National and Kapodistrian University of Athens

Faculty of Geology and Geoenvironment

Department of Mineralogy and Petrology

Sefrpenti ni
and Met aso

Constraints to their relationship
through mineralogical, petrologica
and geochemical study of
rodingitized dykes intruded
ultramafic rocks of Kimi district,
Evia, Greece

Christos Karkalis
MSc Thesis

Supervisor Prof. Andreas Magganas

2018



Three-Member Committee
ProfessoAndreas Magganas (Supervisor)
Assistant Professor Panagiotis Pomonis

Professor Konstantinos Kyriakopoulos



(@01 011 1 1=
F Y 0153 1 = U RO
O T T T~ S TP PP PPPPPRPP

F ol [0 1177 1T [ [ 1T £

1
2

Contents

© N O P

INEFOTUCTION ..enieeiieee et eemmemee st e e ettt e e smmmmme s e e e e s e s s smmmmmmmms s s ennennsesnsmmmmmmnne 1O

Serpentinization and Metasomatisny State of the Art...............co oo 12..

2.1  Description of metasomatism and metamorphism..............ccc..vveememmmmeeeeennn. 12..

2.2 MEtaSOMALIC FEALUIES .....c..eee e e e e e e et e e s emmmmmms e e e en s e e s emmmmmmmen s s L2

2.3 MetaSOMALiC PrOCESSES. .....uvurrrrirnnnnnimmmmmmmmeeeeeeeereeeessmmemmeeersssssssnnnssss smmmmmmmms s

2.4 Metasomatism associated with ultramafic rGkS...........c.ovvevieniieceemeeeeeeenn, 12...

2.5  SerpentiniZation ...........cc.ueeeeeeeiimcmeeems s s immmmmme s e e e e e e e e e s L

251

2.5.1.1 Abyssal or oceaniC Serpentinites............ccevvvrrsimmmmmmemeeeeeeeeeeeeessmmmmmeens 14

2.5.1.2 Mantle wedge Serpentinites............ccuvuurumimmmmmmmmeeeeeeeeeeeeeessmmmmmmenreeeenn il
2.5.1.3 Subducted SerpentinitesS............coeeeeeeee i emmmmmmm . LD

2.5.2
2.5.3
254

Serpentinite Subduction Channel................cvveeeeeeee e eeeeeeene . 1D
The chemical process of serpentinization.............ccccoovv i eeeeeeeeeeee, 15...

Serpentinite deformation...............cccuuviimeemeecc e e e mmmemmmmee e eeeeeeen . LB

2.6 Carbonization of ultramafiCc rOCKS.........oveeiiee et vemmmmmme e LG

26.1
2.6.2
2.6.3
264

Magnesites- Ophimagnesites...............evuvvvvvimmmmmmmmieeeeeeeeeeeeessmscmcsemeeeeseees L.
OPhICAICIEES. ... e e e e e e e e e LD
LISEWANITE ... e mmmmmmmmr e e e e e e e e e e e LD

Ophicaldtes Listwanites and Magnesites in Evia.................ooosceeeeeee.... 20,

2.7 Blackwall alteration and steatitization........c...ovvevveeiiiccmmcemee e s smmmemee . 20

P24t T B 110 o 1< o [1 1= 1 (o o R TP S
2.9 ROAINGILZAUON ....oiiiiiiiiiiiiiiememmmemr e smmmmmnnns e e e e e e s emmmmmmmms s nneeee s e

291
29.2
2.9.3
294
295

2.9.6
29.7

Rodingite definition ... e 22
Chemistry of rodingitizaOET T O OT AET CEQAQG...ERDI AOCET 1
Physicochemical Conditions of rodingitization......................icccceeeennne. 24..
Rodingitization and serpentinization...............cccoooev e e 2

Mineralogy and mineral chemistry of rodingites- Stages of rodingitization
25

Derodingitization and Metarodingites..............coooeviivimmmmeemvvveeeeeeeeeee e 24,

Rodingite OCCUrreNCES IN GIrEECE......cccvvvviie et cccemmmmme e e e et e ssmmmmmmmms oo 2 2O



ICTI €T=To] [o]e [ o= N =F=Tod 1(o | (o 11 ] o o PP

3.1
3.2
3.3
3.4
3.5
3.6
3.7
3.8

4.1
4.2
4.1
4.2
4.3

I AN g T 1)V (o= 1R, =1 g o T
B PetrOgraPNY.. .. it s

6.1

6.1.1  Group| Non-Carbonated ROAINGItES.............coeeiiiiiiceeeeeeeeenee s

6.1.2  Group-ll Calcite bearing rodingites.................uvvviiimmcccccee e e

6.2

6.2.1
6.2.2 Metasomatized Serpentinites............oovvvvviviieeeemmmmieeeeesee e e e e e s e e
6.2.3  CRIOKIIEES ....eeiiiiieiiiiieie e cmmmmmmmme e s e
7 MiINEIal CREMISTIY....ciiiiiiiiiii i ceeeeeeemr et smmmmmmens ettt e e e e e e s smmmmmmmme bbbt e e e s

7.1
7.2
7.3

2.9.7.1 Kimi rOAINGITES ..ovvvvviiiiiiii it e e eeeemmnes e e
32..
Geological division of the Hellenides...............ouuiiiceemmccceciii e
33...
34..

Pelagonian ZONE...........uuuiuuiiiimmmmmmmn e eeee et e
VATAAr ZONE......uiiiieiiieeiee et s £
Attico-Cycladic COMPIEX......coooi i e s e e e e e e meeeees
Evia geological SEMING..........covvviuiuiirmmmmmmmme e e s eeeeeeeee e s s eeeeeeesane s vmmmmmmmns s
SOULNEIM EVI8L......eiiiiiiiiiiii et s
CentralNorthern Evia and Kimi Geological Setting................oooicccceeeeeevnnns
The Kimi flYSCR ...t e e
A FICIA WOTK...cceeiiiiieie i cemmemmmme ettt emmmmmmmns ettt e e e e s ammmmmmmms ettt emmmmmmmmn s
Sedimentary ROCKS Of FIYSCh........uuuuiiiiii o eeremmem e
UIramafiC ROCKS..........uuiiiiiiiiiiemmmmcmm et s e
L@ 0] 1 T07= 1 [ (= PP UPPPPUOPPPY” ¥ A8
ROAINGILES. ...ttt ettt eemeeemms s e e e e e e e e et e e e e eeeeeeese s mmnne

TAIC S CNISES. . evieeeie ettt s e e e et e e e et st e et e e e

070 [ g 0 1= F OSSP P PP PP PP PPP

6.1.1.1 ROdINGIte COre ZONES........cciiiiiiiietimmmeeee e e e e e e mmmmmmeme e e e e e e e
6.1.1.2 Rodingite Marginal ZONE..........ccccooiiiii i eeemmmmm e
6.1.1.3 Rodingite Transitional ZONe.............uuuuiiiiimmmme e eeeeeeeeee s eeeeeeeenreeaens

6.1.2.1 ROdINGItE COre ZONES......ccevvvvrrrrirrrimmmmmmmmseeeeeeeeeeeessimmmmmme—reessssssnssnnnn
6.1.2.2 Rodingite Marginal ZONe...............cooiiiiimmmmeemeiiieeeeee e
6.1.2.3 Rodingite Transitional ZONE...............ooiiiiiimrcccmiiiiieee s emmmmmmm e
UIRFAMATICS. ... eeeeiiiiiiie e eemmm ek e emmmmmmns e
.............. 72
A4

VESUVIANITE.....eeiiieeeeiieie e cmmmmmmmme ettt e e e e e e e s ammmmmmmns s e e e e e e e s emmmmmmmms e e s e
Garnet and HYdrOQarneL............uuueeviiiioccccmme i emmmmmme e e

Clinopyroxene and AMphibOoIe............coooiiiiiimmmeeee e

Serpentinized Peridotites.............cooiviiiieeeeeeee e e

30

32.

34
34

35....
35.
40...

42

43...
44...

48

55.

29
29
60

.96....

50...
82...
63.

65

65...
66...
68.
2.

15....
AT.....
A1

19

82....



A S O o1 0] 1 (= OO P P PPPPPPPPPRRN . 7.
7.5 SEIPENTINE.....uiiiiiiiiiiie e immmmmeems ettt e e e e s emmmmmmmm e e e e s e s s e DD
7.6 Spinel Group MINETalS.............uviiiiiiiiccce e e o2 9
O B O [ | (=P PP O PP PPPPPPPPPOPPPRRRIRPRE ° 24
T8 QUAIMZ. ...ttt emmmmmmmt et e smmmmmmmne e DO
RS T Y o T- 1] (= 3SR UOOPO I © 1
A KO N - U 1 (= OO P PP P PP
S I CT=ToTod 0110 011 Y PP P PP PPPPPPPPPPRRRIN © o
8.1 Rodingite ChemiStry..........c.ocviiiiiiiriemmmmmmmee e eeeeeeeeeees s eeeseesenesns vmmmmmmmms e s L
8.2  Rodingite Chemical MODIlity..............cccuviiimmmmmeeee e mmmmmmmmeeeee e, L0200
8.3  Ultramafics ChemiStry..........cccuuuvuriirimeececee e mmmmmmmme e e e e e mmmeenens LO8
8.4  Chemical Mobility of Ultramafic ROCKS............ooooiiiiiii el 1L
8.5  Chemical mobilization from ultramafic host rock to rodingite dyke............. 114
8.6  Isotope GeOChEMISIIY.....cccoiiiiiii e e e e e e e e s emneen L LD
8.6.1 Introduction to isotope geochemistry theories...................cc el . 115
8.6.2  OXYQEN iSOIOPES......uuurirririieeesimmmmmmmmiiinebeee e s smmmmmmms s s e e nnesss s smmmmmmnme e L 1O
8.6.3  Carbon iSOtOPES........uvvvvvurriunniimmmmmmmmeeeeeeeeeieeeesemmmmeeemsesssesnnnnnnss smmmmmmmme e L1O
8.6.4  O-C isotope analyses in Kimi calCites................ccvvvimmeecccceeeeeeeieeenene 116
8.7  Geochemical Comparison between Kimi and Skyros Rodgites................. 117
O DISCUSSION....ciiiiiiiiiiie e e immeeemms sttt e e e s mmmmmmmms et e e s et mmmmmmmms e e e e e e nsn e s smmmmmmnns o L L O
9.2  GeOotectONiC SENG.....uuuuuuiiiiiii i it it emmemmmms e e e e e e e e e e e e s smmmmmmmme e e e e 2 i lO)
9.2.1 Mineral Chemistry Data ................ooovvviieeeeeeemiciiieeeesee e s smmmmmmmmeeeeeeeeeenn L1
9.2.2  Geochemical DAtaA...........eeeeieiiiiiimmmmmmmiiiiiieeee s emmmmmmms e el 21
9.3 Metasomatic processes and Chemical transformation...............................123
9.3.1 Petrography and Mineral Chemistry.............ccccvvvivieeeccccee e 124
9.3.2  Geochemical INtErpreBtion ............coovviiiiicmemeeemeeeeeee e e smmmmmeemeseeeee e 1200
9.3.2.1 Whole Rock Chemical Data...............c.uvviiemmmeemeeee e e smmmememe e 127
9.3.2.2  1SOCON PIOLS......uviiiiiiiiiieei i immmmmmmmeieeeeeeee e e e s emmmmmmmm e smmmmmmmmn 000128

9.3.2.3 Chemical Composition of Metasomatic fluids and Element Mobilization
132

9.3.3  O-C Isotope Geochemical Data...............ccuvueeemmmmmeeeeeeeeeees s s smmmmenenseee e 37
9.3.4  Physicochemical Conditions..............oooviiiieemecccmecccieiee e e . 140
10 CONCIUSIONS.....cciiiiiiiiiiee s mmmmeeme e e mmmmmmmme e e e e e e e s vmmmmmmmmr s e e e e e e e e e e e s smmmmmmmee LD
11 REFEIENCES......uuiiiiiiiiiii e emmmmmmm ettt st e s s smmmmmmmme s LA T



12 Table Of FIQUIES......ccoo i eeeeceem s e e s e e s ee e seaes st wmmmmmmms e s e e e e e e e e e el DU
13 APPENAIX.cciiiiiiiiiiiiiiit et mmmmmee e e e e et mmmmmmmme e e e e e e e e s smmmmmmmmr s eee e e e e e e e e e s emmmmmmnns o LOD



Abstract

In Kimi (Central Evia, Greece) the Cretacedtmeogene flysch consists of schists,
sandstones, cherts ammphicalcites, along with serpentinized peridotite bodies
underlying Upper Cretaceous limestone intercalations with peridotite fragments.
Serpentirzed peridotitesire intruded by rodingite dykes of a possibly gabbroic origin
and they are thought to repraseretaceous ophiolitic remnants of the Vardar Ocean
inside flysch, being obducted onto the Pelagonian platform. Based upon their
petrographical, mineralogical and geochemical data Kimi rodingites have been
divided into two groups according to the preseraf calcite or not. A further
discrimination concerns the three distinct zones that have been observed in rodingite
dykes from both field and laboratory examination and include chidiigside rich
Marginal Zones(z @, garnetvesuvianite rich Core ZoneC¢) and Transitional
Zones (TZ) which include the aforementioned mierals in various amounts.
Rodingitization was a continuous metasomatic process strongly related with
serpentinitzation and occurred under alkaline conditions. It was evolved in two main
metasomatic events with low and high XE@onditions respectively. Each
metasomatic event could further subdivided into several stages as it is confirmed by
the existence of distinct zoning within the rodingite dykes. Each stage corresponds to
the gradualnfiltration of metasomatic fluids through the mafic dyke with a gradual
increasing of water/rock ratiand decreasing of GfH,0O ratio and T conditions
Whole rock chemical analyses exhidtaO enrichment andilica-alkali depletion.

C&* derives from cliopyroxene dissolution and is strongly mobilized during
serpentinization, while Si loss is attributed to feldspar breakdown of the mafic
protoliths. Vesuvianite formation took part in later metasomatic stages of the first
event, when the metasomatic fluidere C4" and OH rich with low CQ/H.O ratios.
Apatite formation is indicative of seawater participation and €rease. These final

are followed by the second metasomatic everdbwer T andhigh CQ conditions.

This event coincides with ophicalcitéormation in OCT (Ocean Continent
Transitional Zone) where brittle conditions cause serpentinite breakdown. These
cracks usually begin from the chlorititic margins and crosscut the whole rodingite
dyke, permitting the Cohydrous rich fluids to crystallizealcite. LREE deposition is
observed in apatite and allanitd)REE mobilization took part mainly via GO, while
apatite presence and Zr mobility could also support the presence,;ef FEE and
LREE-OH and complexeas well.Stable isotope chemistry @abf C and O in calcite
samples form rodingite, ophicalcite and red mudstones of Kimi flysch show a
combination of sedimentary and mantle deripedcesse# the metasomatic fluids.
Based upon whole rock chemical data from rodingites and serpentinpies] s
chemistry, the presence of vesuvianite and hydrogarnets we conclude that the
metasomatic processes possibly took part in a SSZ geological setting. Chemical
similarities of Kimi rodingites with those of Skyros are indicative of an elongated
ophiolitic Zone within Vardar Ocean. Tda closure of this Upper Cretaceous Vardar
basincoincides with the flysch formatiaesulting in the westwards thrusting of Kimi
flysch onto the Pelagonian platform and the entrance of peridotitic olistostromes
within flysch.

