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Abstract 

In Kimi (Central Evia, Greece) the Cretaceous-Paleogene flysch consists of schists, 

sandstones, cherts and ophicalcites, along with serpentinized peridotite bodies 

underlying Upper Cretaceous limestone intercalations with peridotite fragments. 

Serpentinized peridotites are intruded by rodingite dykes of a possibly gabbroic origin 

and they are thought to represent cretaceous 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 presence of 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 chlorite-diopside rich 

Marginal Zones (ɀȻ), garnet-vesuvianite rich Core Zones (CȻ) 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 XCO2 conditions 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 gradual infiltration of metasomatic fluids through the mafic dyke with a gradual 

increasing of water/rock ratio and decreasing of CO2/H2O ratio and T conditions. 

Whole rock chemical analyses exhibit CaO enrichment and silica-alkali depletion. 

Ca
2+

 derives from clinopyroxene 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 fluids were Ca
2+

 and OH
-
 rich with low CO2/H2O ratios. 

Apatite formation is indicative of seawater participation and CO2 increase. These final 

are followed by the second metasomatic event of lower T and high CO2 conditions. 

This event coincides with ophicalcite formation 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 CO2 hydrous rich fluids to crystallize calcite. LREE deposition is 

observed in apatite and allanite.
 
LREE mobilization took part mainly via CO3

-2
, while 

apatite presence and Zr mobility could also support the presence of PO4
-
-LREE and 

LREE-OH
-
 and complexes as well.

 
Stable isotope chemistry data of C and O in calcite 

samples form rodingite, ophicalcite and red mudstones of Kimi flysch show a 

combination of sedimentary and mantle derived processes in the metasomatic fluids. 
 

Based upon whole rock chemical data from rodingites and serpentinites, spinel 

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. The closure of this Upper Cretaceous Vardar 

basin coincides with the flysch formation resulting in the westwards thrusting of Kimi 

flysch onto the Pelagonian platform and the entrance of peridotitic olistostromes 

within flysch.  

Keywords: vesuvianite, grossular, REE, Ca-metasomatism, chloritite, rodingite 

zoning, carbonization 
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ɄŮɟɑɚɖɣɖ 

 ɆŰɖɜ ˊŮɟɘɞɢɐ Űɖɠ Ⱦɨɛɖɠ ɞ űɚɨůɢɖɠ Űɞɡ ȯɜɤ ȾɟɖŰɘŭɘəɞɨ-ɄŬɚŬɘɞəŬɑɜɞɡ ŬˊɞŰŮɚŮɑŰŬɘ 

Ŭˊɧ ůɢɘůŰɧɚɘɗɞɡɠ, ɣŬɛɛɑŰŮɠ, ɞűŮɘŰŬůɓŮůŰɑŰŮɠ ɛŬɕɑ ɛŮ ůɩɛŬŰŬ ɡˊŮɟɓŬůɘəɩɜ 

ˊŮŰɟɤɛɎŰɤɜ ŰŬ ɞˊɞɑŬ ɡˊɧəŮɘɜŰŬɘ ȯɜɤ ȾɟɖŰɘŭɘəɩɜ ŬůɓŮůŰɧɚɘɗɤɜ, ɞɘ ɞˊɞɑɞɘ ůɡɢɜɎ 

ˊŮɟɘɏɢɞɡɜ ŮɔəɚŮɑůɛŬŰŬ ɡˊŮɟɓŬůɘəɩɜ ŰŮɛŬɢɑɤɜ. Ƀɘ ůŮɟˊŮɜŰɘɜɘɤɛɏɜɞɘ ˊŮɟɘŭɞŰɑŰŮɠ 

ůɡɢɜɎ ŭɘŬůɢɑɕɞɜŰŬɘ Ŭˊɧ űɚɏɓŮɠ ɟɞŭɘɔəɘŰɩɜ ɛŮ ŭɘŬůŰɎůŮɘɠ ˊɞɡ əɡɛŬɑɜɞɜŰŬɘ Ŭˊɧ 

ɛŮɟɘəɎ ŮəŬŰɞůŰɎ ɏɤɠ ŬɟəŮŰɎ ɛɏŰɟŬ. Ƀɘ ɟɞŭɘɔəɑŰŮɠ ŬɡŰɞɑ ˊŬɟɞɡůɘɎɕɞɡɜ ɛɑŬ ˊɘɗŬɜɐ 

ɔŬɓɓɟɘəɐ ˊɟɞɏɚŮɡůɖ, Ůɜɩ ŰŬ ɞűɘɞɚɘɗɘəɎ ŰŮɛɎɢɖ ŬɜŰɘˊɟɞůɤˊŮɨɞɡɜ ɡˊɞɚŮɑɛɛŬŰŬ Űɞɡ 

ɤəŮŬɜɞɨ Űɞɡ ȷɝɘɞɨ ŰŬ ɞˊɞɑŬ ɓɟɑůəɞɜŰŬɘ ɛɏůŬ ůŰɞ űɚɨůɢɖ Űɖɠ ɄŮɚŬɔɞɜɘəɐɠ. 

