively. According to IGME (Fyllo Kandila; 1982), the Upper Triassic has been documented by the
existence of Megalodon, the Jurassic by the existence of Protodiceras and Clypeina jurassica and the
Middle - Upper Cretaceous by the existence of rudists.

Although much debated, some studies have shown that Tripolitsa in Crete is slightly
metamorphosed (Karakitsios 1979, Hall et al. 1984, Feldhoff et al. 1991, Klein et al. 2004, Rahl et al.
2005). In any case, the temperature of metamorphism doesn’t exceed 260°C (Rahl et al. 2005).
Unfortunately, to my knowledge, no data are available for Peloponnese.

2.3.3 Pindos unit

Pindos unit is well known from both Crete and Peloponnese. It represents a pelagic sequence
constisting of radiolarites, pelagic limestones and clastic sediments of Triassic — Upper Cretaceous
followed by a Lower Cenozoic flysch (e.g. Dercourt 1964, Fleury 1980). Pindos unit is commonly
accepted to be unmetamorphosed and it covers mainly northern and western Peloponnese, as well as
Argolis area. Where Pindos unit is missing, the underlying Tripolitsa and Phyllite - Quartzite units are
exposed as domes (Taygetos and Parnon mountains, S.Peloponnesos).

In the study area, Pindos unit appears thrusted on top of Tripolitsa north of Feneos village.
Further east, Pindos unit is dismembered by E-W-trending normal fault and covered by Plio-pleistocene
sediments. To the west, Pindos appears on the hanging wall of Gardiki fault (Skourtsos and Kranis 2009).
Further west, Pindos unit appears as a continuous nappe until the fold-and-thrust belt in Erymanthos
Mt..

2.3.4 Post-alpine sediments

Northern Peloponnese is strongly influenced by the opening of the Corinth Gulf which
resembles a half graben. It is commonly accepted that the opening of the basin is in N-S direction
accommodated by E-W-trending normal faults (Fig. 2.10). Although many authors (e.g. Armijo et al.
1996, Ghizetti and Vezzani 2005, Rohais 2007) argue for the initiation of the extension in M. — Up.
Pliocene, Papanikolaou et al. (2009) argued for earlier extension (i.e. Middle Miocene). The uplift rates
in N.Peloponnese measured between 1 and 1.5mm/yr using Pleistocene marine terraces (Armijo et al.
1996).
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Fig. 2.10. Post-alpine sediments from Northern Peloponnese related to the opening of the Corinth Gulf (Armijo et al. 1996).
The study area is marked with a red box.

IX. 2.10. Meta-aAmnuka wWipata tng B. Medonovvioou nou oxetilovtal pe tov epeAkuoud tov KopvOiakou KoAmou (Armijo
et al. 1996). H neploxr) LEAETNG ONUELWVETAL ME £VA KOKKLVO TETPAYWVO.

In the study area, post-alpine sediments related to the Gulf of Corinth can be found to the
north, bordered by E-W trending faults (Khelmos and Monodendri fault; Skourtsos and Kranis 2009).
Sorel (2000) suggested that the opening of the Gulf is related to a north-dipping low angle fault and all
the surface-exposed E-W-trending normal faults are branching from this structure. The southern break-
away zone of Corinth Gulf is still debated. Although many authors place the southern border of the Gulf
just north of Helmos and Ziria mountains, a recent suggestion from Skourtsos and Kranis (2009)has
placed it further south, to the Norther Mainalon Fault Zone (NMFZ).
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2.4 Problems imposed

As far as the Phyllite — Quartzite unit is concerned, its palaeogeographic position, the degree of
metamorphism and especially the relationship with the surrounding geological units is a matter of long-
lasting debate. In both Peloponnese and Crete, it definitely represents a HP unit underlie by non- or less-
metamorphosed units (Tyros beds and Tripolitsa carbonates or Pindos unit) and overlying a possibly
equally- or less-metamorphosed unit (Plattenkalk unit).

2.4.1 Metamorphism

The metamorphism of the Phyllite - Quartzite unit itself is a matter of great contradictions.
Although it seems that the peak-metamorphic conditions decrease eastward in Crete and northward in
Peloponnese, the absolute values of pressure and temperature show great difference between authors.
Note that, normally, the metapelites studied from the Phyllite - Quartzite unit are an excellent rock-type
to infer metamorphic conditions due to their sensitivity in both pressure and temperature changes.

For example, in southern Peloponnese, the peak-metamorphism took place between 4-6.5Kbar
/ 325-400°C (Thiebault and Triboulet 1983) and 17+4Kbar / 450+30°C (Theye and Seidel 1991). This
pressure difference, if real, could correspond to a depth difference of ~20-40Km which is extremely
difficult to be believed because of the thickness of the Phyllite - Quartzite unit which is not, at
maximum, much more than only 1Km. Possible explanation for this pressure difference, if the conditions
suggested by different researchers are correct, is the lack of equilibrium, or the equilibrium at lower
metamorphic conditions (during retrogression). In that case, the maximum pressure (~17+4Kbar)
obtained could correspond to the real peak-metamorphism which is equal to ~50Km of depth.

In contrast, it is commonly accepted that the overlying Tyros beds (e.g. Creutzburg and Seidel
1975, Seidel et al. 1982, Baltatzis and Katagas 1991, Feldhoff et al. 1991) and Tripolitsa carbonates (e.g.
Rahl et al. 2005) are slightly metamorphosed and the depth of metamorphism is equal to ~10Km.

2.4.2 Tectonic contacts

From the above, it is obvious that there is a metamorphic gap between the Phyllite - Quartzite
unit and the overlying Tyros beds and Tripolitsa carbonates which could be equal to ~20-50Km
difference in metamorphic depth. This difference led several authors (e.g. Fassoulas et al. 1994, Jolivet
et al. 1994, 1996, 2010, Papanikolaou and Vassilakis 2010) to suggest the existence of a major
extensional tectonic contact (i.e. a detachment) between the Phyllite — Quartzite and the Tripolitsa units
for both Crete and Peloponnese. This extensional contact is supposed to have exhumed the Phyllite -
Quartzite unit from the depth of ~40-50Km to the mid-crustal level between 25Ma and 15Ma as shown
by *°Ar/*°Ar (Seidel et al. 1982, Jolivet et al. 1996, 2010). Meanwhile, the Tripolitsa unit has rested in the
uppermost 4-7Km of the crust since at least 35Ma (Thomson et al. 1998a) forming the hanging wall of
this extensional contact. Although this scenario requires the existence of major (mylonitic) shear zones,
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these have never been described from the field. Instead, tectonic breccias of the brittle regime between
the two units have been described. The entering in the brittle field (at ~20Ma - 15Ma) and the
subsequent erosion of the Phyllite - Quartzite unit is shown in Crete by the Upper Miocene breccias and
conglomerates in Topolia formation from Crete (Seidel et al. 2006b) where surface exposure of the
Phyllite - Quartzite unit must have taken place at ~10Ma or later.

If we accept the concept of the major extensional contact, then the amount of extension is
proportional to the metamorphic difference between the overlying Tripolitsa unit and the underlying
Phyllite - Quartzite unit. Due to this fact, the extension should be much more pronounced in central —
western Crete and southern Peloponnese than elsewhere. The post-HP shearing, related to exhumation
of the Phyllite - Quartzite unit is to-the-N in Crete and to-the-NE in Peloponnese.

2.5 Purpose of this study

This study has two major objectives. The first originates from the observation that in places
where the extension is intense (e.g. Crete, Taygetos Mt.), the metamorphic gap between the Phyllite -
Quartzite unit and the overlying Tyros beds (or Ravdoucha beds in Crete) is large and equals to a depth
difference of ~30-40Km. In the study area, the northernmost exposure of PQ blueschists, the
metamorphic gap is supposed to be almost null. Moreover, the post-HP shearing recorded in the Phyllite
- Quartzite unit is constantly to-the-N in Crete (Fig. 2.5) and to-the-E or to-the-NE in S. Peloponnese (Fig.
2.3). On the contrary, the early pre-HP shearing in the Phyllite - Quartzite unit is to-the-S for Crete (Fig.
2.5; Jolivet et al. 1996) and to-the-W for Peloponnese (Fig. 2.3a). The relationship between shearing
(early pre-HP and post-HP), the difference in metamorphic grade (Phyllite - Quartzite unit and Tyros
beds) and the transition from ductile to brittle structures are chosen to be studied in the Feneos area.

The second objective of this study is to provide new data on the source material of a quartzite
(metasandstone) that belongs to the Phyllite - Quartzite unit. The rock is exposed near Feneos village
and the new data obtained will strongly test the accuracy of the reconstruction models proposed for the
eastern Mediterranean (e.g. Stampfli and Borel 2002). This work will be based on the available
provenance tools (i.e. detrital zircon ages, Sr and Nd isotopes, major- and trace-elements, REE and
multi-elements normalized patterns, discrimination diagrams) and is strongly inspired by the work of
Meinhold et al. (2010) for the circum-Rhodope belt.
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2.6 Summary

Two major blueschist belts appear in the Hellenic orogeny (Fig. 1.3): the internal (or Cycladic)
blueschists belt appearing mainly in Cyclades and the external blueschists belt appearing in Peloponnese
and Crete. The Phyllite - Quartzite unit mainly represents the HP rocks in Peloponnese and Crete. Both
the two blueschist belts appear below Pindos suture zone.

The Phyllite - Quartzite unit is a metasedimentary sequence of Upper Permian — Lower Triassic
stratigraphic age (Plate 2) metamorphosed under blueschist facies. It lies below Tyros beds and
Tripolitsa unit and above Plattenkalk unit, wherever exposed (e.g. Taygetos Mt., Parnon Mt., Dikti Mt.)
(Fig. 2.3, 2.4). The major pressure attained in eastern Crete and southern Peloponnese is between
10Kbar and 15Kbar although both higher and lower pressures have been suggested by different authors.
The peak-metamorphic conditions of the Phyllite — Quartzite unit decrease eastward in Crete and
northward in Peloponnese.

Exposed continental crust lying below Pindos suture zone is well described from Attica, Kythira,
Cyclades and Crete. Those basement rocks (orthogneisses and paragneisses) represent Adria’s crustal
slices (Plate 1) and their magmatic age shows three pronounced peaks (U/Pb in zircons; Fig. 2.6, Plate
2): (i) Middle Cambrian ages (~¥510Ma) representing a late Panafrican event (mainly in Crete), (ii) Permo-
Carboniferous ages (290Ma — 330Ma) of the Hercynian event (Kythira, Crete, Cyclades) and (iii) Permo-
Triassic rift-related ages (Attica, Tinos).

In the Feneos area, the Phyllite - Quartzite unit and the Tyros beds are dominating (Fig. 2.9).
Meta-sediments appear in both units while Tyros beds contains also thick massive mafic bodies
metamorphosed at lower greenschist facies. The Phyllite - Quartzite unit have, in places, relatively HP-
minerals (garnet, chloritoid, phengite) but the metamorphic gap between those two units seems null, in
contrast to the situation observed elsewhere. The peak metamorphic conditions should not have
exceeded 3-5Kbar and 300-400°C for both units.

The metamorphic gap observed between the Phyllite - Quartzite unit and the overlying Tyros
beds from southern Peloponnese and Crete led several authors to suggest the existence of a major
extensional tectonic contact (i.e. a detachment) between them. The hanging wall of this contact
(Tripolitsa and Pindos units) rested in the 4-7Km of the uppermost crust since Eocene times while the
footwall (Phyllite - Quartzite unit) arrived at mid-crustal level between 15Ma and 25Ma (as shown from
Ar/Ar dating) and exposed on the surface around 10Ma (as shown by upper Miocene sediments). The
post-HP shear direction related to this extensional contact is to-the-NE in Peloponnese (Fig. 2.3) and to-
the-N in Crete where it also follows an older to-the-S shear direction (Fig. 2.5).
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Geological mapping — structural
and kinematic analysis

Chapter 3

The study area is the northernmost exposure of the external blueschists belt represented by the
Phyllite — Quartzite. Xypolias and Doutsos (2000) and Xypolias and Koukouvelas (2001) interpreted the
Phyllite — Quartzite unit exposed in the area as a crustal-scale shear zone showing an antiform structure,
and concluded that a mixed pure and simple shear model is required to explain the finite strain pattern.
In particular, they proposed that within the 1Km thick sedimentary sequence the simple shear
mechanism dominates in the lowest structural levels while near the flanks of the exposed antiform the
pure shear mechanism is dominant. Top-to-the-W or -SW sense of shear is deduced from the quartz c-
axis and the fold asymmetry in mesoscale while top-to-the-E or -NE is only observed to the east and in a
distinct thin zone within the exposed dome.

The geological mapping and the structural analysis of the Feneos area (Fig. 2.8) was carried out
during the summer of 2010 and the winter of 2011. The geological mapping of this study is widely based
on the previous mapping of De Wever (1975) and Dornsiepen and Manutsoglu (1996) while the
structural data presented here are mostly deriving from the Phyllite — Quartzite unit and less from the
overlying Tyros beds. Among the objectives of this study are: (i) to provided a detailed foliation map, (ii)
to provide a detailed lineation map, (iii) to record the extension-related shearing as documented by the
various shear sense indicators (S-C structures, porphyroblast rotation, fold asymmetry etc.) and (iv) to
study the transition from ductile, to semi-brittle and finally to purely brittle structures. Additionally, a
complete provenance analysis of a selected quartzite from the study area was carried out (see Chapter
5).

3.1 Rock types

The study area (Fig. 3.1) is mostly covered by metasediments, mafic rocks and carbonate rocks.
Quaternary aluvial deposits obscure the rock structure of the area. The central part of the area studied
is covered by an exposed core (dome) of metasediments as well as slightly metamorphosed mafic rocks.
The mafic rocks seem to increase towards the north. The exposed core is flanked by carbonate rocks but
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chunks of limestones were also found within the core. The post-alpine mostly Pliocene rocks are

exposed to the north of the study area on the hanging wall of E-W-trending normal faults.
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Fig. 3.1. Geological map of the study area corrected after De Wever (1975) and Dornsiepen and Manutsoglu (1996). Lineation
(blue lines), sense of shear (green arrows) and foliation measurements (red lines) are superimposed on the geological map.
Two selected geological cross-sections are drawn below the map. Sampling locality (Fel; yellow arrow) and the locality of the
outcrops (Fig. 3.7, 3.8; yellow boxes) are also shown. A larger print of the map is presented in the “Map” section (p.99).

IX. 3.1. TewAoykAG Xaptng TNG MePLOXNG neAETnG SlopOwpévog amnd Tig epyacieg twv De Wever (1975) kat Dornsiepen and
Manutsoglu (1996). OL HETPNOELS TNG YPAHHWONG (UITAE YPOAMUEG), TNG KWWNUATKAG (pdova BEAn) kot tng pUAAwonNg
(KOKKIVEG YPAHMEG) Elval ONUELWHEVEG OTO YEWAOYLKO Xaptn. H Béon SetypatoAnyiag (Fel; kitpwvo BENoG) kat oL OECELG TWV
oxnpatwy 3.7 kot 3.8 éxouv eniong onuelwOei. AUo erAeypéVeG YEWAOYLKEG TOHEG EXOUV OXESLAOTEL KATW antd To Xaptn. O
XApTNG tapouotaletal os peyaliTtepo LEyeBOG oTo TEAOG TOU ouyypauatog (Maps p.99).

The Phyllite — Quartzite unit forms the core of the dome and is represented by meta-sediments
(quartzites and metapelites). The other constituent of the dome is the Tyros Beds represented by pure
metapelites or metapelites with calcite intercalations (calc-schists) and by mafic rocks. Tripolitsa
carbonates appear on both limbs of the exposed dome. Rock types typical of Pindos are observed only
to the west where young faulting is responsible for their placement next to Tripolitsa carbonates. Two
panoramas near the southern and the northern margin of the study area are shown in Plate 4. A brief
description of the various rock types found is following.

Quartzites

The most common rock types are fine- to medium-grained quartzites either appearing as
massive rocks or as thick-foliated rocks with mm-thick mica-rich layers (Fig. 3.2a, 3.2b). Only quartz and
white micas are indentified in hand specimen. No carbonate intercalations are observed within these
rocks except in one place where the calcite is rather connected to secondary processes. The main
foliation, wherever observed, is due to the thin mica-rich layers. The stretching lineation (Fig. 3.2i) is
commonly formed by elongated quartz crystals. This rock-type belongs exclusively to the Phyllite —
Quartzite unit. The primary sedimentary bedding is seen mostly as a sharp boundary appearing parallel
to the main foliation (Fig. 3.2b, 3.2g).

Metapelites

Metapelites appear mostly as fine-grained rocks containing quartz, white mica and chlorite (Fig.
3.2g, 3.2h). The foliation is commonly narrow-spaced due to the increased content in sheet silicate
minerals and to the intense vertical shortening. In places, S-C structures are formed, helping in the
identification of the movement direction. No pressure-indicative minerals such as garnet were found. In
one place (north of Feneos village), a quartzite appear as a lense surrounded by these fine-grained
metapelites. In outcrop scale two major types of metapelites are observed based on their color rather:
(i) the brown ones covering the majority of the area and (ii) the purple ones (possibly rich in chloritoid;
not seen in hand specimen) mainly outcropping to the south of the Ag. Nikolaos church and near Arxaia
Feneos village. The above discrimination is solely based on the color and not on the mineralogy and
other physical characteristics of the rocks studied. This rock-type belongs both in the Phyllite — Quartzite
unit and the Tyros beds with the exception of the purple types which belongs clearly to the Phyllite —
Quartzite unit.

Page | 31



Calcareous pelites

Calcareous pelites can appear either as fine-grained rocks where the calcite coexists with the
surrounding pelitic matrix or as rocks where typical centimeter- to decimeter-thick calcite layers are
intercalated with typical pelites (Fig. 3.2c) showing low-grade metamorphism. This rock type is rather
rare, appearing only to the north, and probably represents mixed biochemical/clastic sedimentation. It
belongs exclusively to the Tyros beds.

Mafic rocks

Mafic rocks appear fine- to coarse-grained and commonly massive without (Fig. 3.2f) or with no
significantly developed foliation (Fig. 3.2e). They either appear as huge masses of outcrop scale (Fig.
3.2f) or as meter-long boudins surrounded by metapelites (Fig. 3.2d). They commonly contain epidote,
qguartz and amphibole, mineral composition which is totally compatible with that of a metamorphosed
mafic rock under lower greenschist facies. In cases of the coarse-grained rock types the amphibole can
be up to 5mm long. No significant relict magmatic textures are observed in hand specimen in most of
the cases pointing out the dominance of the metamorphic over the magmatic fabrics. In one place, west
of Feneos village, an ex situ boulder showing relict magmatic textures (vesicles filled by secondary
calcite and quartz within a mica-rich fine-grained matrix) was found.

Carbonates

They appear as grey to light-grey thick-bedded limestones or crystalline limestones and they
belong either to the Tripolitsa carbonates or appear mixed within the typical Tyros rock-types. No other
mineral except calcite is found in hand specimen. Both a stratigraphic succession and a tectonic contact
(i.e. a shear zone; Fig. 3.7, 3.9) are found between the limestones and the underlying metasediments. In
places, the carbonates are intercalated with thin mica-rich layers.
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Fig. 3.2. (a) Quartzite with minor thin mica-rich layers forming the foliation of the rock. (b) Massive pure quartzite (below)
and bedded impure quartzite with mica-rich layers (above). (c) Thin-bedded calc-schists (below) capped by thick-bedded
calcite-dominating calc-schists (above). (d) Mafic rock boudin wrapped by fine-grained metapelites. (e) Fine-grained,
epidote-rich mafic rock with minor foliation. (f) Massive mafic rock without significant foliation. (g) Fine-grained metapelites
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(below) and quartzites (above). Their contact is a sharp non-tectonic contact possibly reflecting the sedimentary bedding.
Note that the foliation is parallel to this sedimentary contact. (h) Typical fine-grained, highly foliated metapelite. It consists
of micas, quartz and chlorite. (i) NE-SW-trending stretching lineation developed in thin mica-rich layer intercalated in
quartzites. Phyllite — Quartzite unit: (a), (b), (g), (h), (i). Tyros beds: (c), (d), (e), (f).

IX. 3.2. (a) Xahaiitng pe Aemtég evdLOOTPWOEL TAOUGCLEG OF MOPUOPUYIEG OTIG omoieg odeiletal n oxLoToTNTA TOU
netpwpatog. (b) Aotpwrtog, kabapdg xalalitng rmov petafaivel o€ pn kaBapo xaAalitn evELOCTPWHEVO LE HAPHAPUYIEG. (C)
AcBecTto-TNALTEG e £VTOVN OXLOTOTNTA IOV HETAPAiVOUV 0 AoBECTONNAITEG OTOUG OMOLOUG ETUKPATEL TO AGPBECTLTLKO UALKO.
(d) Aopr) «kopmoAoylou» (boudin) evdg Baotkol metpWpATOg HECA O AEMTOKOKKOUG HETANNAITEG. (€) Aemtokokko Baowko
METPWHA OTO OO0 EMIKPATEL TO eMiSoTo Kat To omnoio eudavilel acBevr pUAAwon. (f) Baolkd néTpwpa Xwpeic onpavtky
avantuén ths UAAwongG. (g) AemtdkokkoL petannAiteg mou unokewvtal xaAafitwv. H enadn toug eivar evieAwg ofeia ko
TOAVOTATA AVTLTPOCWIEVEL TNV MPWTOYEVH W{NUATOYEVH oTpwon. H peténetta aventuypévn ¢puAAwon eivat mapdAAnAn pe
auth tv enadr. (h) Turukog AEMTOKOKKOG MeTAnmnAitng e €viovn oXototnta. Ta KUPLOL OPUKTA E€ival HOPUOPUYIES,
XaAaliog kat YAwpitng. (i) TPAUUWON €KTOONG TTOU OVANTUCOETOL OE AEMTA OTPWHATISW MAOUGLA OE HOPHAPUYIEG TTOU
Bpiokovtal evélactpwpéva péoa o xahaliteg. Evotnta @uAAtwv — Xahalitwv: (a), (b), (g), (h), (i). Zxpwpata Tupo: (c), (d),

(e), (f).