Keywords vesuvianite, grossular, REE, @@etasomatism chloritite, rodingite
zoning, carbonization
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1 Introduction

Serpentinization is a very important processtha planet Earth and elsewhere since

it has been linked among others and with the origin of life, as well as with the global
greenhouse phenomenon cause@ 0y emissionsQze and Sharma, 200Schulte et

al., 2006 Power et al., 2013). As carbonate minerals are naturally produced during
serpentinization, the devgment of industrial strategies that mimic this natural
serpentinization fo€0O, sequestration is a modern task worldwide. On the other hand,
rodingitization, that is the formation of rodingites, is a metasomatic process that is
considered widely to be real to serpentinization.

In particular, rodingites are rocks that are thought to have mostly resulted from the
interaction of serpentinization fluids with parent rocks along the contact with
serpentinites (Pirajno, 2013). These parent rocks, which inaiogkc to felsic
lithologies e.g.gabbro, granite, greywacke, quartzite and argill@®léman, 1967;
Schandl and Mittwede, 2001; Hatzipanagiotou et al., 2008t al. 2007, are mainly
enriched in CaO and depleted in $i@nd NaO during rodingitization(Piranjo,
2013). Rodingitization mainly occurs in seafloor environments and more rarely in
subduction environments (Koutsovitis et al., 2013 and references therein).

In Kimi Evia there is a strong relationship in space and time between rodingites and
sepentinites. This relationship implied from the formation of rodingite dykes
themselves, as well as the reaction zones developed near the contact of the rims of
rodingites with the serpentinite host rocks. Rodingites are present as dykes inside
serpentinitg, both of which in turn are located as large blocks within the
MaestrichtianPale@ene(?) flysch of Pelagonian Zori€agsikatsos et al., 1970)

Rodingites and serpentinites iGimi area have not been studied in the past 45 years.

The first report orKimi6 s rodi ngites and serpentinites
(1945). He stated the serpentinitic bodies found within flysch are the result of
intrusion ofa peridotitic magma which penetrated it, whereas the rodingite dykes are

rocks rich in Casilicate mineals.

Marakis (1972a,hyeferred to clinochlore and vesuvianiteh rodingite dykes inside
serpentinitic rocks, in an area which lies norttiKohi and in Kalimeriani village, few

km away of Kmi towards SW. He studied especially the clinochlore usiRp)} and
microscopic examinations in order to explain its conditions of formation. He reported
that the rodingites are metamorphosedriéh limestones mostly consisting of
chlorite, vesuvianite and calcite. He attributed their formation to metamorphitseven
which affected the primary marly limestones. Paraskevopoulos and Kanakis (1972),
studied theKimi ophicalcites, which appear in Choneftiko area ni€emi. They

stated these ophicalcites are parts of the serpentinitic margins and consist of calcite
veinswhich crosscut serpentinite, whereas calcite can also appear as thin layers inside
the serpentinitic mass. They also recognized another ophicalcite group, which consists
of slightly metamorphosed marbles, that are present as inside serpentinites and their
formation is attributed to an ultrabasic magma which penetrated to the uppermost
limestones and distracted limestone fragments, which were metamorphosed into
marbles.

From the above it is clear that there is not any detailed and modern petrological
geoclemical and mineralogical study of the rodinggrpentinite rock association

occurring in theKimi area. The suggested petrogenesis for this association is far from
what we presently know for similar occurrences elsewhere. Thus, my aim is to cover

10
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the gapto our petrological and geochemical knowledge for the rodisgitpentinite

rocks using expert classical petrographical microscopmthods, modern tools such
asXRD evaluation, SEMEDS mineral chemical analyses, KBFS geochemical data,

as well as stablisotopes. | will also focus to the relation between the metasomatic
processes of rodingitization and serpentinization in this particular case, trying to find
evidences that link them, such as the physicochemical conditions under which they
have been fored, when this metasomatism was realized and which are the chemical
reactions that the mineral assemblages formed. Moreover, | shall try to conclude
about the protolith of rodingites and the geotectonic setting under which,
serpentinization and metasomapoocesses occurred, firstly considering that they
might be realized within or close to the oceanic floor of Va@esan Finally, a very
notable task which | will try to explain is the discovered relatively high REE
abundances in many rodingite samplesrithe study area, and to compare them with
similar REE enrichments occurring elsewhere in the world.
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2 Serpentinization and Metasomatisni State of the Art

2.1 Description of metasomatism and metamorphism

Harlov and Austrheim (2013jollowing the definition of the International Union of
Geological Sciences (IlUGS)efer to metasomatismas a process that chemically
changes the whole rock or a part of that in solid state and results from the interaction
of the rock with chemical solutions. During these inteoss chemical components

are removed off or/and entered the two phases. On thel@hdmimetamorphismis

a process of mineral and microstructural changes of rocks remaining is solid state
(Harlov and Austrheim, 2013). These two processes can coexist.

2.2 Metasomatic features

According to Zharikov et al. (2007), metasomatism is characterized by:
1 lon by ion replacement in minerals of a rock in solid state.
1 Addition or subtraction of major components other tha® dnd CQ.

1 Formation of zones that represenéwctical equilibrium between two rocks or
a rock and an infiltration liquid.

2.3 Metasomatic processes

According to Zharikov (2007), there are five types of metasomatic processes:

1 Diffusional metasomatism, which occursvhen a solute is diffused due to the
chemcal gradient between the fluids and the rock in pores and does not
require the movement of the fluid,

1 [Infiltrational metasomatism, which occurs where an infiltrated fluid under
pressure transfers material.

1 Autometasomatism such as albitization is a postimagmatic process,
appearing in igneous intrusions.

1 On the other hand, near the contact of two different lithologies the activity of
the fluid gradients leads tmoundary metasomatism which is very often in
blackwall alterations and rodingitization processesile

1 Contact metasomatismis divided into endeontact and exgontact and
concerns the changes that evolve an igneous intrusion and all the wallrock. An
example of contact metasomatism is the formation of skarns

*Chemical gradient is the concentratialifference of a chemical component between
two areas. As a result, activate particles move from areas with high concentrations to
those with low ones.

2.4 Metasomatism associated withultramafic rocks

Metasomatism associated with ultramafic rocks mainljuohes serpentinization and
carbonization. Blackwall alteration, steatitization, diopsiditization and rodingitization
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are metasomatic processes also associated with ultramafic rocks, but they usually
require mafic rocks, which may intrude the ultramafics@ in immediate contact

with them. The serpentinization leads to the formation of serpentinite and
carbonization produces ophimagnesite, ophicalcite and listwanite. Blackwall
alteration forms mainly talcand chloriteschist and chloritite, steatitizatiocreates

also taleschist, a variety of which is soapstone or steatite, diopsiditization forms
diopsidite and rodingitization rodingite.

From the serpentinization of Hég silicates the fluids that derive cause the
metasomatism of the mafic rocks and theontacts with their host rocks. The
serpentinization ranges from T < 18D with lizardite being the mineral that occurs
phase that occurs to 580 (antigorite). The common minerals of the serpentinization
are lizardite, chrysotile, brucite and magreetis a byproduct of serpentinization due

to the release of Fe from fdyg silicates and its oxidation to Feln shallow depths

(<20 Km) lizardite is stable, while chromite turns to lizardite. With the increasing of
P-T lizardite turns to antigorite at abst 400°C. During the subduction serpentinites

are prograde metamorphosed and dehydrated causing the antigorite breakdown
(Deschamps et al., 2013)

2.5 Serpentinization

Serpentinization is a process, where ultramafic rocks are hydrated and anhydrous Fe
Mg silicate mnerals are converted to hydrous ones of serpentine group. During this
process the rock density changes from 3,2 gten®,4 g/cmi, which corresponds to

30% mass loss and almost 40% volume gain. Serpentinization as an isochemical
process has been obsenledmany researches in the past (e.g. Page,; 1&5ttey,

1973), while many other authors refer to serpentinization as a chemical process in
which chemical changes occur (e.g. Engin andsHi197®; Coleman and Keith,
1971), but serpentinization is nowadagonsidered as a complex process in which
both volume and chemical changes can occur and for their exact calculation many
mathematic models are possibly required (Karkanas8;7)19Vicks & Whittaker
(1977), divide serpentinization into 8 types accordinght increase or decrease of
temperatur e, whil e OO6Hanl ey et al . (1989a
retrograde (with a decrease in T) and progressive (with an increase in T).

2.5.1 Geotectonic environments of serpentinization

The Penrose model suggjs that the oceanic crust has a layer cake structure in which:
Layer 1 is a sediment cover of the magmatic crust. Layer 2 consists of basalts | form
of pillow lavas or sheeted dikes. Layer 3 comprigabbro All these layers are
seismically defined (Kli@, 2009). In an average of six kilometers beneath the ocean
floor the MOHO is present separating the crust from the underlying peridotitic
mantle. Thus, these peridotites seem difficult to be exposed on the sea floor.
However, today it is well known aftemany detailed studies, such as D&sa
Drilling Project, deep faults allow mantle rocks usually serpentinized to be exposed
(e.g. Schroeder, 2007).

Deschamps et al. (2013), distinguish three groups of serpentinites according to their
geotectonic settingibyssal or oceanic, subducted and mantle wedge serper(fiiged ).

13



(wy) ydeqg

Figure 1. Division of three serpentinite groups based upon their geotectonic settifgbyssal or oceanic,
subducted and mantle wedge serpentinites)Desthamps et al., 2013).

2.5.1.1 Abyssal or oceanic serpentinites

At slow (1 to 5 cm/year) to ultraslow (<2 cml/year) spreading ridges the crust is
relatively thin (1 to 7 km) and there are many faults permitting the intrusion of
circulating fluids and the serpentmation of the oceanic lithosphere (e.g. Mevel,
2003). Because of the thin crust, the seawater hydrates the abyssal peridotites through
faults (transformation faults) and scraps. This is confirmed by O and H isotopic
analyses (Deschamps et al., 2013). Tlsespentinites play the role of a water sink
holding on average of 13%.,8 in serpentine minerals until the T is between 600 to
700°C (Umer and Trommsdorf, 1995Wunder and Schreyer, 1997). On the other
hand, the fast spreading ridges (> 9 cm/year) ptesevery notable magmatic
activity, forming 7 to 10 km thick crugtreventing the serpentinization of abyssal
peridotites, since they cannot outcrop on the seaf{8arton and Detrick, 1992
Deschamps et al., 2013).

Serpentinization in oceanic environntg can be attributed to fractures (Andreani et
al., 2007), which permit the fluid transfer. Basedisotogc studiesand the stability

of serpentine mineralsabyssalperidodite serpentinizatioappearsat 7 km depth
(Escartin et al., 1997) and.dx 450500°C (Evans et al., 1976), while their texture is
mainly pseudomorphic (Deschamps et al., 2013).

2.5.1.2 Mantle wedge serpentinites

Mantle wedge is the part of the mantle between the upper part of the subducted
lithosphere and the lower part of the crust loé toverlying plate. This wedge is
percolated by fluids derived from the subducted slab (sediments, basalts and
serpentinites). These water rich fluids hydrate the mantle and cause its
serpentinization at T<70, but due to the lower viscosity and densitghese rocks
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compared to those of pure peridotites, serpentinites can be exhumed in accretionary
prisms (Deschamps et al., 2013 and references therein).

2.5.1.3 Subductedserpentinites

These serpentinites are divided into two groups according to their grofthie first

group is the oceanic serpentinites, while the second group includes the continental
peridotites which are hydrated during rifting. They are both emplaced in accretionary
complexes or suture zones. When a slab of oceanic or continental isgezpdnt
mantle reaches near the trench area seawater fluids interact with these mantle rocks
along cracks and faults, causing a second serpentinization (GeiReyes et al.,

2007 Ranero et al., 2003, 2005).

2.5.2 Serpentinite SubductionChannel

The serpentiite channel is placed between the dry slab and the mantle wedge. It
comprises abyssal serpentinites, HP rocks of the subducted slab, serpentinized rocks

from the mantle wedge. This unit can be exhumed within this channel and to be
accreted as an ophioltm®| ange ( Deschamps et al ., 201
subduction related systems occurs in the first 100 to 170 Km and the subducted
channel is 5 to 10 m thick extending from ca 20 to 80 Km depth (etiland

Reynard, 2009; Schwartz et al., 2001).

2.5.3 The chanical process of serpentinization

It is under debate whether serpentinization is an isovolumetric process with mass
transfer or just a hydration with an increase in volume. The chemical reaction of
serpentinization for olivine and pyroxene respectivelytlaegollowing (Klein, 2009):

2M@:SiO; + 3H,0 Y  381s(OH), + Mg(OH),
(Forsterite)Chrysotile)(Brucite)

3MgSiO; + 2H,0 Y 381@s(OH), + SiOx(aq)
(Enstatite)Chrysotile)

TheirqV equals to 52% and 16% respectively.

According to Klein (2009) the geentinization of harzburgite with 1:1 molar ratio of
olivine to orthopyroxene increases its volume of 45%.

Mg,SiOs + MgSiO; + 2H,O Y 381s(OH),
(Forsterite)(EnstatitglChrysotile)

but with Si and Mg removal in isovolumetric processes the reaction is:
6MQ,SiOs + 2MgSiQ; + H,O + 10H Y 3 MBipOs(OH), + 5MgP* + 2Si0y(aq)
(Forsterite) EnstatiteChrysotile)

Serpentinization is a reducing process (e.g. Mc Collom and Bach,,2008hich
many changes occur such as the oxidation &f iReolivine and pyoxene to F& in
magnetite. The last process releaséagidescribed from the reactions below:

3FeSiO;+ 2H,0 Y  DFA8SiO(aq) + 2H(aq)
(Fayalite)(Magnetite) and
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3FeSiQ+ H,0 Y ;07 €3SiO(aq) + H(aq),
(FerrosiliteMagnetite)

Olivine is usually replaced, except by serpentine, by carbonated minerals-taid Fe
(Andreani et al., 20Q9Bach et al., 2013), while other times olivine is replaced by
calcite (Kelemen et al., 200Bach et al., 201Xlein, 2009). These are the results of
CO, metasomatism. The extent of mineral carbonation depends oprdbaith
composition, the C@activity of the fluid, T and fluid flux (Bach et al., 2013), while
the carbonation is an example of the coexistence of infiltration and diffusion.

On the othehand, serpentinites can also be metasomatized by silica. They have very
low silica activities under sureenschisphasesbut near magmatic intrusions (e.g.
gabbro), the silica content increases due to their hydrothermal alteration (Bach et al.,
2013 auwl references therein).