ȸŬůɘůɛɏɜɞɘ ůŰŬ ˊŮŰɟɞɔɟŬűɘəɎ, ɞɟɡəŰɞɚɞɔɘəɎ əŬɘ ɔŮɤɢɖɛɘəɎ ŭŮŭɞɛɏɜŬ, ɞɘ ɟɞŭɘɔəɑŰŮɠ 

ŭɘŬəɟɑɜɞɜŰŬɘ ůŮ ŭɨɞ ɞɛɎŭŮɠ ŬɜɎɚɞɔŬ ɛŮ Űɖɜ ɨˊŬɟɝɖ ɐ Űɖɜ ŬˊɞɡůɑŬ ŬɜɗɟŬəɘəɩɜ 

ɞɟɡəŰɩɜ əŬɘ əɡɟɑɤɠ ŬůɓŮůŰɑŰɖ. ɀɘŬ ˊŮɟŮŰŬɑɟɤ ŭɘɎəɟɘůɖ ŬűɞɟɎ ůŰɖ ŭɖɛɘɞɡɟɔɑŬ 

ŭɘŬűɞɟŮŰɘəɩɜ ɕɤɜɩɜ ɛɏůŬ ůŰɘɠ ɟɞŭɘɔəɘŰɘəɏɠ űɚɏɓŮɠ ɞɘ ɞˊɞɑŮɠ ɢŬɟŬəŰɖɟɑɕɞɜŰŬɘ Ŭˊɧ 

Űɖɜ ŮˊɘəɟɎŰɖůɖ ůɡɔəŮəɟɘɛɏɜɤɜ ɞɟɡəŰɩɜ əŬɘ ŮɑɜŬɘ ɞɘ ŬəɧɚɞɡɗŮɠ: ɄŮɟɘɗɤɟɘŬəɐ Ȼɩɜɖ 

(MZ) ůŰɖɜ ɞˊɞɑŬ ŮˊɘəɟŬŰŮɑ ɞ ɢɚɤɟɑŰɖɠ əŬɘ ɞ ŭɘɞɣɑŭɘɞɠ, Ȼɩɜɖ ɄɡɟɐɜŬ (CZ) ůŰɖɜ 

ɞˊɞɑŬ ŮˊɘəɟŬŰɞɨɜ ɞ ɓŮɕɞɡɓɘŬɜɑŰɖɠ əŬɘ ɞ ɔɟŬɜɎŰɖɠ əŬɘ ɀŮŰŬɓŬŰɘəɐ Ȼɩɜɖ (ɇȻ) ůŰɖɜ 

ɞˊɞɑŬ ůɡɜɡˊɎɟɢɞɡɜ ɞɘ 4 ˊɟɞŬɜŬűŮɟɗŮɑůŮɠ űɎůŮɘɠ ůŮ ŭɘŬűɞɟŮŰɘəɏɠ ŬɜŬɚɞɔɑŮɠ. ȼ 

ɟɞŭɘɔəɘŰɑɤůɖ ɐŰŬɜ ɛɑŬ ůɡɜŮɢɐɠ ŭɘŬŭɘəŬůɑŬ ɎɛŮůŬ ůɡůɢŮŰɘɕɧɛŮɜɖ ɛŮ Űɖ ŭɘŬŭɘəŬůɑŬ 

Űɖɠ ůŮɟˊŮɜŰɘɜɑɤůɖɠ əŬɘ ɏɚŬɓŮ ɢɩɟŬ ůŮ ɔŮɜɘəɎ ŬɚəŬɚɘəɏɠ ůɡɜɗɐəŮɠ. ȹɨɞ əɨɟɘŬ 

ɛŮŰŬůɤɛŬŰɘəɎ ŮˊŮɘůɧŭɘŬ ɛˊɞɟɞɨɜ ɜŬ ŭɘŬəɟɘɗɞɨɜ, Ŭˊɧ ŰŬ ɞˊɞɑŬ Űɞ ˊɟɩŰɞ ŬűɞɟɎ 

ůɡɜɗɐəŮɠ űŰɤɢɏɠ ůŮ CO2, Ůɜɩ Űɞ ŭŮɨŰŮɟɞ ŬűɞɟɎ ɟŮɡůŰɎ ˊɚɞɨůɘŬ ůŮ CO2. ȾɎɗŮ 

ɛŮŰŬůɤɛŬŰɘəɧ ɔŮɔɞɜɧɠ ɛˊɞɟŮɑ ɜŬ ŭɘŬɘɟŮɗŮɑ ůŮ Ůˊɘɛɏɟɞɡɠ ɛŮŰŬůɤɛŬŰɘəɎ ůŰɎŭɘŬ ɧˊɤɠ 

ŮˊɘɓŮɓŬɘɩɜŮŰŬɘ əŬɘ Ŭˊɧ Űɖɜ ɨˊŬɟɝɖ ŭɘŬəɟɘŰɩɜ ɕɤɜɩɜ ůŰɞɡɠ ɟɞŭɘɔəɑŰŮɠ. ɇɞ əɎɗŮ 

ůŰɎŭɘɞ ŬűɞɟɎ Űɖ ɓŬɗɛɘŬɑŬ Ůɘůɢɩɟɖůɖ Űɤɜ ɏɜɡŭɟɤɜ ɟŮɡůŰɩɜ ŭɘŬɚɡɛɎŰɤɜ Ŭˊɧ Űɞ 

ˊŮɟɘɗɩɟɘɞ ˊɟɞɠ Űɞɜ ˊɡɟɐɜŬ Űɖɠ ɛŬűɘəɐɠ űɚɏɓŬɠ ɛŮ ŰŬɡŰɧɢɟɞɜɖ Ŭɨɝɖůɖ Űɞɡ ɚɧɔɞɡ 

H2O/ˊɏŰɟɤɛŬ, ɛŮɑɤůɖ Űɖɠ ɗŮɟɛɞəɟŬůɑŬɠ əŬɘ Űɞɡ ɚɧɔɞɡ CO2/H2O. ȹŮŭɞɛɏɜŬ Ŭˊɧ Űɖ 

ɢɖɛŮɑŬ ɞɚɘəɞɨ ˊŮŰɟɩɛŬŰɞɠ ŭŮɑɢɜɞɡɜ ɝŮəɎɗŬɟɞ ŮɛˊɚɞɡŰɘůɛɧ Űɞɡ CaO Ŭˊɧ Űɞ 

ˊŮɟɘɗɩɟɘɞ ˊɟɞɠ Űɞɜ ˊɡɟɐɜŬ Űɤɜ űɚŮɓɩɜ, Ůɜɩ ŬɜŰɑɗŮŰŬ ŰŬ ŬɚəɎɚɘŬ əŬɘ Űɞ SiO2 

ɛŮɘɩɜɞɜŰŬɘ. ɇɞ ŬůɓɏůŰɘɞ ˊɟɞɏɟɢŮŰŬɘ Ŭˊɧ Űɖ ŭɘɎɚɡůɖ Űɤɜ əɚɘɜɞˊɡɟɧɝŮɜɤɜ ůŰɞ 

ɡˊŮɟɓŬůɘəɧ ˊɏŰɟɤɛŬ əŬŰɎ Űɖ ůŮɟˊŮɜŰɘɜɑɤůɖ, Ůɜɩ ɖ ŬˊɩɚŮɘŬ Si əŬɘ ŬɚəŬɚɑɤɜ 

ɞűŮɑɚŮŰŬɘ ůŰɖ ŭɘɎɚɡůɖ Űɤɜ ŬůŰɟɑɤɜ Űɤɜ ɛŬűɘəɩɜ ˊɟɤŰɧɚɘɗɤɜ. ȼ ŭɖɛɘɞɡɟɔɑŬ Űɞɡ 

ɓŮɕɞɡɓɘŬɜɑŰɖ ůɢŮŰɑɕŮŰŬɘ ɛŮ ŰŬ ŰŮɚŮɡŰŬɑŬ ůŰɎŭɘŬ Űɖɠ ˊɟɩŰɖɠ ɛŮŰŬůɤɛŬŰɘəɐɠ űɎůɖɠ 

əŬɗɩɠ ŰŬ ɟŮɡůŰɎ ˊɟɞɢɤɟɞɨɜ ˊɟɞɠ Űɞɜ ˊɡɟɐɜŬ əŬɘ ɛŮ ɏɜɡŭɟŮɠ ůɡɜɗɐəŮɠ ɢŬɛɖɚɞɨ 

ɚɧɔɞɡ CO2/H2O əŬɘ ɢŬɛɖɚɧŰŮɟŮɠ ɗŮɟɛɞəɟŬůɑŮɠ, Ůɜɩ ɖ ŭɖɛɘɞɡɟɔɑŬ ŬˊŬŰɑŰɖ ŮɑɜŬɘ 

ŮɜŭŮɘəŰɘəɐ Űɖɠ ůɡɛɛŮŰɞɢɐɠ ɗŬɚɎůůɘɞɡ ɜŮɟɞɨ ůŰɞ ůɨůŰɖɛŬ. ɇŬ ŰŮɚŮɡŰŬɑŬ ŬɡŰɎ ůŰɎŭɘŬ 

ŬəɞɚɞɡɗɞɨɜŰŬɘ Ŭˊɧ ɏɜŬ ŭŮɨŰŮɟɞ ɛŮŰŬůɤɛŬŰɘəɧ ŮˊŮɘůɧŭɘɞ ɢŬɛɖɚɧŰŮɟɤɜ 

ɗŮɟɛɞəɟŬůɘɩɜ əŬɘ ůɡɜɗɖəɩɜ ˊɚɞɨůɘɤɜ ůŮ CO2.  ɇɞ ůŰɎŭɘɞ ŬɡŰɧ ůɡɛˊɑˊŰŮɘ ɛŮ Űɖ 

ŭɖɛɘɞɡɟɔɑŬ ɞűŮɘŰŬůɓŮůŰɘŰɩɜ əɞɜŰɎ ůŰɞ OCT ɧˊɞɡ ŮˊɘəɟŬŰɞɨɜ ɞɘ ůɡɜɗɐəŮɠ 

ɗɟŬɡůɘɔŮɜɞɨɠ ˊŬɟŬɛɧɟűɤůɖɠ. ɆŮ ŬɡŰɏɠ Űɘɠ ůɡɜɗɐəŮɠ ŭɖɛɘɞɡɟɔɞɨɜŰŬɘ ŬůɡɜɏɢŮɘŮɠ ůŰɞ 

ůŮɟˊŮɜŰɘɜɘŰɘəɧ ˊɏŰɟɤɛŬ ɞɘ ɞˊɞɑŮɠ ŮˊɘŰɟɏˊɞɡɜ ůŰŬ ɏɜɡŭɟŬ ˊɚɞɨůɘŬ ůŮ CO2 ɟŮɡůŰɎ ɜŬ 

Ůɘůɏɚɗɞɡɜ əŬɘ ɜŬ əɟɡůŰŬɚɚɩůɞɡɜ ŬůɓŮůŰɑŰɖ. Ƀ ŮɛˊɚɞɡŰɘůɛɧɠ Űɤɜ ɟɞŭɘɔəɘŰɩɜ ůŮ 

ŮɚŬűɟɘɏɠ ůˊɎɜɘŮɠ ɔŬɑŮɠ ɛɏůŬ ůŰɞɜ ŬɚɚŬɜɑŰɖ əŬɘ ůŰɞɜ ŬˊŬŰɑŰɖ ɞűŮɑɚŮŰŬɘ ůŰɖ  

ɛŮŰŬűɞɟɎ Űɞɡɠ ɛɏůɤ ŬɜɗɟŬəɘəɩɜ əɡɟɑɤɠ ůɡɛˊɚɧəɤɜ ůŰŬ ɛŮŰŬůɤɛŬŰɘəɎ ɟŮɡůŰɎ. 

Ⱥˊɘˊɚɏɞɜ ɖ ɨˊŬɟɝɖ Űɞɡ ŬˊŬŰɑŰɖ əŬɗɩɠ əŬɘ ɖ əɘɜɖŰɘəɧŰɖŰŬ Űɞɡ Zr ɗŬ ɛˊɞɟɞɨůŬɜ ɜŬ 

ŭɘəŬɘɞɚɞɔɐůɞɡɜ Űɖɜ ɨˊŬɟɝɖ űɤůűɞɟɘəɩɜ əŬɘ ɏɜɡŭɟɤɜ ůɡɛˊɚɧəɤɜ ůˊŬɜɑɤɜ ɔŬɘɩɜ. 

ɉɖɛɘəɎ ŭŮŭɞɛɏɜŬ ůŰŬɗŮɟɩɜ ɘůɞŰɧˊɤɜ Ƀ-C ůŮ ŬůɓŮůŰɘŰɘəɎ ŭŮɑɔɛŬŰŬ Ŭˊɧ ɟɞŭɘɔəɑŰŮɠ, 

ɞűŮɘŰŬůɓŮůŰɑŰŮɠ əŬɘ Ůɟɡɗɟɞɨɠ ˊɖɚɧɚɘɗɞɡɠ ɛŬɠ ŭŮɑɢɜɞɡɜ Űɖ ůɡɛɛŮŰɞɢɐ ɡŭɟɞɗŮɟɛɘəɩɜ 

ŭɘŬɚɡɛɎŰɤɜ ɘɕɖɛŬŰɞɔŮɜɞɨɠ əŬɘ ɛŬɜŭɡŬəɐɠ ˊɟɞɏɚŮɡůɖɠ ůŰŬ ɛŮŰŬůɤɛŬŰɘəɎ ɟŮɡůŰɎ. ȼ 

ɢɖɛŮɑŬ Űɤɜ ɟɞŭɘɔəɘŰɩɜ əŬɘ Űɤɜ ɡˊŮɟɓŬůɘəɩɜ ˊŮŰɟɤɛɎŰɤɜ əŬɗɩɠ Ůˊɑůɖɠ əŬɘ ɖ 
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ɞɟɡəŰɞɢɖɛŮɘŬ Űɤɜ ůˊɘɜɏɚɘɤɜ, ɖ ɨˊŬɟɝɖ ɓŮɕɞɡɓɘŬɜɑŰɖ əŬɘ ɡŭɟɞɔɟŬɜŬŰɩɜ ŮɑɜŬɘ 

ŮɜŭŮɘəŰɘəɏɠ Űɖɠ ˊŮŰɟɞɔɏɜŮůɖɠ Űɤɜ ɟɞŭɘɔəɘŰɩɜ ůŮ ůɡɜɗɐəŮɠ ɡˊɞɓɨɗɘůɖɠ ɛŮ ˊŬɟɎɚɚɖɚɖ 

ɚŮɘŰɞɡɟɔɑŬ ɤəŮɎɜɘŬɠ ɚŮəɎɜɖɠ (SSZ). ȺˊɘˊɟɧůɗŮŰŬ ɞɘ ɢɖɛɘəɏɠ ɞɛɞɘɧŰɖŰŮɠ Űɤɜ 

ɟɞŭɘɔəɘŰɩɜ Űɖɠ Ⱦɨɛɖɠ ɛŮ ŬɡŰɞɨɠ Űɖɠ Ɇəɨɟɞɡ ŮɑɜŬɘ ŮɜŭŮɘəŰɘəɏɠ Űɖɠ ɨˊŬɟɝɖɠ ɛɑŬɠ 

ŮɜɘŬɑŬɠ Ůˊɘɛɐəɞɡɠ ɞűɘɞɚɘɗɘəɐɠ ɕɩɜɖɠ ɛɏůŬ ůŰɞɜ ɤəŮŬɜɧ Űɞɡ ȷɝɘɞɨ ɖ ɞˊɞɑŬ ůŰɖɜ 

ˊŮɟɑˊŰɤůɖ Űɖɠ Ⱦɨɛɖɠ ŬűɞɟɎ ůŮ ɛɑŬ ɤəŮɎɜɘŬ ɚŮəɎɜɖ ˊɞɡ ůɡɜɏɢɘůŮ ɜŬ ɚŮɘŰɞɡɟɔŮɑ ůŰɞ 

ȯɜɤ ȾɟɖŰɘŭɘəɧ. To əɚŮɑůɘɛɞ Űɖɠ əɟɖŰɘŭɘəɐɠ ŬɡŰɐɠ ɚŮəɎɜɖɠ ůɡɛˊɑˊŰŮɘ ɛŮ Űɖɜ ɏɜŬɟɝɖ 

Űɖɠ űɚɡůɢɞɔɏɜŮůɖɠ əŬɘ Űɖɜ ŰɞˊɞɗɏŰɖůɖ Űɤɜ ˊŮɟɘŭɞŰɘŰɘəɩɜ ɞɚɘůɗɞůŰɟɤɛɎŰɤɜ ɛɏůŬ 

ůŰɞ űɚɨůɢɖ əŬŰɎ Űɖɜ ŰɞˊɞɗɏŰɖůɐ Űɞɡ ˊɎɜɤ ůŰɖɜ ˊɚŬŰűɧɟɛŬ Űɖɠ ɄŮɚŬɔɞɜɘəɐɠ.  

ȿɏɝŮɘɠ ȾɚŮɘŭɘɎ: ɓŮɕɞɡɓɘŬɜɑŰɖɠ, ɔɟɞůɞɡɚɎɟɘɞɠ, ůˊɎɜɘŮɠ ɔŬɑŮɠ, ɛŮŰŬůɤɛɎŰɤůɖ 

ŬůɓŮůŰɑɞɡ, ɢɚɤɟɘŰɑŰɖɠ, ɕɩɜɤůɖ ɟɞŭɘɔəɘŰɩɜ, ŬɜɗɟŬəɞˊɞɑɖůɖ 
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1 Introduction  

Serpentinization is a very important process for the 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 caused by
 
CO2 emissions (Oze and Sharma, 2005; Schulte et 

al., 2006; Power et al., 2013). As carbonate minerals are naturally produced during 

serpentinization, the development of industrial strategies that mimic this natural 

serpentinization for CO2 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 related 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 include mafic to felsic 

lithologies e.g. gabbro, granite, greywacke, quartzite and argillite (Coleman, 1967; 

Schandl and Mittwede, 2001; Hatzipanagiotou et al., 2003; Li et al. 2007), are mainly 

enriched in CaO and depleted in SiO2 and Na2O 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 

serpentinites. 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 

serpentinites, both of which in turn are located as large blocks within the 

Maestrichtian-Paleocene(?) flysch of Pelagonian Zone (Katsikatsos et al., 1970).  

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

The first report on Kimiôs rodingites and serpentinites was made by Papastamatiou 

(1945). He stated the serpentinitic bodies found within flysch are the result of 

intrusion of a peridotitic magma which penetrated it, whereas the rodingite dykes are 

rocks rich in Ca-silicate minerals.  