3.2 Structural analysis

In the following paragraphs, the measured foliation, stretching lineation and fold axes will be
presented. This will help to understand the geological setting of the study area before discussing the
sense of shear and the structural evolution of the area from ductile to brittle deformation. To deduce
the sense of movement in the deformed rocks, shear indicators such as those described by Simpson and
Schmid (1983) were used.

3.2.1 Foliation map

As described in the previous paragraph, the main foliation is formed by the parallel orientation
of fine-grained micas in typical metapelites, calcareous pelites and quartzites. In carbonates and mafic
rocks the foliation is usually not well developed. Only a single (dominant) foliation is recorded in the
study area without any crosscutting by latter ductile planar surfaces in outcrop scale. The relationship of
the foliation with the folds will be discussed in the Paragraph 3.2.3. The measured foliation surface is
observed to be almost parallel to the initial bedding as marked by the transition between various
rocktypes (e.g. metapelites transitioning into quartzites — Fig. 3.2g) implying intense vertical shortening.
Unfortunately, no HP-indicative minerals, such as garnet, are observed in outcrop and hand-specimen
scale being parallel to the foliation, as is the case in the southern Peloponnese. This could reflect the
intense retrogression of the rocks forming the study area or the lack of appropriate rock composition. As
noted above, the mafic rocks that belong to the Tyros beds act as relatively undeformed and rigid bodies
forming map- and outcrop-scale boudins and showing, most of the times, only minor developed foliation
(Fig. 3.1, 3.2e, 3.2f). The stretching lineation (Paragraph 3.2.2) is always measured on the foliation
planes (Fig. 3.2i).
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Fig. 3.3. Foliation trajectories map of the study area where the antiform structure of the Phyllite — Quartzite unit is shown.
Note the disruption of the antiform due to the NW-SE-trending fault. The axis of the antiform is (sub-)parallel to the fold
axes of the mesoscale fold structures. Smaller antiform-synform structure is also shown for the overlying Tyros beds. Small
inset: equal area, lower hemisphere projection of the foliations (pole projection as black lozenges), rose diagram and pole
density diagram.

IxX. 3.3. Xaptng tpoxiwv $pUAAwoNG tng mePLoXnig HEAETNG Omou daivetal n avtikAwLKA Sopr tng evotntag Twv QUAALTWV -
XaAafitwv. Zta avatoAtkd daivetal n Stakomr TG AVTKAWLIKAG Soung and pAypa SievBuvong BA-NA. O dfovag tou
avtikAivou gival (uno-)mapdAAnAog pe TG TTUxXEG Héong KAlpakag. MKpOtepn avtlkAWIKA-OUYKAWLKA Soun daivetal va
EMPPEATEL KAl TA OTPWHATA TOUu TupoU. EvOeto: KukAoypadlkh Kot TOALK TPoBoAn twv Metpioewv ¢UAAwoONG,
POSOYPALLLA KOL SLAYPOMIO TTUKVOTNTOG TWV TTOAWV TG GUAAWONG.
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Foliation measurements reveal mostly SW-dipping planes (Fig. 3.3 inset), a point crucial for the
structural interpretation of the area (see paragraph 3.4). The distribution of the foliation planes and the
foliation trajectories reveal that the structure of the Phyllite — Quartzite unit is that of an antiform with a
roughly NW-SE-directed axis (Fig. 3.3). However, a degree of uncertainty during the drawing of the
antiform does exist due to the difficulties in approaching and measuring the foliation in more outcrops.
The western flank of the antiform is better developed compared to the eastern one which is locally
disrupted by NW-SE-trending faults (Fig. 3.3). This structure is not considerably different than the
structure proposed by Xypolias and Koukouvelas (2001) for the same area, taking into consideration that
the detailed mapping during the present study allowed the more careful drawing of the foliation
trajectories. The same overall pattern described for the Phyllite — Quartzite unit is true for the overlying
Tyros beds where similar NW-trending antiforms and synforms were found (Fig. 3.3).

The orientation of the antiform and the synform axes, as shown in map-scale (Fig. 3.3), are
(sub)parallel to the fold axes measured in outcrop scale both from the Phyllite — Quartzite unit and the
overlying Tyros beds (Fig. 3.5).

3.2.2 Lineation map

Stretching lineation is mostly measured in metapelites and quartzites on the foliation plane (Fig.
3.2i). It is mainly formed by parallel orientation of quartz crystals. The mafic rocks are not likely to show
a stretching lineation due to the fact that they behaved as rigid bodies throughout the ductile and brittle
deformation without any significant internal deformation.

Most of the stretching lineations measured are from the Phyllite — Quartzite unit and shows a
pronounced NE-SW trend (Fig. 3.4). The dominant direction of the stretching lineation is between N050°
and N060° but minor deviation do exist due to local heterogeneities (Fig. 3.4 — inset). Local or regional
folding in NW-SE direction causes the lineation to deep either towards the NE or towards the SW. Few
intersection lineations measured show a well-defined NW-SE direction and are directly connected to the
measured fold axes (see next paragraph). The same NE-SW trend is true for the stretching lineations
measured from the overlying Tyros beds (Fig. 3.4).
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Fig. 3.4. Geological map of the studied area where the stretching (red lines) and intersection (green lines) lineations are
superimposed. Inset: Equal area, lower hemisphere projection of the stretching lineation (red dots) and intersection
lineation (green dots) along with the related rose diagram and the density plot. The number of measurements vs. dip
direction diagram is also shown.

IX. 3.4. FewAoyKOG XAPTNG TNG MEPLOXNG HEAETNG OTIOU N EPEAKUCTIKA YPAUMUWON (KOKKIVEG YPOUMEG) KO N YPAUUwWon and
Siatoun (mpdaowveg ypappég) €xouv mpoBAnBel. Ita pukpd oxfipata ¢aivovral n npofoAr) oe Sidypappa Schmidt twv
€PEAKUOTIKWV YPOUUWOEWV (KOKKIVEG BOUAEG) KOl TWV YPOUUWOEWV and Siatopn (mpdowveg POUAEG), TO OXETKO
POSOYPAL, TO SLAYPAILO TTUKVOTNTOG KOL ) KATOWVOE TOU aplOpol Twv HETPOEwV o€ oXéon Me T Stevbuvon.

3.2.3 Folds - fold axes — axial planes

Folds measured in outcrop scale are mainly restricted to the metasedimentary rocks (in
particular to the metapelites) and typically vary from centimeter- to meter-scale (Fig. 3.5). The majority
of the folds observed are tight to isoclinal and show gently plunging hinge lines and moderately- to
gently-inclined axial planes (Fig. 3.5). Rare folds observed in limestones resembled upright folds with
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almost horizontal axis and almost vertical axial plane. Fold asymmetry observed in some cases is used as
a shear sense indicator during late shearing (see later). No clues for refolded folds or sheath folds have
found.

Fig. 3.5. (a) Centimeter-scale isoclinan fold with almost horizontal axial plane in metapelites. (b) Decimeter-scale fold in fine-
grained metapelites. (c) Meter-scale fold with W-dipping axial plane in fine-grained metapelites. (d) Decimeter-scale fold
with moderately-inclined fold axis and W-dipping axial plane. (e) Projection (equal area, lower hemisphere) of the fold axes
(blue circles) and the axial planes (pole projection; black lozenges) measured. (f) Density plot (equal area, lower hemisphere)
of the axial planes measured. (g) Density plot (equal area, lower hemisphere) of the fold axes measured.
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Ix. 3.5. (a) Mtuxn oe KAipoako ekatootol e oxedov oplldvtia afovikd eninedo oe peramnlites. (b) Mtuxi oe KAipaka
SEKATOUETPOU 0 AEMTOKOKKOUG HeTATNAITeG. (c) Mtuxr o€ KAipako PETpou HE afoviKO eminedo mou KAiVeL mPog SUTKA oE
Aentokokkoug petamnnAiteg. (d) Ntuxr o€ KAipaka SEKATOMETPOU HE A§OVIKO eminedo pétplag KAiong Ko afoviko eninedo
1iov KAivel mpog ta Sutikd. (e) MpoBoAn Twv afovwy Twv ITuXwV (UIAE KUKAOL) Kot Twv a§ovIKwV emnédwy (padpot poppot)
Tov MeTPRONnKav otnv neploxn. (f) Aldypappa TUKVOTNTAG TWV A§OVIKWVY EMMESWV. (g) ALAypaHHA TIUKVOTNTOG TWV A{OVWV
TWV TTTUXWV.

In most of the cases the axial plane of the folds and the regional foliation are parallel (Type /
folds). This implies that (a) there is a direct connection between the formation of the folds and the
regional ductile foliation (Fig. 3.5a, 3.5c) and (b) that the folding of an older surface (e.g. bedding) is
responsible for the formation of the folds. However, there are rare cases where the axial plane of the
folds is not parallel to the regional foliation (Type Il folds - Fig. 3.5d). In these cases there is no well
developed foliation parallel to the axial plane and consequently these structures cannot define a
regional-scale separate deformation phase. Instead they can be attributed to local variations of the
viscosity/competency between different layers. The same is true for the rare kink folds observed in the
area.

The majority of the axes measured coincide with a NW-SE oriented line (Fig. 3.5e, 3.5g). This is
used to infer an initial compression in NE-SW direction. Note also that the axial planes measured are
mainly SW-dipping (Fig. 3.5f) coinciding with the dipping of the foliation (Fig. 3.3 inset). The orientation
of the fold axes is similar to that of the antiform axis defined in map-scale by the foliation trajectories
(Fig. 3.3) but their time-relationship will be discussed in Paragraphs 3.4 and 3.6. Taking into
consideration the previous an early NE-SW compression stage can be inferred.

3.3 Kinematic analysis

In the previous paragraphs crucial and basic elements such as foliation, lineation and fold-
related elements (fold axis, axial plane) were described. In the following paragraphs the above elements
will be used extract the kinematics of the sheared rocks, which will allow adding yet another factor
(movement of the rocks) to the problem of analyzing and presenting the overall geometry of the study
area.

For this purpose, only outcrops parallel to the shear direction (parallel to the stretching
lineation) and perpendicular to the flattening plane (foliation) are used for the extraction of the sense of
movement. Among the numerous shear sense indicators, the most commonly used in this study are: S-C
fabrics developed mostly in metapelites, the deflection of the foliation along shear planes, asymmetric
boudins and porphyroblast rotation.
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Fig. 3.6. Geological map of the studied area with superposition of the measured lineation (red lines) and the related sense of
shear (red arrows). The dominant sense of movement is towards the NE for both the Phyllite — Quartzite unit and the Tyros
beds. Small insets shown below the map are characteristic shear indicators. Their position is marked on the map (grey
boxes): (a) Centimeter-scale mantled quartz porphyroblast within fine grained quartz-mica matrix. (b) Decimeter-scale
sigmoidal quartz polycrystal within fine grained quartz-mica-chlorite matrix (field of view 20cm). (c) Shear zone and synthetic
shear band developed within fine-grained mica schists (field of view 2m).
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IX. 3.6. FewAoykOG XAPTNG TNG TEPLOXAG HEAETNG HE ETUKAAULYN TNG YPARMUWONG (KOKKIVEG YPOUMEG) KO TNG KLVNMOTIKAG
(kokkva B€AR). H emukpatovoa Kivnon ivat mpog ta BA yia tnv evotnta twv QuAAttwv — XaAadLtwv Kot Ta OTPWOTO TOU
TupoU. Ot MIKPEG ELKOVEG KATW OO TO XAPTN SEiXVOUV HEPLKOUG XAPAKTNPLOTIKOUG KLVNUATIKOUG SEIKTEG TWV 0 OMoiwv n
Oéon onuewwvetal oto xaptn (ykpL mepypaupata). (a) MopdupoPAdotng xaAalio KAipakag ekatootol HEcOH OF
petannAwtko neptBaiiov nétpwpa. (b) NoAukpuoTAAALKO OLYLOELSEG cUCOWUATWHO XaAadio KALLOKOG SEKATOMETPOU HETA
oe perannAtikd nepiBdAiov nétpwpa (ebpog mediou 20ek.). (c) Zwvn SLATUNONG IOV AVANTUGCETOL HECO OE AENTOKOKKO
uetannAitn (evpog nediov 2u.).

3.3.1 Sense of shear

Most of the rocks studied are rich in sheet silicates and favor the development of shear
indicators. The shearing directions are shown in Fig. 3.6. It can be seen that the shearing is constantly
towards the NE, following the direction of the stretching lineation (NE-SW; Fig. 3.4). Although most of
the shearing directions measured are from the Phyllite — Quartzite unit, few measurements from the
overlying Tyros beds seems to follow the same pattern. This is also visible from the measured lineation
which follows the same pattern for both units (Fig. 3.4).

The inferred shearing direction of the present study is somewhat different from the shearing
direction suggested from Xypolias and Koukouvelas (2001) for the Phyllite — Quartzite unit. Studying
asymmetric mesoscopic folds, oblique grain shape in dynamically recrystallised quartzites and
asymmetrical quartz c-axis they concluded that the dominant shearing is towards the W or SW.
According to them, top-to-the-NE shearing is recorded only in a relatively narrow zone (~50m thick)
several hundred meters below the upper boundary of the Phyllite — Quartzite unit. However, the
distribution of NE-directed shearing seen in outcrop scale (Fig. 3.6) questions the possibility of the
existence of this narrow zone due to the fact that the distribution of top-to-the-NE indicators seems
rather homogenous throughout both the Phyllite — Quartzite and the Tyros units. Instead, their SW-
directed shearing seen mainly in microscale (quartz c-axis fabrics etc) can be directly correlated to an
early progressive shearing contemporaneous with the development of the NW-SE folds.

Consequently, it seems that both Tyros and Phyllite — Quartzite unit has suffered the same
continuous NE-directed shearing during their geological history and most possibly during the same time.
The distribution of the NE-shearing indicators is rather homogenous throughout the pile (within the
mentioned units) and not concentrated in a narrow (~50m thick) zone as suggested by Xypolias and
Koukouvelas (2001).
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3.3.2 Shear zones

Three well-exposed shear zones were chosen for presentation. Staring from the south, the first
shear zone is located near Feneos village (Fig. 3.7). The deformation of the underlying mica-rich rocks,
probably representing the Tyros Beds, is both ductile (foliation development and folds) and brittle
(cataclasis) while that of the overlying Tripolitsa carbonates is mostly cataclastic. It is obvious that the
early ductile deformation localized within the mica-rich underlying rocks and the late brittle deformation
is disseminated throughout the pile.

The stretching lineation measured in the area is NO60° and the shearing recorded by the
metasediments is constantly NE-trending as shown by: (i) the rigid clast rotation (Fig. 3.7b), (ii) the S-C
structures (Fig. 3.7c), (iii) the smaller shear zones developed within the underlying rocks (Fig. 3.7d) and
(iv) the asymmetry of folds (Fig. 3.7e). The brittle deformation of these rocks is intense in outcrop or in
smaller scale. In outcrop scale the destruction zone can be meter-thick (Fig. 3.7a). In smaller scale, the
brittle deformation is observed in the disruption of older shear zones by younger synthetic normal faults
(Fig. 3.7d) or in disharmonic features near the tip of the NE-verging folds (Fig. 3.7e).
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{ ® Fold axis

4 @ Lineation
— Foliation

Fig. 3.7. (a) Shear zone near Feneos village (see Fig. 3.1 for the locality) juxtaposing Tripolitsa carbonates against slightly
metamorphosed Tyros Beds. Small inset: equal area, lower hemisphere projections of the measured fold axis, lineation and
foliation within the Tyros Beds. Field of view towards N340° (parallel to the lineation which measured at N060°). (b), (c), (d)
and (e) Shear sense indicators from the Tyros Beds few meters away (in slightly lower stratigraphic position) from the shear
zone of the first picture. (b) Quartz aggregate showing dextral shear sense. Note the brecciated material immediately right of
the quartz aggregate. (c) S-C structure showing dextral shear sense. (d) Small shear zone disrupted by synthetic normal
faults. Note the deflection of the foliation in the central part of the shear zone showing dextral rotation. (e) Right-verging
fold. Note the brittle fracture near the hinge of the fold (small black arrow).

ZX. 3.7. (a) Zwvn Satpnong kovta oto XwpLd Pevedc (oto . 3.1 paiveral n tonobecia) mov dépvel o enadn Ta avOpakikd
netpwpata tng TpinoAng pe ta eAadppwg pertapopdwpéva wpata tov Tupol. EvOeTo: MPoBoAn TwV METPHOEWV TOU afova
TITUXAG, TG YPAUWONG KL TNG OXLOTOTNTAG TTOU HETPHONKE ota peta-tl{Apata. H dwrtoypadia tpaBrixtnke kottwvrag npog
B340° (mapdAAnAa pe th ypappwon n onoia KAivel tpog B060°). (b), (c), (d) kau (€) Kivnpatikoi Seikteg anéd ta WApATA TOU
TupoV Aiya pétpa pakpud (oe eAadpwg XapnAotepo otpwpatoypadiko eninedo) and tn {wvn StdTUnong TG MEWTNG
€lkovag. (b) Tuocowpdtwpa xalalio mouv Seixvel de§léotpodn dopd Sidtunong. AkplBwg defia and T0 CUCCWUATWLLA
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daivetan n évrovn KatdkAaon Tou eTpwpatot. (c) Aopég S-C ou Seixvouv de§lootpodn dpopd Statunong. (d) Mwkpr {wvn
SLATUNONG TTOU SLOKOTITETAL OO VEOTEPO GUVOETLKA KOWVOVIKA pRYHATA. 2TO KEVTPLKO THAMA TNG {wvng Stdtunong daiveton
n €KTPOMH NG oxlotdtnTag nov Seixvel de§lootpodn dopd Siatunong. (e) Acvppetpn mtuxy pe Se§ldotpodn dopd
SLatunong. Zto emdvw Se§Ld dkpo tn¢ mtuxnig ¢aivovral ixvn Bpavciyevolg napapudpdwong (LKkpo pavpo BEAOG).

The second shear zone (Fig. 3.8) is near the center of the studied area and is found in the
uppermost part of the meta-sediments belonging to the Phyllite — Quartzite unit. It is developed within
metapelites with thick quartzite layers. A highly brecciated zone with fine grained and rounded rock-
fragments separates the relatively non-deformed rock above from the same rock with intense cataclasis
below.

The lineation measured is trending towards N035° and the shear zone is compatible with top-to-
the-N movement as shown by the foliation deflection (Fig. 3.8a, 3.8b). Within the non-deformed rock
lying immediately above the shear zone, the rock shows well-developed ductile S-C’ structures with the
same (top-to-the-N) sense of shear (Fig. 3.8c). Some of the C’ planes have possibly reactivated in the
brittle field and the whole structure may now be interpreted as a north-shearing zone with synthetic
smaller-scale shear zones (the ex-C’ planes) (Fig. 3.8c). In higher magnification, remnant S-C structures
show the north-shearing within the ductile field (Fig. 3.8d).

The northernmost shear zone chosen for presentation (Fig. 3.9) is found almost 10Km north of
the Zarouchla village. It is a magnificent, hundred meter long outcrop along the road for Akrata. The
Tripolitsa carbonates are forming the hanging wall of the zone showing intense cataclasis and recent E-
W-trending normal faults. The footwall of the zone is composed of extremely deformed carbonate rocks
(no dolomite is observed) and mica-rich rocks, probably representing a mixture (i.e. a mélange) of the
Tripolitsa carbonates and the underlying Tyros Beds. The lineation measured in parts of the exposed
carbonates within the shear zone is NO10°. The northern and the southern borders of the exposed shear
zone are marked by the presence of E-W-trending normal faults along with their destruction zones. The
sense of shear in the major shear zone is generally to-the-north as shown by the deflection of the
foliation. Another possible smaller shear zone lying in higher stratigraphic levels shows southward sense
of shear and resembles the continuation of the south-dipping normal fault.
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Fig. 3.8. (a) Shear zone (see Fig. 3.1 for the locality) delevoped within the uppermost parts of the Phyllite — Quartzite unit
near Ag. Nikolaos monastery. A highly brecciated zone with fine grained and rounded rock-fragments separates the almost
non-deformed rock above from the same rock with intense cataclasis below. The foliation deflection is compatible with
northward shearing. The width of view is about 3 meters. (b) Detail of the shear zone where the foliation deflection and the
flat-and-ramp structures in the cataclasites are shown. (c) S-C’ structures within the relatively non-deformed. Some of the C’
surfaces have possibly reactivated in the brittle field and the whole structure can be interpreted as a shear zone with smaller
synthetic shear zones. (d) Detail of the relatively non-deformed rock where remnant S-C structures shows northward
shearing within the ductile field.

2x. 3.8. (a) Zwvn Suatunong (oto Zx. 3.1 daivetal n Tonobecia) ota avwrepa oTpWHATA TG EVOTNTAG TwWV DUAALTWV —
XaAaditwv Kovta oto povaotrpt tou Ay. NikoAdou. Mia {wvn €viovng KATAMOvVNoNG ME MIKPA KOl QOCTPOYYUAEUEVA
Opavopata ToOU METPWHATOG XWPILEL TO OXETIKA amapapopdwto nMéTpwuata (Mdvw) and to idlo mMétpwpa pe évrovn
KatdkAaon (katw). H ektpornr thg dUAAwonG eival cupfath pe Sidtunon npog Boppd. To evpog nediou ivar 3 pétpa. (b)
Aentopépeia NG {wvng dtatunong omou ¢aivetaw n ektponr tng puAAwon ko n dopn flat-and-ramp otoug katakAaociteg.
(c) Aopég S-C’ oto oxetkd anapapopdwto nétpwpa. Mepikég anod tig C' enmdaveleg £Xouv enavevepyonolnOsei oto nedio
™G Bpavotyevoug napapdpdwong Kat n cuVoAlkn Sour) Holdlel pe pio LeydAn {wvn SLATUNONG HE ULKPOTEPEG CUVOETIKES
{wveg Satpunong. (d) AemTOpéPELA TOU OXETIKA AMAPAUOPPWTOU METPWUATOG OTIOU MEPLKEG UTIOAELUUATIKEG S-C Souég
UTMOSEIKVUOUV KLV UaTIKR TPog Boppd oTo Ttedio TNG MAQOTLKAG tapapdpdwong.