2.5.4 Serpentinite deformation

Pseudomorphic serpentine presents brittle deformations, while in-Bflkbar a
transition between brittle and ductile features occur (Raleigh and Paterson, 1965).
Brittle deformation dominates at P<8bar and temperatures lower than that of
serpentinization. On the other hand, ductile is the main deformation type &lsar 4

and temperatures between 58@0 °C. Finally, according to Noell et al. (1989),
lizardite serpentinites sustain brittle deformatiauring or after the ophiolite
obduction at T<36C.

2.6 Carbonization of ultramafic rocks

2.6.1 Magnesites- Ophimagnesites

Magnesite is usually the result of g@etasomatic processes that take place in the
seafloor and they are associated with serpentiniza#mecording to Klein and
Garrido (2011), a peridotite infiltrated by G@ch fluid will form some distinct zones
changing its mineral assemblage. At 2@ and 100 MPa a serpentibeucite
protolith (Fig. 2), with progressive G@netasomatism will createagnesite, talc and
guartz, whereas in partly serpentinized rocks the relict olivine and pyroxenes will be
replaced by magnesite and serpentine or magnesite and talc. The extent of the
carbonation depends on the £éxtivity of the fluid, the flux of the €lid and the
temperature (Bach et al., 2013). £@etasomatism is a mixed diffusional and
infiltrational process and is the result of the interaction of,-@€h fluids with
serpentinite in temperatures between 150 t6°G00

There are to main opinions concerning magnesite deposition, which support either the
hydrothermal origin of magnesite from magmatic waters or the origin of magnesite
from meteoric water, while in modern theories a mixture of both magmatic and
meteoricwater is suggested, explaining &@®rivation (Skliros, 2013).

According to Pohl (1990), hydrothermal magnesite derives from low salinity rich in
CO, hydrothermal metamorphic derived fluids, which dissolve olivine crystals and
produced fluids rich in Sigand Mg(OH). These waters move through cracks in the
ultramafic rocks and crystallized magnesite in vein forms near the surface in alkaline
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and reducing conditions (pH: 7#%5, Eh:-70 to-120 mV) conditions and (Pohl,
1990).

0 T T T T
{T}/

(5)

(4)

Magnesite

(2) Talc | 94

log aCO,(aq)

Chrysotile

200°C
-6 -5 -4 -3 -2 1
log aSiO,(aq)

Figure 2. Phase diagram of the system Mge&siO,-H,0-CO, with predicted mineral assemblages labeled,
modified from Klein and Garrido (2011), (Bach et al., 2013).

The main chemical reactions for magnesite formation are the following:

Mg,SiO, (Forsterite) + EO, ( aq) Y 3 @nsgnési@) + Sig(aq) + 64 KJ/mole,
in which magnesite occurs as a metasomatic product, deriving form forsterite
hydration in CQrich conditions.

There are also two other chemical reactions describe both magnesite, serpentine and
talc formation during C@metasomatism during serpentinization:

2M@,SiO, (Forsterite) + 2HO+ CQ Y  MBibOs(OH)s (Serpentine) + MgC®
(Magnesite)

2M@sSi20;(OH), (Serpentine) + BD+ 3CQ Y  Ms§isO10(OH), (Talc) + 3MgCQ
(Magnesite).

Many theories have been prageal for the origin of Cg) suggesting either an organic
or a biotic origin, or a magmatic origin (Aklaber & Kimberley, 199). Other
authors state that GQ@learly state it has a meteoric origeg. Kelemen and Matter,
2008 Kelemen et al., 2011). Thdyased on isotopic studies, the low or zero REE
concentrations, th&(CO,) concentrations in alkaline conditions and the-[Pépth
relations (Palinkag et al., 2012).

In some metasomatic processes the hydrothermal fluids which are evolved in
ophicalcititization (see Chapter 2.6.2) can be Ca as well agdiidCapedri, 19783

The crystallization of calcite, dolomite and magnesite from sueNi@-aich solutions

is mainly related with T and Ca, Mg concentration in the fluids.
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Figure 3. Stability field of calcite, dolomite and magnesite, related wit Ca/(Ca+Mg) and the T of the

solutions (Johannes, 1970).

From the above diagram (Fig) it is clear that for T = 46600°C magnesite is the

most usual carbonated mineral for a wide range of Ca/(Cat+Mg) ratios, compared to
dolomite and calcite, while magnesite seems to be the first carbonate phase producing
from Mg rich solutions with decreasing Ca/(Ca+Mg) ratios and théowsldolomite

and calcite (Capedri, 1973). From the aforementioned data it is clear that
ophimagnesite formation can also occur, dependmthe T and Ca/(Ca+Mg) values.

2.6.2 Ophicalcites

Ophicalcites are mixed tectorsedimentary brecciated rocks or cataifes with
serpentinite fragments and calcite matrix. Their formation is a result of exposure of
the oceanic mantle to or near to ocean floor due to tectonic processes (Bernoulli et al.,
2003 and references therein). They can be divided into two groutbsthi first
group including those types which derive from chemical hydrothermal processes,
while the second type includes those ophicalcites which come fresadimentary
processes, such as sediment gravity flows and debris flows. They carbealso
distinguished into two other groups, with the first group represented by massive
serpentinites with dense mesh of caldiled fractures, while the second includes
sedimentary breccias with a calcitic matrix, often deposited above the previous
ophicalcite grop (Clerc et al., 20%4_.emoine et al., 1987).

Their main mineral assemblage mostly consists of calcite, dolomite, magnesite and
siderite, while serpentine can occur as chrysotile, antigorite or lizardite.

Accessory minerals include chromite, spinel, mégmetremolite, chlorite, hematite

and sulfides. Aragonite is unstable and turns into cakfiteve 200°C, while in
T<150°C calcite doesndt form. As a result,
Magnetite forms in T> 408C and siderite can form from reactions that substitute
Ca* with FE* (Johannes, 197Capedri et al., 1973).
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The geotectoni@nvironments of their formation are the oceantinent transition
zones (Fig. 4and the ocean ridges and transition faults and normal faults in slow
spreading ridges, whereas their formation is related with brittle deformations and the
exhumation of theoceanic lithospheric mantle in subduction zones (Bernouli and
Jankyns, 2009).

[ A Basall [ Post-rilt sediments  .------ Trace of laler Alpine thrust faulls
Ol Gabbro Syn-rift sediments Jurassic detachment

== Ophicakite == Pre-rift sediments ~=---- Inferred Jurassic detachment
Serpentinite [—1-] Gneiss and schisls

(] Granites —catkm

Figure 4. Geological cross section of the ocearontinent transition zone. Mantle rocks have been exhumed
from low angle detachment faults. Ophicalciés correspond the transition between the dachment fault and
the exhumedmantle (Bernoulli et al., 2009).

2.6.3 Listwanite

Listwanites are carbonate metasomatized ultramafic rocks, which mainly include
magnesite ankerite,ankerite, quartz and fuchsite (chr@mi muscovite) (Halls and
Zhao, 1995), while they can also include varying amounts of serpentine, talc, chlorite
phlogopite and they are usually related with lode Au and Ag mineralization (Pirajno,
2013).

Brownlow (1995) suggests that in neutral to slightacidic pH values Si®
dissolution is reinforced in its amorphous rather than in its crystallized state. During
this process both SpOand CQ react with water producing 43i0, and HCQ
respectively, while His released from COhydration as well (Skibs, 2013 and
references therein). This chemical process, which leads to listwanitation from the
above chemical solutions, occurs at T between 290 t6@340d P between-4 Kbar

and is characterized by Si@lease and by the replacement of\ig@ minerals in the
ultramafic rock by Fevig carbonates, described below:

(Mg,Fe}Si,Os(OH) +3CO,Y 3 ( Mgs+BSiQ €H0.

Listwanite demands a high K influxo be formed and due to this strong K
metasomatism Cr is leached from the chromite and/or othbe&ing silicates of the
ultramafic rock, leading to the formation of chromian muscovite (Pinjaro, 2013).

Hinsken et al (2017), studied Tinos listvites ugng petrographial, whole rock
chemical, isotopicand geochronological data. Tinokstwanite occurrencesare
associated with phyllites, takchists, metgabbros and serpentinites. They ocasr
sheeted like bodies along low angle normal faults, duédwo higher resistance in
alteration processes compared to that of their neighbor schistopliiit talc-rich
rocks. Their main mineral assemblage consists of magnesite and, quada occur

as secondary veinletas wellfuchsite, chlorite, albitechromite, magnetite and other
opaque minerals which are present in small amount&istwanitation is an
isochemical process and can be attributed to fluid infiltration and distribution via the
aforementioned normal faults, leading to serpentinite catlmmaand fuchsite
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formation, under C@rich and kbearing conditions. Based on 8b mineral
isochrons and chlorite thermomethe metasomatic process took place at T between
250-350°C at ages 16 Ma and 19 Ma. Sr isotopic features in magnesite combined
with C and O isotopic data indicate a marine environment, where infiltrated seawater
fluids participated in the functioning hydrothermal system (Hinsken et al., 2017).

2.6.4 Ophicalcites Listwanites and Magnesites in Evia

Paraskevopoulos and Kanakis (1972judied the ophicalcites and refer to a
serpentinitic appearance in strong association with flysch nortiiwii area.
Ophicalcites occur at the margins of the serpentinitic masses in Choneftiko area.
These ophicalcite are described as serpentinites crogsedldite veins, whereas
calcite can be also mixed with serpentine in the rock mass. Calcite can also form thin
layers inside serpentinite. Another ophicalcite type described by Paraskevopoulos and
Kanakis (1972) concerns weakly metamorphosed marble baamts lenses inside
serpentinites, interpreted as fragments of the uppermost limestones trapped inside the
ultramafic magma. The authors divide the ophicalcites into two groups, with the first
group called serpentinitic ophicalcite, mostly consisting ofigante and calcite
veins, whereas chrysotile, magnetite, chromite, pentlandite and pyroxene can also
occur. The second group concerns ophicalcites which derived from an intruded
ultramafic magma inside carbonated rocks. Their matrix mainly consists aitecal
while serpentine occurs in the form of veins, or mixed with calcite. Chlorite, chromite
and magnetite are also present.

Listwanites and ophicalcites in the Central part of Evia between Pyxaria and Kandili
mountains ophicalcite and listwanite occumees appear (Capedri, 1973). In this area
both unaltered and serpentinized ultramafic rocks were affected by hydrothermal
activity, especially in Mantoudi area, where a lot of magnesite ores have been
detected (Capedri, 1973). Listwanites differ from ophiites consisting of
carbonated phases which are not found in ophicalcites, whereas metasomatic
alteration has affected the mineralogy and chemistry of the ultramafic parts of
listwanites. On the othdrand,the ultramafic parts of the ophicalcites haw# been
affected by any mineralogical or chemical transformation (Capedri, 1973).

In the following paragraphs we present the main characteristics of listwanites and
ophicalcites in Central Evia, as they were described by Capedri (1973):

Central Evia listwaites contain three zones, which correspond to successive
alteration stages of a fresh ultramafic harzburgitic body. An inner green zone is
consisting of green chlorite along with some quartz. This zone turns to an
intermediate yellowish zone containing mbmorillonite, quartz and abundant
carbonates in vein forms. The outer zone is red colored and includes many carbonated
crystals and vein, as well as hematite. Talc occurs in the yellowish zone, while
tremolite is present in all three zones. Magnetite elag minerals are present in
small amounts, while serpentine is absehistwanitation took part when
hydrothermal solutions changed the initial mineralogical composition, characterized
by a great MgO and Sgdnobilization from the ultramafic protolith tthe solution,

thus Fe was strongly mobilized during metasomatism, it was concentrated in the
listwanites.

Ophicalcites consist of abundant carbonated veins and completely or partly
serpentinized clasts. Apart from serpentine and carbonated mineraldsih@ychude

20



guartz in veins and cement, while carbonated phases usually substitute the ultramafic
minerals forming pseudomorphs. From the whole rock chemistry of the ultramafic
fragments and the carbonate veins is easily understood that no chemical
transfamation occurred during ophicalcitization.

Magnesite occurs in the form of sills, veins or-spherical bodies, dolomite which

also forms veins and is usually associated with calcite, building the outer bands of the
veins, whereas calcite concentratesthe center of them. Other carbonate phases
include calcite, siderite and aragonite.

Gartzos (2004), studied the magnesite deposits of North Evia hosted in Alpine rocks,
conducting stable C and O isotopes, strongly suggesting a meteoric water involvement
and an organic derived carbon in their formation as well. The most important
magnesite deposits are mainly hosted in-non partlyserpentinized peridotites,
which are dismembered ophiolitic parts, missing the upper units.

2.7 Blackwall alteration and steattization

They are mixed metasomatic processes, where both infiltration and diffusion exist.
They usually occur in the contact of zones of serpentinized ultramafic rocks with
diverse compositions and mainly consists of,telfidorite, biotite and amphibol&he
reactions take place during backwall alteration cause usually the formation of
monomineralic zoneshells that developed along the contact of the ultramafic bodies
with the surrounding mafic rocks

Steatization is a kind of Mghetasomatism that occunsthin the oceanic lithosphere

and is a result of chemical exchanges between the rocks of the lithosphere and
seawater. In heterogeneous oceanic crust mass transfer between basaltic lithologies
and peridotite is very common and results to the steatdrzati serpentinites usually

when in contact with gabbroic intrusions, due to the strong differences in the activities
of major solutes in the intergranular fluids near the contact of these different
lithologies (Bach et al., 2013). Contacts between maiid altramafic lithologies
present a greater hydration compared to that of uniform mafic and ultramafic masses
(Bach et al., 2013). As a result, steatitization which occurs in the contacts of different
lithologies and depends on the fluid solute is reirddrc

Bach et al (2013) describe steatitization as a process where intergranular fluids
reacted with gabbro, will cause the steatitization of the adjacent serpentinites, just like
intergranular fluids of serpentinite cause the rodingitization of the rmpadtolith. The
chemical process of steatitization includes an enrichment ip &i@ water and talc
(Mg3(OHy)(Siz0s)2) formation. Furthermore, steatitization includes the removal of
Mg** from the fluids which is counterbalanced by the leaching of @am the
basalts, while at T>156C, SiG is leached from the mafic rocks, with quartz
saturation at T: 15800°C (Pirajno, 2013). The chemical Mgetasomatic reaction of
steatitization is described by Seyfried et al. (1988):

3Mg? + 4Si0 + 4H,0 Y M(@H,)(Si20s), + 6H
(talc)
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2.8 Diopsiditization

Diopsidites, described for first time in Oman ophiolite by Python et al. (2007),
comprise monominerahdiopside dykes intruding mantle rocks. Nephrite, the host
rock of diopsidites, displayvarious amounts of trentite/actinolite, which increase
closer to the diopsidite dykes (Python et al., 2011). These diopsides present fow TiO
Al,0O3 and CpO3 contents, whereas some of these dykes are anorthite bearing (Python
et al.,, 2011). Based upon their chemical and mingiedb features they are of a
hydrothermal ocean floor origin (Python et al., 2007). More specifically these authors
descrile diopsiditization as a processhat gabbroic dykes interact with
serpentinization fluids. In these processes the driving forcesh&iformation of
monomineralic veins or not are the nature of the parent rock and the physicochemical
conditions such af©, andXCQO,.