Marakis (1972a,b), referred to clinochlore and vesuvianite-rich rodingite dykes inside 

serpentinitic rocks, in an area which lies north of Kimi  and in Kalimeriani village, few 

km away of Kimi towards SW. He studied especially the clinochlore using X-Ray and 

microscopic examinations in order to explain its conditions of formation. He reported 

that the rodingites are metamorphosed Al-rich limestones mostly consisting of 

chlorite, vesuvianite and calcite. He attributed their formation to metamorphic events 

which affected the primary marly limestones. Paraskevopoulos and Kanakis (1972), 

studied the Kimi  ophicalcites, which appear in Choneftiko area near Kimi . They 

stated these ophicalcites are parts of the serpentinitic margins and consist of calcite 

veins which 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 

geochemical and mineralogical study of the rodingite-serpentinite rock association 

occurring in the Kimi  area. The suggested petrogenesis for this association is far from 

what we presently know for similar occurrences elsewhere. Thus, my aim is to cover 

http://geology.gsapubs.org/content/38/10/959.short?rss=1&ssource=mfr#ref-17
http://geology.gsapubs.org/content/38/10/959.short?rss=1&ssource=mfr#ref-19
http://geology.gsapubs.org/content/38/10/959.short?rss=1&ssource=mfr#ref-19
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the gap to our petrological and geochemical knowledge for the rodingite-serpentinite 

rocks using expert classical petrographical microscopic methods, modern tools such 

as XRD evaluation, SEM-EDS mineral chemical analyses, ICP-MS geochemical data, 

as well as stable isotopes. I 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 formed, when this metasomatism was realized and which are the chemical 

reactions that the mineral assemblages formed. Moreover, I shall try to conclude 

about the protolith of rodingites and the geotectonic setting under which, 

serpentinization and metasomatic processes occurred, firstly considering that they 

might be realized within or close to the oceanic floor of Vardar Ocean. Finally, a very 

notable task which I will try to explain is the discovered relatively high REE 

abundances in many rodingite samples from the study area, and to compare them with 

similar REE enrichments occurring elsewhere in the world. 
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2 Serpentinization and Metasomatism ï State of the Art 

2.1 Description of metasomatism and metamorphism  

Harlov and Austrheim (2013), following the definition of the International Union of 

Geological Sciences (IUGS), refer to metasomatism as 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 interactions chemical components 

are removed off or/and entered the two phases. On the other hand, metamorphism is 

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: 

¶ Ion by ion replacement in minerals of a rock in solid state. 

¶ Addition or subtraction of major components other than H2O and CO2. 

¶ Formation of zones that represent chemical 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: 

¶ Diffusional metasomatism, which occurs when a solute is diffused due to the 

chemical gradient between the fluids and the rock in pores and does not 

require the movement of the fluid, 

¶ Infiltrational metasomatism, which occurs where an infiltrated fluid under 

pressure transfers material. 

¶ Autometasomatism such as albitization is a post-magmatic process, 

appearing in igneous intrusions. 

¶ On the other hand, near the contact of two different lithologies the activity of 

the fluid gradients leads to boundary metasomatism, which is very often in 

blackwall alterations and rodingitization processes, while 

¶ Contact metasomatism is divided into endo-contact and exo-contact 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 concentration difference 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 with ultramafic rocks  

Metasomatism associated with ultramafic rocks mainly includes 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 or are in immediate contact 

with them. The serpentinization leads to the formation of serpentinite and 

carbonization produces ophimagnesite, ophicalcite and listwanite. Blackwall 

alteration forms mainly talc- and chlorite-schist and chloritite, steatitization creates 

also talc-schist, a variety of which is soapstone or steatite, diopsiditization forms 

diopsidite and rodingitization rodingite. 

From the serpentinization of Fe-Mg silicates the fluids that derive cause the 

metasomatism of the mafic rocks and their contacts with their host rocks. The 

serpentinization ranges from T < 100
 ɞ

C with lizardite being the mineral that occurs 

phase that occurs to 500
 ɞ
C (antigorite). The common minerals of the serpentinization 

are lizardite, chrysotile, brucite and magnetite as a byproduct of serpentinization due 

to the release of Fe from Fe-Mg silicates and its oxidation to Fe
3+

. In shallow depths 

(<20 Km) lizardite is stable, while chromite turns to lizardite. With the increasing of 

P-T lizardite turns to antigorite at almost 400
 ɞ
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 minerals are converted to hydrous ones of serpentine group. During this 

process the rock density changes from 3,2 g/cm
3
 to 2,4 g/cm

3
, which corresponds to 

30% mass loss and almost 40% volume gain. Serpentinization as an isochemical 

process has been observed by many researches in the past (e.g. Page, 1976; Ashley, 

1973), while many other authors refer to serpentinization as a chemical process in 

which chemical changes occur (e.g. Engin and Hirst, 1970b; Coleman and Keith, 

1971), but serpentinization is nowadays considered as a complex process in which 

both volume and chemical changes can occur and for their exact calculation many 

mathematic models are possibly required (Karkanas, 1987). Wicks & Whittaker 

(1977), divide serpentinization into 8 types according to the increase or decrease of 

temperature, while OôHanley et al. (1989a), initially distinguish this process into 

retrograde (with a decrease in T) and progressive (with an increase in T).
 
 

2.5.1 Geotectonic environments of serpentinization 

The Penrose model suggests 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 I form 

of pillow lavas or sheeted dikes. Layer 3 comprises gabbro. All these layers are 

seismically defined (Klein, 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 after many detailed studies, such as Deep-Sea 

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 setting: abyssal or oceanic, subducted and mantle wedge serpentinites (Fig. 1).  
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Figure 1. Division of three serpentinite groups based upon their geotectonic setting (abyssal or oceanic, 

subducted and mantle wedge serpentinites). (Deschamps et al., 2013).  

2.5.1.1 Abyssal or oceanic serpentinites  

At slow (1 to 5 cm/year) to ultraslow (<2 cm/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 serpentinization 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). Thus, serpentinites play the role of a water sink 

holding on average of 13% H2O in serpentine minerals until the T is between 600 to 

700
 ɞ

C (Ulmer and Trommsdorf, 1995; Wunder and Schreyer, 1997). On the other 

hand, the fast spreading ridges (> 9 cm/year) present a very notable magmatic 

activity, forming 7 to 10 km thick crust preventing the serpentinization of abyssal 

peridotites, since they cannot outcrop on the seafloor (Sinton and Detrick, 1992; 

Deschamps et al., 2013).  

Serpentinization in oceanic environments can be attributed to fractures (Andreani et 

al., 2007), which permit the fluid transfer. Based on isotopic studies and the stability 

of serpentine minerals, abyssal peridodite serpentinization appears at 7 km depth 

(Escartin et al., 1997) and Tmax: 450-500
 ɞ
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 of the overlying 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<700
 ɞ
C, but due to the lower viscosity and density of these 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 Subducted serpentinites  

These serpentinites are divided into two groups according to their protolith. The 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 serpentinized 

mantle reaches near the trench area seawater fluids interact with these mantle rocks 

along cracks and faults, causing a second serpentinization (Contreras-Reyes et al., 

2007; Ranero et al., 2003, 2005).  

2.5.2 Serpentinite Subduction Channel 

The serpentinite 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 ophiolitic m®lange (Deschamps et al., 2013). The dehydration in 

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 (Hilairet and 

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

2.5.3 The chemical 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 respectively are the following (Klein, 2009):  

2Mg2SiO4 + 3H2O Ÿ Mg3Si2O5(OH)4 + Mg(OH)2 

(Forsterite)
 
(Chrysotile)

 
(Brucite)

 
 

3MgSiO3 + 2H2O Ÿ Mg3Si2O5(OH)4 + SiO2(aq) 

(Enstatite)
 
(Chrysotile) 

Their ȹrV equals to 52% and 16% respectively.  

According to Klein (2009) the serpentinization of harzburgite with 1:1 molar ratio of 

olivine to orthopyroxene increases its volume of 45%.  

Mg2SiO4 + MgSiO3 + 2H2O Ÿ Mg3Si2O5(OH)4 

(Forsterite)(Enstatite)
 
(Chrysotile) 

but with Si and Mg removal in isovolumetric processes the reaction is: 

6Mg2SiO4 + 2MgSiO3 + H2O + 10H
+
 Ÿ 3Mg3Si2O5(OH)4 + 5Mg

2+
 + 2SiO2(aq) 

(Forsterite)
 
(Enstatite)

 
(Chrysotile) 

Serpentinization is a reducing process (e.g. Mc Collom and Bach, 2009), in which 

many changes occur such as the oxidation of Fe
2+

 in olivine and pyroxene to Fe
3+

 in 

magnetite. The last process releases H
+
 as described from the reactions below:  

3Fe2SiO4 + 2H2O Ÿ 2Fe3O4 + 3SiO2(aq) + 2H2(aq) 

(Fayalite)
 
(Magnetite)         and  
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3FeSiO3 + H2O Ÿ Fe3O4 + 3SiO2(aq) + H2(aq), 

(Ferrosilite)
 
(Magnetite) 

Olivine is usually replaced, except by serpentine, by carbonated minerals and Fe-talc 

(Andreani et al., 2009; Bach et al., 2013), while other times olivine is replaced by 

calcite (Kelemen et al., 2004; Bach et al., 2013; Klein, 2009). These are the results of 

CO2 metasomatism. The extent of mineral carbonation depends on the protolith 

composition, the CO2 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 other hand, serpentinites can also be metasomatized by silica. They have very 

low silica activities under sub-greenschist phases, but near magmatic intrusions (e.g. 

gabbro), the silica content increases due to their hydrothermal alteration (Bach et al., 

2013 and references therein).
 
 

2.5.4 Serpentinite deformation 

Pseudomorphic serpentine presents brittle deformations, while in P=1.5-3.0 Kbar a 

transition between brittle and ductile features occur (Raleigh and Paterson, 1965). 

Brittle deformation dominates at P<3 Kbar and temperatures lower than that of 

serpentinization. On the other hand, ductile is the main deformation type at P> 4 Kbar 

and temperatures between 500-600
 ɞ

C. Finally, according to Norrell et al. (1989), 

lizardite serpentinites sustain brittle deformation during or after the ophiolite 

obduction at T<30
 ɞ
C.  

2.6 Carbonization of ultramafic rocks 

2.6.1 Magnesites - Ophimagnesites 

Magnesite is usually the result of CO2-metasomatic processes that take place in the 

seafloor and they are associated with serpentinization. According to Klein and 

Garrido (2011), a peridotite infiltrated by CO2 rich fluid will form some distinct zones 

changing its mineral assemblage. At 200
 ɞ

C and 100 MPa a serpentine-brucite 

protolith (Fig. 2), with progressive CO2 metasomatism will create magnesite, talc and 

quartz, 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 CO2 activity of the fluid, the flux of the fluid and the 

temperature (Bach et al., 2013). CO2 metasomatism is a mixed diffusional and 

infiltrational process and is the result of the interaction of CO2-rich fluids with 

serpentinite in temperatures between 150 to 300
 ɞ
C. 

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 

meteoric water is suggested, explaining CO2 derivation (Skliros, 2013).  

According to Pohl (1990), hydrothermal magnesite derives from low salinity rich in 

CO2 hydrothermal metamorphic derived fluids, which dissolve olivine crystals and 

produced fluids rich in SiO2 and Mg(OH)2. 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: 7.5-9.5, Eh: -70 to -120 mV) conditions and (Pohl, 

1990).  

 

 

Figure 2. Phase diagram of the system MgO-SiO2-H2O-CO2 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: 

Mg2SiO4 (Forsterite) + 2CO2 (aq) Ÿ 2MgCO3 (magnesite) + SiO2 (aq) + 64 KJ/mole, 

in which magnesite occurs as a metasomatic product, deriving form forsterite 

hydration in CO2 rich conditions.  

There are also two other chemical reactions describe both magnesite, serpentine and 

talc formation during CO2 metasomatism during serpentinization: 

2Mg2SiO4 (Forsterite) + 2H2O+ CO2 Ÿ Mg3Si2O5(OH)4 (Serpentine) + MgCO3 

(Magnesite)  

2Mg3Si2O5(OH)4 (Serpentine) + H2O+ 3CO2 Ÿ Mg3Si4O10(OH)2 (Talc) + 3MgCO3 

(Magnesite). 

Many theories have been proposed for the origin of CO2, suggesting either an organic 

or a biotic origin, or a magmatic origin (Abu-Jaber & Kimberley, 1992). Other 

authors state that CO2 clearly state it has a meteoric origin (e.g. Kelemen and Matter, 

2008; Kelemen et al., 2011). They based on isotopic studies, the low or zero REE 

concentrations, the Ɇ(CO2) concentrations in alkaline conditions and the pH-Depth 

relations (Palinkaġ 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 as Mg-rich (Capedri, 1973). 

The crystallization of calcite, dolomite and magnesite from such Ca-Mg-rich 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 with Ca/(Ca+Mg) and the T of the 

solutions (Johannes, 1970). 

From the above diagram (Fig. 3) it is clear that for T = 400-500
 ɞ

C magnesite is the 

most usual carbonated mineral for a wide range of Ca/(Ca+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 then follows dolomite 

and calcite (Capedri, 1973). From the aforementioned data it is clear that 

ophimagnesite formation can also occur, depending on the T and Ca/(Ca+Mg) values.  