Fig. 3.9. Major shear zone showing northward shear sense. Carbonate rocks belonging to Tripolitsa unit form the hanging
wall of the zone while a mixture of deformed carbonate rocks and sediments, probably belonging to the Tyros Beds, form the
footwall. The northward sense of shear is mainly gleaned by the foliation deflection shown in the center of the picture. E-W-
trending normal faults border the exposed shear zone. Note another smaller possible southward shear zone is observed near
the relatively undeformed hanging wall (in higher levels).

2x. 3.9. KUpra {wvn Stdtunong He KWvnUATIKN Tipog Boppd. To unepkeipevo tépaxog tng {wvng Statunong anoteAsital and
avOPOKLKA TETPWHATA THG EVOTNTOG TNG TPUOANG EVW TO UTIOKEIMEVO amoTeAsital and éva Hiypua avOpaKlKWV METPWHATWY
KoL WNHATWY TToU aVRKOUV 0TV evotnta Th¢ TpimoAng Kat Ta otpwpata tov TupoU. H Kivnpatikr §AyeTal Kupiwg oo thv
EKTPOTIH) TNG OXLOTOTNTOG OTO KEVIPLKO TUAMA TOou oxXApatog. H Jwvn SLatinong oploBeTeital amd KAvOVIKA pryHOTO UE
S1evBuvon A-A. ZnpelWVETOL pia akopa rbavh PKpOoTtepn {WVn SLATNONG KE KIVNHUOTLKE TPOG TO VOTO TANGLECTEPA TTPOG
TO OXETKA aNapapopPwTo Avw TERAXOG (0 aAVWTEPOUG OTpWHATOYPUPLKOUG 0piloVTES).
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3.4 Early shearing — late shearing - the ductile-brittle transition

From the above it is clear that the bedding is the oldest planar element observed in the area
(Fig. 3.2b, 3.2g). Folding of this (or another older) surface resulted in the formation of folds with NW-
trending axes (Fig. 3.5) contemporaneous with the formation of the regional foliation (Fig. 3.1, 3.3 inset)
in a NE-SW compressional regime. This early compression can be directly correlated with the top-to-the-
W or —SW shearing described by Xypolias and Koukouvelas (2001) who studied micro-scale structures
such as quartz c-axis and oblique grain shape in dynamically recrystallised quartzites. Those microscale
fabrics survived the younger NE-directed shearing (see below) and most probably, record the
subduction-related deformation. The antiform structure of the area seen in map-scale (Fig. 3.1),
although it definitely correlates in geometry with the mesoscopic folds, it seem to be related to a later
isostatic passive folding due to intense shearing.

The compression stage is followed by NE-directed shearing which resulted in the formation of
the dominant stretching lineation in NE-SW direction. The sense of movement related to this late
shearing is towards the NE as shown by numerous kinematic indicators from both the Phyllite —
Quartzite unit and the overlying Tyros beds. This intense shearing affected the older ductile structures
and favored the development of shear zones like those described in the previous paragraph. Similar
shear zones are observed both near the top of the pile (just below Tripolitsa carbonates) and near its
lowest parts (within the Phyllite — Quartzite unit). In outcrop-scale, the older SW-directed shearing
(Xypolias and Koukouvelas 2001) has been almost completely erased and survived only in micro-scale
features. Unlikely to what Xypolias and Koukouvelas (2001) suggested (concentration of the NE shearing
in a narrow ~50m thick zone) the distribution of the various shear-sense indicators (Fig. 3.6) points
toward a rather distributed NE-directed shearing throughout the metasedimentary pile.

The sense of movement in the shear zones studied is clearly towards the NE. Although the
initiation of the shearing happened within the ductile field, as shown by the S-C structures, the small
synthetic shear zones and the foliation deflection, it seems probable that the same shearing direction
continued in the brittle field with the same geometry. This is demonstrated by: (i) the brittle fractures
near the hinge of the NE-verging folds (Fig. 3.7e), (ii) the disruption of the small shear zones by younger
NW-SE brittle faults showing the same sense of movement (Fig. 3.7d), (iii) the reactivation of already
existing weak zones like C’' planes (Fig. 3.8c), (iv) the existence of intense cataclasis within the shear
zones (Fig. 3.8a, 3.9) and (v) the disruption of the continuity of the pile from NW-SE normal faults in
map-scale (Fig. 3.1). It is important to note that the same picture seen in outcrop scale with the NW-SE
brittle features cutting the NE-directed ductile features (Fig. 3.7d) can also be seen in map scale with the
NW-SE normal faults disrupting the continuity of the pile (Fig. 3.1) and pointing towards NE-directed
movement. The whole NE-shearing model is compatible with the SW-dipping foliation planes. In simple
words, the foliation planes have rotated counterclockwise above the almost horizontal NE-shearing
zones seen both within the Phyllite — Quartzite unit and near the base of the Tripolitsa carbonates. The
angular relationship between the foliation planes and the shear zones is used to infer the sense of
movement in outcrop scale (Fig. 3.8a, 3.9)
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Although the ductile lineation measured in the study area is constantly NE-directed (or even E-
directed in some places), the only lineation possibly related to a later purely brittle stage, is trending
towards N010° (outcrop of the Fig. 3.9). Of course, many authors (e.g. Moretti et al. 2003, 2004, Ghisetti
and Vezzani 2005, McNeil et al. 2005) have already documented that the brittle deformation related to
the opening of the Gulf of Corinth, north of the study area, is accompanied by E-W-trending normal
faults (N-S extension). Collectively, looking both my study area and the situation few kilometers to the
north, it seems that there is a transition from NE-directed shearing within the ductile field, to NE-
directed shearing marking the end of ductile deformation and finally to the purely N-directed extension
in the brittle field. The connection of the NE shearing and the N-S extension in the brittle field remains
to be defined in terms of time, geometry and geological processes.

3.5 The opening of the Corinth Gulf: Post alpine sediments and recent faulting

The Corinth Gulf, few tens of kilometers to the north of the study area, is one of the fastest
extending systems on earth (e.g. Armijo et al. 1996). It resembles a half-graben having an intensively
faulted southern border. It is a well-studied example where the N-S extension is accompanied by the
development of E-W-trending normal faults both onshore and offshore (e.g. Flotté 2003, Moretti et al.
2003, 2004, De Martini et al. 2004).

Plio-pleistocene synsedimentary deposits outcropping at the northern Peloponnese (Ori 1989,
Rohais et al. 2007) mark the initiation of the extension and the opening of the Gulf. A tectonic model
proposing the existence of a north-dipping crustal detachment beneath the Corinth gift was proposed
by Sorel (2000) and tested by Chéry (2001). However, Papanikolaou et al. (2009) studying the northern
border of the Gulf (Itea Gulf), suggested an older NE-directed opening phase acted in Middle Miocene
times, as dated by nannofossils, a phase that was later disrupted by younger E-W-trending normal
faults.

The NW-SE-trending normal fault studied by Papanikolaou et al. (2009) has the same direction
with the normal faults bordering the eastern part of my study area. Taking into consideration the
geometrical similarities between the two areas, it seems possible, that the NE-shearing in the ductile
crust is accompanied by NE extension in the overlying brittle crust controlling the opening of the Corinth
Gulf in a different geometry than the present one. This situation was later almost completely erased by
the younger N-S extension described by many authors.

The reason of change in the opening direction could either be the propagation of the North
Anatolian Fault as suggested by Papanikolaou and Royden (2007) or the rotation of the western
Continental Greece and part of the Peloponnese (Van Hinsbergen et al. 2005). The later explanation is
favoured because it does not involve a change of the stress field but only a rotation of the rocks
deforming within that field.
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3.6 Summary

The study area (Fig. 3.1) is the northernmost exposure of the external blueschists belt
represented by the Phyllite — Quartzite unit. The central part of the area studied is covered by an
exposed core (dome) of metasediments as well as slightly metamorphosed mafic rocks (Fig. 3.2) and is
flanked mainly carbonate rocks. The Phyllite — Quartzite unit forms the core of the dome and is
represented by meta-sediments (quartzites and metapelites). The other constituent of the dome is the
Tyros Beds represented by pure metapelites or metapelites with calcite intercalations (calc-schists) and
by mafic rocks. Tripolitsa carbonates appear on both limbs of the exposed dome.

In this chapter, the measured foliation, stretching lineation and fold axes were presented. The
oldest planar surface observed is the bedding (Fig. 3.2b, 3.2g). Foliation measurements revealed a major
regional foliation with dominantly SW-dipping planes (Fig. 3.3 inset) always parallel to the initial
bedding. This implies that the area suffered intense vertical shortening. The distribution of the foliation
planes and the foliation trajectories revealed that the structure of the Phyllite — Quartzite unit is that of
an antiform with a roughly NW-SE-directed axis (Fig. 3.3). The western flank of the antiform is better
developed compared to the eastern one which is locally disrupted by NW-SE-trending faults.

Most of the stretching lineations measured (on the foliation planes) were from the Phyllite —
Quartzite unit and showed a pronounced NE-SW trend with the dominant direction being between
N050° and NO60° (Fig. 3.4). Few intersection lineations measured showed a well-defined NW-SE
orientation and were directly connected to the measured fold axes. The same NE-SW trend is true for
the stretching lineations measured from the overlying Tyros beds (Fig. 3.4).

Folds measured in outcrop scale were mainly restricted to the metasedimentary rocks and in
particular to the metapelites. The majority of the folds observed was tight to isoclinal and showed gently
plunging hinge lines and moderately- to gently-inclined axial planes (Fig. 3.5). Their relationship with the
regional foliation revealed two types of folds: those with axial planes parallel to the regional foliation
(Type I — Fig. 3.5a, 3.5c) and those whose axial plane crosscut the regional foliation showing no well
developed axial plane surfaces (Type Il — 3.5d). In any case, the Type | folds were the dominant type and
both of the fold types showed the same NW-SE-trending axes (Fig. 3.5e, 3.5g) suggesting an initial
compression in NE-SW direction during their formation.

Most of the rocks studied here were rich in sheet silicates and favored the development of shear
indicators. It was shown that the shearing was constantly towards the NE (Fig. 3.6), following the
direction of the stretching lineation. Although most of the shearing directions measured were from the
Phyllite — Quartzite unit, few measurements from the overlying Tyros beds seemed to follow the same
pattern (Fig. 3.6). Comparing to the work of Xypolias and Koukouvelas (2001) | note that: (i) although
that they claimed that the NE-shearing is restricted to a specific (~50m) thick zone within the Phyllite —
Quartzite unit, according to my study this NE-shearing seems rather homogenous affecting the whole
pile in outcrop scale and (ii) the W- or SW- shearing seen mostly in microscale features (i.e. oblique grain
shape in dynamically recrystallised quartzites and asymmetrical quartz c-axis) was never observed in
outcrop scale.
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Three well-exposed shear zones were chosen for presentation. They were developed either near
the top of the Phyllite — Quartzite (Fig. 3.8) unit or near the top of the Tyros beds (Fig. 3.7, 3.9). Their
common feature was the NE-directed shearing that started in the ductile field and continued in the
brittle field with the same orientation as shown by (i) the brittle fractures near the hinge of the NE-
verging folds (Fig. 3.7e), (ii) the disruption of the small shear zones by younger NW-SE brittle faults
showing the same sense of movement (Fig. 3.7d), (iii) the reactivation of already existing weak zones
like C’ planes (Fig. 3.8c), (iv) the existence of intense cataclasis within the shear zones (Fig. 3.8a, 3.9) and
(v) the disruption of the continuity of the pile from NW-SE normal faults in map-scale (Fig. 3.1).

The model proposed here will be presented in the following lines. Folding of the initial bedding
(or another old surface) resulted in the formation of the NW-SE folds (Type | and Il) and the regional
foliation under an early ductile compressional regime with NE-SW orientation. This phase is possibly
related to the W- or SW-shearing seen in microscale (e.g. asymmetric quartz c-axis) by Xypolias and
Koukouvelas (2001). Although that folds younger than the regional foliation did observed in the area
(Type Il folds), they seem to have formed under the same stress field (NE-SW compression) and before
any later event. This type of folds is connected with any well-developed planar element parallel to their
axial plane. After the cease of any compressional stresses, the whole pile suffered an intense NE-
shearing contemporaneously with (i) the formation of the studied shear zones, (ii) the development of
numerous shear indicators within the metasediments and (iii) the NE-oriented stretching lineation that
characterizes both the Phyllite — Quartzite unit and the overlying Tyros beds. The same stress field
seems to have remained active through part of the brittle deformation, at least in the study area, as
seen in outcrop (Fig. 3.7d) or in map-scale (Fig. 3.1). Few kilometers to the north the brittle extension is
definitely to the N-S direction as already noted by several authors and is related to the opening of the
Gulf of Corinth (Moretti et al. 2003, 2004). The linkage between the two areas yet remains to be
answered. The antiform structure of the area, which correlates in geometry with the mesoscopic folds
(NW-SE), could either represent an inherited compressional-related feature like the inherited structures
separating young Pliocene basins to the north (Derveni and Aigio basins; Ghisetti and Vezzani [2004])
and the fold-and-thrust belt to the east or it could be related to an isostatic passive flexural folding due
to the later intense NE-shearing. The whole model is compatible with the model proposed by
Papanikolaou and Royden (2007) studying in much larger scale the external blueschist belt.
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Petrology and P-T estimations

Chapter 4

The two northernmost exposures of the Phyllite — Quartzite unit are that of the Feneos and
Kastania areas (few kilometers east of the study area). In this chapter, the already published results
from the metamorphism of the Phyllite — Quartzite unit exposed in the above-mentioned areas will be
summarized. New data will be also presented. This will help to make a direct comparison between the
metamorphism of the same HP unit in the two areas.

4.1 Published P-T results from the Feneos and the Kastania areas

The Phyllite — Quartzite unit in the Feneos area is a meta-sedimentary pile composed mainly of
pure quartzites, micaceous quartzites and metapelites. The dominance of quartz, chlorite and
(phengitic) muscovite does not allow the quantification of pressure and temperature at a first glance.
However, Katagas et al. (1991) reported the existence of chloritoid in quartzites near Zarouchla village
and metapelites with garnet and phengite (3.46 Si a.p.f.u.) near Kastania village. Based on these reports
a re-evaluation of the P-T conditions of metamorphism will be presented here. Chloritoid-bearing
metasediments were also reported by Dercourt (1964) south of Ag. Nikolaos chapel and by Xypolias and
Koukouvelas (2001) east of Archea Feneos village (their FN8 sample).

The work of Katagas et al. (1991) has revealed that: a) Judging from illite crystallinity and
conventional thermobarometry, the Phyllite — Quartzite unit is of greater metamorphic grade compared
to the overlying Tyros Beds without, though, a pronounced metamorphic gap in between, b) the peak
temperature never exceeded 440°C with the most possible temperature range being between 340°C and
420°C, c) the peak pressure is not well constrained but it should have never exceeded 5Kbar. The
suggested peak metamorphic conditions are compatible with the low-T stability field of Fe-chloritoid in
typical metapelites in the system KFASH (Spear and Cheney 1989). A significantly higher temperature of
~500°C, but for the same maximum pressure (~4-5Kbar), was suggested by Jolivet et al. (2010) using
Raman spectrometry in carbonaceous material from a sample south of Zarouchla village (sample KO
0203, their Fig. 9). For comparison, the metamorphic conditions calculated from the mafic rocks
included in the overlying Tyros beds are 290°C — 380°C and 3.5 — 5Kbar (Baltatzis and Katagas 1984).
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The situation in nearby Kastania village is different. Pressure indicative minerals, such as
lawsonite (Baltatzis and Katagas 1984 — their sample F8L) and garnet (Katagas et al. 1990 — their sample
F12, Jolivet et al. 2010 — their sample KAST), have been documented. Jolivet et al. (2010) suggested peak
metamorphic conditions at ~10Kbar and 450°C.

4.2 P-T estimates

Pressure and temperature conditions of metamorphism were calculated using whole-rock
major-element chemistry of samples F61 and F12 published by Katagas et at. (1991; Fig. 2.9b). Both of
the samples belongs to the Phyllite — Quartzite unit. The thermodynamic calculations were made using
the free energy minimization method (Connolly 2005) and the thermodynamic database of Holland and
Powell (1998, revised 2002).

Sample Fe61 is a quartzite located 3Km north of Zarouchla village and contains quartz, white
mica (3.075 silica a.p.f.u.) and chloritoid. Two pseudosections were produced: one based on the
assumption that the total iron is FeO (so the Fe,0; measured is only related to late oxidization of the
sample) and one based on the assumption that the measured FeO and Fe,0; contents reflect those
during metamorphism (Fig. 4.1). The chloritoid-in curves and the silica content of the white mica were
used to bracket the possible P-T range of metamorphism. According to the calculations, the pressure of
metamorphism most possibly lies between 9 and 13Kbar (or 9 and 10Kbar depending on the
pseudosection chosen) (Fig. 4.1). The temperature of metamorphism is not so well-constrained i.e. it is
higher than ~250°C. The pressure calculated here is significantly higher than that estimated by Katagas
et al. (1991) who proposed that the pressure never exceeded 5Kbar.
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MnNCKTiFMASH (F61 - Katagas et al. 1991) MnNCKTiFMASH (F61 - Katagas et al. 1991)

Ferrous - Ferric XH,0=1 Total Fe as FeO XH,0=1
21 = - 21

P(Kbar)

Si0, 89.48
AL, 6.56
Fe,0,137
Fe0 037
Mg0 0.27
Ca00.02
Na,00.19
K0 159
Ti0, 0.28
MnO 0.01
P05 0.04
TOTAL 100.18

230 310 390 470 550 230 310 390 470 550
TeQ) TeC)

Fig. 4.1. Pseudosections in the system MnO-Na,0-Ca0-K,0-TiO,-FeO-Mg0-Al,0;-Si0,-H,0 for the sample F61 (from Katagas
et al. [2001]) made using PERPLE_X (http://www.perplex.ethz.ch/) software package. The chloritoid-in and -out curves (red
lines), the Si content of the phengite (green lines) and the inferred equilibrium field (blue cross-filled box) are shown. The
major-element analysis of the sample is shown in the middle.

Ix. 4.1. Weubdotopég oto ocvotnpa MnO-Na,0-Ca0-K,0-TiO,-Fe0-Mg0-Al,0;-Si0,-H,0 yia to deiypa F61 (ard Katagas et al.
[2001]) mou éywav pe to Aoyiopkd PERPLE_X (http://www.perplex.ethz.ch/). Zta Siaypappata ¢paivovrat ot KapnUAeg
€L0060U Kal £§680U TOU XAWPLTOELS0UG (KOKKLVEG YPOHHEG), TO TIEPLEXOUEVO OE TUPITIO TWV DEYYITWV (TPACLVEG YPAUUEC)

Ko to Ttedio oopporniag tov Seiyparog (unAe mAaiolo). H xnuwkr) avaAuon tou deiyparog paivetal oto KEvipo.

The second sample (F12) is from the nearby Kastania village, few kilometers east of my study
area. It is a metapelite containing quartz, albite, chlorite, phengite (3.46 silica a.p.f.u.) and garnet
(Mg#=0.095). The garnet-in curves and the silica content of the white mica were used to bracket the
possible P-T range of metamorphism. Garnet is stable at high pressure (only above ~13Kbar) and the
measured Mg# suggests garnet formation even above 15Kbar (or 19Kbar depending on the
pseudosection chosen) (Fig. 4.2). Phengite (3.46 silica a.p.f.u.) suggests peak conditions above 17Kbar.
Assuming a temperature of ~450°C the entrance of garnet at ~17Kbar is in good agreement with the
formation of almandine-rich garnet in the petrogenetic grid suggested for metapelites by Spear and
Cheney (1989). The pressure of metamorphism is significantly increased compared to the pressure
estimated by Jolivet et al. (2010) from metapelites from the same area (10Kbar at 450°C).
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MnNCKTiFMASH (F12 - Katagas et al. 1991) MnNCKTiFMASH (F12 - Katagas et al. 1991)
’ Ferrous - ferric XH,0=1 21 Total Fe as FeO XH,0=1

Si0; 64.74
AlO; 18.06
Fe,0; 2.30
Fe0 4.09
MgO 2.66
Ca00.77
Na;0 2.64
K03.44
Tio, 0.74
Mn0 0.06
P;050.25
TOTAL 99.75

230 310 390 470 550
T(C)

Fig. 4.2. Pseudosections in the system MnO-Na,0-Ca0-K,0-TiO,-Fe0-Mg0-Al,0;-Si0,-H,0 for the sample F12 (from Katagas
et al. [2001]) made using PERPLE_X (http://www.perplex.ethz.ch/) software package. The garnet-in curve (red lines), the Si
content of the phengite (green lines) and the Mg# of the garnet (blue line) are shown. The major-element analysis of the
sample is shown in the middle.

IxX. 4.2. Weubotopuég oto cuotnua Mn0O-Na,0-Ca0-K,0-TiO,-Fe0-Mg0-Al,05-Si0,-H,0 yia to dsiypa F12 (and Katagas et al.
[2001]) mou éywav pe to Aoyiopkd PERPLE_X (http://www.perplex.ethz.ch/). Zta Siaypappata ¢aivovrat ot KaUnUAEG
€10080U TOU ypavatn (KOKKIVEG YPOUUEG), TO TIEPLEXOUEVO OF MUPITIO TwV Peyyltwv (PACIVEG YPOUUUEG) Kal 0 aplOpog
payvnoiou tou ypavadrn (UrAe ypappég). H xnuiki avéAuon tou deiypatog dpaivetal oto Kévipo.

4.3 Summary

Published P-T estimates for the northernmost exposures of the Phyllite — Quartzite unit in the
Feneos and Kastania areas are relatively scarce. For the Feneos area, Katagas et al. (1991) suggested
peak metamorphic conditions of <5Kbar and 340-420°C while Jolivet et al. (2010) suggested higher
temperature i.e. ~500°C at the same pressure. On the contrary, the peak pressure seems to be higher
near Kastania village i.e. 10Kbar at 450°C (Jolivet et al. 2010).