In the field examination diopsidites present either sharp or progressive contacts with
their hostrocks and a few centirters to 1 m width (Python et al., 2011). They are
mineralogically homogenous, especially in their cores, while their rims near the
contact with their host rocks rarely contain olivine and chrorsf@nel crystals
(Python et al., 2011). On the other hanthréhite bearing diopsides mainly consist of
anorthite and diopside, while accessory minerals such as titanite, rutile, zircon,
corundum are present, with diopside forming earlier than anorthite as it is indicated by
inclusions of the first inside large @nthite crystals (Python et al., 2011).

Compositionally similar diopside rich veins are also present inside rodingite masses in
the Oman ophiolite (e.g. Python et al., 2011 and references therein), while many
Oman rodingites generated from the transforomadf anorthitediopsidites (Python et

al., 2011).

Python et al(2011) propose two metasomatic alterations leading to diopsitization,
both related with serpentinization. The first type of metasomatism concerns rodingitic
dykes, while the second altaémt concerns harzburgites close to the diopsidite dykes.

In this second type of alteration, Python et al (2011), suggest that diopsides derived
from a strong Ca metasomatism of the mantle. During this processS{CaQich

fluids reacted with mantle harzigite, producing nephrites and diopsides, while the
water was enriched in Mg and Fe. These chemical exchanges can be mineralogically
attributed to tremolite formation from clinopyroxene and olivine transformation.

Concluding it is easily understood thabpkides and rodingites may share some
common petrological and chemical features but they have been originated by different
metasomatic processes concerning both their protolith and the Ca source (Python et
al., 2011).

2.9 Rodingitization

2.9.1 Rodingite definition

According to Coleman (1967), rodingites are those-sgilcate rocks that typically
contain hydrogarnet, diopside, vesuvianite and chlorite and represent the
metasomatism of gabbros and basalts.
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Based onthe SCMR definition, rodingitization is ameta®smaic processin which

basic rocks within serpentinized ultramafic bodies replaced bgrossularandradite
garnet and calcic pyroxemeeh rocks called rodingites Other accessoryminerals
includevesuvianite, epidote, scapolite and iron oRsdingies original protoliths are
mainly basic dykes or inclusions, while they sometimes originate from other basic
rocks such as volcanic rocks and amphibolites.

292 Chemistry of rodingitization & rodingitesbo

Rodingites are metasomatic rocks enriche@&a® (increase in @) and depleted in
silica and NgO (Pirajno, 2013), while they usually present a’Mgnrichment
(Coleman, 1977)

Three main hypotheses have been proposed for rodingite formation (Koutsovitis et al.,
2013 and references therginin thefirst scenario alkaline, Gach and silica poor
fluids deriving from serpentinization, infiltrate the rodingite parent rock, in the second
scenario alkali and Si loss from the mafic protolith predominates the Ca addition from
the serpentinization relatedluids. In the third scenario rodingitization isan
autometasomatic process, which is not related with serpentinization at all and it is
thought to result from poshagmatic fluids released from a cooling magma.

Since rodingitization is strongly relatedtlwvserpentinization significant explanations
have been given for the gains and losses of each element from the parent rock, during
its interaction with serpentinizatienelated fluids.

C&* derives from dissolution of the clinopyroxene of thétramafic during
serpentinization (Coleman, 1977producing CeOH-rich, high pH (>11) waters
(Barnes et al.,, 196Bar nes and ; Baméset al., 1972). Biica release is

the result of the breakdown of the anorthite of the dykes during their reaction with
serpentinization fluids (Frost et al., 2008). Alkalis and more specifically,chia be

also released from the interaction of the mafic protolith with fluids. These kinds of
reactions release a high number of mobile elements in the reacted fluids, €iah as

Na and Si. In such reactions Na, but also Si and Ca can be released by plagioclase of
the dyke according to the following reaction (Li et al., 2008):

Pl+Cpx+HOY ( Hiadrs+Chk Din N C
where G, are the mobile elements (Na, Si, Ca).

Mg is posible to derive from the reaction of Mgch serpentinization fluids with the
mafic rocks. During serpentinization the olivine breakdown can releaéiMthe
metasomatic fluids which react with the mafic protoliths and enrich them in MgO
(Tsikouras etla 2009).

Some authors state that rodingitization depends more to the silica activities of the
mafic protolith compared to those of the ultramafic rock, rather than to the intrusion
of Ca rich fluids deriving from serpentinization (efgost andBeard, D07, Frost et
al., 2008 Bach and Klein, 2009Bach et al., 2013). In such a scenario Itig;(o2

serpentinization fluids are the main factors of metasomatism and not a Ca addition,
with the stability of Cesilicate minerals (e.g. garnets) at low S#gtivities playing
the most important role (Bach et al., 2013).

1 The Subcommission on the Systematics of Metamorphic Rocks (SCMR) is a branch
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2.9.3 Physicochemical Conditions of rodingitization

Rodingitization takes place at T between 260and 450C (Schandl and Mittwede,
2001). Experimental studies by many researchers have given a varielgtao
concerning the T, P conditions under which rodingites occur. Palandri and Reed
(204) simulated rodingitization processes and produced typical rodingite
assemblages at T 36C and 100 bar. On the other hand, Bach and Klein (2009)
conducted experigntal petrological research, using serpentinization fluids which
reacted with mafic protoliths. The experimental results showed that rodingite
formation takes place at temperatures between 200 andC30Binally, Li et al
(2007) conducted a pioneering peximent, studying rodingite formation by the
interaction of serpentinization fluids with an eclogite parent rock. The results of this
experiment show that rodingitization of eclogite began at48IfC and completed

at 256200°C at pressures equivalesft7-6 km depths.

Pyroxene and olivine dissolution of ultramafics leads to @idduction, producing
alkaline fluids with high pH values, while oxidation of olivine and pyroxerfé fee

Fe’*, produces reducing conditions especially at slow spreading sridgaile
reducing conditions have not been confirmed in subduction zones (Koutsovitis et al.,
2013 and references therein). Additionally, Palandri and Reed})(28ggest that
decreasing water/rock ratio, fluid pH decreases, while , S&nd Al fluid
concetrations increase. Al decreases at higher wi/r ratios following a pH decrease as
well. Alteration reactions tend to neutralize pH, which is almost 5.6 at dry up
conditions.

Koutsovitis et al. (2013)studied the physicochemical condition at E&xhris
rodingites and found out that rodingitization took place in three successive stages,
with the first stage being more acidic and oxidizing with increasegH;O ratio.

The second stage included alkaline and reducing fluids with decreasiggl OO
ratio, while the final rodingitization stage was alkalirmad characterized by the
recovery of oxidizing conditions and even lower ZHO ratio.

2.9.4 Rodingitization and serpentinization

Rodingites are closely related with serpentinites and it is believed to generaie whe
fluids that have been affected by ultramafic rocks interact with mafic to felsic
lithologies (e.g. Coleman, 196Bach et al., 2013). As a process, it involves a mass
transfer in which silica removes from the rodingitized rock anti Gaadded in it
(Cdeman, 1967).

The formation of rodingites or not, depends on thRE€ €onditions of serpentinitic
fluids. At P ~500 bar rodingites occur at T<3@) where serpentinization fluids are
buffered by bruciteserpentinediopside equilibrium (Bach and Klein, 280

Bach et al. (2013), conclude that rodingites form due to diffusional metasomatism
because of gradients in protons and silica activity in the serpéntiicéediopside
equilibrium and albitequartztremolite-clinozoisite equilibrium for ultramafic ah
mafic rock respectively, while the Ca gradient is zero, suggesting that rodingites do
not originate from Caich serpentinitic fluids, whereas Si loss is controlled by
decrease ofSiO, and not C&" addition according to Frost al.(2008) and Frost and
Beard, (2007).
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2.9.5 Mineralogy and mineral chemistry of rodingites- Stages of rodingitization

As we have already mentioneatlingiteis primarily composed of grossulandradite
garng/hydrogarnet and calcic pyroxene (mostly diopside); vesuvianite, epidote,
scapolite and iron ores are usual accessories. Hydrogarnet is also with prehnite,
wollastonite, chlorite and nephrite (tremoldetinolite). Assuming the formation of
hydrogarnetfom the breakdown of the gdagioclase of the original mafic dyke the
following chemical reactions can be suggested (Rice, 1977):

3anorthite + C+2H,0 Y 4zoi'site + 2H
4zoisite + 5C& +13H,0Y 3 hydr ogas+#iHt +1.5Si O

Serpentinizatiorderived waters are supersaturated in diopside and tremolite. Coleman
(1977), explains rodingitization as a result of the incompatibility ofOEa rich
waters in such merals. The percolated aqueous fluids agerieh due to magnetite
formation, though Klhas been very rarely detected in fluid inclusions in metamorphic
environments (Ferrando, 2010).

Metasomatic reactions tend to complete by the increase?irCtne fuid, while the

main source of Cadneeded for the garnet formation is originated from the breakdown
of clinopyroxene during serpentinization. The formation of hydrogarnet can also be
attributed by the hydration of garnet by the following reaction (FrustBeard, 2007)

Grs+2xHO Y Hgr s(agr-fludSi O

Garnet can be also formed by the reaction of anorthite with amphibole with the
presence of lime (CaO) and water as described below (Koutsovitis et al., 2013):

5An+Am+3HO + 5 Lm Y 4Grs + Chl + 3 Qt

According to Coleman (1967), hydrogrossular can also derive from prehnite as
described by the following reaction:

2Prh+2C&"Y 2 Hgr*s +Si

or from the reaction of clinopyroxene with plagioclase with the presence of water, as
is described by Li et al(2007)

Pl+Cpx+HO Y (-Hadis) + CHh Iwhere GOsifor iNobil€ elements
C&”, Na" and St

As we can see from the previous chemical reaction both hydrogrossular and
hydroandradite can be produced. Grossular is restricted to liquids with<0Cand

T = 500°C (Rice, 1983). Hydroandradite can also have a hydrogrossular origin as the

result of hydrogrossular reaction with diopside and water along with the presence of
mobile elements (Li et al., 2008)

Hgrs + Di+ HO N,Y C &fir + Chl

Prehniteformation can be described by the dissolution of anorthite with the presence
of C&" following the reaction below (Coleman, 1967):

15AN+2Ca"+15H0 Y Pr h ,O8+H , 5 Al

Vesuvianite is most likely formed in very low G@onditions with water riclfluids,

at 300400 °C (Li et al., 2004 Hatzipanagiotou et al., 2003.i et al., 2008,
Koutsovitis et al., 2013) and its formation can be described by the following reactions
(Li et al., 2004, 2008)
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Hgrs+Chl+HOYVes ,+ C
Hgrs + Chl+CAY Ve s ,3 H

Calcite is present when large quantities of aqueous fluid exist and the
physicochemical conditions are appropriate so that € react with HC® to form
calcite both in peridotites and rodingite.

Chlorite is replacing hydrogrossular by the following teac with decreasing of
temperature (Li et al., 2008; Buse et al., 2010; Koutsovitis et al., 2013).

Hgrs+Di+HO N,YCHdr + Chl

Bach et al. (2013), heated seawater equilibrated with harzburgite at T€ 200 P=
lkbar and then they equilibrated this serpentinitic fluid with gabbro. The main
mineral assemblages of this experiment with increasing distance from the-gabb
peridotite contact to the core of gabbro with water/rock ratio decreasing present the
following conversions: Garnet zone is converted to garnet, chlorite zone which turns
to clinopyroxene, garnet, chlorite zone, turning to clinopyroxene, garnet, erdoit
biotite zone, while the final zone consists of prehnite, clinopyroxene, chlorite, garnet
and biotite. These authors also refer to the conversion of talc and chlorite to tremolite
and Naplagioclase. From the above experiment we observe that garmeittian
mostly occurs in rodingite rims, while clinopyroxene and chlorite appear gradually
moving from rim to core, that is towards a lower water/rock ratio. Finally, epidote and
prehnite concentrate at the core, whereas neither, vesuvianite or calcitéonred.

Bach and Klein (2009), simulated rodingitization at 30&nd 500 bar, and found the

foll owing miner al transitions (from roding
garnet + clinopyroxene + chlorite-s¥ garnet
(clinozoisitee pi dot e solid sol ut i ootgss 4 chloritei nopyr o
Yclinopyroxsese++tepimoodi ¢ e Y -ssl+itrenmlgey+r ox en e
prehnite Y prseshn+ttr emcelpiitde t-38 + preameliten+i t e + e

plagioclase. Thus, garnet is mostly present near the rodingite rirhge w
clinopyroxene is present almost all the way from rim to core. Epidote minerals appear
from the transition zone near the rodingite rims and dominate in the rodingite core,
while tremolite, prehnite and plagioclase occur in the core. Bach and Kleif)(200
also state that epidess is dominant at 3GC, while at 200C it disappears.

In the experiment of Palandri and Reed (2004), who used a pyroxene bearing protolith
reacting with a rich in Al and Ca serpentinization fluid at 30Cand 100 bar, the
mineral assemblages observed with water/rock decreasing are the following:
vesuvianitechlorite-grossular turns to grossular, chlorite and prehnite which turns to
prehnite, grossular and diopside, prehnite, diopside prehnite and waivdkie. the
smallestw/r condition occuss, diopside is dissolved and prehnite, wairakite and
chlorite are the dominant minerals. Waikarite is a very special mineral, which is not
usually observed in rodingites and in physical systems occurs under facdisef
metamorphismAs for the physicochemical conditions the authors found out that at
small w/r ratios fluids are Ca depleted with decreasing alkalinity.

2.9.6 Derodingitization and Metarodingites

Rarely rodingites can be derodingitized or metamorphosed. Derodingitizatiors occur
at the late metasomatic stages and results fromatidhgmetasomatic fluids, changing
the rodingitic mineral assemblage and converting it interidg (e.g. Koutsovitis et
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al., 2013). In East Othris a derodingitization episode took place immediatelyhafter

final rodingitization stage, characterized by significant Ca decrease and Mg
enrichment, as seen by the high MgO contents in some minerals and-ittddvitic

marginal zones between rodingites and serpentinites (Koutsovitis et al., 2013). The
mineral assemblage in many rodingites changed anddRepumpellyite as well as
Mg-chlorite were formed, due to the clinopyroxene and hydrogarnet breakdown,
possibly reacting with Mgichand Cgpoor met asomatic f | ui ds
1969 Li et al., 2004 Koutsovitis et al., 2013).