2.6.2 Ophicalcites 

Ophicalcites are mixed tectono-sedimentary brecciated rocks or cataclastites 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 groups, with the first 

group including those types which derive from chemical hydrothermal processes, 

while the second type includes those ophicalcites which come from re-sedimentary 

processes, such as sediment gravity flows and debris flows. They can also be 

distinguished into two other groups, with the first group represented by massive 

serpentinites with dense mesh of calcite-filled fractures, while the second includes 

sedimentary breccias with a calcitic matrix, often deposited above the previous 

ophicalcite group (Clerc et al., 2014; Lemoine 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, magnetite, tremolite, chlorite, hematite 

and sulfides. Aragonite is unstable and turns into calcite above 200
 ɞ

C, while in 

T<150
 ɞ
C calcite doesnôt form. As a result, aragonite is indicative of low T conditions. 

Magnetite forms in T> 400
 ɞ

C and siderite can form from reactions that substitute 

Ca
2+

 with Fe
2+
 (Johannes, 1970; Capedri et al., 1973).  

C
a

/(
C

a
+

M
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)
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The geotectonic environments of their formation are the ocean-continent transition 

zones (Fig. 4) and 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 the oceanic lithospheric mantle in subduction zones (Bernouli and 

Jenkyns, 2009).  

 

Figure 4. Geological cross section of the ocean-continent transition zone. Mantle rocks have been exhumed 

from low angle detachment faults. Ophicalcites correspond the transition between the detachment fault and 

the exhumed mantle (Bernoulli et al., 2009). 

2.6.3 Listwanite  

Listwanites are carbonate metasomatized ultramafic rocks, which mainly include 

magnesite, ankerite, ankerite, quartz and fuchsite (chromian 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 slightly acidic pH values SiO2 

dissolution is reinforced in its amorphous rather than in its crystallized state. During 

this process both SiO2 and CO2 react with water producing H4SiO4 and HCO3
-
 

respectively, while H
+
 is released from CO2 hydration as well (Skliros, 2013 and 

references therein). This chemical process, which leads to listwanitation from the 

above chemical solutions, occurs at T between 290 to 340
 ɞ
C and P between 1-4 Kbar 

and is characterized by SiO2 release and by the replacement of Fe-Mg minerals in the 

ultramafic rock by Fe-Mg carbonates, described below: 

(Mg,Fe)3Si2O5(OH)4 + 3CO2
 
Ÿ 3 (Mg,Fe)CO3 + 2SiO2 + H2O.  

Listwanite demands a high K influx to be formed and due to this strong K 

metasomatism Cr is leached from the chromite and/or other Cr-bearing silicates of the 

ultramafic rock, leading to the formation of chromian muscovite (Pinjaro, 2013). 

Hinsken et al (2017), studied Tinos listwanites using petrographical, whole rock 

chemical, isotopic and geochronological data. Tinos listwanite occurrences are 

associated with phyllites, talc-schists, meta-gabbros and serpentinites. They occur as 

sheeted like bodies along low angle normal faults, due to their higher resistance in 

alteration processes compared to that of their neighbor schistose and phyllitic talc-rich 

rocks. Their main mineral assemblage consists of magnesite and quartz, which occur 

as secondary veinlets, as well fuchsite, chlorite, albite, chromite, magnetite and other 

opaque minerals, which are present in small amounts. Listwanitation is an 

isochemical process and can be attributed to fluid infiltration and distribution via the 

aforementioned normal faults, leading to serpentinite carbonation and fuchsite 
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formation, under CO2-rich and K-bearing conditions. Based on Rb-Sr mineral 

isochrons and chlorite thermometry the metasomatic process took place at T between 

250-350
 ɞ

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 (1972), studied the ophicalcites and refer to a 

serpentinitic appearance in strong association with flysch north of Kimi  area. 

Ophicalcites occur at the margins of the serpentinitic masses in Choneftiko area. 

These ophicalcite are described as serpentinites crossed by calcite 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 bands and 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 of antigorite 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 of calcite, 

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 occurrences 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 ophicalcites 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 other hand, the ultramafic parts of the ophicalcites have not 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 listwanites 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 montmorillonite, 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 and clay minerals are present in 

small amounts, while serpentine is absent.
 

Listwanitation took part when 

hydrothermal solutions changed the initial mineralogical composition, characterized 

by a great MgO and SiO2 mobilization from the ultramafic protolith to the 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 minerals they also include 
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quartz 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 

transformation occurred during ophicalcitization.  

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

also forms veins and is usually associated with calcite, building the outer bands of the 

veins, whereas calcite concentrates in the 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- or partly-serpentinized peridotites, 

which are dismembered ophiolitic parts, missing the upper units.
 
 

2.7 Blackwall alteration and steatitization 

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 talc, chlorite, biotite and amphibole. The 

reactions take place during backwall alteration cause usually the formation of 

monomineralic zones-shells that developed along the contact of the ultramafic bodies 

with the surrounding mafic rocks. 

Steatization is a kind of Mg-metasomatism that occurs within 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 steatitization of 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 mafic and ultramafic 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 reinforced.  

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 mafic protolith. The 

chemical process of steatitization includes an enrichment in SiO2 and water and talc 

(Mg3(OH2)(Si2O5)2) formation. Furthermore, steatitization includes the removal of 

Mg
2+

 from the fluids which is counterbalanced by the leaching of Ca
2+

 from the 

basalts, while at T>150
 ɞ

C, SiO2 is leached from the mafic rocks, with quartz 

saturation at T: 150-500
 ɞ
C (Pirajno, 2013). The chemical Mg-metasomatic reaction of 

steatitization is described by Seyfried et al. (1988): 

3Mg
2+

 + 4SiO2 + 4H2OŸ Mg3(OH2)(Si2O5)2 + 6H
+ 

   
(talc) 
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2.8 Diopsiditization 

Diopsidites, described for first time in Oman ophiolite by Python et al. (2007), 

comprise monomineralic-diopside dykes intruding mantle rocks. Nephrite, the host 

rock of diopsidites, displays various amounts of tremolite/actinolite, which increase 

closer to the diopsidite dykes (Python et al., 2011). These diopsides present low TiO2 

Al 2O3 and Cr2O3 contents, whereas some of these dykes are anorthite bearing (Python 

et al., 2011). Based upon their chemical and mineralogical features they are of a 

hydrothermal ocean floor origin (Python et al., 2007). More specifically these authors 

describe diopsiditization as a process that gabbroic dykes interact with 

serpentinization fluids. In these processes the driving forces for the formation of 

monomineralic veins or not are the nature of the parent rock and the physicochemical 

conditions such as fO2 and XCO2. 

In the field examination diopsidites present either sharp or progressive contacts with 

their host-rocks and a few centimeters 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 chromian-spinel crystals 

(Python et al., 2011). On the other hand, anorthite 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 anorthite 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 transformation of anorthite-diopsidites (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 alteration 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 process CaO-SiO2 rich 

fluids reacted with mantle harzburgite, 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 that diopsides 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 calc-silicate rocks that typically 

contain hydrogarnet, diopside, vesuvianite and chlorite and represent the 

metasomatism of gabbros and basalts.
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Based on the SCMR
1
 definition, rodingitization is a metasomatic process in which 

basic rocks within serpentinized ultramafic bodies are replaced by grossular-andradite 

garnet and calcic pyroxene-rich rocks, called rodingites. Other accessory minerals 

include vesuvianite, epidote, scapolite and iron ores. Rodingites original protoliths are 

mainly basic dykes or inclusions, while they sometimes originate from other basic 

rocks such as volcanic rocks and amphibolites.
 
 

2.9.2 Chemistry of rodingitization & rodingitesô formation  

Rodingites are metasomatic rocks enriched in CaO (increase in CaO) and depleted in 

silica and Na2O (Pirajno, 2013), while they usually present a Mg
2+

 enrichment 

(Coleman, 1977). 

Three main hypotheses have been proposed for rodingite formation (Koutsovitis et al., 

2013 and references therein). In the first scenario alkaline, Ca-rich 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 related fluids. In the third scenario rodingitization is an 

autometasomatic process, which is not related with serpentinization at all and it is 

thought to result from post-magmatic fluids released from a cooling magma. 

Since rodingitization is strongly related with serpentinization significant explanations 

have been given for the gains and losses of each element from the parent rock, during 

its interaction with serpentinization-related fluids.  

Ca
2+

 derives from dissolution of the clinopyroxene of the ultramafic during 

serpentinization (Coleman, 1977), producing Ca-OH-rich, high pH (>11) waters 

(Barnes et al., 1967; Barnes and OôNeil, 1969; Barnes et al., 1972). Silica 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, Na
+
 can 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, such as Ca, 

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 + H2OŸ (HgrsïHadr) + Chl
 
+ Di Ñ Cm, 

where Cm are the mobile elements (Na, Si, Ca).  

Mg is possible to derive from the reaction of Mg-rich serpentinization fluids with the 

mafic rocks. During serpentinization the olivine breakdown can release Mg
2+

 in the 

metasomatic fluids which react with the mafic protoliths and enrich them in MgO 

(Tsikouras et al., 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 (e.g. Frost and Beard, 2007; Frost et 

al., 2008; Bach and Klein, 2009; Bach et al., 2013). In such a scenario low ŬSiO2
 

serpentinization fluids are the main factors of metasomatism and not a Ca addition, 

with the stability of Ca-silicate minerals (e.g. garnets) at low SiO2 activities 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 250
 ɞ

C and 450
 ɞ

C (Schandl and Mittwede, 

2001). Experimental studies by many researchers have given a variety of data 

concerning the T, P conditions under which rodingites occur. Palandri and Reed 

(2004) simulated rodingitization processes and produced typical rodingite 

assemblages at T 300
 ɞ

C and 100 bar. On the other hand, Bach and Klein (2009), 

conducted experimental petrological research, using serpentinization fluids which 

reacted with mafic protoliths. The experimental results showed that rodingite 

formation takes place at temperatures between 200 and 300
 ɞ

C. Finally, Li et al. 

(2007) conducted a pioneering experiment, 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 at 430-410
 ɞ

C and completed 

at 250-200
 ɞ
C at pressures equivalent of 7-6 km depths.  

Pyroxene and olivine dissolution of ultramafics leads to OH
-
 production, producing 

alkaline fluids with high pH values, while oxidation of olivine and pyroxene Fe
2+

 to 

Fe
3+

, produces reducing conditions especially at slow spreading ridges, while 

reducing conditions have not been confirmed in subduction zones (Koutsovitis et al., 

2013 and references therein). Additionally, Palandri and Reed (2004), suggest that 

decreasing water/rock ratio, fluid pH decreases, while SiO2 and Al fluid 

concentrations increase. Al decreases at higher w/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 East Othris 

rodingites and found out that rodingitization took place in three successive stages, 

with the first stage being more acidic and oxidizing with increased CO2/H2O ratio. 

The second stage included alkaline and reducing fluids with decreasing CO2/H2O 

ratio, while the final rodingitization stage was alkaline and characterized by the 

recovery of oxidizing conditions and even lower CO2/H2O ratio.  

2.9.4 Rodingitization and serpentinization 

Rodingites are closely related with serpentinites and it is believed to generate when 

fluids that have been affected by ultramafic rocks interact with mafic to felsic 

lithologies (e.g. Coleman, 1967; Bach et al., 2013). As a process, it involves a mass 

transfer in which silica removes from the rodingitized rock and Ca
2+

 is added in it 

(Coleman, 1967).  

The formation of rodingites or not, depends on the P-T conditions of serpentinitic 

fluids. At P ~500 bar rodingites occur at T<300
 ɞ

C, where serpentinization fluids are 

buffered by brucite-serpentine-diopside equilibrium (Bach and Klein, 2009).  

Bach et al. (2013), conclude that rodingites form due to diffusional metasomatism 

because of gradients in protons and silica activity in the serpentine-brucite-diopside 

equilibrium and albite-quartz-tremolite-clinozoisite equilibrium for ultramafic and 

mafic rock respectively, while the Ca gradient is zero, suggesting that rodingites do 

not originate from Ca-rich serpentinitic fluids, whereas Si loss is controlled by 

decrease of ŬSiO2 and not Ca
2+

 addition according to Frost et 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 mentioned rodingite is primarily composed of grossular-andradite 

garnet/hydrogarnet and calcic pyroxene (mostly diopside); vesuvianite, epidote, 

scapolite and iron ores are usual accessories. Hydrogarnet is also with prehnite, 

wollastonite, chlorite and nephrite (tremolite-actinolite). Assuming the formation of 

hydrogarnet from the breakdown of the Ca-plagioclase of the original mafic dyke the 

following chemical reactions can be suggested (Rice, 1977):  

3anorthite + Ca
2+ 

+2H2O Ÿ 4zoisite + 2H
+
 

4zoisite + 5Ca
2+

 +13H2OŸ 3hydrogarnet +1.5SiO2 +10H
+ 

Serpentinization-derived waters are supersaturated in diopside and tremolite. Coleman 

(1977), explains rodingitization as a result of the incompatibility of Ca-OH rich 

waters in such minerals. The percolated aqueous fluids are H2 rich due to magnetite 

formation, though H2 has been very rarely detected in fluid inclusions in metamorphic 

environments (Ferrando, 2010). 