P-T estimates made here allowed the direct comparison between the metamorphism of the two
areas mentioned above. From the Feneos area, the sample studied seems to have equilibrated at 9-
11Kbar even though that the temperature is not well-constrained (i.e. >230°C) (Fig. 4.1). From the
nearby Kastania area, the sample studied equilibrated at significantly higher pressure i.e. >13Kbar (or

Page | 54



http://www.perplex.ethz.ch/�
http://www.perplex.ethz.ch/�

even >15Kbar) (Fig. 4.2). Overall, the pressure of metamorphism calculated here is considerably
increased compared to the already published results from the above-mentioned areas. If the pressure
difference between the Feneos and Kastania areas is precise, then this necessitates either (i) the
possible discrimination between subunits with different metamorphic histories (all belonging to the
Phyllite — Quartzite unit but exposed in the aforementioned areas) or (ii) the discrimination between
different mechanisms, or intensity of mechanisms, responsible for the exposure of the specific unit.

Page | 55



Provenance and geotectonic
setting of a quartzite (Phyllite —
Quartzite unit)

Chapter 5

The term «provenance» in geology applies mainly to the methods used to shed light on the
source materials of sedimentary (or metasedimentary) rocks as well as on the related geotectonic
settings. It involves simple tools such as mineralogical composition of the rock and single mineral
composition or more sophisticated methods such as detrital minerals age distribution (zircon, monazite
etc), chondrite- or MORB-normalized incompatible elements diagrams, isotopic composition (Rb/Sr,
Sm/Nd, §'%0, 63C, 6**S), heavy minerals chemistry etc. Identifying ancient source areas and depositional
settings is of fundamental importance for palaeogeographical reconstructions.

5.1 Resolving tectonic problems

Zircon geochronology and thermochronology is a particularly powerful approach because zircon
occurs in most magmatic, metamorphic and sedimentary rocks and is capable of surviving multiple
phases of physical and chemical weathering, erosion and deposition. Due to the continuous
improvement of the analytical techniques, U-Pb zircon analyses are becoming more and more accessible
by researchers making the application of detrital zircon geochronology extremely useful in resolving
provenance- and tectonic-setting-related problems (e.g. Yamashita et al. 2000, Lahtinen et al. 2002,
Meinhold et al. 2009). In addition, the method has become a common approach for determining
dispersal patterns and recycling (Dickinson and Gehrels 2008), timing of tectonic processes such as the
onset and kinematic history of mountain building (White et al. 2002, DeCelles et al. 2004), maximum
depositional age of otherwise undatable sedimentary units by using the youngest age component
(Surpless et al. 2006, Fildani et al. 2003, DeCelles et al. 2007), and source-sedimentary basin evolution
(Rahl et al. 2003, Fildani et al. 2009). The major disadvantages of detrital zircon geochronology are: (i)
the loss of small zircons in separation; (ii) the lack of contribution from fine-grained volcanic sources;
and (iii) the lack of contribution from less felsic sources that may be relatively zircon-poor, thus biasing
data toward felsic rock types.

After the pioneering work of Julian Pearce back in the '80s, related to the correlation between
the element distribution patterns (e.g. REE, Rb, Ti, Nb, Ta, Y, Sc, Th, Zr, Hf) and the geotectonic setting
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(Pearce et al. 1984), numerous authors have contributed to the application or the improvements of this
method (MclLennan et al. 1993, 1995, Li et al. 2005, Gonzalez-Alvarez et al. 2006, Barovich and Hand
2008). In addition, enrichment or depletion of light REEs relative to heavy REEs and the nature of Eu
anomalies can provide additional clues to relate sediments to the bulk compositions of source regions.
This method has been proven to be quite powerful because once weathering and sorting processes are
accounted for (e.g. Cullers and Podkovyrov 2002, Lopez et al. 2005), the geochemistry of the sediment
carries the record of the input of source material, and allows distinction between evolved crustal
material and mantle-derived igneous rocks. The effectiveness of this method lies in the fact that even if
the content in specific crucial elements may change during transport, metasomatism, metamorphism or
weathering, the relative ratios between the parent rock and the newly formed sedimentary rock should
remain quite constant.

Sm/Nd and Rb/Sr isotope studies are often combined with REE and trace element geochemistry
(Gleason et al. 1995, Tran et al. 2003, Anders et al. 2006). The most important contribution of these
heavy elements in geology is the identification of the contribution (or not) of the mantle in the
crystallization of the source rock. In general, an initial ratio of 875r /%%y less than 0,706 implies that the
source rock derived from partial melting of the mantle, while values greater than 0,706 indicates that
the rock has a significant crustal component. Because Sm/Nd ratios do not readily experience
fractionation during diagenesis, chemical weathering, erosion, or sedimentary sorting (Taylor and
McLennan 1985, McLennan, 1989), Sm-Nd isotope variations in sedimentary rocks should record their
source regions. Furthermore, Sm and Nd are relatively immobile during metamorphism (Green et al.
1969, Jahn 2000) which suggests that Sm-Nd isotope systematics may contribute significantly in solving
provenance problems. A positive gyq value implies that the source rock derived from a depleted mantle
source and a negative gyy value indicates that the rock derived from either an enriched mantle or a
crustal source enriched over time.

Additional information on the provenance of sedimentary rocks can be gleaned using Lu/Hf in
zircons, Th/U in zircons or other heavy minerals (rutile etc). The Lu/Hf system in zircon is highly
refractory (e.g. Corfu and Noble 1992) and its isotopic compositions can be used not only to trace source
characteristics, but also to reveal processes involved in the generation of crustal melts and zircon
formation mechanisms during partial melting (Flowerdew et al. 2006). It is known (e.g. Hartmann and
Santos 2004) that Th/U ratios are high in magmatic zircon (>0.2) and low in metamorphic zircons
(~0.001-0.1). The combination of zircon Th/U ratio with zircon typology (Pupin 1980) can reveal the
magmatic or metamorphic origin of the zircons analyzed, providing additional information on the source
material. Heavy minerals (e.g. cr-spinel, rutile) have been proved very useful in identifying specific
characteristics of the source rock (Meinhold et al. 2007, 2008a).

In Greece, such provenance studies are scarce. Only from Circum-Rhodope belt (Meinhold et al
2009, 2010), Chios-Inoussa-Psara (Meinhold et al. 2007, 2008a, 2008b, Meinhold and Frei 2008) and
Pindos mid-cretaceous turbidites (Faupl et al. 2006) have been reported until now.

As far as clastic sediments are concerned, several well-established discriminant diagrams exist,
based on their petrography, heavy-mineral assemblage (e.g. spinel, rutile) and geochemistry. Thus, a
complete provenance analysis of the source of (meta)sedimentary rocks should rely on simple single
mineral chemistry or more efficient methods such as datable-mineral (e.g. zircon, monazite, micas) age
distribution, major- and trace-element geochemistry, Nd and Sr isotopes. Other heavy minerals (e.g.
spinel, rutile) can be used to glean additional information.
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5.2 Samples analyzed — Analytical methods

One quartzite (sample Fel; see Fig. 3.1 for locality) was selected for major- and trace-elements,
Nd and Sr isotopes and for dating of the zircons contained. The sample appears as a massive rock with
only minor developed foliation. It contains mainly quartz with significant amount of detrital zircons. It
belongs to the metamorphosed sediments of the Phyllite — Quartzite unit and it appears in relatively low
stratigraphic level within the unit. No alteration is observed in hand-specimen. Although that the exact
depositional age is unknown, ages between Upper Carboniferous and Middle Triassic have been
reported for rocks of the specific unit from western Crete (Krahl et al. 1983; Plate 5) (note that only rock
samples belonging to the Phyllite — Quartzite unit, according to the latest stratigraphy of Crete proposed
by Papanikolaou and Vassilakis [2010], took into consideration).

Major- and trace- elements

Major- and trace elements analyses were carried out at the University of Nancy' using laser ablation inductively
coupled plasma mass spectrometry (LA-ICPMS).

Zircons

A classic mineral separation procedure has been applied to concentrate minerals suitable for U-Th-Pb dating using the
facilities available at Géosciences Rennes. Rocks were crushed and only the powder fraction with a diameter < 250 um has been
kept. Heavy minerals were successively concentrated by Wilfley table and heavy liquids. Magnetic minerals were then removed
with an isodynamic Frantz separator. Zircon grains were carefully handpicked under a binocular microscope and embedded in
epoxy mounts. The grains were then hand-grounded and polished to approximately half their original thickness on a lap wheel
with a 6 um and 1 um diamond suspension successively. Zircons were imaged by cathodoluminescence (CL) using a Reliotron CL
system equipped with a digital color camera available in Géosciences Rennes. U-Th-Pb geochronology of zircon was conducted
by in-situ laser ablation inductively coupled plasma mass spectrometry (LA-ICPMS) at the Laboratoire Magmas et Volcans in
Clermont-Ferrand, France using an ICP-MS Agilent 7500 spectrometer coupled with a fully computer-controlled 193nm
Resonetics M-50E laser system equipped with an ATL laser of ultra-short pulse duration (<4ns). Ablation spot diameters of 26
pum with repetition rates of 3 Hz were used for zircon. Data were corrected for U-Pb and Th—Pb fractionation and for the mass
bias by standard bracketing with repeated measurements of the GJ-1 zircon standard (Jackson et al. 2004). Data reduction was
carried out with the GLITTER® software package developed by the Macquarie Research Ltd. (Jackson et al. 2004). Concordia
ages and diagrams were generated using Isoplot/Ex (Ludwig 2001) updated to version 3.6. Binned frequency histograms and
probability-density distributions were created using the AgeDisplay excel workbook (Sircombe 2004). All errors given in
Appendix B are listed at one sigma, but where data are combined for regression analysis or to calculate weighted means, the
final results are provided at two sigma.

5.2.1 Major and trace elements — Classification of the rock

The major and trace elements of the sample under investigation are presented in Table 5.1. The
quartzite has much increased Si content with less amount of Al. Fe, K and Ti exist in minor quantity while
Mn, Mg, Na is negligible. Ca and P are below detection limit. The extremely increased Si content,
together with field observations, suggests that the sample represents a metasediment rather than an
igneous rock. Based on Herron’s (1988) chemical classification of shales and sands the sample
represents a quartz-arenite (Fig. 5.1).
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Fig. 5.1. Chemical classification of terrigenous shales and sands (Herron 1988) and projection of the Fel sample (red lozenge).
The third axis (not shown here) classifies the sample (Fel) into the noncalcareous (Ca<4%) sediments field.

Zx. 5.1. Xnuikn tagivopnon ya LAuOALOouG Kat Gppous NelpwTkAG mpoéAeuonc (Herron 1988) kat mpoBoAn tou Seiypartog
Fel (kAkkwog popupog). O tpitog d§ovag o onoiog dev paivetal 6w tafvopei to Seiypa (Fel) wg un-acBeotolyo (Ca<d%)
TMETPWHOTA.

Table 5.1. Major and trace elements analysis for the sample Fel (quartzite).
Nivakag 5.1. Kbpla otoiyeia ko tyvootoixeia tou Seiypatog Fel (xaAalitng).

Trace Elements Major Elements
As 1390 Ge 0,868 Sn 0,743 SiO, 96,64
Ba 38,240 Hf 9,064 Sr 6,036 Al,O; 1,87
Be <LD. Ho 0,212 Ta 0,413 Fe,0; 0,51
Bi <LD. In <LD. Tb 0,141 MnO 0,01
Cd 0,228 La 4416 Th 4,790 MgO 0,06
Ce 7,480 Lu 0,136 Tm 0,108 CaO <L.D.
Co 1593 Mo <LD. U 1,072 Na,O 0,12
Cr 45210 Nb 4597 V 9,917 KO 0,39
Cs 0231 Nd 4388 W 0,575 TiO2 0,29
Cu <LD. Ni 4669 Y 6,482 P,05 <L.D.
Dy 0941 Pb 1,999 Yb 0,824 PF 0,54
Er 0643 Pr 1,203 2n <L.D. Total 100,41

Eu 0,158 Rb 9,119 2Zr 386,500
Ga 2152 Sb 0,110
Gd 0,757 Sm 0,855

Trace elements in ppm
Major elements in weight per cent
Total iron measured as Fe,03

L.D. below detection limit
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All the trace elements, except from Ba, Cr and Zr, are below 10ppm. The increased Cr content
(~45ppm) indicates a possible ultramafic source (see paragraph 5.2.2). The extremely high Zr content
indicates the presence of detrital zircons possibly coming from an acid igneous or reworked sedimentary
source (see paragraph 5.2.2 and 5.2.4.1). Possible input from basalts is not supported, at least at first
glance, as the Nb/Ta ratio of the sample is ~11, almost two thirds of the ratio expected in most basalts
(~17).

5.2.2 Multi-element diagrams — Source material and geotectonic setting

Chondrite- or MORB-normalized trace element diagrams have been extensively used by
numerous authors to enlighten the particular characteristics of the rock under investigation (e.g. Pearce
et al 1984, Kostopoulos 1988 etc). It is known that partial melting mobilizes the incompatible elements
resulting in the depletion of the source and the enrichment of the newly-formed rock. The main
advantage of these diagrams is the possibility of recognizing the relative enrichment (or depletion) in
incompatible elements (REE, LIL and HFS) comparing to a non-evolved source (chondrite; chondrite-
normalization) or to a mafic rock standard (MORB; MORB normalization).

In sedimentary rocks, the importance of using normalized diagrams lies in the fact that under
most of situations, trace elements can be immobile during processes such as erosion, weathering,
sedimentary sorting, metamorphism etc (e.g. Taylor and McLennan 1985). In this case, the trace-
elements content can reveal characteristics of the source rock (igneous or metamorphic rock etc).
Further, trace elements (REE, LIL, HFS) can give valuable information relative to the geotectonic setting
of the source rock. The use of normalized and trace-element classification diagrams can be extremely
useful especially when palaeogeographic reconstruction are accounted for.

The source rock of the quartzite can be an igneous or metamorphic rock, more or less evolved,
or even an older sedimentary rock. The total REE content is extremely low (2REE=22.26ppm) probably
due to the quartz dilution. Compared to the chondrite’s REE content the quartzite analyzed is enriched
both in LREE and HREE, showing a pronounced negative trend with (La/Lu)y=3.37 (Fig. 5.2a). This
negative trend can be either the result of the partial melting during the formation of a hypothetical
igneous source rock or the result of the fractional crystallization during the evolution of this rock. In case
that the source rock was of metamorphic origin, this negative trend characterizes the differential
mobility of elements during metamorphic-fluids mobility. There is a negative trend in LREE (La-Sm;
(La/Sm)n=3.25) and a positive one in HREE (Gd/Lu)x=0.69. In particular, the HREE are initially rather flat
(Gd-Er; (Gd/Er)y=0.95) and increase the slope at the last elements (Er-Lu; (Er/Lu)y=0.72). The europium
anomaly has a medium negative value (Eu/Eu*=0.6).

The elements in the crust-normalized diagrams (Fig. 5.2b) are placed with increasing
incompatibility from Sr to Ba and from Yb to Th. Compared to the crust values used (CC, UCC and MCC;
Ludnick and Gao 2003), the sample is relatively depleted both in LIL (Sr-Ba) and HFS (Th-Yb) elements
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with the exception of Zr and Hf. The high detrital zircons content is responsible for the increased Zr
value (386ppm; Table 5.1) and the increased Hf content relatively to the crust’s content as Hf is known
to strongly fractionate into the zircon (e.g. Corfu and Noble 1992). Magmas formed above subduction
zones commonly show negative Nb and Ti anomalies. The sample analyzed may show such
characteristics only for Ti. On the other hand, a prominent negative anomaly is observed for Sr, Ba and P
(P is even below detection limit; Table 5.1). Sr and Ba strongly incorporate into plagioclase, revealing
that the source of the quartzite suffered fractionation of plagioclase, something which is supported by
the negative Eu anomaly. In the same way, P negative anomaly probably shows that apatite played a
major role in parent-rock formation.

100 10

Detrital zircon effect

Rock /

Chondrite
10 \/\ Rock / Crust
w -

a 1 b 0,01

la Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb Lu St K Rb Ba Th Nb Ta Lla Ce P Nd Sm 2Zr Hf Ti Y Yb

~CCn
+-UCCn
—+—MCCn

Fig. 5.2. Normalized diagrams for the sample Fel (quartzite). (a) Chondrite-normalized REE pattern. Chondrite values from
Taylor and McLennan (1985). (b) Crust-normalized LIL/HFS diagrams. CCn: Continental Crust Normalization, UCCn: Upper
Continental Crust Normalization, MCCn: Middle Continental Crust Normalization. Average crust values from Rudnick and Gao
(2003).

Ix. 5.2. Avnypéva Staypappa yia to deiypa Fel (xaAalitng). (a) Avaypévo potifo onaviwv youwv (REE) pe Baon xovdprtikni
cUotaon (tiuég and Taylor and McLennan [1985]). (b) Avnypévo potifo twv otoyeiwv uPnAng tovtkig aktivag (LIL) ko twv
otolxeiwv uPnAou ovtikov Suvapwkol (HFS) pe Baon tn olotaon tou NrelPwTkol ¢Aool. CCn: avaywyn He Bdon tov
Héco NTElpWTIKO GAold, UCCn: avaywyh MHE BAon tov avw NREPWTKO ¢Aold, MCCn: avaywy He Bdon tov péco
NREPWTIKO PAoLd. TIHEG oToKEIWV TOU NrielpwTikoV ¢pAotol and (Rudnick and Gao 2003).

Two provenance diagrams were used. The diagram from Roser and Korsch (1988) suggests a
quartz-rich sedimentary source rock for the sample analyzed (Fig. 5.3a). The diagram from Floyd and
Leveridge (1987) suggests that there is a significant sedimentary component (Fig. 5.3b). Collectively, it
seems that the sample represents an intermediate between an acidic igneous source and a sedimentary
source. This trend is clearly seen in the zircon populations where (i) most of the Th/U ratios are plotted
in the stability field of “magmatic zircons” (Fig. 5.6) and (ii) the aspect ratios of the zircon analyzed are
between 1.668 and 2.262 (Table 5.3) showing significant rounding due to sedimentary transport.
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Fig. 5.3. Projections of the sample (Fel). (a) Provenance diagram based on major oxides ratios (Roser and Korsch 1988). (b)
Provenance diagram based on La/Th vs. Hf concentration (Floyd and Leveridge 1987). (c) Tectonic setting diagram for granitic
rocks based on Rb-(Y+Nb) content (Pearce et al. 1984). The red lozenge represents the elemental content measured for
sample Fel and the grey box represents the elemental values of the igneous source. Details in the text. Syn-COLG: Syn-
collisional Granites, WPG: Within Plate Granites, VAG: Volcanic Arc Granites, ORG: Ocean Ridge Granites. (d) Cr/V vs. Y/Ni
plot (McLennan et al. 1993).

Zx. 5.3. MpoPoAég Tou Seiypartog Fel. (a) Audypappa npoéAevong (provenance) Wnpdtwv pe Baon toug AOyoug Twv Kupiwv
o&eldiwv (Roser and Korsch 1988). (b) Aldypappa npoélevong Wnpdatwv pe Baon to Adyo La/Th kat tn cuykévipwon o Hf
(Floyd and Leveridge 1987). (c) Atdypoppa SLAKPLONG TOU YEWTEKTOVIKOU MEPIBAAAOVTOG YLO YPAVLTIKA TETPWHTA UE Bdon
to tepLexopevo o€ Rb kat (Y+Nb) (Pearce et al. 1984). O KOKKLVOG pOUBOG AVAITOPLOTA TH OTOLXELOKE oUOTOOH TOU Seiypatog
Fel Kat To YKpL TETPpAywvo T olotaon tou Tlavol apxXtkoU HayHatikol MPwTOABou. AENTOUEPELEG OTO KEipeVO. Syn-
COLG: Zuv-tektovikoi ypaviteg, WPG: Mpaviteg ecwtepikol mAakwv, VAG: Mpaviteg natotelakol té§ou, ORG: lpaviteg
Heoowkeaviag paxng. (d) MpoBoAr pe Bdon tou Adyoug Cr/V kan Y/Ni (McLennan et al. 1993).
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Assuming that the Rb, Y and Nb content is mainly reflecting a granitic source input, then, based
on the work of Pearce et al. (1984) it should reflect a typical volcanic-arc granite with low concentration
of Rb and Y+Nb (Fig. 5.3c). However, due to the quartz dilution there must be a pronounced shift of the
initial igneous source values towards lower Rb and Y+Nb values. In order to make a rough estimation of
the Rb and Y+Nb “initial” values that correspond to the igneous source, non-altered sandstones from
SW Hungary were chosen for comparison (Varga et al. 2007; Appendix A). The method used is described
in the Appendix A. The estimation of the “initial” Rb and Y+Nb (grey box), as well as the measured
elementary content (red lozenge), are shown in Fig. 5.3c. As noted by Forster et al. (1997) significant
overlapping may exist in this diagram particularly near the borders between two neighbor fields.
Consequently, the igneous source is of volcanic-arc origin with a possible within plate affinity.

Cr and Ni can be good indicators of an ultramafic/mafic source. Cr and Ni in shales can be in the
form of either detrital particles or absorbed ions while in sandstones Cr concentrates only in detrital
minerals (e.g. spinels). Consequently, all the available Cr and Ni coming from a possible ultramafic
source can concentrate in shales, resulting in a Cr/Ni ratio analogue to that of the ultramafic source
(~1.3-1.5), while in sandstones Cr/Ni ratio tends to be higher with relatively lower absolute values
(Garver et al. 1996). In other words, shales can fully accommodate Cr and Ni which is not the case in
sandstones where the Cr and Ni contents are strongly influenced by the detrital mineral effect.
According to the work of the previous authors for shales, values of Cr>150ppm and Ni>100ppm, Cr/Ni
between 1.3 and 1.5 and a high correlation coefficient between Cr and Ni are diagnostic of ultramafic
rocks in the source area, whereas higher Cr/Ni ratios (higher than 2) typify an input of mafic volcanic
detritus. In case that the Cr and Ni are really coming from a mafic source, then Cr should be highly
correlated with V and Ti with high values of V/Cr and V/Ni (Garver and Scott 1995). The sample analyzed
is the metamorphic equivalent of sandstone and has low Cr-content (~45ppm), low Ni-content
(~4,7ppm), low V/Cr ratio (~0.22), low V/Ni ratio (~2.12) and high Cr/Ni ratio (9.68). According to the
above, low V/Cr and V/Ni ratios deny the existence of a mafic source and the increased Cr/Ni ratio
reflects the accumulation of few grains of Cr-bearing minerals coming from an ultramafic source. The
ultramafic detritus can probably be seen in the Cr/V vs. Y/Ni plot (Fig. 5.3d).