Evans et al(1979) studied the eclogitenetarodingite suite o€Cima di Gagnone,

Valle Verzasca, Ticino, Switzerlan@heir study area lies in the Central Alpine
metamorphic belt consisting of metacarbonated rocks as well dskaties, semi

pelitic gneisses and ultramafic rocks with a Iherzolitic composition. The
metamorphism mainly comprises two episodes, with the first concerning an HP
eclogitephaseswhile the second was a lower pressure amphibolite episode (Evans et
al., 1979). Metarodingites form boudinaged sheets inside and foliation inside the
ultramafic rocks, while transitional rocks between metarodingites and eclogites occur
inside the ultramafic rocks. Metarodingites mainly consist of garnet, pyroxene
(mainly diopsde and some jadeitic), epidote, secondary hornblende, accessory sphene
and rutile, whereas their boudins are surrounded by amphibole rich contact reaction
zones. More specifically, Evans et §1979) recognize three reaction zones from
metarodingite to He ultramafic side. The first zone includes hornblegpieote
symplectite and diopside, the second zone mainly consists of hornblende and epidote,
while the third zone includes actinolite and chlorite. The eclog@erodingite
transition is characterideby Ca increase and Na depletion. As for their formation
Evan et al (1979) suggest that serpentinization related fluids caused rodingitic
metasomatism possibly prior to the eclogitic metamorphic event. After that in a
subduction setting the partiallyrpentinized rocks were affected by an early eclogitic
metamorphic episode following a subsequent Barrovian regional metamorphism
during the upward movement of rock fragments.

Stucki et al (2001) studied a rare mineral called zirconolite (G&ZFD;), found
inside metarodingite rocks in Central Alps. These metarodingites are parts of
metamorphic ophiolitic relics along with megtaridotites, gneisses and amphibolites
and they are found as boudinaged dykes inside the-peetdotites. They display a
magmatt origin, mainly having a gabbroic or basaltic protolith, while rarely they
have been generated from oceanic plagiogrardiesonolite presents high REE and

Y values and is accompanied by clinopyroxene, magnesian ilmenite, spinel, chlorite
and titanian knohumite pseudomorphs (Stucki et al., 2001). REE and Y usually
substitute Ca and Ti in zirconolite, explaining its high REE and Y contents.

Laborda Lopez et al(2015) studied petrographically and geochemically the
metarodingites of Cerro del Almirem iSouth Spain, whictwere enclosed as
boudinaged lenses withiantigorite serpentinites and chloritearzburgites The
antigoriteserpentinite hosted metarodingites present magmatic ophitic textures and
mainly consist of grossular, Mchlorite, diopside, mphibole and titanite, while
ilmenite, magnetite, zircon, allanite and apatite are the accessory minerals.
Metarodingites in chlorite harzburgites include epidote and amphibole, diopside, Mg
chlorite and titanite, while some relict garnets also occur. #sarg minerals are
ilmenite, magnetite, zircon and apatite. The petrogenetic model for these antigorite
serpentinite hosted rodingites suggests a seafloor metamorphism, where plagioclase
was replaced by Tgrossular, which was enriched in Fe and depleteda during the
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metamorphic processes. Finally, the mineralogical differences between the two
rodingite types are explained by the hydration reactions in eachggpes( + HO Y

epidote + diopside for antigorite serpentinite hosted metarodingites and diopside +

HFO Y epidote + amphibole for chlorite harz

2.9.7 Rodingite occurrences in Greece

Many rodingite occurrences have been reported in Greeceandjoeity of them have
been detected within ophiolitic ultrabasic rocks as dikes or pods, while only
Samothraki rodingite formation is attributed to rsmrpentinization related processes
(Hatzipanagiotou and Tsikouras, 2001). More specifically:

Koutsovitis et al. (2013), studied the rodingites from the ophiolitic complex of East
Othris in Central Greece. Othris is one of the most-watiwn ophiolitic complexes

and consists of mafic volcanic rocks, dolerites, gabbros, ultramafic and serpentinized
ultramafct r oc k s . The whole sequence also incl
rodingites in East Othris occur mostly as fgrained displaced or folded dykes in
sharp contact with the host serpentinized harzburgite. They are-coloied and
divided into two grops, with Typel rodingites being prehnite rich, while Tyge
rodingites mainly include garnet and vesuvianite. T¥p@dingites mainly include
prehnite, clinopyroxene, amphibole, chlorite, hydrogarnet, pumpellyite, white mica
and calcite, while the main ineral assemblage of Ty rodingite consists of
hydrogarnet, garnet, clinopyroxene, chlorite and vesuvianite. Finally, they conclude
that rodingites in EasOthris involve subducted carbonate sediments in an-intra
oceanic subduction environment unlikee tkommonly accepted theory for most
rodingites that have been formed close t@esanfloor environment. Rodingitization
occurred during the exhumation of the mafic/ultramafic mantle wedge and evolved in
three stages with successively decreasing of/l@4D ratio. Metasomatic processes
were strongly related to rich in Ca, Mg and Ni serpentinization fluids having
increased pH values. Hydrothermal fluids circulated through dolerites and gabbros
and during the late stage of rodingitization seawater was pypsatded in the
metasomatic fluid. After the final rodingitization stage derodingitization immediately
followed.

Tsikouras et al. (2009), who studied rodingites occurring within ultramafic ophiolitic
rocks of West Othrisdivide them in two groups according the presence or not of
calcite. The calcitdbearing samples preserve a few relict igneous textures, while the
calcitefree samples show intense deformation with later cataclastic textures and no
relict igneous minerals preserved. The mineral assenslagboth groups mainly
include hydrogrossular and diopside and differ in the presence of calcite and apatite.
They suggest that the calcibearing rodingites indicate a transition, between meta
dolerite and rodingite, while the calciteee ones are indative of a late phase of the
metasomatic alteration. The authors conclude that rodingitization occurred under rich
CO.-fluids, possibly implying a subduction related origin rather than an eftean
episode. Rodingitization was related with serpentifopatof the surrounding
peridotites. Both C¢? and PQ* behaved as ligands for REE, while £&nd PQ?
behaved as ligands for Ti and Zr as well in successively increasing pH values.

Tsikouras et al. (2013), studied Iti and Kallidromon ophiolites. ltuntain lies south

of the Othris mountain and includes rodingitic rocks in the forms of fragments, thrust
sheets within the ophiolite m®l ange, or as
the ophiolitic nappe. They are divided into mantle derived aadbigpic ones
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including garnet, chlorite, di opsi de, preh
granoblastic, lepidoblastic and locally cataclastic textures and chlorite + garnet +
diopside + prehnite + tremol i taretextS§resc| i nozo
respectively. In Kallidromon Mountain which lies to the north of Parnassos Mountain

in Central Greece, rodingitized gabbroic and doleritic dykes are mainly observed,

mostly displaying a greenish chloritic blackwall. These rodingitesdoletie derived

and contain grossular garnet, epidote, clinozoisite, prehnite, tremolite/actinolite, with
preserved granular to subophitic textures. As far as their metasomatic processes
concerns, Tsikouras et al. (2018pnclude that many types of processas be

observed and they strongly suggest that rodingitization is not a unique process and

that it was controlled by the composition of the protolith and the fluids. It is most

possible that the rodingitization was triggered by fluids which passed thrbegh t
serpentinized peridotite and then circulated from the lower ultramafic rocks to the

upper mafic ones.

In Rodiani area, which lies north of mountain Vourinos, rodingitized dykes occur
along with other separate bodies of dunite with chromite ore, gabldrpyaoxenite

within serpentinized harzburgite (Christidis et al., 1998). Rodingite mainly comprises
hydrogrossular, vesuvianite and epidote, while angular chromite fragments occur
inside the rodingite. Moreover, chlorite bodies are present in the tectomiact of

the serpentinitic rocks with the chromite ores near the contact with rodingite dykes.
These chlorite bodies host among others, perovskite and pseudobrookite, which can
be probably related to rodingite formation.

In Skyroslslandrodingites areobserved as dykes, which intrude massive or highly
deformed serpentinites of the Eohellenic ophiolitic nappe (Karkalis et al., 2016). They
consist of hydrogarnet, vesuvianite, chlorite (brunsvigite), diopside and prehnite.
Involvement of subductiorelatedfluids during the formation of the rodingites is
suggested. The whole ophiolitic sequence as well as the rodingites that are included in
is believed to have formed amsuprasubduction zone geotectonic environment of the
Jurassid Lower Cretaceous Vard®cean (Karkalis et al., 2016).

In Koziakas ophiolitic complex, in western Thessaly, rodingites occur as dykes
intruded ultramafic rocks (serpentinith@arzburgites of t he ophi ol i tic m
sequence (Pomonis et al., 2008hey are homogenous,hite colored medium to
coarse grained with sharp contacts with the ultramafic rocks and occur in places with
high shearing displaying two main directions @SB/ and NS to NNWSSE). Their
mineral assemblage mostly consists of hydrogrossular, diopside gnewlict),
chlorite, clinozoisiteepidote, calcite, prehnite and accessory titanite and magnetite,
while their texture is granular, plastic and mylonitic due to their high deformation
(Pomonis et al., 2008). According to their geochemical and mineraldgetares,
Koziakas rodingites are similar toanyPhanerozoic rodingite formatisnassociated

with subgreenschist metamorphism and reducing conditions. The chemical exchanges
during rodingitization occurred by infiltrational mass. Their petrogenetic einod
suggests that rodingitization was concomitant with serpentinization and ocean floor
metamorphism/metasomatism during Lower Jurassic at T€@5th alkaline HO-

rich fluids of gabbro as indicated by their minerals which also include albite,
tremolite,chlorite, calcite, epidote, titanite and magnetite.

Rodingites from Samothraki ophiolite are fine grained leucocratic rocks with reddish
garnet which have been found enclosedliorite (Hatzipanagiotou and Tsikouras,
2001). They are present only nearahsones and they lack reaction contacts with the
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country doleritic rocks. According to their mineralogy they were divided into two
groups, with the first group including garnet and vesuvianite and lacking of chlorite
and albite, whereas the second grouggludes chlorite and albite and lacks
vesuvianite and garnet. Their mineral assemblages are similamatty other
Phanerozoic rodingite around the world, associated high pH conditions and
greenschist metamorphistinally, Hatzipanagiotou and Tsikowr§2001), conclude

that these rodingite rocks possibly formed by heating in water rich fluids at possible
T< 500 °C during oceanic metamorphism. From the above is clear that this
rodingitization is not necessarily related with serpentinites and Samothraki rodingite
boudins and pods have a dioritic origin formed in the upper plutonic ophiolite
members.

2.9.7.1 Kimirodingites

The present study is the first detailed petrological, mineralogical and geochemical
study concerning rodingites &imi. Four studies have been accomplished the last 72
years, but since 1972, no studies have been reported. In the next paragraphs we
preent the main results of these studies.

The first reference forKimi rodingites appears in Papastamatiou (1945), who
describes calsilicate, calcite bearing rocks hostétside serpentinitic bodies in
Choneftiko area. According to Papastamatiou (1945),odwirrence of peridotite
bodies inside flysch is interpreted by peridotitic magma intrusions inside flysch
formation, causing metamorphic episodes.

Marakis (19723)describes the rodingites as ligtdlored small lenses, bands or
irregular bodies insideserpentinites, which in turn occur within a sedimentary
formation. Their sizesanges from 10 cm to-8 m, while their mineral assemblage
consists of vesuvianite, calcite, chlorite, antigorite, epidote, zoisite and diopside. He
found also dark green bantistween serpentinitic host rocks and rodingites, which
were interpreted as reaction zones. As far as their petrogenesis concerns, the author
suggests the firstly an intrusion of a peridotitic magma in sediments, cutting and
trapping fragments of sedimengarrocks, mainly marly Akich limestones.
Afterwards and under of regional metamorphic conditions the marlyiciAl
limestones converted into rodingites. Vesuvianite formation was attributed to high Ca
concentrations of the initial limestone parent rockcases that Al was not enough to
form vesuvianite, chlorite, diopside and antigorite were formed instead. Finally,
Marakis (19723) supports that the formation oKimi rodingites by contact
metamorphic processes should not be excluded.

In another studyMarakis (1972h)studied the clinochlore crystals idimi rodingites.

The author concludes that both vesuvianite and clinochlore crystals indicate the same
P, T metamorphic conditions of formation f&imi rodingites under contact or
regional metamorphiconditions.Furthermore, he suggests the presence of diopside
crystals in rodingitic rocks and its absence from the adjacent ones, further supports the
assumption of rodingite formation under conditions of contact metamorphism.
Clinochlore formation mostlgepended on Al availability, while Al and Ca took part

in vesuvianite formation.

As for the Kmi rodingite occurrences Paraskevopoulos and Kanakis (18dapt

also the theory of an ultramafic magma intrusion in limestone protoliths, producing

rodingites which consist of vesuvianite, epidote, zoisite, diopside and clinochlore.

Diopside occurs as crystals inside rodingite matrix, whereas diopside veins usually
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occur. They also suggest a strong Cgarticipation in rodingite petrogenetic
processes which nsb probably resulted from a contact metamorphic event. Finally,
rodingite formation is in agreement with that of ophicalcite rocks, since both
petrogenetic processes involved the intrusion of a peridotitic magma in fragments of
the uppermost limestones.
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3 Geological Background
3.1 Geological division of theHellenides

Hellenides (Fig.5) are part of the Alpinélimalayan mountain chain. They are
traditionally divided into several subparallel tectestmatigraphic zones which trend
NNW-SSE.

These two main zone®mprise the Externdellenidesin the west and the Internal
Hellenidesin the east. The externalellenidesform a part of Greater Apulia (De
Bono, 1998) and their carbonated platform lies in the western part of Greece,
comprising many nometamorphosed nal metamorphosed units such as Paxos,
lonian, Gavrovo and Tripoli, which are dominated by Mesozoic@&lozoiccover

rocks (Anders, 208, and Mani, Western Crete, Olympos and Almyropotamos
respectively. Their flysch is of a Late Eocene to Oligocene @gelf(iaux, 1968,
Fleury, 1980 De Bono, 1998).

s. Carpathians e
Moesian platform

Eastern Ophiolite
Belt EOB

Black Sea

Western Ophiolite
Belt WOB

[~

lonian Sea

Gavroro-
Tripolitza Zone

I OPHIOLITE COMPLEXES

Figure 5. Distribution of ophiolite complexes in the DinaridesHellenidesand Taurides of western Turkey.

The tectonic sketch map is modified after Robertson and Shallo (2000). WOBVestern Ophiolite Belt,

EOB: Eastern Ophiolite Belt, Ophiolite complexes: A for Argolis, AC for Attico-Cyclades, Alb for Albanian,

BR for Brezovica, EVIA, G for Guevgueli, Mir for Mirdita, LESVOS, O for Othris, Pi for Pindos, S for
Sithonia, Samo for Samothraki, V for Vourinos (Gartzos, 2009).