Metasomatic reactions tend to complete by the increase of Ca
2+

 in the fluid, while the 

main source of Ca
2+ 

needed 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 (Frost and Beard, 2007) 

Grs + 2xH2O Ÿ Hgrs + xSiO2(aq) - fluid  

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 + 3H2O + 5 Lm Ÿ 4Grs + Chl + 3Qtz  

According to Coleman (1967), hydrogrossular can also derive from prehnite as 

described by the following reaction:  

2Prh + 2Ca
2+

 Ÿ 2Hgrs +Si
4+

 

or from the reaction of clinopyroxene with plagioclase with the presence of water, as 

is described by Li et al., (2007) 

Pl + Cpx +H2O Ÿ (Hgrs-Hadr) + Chl + Di Ñ Cm, where Cm is for mobile elements 

Ca
2+

, Na
+
 and Si

4+
.  

As we can see from the previous chemical reaction both hydrogrossular and 

hydroandradite can be produced. Grossular is restricted to liquids with XCO2<0.2 and 

T = 500
 ɞ
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 + H2O Ñ CmŸ Hadr + Chl  

Prehnite formation can be described by the dissolution of anorthite with the presence 

of Ca
2+

 following the reaction below (Coleman, 1967): 

1,5 An +2Ca
2+

 + 1,5H2O Ÿ Prh + 0,5 Al2O3 + H
+
  

Vesuvianite is most likely formed in very low CO2 conditions with water rich fluids, 

at 300-400
 ɞ

C (Li et al., 2004; Hatzipanagiotou et al., 2003; Li 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 + H2OŸVes + Cm 

Hgrs + Chl + Ca
2+
ŸVes + H2O 

Calcite is present when large quantities of aqueous fluid exist and the 

physicochemical conditions are appropriate so that Ca
2+ 

can react with HCO3
-
 to form 

calcite both in peridotites and rodingite.  

Chlorite is replacing hydrogrossular by the following reaction with decreasing of 

temperature (Li et al., 2008; Buse et al., 2010; Koutsovitis et al., 2013). 

Hgrs + Di + H2O Ñ CmŸ Hdr + Chl  

Bach et al. (2013), heated seawater equilibrated with harzburgite at T= 200
 ɞ
C and P= 

1kbar and then they equilibrated this serpentinitic fluid with gabbro. The main 

mineral assemblages of this experiment with increasing distance from the gabbro-

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, chlorite and 

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 Na-plagioclase. From the above experiment we observe that garnet formation 

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 calcite, were formed.  

Bach and Klein (2009), simulated rodingitization at 300
 ɞ
C and 500 bar, and found the 

following mineral transitions (from rodingite rim to core): clinopyroxene + garnet Ÿ 

garnet + clinopyroxene + chlorite Ÿ garnet + clinopyroxene + chlorite + epidote-ss 

(clinozoisite-epidote solid solution) Ÿ clinopyroxene + epidote-ss + chlorite 

Ÿclinopyroxene + epidote-ss + tremolite Ÿ clinopyroxene + epidote-ss + tremolite + 

prehnite Ÿ prehnite + epidote-ss + tremolite Ÿ prehnite + epidote-ss + tremolite + 

plagioclase. Thus, garnet is mostly present near the rodingite rims, while 

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 Klein (2009), 

also state that epidote-ss is dominant at 300
 ɞ
C, while at 200

 ɞ
C 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 300
 ɞ

C and 100 bar, the 

mineral assemblages observed with water/rock decreasing are the following: 

vesuvianite-chlorite-grossular turns to grossular, chlorite and prehnite which turns to 

prehnite, grossular and diopside, prehnite, diopside prehnite and wairakite. When the 

smallest w/r condition occurs, 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 zeolite faces of 

metamorphism. As 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. Derodingitization occurs 

at the late metasomatic stages and results from Mg-rich metasomatic fluids, changing 

the rodingitic mineral assemblage and converting it into Mg-rich (e.g. Koutsovitis et 
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al., 2013). In East Othris a derodingitization episode took place immediately after the 

final rodingitization stage, characterized by significant Ca decrease and Mg 

enrichment, as seen by the high MgO contents in some minerals and the Mg-chloritic 

marginal zones between rodingites and serpentinites (Koutsovitis et al., 2013). The 

mineral assemblage in many rodingites changed and Fe-rich pumpellyite as well as 

Mg-chlorite were formed, due to the clinopyroxene and hydrogarnet breakdown, 

possibly reacting with Mg-rich and Ca-poor metasomatic fluids (Barnes and OôNeil, 

1969; Li et al., 2004; Koutsovitis et al., 2013). 

Evans et al. (1979), studied the eclogite-metarodingite suite of Cima di Gagnone, 

Valle Verzasca, Ticino, Switzerland.
 
Their study area lies in the Central Alpine 

metamorphic belt consisting of metacarbonated rocks as well as amphibolites, semi-

pelitic gneisses and ultramafic rocks with a lherzolitic composition. The 

metamorphism mainly comprises two episodes, with the first concerning an HP 

eclogite phases, while 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 diopside 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 al. (1979), recognize three reaction zones from 

metarodingite to the ultramafic side. The first zone includes hornblende-epidote 

symplectite and diopside, the second zone mainly consists of hornblende and epidote, 

while the third zone includes actinolite and chlorite. The eclogite-metarodingite 

transition is characterized by 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 partially serpentinized 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 (CaTi2ZrO7), found 

inside metarodingite rocks in Central Alps. These metarodingites are parts of 

metamorphic ophiolitic relics along with meta-peridotites, gneisses and amphibolites 

and they are found as boudinaged dykes inside the meta-peridotites. They display a 

magmatic origin, mainly having a gabbroic or basaltic protolith, while rarely they 

have been generated from oceanic plagiogranites. Zirconolite presents high REE and 

Y values and is accompanied by clinopyroxene, magnesian ilmenite, spinel, chlorite 

and titanian clinohumite 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 Almirez in South Spain, which were enclosed as 

boudinaged lenses within antigorite serpentinites and chlorite harzburgites. The 

antigorite-serpentinite hosted metarodingites present magmatic ophitic textures and 

mainly consist of grossular, Mg-chlorite, diopside, amphibole 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. Accessory 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 Ti-grossular, which was enriched in Fe and depleted in Ca during the 
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metamorphic processes. Finally, the mineralogical differences between the two 

rodingite types are explained by the hydration reactions in each type (garnet + HϜO Ÿ 
epidote + diopside for antigorite serpentinite hosted metarodingites and diopside + 

HϜO Ÿ epidote + amphibole for chlorite harzburgite hosted metarodingites). 

2.9.7 Rodingite occurrences in Greece 

Many rodingite occurrences have been reported in Greece. The majority of them have 

been detected within ophiolitic ultrabasic rocks as dikes or pods, while only 

Samothraki rodingite formation is attributed to non-serpentinization 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 well-known ophiolitic complexes 

and consists of mafic volcanic rocks, dolerites, gabbros, ultramafic and serpentinized 

ultramafic rocks. The whole sequence also includes an ophiolitic m®lange. The 

rodingites in East Othris occur mostly as fine-grained displaced or folded dykes in 

sharp contact with the host serpentinized harzburgite. They are white-colored and 

divided into two groups, with Type-1 rodingites being prehnite rich, while Type-2 

rodingites mainly include garnet and vesuvianite. Type-1 rodingites mainly include 

prehnite, clinopyroxene, amphibole, chlorite, hydrogarnet, pumpellyite, white mica 

and calcite, while the main mineral assemblage of Type-2 rodingite consists of 

hydrogarnet, garnet, clinopyroxene, chlorite and vesuvianite. Finally, they conclude 

that rodingites in East Othris involve subducted carbonate sediments in an intra-

oceanic subduction environment unlike the commonly accepted theory for most 

rodingites that have been formed close to an ocean-floor environment. Rodingitization 

occurred during the exhumation of the mafic/ultramafic mantle wedge and evolved in 

three stages with successively decreasing of CO2/H2O 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 possibly added 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 Othris, divide them in two groups according to the presence or not of 

calcite. The calcite-bearing samples preserve a few relict igneous textures, while the 

calcite-free samples show intense deformation with later cataclastic textures and no 

relict igneous minerals preserved. The mineral assemblages in both groups mainly 

include hydrogrossular and diopside and differ in the presence of calcite and apatite. 

They suggest that the calcite-bearing rodingites indicate a transition, between meta-

dolerite and rodingite, while the calcite-free ones are indicative of a late phase of the 

metasomatic alteration. The authors conclude that rodingitization occurred under rich 

CO2-fluids, possibly implying a subduction related origin rather than an ocean-floor 

episode. Rodingitization was related with serpentinization of the surrounding 

peridotites. Both CO3
-2

 and PO4
-3
 behaved as ligands for REE, while CO2 and PO4

-3
 

behaved as ligands for Ti and Zr as well in successively increasing pH values.
 
 

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

of the Othris mountain and includes rodingitic rocks in the forms of fragments, thrust 

sheets within the ophiolite m®lange, or as pods or dykes within serpentinized rocks of 

the ophiolitic nappe. They are divided into mantle derived and gabbroic ones 
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including garnet, chlorite, diopside, prehnite, tremolite Ñ vesuvianite Ñ epidote with 

granoblastic, lepidoblastic and locally cataclastic textures and chlorite + garnet + 

diopside + prehnite + tremolite Ñ clinozoisite Ñ talc with relict granular textures 

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 rodingites are dolerite 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. (2013), conclude that many types of processes can 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 through the 

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, gabbro and pyroxenite 

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 tectonic contact 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 Skyros Island rodingites are observed 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 subduction-related fluids 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 in a supra-subduction zone geotectonic environment of the 

Jurassic ï Lower Cretaceous Vardar Ocean (Karkalis et al., 2016).  

In Koziakas ophiolitic complex, in western Thessaly, rodingites occur as dykes 

intruded ultramafic rocks (serpentinitic harzburgites) of the ophiolitic m®lange of the 

sequence (Pomonis et al., 2008).
 
They are homogenous, white colored medium to 

coarse grained with sharp contacts with the ultramafic rocks and occur in places with 

high shearing displaying two main directions (NE-SW and N-S to NNW-SSE). Their 

mineral assemblage mostly consists of hydrogrossular, diopside (new or relict), 

chlorite, clinozoisite-epidote, 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 mineralogical features, 

Koziakas rodingites are similar to many Phanerozoic rodingite formations, associated 

with subgreenschist metamorphism and reducing conditions. The chemical exchanges 

during rodingitization occurred by infiltrational mass. Their petrogenetic model 

suggests that rodingitization was concomitant with serpentinization and ocean floor 

metamorphism/metasomatism during Lower Jurassic at T< 650
 ɞ
C with alkaline H2O-

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 enclosed in diorite (Hatzipanagiotou and Tsikouras, 

2001). They are present only near shear zones 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 group includes chlorite and albite and lacks 

vesuvianite and garnet. Their mineral assemblages are similar to many other 

Phanerozoic rodingite around the world, associated with high pH conditions and 

greenschist metamorphism. Finally, Hatzipanagiotou and Tsikouras (2001), conclude 

that these rodingite rocks possibly formed by heating in water rich fluids at possible 

T< 500
 ɞ

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 Kimi rodingites 

The present study is the first detailed petrological, mineralogical and geochemical 

study concerning rodingites of Kimi . Four studies have been accomplished the last 72 

years, but since 1972, no studies have been reported. In the next paragraphs we 

present the main results of these studies. 

The first reference for Kimi  rodingites appears in Papastamatiou (1945), who 

describes calc-silicate, calcite bearing rocks hosted inside serpentinitic bodies in 

Choneftiko area. According to Papastamatiou (1945), the occurrence of peridotite 

bodies inside flysch is interpreted by peridotitic magma intrusions inside flysch 

formation, causing metamorphic episodes.  