5.2.3 Zircon dating as a provenance tool

U-Pb dating of detrital zircons has become a popular method in provenance studies. The
method is used to identify provenance components in a (meta-) sedimentary unit (e.g. Haas et al. 1999,
Meinhold et al. 2008b, 2009, 2010), to correlate between sequences (e.g. Bingen et al. 2001), to
determine a maximum limit for the age of deposition (e.g. Knudsen et al. 1997, Williams 2001, Bingen et
al. 2001) and to study crustal evolution processes on a continent-wide scale (e.g. Davis 2002, Goodge et
al. 2002, Barr et al. 2003, van Wyck and Williams 2002, Griffin et al. 2004). The most common approach
used, is the visualization of U-Pb Concordia plots or probability density diagrams (Sircombe 2000) of the
zircons dated.

The work of identifying the different provenance components (terrains) of (meta-) sediments

can suffer some pitfalls. In provenance studies, the most important question still remains the following:
“How many grains are needed to identify all the possible contributors?”. Assuming that the separation of
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zircons from their host rock and the selection of grains for analysis is strictly a random process, the
answer is directly related to the contribution of each terrain, measured in percentage, in the sediment
under investigation. Statistical manipulation of the previous problem has revealed that the smallest
number of grains in a sample that must be dated to achieve a required level of statistical adequacy is 117
(Vermeesch 2004). The 120 spots analyzed in this study equals to less than 1% of detection limit
(=percent of abundance in the original sediment) based on the work of Andersen (2005). This means
that a possible source which contributes to the zircon population with less than 1%, can be identified
using 120 spots and the possibility of not identifying such a terrain is null. Taking into consideration only
the spots within the concordance limit (63 out of 120 spots at 95-105% concordance) then, the
detection limit is around 5% and there is a 25% chance of not recognizing a source that contributes 2%
at the total zircon population.

5.2.3.1 Zircons extracted — Classification based on their typology and other
characteristics

A total of 127 grains from the quartzite Fel were mounted and allocated into three groups (Fig.
5.4). 102 out of 127 grains were chosen for dating resulting in 120 spot analyses (Table 5.2). 63 out of
120 measurements are within 95-105% concordance limit and 89 out of 120 are within the 90-100%
concordance limit. The complete isotopic dataset is presented in Appendix B and the summary of the
geometrical characteristics of the different groups is presented in Table 5.3. Most of the grains
extracted are rounded and show intense sedimentary transport nullifying in this way the possibility of
applying the genetic classification of Pupin (1980).

_rowcus s GROUP I cuiss s GROUP II woniss s GROUP IIT
Total Spots: 56 3 W 112008 g

Fig. 5.4. CL images of the 127 zircon grains separated from the quartzite Fel. The zircons are distributed into three groups
based on their typology and the geometrical characteristics (see text for details). Letter-number code next to each zircon:
group-row-grain.

IX. 5.4. Ewkoveg kabododwtavyelag anod toug 127 kOkkoug {ipkoviwv tou xahalitn Fel. Ta {ipkévia £Xouv KatavepnnOsi o

TPELG ONASEC HE BAOH TNV TUMOAOYiOL KOL TO YEWMETPLKA TOUG XOPaAKTNPLOTKA (PA. Keipevo yia Aemtopépeleg). O
YPOULLOTIKOG-apLOUNTIKOG KWK Ttou avadépetal Simha o KA KOKKO {LpKoviou gival: OpASa-ypappi-KOKKOG.
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Group |

It consists of 47 relatively big, gray, cloudy and mostly rounded zircons with their long axis being
between ~125 and ~280um (Table 5.3). The weighted mean of the length/width (L/W) aspect ratio is 1.7
(Table 5.3). A total of 56 spots (42 grains) were measured. Homogenous grains and inherited cores
account for 58.9% (33 spots) of the total spots obtained and the overgrowths and rims account for the
rest 41.1% (23 spots) (Table 5.2). The minimum and maximum ages reported for the Group | are 516431
Ma (*°°Pb/*’Pb) and 2746+19 Ma (*®*Pb/*”’Pb) respectively (Table 5.2, 5.3). The absence of euhedral
zircons along with the rounded shape (relatively low aspect ratio) indicates long-distance sedimentary
transport. The Group | has in average the lowest Pb, U and Th content (Table 5.4). Only 4 out of 56
dated spots have U content higher than 400ppm (Appendix B).

Group Il

It consists of 34 relatively small, transparent and elongated zircons with their long axis being
between ~80 and ~250um (Table 5.3). The weighted mean of the length/width (L/W) aspect ratio is
2.262, fairly higher than that of the other groups (Table 5.3). Mainly euhedral but also rounded zircons
appear in this group with the euhedral ones being cracked either due to sedimentary transport or due to
the extraction procedure. A total of 24 spots (23 grains) were measured. Homogenous grains and
inherited cores account for 50% (12 spots) of the total spots obtained and the overgrowths and rims
account for the rest 50% (12 spots) (Table 5.2). The minimum and maximum ages reported for the
Group Il is 590+11 Ma (*°*®Pb/**U) and 2669+18 Ma (*°**Pb/**’Pb) respectively (Table 5.2, 5.3). Some of
the grains i.e. 11b-006 and 11d-006 (Fig. 5.4) show quite good euhedral shape and according to the
classification of Pupin (1980) they belong to the main group S (S20) or to the subgroup U (U24). For the
S20 type, the (100) prism dominates over the (110) prism, as does the (101) pyramid over the (211)
pyramid and is compatible with crystallization of sub-alkaline acid magma at T~800°C indicating in this
way the magmatic input. The Group Il has in average moderate values of Pb, U and Th content
compared to the other groups (Table 5.4). Only 4 out of 24 dated spots have U content higher than
400ppm (Appendix B).

Group Ill

It consists of 46 relatively medium-sized, pink, semi-transparent, mainly rounded zircons with
their long axis being between ~100 and ~225um (Table 5.3). The weighted mean of the length/width
(L/W) aspect ratio is 1.668, quite identical to that of the first group (Table 5.3). A total of 40 spots (37
grains) were measured. Homogenous grains and inherited cores account for 57.5% (23 spots) of the
total spots obtained and the overgrowths and rims account for the rest 42.5% (17 spots) (Table 5.2). The
minimum and maximum ages reported for the Group IIl is 533+30 Ma (***Pb/*’Pb) and 2992+48 Ma
(*°°Pb/**8U) respectively (Table 5.2, 5.3). The euhedral grain Illa-004 (Fig. 5.4) resembles the main type
G1 of Pupin (1980) showing dominant (110) prism and (101) pyramid. According to Pupin and Turco
(1972) this typology indicates crystallization from an alkaline and relatively cool medium. The Group llI
has in average the highest values of Pb, U and Th content (Table 5.4) and almost half of the dated spots
(19 out of 40) show U content higher than 400ppm (Appendix B).
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Table 5.2. Statistical analysis of the zircons analyzed from the quartzite Fel.
Nivakag 5.2. Itatiotikn avaluon Twv {IpKoviwv nou avaAudnkav and tov xaAalitn Fel.

Total Grains Spots fg:::z:::: % Minimum Maximum Average HZ:::,:ZE:::S % Overgrowths %
grains analyzed measured limit* Age** (Ma) | Age**(Ma) | Age***(Ma) inherited cores and rims
Group | 47 42 56 51 91,1% 516 2746 1149 33 58,9% 23 41,1%
Group Il 34 23 24 13 54,2% 590 2669 1112 12 50,0% 12 50,0%
Group Il 46 37 40 25 62,5% 533 2992 1337 23 57,5% 17 42,5%
Total 127 102 120 89 74,2% - - - 68 56,7% 52 43,3%

* Concordance limit is set at 90-110%
** Only spots within concordance limit are concerned
*** Arithmetic average of 206Pb/207Pb, 206Pb/238U, 207Pb/235U only for spots within concordance limit

Table 5.3. Geometrical characteristics of the different group of zircons from the quartzite Fel.
Mivakag 5.3. ZUvoPn TWV YEWUETPLKWV XUPAKTNPLOTIKWY TWV TPLWV OLASwv {ipkoviwv Ttou xaAalitn Fel.

Group | Group Il Group Il
Min. L (um) 125 80 100
Max. L (um) 280 250 225
Min. W (um) 80 25 65
Max. W (um) 160 125 150
Arithmetic mean (L/W) 1,692 2,274 1,676
Min L/W 1,000 1,300 1,000
Max L/W 2,750 5,000 2,733
Weighted mean (L/W) 1,700 2,262 1,668

"L" refers to the long axis of the selected zircons and
"W" refers to the length in the perpendicular direction

Table 5.4. Pb, U, Th contents and Th/U ratio of the zircons analyzed. The complete isotopic dataset is given in Appendix B.
NMivakag 5.4. To nepiexduevo oe Pb, U ka Th kaBwg kat 0 Adyog Th/U twv {ipkoviwv ou avaAiOnkav. To clvoAo twv
Lootorkwv dedopévwy dpaivetat oto Napdptnua B.

Group | Group Il Group Il
Minimum 2 8 1
Pb content Maximum 168 204 625
Average 39 61 102
Minimum 10 78 7
U content Maximum 1717 990 1838
Average 219 | 306 [sa3
Minimum 0 5 0
Th content Maximum 527 347 839
Average 96 122 162
Minimum 0.002 0.005 0.005
Th/U ratio Maximum 1.823 0.962 2.465
Average 0.604 0.463 0.471
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5.2.3.2 Frequency histograms and probability — density plots

In provenance studies involving relatively large dataset, the most optimum method to visualize
the results is the binned frequency histogram and probability density distribution (e.g. Morton et al.
1996, Sircombe 2000, Meinhold et al. 2008b). The **’Pb/***Pb ages (95% concordance) (Appendix B)
yielded 4 prominent age clusters of 500-825 Ma (Neo-proterozoic — M. Cambrian), 950-1075 Ma (Upper
Meso-proterozoic — Lower Neo-proterozoic), 1750-2000 Ma (M.-Upper Paleo-proterozoic) and 2400-
2750 Ma (Neoarchean — Lower Paleo-proterozoic) (Fig. 5.5). Based on the 2°°Pb/?*®U and *”’Pb/?°U ages
(not shown here) the last group can be split into two other clusters i.e. 2400-2500 Ma and 2600-2750
Ma. Another possible age cluster appears at 2925-2950 Ma (Fig. 5.5). Taking into consideration both the
concordant and the discordant zircons, one can claim that the third cluster (1750-2000 Ma) extends up
to ~1600 Ma (light grey; Fig. 5.5a, d). This last cluster is also visible using the **Pb/***U and **’Pb/*°U
ages (not shown here). In general, the most abundant zircon input is coming from the youngest Neo-
proterozoic — M. Cambrian age cluster.

The contribution of each group of zircons to the above age clusters is different. The Group |
contributes to every age cluster but its contribution to the youngest clusters is more significant. In most
cases, its width is equal to the width of the cluster (especially for the ages <1.1Ga) (Fig. 5.5b). Group Il
appears mainly in the youngest clusters (i.e. <1.1Ga) and it is scarce in the rest (Fig. 5.5c). Note,
however, that the concordant zircons of this group are only 7 out of 24 total spots (Table 5.4). Group Il|
contributes equally to the four age clusters mentioned above, in line with its high-U content (Table 5.4),
and has the most significant contribution to the Late Paleo-proterozoic cluster (1750-2000 Ma). In
addition, it probably defines another cluster (the oldest one) at 2925-2950 Ma (Fig. 5.5d).
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Fig. 5.5. Binned frequency histogram coupled with probability density distribution for the zircons of the sample Fel using (a)
the full dataset, (b) the ages obtained from Group I, (c) the ages obtained from Group Il and (d) the ages obtained from
Group lll. The 206pp /27pp ages (95% concordance) were chosen for display. The light grey areas represent the complete
dataset of each group (or of the total) and the dark grey areas represent the zircon ages within concordance limit. Four
prominent age clusters are visible i.e. 500-825 Ma, 950-1075 Ma, 1750-2000 Ma, 2400-2750 Ma (or split into 2400-2500 Ma
and 2600-2750 Ma). Another ambiguous age clusters can be spotted at 2925-2950 Ma. See text for details.

IX. 5.5. lotoypappara cuxvotntag-rnbavotntag twv {ipkoviwv tou deiyparog Fel amnd (a) to cuvolo twv petpioswy, (b) Tig
NAWKLEG TG Opadag I, (c) g nAkiéG tng Opadag Il kau (d) Tig nAwkiég tng Opadag lil. Ou NAKiEG TOU LGOTOTILKOU CUOCTHATOG
20%pp /2P (95% cupdwvia) emAéxOnKkav yia anekévnon. Ot TEPLOXEC amalol YKPL XPWHOTOS oVOTapLeToUV T0 GUVoAo
TWV UETPHOEWV TNG KAOE Opadag () OAwvV Twv opddwv pali) Ko oL TEPLOXEG OKOUPOU YKPL XPWHLOTOG OLVOITAPLOTOUV EKELVES
T1§ nAKieg mov cupuPadifouv pe to 6pLo cupdwviag. Téooepelg Slakpltég déopeg NAkLwv exwpilovtar: 500-825 ek. xp. ,
950-1075 £K. Xp., 1750-2000 £K. xp., 2400-2750 €k. Xp. (Unopei va StakplBei empépoug og 2400-2500 €k. Xp. Ko 2600-2750
€K. Xp.). Mia akopa mibavn S€oun NAKLWV UIopPEL va evtomiotel ota 2925-2950 K. Xp.

It is known that the Th/U ratio can be a useful indicator of the magmatic or metamorphic nature
of the zircon under investigation (e.g. Teipel et al. 2004). Values of Th/U>0.3 are generally accepted as
the lower limit of magmatic values (Rubatto et al. 2001, Schaltegger et al. 1999, Vavra et al. 1999) while
Th/U ratios <0.1 (or even <0.01) are characteristic of metamorphic zircons (Rubatto et al. 1999,
Schaltegger et al. 1999, Williams et al. 1996).

Measuring the absolute abundance of Th content (as well as the U and Pb content) of zircon
using laser ablation inductively coupled plasma mass spectrometry (LA-ICPMS) is not possible. Instead,
comparing with the average known Th content of the standard GJ-1, which is not homogeneous
throughout the grain, and comparing the corresponding absolute counts with that of the zircon under
investigation can give a rough idea of the real content. The Th/U ratios (Appendix B) obtained by this
method can deviate +10% from the real ratio but they can still be used as a tool.

Two Th vs. U plots are drawn: one based on the three different groups of zircons (Fig. 5.6a) and
one based on the age clusters mentioned above (Fig. 5.6b). The major conclusions coming out of the Fig.
5.6 are: (i) Group Il has dominantly magmatic zircons while the two other groups contain some zircons
with metamorphic signature, (ii) Zircons with metamorphic signature originate mainly from the first age
cluster (500-825 Ma; Neo-proterozoic — M. Cambrian) and less from the third age cluster (1750-2000
Ma; M.-Upper Paleo-proterozoic). One additional Th/U vs. age plot (Fig 5.6c¢) verifies that most of the
metamorphic zircons belong to the youstest age cluster (500-825 Ma).

Page | 69



1000 e Sene
[
c
o
2
100 = 5
5 §Q s % g E
ey ' 2 —
N i 2500 {§ | ] s
i # |
Z P ‘
H . * Group! 3 o
£ ) o A Groupll | 8
® Group i i =}
. | 8
: o
' 2000 5 ; g 3 ) §-
01 S 1
= E§ 8 & c 8
3, : Y
0 lg %8 3 [ o
1 :
o g
001 i Pl &
1 10 100 1000 - : 0
a : ‘ g
U (ppm) 5 A0 : s
| ©
1000 r k]
: ¢ g
a
! $
3 2
100
w | | s & 0 | =
g S
10 e P = ] 9 1 H
- o e ¢ e 4 ! g
E r,.# Y e As00-825Ma) % % §§§ ? § §§ % § A Y
E 4 B(950 -1075 Ma) § 3 %ﬁ ] § §% % § §
. — -l # C(1750- 2000 Ma) - 43 83 ! I 29 L 8 i
- D(2400- 2750 Ma) I : I B T 2
[=]
N
o o
01 A E
(N . e
\\)"3'"- &
<« *
001 b 7
1 10 100 1000 0 02 0.4 06 08 1 12 14 16 18 2
b bt C ThU

Fig. 5.6. Th vs. U concentrations of the zircons analyzed based (a) on the three different groups of zircons (Groups |, Il and Ili;
see text) and (b) on the four age clusters (A, B, C and D) identified in the binned frequency diagram (Fig. 5.5). Most
metamorphic zircons (Th/U<0.1) originate from the Group Il and have M.-Upper Paleo-proterozoic (group C) or Neo-
proterozoic — M. Cambrian (group A) ages. (c) Th/U vs. age plotting. The vertical lines correspond to Th/U ratios of 0.1 (left)
and 0.3 (right). Horizontal lines correspond to the edges of each age cluster as these are defined in Fig. 5.5. Error bars are
considered as 1-sigma. Note that (i) the complete zircon dataset is used in these plots and (ii) zircons outside concordance
limit (95-105%) are plotting both inside and outside the age clusters in (c) but they were not took into account in the
recognition of the age clusters.

IX. 5.6. Alaypapparta pe Baon tnv neplektikotnTa o€ Th Kat U twv {ipkoviwv mou avaAidnkav. Ot tpoBoAég éywvav (a) pe
Baon T TpeLg opadeg {ipkoviwv (Opada I, Il kau ll; BA. keipevo) kot (b) pe Baon TG técoepelg S£opueg nAkwwv (age clusters;
A, B, C kat D) mov npoékuav amnd ta Lotoypdppata cuxvotntag-nbavotntag (2x. 5.5). Ta nmeplocotepa UETAHOPDIKA
Qpkovia (Th/U<0.1) npoépxovtat and tnv Opdada Il twv {ipkoviwv Kat €xouv nAtkia M.-Av. MaAato-ntpwtepolwiko (opdda C)
f Neo-mpwtepolwikd — M. Kauppo (opdda C). (c) Aidypappa Th/U — nAwkiog twv {ipkoviwv. Ou KAOETEG ypOappé
avtiotolyouv oe Adyoug Th/U icoug pe 0.1 (apiotepd) kat 0.3 (6&€Ld). OL 0pL{OVTIEG YPOAUUEG QVTLOTOLXOUV OTA OPLAL TWV
Seopidwv nAwwv (age clusters) 6nwg autég opiotnkav oto Z). 5.5. Ta opaApata opifovral wg 1o. Znpetwveral nwg (i) to
oUVOAO Twv SeSouévwv Xpnowuomotifnke ota mapandavw Staypdppata kat (i) ta {ipkovia ektog opiou cuudwviag
(concordance limit; 95-105%) mpoBaAAovtal TO00 €VTOG 000 KOl EKTOG TWV 0PiwV TwWV SEOUidwV ALY oto (c) aAAa dev
AdOnkav anoyn katd TPocsLopLloo TouG.
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5.2.3.3 Concordia and Tera-Wasserburg plots

“Normal” (or “conventional” or “Wetherill”) concordia diagrams are the most commonly used
diagrams for plotting radiogenic U-Pb data (Fig. 5.7). This is because isochron diagrams utilizing only one
decay scheme (U, 2*°U, ’Th) cannot indicate if the ages are concordant with respect to one of the
other two decay schemes. Usually the concordance is defined as the *°°Pb/?*®U value divided by the
207pp /2%phy value and a typical constraint may be between 95% and 105% or as said between 95%

concordance and 5% reverse discordance.

In many instances dates calculated for minerals containing U and Th are not concordant
(different ages depending on the decay scheme used). The effect of Pb loss on U-Pb dates can be
minimised by calculating a date based on the 2*’Pb/?®Pb ratio, as introduced by the work of Tera and
Wasserburg (1972), because this ratio is insensitive to recent Pb loss. The plot based on the 207p, /206pp,
ratio is known as “inverse concordia” or “Tera-Wasserburg” plot (Fig. 5.8).

data-point error ellipses are 68.3% conf

26}0 7
/7 £o

ZDGPb ,,233 u

0.2

Sy ity

0.0 L I N 1 n I L n L T

ZOTPbIZJEU

Fig. 5.7. Normal (or Wetherill) concordia plots of the 120 spots analyzed from the sample Fel. Error ellipses are drawn at 1-
sigma level. The complete isotopic dataset is given in Appendix B. The four insets refer to the age clusters defined in Fig. 5.5.

2X. 5.7. MpoBoAég «concordia» Twv 120 avaAucswv tou deiypatog Fel. Ta opdApata napovoidlovtal ws 16. To cUVoAo Twv
LoOTOTUKWV SeSopévwv apouoialetal oto Mapdaptnua B. OL TECOEPELG UIKPOTEPEG AVAAUTLKEG TTPOBOAEG AVTLOTOLYOUV OTLG
S8£oueg NAKLWY OMWG AUTEG opioTnKa oTo Z). 5.5.
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Fig. 5.8. Inverse (or Tera-Wasserburg) concordia plots of the 120 spots analyzed from the sample Fel. Error ellipses are
drawn at 1-sigma level. The complete isotopic dataset is shown in Apendix B. The four insets refer to the age clusters defined
in Fig. 5.5.

2x. 5.8. MpoPoAég «Tera-Wasserburg» twv 120 avaAUoswv tou Ssiypatog Fel. Ta opaApata napovoidlovtal we 1o. To
OUVOAO TWV LoOTOTIKWV Sedopévwv mapouctaletal oto Mapdaptnpa B. OL TECOEPELG HIKPOTEPEG AVAAUTIKEG TIPOPBOAEG
QVTLOTOLXOUV OTLG SECUEG NALKLWV OTIWG AUTEG OpioTnKaY OTOo ZX. 5.5.