On the other hand, the Pelagonian Zone, the Afligdadic Massif, the Vardar Zone,

the SerbeMacedonian Massif and the Rhodope Massif form from east to west the
InternalHellenides ThePelagoniarand Vardar Zoneepresenthe western paxf the

Internal Hellenides while the Vardar Zone has long been regarded as an ophiolite
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suture zone separating the Pelagonian Zone to the west and theMVBedmonian
Massif to the east (Anders, Z8)0

Papanikolaou (1989), dasbes the InternalHellenides platform as the Late
Cretaceous transgression which covers the Parnassos, Beotia and Pelagciinen
after their previous tectonic event (Stampfli, 1996, Stampfli et al., 1998)

On the other hand, Aubouin et al. (1970)satéed the internaHellenidesas these
zones that have be¢ectonizedand metamorphosed before the Late Cretaceous such
as Pelagonian and MaligathrisZones.

They are deformed andetamorphoseduring Late Jurassic to Early Cretaceous age,
following the westward obduction of Vardar Ocean onto the Pelagonian Zone
(Schermer, 1993Most, 2003 Kilias et al., 2010Nirta et al., 2015).

The External Hellenides have undergone Late Cretaceous to Eocene HP
metamorphism as documented by the presence of Olyteptmnic window and in
the Pelion Peninsula (Schermer et al., 1990s et al.,1998Kilias et al., 2010Nirta

et al., 2015).

Finally, the Internal and Externélellenidesare separated bydeepseawater basin
since Middle Triassic between GavreVapoli and Pelagonian, which is called
PindosOlonos Zone and some of its ophiolitic remnants are found in the Pindos
realmhaving avardar or Pindos origin (De Bono, 1998 and references therein).

The Jurassic ophiolites diellenidescan be dividedinto an Eastern Ophiolite and
Western Ophiolite Belt respectively (Spray et al., 1984 r r ial., 212 Nirta et
al., 2015). he Eastern ophiolites correspomol the Vardar Zone anthey are
overthrusted above the Eastern Pelagonian margin, while the Weglealiteswere
thrusted above the Western margin of Pelagonian .Zomere areéwo main theories
concerningthe origin of theWestern ophiolitesin the first theory the derive from
Pindos Ocean, while in the second theory both Eastern and Westerlitepbiglong
to the unique Vardar ocean (Nirta et al., 2015 and references therein).

3.2 Pelagonian Zone

Aubouin (1959), describes the Pelagonian Zone as the total ohetemorphosed

rocks inWestern Macedonid&astern Thessaly, Evia, Attica and Cycladesluding

the overthrustedsedimentary formations of a n&aleozoicand Mesozoicage and
places it between Axios and Pindos trough in the eastern and western parts
respectively. The same authefers toSub-Pelagoniarasthe Pelagonian ridge to the
deepsea basin. This theory has been rejected since it was based on the existence of
ophiolitic magmas (Koutsovitis, 2009).

The Pelagonian Zone is either regarded as the eastern continental margin of the Adria
Plate or the continent between the Vardar and Pindean basins to the eastd
westrespectivelyNirta et al., 2015).

Katsikatsos (1992), regards Pelagonian andfelagoniaras a uniform Zone which
is distinguished according to the grade of metamorphism and divides it into
06 Pel agoni an rposed e noafe t nmemtoarnpoh ose.d f or mati ons

Geodynamically, Pelagonian is regarded as a detached fragment of Eurasian which
drifted awayduring the Permian or Early Triassic age and was overthrusted by
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ophiolitic thrusts of a Vardar origin, which belongtte Eohellenic orogenic phase
during the Middle Triassi(De Bono, 1998).

3.3 Vardar Zone

The Vardar Zone is a suture zone east of the Pelagonian Zone (And&jsa2@in
Greece it is situated between the Sevkmcedonian Zone to the East and the
Pelagoniarzone to the West. IMacedoniathe Vardar Zone is divided into Peonia,
Paikon and Almopia units. During the Eohelleracogeny the Vardar Ocean
overthrusts on the Pelagonian and Pindos realnas aphiolitic tectonic nappe (De
Bono, 1998).

For someresarchersVardar Zone was the ocean separatingApalia Gondwana

related units such as the Pelagonian, from the Eurasian units (Dercourtleeg),

while others Stampfli et al., 1998Stampfli, 2000) support that the Vardar ocean is a
marginal basinwhich was developed behind an earlier Palaeotetbgaanic basin
beneath the Pindos suture, with the Jurassic ophiolites being obducted from a Vardar
marginal basin over the Pelagonian continent (Robertson, 2002).

3.4 Attico-Cycladic Complex

The AtticoCydadic Complex is divided into the following three units: The Basal

Unit, the Cycladic Blueschist Unit and the Upper Unit (e.g. Papanikolaou,; 1984

Shaked et al., 200Xypolias & Kokkalas, 2003). The Basal Unit is believed to be

part of the ExternaHellendes and consists of metasedimentary and metavolcanics

rocks of PermiaiTertiary age (e.g. Avigad et al.,199Baziotis, 2008). The

Blueschist Unit is the mostly exposed one and includes metamorphosed rocks such as
schists, marbles and metavolcanics (B&jo2008). It has been affected by a

blueschist to eclogiticmetamorphicepisode (5664 Ma, P: 2GPa, T: 606C)
(Schma@adicke & Will, 2003) and a retrograde
20-25 Ma (P: 0,7 GPa, T: 45600°C).

A final episode is recorded 4% Ma, due to a meocenic igneous intrusion. This unit is
exposed in many greek areas such as Byalades and East Attica.

Finally, the Upper Unit consists of nonetamorphosed formations of a Permian
Triassic age along with serpentinites and nietsalts and metgabbros. They have
affected by greenschist metamorphism 70 Ma (Maluski et al.;188igad and
Garfungel, 1989Br°cker,1990 Brocker et al., 1993Patzak et al., 199&Katzir et
al.,1996 Baziotis, 2008).

3.5 Evia geological setting

According to Katsikatsos et al. (198&)d Katsikatsos (1992)hree units crop out in
Evia. The uppermosif themis thePelagonian Unitwhich lies on the northerand
centralpart of the island and consistsmattamorphic andon-metamorphic rocks of

the InternalHellenides The southern part of the island includes HP/LT metamorphic
rocks which are equivalent toase of middle Cycladic blueschist unit and is called
fiSouth Evia Blueschist Be@élit while under this unit the pa@utochthonous
Almyropotamos Unit is exposed as a tectonic window (Shaked et al., 2000). This unit
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has experienced LP metamorphism and is damed to be part of the External
Hellenides( D ¢ at al. 1978 Papanikolaou, 1984, 198&atsikatsoset al. 1986
Okay, 1989 Shaked et al., 2000).

In opposite to the above divisidde Bono (1998)describes the geological structure

of Evia as consistingfdhe following six tectonic unit§rom South to North: the Ochi
mountain formation, the Styra unthe Almyropotamos unit the Liri unit, which
occurs only in Central Evia and it is a Triassic flyschoid sequence consisting of
limestone and granitoid aliholiths, callediLiri Graniteso, the Stroponedimestones

unit, which outcrops in northerand central Euboeand finallythe Pelagonian zone
formations which overthrust théttic-Cycladic Zonen Euboea.

3.6 Southern Evia

Almyropotamos Unit (Fig) is manly composed of marbles that are overlain by
metaquartzites and metaelites with some marble horizons. The whole sequence is
interpreted as a metlysch (Shaked et al., 2000). The South Evia Blueschist Belt
consists of the following three units, whictedrom bottom to top: Tsaki, Styra and
Ochi formations. They havall experienced HP metamorphism as it is suggested by
its mineral assemblage (Katsikatsos, 1991; &baked et al., 2000). The Tsaki
Formation mainly includes mieehlorite-schists with impre marble intercalations. It

is distinguished from the underlying Almyropotamos flysch by metamorphosed
serpentinitic and metabasic blocks along with schists, while its structural position is
debatablewith some researchers grouping it with the highers&fgrmation (e.qg.
Katsikatsos et al. 1986Jacobshagen1986), while others include it in the
Almyropotamos flysch (Chenevart and Katsikatsos, 1967). Styra formation mainly
includes impure marbles with quar&itorizons and schists, while a few metabasic
bodies are found near the base and top of this formation (Shaked et al., 2000).

The uppermost Ochi formation consists of quartzites, Htuéts, and metabasirocks
intercalations with metabasites and serpentinites, near the contact with the underlying
Styra formation (Shaked et al., 2000).

3.7 Central-Northern Evia and Kimi Geological Setting

According to Katsikatsos (1992), the northern and central parts of Evia consist of the
following Pelagonian formations from the lower to the upper parts (Fig. 7): a
Paleozoic crystalline basemenincluding gneisses and schistsjeo-Paleozoic
formations including sandstones, schists and phyllites, Lower to Middle Triassic
volcanesedimentary rocks, carbonates of Upper Jurdssicer Cretaceousage
ophiolitic nappe form@ons along with their accompanying sedirtggnUpper
Cretaceous limestone®deocene flysch and the Neogef@mations.In central
Greece, including Evia, the Pelagonian has experienced only-grie
metamorphism (Mountrakis, 1986). Its continental bas#mconsists of Upper
Paleozoic granite, while the carbonated platform is overthrusted by ophiolitic thrusts
during the Upper Jurassid Early Cretaceous (Rassios & Moores, 2006). The
stratigraphic sequence ends up with a new redeposition episode dwirkeariy
Cretaceous (Mountrakis, 1986).
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Figure 6 . Geological map of southern Evia (Ring et al., 2007)

Kimi is part of central Evia and presents the aforementioned stratigraphic sequence,

consistingfrom bottom to toppf the following Pelagonian formations (Figsand 9
(Katsikatsos et al., 1970):

Triassic thick to medium bedded crystalline limestones with dolomitic limestone
intercalations, clastic materials and basic igneous bodies. The clastic materials mainly
include greywake and brecciwonglomertes. In the upper parts of Triassic
limestones iron nickel lateritic ores and bauxite deposits (both in the form of
leuticular layers on an eroded footwall) underlie the Upper Cretaceous limestones.
Iron nickel ores are pisolithic dncompact, while the bauxitic deposits are usually
compact with limestone breccias in palces.
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CenomaniarMaestrichtian transgressive limestones marly in their lower parts with
numerous fossils such as Chrysalidina cf. and Rudist fragments. Their middle par
are karstic and Rudidtearing while their upper parts are marly limestones of Upper
SenoniarAMaestrichtian age.

Upper Senoniani Maestrichtian thin beddednicrocrystalline marly limestones,
including many fossils such as Globotruncana stuarti andoBlofcana arca.

MaestrichtianPaleocene flysch, which contains alterations of shales, sandstones,
breccieconglomerates and limestone intercalations v@ibbotruncanaas well as
diabase and more or less serpentinized peridotite bokhestotal thicknss is up to
500m.

Neogene formations;ontaining basal conglomerateshich are overlain by Lower
Neogene sediments, consisting of marls, marly limestones and intercalations of clays,
sandstones and conglomerates. The sequence ends up with alterations of
conglomerates, sandstones, clays and clayly marls with volcanic tuff layers.

Kimi-Aliveri basin lies south of Kimi and comprises Early to Middle Miocene
terrestrial sedimentary rocks along witklsic volcanics. The following three
sedimentary groups nabe distinguished (Bradley, 2005): The Prinias Group which
consists of marls, silts, with alluvial and delta conglomerates and the Mantzari Group
deposited uncomfortably onto the Prinias group and consisting of lacustrine, alluvial
fan delta, and fluviabediments (Bradley, 2005). These rocks were derived from the
erosion of a longrade metamorphic terrane situated to the east of the-Kliweri

basin. The Koustoumalou Group consists of alluvial conglomerates, whereas both
Prinias, Mantzari, and lower Ketoumalou groups were intrudday Oxylithos
volcanic complexalmost 14 Ma (Bradley, 2005).

I n northern Evia (Fig. 7)., a m®l| ange call
between the Triassidurassic carbonated platform of Pelagonian Zone and an
overridng harzburgitic ophiolite (Robertson, 1990). The Pagondas Complex includes
remnants of Neotethyan oceanic lithosphere, overlain by radiolarites, hemipelagic
carbonates and caltirbidites derived from a Mesozoic carbonate platform. The
volcanaclastic £diments reflect a pesblcanic erosion of the ocean floor, where the

tholeiites erupted during Triassitrassic age at spreading axes (Robertson, 1990).

This m®l ange is interpreted as remnant of
Pelagonian Zonayithin the Neotethyan Ocean (Robertson, 1990). It mainly consists

of basic to intermediate volcanic rocks, serpentinites, limestones and other
sedimentary rocks such as cherts, sandstones and shales. The ophiolites that were
probably formed in a marginélasin or forearc settingave been weathered forming

bauxite and F&li-sediments (Guernet & Robert, 1973).

The overthrusted Evia peridotite is structurally underlain by a dismembered
metamorphic sole that mainly consists of serpentinite, amphibolitesraadsghists.
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At Pilion-North Evia, amphibolite sole rocks plot in thdORB and VAB fields
(Simantov et al.1990), while amphibolites from Prokopion area (North Euboea) plot

in the WPB field (Robertson, 1990). However, as the structural data from this sole
not conclusive, Robertson (1990) proposes an eastwards emplacement of the
ophiolite.

As the westwardmtraoceanic subduction of Pindos Ocean continued, an accretionary
complex was developed and the majority of Pre®-¢ethyan oceanic lithosphere was
subducted. Finally, the supigubduction zone Evia ophiolite was thrusted eastwards
over the accretionary complex, creating the Hmyhperature amphibolite sole
(Robertson, 1990).

Fe-Ni ore
Cenomanian

Ophiolitic
Rocks

Ophiolitic
Melange

Precarboniferous
Crystaline
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Permian
clastic rocks

Figure 7. Northern Evia simplified geological map
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Figure 8. Simplified geological map of Kimi area (modified after Anastopoulos, 1962, Katsikatsos et al.,
1970). 1. Triassic Limestones and Clastic Sedimentary Rocks, 2. Jurasskit. Cretaceous Limestones, 3. U.
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Figure 9. Stratigraphic Column of Kimi (after after Anastopoulos, 1962, Katsikatisos et al., 1970 IGME).
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3.8 The Kimi flysch

In Kimi the stratigraphic sequence of Pelagonian Zone ends up with the Ielatéestri

to Paleocene flysch (Figs 8, 9 ah@). According to Katsikatsos et al. (19/7@)e

flysch consists ofhales, sandstones, and limestone intercalations, while it further
includes serpentinized peridotite bodies and diabases. The flysch comprises siliclastic
sandstones, shales and limestone blocks.

Roberston (1990), states that Kimi flysch has an UppeiaCGreus age. It consists of
shales, sandstones with deformed zones, Maestrichtian limestone blocks, serpentinitic
ultramafic bodies, ophicalcites and mafic lavas. The ultramafic rocks mainly include
blocky or highly sheared serpentinites, and highly slieseepentinizedharzburgites

as well. The blocky serpentinites are either overlain by the sheared ones or by
ophicalcites filled with sparry calcite or pink limestone.