Marakis (1972a), describes the rodingites as light-colored small lenses, bands or 

irregular bodies inside serpentinites, which in turn occur within a sedimentary 

formation. Their sizes ranges from 10 cm to 3-6 m, while their mineral assemblage 

consists of vesuvianite, calcite, chlorite, antigorite, epidote, zoisite and diopside. He 

found also dark green bands between 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 sedimentary rocks, mainly marly Al-rich limestones. 

Afterwards and under of regional metamorphic conditions the marly Al-rich 

limestones converted into rodingites. Vesuvianite formation was attributed to high Ca 

concentrations of the initial limestone parent rock. In cases that Al was not enough to 

form vesuvianite, chlorite, diopside and antigorite were formed instead. Finally, 

Marakis (1972a), supports that the formation of Kimi  rodingites by contact 

metamorphic processes should not be excluded.
 
 

In another study, Marakis (1972b), studied the clinochlore crystals of Kimi  rodingites. 

The author concludes that both vesuvianite and clinochlore crystals indicate the same 

P, T metamorphic conditions of formation for Kimi  rodingites under contact or 

regional metamorphic conditions.
 
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 mostly depended on Al availability, while Al and Ca took part 

in vesuvianite formation.  

As for the Kimi rodingite occurrences Paraskevopoulos and Kanakis (1972), adopt 

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 CO2 participation in rodingite petrogenetic 

processes which most 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 the Hellenides 

Hellenides (Fig.5) are part of the Alpine-Himalayan mountain chain. They are 

traditionally divided into several subparallel tectono-stratigraphic zones which trend 

NNW-SSE.  

These two main zones comprise the External Hellenides in the west and the Internal 

Hellenides in the east. The external Hellenides form a part of Greater Apulia (De 

Bono, 1998) and their carbonated platform lies in the western part of Greece, 

comprising many non-metamorphosed and metamorphosed units such as Paxos, 

Ionian, Gavrovo and Tripoli, which are dominated by Mesozoic and Cenozoic cover 

rocks (Anders, 2005), and Mani, Western Crete, Olympos and Almyropotamos 

respectively. Their flysch is of a Late Eocene to Oligocene age (Godfriaux, 1968, 

Fleury, 1980; De Bono, 1998).  

 

Figure 5. Distribution of ophiolite complexes in the Dinarides, Hellenides and Taurides of western Turkey. 

The tectonic sketch map is modified after Robertson and Shallo (2000). WOB: Western 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 Attico-Cycladic Massif, the Vardar Zone, 

the Serbo-Macedonian Massif and the Rhodope Massif form from east to west the 

Internal Hellenides. The Pelagonian and Vardar Zone represent the western part of 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 the Serbo-Macedonian 

Massif to the east (Anders, 2005).  

Papanikolaou (1989), describes the Internal Hellenides platform as the Late 

Cretaceous transgression which covers the Parnassos, Beotia and Pelagonian terrains 

after their previous tectonic event (Stampfli, 1996, Stampfli et al., 1998) 

On the other hand, Aubouin et al. (1970), described the internal Hellenides as these 

zones that have been tectonized and metamorphosed before the Late Cretaceous such 

as Pelagonian and Maliac-Othris Zones.  

They are deformed and metamorphosed during Late Jurassic to Early Cretaceous age, 

following the westward obduction of Vardar Ocean onto the Pelagonian Zone 

(Schermer, 1993; Most, 2003; Kilias et al., 2010; Nirta et al., 2015).  

The External Hellenides have undergone Late Cretaceous to Eocene HP 

metamorphism as documented by the presence of Olympos tectonic window and in 

the Pelion Peninsula (Schermer et al., 1990; Lips et al.,1998; Kilias et al., 2010; Nirta 

et al., 2015). 

Finally, the Internal and External Hellenides are separated by a deep-sea water basin 

since Middle Triassic between Gavrovo-Tripoli and Pelagonian, which is called 

Pindos-Olonos Zone and some of its ophiolitic remnants are found in the Pindos 

realm having a Vardar or Pindos origin (De Bono, 1998 and references therein). 

The Jurassic ophiolites of Hellenides can be divided into an Eastern Ophiolite and 

Western Ophiolite Belt respectively (Spray et al., 1984; Ferri¯re et al., 2012; Nirta et 

al., 2015). The Eastern ophiolites correspond to the Vardar Zone and they are 

overthrusted above the Eastern Pelagonian margin, while the Western ophiolites were 

thrusted above the Western margin of Pelagonian Zone. There are two main theories 

concerning the origin of the Western ophiolites: in the first theory they derive from 

Pindos Ocean, while in the second theory both Eastern and Western ophiolites belong 

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 of the metamorphosed 

rocks in Western Macedonia, Eastern Thessaly, Evia, Attica and Cyclades, including 

the overthrusted sedimentary formations of a neo-Paleozoic and Mesozoic age and 

places it between Axios and Pindos trough in the eastern and western parts 

respectively. The same author refers to Sub-Pelagonian as the Pelagonian ridge to the 

deep-sea 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 Pindos ocean basins to the east and 

west respectively (Nirta et al., 2015).  

Katsikatsos (1992), regards Pelagonian and Sub-Pelagonian as a uniform Zone which 

is distinguished according to the grade of metamorphism and divides it into 

óôPelagonian Zone of metamorphosed or non-metamorphosed formationsôô.  

Geodynamically, Pelagonian is regarded as a detached fragment of Eurasian which 

drifted away during the Permian or Early Triassic age and was overthrusted by 
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ophiolitic thrusts of a Vardar origin, which belong to the Eohellenic orogenic phase 

during the Middle Triassic (De Bono, 1998). 

3.3 Vardar Zone 

The Vardar Zone is a suture zone east of the Pelagonian Zone (Anders, 2005) and in 

Greece it is situated between the Serbo-Macedonian Zone to the East and the 

Pelagonian zone to the West. In Macedonia, the Vardar Zone is divided into Peonia, 

Paikon and Almopia units. During the Eohellenic orogeny the Vardar Ocean 

overthrusts on the Pelagonian and Pindos realms as an ophiolitic tectonic nappe (De 

Bono, 1998).
 
 

For some researchers, Vardar Zone was the ocean separating the Apulia Gondwana-

related units such as the Pelagonian, from the Eurasian units (Dercourt et al., 1993), 

while others (Stampfli et al., 1998; Stampfli, 2000) support that the Vardar ocean is a 

marginal basin, which was developed behind an earlier Palaeotethyan-oceanic 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 Attico-Cycladic 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., 2000; Xypolias & Kokkalas, 2003). The Basal Unit is believed to be 

part of the External Hellenides and consists of metasedimentary and metavolcanics 

rocks of Permian-Tertiary age (e.g. Avigad et al.,1997; Baziotis, 2008). The 

Blueschist Unit is the mostly exposed one and includes metamorphosed rocks such as 

schists, marbles and metavolcanics (Baziotis, 2008). It has been affected by a 

blueschist to eclogitic metamorphic episode (50-54 Ma, P: 2GPa, T: 600
 ɞ

C) 

(Schmªdicke & Will, 2003) and a retrograde greenschist or/and amphibolitic episode 

20-25 Ma (P: 0,7 GPa, T: 450-600
 ɞ
C).  

A final episode is recorded 15-9 Ma, due to a meocenic igneous intrusion. This unit is 

exposed in many greek areas such as Evia, Cyclades and East Attica. 

Finally, the Upper Unit consists of non-metamorphosed formations of a Permian-

Triassic age along with serpentinites and meta-basalts and meta-gabbros. They have 

affected by greenschist metamorphism 70 Ma (Maluski et al.,1987;
 
Avigad and 

Garfungel, 1989; Brºcker,1990; Brºcker et al., 1993; Patzak et al., 1994; Katzir et 

al.,1996; Baziotis, 2008). 

3.5 Evia geological setting 

According to Katsikatsos et al. (1986) and Katsikatsos (1992), three units crop out in 

Evia. The uppermost of them is the Pelagonian Unit, which lies on the northern and 

central part of the island and consists of metamorphic and non-metamorphic rocks of 

the Internal Hellenides. The southern part of the island includes HP/LT metamorphic 

rocks which are equivalent to those of middle Cycladic blueschist unit and is called 

ñSouth Evia Blueschist Beltò, while under this unit the para-autochthonous 

Almyropotamos Unit is exposed as a tectonic window (Shaked et al., 2000). This unit 
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has experienced LP metamorphism and is considered to be part of the External 

Hellenides (D¿rr et al. 1978; Papanikolaou, 1984, 1986; Katsikatsos et al. 1986; 

Okay, 1989; Shaked et al., 2000). 

In opposite to the above division De Bono (1998), describes the geological structure 

of Evia as consisting of the following six tectonic units from South to North: the Ochi 

mountain formation, the Styra unit, the Almyropotamos unit,  the Liri unit , which 

occurs only in Central Evia and it is a Triassic flyschoid sequence consisting of 

limestone and granitoid olistholiths, called ñLiri Granitesò, the Stropones limestones 

unit, which outcrops in northern and central Euboea and finally the Pelagonian zone 

formations, which overthrust the Attic-Cycladic Zone in Euboea.
 
 

3.6 Southern Evia 

Almyropotamos Unit (Fig.6) is mainly composed of marbles that are overlain by 

meta-quartzites and meta-pelites with some marble horizons. The whole sequence is 

interpreted as a meta-flysch (Shaked et al., 2000). The South Evia Blueschist Belt 

consists of the following three units, which are from bottom to top: Tsaki, Styra and 

Ochi formations. They have all experienced HP metamorphism as it is suggested by 

its mineral assemblage (Katsikatsos, 1991 a,b; Shaked et al., 2000). The Tsaki 

Formation mainly includes mica-chlorite-schists with impure marble intercalations. It 

is distinguished from the underlying Almyropotamos flysch by metamorphosed 

serpentinitic and metabasic blocks along with schists, while its structural position is 

debatable with some researchers grouping it with the higher Styra formation (e.g. 

Katsikatsos et al. 1986; Jacobshagen, 1986), while others include it in the
 

Almyropotamos flysch (Chenevart and Katsikatsos, 1967). Styra formation mainly 

includes impure marbles with quartzite horizons 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, meta-tuffs, and metabasic rocks 

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 basement, including gneisses and schists, neo-Paleozoic 

formations including sandstones, schists and phyllites, Lower to Middle Triassic 

volcano-sedimentary rocks, carbonates of Upper Jurassic-Lower Cretaceous age, 

ophiolitic nappe formations along with their accompanying sediments, Upper 

Cretaceous limestones, Paleocene flysch and the Neogene formations.
 
In central 

Greece, including Evia, the Pelagonian has experienced only low-grade 

metamorphism (Mountrakis, 1986). Its continental basement consists of Upper 

Paleozoic granite, while the carbonated platform is overthrusted by ophiolitic thrusts 

during the Upper Jurassic ï Early Cretaceous (Rassios & Moores, 2006). The 

stratigraphic sequence ends up with a new redeposition episode during the Early 

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, 

consisting from bottom to top, of the following Pelagonian formations (Figs 8 and 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 greywakes and breccio-conglomertes. 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 and compact, while the bauxitic deposits are usually 

compact with limestone breccias in palces. 



37 

 

Cenomanian-Maestrichtian transgressive limestones marly in their lower parts with 

numerous fossils such as Chrysalidina cf. and Rudist fragments. Their middle parts 

are karstic and Rudist-bearing, while their upper parts are marly limestones of Upper 

Senonian-Maestrichtian age. 

Upper Senonian ï Maestrichtian thin bedded microcrystalline marly limestones, 

including many fossils such as Globotruncana stuarti and Globotruncana arca.  

Maestrichtian-Paleocene flysch, which contains alterations of shales, sandstones, 

breccio-conglomerates and limestone intercalations with Globotruncana, as well as 

diabase and more or less serpentinized peridotite bodies. The total thickness is up to 

500m.  

Neogene formations, containing basal conglomerates, which 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 with felsic volcanics. The following three 

sedimentary groups can be 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 fluvial sediments (Bradley, 2005). These rocks were derived from the 

erosion of a low-grade metamorphic terrane situated to the east of the Kimi-Aliveri 

basin. The Koustoumalou Group consists of alluvial conglomerates, whereas both 

Prinias, Mantzari, and lower Koustoumalou groups were intruded by Oxylithos 

volcanic complex almost 14 Ma (Bradley, 2005).  