5.2.4.4 Age clusters

As mentioned in the previous paragraph, the 2°’Pb/*®Pb ages (95% concordance) (Appendix B)
yielded 4 prominent age clusters of 500-825 Ma (Neo-proterozoic — M. Cambrian; Cluster A), 950-1075
Ma (Upper Meso-proterozoic — Lower Neo-proterozoic; Cluster B), 1750-2000 Ma (M.-Upper Paleo-
proterozoic; Cluster C) and 2400-2750 Ma (Neoarchean — Lower Paleo-proterozoic; Cluster D) (Fig. 5.5).

Age Cluster A (500Ma — 825 Ma)

This dominant age cluster contains mainly Group | and Group lll zircons (see Paragraph 5.2.3.1)
showing two pronounced peaks at ~650Ma (represented by Group | and llI; Fig. 5.5b, 5.5d) and ~550Ma
(represented mainly by Group IlIl; Fig. 5.5c). Its zircons show both a magmatic and a metamorphic
signature (Fig. 5.6) and no correlation can be made between magmatic/metamorphic character and
zircon age.

This age cluster is typical of the Pan-African orogenic event which lasted between ~870 and
~550Ma. In fact, the term Pan-African is now used to describe tectonic, magmatic, and metamorphic
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activity of Neoproterozoic to earliest Palaeozoic age, especially for crust that was once part of
Gondwana (Kréner and Stern 2004). Because of its tremendous geographical and temporal extent, the
Pan-African cannot be a single orogeny but must be a protracted orogenic cycle reflecting the opening
and closing of large oceanic realms as well as accretion and collision of buoyant crustal blocks. Pan-
African events culminated in the formation of the Late Neoproterozoic supercontinent Gondwana. The
Pan-African orogenic cycle is time equivalent with the Cadomian Orogeny in western and central Europe
and the Baikalian in Asia; in fact, these parts of Europe and Asia were probably part of Gondwana in pre-
Palaeozoic times as were small Neoproterozoic crustal fragments identified in Turkey, Iran and Pakistan.

A typical example of late Neo-Proterozoic — early Paleozoic magmatic event is that recorded in
the Menderes Massif (~570Ma — 520Ma; Loos and Reischmann [1999]). From Greece, ages from the
same orogeny (~550Ma — 590Ma; from paragneisses and orthogneisses) have been reported from the
Pirgadikia unit, a unit that borders the western part of the Serbo-Macedonian Massif in northern Greece
(Himmerkus et al. 2006). Zircon upper intercept ages (~510Ma) have also been reported for
orthogneisses from eastern Crete (Romano et al. 2004) confirming the age obtained (~520Ma) by
monazite dating in orthogneisses from the same area (Finger et al. 2002).

The lack of any younger zircon age cluster in the quartzite under investigation suggests that its
source material did not participate in any thermal event younger than the Pan-African event (~500Ma).
The gap between the age of the source material (pre-Upper Cambrian) and the deposition age of the
quartzite (Upper Carboniferous — Middle Triassic; Krahl et al. [1983]; Plate 5) can be attributed (i) to the
delayed exposure of the source rocks or (ii) to the reworking of already deposited material and its re-
deposition after Upper Carboniferous. From the above it is clear that the deposition of the precursor
(sandstone) of the quartzite happened away from any active margin of the Paleotethys. Instead the
deposition must have happened near the southern passive margin of the Paleotethys (on the Apulian
s.s. basement), assuming a northward Paleotethys subduction during that time.

Age Cluster B (950Ma — 1075Ma)

This age cluster seems rather homogenous without any pronounced peaks (Fig. 5.5) and
contains explusively magmatic zircons (Fig. 5.6) from the Group | (see Paragraph 5.2.3.1).

Ages around 1Ga are generally restricted to the Grenvillian — Kibaran orogenic belts that
resulted from the amalgamation of the Rodinia supercontinent (e.g. Dalziel 1997). The Grenvillian
orogenic belt can be traced from SW Baltica and eastern Greenland over to western Amazonia and the
southern part of North America during the Neoproterozoic (Dalziel 1992). However, in the West African
Craton and the “Saharan Metacraton” ages around 1.1-0.9Ga has not been reported until now. On the
contrary, such ages have been reported from numerous peri-Gondwanan terranes of Europe
(Moldanubia; Gebauer et al. 1989, Mid-German Crystalline Rise; Zeh et al. 2001, Iberia; Fernandez-
Suarez et al. 2000). In the Mediterranean, such ages have been reported: (i) for Cambrian - Ordovisian
sandstones from Israel and Jordan (Avigad et al. 2003, Kolodner et al. 2006), (ii) for the leucosome
(inherited zircon cores) of a migmatitic paragneiss of Ordovician - early Carboniferous depositional age
from the Sredna Gora Zone in Bulgaria (Carrigan et al. 2006), (iii) for metasedimentary rocks of late
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Precambrian — early Paleozoic age from the Menderes — Taurus block (Kréner and Sengor 1990), (iv) for
Paleozoic metasedimentary rocks of the Cyclades (Keay and Lister 2002), (v) from Crete (Romano et al.
2005), (vi) for Permian — Triassic sandstones from Chios (Meinhold et al. 2008b), (vii) for Cretaceous
sedimentary rocks from the Western Circum-Rhodope Belt (Meinhold et al. 2009).

Generally, it seems that Grenvillian — Kibaran zircons have accumulated in post-Cadomian
(Paleozoic) cover sequences at the northern margin of Gondwana (Fernandez-Sudrez et al. 2000, 2002
Avigad et al. 2003, Gutiérrez-Alonso et al. 2005, Kolodner et al. 2006) before being reworked during
younger orogenic processes. The huge dispersion of the Grenvillian — Kibaran zircons is still a matter of
discussion (see Zeh et al. 2001).

Age Cluster C (1750Ma — 2000Ma)

This age cluster contains mostly magmatic and few metamorphic zircons from Group Il and
purely magmatic zircons from Group | (Fig. 5.5, 5.6; Paragraph 5.2.3.1). It shows three relatively well-
defined peaks at 1800Ma, 1900Ma and 2000Ma.

Age Cluster D (950Ma — 1075Ma)

This age cluster contains only magmatic zircons from Group | and Il (Fig. 5.5, 5.6; Paragraph
5.2.3.1). Although this cluster has more than one peak, the most easily-defined is that at ~2625Ma.

5.3 Summary

The term «provenance» in geology applies mainly to the methods used to shed light on the
source materials of sedimentary (or metasedimentary) rocks as well as on the related geotectonic
settings.

In this study two tools were used as provenance indicators: major- and trace-elements and the
powerful tool of detrital zircon dating. Major- and trace-elements can provide insight on the special
characteristics of the source material and decipher between various geotectonic settings through
projection in the appropriate diagrams. On the other hand, zircon isotopic ratios (Th/U), zircon
geochronology and the distribution of the corresponding ages can reveal the age of the source material
(terrains), allowing to check the consistency of already published paleogeographic global
reconstructions.

For this purpose, one quartzite of possible Upper Carboniferous — Lower Triassic age from
Feneos (Fel) was chosen. The sample is a quartz-arenite based on chemical classification (Fig. 5.1) and
its source can be an igneous or metamorphic rock, more or less evolved, or even an older sedimentary
rock. Its chemical composition (Table 5.1) revealed increased Ba, Cr and Zr indicating a possible
ultramafic input as well as significant accumulation of detrital zircons. Magmas formed above
subduction zones commonly shows negative Nb and Ti anomalies which may be the case in the study
rock (Fig. 5.2). The prominent negative anomaly which is observed for Eu, Sr, Ba and P (P is even below
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detection limit; Fig. 5.2) suggests that the plagioclase played an important role in the creation of the
source rock. The projection into the appropriate geotectonic setting discrimination diagrams (Fig. 5.3)
revealed that the sample shows a trend between an acidic arc and a passive margin source.

U-Pb dating of detrital zircons has become a popular method in provenance studies. A total of
127 grains from the quartzite under investigation were mounted and allocated into three groups (Fig.
5.4). 102 out of 127 grains were chosen for dating resulting in 120 spot analyses (Table 5.2). Most of the
grains are rounded (aspect ratios between 1.668 and 2.262), with the exception of few euhedral grains,
suggesting rather long sedimentary transport. The first group of zircons (Group 1) contains relatively big,
gray and cloudy zircons, the second group (Group Il) contains relatively small, transparent and elongated
zircons and the third group (Group Ill) contains medium-sized, pink and semi-transparent zircons.
Significant differences as far as their geometrical characteristics (Table 5.3) and the element content
(Table 5.4) are observed.

In provenance studies involving relatively large dataset, the most optimum method to visualize
the results is the binned frequency histogram and probability density distribution. The **’Pb/**°Pb ages
(95% concordance) (Appendix B) yielded 4 prominent age clusters of 500-825 Ma (Neo-proterozoic — M.
Cambrian), 950-1075 Ma (Upper Meso-proterozoic — Lower Neo-proterozoic), 1750-2000 Ma (M.-Upper
Paleo-proterozoic) and 2400-2750 Ma (Neoarchean — Lower Paleo-proterozoic) (Fig. 5.5). Another
possible age cluster appears at 2925-2950 Ma (Fig. 5.5). In general, the most abundant zircon input is
coming from the youngest Neo-proterozoic — M. Cambrian age cluster. More differences between the
aforementioned groups of zircons can be spotted on the fact that they contribute differently to the age
clusters (Fig. 5.5).

It is known that the Th/U ratio can be a useful indicator of the magmatic or metamorphic nature
of the zircon under investigation. The Th vs. U and the Th/U vs. Age plots (Fig. 5.6) clarifies that the
second group of zircons (Group Il) has dominantly magmatic zircons while the two other groups contain
some zircons with metamorphic signature and that zircons with metamorphic signature originate mainly
from the first age cluster (500-825 Ma; Neo-proterozoic — M. Cambrian) and less from the third age
cluster (1750-2000 Ma; M.-Upper Paleo-proterozoic).

The major conclusions based on the discussion about the different age clusters (Paragraph
5.2.4.4) can be summarized as: (i) the youngest thermal events to which the sources of the quartzite
participated is that of the Grenvillian — Kibaran and the Pan-African orogenies, (ii) the sources show no
signature of the Variscan orogeny and the sample analyzed here is the first reported from
Crete/Peloponnese with such a characteristic. Note that, in case that the source rock has participated in
the Variscan orogeny, which is known to have lasted between ~330Ma and ~280Ma, it would be
impossible for a quartzite of such an age (post-Upper Carboniferous) to show no Variscan zircons. For
comparison, in Crete, Kock et al. (2007) demonstrated metamorphosed sedimentary rocks of Upper
Carboniferous — Lower Permian age (~300Ma; Galinos Beds), lying below Plattenkalk Unit and clearly
showing accumulation of Variscan zircons. Consequently, the importance of the present study is that it
documented for the first time non-Variscan signature in the pre-Triassic sedimentation of the external
Hellenides.
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Discussion and conclusions

Chapter 6

In this final chapter, all the published and new data presented in the previous chapters will be
summarized. The reader is encouraged to read any specific paragraphs of his interest for a more
detailed presentation.

6.1 Discussion

The Hellenic orogenic system (Fig. 1.1) is the result of the long-lasting convergence between
Europe and the North Gondwana passive margin leading to the consumption of oceanic domains and to
the accretion of continental blocks during the Alpine orogeny. In the Hellenides, two exhumed HP belts
can be distinguished (Fig. 1.3): (i) the internal (or Cycladic) blueschist belt appearing mainly in Cyclades
(see Philippon et al. [2010] and references therein) and (ii) the external blueschist belt appearing in
Peloponnese and Crete (see Jolivet et al. [2010] for a review). The northern part of the external
blueschist belt, which is traditionally represented by the Phyllite — Quartzite Unit (or Arna Unit), is
objective of the present study.

The Phyllite — Quartzite unit is a meta-sedimentary sequence of Upper? Carboniferous — Lower
(or even Middle) Triassic depositional age** (Plate 2) metamorphosed under blueschist facies possibly
during the tertiary. Mafic and ultramafic rocks, as well as carbonates have also been documented
suggesting that the aforementioned unit is a rather complex one (Papanikolaou and Skarpelis 1986,
Skarpelis 1989, Trotet et al. 2006). It lies below Tyros Beds and Tripolitsa unit and above Plattenkalk
unit, wherever exposed (e.g. Taygetos Mt., Parnon Mt., Dikti Mt.) (Fig. 2.3, 2.4). The metamorphic
pressure attained in western Crete and southern Peloponnese is between 10Kbar and 15Kbar
(Papanikolaou and Skarpelis 1986, Theye and Seidel 1991, Theye et al. 1992, Brix et al. 2002). However,
both higher and lower pressures have been suggested by different authors. The peak-metamorphic
conditions of the Phyllite — Quartzite unit seems to decrease eastward in Crete and northward in
Peloponnese.

** This particular depositional age is based on the detailed work of Krahl et al. (1983) who dated
conodonts, and microfauna (ostracoid and echinoderms) from western Crete (Plate 5). Note that only
samples belonging to the Phyllite — Quartzite unit, according to the revised stratigraphy of Crete
proposed by Papanikolaou and Vassilakis (2010), took into consideration.
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Available radiometric data (mostly K/Ar or Ar/Ar on micas) from the Phyllite — Quartzite unit
shows concentration between 25Ma and 15Ma (Seidel et al. 1982, Jolivet et al. 1996, 2010), leading
several authors to relate this age pattern with the arrival of the unit in mid-crustal levels, just before its
exposure on the surface around ~10Ma as demonstrated by Seidel et al. (2006b) for the Topolia
formation of Crete. On the contrary, radiometric data from the overlying Tripolitsa unit shows that it
rested in the 4-7Km of the uppermost crust since Eocene times (Thomson et al. 1998a). This, along with
the pressure gap observed between the Phyllite — Quartzite and the overlying units, lead several authors
to propose the existence of a major extensional contact (i.e. a detachment) separating the previous
units (e.g. Fassoulas et al. 1994, Jolivet et al. 1996, 2010, Papanikolaou and Royden 2007, Papanikolaou
and Vassilakis 2010). The post-HP shear direction related to this extensional contact is to-the-NE in
Peloponnese (Fig. 2.3) and to-the-N in Crete where it also follows an older to-the-S shear direction (Fig.
2.5).

The study area (Fig. 3.1) is the northernmost exposure of the external blueschists belt
represented by the Phyllite — Quartzite. The central part of the area studied is covered by an exposed
core of metasediments as well as slightly metamorphosed mafic rocks (Fig. 3.2) and is flanked mainly
carbonate rocks. The Phyllite — Quartzite unit appears in the core and is represented by meta-sediments
(quartzites and metapelites). The other constituent of the core is the Tyros Beds represented by pure
metapelites or metapelites with calcite intercalations (calc-schists), by mafic rocks and minor
carbonates. Tripolitsa carbonates appear on both limbs of the exposed core.

The oldest planar surface observed in the study area is the bedding (Fig. 3.2b, 3.2g). Foliation
measurements revealed a major regional foliation with dominantly SW-dipping planes (Fig. 3.3 inset)
always parallel to the initial bedding. The distribution of the foliation planes and the foliation
trajectories revealed that the structure of the Phyllite — Quartzite unit is that of an antiform with a
roughly NW-SE-directed axis (Fig. 3.3). Most of the stretching lineations measured (on the foliation
planes) were from the Phyllite — Quartzite unit and showed a pronounced NE-SW trend with the
dominant direction being between N050° and N060° (Fig. 3.4). The same NE-SW trend is true for the
stretching lineations measured from the overlying Tyros beds (Fig. 3.4). Few intersection lineations
measured showed a well-defined NW-SE orientation and were directly connected to the measured fold
axes (see below). Folds measured in outcrop scale were mainly restricted to the metasedimentary rocks
and in particular to the metapelites. The majority of the folds observed was tight to isoclinal and showed
gently plunging hinge lines and moderately- to gently-inclined axial planes (Fig. 3.5). Their relationship
with the regional foliation revealed two types of folds: those with axial planes parallel to the regional
foliation (Type | — Fig. 3.5a, 3.5c) and those whose axial plane crosscut the regional foliation showing no
well developed axial plane surfaces (Type Il — Fig. 3.5d). In any case, the Type [ folds were the dominant
type and both of the fold types showed the same NW-SE-trending axes (Fig. 3.5e, 3.5g) suggesting an
initial compression in NE-SW direction during their formation.

Most of the rocks studied were rich in sheet silicates and favored the development of shear
indicators. It was shown that the shearing was constantly towards the NE (Fig. 3.6), following the
direction of the stretching lineation. Although most of the shearing directions measured were from the
Phyllite — Quartzite unit, few measurements from the overlying Tyros beds seemed to follow the same
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pattern (Fig. 3.6). Three well-exposed zones were chosen for presentation. They were developed either
near the top of the Phyllite — Quartzite (Fig. 3.8) unit or near the top of the Tyros beds (Fig. 3.7, 3.9).
Their common feature was the NE-directed shearing that started in the ductile field and continued in the
brittle field with the same orientation as shown by (i) the brittle fractures near the hinge of the NE-
verging folds (Fig. 3.7e), (ii) the disruption of the small shear zones by younger NW-SE brittle faults
showing the same sense of movement (Fig. 3.7d), (iii) the reactivation of already existing weak zones
like C’ planes (Fig. 3.8c), (iv) the existence of intense cataclasis within the shear zones (Fig. 3.8a, 3.9) and
(v) the disruption of the continuity of the pile from NW-SE normal faults in map-scale (Fig. 3.1).

The model proposed here will be presented in the following lines. Folding of the initial bedding
(or another old surface) resulted in the formation of the NW-SE folds (Type | and Il) and the regional
foliation under an early ductile compressional regime with NE-SW orientation. This phase is possibly
related to the W- or SW-shearing seen in microscale (e.g. asymmetric quartz c-axis) by Xypolias and
Koukouvelas (2001). Although that folds younger than the regional foliation did observed in the area
(Type Il folds), they seem to have formed under the same stress field (NE-SW compression) and before
any later event. This type of folds is connected with any well-developed planar element parallel to their
axial plane. After the cease of any compressional stresses, the whole pile suffered an intense NE-
shearing contemporaneously with (i) the formation of the studied shear zones, (ii) the development of
numerous shear indicators within the metasediments and (iii) the NE-oriented stretching lineation that
characterizes both the Phyllite — Quartzite unit and the overlying Tyros beds. The same stress field
seems to have remained active through part of the brittle deformation, at least in the study area, as
seen in outcrop (Fig. 3.7d) or in map-scale (Fig. 3.1). Few kilometers to the north the brittle extension is
definitely to the N-S direction as already noted by several authors and is related to the opening of the
Gulf of Corinth (Moretti et al. 2003, 2004). The linkage between the two areas yet remains to be
answered. The antiform structure of the area, which correlates in geometry with the mesoscopic folds
(NW-SE), could either represent an inherited compressional-related feature like the inherited structures
separating young Pliocene basins to the north (Derveni and Aigio basins; Ghisetti and Vezzani [2004])
and the fold-and-thrust belt to the east or it could be related to an isostatic passive flexural folding due
to the later intense NE-shearing. The whole model is compatible with the model proposed by
Papanikolaou and Royden (2007) studying in much larger scale the external blueschist belt.

As already noted by Katagas et al. (1991) who studied the metamorphism of the Feneos area,
the Phyllite — Quartzite unit is of greater metamorphic grade, compared to the overlying Tyros Beds, but
without, though, a pronounced metamorphic gap. In specific, they claimed that the peak temperature
never exceeded 440°C with the most possible temperature being between 340°C and 420°C and the
peak pressure, although not well constrained, it should have never exceeded 5Kbar. For comparison, the
metamorphic conditions calculated from the mafic rocks included in the overlying Tyros beds are 290°C
— 380°C and 3.5 — 5Kbar (Baltatzis and Katagas 1984). On the contrary, the peak pressure from the
Phyllite — Quartzite unit seems to be higher in the nearby Kastania village (few kilometers SE of the
Feneos village) i.e. 10Kbar at 450°C (Jolivet et al. 2010).

In order to test the consistency of the above results, P-T estimation was conducted using the
free energy minimization method (Connolly 2005) and the thermodynamic database of Holland and
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Powell (1998, revised 2002). For this purpose, two samples from north of Zarouchla (quartzite - F61) and
from Kastania (metapelites - F12) villages were chosen (from Katagas et al. 1991). From the Feneos area,
the sample studied seems to have equilibrated at 9-11Kbar even though that the temperature is not
well-constrained (i.e. >230°C) (Fig. 4.1). From the nearby Kastania area, the sample studied have
equilibrated at significantly higher pressure i.e. >13Kbar (or even >15Kbar) (Fig. 4.2). The pressure of
metamorphism estimated here is increased compared to the already published results from the above-
mentioned areas. If the pressure difference between the Feneos and Kastania areas is precise, then this
necessitates either (i) the possible discrimination between subunits with different metamorphic
histories (all belonging to the Phyllite — Quartzite unit but exposed in the aforementioned areas) or (ii)
the discrimination between different mechanisms, or intensity of mechanisms, responsible for the
exposure of the specific unit.

The term «provenance» in geology applies mainly to the methods used to shed light on the
source materials of sedimentary (or metasedimentary) rocks as well as on the related geotectonic
settings.

In this study two tools were used as provenance indicators: major- and trace-elements and the
powerful tool of detrital zircon dating. For this purpose, one quartzite of possible Upper Carboniferous —
Lower Triassic age from Feneos (Fel) was chosen. The sample is a quartz-arenite based on chemical
classification (Fig. 5.1) and its source can be an igneous or metamorphic rock, more or less evolved, or
even an older sedimentary rock. Its chemical composition (Table 5.1) revealed increased Ba, Cr and Zr
indicating a possible ultramafic input as well as significant accumulation of detrital zircons. Magmas
formed above subduction zones commonly shows negative Nb and Ti anomalies which may be the case
in the study rock (Fig. 5.2). The prominent negative anomaly which is observed for Eu, Sr, Baand P (P is
even below detection limit; Fig. 5.2) suggests that the plagioclase played an important role in the
creation of the source rock. The projection into the appropriate geotectonic setting discrimination
diagrams (Fig. 5.3) revealed that the sample shows a trend between an acidic arc and a passive margin
source.