Fauplet al. (1996) studied the heavy minerals of the Kimi flysch sediments. They
sugeest that the flysch, is characterized predominantly by different mixtures of the
zircon, titanite, rutile and apatite. That was interpreted that the flysch is associated
with the closure of a Neotethyan Ocean in the Vardar Zone along the eastern margin
of the Pelagonian Unit during the Early Tertiary, as has been described in the model

of Robertson 1990. n Robert sonds model the flysch c¢
prism which was emplaced above the eastern Pelagonian margin via a westwards
tectonic moveme t I n Robertsonds model the flysch

prism which was emplaced above the eastern Pelagonian margin via a westwards
tectonic movementdowever, the ophiolitic complexes in many Greek areas such as
Evia have not been tectonicaltyolved to a high extent and as a result theireral
composition wasninor influencedy the aforementioned Tertiary heavy minerals.

According to many researchers (e.g. Bernoulli and Laubscher, X9lfas et al.,
201QFerri r e et einophioliz®id Gréece ate faetravdled ntappes
that belong to Vardar Zone. In this scenario all the ophiolitic thrusts are Vardar
derived and so we could assume for the ophiolitic fragments/slices inside flysch
formations. Such a flysch formation is tBeotian flysch in which many ophiolitic
fragments have been recognized.

The Beotian basin was possibly placed between Pelagonian and Parnassos platforms,

lying on the Western tip of Pelagonian microcontinent (Nirta et al., 2015 and
references therein).hE Beotian flysch in Levadia, Parnassos and lIti areas includes

two turbiditic systems: the Low&eotianflysch which presents a Juras§icetaceous

to Early Apti an Beogaaf laynsdc htoh ewhfi Uphpelras a Ce
Coniacian age. In Levadia thitysch mainly includescalcareousturbiditic beds,

calcarenites, marls and siliceous limestones, with minor serpentinized and chloritized
ophiolitic fragments. From Levadia to Amfissa the Berriasian flysch includes debris

flows dominated by ophiolitic rosk while the transition between Parnassos Lower

Aptian flysch and Levadia flysch, is characterized by debris flows rich in ultramafic
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and radiolaritic fragments. According to Nirta et al. (2015), these three areas include
the Lower Beotian flysch. On theher hand, the Upper Beotian flysch is exposed in
LevadiaAmfissa transition and presents either a Late Albian or a Turonian to
Coniacian age. In the first case it consists of sandstones, micritic limestones and
conglomerates with serpentinitic fragmentghile in the second case it includes
reddish sandstones with marly and ophiolitic material as well.

But while Beotian flysch is of U. JurassicU. Cretaceousge, another flysch zone

related to the Vardar Ocean and of Cretace®@akocene ageccursin the other side

of the Aegean and opposite to Evia, in western Turkey. This flysch zone is named the
Bornova Flysch Zone and is an olistostrommeé® | ange belt | ociated bet
Ankara Tethyan suture in northwest and the Menderes Massif in the so@ieagt

et al.,, 2012). The Bornova flysch consists of a sandsthake matrix and clasts,

ranging from grains to blocks. The blocks are mainly Mesozoic limestones
radiolarites and ophiolites. The ophiolites consist of serpentinized peridotites as well

as @bbros and diabases. Based on geochemical data and stratigraphic features, the
Bornova flysch was probably formed in a Tethyan oceanic basin. The ocean island

type alkali basalts (Aldanmaz et a2008) as well as the presence of radiolarite

blocks are irdicative of an oceanic accretionary complex (Okay et al.,, 2012).
Furthermore, the cheiAnkaa Vardar) scean gvas |adtivet hat t
during Cretaceous (Okay et al , 2012) . AnKk a
presents many similarégs with Kimi flysch, since it consists of both continental
sedimentary and oceanic material blocks, such as serpentinites (Fest20€9al
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Figure 10. Geological SWNE cross section and legend of Kimi (after Anastopoulos, 69, Katsikatisos et al.,
1970 IGME).
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4 Field Work

Our field study was mainly focused on the ophiolitic ultramafic rocks (mostly
serpentinites and serpentinititarzburgitep associated with thévlaestrichtiani
Paleocene flysch and the rodingitic dyk#ésat crosscut the ultramafic rocks in
Choneftiko and KalimerianGrammatkiani areas Neither mafic dykes nor any kind

of unaltered veins were found, whereas the volcanic rocks that Robertson, (1990)
described were not detected. The flysch successionstos shales and sandstones
and it is characterized by the presence of peridotitic bodies and limestone
intercalations (Katsikatsos et al, 19Rbbertson, 1990hich is also consistent with

our field study. Red colored sleal overlie the white onewhile white colored shales
ovelie red colored mudstones (Figl4c) The typical sedimentary flyschoid
lithologies overlie highly sheared serpentinitic bodies and usually alternate with small
sized layersof red colored shalesVioreover, ophicalcite bodieimcluding calcite

veins of many generations were detected in Choneftiko area, as described by
Paraskevopoulos and Kanakis (1972) and Robertson (1990). Ophicalcites usually
contain lenses of red cokd mudstones or underlie thewhile they usually undée

Upper Cretaceous limestones We al so cC ome t o agreement
observations, where highly sheared, clastic serpentinite overlies massive blocky
serpentinite and underlies pelagic limestsnecessionswvhich are usually folded or
chert layeredSerpentinizedharzburgitesare in contact with red colored sedimentary
rocks and highly shearedrpentinitic blocksThe flysch presents a chaotic structure
since there is no a clear strata continuity and presents coamyonfeatureswith an
ophioltcm®l ange that will be described bel ow.

Figure 11. Kimi photograph from Choneftiko sampling location.
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4.1 Sedimentary Rocksof Flysch

The studied sedimentary rocks in Kimi are parts of the U. Cretadtaascene
flysch and includemainly shales of 5 to 7m thicknesBids 12b, 14a and5a,b),
sandstones of 3m thickness (Figlb), cherts and limestones. Carbonate rocks are
mainly matrix supported limestones of 20m thickness, which are of an Upper
Cretaeous age (Robertson, 1990) d&il2a and 139 and they are present as
intercalations in flysch. Limestones are often deformed and folded (B&j. ahd

rarely encloseserpentinitic fragments (Fig.3h), which means that the serpentinite
was form earlier than limestone, that is earberduring Upper Cretaceous. They
overlie highly sheared serpentinitic bodies and underlie the brecciated limestone
blocks. In their higher parts, siliceous limest@uecessionare present as well (Fig.

12c). Chert formations are red colored, includingmaubparallel quartz veins (Fig.

14d) and they are in contact with the highly sheared serpentinite presenting features of
an ophiolitic m®|l ange. Red col a2d)ed tur bi di

Figure 12. a. BrecciatedCretaceous limestones underlying limestones with red shale layers, b. red colored
limestone, c. cherlayered limestones, d. Turbiditic slumps.

Figure 13. a. Upper Cretaceous folded neritic limestone overlying highly sheared sgmtinite, b. Upper
Cretaceous neritic limestone with serpentinitic breccias, near the contact with the underlying serpentinite
body.
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Figure 14 a. Red and white shales in contact, b.sandstone c., white shales overlying red calareidstones,
d. massive chert formation intruded by quartz veins of two generations

Figure 15a.,b. Typical flysch formation consisting of red colored andvhite colored shales.

4.2 Ultramafic Rocks

The ultramafic rocks are serpentied peridotites circ200m thick metasomatized
serpentinites and chloritites. Serpentinized peridotites correspond to areas relatively
away from the rodingitic dykes, while metasomatized serpentinites and chloritites
correspond taareasnear thecontactwith the rodingitic dyke In Choneftiko area
serpentinized peridotitegppear as gredn blackcolored deformed blocksresenting
massive or cataclastic textures aoointaining numerous subparallel shear zones
(Figs16e,fand17b,c,d) They include magssite(Fig. 16c),pyroxenite(Fig 16d) and
chrysotile veins (Fig. 16ahile dark-colored serpentinités also developed within
mylonitic zones of peridotitic block§Fig. 19a,b) On the other hand, serpentinized
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peridotites in KalimerianGrammatikianiarebrown to yellow coloredhighly altered
lateritized with cataclastic texturéfigs 17a andl8). Chloritites thickness ranges

from 15 cm to 0.5 m. They are massive and green colexéibiting a gradual
transition to the rodingite dyke.h€y are usuallgrosscutted by later formed calcite
veins, or alternate with relict serpentineh zones of 2cm thicknes€hloritites can

also contain garndtagments from the marginal rodingite zone, whereas numerous
chlorite rich veinlets crosscut their matrix vedily to the dyke direction. On the

other hand, the contact between the rodingite dyke and the metasomatic serpentinite is
very sharp while serpentinitesare highly sheared and green colored, presenting
mylonitic textures near the contact with the rodiegiyke.

Figure 16. a. Green colored serpentinite with crossiber veins, b. serpentinite with bastite grains, c. green
colored serpentinite with magnesite veins, d. pyroxenite vein inside a serpentinite body, e, f. highlgated
serpentinites.
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Figure 17. a., Massive serpentinite lens inside @ataclasticserpentinite mass, b. massive serpentinite body in
Kalimeriani area, c.,d., shear zones in gerpentinitic mass.

Figure 18. a.,b., Serpentinizedoeridotites overlying red colored mudstones and highly sheared serpentinite
bodies. Serpentinitic bodies usually host red coloreshudstonelenses. c.,d., Yellow to brown colored
serpentinitic harzburgite with loose texture andlateritized surfaces
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Figure 19a,b, Highly altered dark colored serpentinite veins in mylonitized zone (Sample SERPVT) within
a serpentinized peridotitic mass.

4.1 Ophicalcites

Ophicalcites (Fig 20 and 21) are massive green to blackrsentinites crosscut by
calcite veins of different generations, sizes and directions (Bd). Zheir thickness

is ranging from 2.5 to 4.5 m.They are closely related with red colored brecciated
mudstoneswhich are either in contact (Fig@0a) or trappedwithin them giving a
chaotic structure. According to their texture ophicalcites can be divided into three
types. The first type includes typical ophicalcite rocks witimerous calcite veinlets
(Figs 20bc and 21 The secondype includes ophicalcites df.3 large veins (Fig.
20d), while the third one includes ribbdype ophicalcites (Fig.121).

Figure 20 a. Ophicalcite (Sample SOPHAccpverlain by red colored mudstones(Sample CAREDcc), b. an
ophicalcite outcrop, c. calciteveins in an ophicalcite mass, d. ophicalcite with big sized veins of later
generations.
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Figure 21. a., Sheared ophicalcite overlain by U. Cretaceous dark colored limestones with calcite veins, b., c.
red colored limestone lensemside an ophicalcite mass, d. ribbottype ophicalcite (Sample ZTOPHCcc).

4.2 Rodingites

Rodingite  samples have been collected from  Choneftiko  and
KalimerianilGrammatikianiareas near Kimi in four sampling sites. They appear as in
situ dykes or smaller veinga serpentinitidoodies presenting NNESW §igs 22 and

27) or almost horizontal &V (Figs 23 and 26) directions. Their thickness is ranging
from 15cm to 2m. Rodingites are coaggained (usually rich in miarolitic calcite and
chlorite crystal bearing cawes Fig. 30c,d to aphanitiqmostly),zoned or patcheuh
different colors and consist mainly of garnet, vesuvianite, chlorite, diopside and
occasionally calciteAs zoning seems to relate to various minasdemblageghree
different zoneswith gradwal contacts werdalistinguished(Fig. 29) The core zone
(C2), wheregarnet antbr vesuvianitepredominate, the marginal zone (MZ), which
compriseassemblagesnriched in chlorite and/or diopside, and theermediateor
transitional zone (TZ) consisting afl these four mineral phases. In most thick dykes
all three zones are developed, whereas the transitzonal mainlyoccursin thinner
dykes or veins, where no different colored and well defined cores or margindrexist.
some dyke®uhedral or hypidiowrphic calcite crystal®of sparitic sizeare abundant.
Veinlets of different generations and mineralogical assemblagascminerallic or

not) are usually crosscut the rodingite dyk@&fieseveinletsare usually developed
perpendicular to the margins dfet dykes, although veinlets of any random direction
occur.In vesuvianiterich dykes the cores tend to be white with pink or purple colored
patches due to the high amounts of garnet and vesuvianite respectively. Rodingites are
found as massivhard rocks €.g. Fig B), brecciated (Fig.4b), sheared (Fig.4&) or
heavily cataclastiqFigs 26cd and 27). The last threaypes of rodingite indicate
deformation of dykes in a brittle environment following the metasomatic event. On
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the other hand, the massive dgkseem to be rich in vesuvianite and calcite, while the
cataclastichy fractured ones vesuvianite and calcite arevery low amourg or
completely absent.

VAT o o 3 % kA g i A o

Figure 22. In situ rodingite vein with NNE-SSW direction, in a serpeninitic body in Choneftiko area. b.
pink colored rodingite core in Choneftiko area withcataclastictexture.

Figure 23. In situ rodingite vein rich in calcite, in a serpentinitic body in Choneftiko area with EW
direction and massive texture (SamplsEROD26).

Figure 24. a. Shears in rodingite body, b. Brecciated rodingite in Choneftiko village.
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Figure 26a, b. EW rodingite vein rich in chlorite (Samples EROD22), with cataclastic texture in Choneftiko

area., c. EW rodingite vein (Samples EROD23) with cataclastic texture rich in garnet and diopside, in

Chonettiko area d. E-W Rodingite vein (Sample EROD18) with cataclastic texture rich in garnet and
diopside in Choneftiko area.
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Figure 27.a., b., NNESSW Rodingite vein Marginal Sample EROD6Core Sample EROD?7) rich in garnet
and vesuvanite with massive texture inside serpentinitic body (Sample SERPF).

Figure 28. Rodingite dyke (Samples EROD7S) in serpentinitic body in KalimerianGrammatikiani area, b.
Close up of the rodingite dyke showing zoning, veinle@nd patches. A greerchlorite rich marginal zone is
followed gradually by a yellowish garnetdiopside rich zone and a purple and white vesuvianitgarnet-rich
core. The thickness of the external zones is variable 1 to 3 cm, while the inner one is greaisgupying most
of the rodingite dyke. The core isinhomogeneousconsisting of white/garnetrich and purple/vesuvianite-
rich patches and veinletsM.Z.: Marginal Zone, T.Z.: Transitional Zone, C.Z.: Core Zone.

For a more detailed study of the zones arfteointernal features of the rodingite
dykes, several big samplewere collected and large slabs where saadli
macroscopically (Figs 30, 31, 32 aBd). Thus, it is furthermore confirmed the vast
majority of Kimi rodingites are highly zoned. The zonesuseallyinhomogeneouys
consisting of patches of different prevailing minerals with characteristic colors.
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Figure 29. Complete rodingite zoning with garnetvesuvianite rich core, garnetvesuvianite diopside-chlorite
rich transitional zone and chloritediopside rich marginal zone. Chlorititic rim and metasomatized
serpentinite host rock are also observed.

a) Chlorititic Rim -
Chlorititic Rim

T

ay

Figure 30. Macroscopic examination of sample EROD7S and EROD12 from KalimeriarGrammatikiani
and Choneftiko are respectively.Chl for chlorite, Di for diopside, Grt for garnet and Ves for vesuvianite.
M.Z.: Marginal Zone, T.Z.: Transitional Zone, C.Z.: Core Zone. c,d. TZ Rodingite dyke (Sample EROD12)
consisting of calcite (Cal)cavities Chlorite (Chl) appears in the chlorititic rims as green colored crystals or
as silver colored small sized booklet chlorite grains.
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Figure 31. Macroscopic image of rodingite with vesuvianite (purple) and garnet rich points (white colored)
(Sanple EROD11).