In northern Evia (Fig. 7), a m®lange called Pagondas complex structurally occurs 

between the Triassic-Jurassic carbonated platform of Pelagonian Zone and an 

overriding harzburgitic ophiolite (Robertson, 1990). The Pagondas Complex includes 

remnants of Neotethyan oceanic lithosphere, overlain by radiolarites, hemipelagic 

carbonates and calci-turbidites, derived from a Mesozoic carbonate platform. The 

volcano-clastic sediments reflect a post-volcanic erosion of the ocean floor, where the 

tholeiites erupted during Triassic-Jurassic age at spreading axes (Robertson, 1990).  

This m®lange is interpreted as remnant of Pindos Ocean, developed westwards of the 

Pelagonian Zone, within 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 marginal basin or forearc setting have been weathered forming 

bauxite and Fe-Ni-sediments (Guernet & Robert, 1973). 

The overthrusted Evia peridotite is structurally underlain by a dismembered 

metamorphic sole that mainly consists of serpentinite, amphibolites and greenschists. 
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At Pilion-North Evia, amphibolite sole rocks plot in the MORB 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 the sole is 

not conclusive, Robertson (1990) proposes an eastwards emplacement of the 

ophiolite. 

As the westwards intraoceanic subduction of Pindos Ocean continued, an accretionary 

complex was developed and the majority of the Ɂeo-ɇethyan oceanic lithosphere was 

subducted. Finally, the supra-subduction zone Evia ophiolite was thrusted eastwards 

over the accretionary complex, creating the high-temperature amphibolite sole 

(Robertson, 1990). 

 

 

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. Jurassic ï L. Cretaceous Limestones, 3. U. 

Cretaceous Limestones, 4. Ultramafic Rocks and Rodingites, 5. U. Cretaceous ï Paleocene Flysch, 6. 

Neogene and Quaternary Rocks, 7. Miocene Volcanics. Black lines: faults and possible faults. 

 

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 Maestrichtian 

to Paleocene flysch (Figs 8, 9 and 10). According to Katsikatsos et al. (1970), the 

flysch consists of shales, 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 Upper Cretaceous 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 sheared serpentinized harzburgites 

as well. The blocky serpentinites are either overlain by the sheared ones or by 

ophicalcites filled with sparry calcite or pink limestone.  

Faupl et al. (1996), studied the heavy minerals of the Kimi flysch sediments. They 

suggest 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. In Robertsonôs model the flysch corresponds to an accretionary 

prism which was emplaced above the eastern Pelagonian margin via a westwards 

tectonic movement In Robertsonôs model the flysch corresponds to an accretionary 

prism which was emplaced above the eastern Pelagonian margin via a westwards 

tectonic movement. However, the ophiolitic complexes in many Greek areas such as 

Evia have not been tectonically evolved to a high extent and as a result their mineral 

composition was minor influenced by the aforementioned Tertiary heavy minerals.  

According to many researchers (e.g. Bernoulli and Laubscher, 1972; Kilias et al., 

2010; Ferri¯re et al., 2012), the Western ophiolites in Greece are far travelled nappes 

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 the Beotian 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). The Beotian flysch in Levadia, Parnassos and Iti areas includes 

two turbiditic systems: the Lower Beotian flysch which presents a Jurassic-Cretaceous 

to Early Aptian age and the ñUpper Beotian flyschò which has a Cenomanian to 

Coniacian age. In Levadia the flysch mainly includes calcareous turbiditic 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 rocks, 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 the other hand, the Upper Beotian flysch is exposed in 

Levadia-Amfissa 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 fragments, while in the second case it includes 

reddish sandstones with marly and ophiolitic material as well.  

But while Beotian flysch is of U. Jurassic ï U. Cretaceous age, another flysch zone 

related to the Vardar Ocean and of CretaceousïPaleocene age occurs in 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 olistostromeïm®lange belt located between the Ķzmirï

Ankara Tethyan suture in northwest and the Menderes Massif in the southeast (Okay 

et al., 2012). The Bornova flysch consists of a sandstone-shale 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 gabbros 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 al., 2008), as well as the presence of radiolarite 

blocks are indicative of an oceanic accretionary complex (Okay et al., 2012). 

Furthermore, the chert ages suggest that the ĶzmirïAnkara (Vardar) ocean was active 

during Cretaceous (Okay et al, 2012). Ankara subduction related ophiolitic m®lange 

presents many similarities with Kimi flysch, since it consists of both continental 

sedimentary and oceanic material blocks, such as serpentinites (Festa et al., 2009).  

 

Figure 10. Geological SW-NE cross section and legend of Kimi (after Anastopoulos, 1962, 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 serpentinitic harzburgites) associated with the Maestrichtian ï 

Paleocene flysch and the rodingitic dykes that crosscut the ultramafic rocks in 

Choneftiko and Kalimeriani-Grammatikiani 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 succession consists of shales and sandstones 

and it is characterized by the presence of peridotitic bodies and limestone 

intercalations (Katsikatsos et al, 1970; Robertson, 1990), which is also consistent with 

our field study. Red colored shales overlie the white ones, while white colored shales 

overlie red colored mudstones (Fig. 14c). The typical sedimentary flyschoid 

lithologies overlie highly sheared serpentinitic bodies and usually alternate with small 

sized layers of red colored shales. Moreover, ophicalcite bodies including 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 colored mudstones or underlie them, while they usually underlie 

Upper Cretaceous limestones. We also come to agreement with Robertsonôs 

observations, where highly sheared, clastic serpentinite overlies massive blocky 

serpentinite and underlies pelagic limestone successions, which are usually folded or 

chert layered. Serpentinized harzburgites are in contact with red colored sedimentary 

rocks and highly sheared serpentinitic blocks.
 
The flysch presents a chaotic structure 

since there is no a clear strata continuity and presents many common features with an 

ophiolitic m®lange that will be described below.   

   

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

The studied sedimentary rocks in Kimi are parts of the U. Cretaceous-Paleocene 

flysch and include mainly shales of 5 to 7m thickness (Figs 12b, 14a and 15a,b), 

sandstones of 3m thickness (Fig. 14b), cherts and limestones. Carbonate rocks are 

mainly matrix supported limestones of 20m thickness, which are of an Upper 

Cretaceous age (Robertson, 1990) (Figs 12a and 13a) and they are present as 

intercalations in flysch. Limestones are often deformed and folded (Fig. 13a) and 

rarely enclose serpentinitic fragments (Fig. 13b), which means that the serpentinite 

was form earlier than limestone, that is earlier or during Upper Cretaceous. They 

overlie highly sheared serpentinitic bodies and underlie the brecciated limestone 

blocks. In their higher parts, siliceous limestone successions are present as well (Fig. 

12c). Chert formations are red colored, including many subparallel quartz veins (Fig. 

14d) and they are in contact with the highly sheared serpentinite presenting features of 

an ophiolitic m®lange. Red colored turbiditic slumps are also present (Fig. 12d). 

 

Figure 12. a. Brecciated Cretaceous limestones underlying limestones with red shale layers, b. red colored 

limestone, c. chert-layered limestones, d. Turbiditic slumps. 

 

Figure 13. a. Upper Cretaceous folded neritic limestone overlying highly sheared serpentinite, 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 colored mudstones, 

d. massive chert formation intruded by quartz veins of two generations 

 

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

 

4.2 Ultramafic Rocks 

The ultramafic rocks are serpentinized peridotites circa 200m thick, metasomatized 

serpentinites and chloritites. Serpentinized peridotites correspond to areas relatively 

away from the rodingitic dykes, while metasomatized serpentinites and chloritites 

correspond to areas near the contact with the rodingitic dyke. In Choneftiko area 

serpentinized peridotites appear as green to black colored deformed blocks presenting 

massive or cataclastic textures and containing numerous subparallel shear zones   

(Figs 16e,f and 17b,c,d). They include magnesite (Fig. 16c), pyroxenite (Fig 16d), and 

chrysotile veins (Fig. 16a), while dark-colored serpentinite is also developed within 

mylonitic zones of peridotitic blocks (Fig. 19a,b). On the other hand, serpentinized 
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peridotites in Kalimeriani-Grammatikiani are brown to yellow colored highly altered-

lateritized with cataclastic textures (Figs 17a and 18). Chloritites thickness ranges 

from 15 cm to 0.5 m. They are massive and green colored exhibiting a gradual 

transition to the rodingite dyke. They are usually crosscutted by later formed calcite 

veins, or alternate with relict serpentine-rich zones of 2cm thickness. Chloritites can 

also contain garnet-fragments from the marginal rodingite zone, whereas numerous 

chlorite rich veinlets crosscut their matrix vertically to the dyke direction. On the 

other hand, the contact between the rodingite dyke and the metasomatic serpentinite is 

very sharp, while serpentinites are highly sheared and green colored, presenting 

mylonitic textures near the contact with the rodingite dyke.     

 

Figure 16. a. Green colored serpentinite with cross-fiber veins, b. serpentinite with bastite grains, c. green 

colored serpentinite with magnesite veins, d. pyroxenite vein inside a serpentinite body, e, f. highly sheared 

serpentinites. 
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Figure 17. a., Massive serpentinite lens inside a cataclastic serpentinite mass, b. massive serpentinite body in 

Kalimeriani area, c.,d., shear zones in a serpentinitic mass. 

 

Figure 18. a.,b., Serpentinized peridotites overlying red colored mudstones and highly sheared serpentinite 

bodies. Serpentinitic bodies usually host red colored mudstone lenses. c.,d., Yellow to brown colored 

serpentinitic harzburgite with loose texture and lateritized surfaces 
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Figure 19 a,b, Highly altered dark colored serpentinite veins in mylonitized zone (Sample SERPVT) within 

a serpentinized peridotitic mass. 

4.1 Ophicalcites 

Ophicalcites (Figs 20 and 21) are massive green to black serpentinites crosscut by 

calcite veins of different generations, sizes and directions (Fig. 20d). Their thickness 

is ranging from 2.5 to 4.5 m.They are closely related with red colored brecciated 

mudstones, which are either in contact (Fig. 20a) or trapped within them giving a 

chaotic structure. According to their texture ophicalcites can be divided into three 

types. The first type includes typical ophicalcite rocks with numerous calcite veinlets 

(Figs 20b,c and 21a). The second type includes ophicalcites of 1.3 large veins (Fig. 

20d), while the third one includes ribbon-type ophicalcites (Fig. 21d).  

 

 

Figure 20 a. Ophicalcite (Sample SOPHAcc) overlain by red colored mudstones (Sample CAREDcc), b. an 

ophicalcite outcrop, c. calcite veins 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 lenses inside an ophicalcite mass, d. ribbon-type ophicalcite (Sample ZTOPHcc). 

4.2 Rodingites  

Rodingite samples have been collected from Choneftiko and 

Kalimeriani/Grammatikiani areas near Kimi in four sampling sites. They appear as in 

situ dykes or smaller veins in serpentinitic bodies presenting NNE-SSW (Figs 22 and 

27) or almost horizontal E-W (Figs 23 and 26) directions. Their thickness is ranging 

from 15cm to 2m. Rodingites are coarse-grained (usually rich in miarolitic calcite and 

chlorite crystal bearing cavities Fig. 30c,d) to aphanitic (mostly), zoned or patched in 

different colors, and consist mainly of garnet, vesuvianite, chlorite, diopside and 

occasionally calcite. As zoning seems to relate to various mineral assemblages, three 

different zones with gradual contacts were distinguished (Fig. 29). The core zone 

(CZ), where garnet and/or vesuvianite predominate, the marginal zone (MZ), which 

comprise assemblages enriched in chlorite and/or diopside, and the intermediate or 

transitional zone (TZ) consisting of all these four mineral phases. In most thick dykes 

all three zones are developed, whereas the transitional zone mainly occurs in thinner 

dykes or veins, where no different colored and well defined cores or margins exist. In 

some dykes euhedral or hypidiomorphic calcite crystals of sparitic size are abundant. 

Veinlets of different generations and mineralogical assemblages (mono-minerallic or 

not) are usually crosscut the rodingite dykes. These veinlets are usually developed 

perpendicular to the margins of the dykes, although veinlets of any random direction 

occur. In vesuvianite-rich 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 massive-hard rocks (e.g. Fig 28), brecciated (Fig. 24b), sheared (Fig. 24a) or 

heavily cataclastic (Figs 26c,d and 27). The last three types of rodingite indicate 

deformation of dykes in a brittle environment following the metasomatic event. On 
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the other hand, the massive dykes seem to be rich in vesuvianite and calcite, while the 

cataclastically fractured ones vesuvianite and calcite are in very low amounts or 

completely absent.  