U-Pb dating of detrital zircons has become a popular method in provenance studies. A total of
127 grains from the quartzite under investigation were mounted and allocated into three groups (Fig.
5.4). 102 out of 127 grains were chosen for dating resulting in 120 spot analyses (Table 5.2). Most of the
grains are rounded (aspect ratios between 1.668 and 2.262), with the exception of few euhedral grains,
suggesting rather long sedimentary transport. The first group of zircons (Group |) contains relatively big,
gray and cloudy zircons, the second group (Group Il) contains relatively small, transparent and elongated
zircons and the third group (Group Ill) contains medium-sized, pink and semi-transparent zircons.
Significant differences as far as their geometrical characteristics (Table 5.3) and the element content
(Table 5.4) are observed. It is known that the Th/U ratio can be a useful indicator of the magmatic or
metamorphic nature of the zircon under investigation. The Th vs. U and the Th/U vs. Age plots (Fig. 5.6)
clarifies that (i) the second group of zircons (Group IlI) has dominantly magmatic zircons while the two
other groups contain some zircons with metamorphic signature and (ii) that zircons with metamorphic
signature originate mainly from the first age cluster (500-825 Ma; Neo-proterozoic — M. Cambrian) and
less from the third age cluster (1750-2000 Ma; M.-Upper Paleo-proterozoic) (see below).
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In provenance studies involving relatively large dataset, the most optimum method to visualize
the results is the binned frequency histogram and probability density distribution. The *’Pb/***Pb ages
(95% concordance; Appendix B) yielded 4 prominent age clusters of 500-825 Ma (Neo-proterozoic — M.
Cambrian), 950-1075 Ma (Upper Meso-proterozoic — Lower Neo-proterozoic), 1750-2000 Ma (M.-Upper
Paleo-proterozoic) and 2400-2750 Ma (Neoarchean — Lower Paleo-proterozoic) (Fig. 5.5). Another
possible age cluster appears at 2925-2950 Ma (Fig. 5.5). In general, the most abundant zircon input is
coming from the youngest Neo-proterozoic — M. Cambrian age cluster.

The major conclusions based on the discussion about the different age clusters (Paragraph
5.2.4.4) can be summarized as: (i) the youngest thermal events to which the sources of the quartzite
participated is that of the Grenvillian — Kibaran and the Pan-African orogenies, (ii) the sources show no
signature of the Variscan orogeny and the sample analyzed here is the first reported from
Crete/Peloponnese with such a characteristic. Note that, in case that the source rock has participated in
the Variscan orogeny, which is known to have lasted between ~330Ma and ~280Ma, it would be
impossible for a quartzite of such an age (post-Upper Carboniferous) to show no Variscan zircons. For
comparison, in Crete, Kock et al. (2007) demonstrated metamorphosed sedimentary rocks of Upper
Carboniferous — Lower Permian age (~300Ma; Galinos Beds), lying below Plattenkalk Unit and clearly
showing accumulation of Variscan zircons. Consequently, the importance of the present study is that it
documented for the first time non-Variscan signature in the pre-Triassic sedimentation of the external
Hellenides.

6.2 Conclusions
The major outlines from the present study are summarized below:

e The Feneos area is mostly occupied by metamorphosed sediments (metapelites, quartzites etc),
metamorphosed mafic rocks and carbonates, mainly represented by the Phyllite — Quartzite unit and
the overlying Tyros beds (with the carbonates belonging to the Tripolitsa unit). An antiform structure
with NW-SE trending axis is inferred from the measured foliation planes.

e An early compression, resulting in NW-trending mesoscopic folds (Type I folds) and NW-trending
intersection lineation, is true for both the Phyllite — Quartzite unit and the overlying Tyros beds. This
deformation phase is contemporaneous with the formation of the regional foliation in the area. No
sense of movement is related to this stage in mesoscopic scale. On the contrary, Xypolias and
Koukouvelas (2001) studying microscale features (i.e. oblique grain shape in dynamically
recrystallised quartzites and asymmetrical quartz c-axis) recorded top-to-the-W or -SW sense of
movement that may be possibly related to this early stage. Folds younger than the regional foliation
(Type Il folds) did observed but they are not connected to any well-developed axial planes.
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Consequently they are attributed to the same early compressional phase as a result of the
progressive deformation during subduction.

Late shearing in the ductile field resulted in widespread top-to-the-NE sense of movement affecting
the whole metasedimentary pile and recorded by many shear indicators. It is contemporaneous with
the development of shear zones both near the top of the Phyllite — Quartzite unit and the Tyros beds
and the formation of the NE-directed stretching lineation. Although Xypolias and Koukouvelas (2001)
claimed that the NE shearing is restricted to a narrow, ~50m thick zone, in this study the NE shearing
was shown to be distributed rather homogenously throughout the metamorphosed sediments.

The NE-shearing possibly continued in the brittle field resulting in the overprinting of previous ductile
structures by younger brittle ones with characteristic loss of cohesion of the rocks involved.

Folding in the area should be connected to the subduction of the rocks under NE-SW compressional
regime. Assuming that the late NE-shearing is connected with the post-peak metamorphic stage and
the exhumation of the rocks (Phyllite — Quartzite unit and Tyros beds) then the initial compression
and late shearing maintained the same direction (NE-SW). This possibly suggests that subduction and
exhumation happened without any internal (or relative) rotation of the aforementioned units. The
same is true for Crete where the early top-to-the-S shearing is followed by a top-to-the-N post-peak
metamorphic shearing.

The stretching lineation recorded from the Phyllite — Quartzite unit of Peloponnese (towards NE;
Jolivet et al. [2010], this study) and Crete (towards N; Jolivet et al. [1996]) suggests that a relative
rotation between Peloponnese and Crete must have happened during or after this late post-HP
(Miocene?) shearing. This adds to the generally accepted point of view of an almost linear geometry
of the Hellenic arc during the Oligocene (Walcott and White 1998, Schellart and Lister 2004) or even
during the Eocene (Brun and Faccenna 2008) which was later resulted in the present arc-shaped
Hellenic as a result of the slab rollback (Schellart and Lister 2004, Brun and Faccenna 2008).

The relationship between the well-studied N-S extension in the Gulf of Corinth, few kilometers to the
north of the study area, and the Feneos area remains to be answered.

Although early workers (Katagas et al. [1991]) noted that the pressure of metamorphism of the
Phyllite — Quartzite unit in the Feneos area is not more than 5Kbar it was shown here that it may be
as high as 9-13Kbar. The conclusion of the previous authors relatively to the lack of a pronounced
metamorphic gap between the Phyllite — Quartzite unit and the overlying Tyros beds should at least
be re-examined.

Further, the pronounced pressure gap (Phyllite — Quartzite unit) between Feneos (>13 or 17Kbar; this
study) and Kastania areas (~10Kbar; Jolivet et al. 2010) could be attributed to the different bulk
chemistry of the protolith or to the intensity of the deformation mechanisms and possibly
necessitates the discrimination between subunits with different tectono-metamorphic history in the
above-mentioned areas.

One quartzite of possible Upper Carboniferous — Middle? Triassic age was chosen for geochemistry
and for in-situ dating of its detrital zircons. It documented the reworking of an initial acid arc-related
rock, formed near an active continental margin, during later thermal/orogenic events. The quartzite
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recorded also minor input from an ultramafic material. The youngest thermal events revealed by the
detrital zircon dating are that of the Grenville (late Meso-Proterozoic) and Pan-African (late
Paleozoic) orogenies. The lack of any Variscan zircons, recorded here for the first time in
(meta)sedimentary sequences of Upper Paleozoic deposition age of the External Hellenides, suggests
deposition of the protolith far away from any Variscan-related source, possibly near the southern
passive margin of the Paleotethys. For comparison, sedimentary sequences of Upper Carboniferous —
Lower Permian age (Galinos beds) clearly influenced by a Variscan source (Kock et al. 2007).
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Plate 1. Plate reconstructions for Upper Carboniferous — Permian period. From the three different models presented i obvious that northward subduction of the Paleo-Tethys beneath southern European margin resulted in a Permo-
Carboniferous magmatic event (Hercynian belt) known from Pelagonian and Adria continental crust. The Apulian crust remained a passive margin since L. Ordovisian — Silurian and escaped this magmatic event. Details in the text. Note that in
figure a and c, Peloponnese (Ma) and Crete (To) is wrongly positioned because Permo-Carboniferous ism have been d 1 (e.g. Seidel et al. [2006]). (a) From Moix et al. (2008). Key: AA, Austro-Alpine; Ab, Alboran; Ad, Adria s.
str.; Al, Alborz; Ap, Apulia s. str.; Ay, Antalya; Bd, Beydaglari; Be, Betic; Bf, Baft ophiolite; BH, BaAr-Bassit-Hatay ophiolites; Bk, Bozdag-Konya fore-arc; Br, Brit is; Bu, inian; Bv, Budva; Ca, Calabria; cB, central Bosnia; Cn, Carnic;
Da, Dacides; Db, Dent-Blanche; Do, Dobrogea; EBS, Eastern Black Sea; El, Elazig-Guleman ophiolites and arc; eP, east Pontides; Er, Eratosthen; gC, great Caucasus; Gd, Geyikdag-Anamas-Akseki; GT, Gavrovo-Tripolitza; Hg, Huglu-Boyali Tepe;
hK, high Karst; HM, Huglu-Mersin; Is, Istanbul; If, Jeffara rift; Kb, Karaburun; Ki, Kirsehir; Kk, Karakaya fore-arc; Ko, Korab; Kr, Kermanshah ophiolite; KS, Kotel-Strandja rift; Ky, Kabylies; La, Lagonegro; Li, Ligurian; Lu, Lut; Ma, Mani; Mk,

hlak rift; Mm, ia accretionary Complex; Mn, Menderes; MP, Mersin-Pozanti ophiolites; Mr, Mrzlevodice fore-arc; NC, North Caspian; NCA, North Calcareous Alps; Nn, Nain iolite; Ny, Neyriz ophiolite; Oz, ®tztal-Silvretta; Pa,
Panormides; Pi, Piemontais; Pl, Pelagonian; Pm, Palmyra rift; Pn, Pienniny rift; Rh, Rhodope; Ri, Rif internal; sB, sub-Betic rim basin; sC, Scythian platform; SC, South Caspian; Si, Sicanian; Sl, Slavonian; Sk, Sakarya; SM, Serbo-Macedonian; SS,
Sanandaj-Sirjan; St, Sitia E-Crete; Sv, Svanetia rift; Sz, Sabzevar ophiolite; tC, trans-C ; TD, Ti lanubian; Tk, Tuarkyr; To, Talea Ori; Tp, Troodos ophiolite; Tu, Tuscan; Tv, Tavas Nappe; Ty, Tyros fore-arc; Tz, Tizia; UM, Umbria-Marches;
Va, Valais trough; WBS, Western Black Sea; WC, West Carpathian; Ya, Yazd; Zo, Zonguldak. (b) From Spiess et al. (2010). Key: Austroalpine (AA), Apulia (Ap), Calabria (Ca), Corsica (Co), Helvetic (He), Meliata (Me), Nonsberg-Ulten (NU), Sicily
(Si), extensional troughs (Tr). Black triangles subduction zones; white triangles thrust zones. Darker grey areas are rifting areas. (c) From Stampfli and Borel (2002).
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Plate 2. Cumulative table showing the age distribution of the sedimentary cover (i.e. Pindos, Almyropotamos, Tripolitsa, Phyllite-Quartzite, Plattenkalk and Paxon units)
and of the basement rocks exposed in Cyclades, Crete and Peloponnese (including Kythira). Note that the ages reported for the sedimentary cover of Cyclades are coming
from the most complete sedimentary sequence available in Amorgos island.

ElK. 2. SUYKEVTPWTIKOG TVAKOLG KE TG NALKIEG TWV W{NUATOYEVWVY KaAUppATWV (evotnteg Mivéou, AApuponotdapou, TpinoAng, @uAdtwy — XaAalttwv, Mavng, Nagwv) kat
TWV METPWHATWY UnoBabpou amd TG KukAadeg, tnv KpnAtn kot tnv Melomdvvnoo (cupmnepllappoavopévwv twv KuBnpwv). Inuewwvetal nwg n nAkieg mou
napoucLaovtat yia To WNHATOYEVEG KAAUpUA Twv KUKAGSwV tpoépyxovtal and thv nAnpéotepn otpwuatoypadiki othin otnv Apopyo.
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Plate 3
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Plate 3. Isotopic ages obtained from the external (Phyllite — Quartzite Unit) and the internal (Cycladic) blueschists belt. Three isotopic systems are presented: Ar/Ar (mainly on micas), apatite fission tracks (AFT) and zircon fission tracks (ZFT) from samples
AFT
ages mark the exhumation to the depth that coincides with temperature of ~120°C. Some additional ages from Tripolitsa and Pindos units are presented. Based on Ar/Ar isotopic system two distinct exhumation events can be recognized: one in Eocene

coming from Crete, Kythira, S. Peloponnese and Cyclades. Note that: i) Ar/Ar ages mark the exhumation to mid-crustal levels or roughly, the brittle/ductile transition, ii) the upper limit of the partial annealing zone in ZFT is around 350°C - 400°C and

(Cycladic blueschists) and one in Miocene (Ph

e — Quartzite unit). Late extension (M.-Upper Miocene) is marked by young AFT ages as already noted for Syros by Philippon (2010). Late extension in Cyclades, S. Peloponnese and Kythira seems

contemporaneous, while in Crete it seems to start a bit earlier as documented by AFT ages.

Ewk. 3. lootomikég nAwkég and tnv e§wtepikr (evotnta QuAAtev — XaAalttwy) kat Tnv eowteptkr (KukAadeg) kuavooxiotoABikn {wvn. Tpia ootomkd cuothpata napouotalovrat: Ar/Ar (Kupiwg o€ pappapuyieg), ixvn oxdong oe aratitn (AFT) kat ixvn

oxaong o {pkovio (ZFT) and Seiypara tng Kpitng, Kubripwv, N. MeA 1 Kot KukAGs Na onuewwBei nwg: i) o nAkieg mov mpokumtouv and to Ar/Ar Seixvouv tnv nAwkia ektadrg otov péco Aol 1 Loduvapa tn petdBacn and TNV TAAoTIKY

om Bpavctysvi apapdpdwon, i) To dvw GPLO TG HEPLKAG SLAXUONG TWV LXVOV OXAoNG oTo {pKovio (ZFT) sivar mepinmou otoug 350°C - 400°C kau iii) oL nAwieg mou mpokUMToUV and Ta ixvn oxdong ot anatiteg (AFT) avtiotoXolv ektadr Twv

neTpwpdtwy os Babog mou avtiotoixsi oe Beppokpacia nepinov 120°C. MNapouctafovral eniong MPOcBeTeg NALKisg and Tig evotteg TpinoAng kat Mivsou. Ao § T 661a ekTadrg XLOTOAIBwV propolv va i and to cuotnpa
Ar/Ar: éva oto Hwkawo (KukAadikég evotnteg) kat éva oto Medkawo (evotnta QuAlitwv — XoAaditwv). Nedtepog epeAkuopdg (M. — Av. MELOKaLVO) QtOSELKVUETAL OO TIG OXETIKA VEOTEPEG NALKIEG TTOU TEPOKUTITOUV aMd Ta {XVN OXAoNG OF AMATITEG OTWG

£XeL AN toviotel yua TNV ZUpo (Philippon 2010). Onwg MPOKUTTEL And Ta iXvn OXAONG OE QMATITN, 0 CUYKEKPLHEVOG VEOTEPOG EdeAKUONAG daiveTal va ivar ovyxpovog oe KukAadeg, N. Nedondvvnoo kat KGBnpa eva daivetal va gixe {ekwviioet Aiyo

wanirenn arnu Knhrn
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Plate 4

Calc-schists - ‘ i Amz mv

metapelites and

Post-alpin

Plate 4. Panoramas of the rocks exposed near Feneos (above) and Zarouchla villages (below). Rock units are marked in upper case and rocktypes are marked in lower
case letters. The position of the panoramac and the field of view are marked in the small inseto.

Elk. 4. Navopdapota Kovtd oto XwpLd Devedq (dvw) kat ZapoUxAa (Katw). Ot yewAOoyIKEG EVOTNTEG onUELWVOVTAL HE KedaAaia ypaupata Kot ot Stddopol Tunot
METPWHATWY UE HIKPA ypappata. H 0éon pwrtoypddiong Kat 1o elpog NeSiou CNHUELWVOVTOL OTA UKPA EVOETAL.
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Appendix A

Four available median values from 24 sandstones (Varga et al. 2007) were used for the
calculation of the Rb and Y+Nb swift of the sample Fel (Table 5.1). The median values are shown in
Table A2. A relatively immobile element (Yb) was chosen for the normalization of REE and multi-element
diagrams (Fig. A1). The REE patterns (Fig. Ala) are identical between the quartzite studied (Fel) and the
sandstones (SS) with 3.28<LREEss/LREE.1<8.55 and 2.42<HREEss/HREEf.1<3.15. For the correction of the
Rb, Y and Nb contents the multi-element diagrams were used (Fig. Alb).

Specifically, for the Rb content of the sandstones the minimum and maximum values obtained
after the normalization is 76.46 and 179.6 respectively, resulting in 6.909<Rbgs/Rbe1<16.23 and
corrected Rb value for the quartzite between 63 and 148ppm (Table Al). For the Y content of the
sandstones the minimum and maximum values obtained after the normalization is 25.49 and 41.26
respectively, resulting in 3.24<Yss/Yre1<5.245 and corrected Y value for the quartzite between 21 and
34ppm (Table Al). For the Nb content of the sandstones the minimum and maximum values obtained
after the normalization is 8.495 and 13.35 respectively, resulting in 1.523<Rbgs/Rbe1<2.393 and
corrected Nb value for the quartzite between 7 and 11ppm (Table Al).

The new values for the Rb (63<Rbg.1<148) and Y+Nb (28<(Y+Nb)g.1<45) of the quartzite under
investigation are shown in Table Al and are plotted in Fig. 5.3c (grey box).

Table Al. Corrected Rb, Y+Nb values for the quartzite Fel. Details in the text.

Corrected Y Rb Nb values
Coef. Rb Y Nb Rb Y+Nb
3,24 21 63 28
5,245 34 148 45
6,909 63
16,23 148
1,523 7
2,393 11
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Table A2. Median values from 24 sandstone samples from southern Transdanubia, SW Hungary (Varga et al. 2007).

Sample (6) 3) (4) (8)
SiO, 73,77 72,51 73,06 72,12
TiO, 0,38 0,66 0,54 0,59
AlL,O5 13,06 14,02 15,36 13,56

Fe,0, 2,19 4,01 2,97 4,15
MnO 0,07 0,07 0,02 0,04
MgO 1,46 1,95 0,12 1,71
Ca0 2,69 2,26 0,76 0,61
Na,0 4,27 3,49 1,73 3,49
K,O 1,56 2,12 3,37 3,09
P,0s 0,09 0,09 0,14 0,15
Rb 63 87 123 148
Sr 210 196 65 134
Ba 388 428 536 552
Th 9 6,8 7.9 12
U 2,6 1,9 1,9 3,3
zr 180 157 147 179
Hf 6 5 6 6
Nb 8 9,3 7 11
Y 24 21 28 34
Sc 7.8 9,3 7.8 10,2
v 40 47 37 64
Cr 34 45 30 95
Co 5 9 3 10
Ni L.D. L.D. L.D. 41
La 31 23 30 30
Ce 46 52 58 64
Pr 5,5 6,1 6,7 7.4
Nd 25 24 25 30
Sm 4,5 4,5 5,1 6,3
Eu 0,94 0,94 1,01 1,11
Gd 3,7 3,3 3,9 5,1
Tb 0,62 0,52 0,64 0,86
Dy 3,2 3 3,8 4,9
Ho 0,7 0,6 0,8 1
Er 2,1 1,8 2 2,7
Tm 0,3 0,28 0,33 0,43
Yb 1,9 1,6 2 2,6
Lu 0,3 0,25 0,32 0,39

Trace elements in ppm
Major elements in weight per cent
Total iron measured as Fe,03

L.D. below detection limit
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Fig. Al. (a) REE diagram of Feneos quartzite (Fel; Table 5.1) and the four median values of analyzed sandstones (Table Al;
Varga et al. 2007). (b) Multi-element diagram of Feneos quartzite (Fel; Table 5.1) and the four median values of analyzed
sandstones (Table Al; Varga et al. 2007).In both diagrams the normalization is done using the Yb content of Fel sample
(Table 5.1).
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Appendix B

Isotopic dataset of the quartzite analyzed (Fel).