Figure 32. a. Rodingites with chlorite rich rims with garnet breccias and garnetiopside rich cores(Sample
EROD10), b. rodingite with garnet-diopside rich core and chlorite rich zone respectively(Sample
EROD7).M.Z.:Marginal Zone, T.Z.: Transitional Zone.
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Figure 33. Rodingite sample (EROD18) with cataclastic texture and green colored chlorite veins.
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4.3 Talc Schists

Talc schists are present as big or small sized sheets in tcaittabighly sheared and
deformed serpentinitic masses with cataclastic texture. Their thickness is ranging
from 20 cm to 1mThey are white, grey (Fig.4a,b) or green colored (Fig48) and

show generally BV direction. They can be observed both in G¥ftko (Fig. 3a, b,

Figure 34. a Talc schist white colored vein inside highly sheared serpentinite, b., Talc schist small sized
white colored vein inside serpentinite in Choneftiko area, cGreen colored talc inside serpentinite in
Kalimeriani area, d. Talc body intrusion with cataclastic texture inside serpentinitic body in Kalimeriani
area.
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5 Analytical Methods

For our studynineteerrodingite samplesightultramafic sampleand plentysamples
from the aforementionedlithologies were collected. Therodingitic samples
correspond tawelve rodingitic dykes(Table 1) The majority of them were collected
from Choneftiko area, while onehloritite, two serpentinizegheridotitesand one
rodingte samplswere collected from KalimeriarfGrammatikiani villages.

Table 1. Rodingite and Ultramafic Samples with their Sampling Sites

% Eggg;i Kimi-Choneftik{ 240927 | 386502| 1
3 ERODG, EROLI7 SERP6-7 Km-Chon% 240033 | 386457 2
7 EROD10 Kimi-Choneftikq_241013 | 386460] 3
5 ERODL2 SERPVIZR, SERPVIZRR Kimi-Choneftik_240925 | 386473
3 ERODIS Kimi-Choneftik_240917 | 386470] 5
7 ERODZ2L EROD22M SERP22 Kimi-Choneftik_240938 | 386461] 6
8 ERODZ3N ERODZ3R

9 ERODZ5. ERODZEL SERP25 Kimi-Choneftiq 240925 | 386500| 7
10 EROD24M, ERODZAR

11 EROD26M EROD26L Kimi-Choneftik 240290 | 386506] 8
2 EROD7SC EROD7SCC EROD7SR SERPEG, SERREH Kalimeriarli 240901 | 386220] 9

The petrographic study waperformed at the Department of Mineralogy and
Petrology of Nationaand Kapodistrian University othens. Forthe petrographic
examination of the rodingite dykes twerdix thin sections were prepared
corresponding to different positions afdyke More specifically they correspond to
marginal positions, marginal to cole transitions and clearly core positions of the
rodingitic dyke. On the other handgight thin sectionsfrom sevenultramafic rock
samplesvere made and petrographically studied.

X-ray examination was conducted at the Department of Mineralogy and Pgtoblog

the National and Kapodistrian University of Athens usan§iemens Model 5005-X

ray diffractometer, Cu Ka radiation at 40 kV, 40 nA, 0.020 step size and 1.0 s step
time. Representative samples from the different positions of the rodingite dykes,
serpatinitic samples as well as chloritites were prepared for XRBlyses. More
specifically twentysix rodingiticand seven ultramafisampleswere analyzedThe
mineral phases were identified with the use of EVA.2 program of the Siemens
DIFFRAC and the B005 software package.

Whole rock chemicakhnalyseswere conducted at ACME Laboratories in Canada
using ICRMS method for major, trace and rare earth elemdifisir yper and lower
detection limits for major elements, trace elements and REE are giveabie Z' The
analyzed samples includéneteerrodingitesamplesand sixultramafic samples.

Mineral chemical analyses were carried out at the Department of Mineralogy and
Petrography of the Institute of Geological and Mineral Exploration of Greece
(IGME), using a JEOLISM 5600, with associated Energy Dispersive Spectroscopy
analyzer (SEMEDS). One CZ sampldEROD 11 two MZ samples (EROD24R,
EROD22M)andthree TZ sample€EROD23R,EROD12 EROD7SC) were analyzed
using SEM.
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Table 2. Upper and lower detection limits for major elements, trace elements and RE& ACME Lab ICP -
MS analyses.

ELEMENT

[

EN<U Y ZZR A

¢
d

RRpEDREEREREERREE

DETECTICH LIKT

001 %
0ol %
0ol %
0.002 %
004 %
ool %
001 %
001 %
00l %
00 %
00l %

5 ppm

5 ppm

20 ppm

1 ppm

2 ppm

3 ppm

5 ppm
01 %
0ol %

30 ppm

20 ppm

5 ppm

5 ppm

1 ppm

1 ppm

01 ppm

02 ppm

01 ppm

005 ppm

003 ppm

002 ppm

05 ppm

005 ppm

UPPER LIMIT

100 %
100 %
100 %
100 %
100 %
100 %
100 %
100 %
100 %
100 %
100 %
5 %

10,000 ppm

10,000 ppm

10,000 ppm

50,000 ppm

50,000 ppm

50,000 ppm
100 %

100 %
50000 ppm
10000 ppm
10000 ppm
10000 ppm

50,000 ppm
10,000 ppm
50,000 ppm
10,000 ppm
10,000 ppm
10,000 ppm
10,000 ppm
10,000 ppm
10,000 ppm

10,000 ppm

H R R e E F PR R E RSN <S<C333d RV YRREEEEE R

01 ppm 10,000 ppm
0.02 ppm 10,000 ppm
01 ppm 50,000 ppm
001 ppm 10,000 ppm
01 ppm 10,000 ppm
0.3 ppm 10,000 ppm
002 ppm 10,000 ppm
01 ppm 10,000 ppm
005 ppm 10,000 ppm

1 ppm 10,000 ppm

05 ppm 50,000 ppm

01 ppm 10,000 ppm
001 ppm 10,000 ppm
02 ppm 10,000 ppm
0.01 ppm 10,000 ppm
0.1 ppm 10,000 ppm

8 ppm 10,000 ppm
0.5 ppm 10,000 ppm
0.1 ppm 50,000 ppm
0.05 ppm 10,000 ppm
0.1 ppm 50,000 ppm
0.1 ppm 100 ppm
0.5 ppm 10,000 ppm
0.5 ppb 100,000 ppb
0.1 ppm 2000 ppm
0.1 ppm 2000 ppm
0.1 ppm 10,000 ppm
001 ppm 50 ppm
0.1 ppm 2000 ppm
0.1 ppm 10,000 ppm
0.1 ppm 10,000 ppm
0.1 ppm 2000 ppm
0.5 ppm 100 ppm
01 ppm 1,000 ppm
1 ppm 10,000 ppm

Geochemical isotope analyses were conductedalnites fromsix calcite samples
(Table 3) Calcite was separated by hgpidking under stereoscopic anoscopgrom
two rodingitedykes(sampling sites and B two ophicalcite sample@ampling sites
¢) and two red mudstongsampling site J in order to examine the origin of O and C
in relation with meteoric, seawater of magmatietamorphic derived flds (as
discussed in the next chapters), studying both the metamerngtasomatic and
sedimentary lithologies of Kimi area.

Table 3. Rodingite, Ophicalcite and Sedimentary rocks with their calcite samples used for-O isotope
analyses and their sampling sites.

Our analyses were conducted in GeoZentrum Nordbayern Labs (Germany). For these
reacted

anal

a Rodingite EROD12 EROD12cc 240925 386473

b Rodingite EROD75CC | EROD1Mcc 240901 386220

= Dph!calc!te SOPHA SOPHAcc 240537 383853
Ophicalcite ZTOPH ZTOPHcc

d Red Mudstone CARED CAREDcc 280521 383854
Red Mudstone CARED 2 CARED2cc

yses

cal ci

t e

wa s

W i

t h

100%
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connected to a ThermoFisher Delta V Plus mass spectrorAétealues are reported

in per milrelatedto V-PDB. Reproducibility and accuracy was monitored by replicate

analysis of laboratory standards calibrated by assigifit v al ues of +1. 95
NBS19and4 6. 64 to LEOWE@s@EN.d204 t o MNBSLR2%A amd
NBS18. Reproducibility fot**C andi®0 was NO. 0x and RNO. Oy resp
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6 Petrography
6.1 Rodingites

Rodingite petrographgnd geochemistry €& below)wereaccomplished by the study

of marginal, core and transitional areas of the rodingitic dykes, permitting us to detect
any possiblechange of their mineral assemblagesl fluid chemistry in a direction
perpendicular to the sides of rodingitgkds As calcite is present in some of the
dykes and taking in minds importance, because is directly related to the nature

and physicochemical conditions of the metasomatic processes (see discwassion)
additional divisionfor the studied rodingitesvas used. Thee two groups, namely
Group | and Group Il, correspond morrcarbonated andarbonatedodingite dykes
respectively(Table 4)

Table 4. Discrimination of Kimi rodingites into Group-l and Group-ll based on their main mineral
assemblageRodingite Zone divisioninto: Core Zone, Transitional Zone and Marginal Zone

1 1 EROD11 Group-ll Core Ves
5 6 EROD18 Group-ll Core Grt
1 2 EROD21 Group-| Core Ves
7 8 EROD23M Group-| Core Grt
7 9 EROD25 Group-| Core Grt
7 9 EROD25L Group-| Core Grt
8 11 EROD26M Group-| Core Ves
6 7 EROD22M Group-Ii Marginal chl
7 10 EROD24M Group-| Marginal Di
7 10 EROD24R Group-| Marginal Di
8 11 EROD26L Group-| Marginal Di
9 12 EROD7Scc Group-ll Marginal Di
3 4 EROD10 Group-ll Marginal Chl
6 7 EROD22L Group-ll Transitional -
7 8 EROD23R Group-| Transitional -
2 3 EROD6 Group-| Transitional -
2 3 EROD7 Group-| Transitional -
9 12 EROD7SC Group-Ii Transitional cal
4 5 EROD12 Group-ll Transitional -

The study under polarized and electron microscopy, as well as XRD analyses, confirm
the macroscopic observation of different mineral assemblages betweenrarmd
margins of the rodingite dykes. Thus, samples from the Gfe enriched in
vesuvianiteandgarnetsamples from MZsreenriched inchlorite anddiopside, while
samples from TZsconsist of all the aforementioned mineral phases in different
proportins (Table 4) Samples from all three zones may or may not contain calcite.
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This petrographic and macroscomlistinctionof rodingite areass alsoreflected into
their chemistrysee Chapter 8).

6.1.1 Group-l Non-Carbonated Rodingites

This rodingite group incldes samples EROD6, EROD7, EROD21, EROD23M,
EROD23R, EROD24M, EROD24R, EROD25, EROD25L, EROD26M and
EROD26L

6.1.1.1 Rodingite Core Zones

Samples EROD21, EROD23M, EROD25, EROD25L and EROD26M belong to this
zone of Groud rodingites. Their mineral assemblage mpstbmprises garnet and
vesuvianitewhich is also confirmed by XR[patternsof Samples EROD21 and
EROD23M (Figs 36 and37), but usually in unequal amounts. As a result the cores
can usually be garnet or vesuvianite rich. Accessory minerals are found igalpoét

and vesuvianite rich varieties and include chlorite, diopside, prehnite and opaque Fe
Ti oxides as well. Their texture ranges from cryptocrystalline consisting of a -garnet
vesuvianite rich groundmass fine grained consisting of idiomorphisually zoned
garnet and vesuvianite crystals of 2ZZ&m and 136m size respectivelyFig.
35a,b,c).Chlorite and diopside cagitheroccur intergranular betweegarnet crystals
(Fig. 35d) while microcrystalline garnet veinlets of later generation with various
directions crosscut the groundmass.

Grt-veinlets

M'I"l

200fim i

Figure 35. Group-l Core Zone photomicrographs. a.,b. XPL photomicrograph of GarnetVesuvianite
groundmass (Sample EROD23M), c. PPL photomicrograph of Garnet rich Core Zone, d. Garnet rich
groundmass. Diopside and Chlorite appeaintergranular betweengarnets Grt: Garnet, Ves: Vesuvianite,
Chl: Chlorite, Di: Diopside.
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Figure 36. XRD pattern of a CZ Group-I grossular-rich sample (EROD23M). Vesuvianite and chlorite are
present in lesser amounts.
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Figure 37. XRD pattern of a CZ Group-I vesuvianite-rich sample (EROD21). Diopside and chloriteare
present in lesser amounts.
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6.1.1.2 Rodingite Marginal Zone

Samples, EROD24M, EROD24R and EROD2é&rrespond to this zon&hey are
chlorite and/ordiopsiderich also confirmed by XRDpatternof Sample EROD24M
(Fig. 40) while accessory minerals include garnet, vesuvianite andi-Bpaque
minerals Their textureis microcrystallne, consisting of chlorite and diopside grains
(Fig. 38a) while chlorite rich matrix (Fig. 39)is often crossed by younger fine
grained chlorite veins of 300m vein size(Fig. 38b) Diopside ocurs along with
cryptocrystallinegarnet and chlorite.

300pm

300pm

Figure 38. Group-I M.Z. rodingite photomicrograph (Sample EROD24M) consisting of diopside (Di) matrix
with cryptocrystalline garnet (Grt) grains. b. Chlorite rich area in Group-I Rodingites (Sample EROD24M)
with a chlorite vein (Clc) crossing the finegrained chlorite zone. Diopside appears inside the chlorite
matrix.

Figure 39. M.Z. Group-I rodingite photomicrograph (Sample EROD26L). It consists of Chlorite rich matrix
(Chl) along garnet (Grt) and minor diopside (Di).
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Sample EROD24M
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Figure 40. XRD pattern of a diopsidegarnet rich sample (EROD24M) from MZ. Chlorite is also present in
minor amounts.

6.1.1.3 RodingiteTransitional Zone

Samples EROD6, EROD7 and EROD23R belong to this .zdieir mineral
assemblage consists of garnet, chlorite, vesuvianite and diopside in different
proportions which is also confirmed by XRpatternof Sample ERODTFig 43).

Figure 41. a.,b.,c. TZ photomicrograph of Group-I rodingites (Sample EROD23R). Garnet hourglass zoned
porphyroblasts are present within a chlorite rich marix. c. Chlorite appearsintergranular between garret
and vesuvianite crystals. dTZ photomicrograph of Group-I cryptocrystalline rodingite (Sample ERODG6)
consisting of garnet and vesuvianite. Grt: Garnet, Ves: Vesuviatd, Chl: Chlorite, Di: Diopside.
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