 

Figure 22. In situ rodingite vein with NNE-SSW direction, in a serpentinitic body in Choneftiko area. b. 

pink colored rodingite core in Choneftiko area with cataclastic texture. 

 

Figure 23.  In situ rodingite vein rich in calcite, in a serpentinitic body in Choneftiko area with E-W 

direction and massive texture (SamplesEROD26). 

 

Figure 24. a. Shears in rodingite body, b. Brecciated rodingite in Choneftiko village. 
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Figure 25. . Rodingite bodies in Choneftiko area presenting oxidized brown colored crust surface 

 

Figure 26a, b. E-W rodingite vein rich in chlorite (Samples EROD22), with cataclastic texture in Choneftiko 

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

Choneftiko 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., NNE-SSW Rodingite vein (Marginal  Sample EROD6-Core Sample EROD7) rich in garnet 

and vesuvianite with massive texture inside serpentinitic body (Sample SERP6-7). 

 

Figure 28. Rodingite dyke (Samples EROD7S) in serpentinitic body in Kalimeriani-Grammatikiani area, b. 

Close up of the rodingite dyke showing zoning, veinlets and patches. A green-chlorite rich marginal zone is 

followed gradually by a yellowish garnet-diopside rich zone and a purple and white vesuvianite-garnet-rich 

core. The thickness of the external zones is variable 1 to 3 cm, while the inner one is greater occupying most 

of the rodingite dyke. The core is inhomogeneous consisting of white/garnet-rich and purple/vesuvianite-

rich patches and veinlets. M.Z.: Marginal Zone, T.Z.: Transitional Zone, C.Z.: Core Zone.  

 

For a more detailed study of the zones and other internal features of the rodingite 

dykes, several big samples were collected and large slabs where studied 

macroscopically (Figs 30, 31, 32 and 33). Thus, it is furthermore confirmed the vast 

majority of Kimi rodingites are highly zoned. The zones are usually inhomogeneous, 

consisting of patches of different prevailing minerals with characteristic colors.  
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Figure 29. Complete rodingite zoning with garnet-vesuvianite rich core, garnet-vesuvianite-diopside-chlorite 

rich transit ional zone and chlorite-diopside rich marginal zone. Chlorititic  rim and metasomatized 

serpentinite host rock are also observed. 

 

Figure 30. Macroscopic examination of sample EROD7S and EROD12 from Kalimeriani-Grammatikiani 

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) 

(Sample EROD11). 

 

Figure 32. a. Rodingites with chlorite rich rims with garnet breccias and garnet-diopside 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 contact with highly sheared and 

deformed serpentinitic masses with cataclastic texture. Their thickness is ranging 

from 20 cm to 1m. They are white, grey (Fig. 34a,b) or green colored (Fig. 34c) and 

show generally E-W direction. They can be observed both in Choneftiko (Fig. 34a, b, 

c) and Kalimeriani areas (Fig. 34d).  

 

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, c. Green 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 study nineteen rodingite samples, eight ultramafic samples and plenty samples 

from the aforementioned lithologies were collected. The rodingitic samples 

correspond to twelve rodingitic dykes (Table 1). The majority of them were collected 

from Choneftiko area, while one chloritite, two serpentinized peridotites and one 

rodingite samples were collected from Kalimeriani-Grammatikiani villages.  

Table 1. Rodingite and Ultramafic Samples with their Sampling Sites 

 

The petrographic study was performed at the Department of Mineralogy and 

Petrology of National and Kapodistrian University of Athens. For the petrographic 

examination of the rodingite dykes twenty-six thin sections were prepared 

corresponding to different positions of a dyke. More specifically they correspond to 

marginal positions, marginal to core transitions and clearly core positions of the 

rodingitic dyke. On the other hand, eight thin sections from seven ultramafic rock 

samples were made and petrographically studied.  

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

the National and Kapodistrian University of Athens using a Siemens 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, 

serpentinitic samples as well as chloritites were prepared for XRD-analyses. More 

specifically twenty-six rodingitic and seven ultramafic samples were analyzed. The 

mineral phases were identified with the use of EVAÈ 2.2 program of the Siemens 

DIFFRAC and the D5005 software package. 

Whole rock chemical analyses were conducted at ACME Laboratories in Canada 

using ICP-MS method for major, trace and rare earth elements. Their upper and lower 

detection limits for major elements, trace elements and REE are given in Table 2. The 

analyzed samples include nineteen rodingite samples and six ultramafic 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 JEOL-JSM 5600, with associated Energy Dispersive Spectroscopy 

analyzer (SEM-EDS). One CZ sample (EROD 11) two MZ samples (EROD24R, 

EROD22M) and three TZ samples (EROD23R, EROD12, EROD7SC) were analyzed 

using SEM. 

Core (Inner) Zone
Transitional 

(Mid) Zone
Marginal (Outer) Zone Chloritite

Garnet 

Metasomatized 

Serpentinite

Serp. 

Peridotite

1 EROD11
2 EROD21
3 EROD6, EROD7 SERP6-7 Kimi-Choneftiko 240933 386457 2

4 EROD10 Kimi-Choneftiko 241013 386460 3

5 EROD12 SERPV12R, SERPV12RR Kimi-Choneftiko 240925 386473 4

6 EROD18 Kimi-Choneftiko 240917 386470 5

7 EROD22L EROD22M SERP22 Kimi-Choneftiko 240938 386461 6

8 EROD23M EROD23R
9 EROD25, EROD25L
10 EROD24M, EROD24R
11 EROD26M EROD26L Kimi-Choneftiko 240290 386506 8

12 EROD7SC EROD7SCC EROD7SR SERPEG, SERPELKimi-Kalimeriani 240901 386220 9

Sampling 

Site

1

7

Latitude

Rodingite Ultramafics

Rod. 

Dykes
Location Longtitude

386502

240925 386500Kimi-Choneftiko

Kimi-Choneftiko 240927

SERP25
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Table 2. Upper and lower detection limits for major elements, trace elements and REE of ACME Lab ICP -

MS analyses. 

 

Geochemical isotope analyses were conducted in calcites from six calcite samples 

(Table 3). Calcite was separated by hand-picking under stereoscopic microscope from 

two rodingite dykes (sampling sites a and b) two ophicalcite samples (sampling sites 

c) and two red mudstones (sampling site d), in order to examine the origin of O and C 

in relation with meteoric, seawater of magmatic-metamorphic derived fluids (as 

discussed in the next chapters), studying both the metamorphic-metasomatic and 

sedimentary lithologies of Kimi area.  

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

analyses and their sampling sites.  

 

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

analyses calcite was reacted with 100% phosphoric acid at 70ÁC using a Gasbench II 
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connected to a ThermoFisher Delta V Plus mass spectrometer. All values are reported 

in per mil related to V-PDB. Reproducibility and accuracy was monitored by replicate 

analysis of laboratory standards calibrated by assigning ŭ
13
C values of +1.95ă to 

NBS19 and -46.6ă to LSVEC and ŭ
18

O values of -2.20ă to NBS19 and -23.2ă to 

NBS18. Reproducibility for ŭ
13

C and ŭ
18
O was Ñ0.0x and Ñ0.0y respectively. 
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6 Petrography 

6.1 Rodingites 

Rodingite petrography and geochemistry (see below) were accomplished by the study 

of marginal, core and transitional areas of the rodingitic dykes, permitting us to detect 

any possible change of their mineral assemblages and fluid chemistry in a direction 

perpendicular to the sides of rodingite dykes. As calcite is present in some of the 

dykes and taking in mind its importance, because it is directly related to the nature 

and physicochemical conditions of the metasomatic processes (see discussion), an 

additional division for the studied rodingites was used. These two groups, namely 

Group I and Group II, correspond to non-carbonated and carbonated rodingite dykes 

respectively (Table 4).  

Table 4. Discrimination of Kimi rodingites into Group-I  and Group-II based on their main mineral 

assemblage. Rodingite Zone division into: Core Zone, Transitional Zone and Marginal Zone.   

 

The study under polarized and electron microscopy, as well as XRD analyses, confirm 

the macroscopic observation of different mineral assemblages between core and 

margins of the rodingite dykes. Thus, samples from the CZs are enriched in 

vesuvianite and garnet samples from MZs are enriched in chlorite and diopside, while 

samples from TZs consist of all the aforementioned mineral phases in different 

proportions (Table 4). Samples from all three zones may or may not contain calcite. 

Sampling Site Rod. Dyke Sample Group Rodingite Zone Main Mineral

1 1 EROD11 Group-II Core Ves

5 6 EROD18 Group-II Core Grt

1 2 EROD21 Group-I Core Ves

7 8 EROD23M Group-I Core Grt

7 9 EROD25 Group-I Core Grt

7 9 EROD25L Group-I Core Grt

8 11 EROD26M Group-I Core Ves

6 7 EROD22M Group-II Marginal Chl

7 10 EROD24M Group-I Marginal Di

7 10 EROD24R Group-I Marginal Di

8 11 EROD26L Group-I Marginal Di

9 12 EROD7Scc Group-II Marginal Di

3 4 EROD10 Group-II Marginal Chl

6 7 EROD22L Group-II Transitional -

7 8 EROD23R Group-I Transitional -

2 3 EROD6 Group-I Transitional -

2 3 EROD7 Group-I Transitional -

9 12 EROD7SC Group-II Transitional Cal

4 5 EROD12 Group-II Transitional -
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This petrographic and macroscopic distinction of rodingite areas is also reflected into 

their chemistry (see Chapter 8). 

6.1.1 Group-I Non-Carbonated Rodingites 

This rodingite group includes 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 Group-I rodingites. Their mineral assemblage mostly comprises garnet and 

vesuvianite which is also confirmed by XRD patterns of Samples EROD21 and 

EROD23M (Figs 36 and 37), but usually in unequal amounts. As a result the cores 

can usually be garnet or vesuvianite rich. Accessory minerals are found in both garnet 

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 to fine grained consisting of idiomorphic usually zoned 

garnet and vesuvianite crystals of 200-250ɛm and 130ɛm size respectively (Fig. 

35a,b,c). Chlorite and diopside can either occur intergranular between garnet crystals 

(Fig. 35d), while microcrystalline garnet veinlets of later generation with various 

directions crosscut the groundmass. 

 

Figure 35. Group-I  Core Zone photomicrographs. a.,b. XPL photomicrograph of Garnet-Vesuvianite 

groundmass (Sample EROD23M), c. PPL photomicrograph of Garnet rich Core Zone, d. Garnet rich 

groundmass. Diopside and Chlorite appear intergranular  between garnets. 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. 

 

Figure 37. XRD pattern of a CZ Group-I vesuvianite-rich sample (EROD21). Diopside and chlorite are 

present in lesser amounts. 
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6.1.1.2 Rodingite Marginal Zone   

Samples, EROD24M, EROD24R and EROD26L correspond to this zone. They are 

chlorite and/or diopside-rich also confirmed by XRD pattern of Sample EROD24M 

(Fig. 40), while accessory minerals include garnet, vesuvianite and Fe-Ti-opaque 

minerals. Their texture is microcrystalline, consisting of chlorite and diopside grains 

(Fig. 38a), while chlorite rich matrix (Fig. 39) is often crossed by younger fine-

grained chlorite veins of 300 ɛm vein size (Fig. 38b). Diopside occurs along with 

cryptocrystalline garnet and chlorite. 

 

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 fine-grained 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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Figure 40. XRD pattern of a diopside-garnet rich sample (EROD24M) from MZ. Chlorite is also present in 

minor amounts. 

6.1.1.3 Rodingite Transitional Zone 

Samples EROD6, EROD7 and EROD23R belong to this zone. Their mineral 

assemblage consists of garnet, chlorite, vesuvianite and diopside in different 

proportions, which is also confirmed by XRD pattern of Sample EROD7 (Fig 43). 

 

Figure 41. a.,b.,c. TZ photomicrograph of Group-I rodingites (Sample EROD23R). Garnet hourglass zoned 

porphyroblasts are present within a chlorite rich matrix. c. Chlorite appears intergranular  between garnet 

and vesuvianite crystals. d. TZ photomicrograph of Group-I cryptocrystalline rodingite  (Sample EROD6) 

consisting of garnet and vesuvianite.  Grt: Garnet, Ves: Vesuvianite, Chl: Chlorite, Di: Diopside. 












































































































































































