Ages

Grouping | Analysis_# Grain Commenis* | Pb u Th/U | 297 pp /2% pp + 10 207 pp B3y + 1o 206 ppy r 238 1y + 1o Er. Cor. |2 pps2%pp +10 | 2% pp/?38y +10 |2 pp/35y +10 | Conc.
Group T 05240211c Fel-Ia-001 A 5 46 1,469 0,06037 0,00105 0,81842 0,01506 0,09831 0,00125 0,69 617 37 605 F 607 8 98,0
06240211c Fel-Ia-002 A 24 234 | 0,515 0,06151 0,00073 0,88894 0,01211 0,10481 0,00129 0,90 657 25 643 g 646 7 97,8
07240211c Fel-Ia-004 B 79 756 | 0,139 0,06549 0,0007 1,0792 0,01364 0,1195 0,00146 0,97 790 22 728 8 743 s 92,1
08240211c Fel-Ia-005 A 18 179 [ 1,012 0,05813 0,00084 0,72051 0,01151 0,09112 0,00113 0,79 534 32 562 7 EE7 7 105,2
09240211c Fel-Ia-005 A % 66 0,902 0,062 0,00098 0,8049 0,01359 0,09414 0,00117 0,74 674 33 580 o 600 8 86,0
10240211c Fel-Ia-006 A 25 55 1,635 0,12193 0,00138 5,95667 0,07756 0,35426 0,00431 0,93 1985 20 1955 21 1970 11 98,5
11240211c Fel-Ia-006 A 17 44 1,273 0,12208 0,00155 5,59177 0,0789 0,33216 0,00409 0,87 1987 22 1849 20 1915 12 93,1
12240211c Fel-Ia-007 A 14 149 | 0,370 0,06022 0,00077 0,8209 0,01169 0,09885 0,0012 0,85 612 28 608 7 609 7 99,4
15240211c Fel-Ia-008 B 2 10 0,300 0,08076 0,00181 2,03971 0,04641 0,18316 0,00242 0,58 1216 44 1084 13 1129 16 89,2
16240211c Fel-Ia-008 B 3 16 0,320 0,07737 0,00149 1,89257 0,03739 0,17738 0,00225 0,64 1131 38 1053 12 1079 13 93,1
17240211c Fel-Ia-008 C 10 59 0,416 0,07432 0,00098 1,83922 0,02652 0,17947 0,00215 0,83 1050 26 1064 1z 1060 9 101,3
18240211c Fel-Ia-008 C 20 113 | 0,459 0,07401 0,00088 1,82616 0,02407 0,17894 0,00212 0,90 1042 24 1061 12 1055 9 101,9
19240211c Fel-Ib-009 A 5 48 0,611 0,06172 0,00104 0,87136 0,0152 0,10237 0,00125 0,70 665 36 628 7 636 g 94,5
20240211c Fel-1b-008 D 10 76 1,337 0,06102 0,00089 0,90402 0,01401 0,10744 0,00128 0,77 640 31 658 7 654 7 102,8
21240211c Fel-Ib-007 A 37 352 | 0,165 0,06102 0,00069 0,94503 0,0119 0,1123 0,00131 0,93 640 24 686 g 676 6 107,2
22240211c Fel-1b-006 D 84 138 | 0,957 0,17877 0,00188 12,57322 0,14991 0,51002 0,00593 0,98 2642 17 2657 25 2648 1 100,6
25240211c Fel-Ib-006 D 101 177 | 0,897 0,18006 0,00189 11,60778 0,13694 0,46749 0,00538 0,98 2653 17 2473 24 2573 11 93,2
26240211c Fel-Ib-005 B 110 181 | 0,865 0,17618 0,00185 12,41797 0,14618 0,51112 0,00587 0,98 2617 17 2661 25 2637 11 101,7
27240211c Fel-Ib-005 C 13 23 0,674 0,17672 0,00206 12,15719 0,15447 0,49888 0,00583 0,92 2622 19 2609 25 2617 12 99,5
28240211c Fel-1b-004 A 76 721 | 0,019 0,0623 0,00067 0,99251 0,01189 0,11553 0,00132 0,95 684 23 705 8 700 [ 103,0
29240211c Fel-1b-003 A 52 435 | 0,406 0,06305 0,0007 1,04147 0,01269 0,11978 0,00136 0,93 710 23 729 8 725 6 102,7
30240211c Fel-Ib-003 A 25 203 | 0,535 0,06401 0,00076 1,0545 0,01355 0,11945 0,00136 0,89 742 25 727 g 731 7 98,0
31240211c Fel-1b-002 D 71 728 | 0,719 0,05804 0,00064 0,72357 0,00872 0,0904 0,00102 0,94 531 24 558 [ 553 5 105,1
32240211c Fel-Ib-001 A 3 21 0,725 0,06401 0,00127 1,08633 0,02185 0,12307 0,00148 0,60 742 42 748 9 747 11 | 100,8
35240211c Fel-Ic-001 B 32 226 | 0,363 0,06564 0,00076 1,25062 0,01549 0,13816 0,00155 0,91 795 24 834 9 824 s 105,0
36240211c Fel-Ic-001 C 15 115 | 0,294 0,06581 0,00089 1,18076 0,01668 0,1301 0,00147 0,80 801 28 788 8 792 8 98,5
37240211c Fel-Ic-002 D 69 408 | 0,478 0,07138 0,00078 1,59483 0,01885 0,16203 0,0018 0,94 968 22 268 10 968 s 100,0
38240211c Fel-Ic-002 D 34 195 | 0,365 0,07145 0,00082 1,65302 0,0203 0,16778 0,00187 0,91 970 23 1000 10 991 8 103,1
29240211c Fel-Ic-003 A 14 118 [ 0,341 0,0615 0,00083 0,95179 0,01328 0,11222 0,00126 0,80 657 29 686 7 679 i 104,4
40240211c Fel-Ic-004 D 21 187 | 0,142 0,06276 0,00076 1,01662 0,01298 0,11746 0,0013 0,87 700 26 716 8 712 7 102,2
41240211c Fel-Ic-005 A 145 | 1717 | 0,180 0,05886 0,00066 0,69747 0,00826 0,08593 0,00094 0,92 562 24 531 6 537 5 94,6
42240211c Fel-Ic-006 D 22 119 | 0,369 0,07271 0,0009 1,73736 0,02235 0,17326 0,00192 0,86 1006 25 1030 11 1023 8 102,4
45240211c Fel-Ic-007 D 38 80 0,604 0,17631 0,00213 9,84757 0,12297 0,40503 0,00451 0,89 2618 20 2192 21 2421 12 83,7
46240211c Fel-Ic-008 A 168 | 335 1,574 0,12197 0,00131 56,1363 0,06935 0,36481 0,00394 0,96 1985 19 2005 19 1995 10 101,0
47240211c Fel-Ic-009 A 27 92 1,605 0,10306 0,00122 3,02598 0,03698 0,21292 0,00232 0,89 1680 22 1244 12 1414 9 74,1
48240211c Fel-Ic-010 A 31 275 | 0,345 0,06129 0,00073 0,9108 0,01119 0,10776 0,00117 0,88 649 25 660 7 658 [ 101,6
49240211c Fel-1d-007 A 8 58 0,513 0,06347 0,00095 1,03123 0,01563 0,11782 0,0013 0,73 724 32 718 8 720 8 99,2
50240211c Fel-Id-004 D 22 125 | 0,344 0,0737 0,00089 1,72739 0,02149 0,16995 0,00183 0,87 1032 24 1012 10 1019 g 97,9
51240211c Fel-1d-003 C 10 120 | 0,011 0,05766 0,00083 0,67029 0,00971 0,0843 0,00092 0,75 516 31 522 5 521 6 101,0
52240211c Fel-1d-002 A 33 271 | 0,424 0,06407 0,00076 0,97811 0,01186 0,1107 0,00118 0,88 744 25 677 7 693 6 91,0
55240211c Fel-1d-001 A 36 325 | 0,063 0,06124 0,00072 0,93628 0,01112 0,11086 0,00117 0,89 648 25 678 s 671 [ 104,6
56240211c Fel-Te-001 A 86 149 | 0,777 0,17274 0,00189 10,91303 0,12197 0,45812 0,00483 0,94 2584 18 2431 21 2516 10 94,1
57240211c Fel-Ie-002 B 66 186 | 0,002 0,11494 0,00127 5,43907 0,08127 0,34313 0,00361 0,93 1879 20 1902 17 1891 10 101,2
58240211c Fel-Te-002 C 42 102 | 0,754 0,11493 0,00131 5,35078 0,06169 0,33761 0,00355 0,91 1879 20 1875 17 1877 10 99,8
59240211c Fel-Ie-003 D 15 126 | 0,326 0,0619 0,00083 0,94118 0,01255 0,11026 0,00117 0,80 671 28 674 s 674 s 100,5
60240211c Fel-Te-005 B 33 54 0,535 0,1904 0,00219 13,20702 0,15226 0,50298 0,00531 0,92 2746 19 2627 23 2695 1 95,7
61240211c Fel-Ie-005 D 147 | 292 | 0,037 0,16341 0,00179 10,34622 0,11391 0,4591 0,00476 0,94 2491 18 2436 21 2466 10 97,8
62240211c Fel-Ie-006 A 42 418 | 0,419 0,05952 0,00071 0,74499 0,00883 0,09077 0,00094 0,87 586 26 560 [ 565 5 95,6
65240211c Fel-Ie-007 D 9 66 1,345 0,05924 0,00095 0,80128 0,01267 0,09808 0,00105 0,68 576 35 6032 6 tog s 1047
66240211c Fel-Ie-007 D 29 256 | 0,599 0,05946 0,00074 0,79578 0,0098 0,09704 0,001 0,84 584 27 597 [ 594 6 102,2
67240211c Fel-Te-008 D 17 86 0,928 0,07405 0,00099 1,63345 0,02138 0,15995 0,00167 0,80 1043 27 957 9 983 8 91,7
68240211c Fel-Ie-009 A 12 97 1,823 0,05849 0,00089 0,69479 0,01034 0,08613 0,0009 0,70 548 33 533 5 536 [ 97,2
69240211c Fel-1f-004 A 82 134 | 0,518 0,17724 0,00199 12,02668 0,1324 0,49203 0,00501 0,92 2627 19 2579 22 2607 10 98,2
70240211c Fel-1f-003 A 47 284 | 0,344 0,0612 0,00074 0,92592 0,01095 0,10071 0,00112 0,86 646 26 671 [ 666 6 103,9
71240211c Fel-1f-001 D 24 241 | 0,030 0,0628 0,00081 0,83483 0,01051 0,0964 0,00099 0,82 701 27 593 6 616 6 84,6
72240211c Fel-1f-001 C 20 102 [ 0,612 0,07309 0,00094 1,69173 0,02111 0,16784 0,00172 0,82 1016 26 1000 9 1005 g 98,4
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Grouping | Analysis_# Grain Pb u Th/U | 27 pp/ 2% pp + 20 27pps3E3y + 20 206 pp s 238y + 20 rho 2 pps2%pp x20 | P pp/3Fy 20 | 27pp/F Yy £20 | Conc
Group II 05250211a Fel-IIa-002 D 140 | 300 | 0,297 0,17224 0,00185 9,80382 0,18558 0,41287 0,00798 0,50 2580 18 2228 36 2417 17 86,4
06250211a Fel-11a-003 A 50 449 0,774 0,06181 0,00089 0,7966 0,01679 0,09347 0,00182 0,92 668 30 576 11 595 9 86,3
07250211a Fel-II1a-004 D 33 300 | 0,258 0,06255 0,00083 0,93301 0,01904 0,10819 0,0021 0,95 693 28 562 12 669 10 95,6
08250211a Fel-IIa-005 A 9 78 0,900 0,05665 0,00119 0,72065 0,01862 0,09226 0,00183 0,77 477 46 569 11 551 11 | 119,2
09250211a Fel-IIa-06 B 11 106 | 0,398 0,05971 0,00108 0,80733 0,01914 0,09807 0,00193 0,83 593 38 003 11 601 11 | 101,7
10250211a Fel-11a-007 D 12 110 | 0,962 0,06289 0,00114 0,76344 0,01813 0,08805 0,00174 0,83 704 38 544 10 576 10 77,2
11250211a Fel-1Ib-007 D 64 446 | 0,222 0,07036 0,00084 1,36035 0,02684 0,140232 0,00273 0,99 939 24 846 15 872 12 90,1
12250211a Fel-I1Ib-06 B 35 243 | 0,283 0,07255 0,00107 1,39484 0,02985 0,1394% 0,00274 0,92 1001 30 842 15 887 13 84,1
15250211a Fel-1Ib-006 C 78 990 0,005 0,06005 0,00071 0,69263 0,01361 0,08366 0,00163 0,99 605 25 518 10 534 8 85,6
16250211a Fel-1Ib-002 D 204 | 351 | 0,617 0,18179 0,00194 11,87246 0,22666 0,47367 0,00924 0,50 2669 18 2500 40 2594 18 93,6
17250211a Fel-IIb-001 A 127 | 329 | 0,705 0,12243 0,00135 5,41288 0,10441 0,32067 0,00626 0,50 1992 20 1793 31 1887 17 90,0
18250211a Fel-IIc-001 A 196 393 0,539 0,16694 0,0018 9,63902 0,18481 0,41877 0,00818 0,50 2527 18 2255 37 2401 18 89,2
19250211a Fel-IIc-002 C 25 137 | 0,642 0,07459 0,00106 1,662 0,03518 0,1616 0,00319 0,93 1057 29 266 18 994 13 91,3
20250211a Fel-IIc-004 A 22 238 | 0,128 0,06083 0,0009 0,80316 0,01729 0,09575 0,00189 0,92 633 31 590 11 599 10 93,1
21250211a Fel-IIc-006 D 44 341 0,398 0,07241 0,00093 1,19799 0,02443 0,11999 0,00236 0,96 998 26 731 14 800 11 73,2
22250211a Fel-1I1d-006 D 40 333 | 0,363 0,06601 0,00087 1,02499 0,02107 0,11262 0,00222 0,96 807 27 588 13 716 11 85,3
25250211a Fel-11d-003 B 3 85 0,313 0,06186 0,00115 0,81334 0,01974 0,09536 0,00191 0,83 669 39 587 11 604 11 87,7
26250211a Fel-11d-002 A 40 317 | 0,464 0,0636 0,00081 1,02088 0,02079 0,11642 0,0023 0,97 728 27 710 13 714 10 97,5
27250211a Fel-1Id-001 D 28 238 | 0,862 0,06128 0,00001 0,85625 0,01855 0,10134 0,00201 0,92 649 31 622 12 628 10 95,9
28250211a Fel-Ile-001 B 132 | 248 | 0,660 0,15565 0,00172 9,57515 0,18645 0,44615 0,0088 0,50 2409 19 2378 39 2395 18 98,7
29250211a Fel-Ile-002 B 70 374 | 0,594 0,07318 0,00089 1,69664 0,0341 0,16814 0,00333 0,99 1019 24 1002 18 1007 13 98,3
30250211a Fel-Ile-005 D 34 407 | 0,212 0,05961 0,00082 0,68172 0,01436 0,08293 0,00165 0,94 590 30 514 10 528 9 87,1
31250211a Fel-Ile-006 A 42 309 | 0,175 0,06862 0,00089 1,29518 0,026732 0,13689 0,00272 0,96 887 27 827 15 844 12 93,2
32250211a Fel-Ile-007 D 22 219 | 0,342 0,06009 0,00088 0,80846 0,01754 0,09758 0,00194 0,92 607 32 800 11 602 10 98,9
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Grouping | Analysis_# Grain Pb u Th/u | 27 pp/2% pp + 20 207 pp 33y + 20 206 pp s 28y + 20 rho 207ppys206py  +20 | pps/ By 120 | 27ppsBy 120 | Conc
Group III | 352502113 Fel-IIla-001 D 155 | 239 | 0,979 0,17747 0,00199 12,38275 0,24363 0,50601 0,01005 0,50 2629 19 2640 43 2634 18 | 100,4
362502113 Fel-IIIa-002 A 204 | 674 | 0,349 0,10949 0,00123 4,2986 0,08471 0,28473 0,00566 0,50 1791 20 1615 28 1693 16 90,2
37250211a Fel-II1a-003 D 18 88 0,839 0,07161 0,00152 1,66969 0,04443 0,1691 0,0034 0,76 975 43 1007 19 997 17 103,3
382502113 Fel-IIla-004 B 20 120 | 0,169 0,07642 0,00115 1,80089 0,03957 0,1709 0,00343 0,91 1106 30 1017 19 1046 14 92,0
392502113 Fel-IIIa-005 A 36 321 | 0,358 0,06162 0,00082 0,91817 0,01922 0,10806 0,00216 0,95 661 28 662 13 861 10 | 100,1
40250211a Fel-IIIa-006 A 79 826 0,174 0,06072 0,00074 0,81446 0,01653 0,09728 0,00194 0,98 629 26 598 11 605 9 95,1
412502113 Fel-IIIa-007 C 9 68 1,677 0,06605 0,0014 0,77597 0,02047 0,0852 0,00175 0,78 808 44 527 10 583 12 65,2
422502113 Fel-IIIa-008 A 55 527 | 0,259 0,06195 0,00078 0,88874 0,01829 0,10404 0,00208 0,97 672 27 638 12 646 10 94,9
45250211a Fel-II1a-009 B 92 1008 | 0,030 0,05774 0,00073 0,79227 0,01637 0,09951 0,002 0,97 520 28 612 12 593 9 117,7
462502113 Fel-IIIb-005 B 294 | 842 | 0,059 0,12167 0,0014 5,98641 0,11969 0,35679 0,00715 0,60 1981 20 1967 34 1974 17 99,3
472502113 Fel-11Ib-004 A 50 74 0,388 0,2143 0,00257 17,45353 0,35396 0,59061 0,0119 0,99 2938 19 2992 48 2960 19 | 101,8
48250211a Fel-II1b-003 D 26 114 | 2,465 0,06374 0,00108 1,20255 0,02816 0,1368 0,00278 0,87 733 36 827 16 802 13 112,7
492502113 Fel-IIIb-001 B 56 102 | 0,703 0,15768 0,00196 9,89376 0,20323 0,455 0,00919 0,98 2431 21 2418 41 2425 19 99,4
502502113 Fel-IIIc-002 A 62 642 | 0,059 0,06028 0,00079 0,87566 0,01835 0,10534 0,00213 0,96 614 28 646 12 639 10 | 105,2
51250211a Fel-IIIc-003 A 69 618 0,065 0,06219 0,0008 1,04441 0,02181 0,12178 0,00246 0,97 681 27 741 14 726 11 108,8
522502113 Fel-IIIc-005 D 54 148 | 0,787 0,10828 0,0014 4,60685 0,09626 0,30853 0,00625 0,97 1771 23 1734 31 1751 17 97,9
552502113 Fel-IIIc-006 D 122 | 1344 | 0,250 0,05878 0,00073 0,74428 0,01542 0,09182 0,00186 0,98 559 27 566 11 565 9 101,3
56250211a Fel-IIIc-007 B 126 366 0,475 0,11028 0,00134 4,83999 0,09951 0,31827 0,00645 0,99 1804 22 1781 32 1792 17 98,7
572502113 Fel-IIIc-007 D 68 752 | 0,265 0,06081 0,00086 0,77241 0,01682 0,09211 0,00187 0,93 632 30 568 11 581 10 89,8
582502113 Fel-IIIc-008 D 82 242 | 0,505 0,11056 0,00138 4,69321 0,09742 0,30782 0,00626 0,98 1809 23 1730 31 1766 17 95,7
59250211a Fel-IIIc-009 A 126 | 1240 | 0,677 0,05719 0,00073 0,71922 0,01508 0,0912 0,00185 0,97 498 28 563 11 550 9 112,9
602502113 Fel-1I1d-007 A 291 1203 | 0,051 0,11187 0,00135 3,90065 0,08028 0,25283 0,00514 0,99 1830 22 1453 26 1614 17 79,4
612502113 Fel-111d-006 A 117 | 912 | 0,084 0,06478 0,00082 1,23865 0,02587 0,13866 0,00282 0,97 767 26 837 16 818 12 | 109,1
62250211a Fel-IIId-005 A 93 1090 | 0,082 0,05846 0,00077 0,74876 0,01589 0,09288 0,00189 0,96 547 28 573 11 568 9 104,7
652502113 Fel-1IId-004 D 76 413 | 0,321 0,07191 0,00094 1,83947 0,03907 0,1855 0,0038 0,96 983 26 1097 21 1060 14 | 111,6
662502113 Fel-111d-003 B 23 245 | 0,455 0,0573 0,00096 0,72559 0,01708 0,09183 0,00189 0,87 503 36 566 11 554 10 | 112,7
67250211a Fel-1I1d-003 C 10 101 0,566 0,08434 0,00169 1,02812 0,02655 0,08839 0,00185 0,81 1300 39 546 11 718 13 42,0
682502113 Fel-IIle-001 D 98 393 | 0,289 0,10383 0,00136 3,51862 0,07493 0,24574 0,00505 0,97 1694 24 1417 26 1531 17 83,6
692502113 Fel-IIle-002 D 98 384 | 0,508 0,10053 0,0013 3,38083 0,07183 0,24385 0,00501 0,97 1634 24 1407 26 1500 17 86,1
70250211a Fel-IIle-003 D 54 309 1,085 0,06402 0,00091 1,2875 0,02828 0,14582 0,003 0,94 742 30 878 17 840 13 118,2
712502113 Fel-IIle-005 D 20 150 | 0,927 0,05982 0,00108 0,924 0,02268 0,112 0,00233 0,85 597 39 684 14 665 12 | 114,6
722502113 Fel-IIle-007 A 81 205 | 1,007 0,10918 0,00147 4,86344 0,10511 0,32302 0,00667 0,96 1786 24 1804 32 1796 18 | 101,0
75250211a Fel-IIle-008 A 92 888 0,157 0,06203 0,00086 0,95113 0,02079 0,11118 0,0023 0,95 675 29 680 13 679 11 100,6
762502113 Fel-IIIf-005 L 1 9 0,005 0,06151 0,00338 0,89754 0,05032 0,10581 0,00261 0,44 657 114 648 15 650 27 98,7
772502113 Fel-1If-005 B 1 7 0,015 0,09266 0,00418 1,3852 0,06445 0,1084 0,00266 0,53 1481 83 664 15 883 27 44,8
78250211a Fel-11If-004 D 66 325 0,633 0,07352 0,00103 1,91751 0,04226 0,18911 0,00392 0,94 1029 28 1117 21 1087 15 108,6
792502113 Fel-IIIf-003 A 150 | 1838 | 0,127 0,0581 0,00079 0,715 0,01563 0,08923 0,00185 0,95 533 30 551 11 548 9 103,4
802502113 Fel-1IIf-002 A 625 | 1137 | 0,495 0,1625 0,00212 11,19518 0,24114 0,49955 0,01037 0,96 2482 22 2612 45 2540 20 | 105,2
81250211a Fel-11If-001 A 100 905 0,133 0,06138 0,00085 1,01644 0,02235 0,12008 0,0025 0,95 653 29 731 14 712 11 112,0
822502113 Fel-IIId-001 D 285 | 832 | 0,348 0,11563 0,00154 5,32386 0,11562 0,33386 0,00694 0,96 1890 24 1857 34 1873 19 98,3

Red data are outside the 90%-110%

concordance limit
* A: Homogenous grain, B: Core, C: Rim, D: Growth zoning-overgrowth
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