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Abstract  

Metamorphic hydrous, CO2-bearing fluids play a critical role in the global carbon cycle. 

However, how big this influence is on the global carbon cycle and therefore on global 

climatic processes, is unknown. The actual amount of CO2 which is released into the 

atmosphere due to metamorphic processes is still debated. For this purpose, fluid-driven 

reactions in metamorphic rocks must be studied by tracking fluid-rock interactions along 

pathways of ancient fluids. 

In the study presented in this thesis, we study fluid-rock interaction in the southeastern part of 

the Greek island Syros in the Cycladic Archipelago (Aegean). On Syros fluid-rock interaction 

is recorded by the preservation of blueschist facies assemblages at greenschist facies 

conditions along a normal shear zone. Blueschist preservation is caused by a combination of 

metasomatic addition of SiO2 and Na2O and elevated XCO2 which is maintained by high fluxes 

of a CO2-bearing, hydrous fluid along the shear zone.  

This research aims to provide a better understanding of the role of mountain building in the 

carbon cycle. Flux estimates for climate-forcing fluid components (e.g. carbon) require that 

their concentration in the fluid, fluid volumes and velocities are known. This will be the focus 

of future work. Further, whole rock chemistry and the availability of specific minerals will be 

studied to achieve knowledge about which kind of parameters influence and enhance the 

propagation of fluids through rocks. 
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Front cover photo: View from Kampos on Syros, Cycladic archipelago (Greece), towards the north-west of the 

island during late afternoon in the beginning of February, 2011. Most of the field work for this study has been 

performed on Syros.  
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1. Introduction – aim of the project 

The study presented in this thesis aims to explain a possible fluid-induced mechanism for 

preservation of high-pressure, low temperature (HP-LT) mineral assemblages along a shear 

zone on the Greek island Syros in the Cycladic archipelago (Aegean Sea). The study is part of 

a PhD-project initiated by Prof. Dr. Alasdair Skelton and Dr. Iain Pitcairn (Stockholm 

University, Sweden) and Prof. Dr. Sandra Piazolo (Macquarie University, Australia). The 

PhD-project is focused on a better understanding of how fluids move through rocks and 

implication of this research may lead to a better knowledge whether mountain building is a 

source or sink for atmospheric CO2. For this purpose, fluid-driven reactions in metamorphic 

rocks must be studied by tracking fluid-rock interactions and measuring fluid fluxes along 

pathways of ancient fluids.  

Considerable advances have been made towards quantifying time-integrated and time-

averaged metamorphic fluid fluxes from the propagation and broadening of reaction and 

isotope fronts (e.g. Bickle and Baker, 1990; Skelton et al., 1995; Skelton, 2011). However, 

flux estimates for climate-forcing metamorphic fluid components (e.g. carbon) are limited.  

The Island of Syros in the Greek Cycladic archipelago and the SW Scottish Highlands 

represent a natural laboratory for the study of metamorphic H2O-CO2 fluids. On Syros fluid-

induced blueschist preservation along shear zones provides knowledge of the nature of the 

metamorphic fluid which caused preservation of HP-LT rocks. The results and conclusion of 

this study are presented in this thesis. Future work will be focused on veins with symmetric 

metasomatic halos in the northwestern part of Syros. These veins will be used to determine 

the velocity and the volume of the fluid passing through the rock. In the SW Scottish 

Highlands metamorphosed basaltic sills are infiltrated by metamorphic H2O-CO2 fluids which 

led to a mineral assemblage zonation with carbonate-free interiors and carbonate-rich 

margins. The study of these metabasaltic sills will provide knowledge on how pre-

metamorphic zonation of major elements in magmatic rocks can control fluid front 

propagation. Further, possible mechanisms whereby carbonating fluids infiltrated these 

metabasaltic sills will be investigated.  

1.1 Methods 

Fieldwork for this study has been performed on Syros, which belongs to the Cycladic 

archipelago in the Aegean Sea. The studied outcrop is located along the shore line on the 

southeastern part of Syros. A normal shear zone, which is bordered by a dark blue halo, cuts a 

nearly horizontal layer of greenschist facies metabasites. Samples were collected every 10 to 

20 cm along two detailed profiles which extend on both sides from the normal shear zone 

through the blue halo into the metabasitic host rock. 

Additionally, samples from all rock types located far from the studied shear zone were also 

taken. All samples have been prepared for petrographic, electron microprobe (EMP) and X-

ray fluorescence analysis. Mineral modes were estimated by point counting of 1000 evenly 

spaced points in eight thin sections from each of the two profiles to provide a quantitative 

basis for determining possible mineral reactions. For point counting a polarization microscope 

(Leica) with a point counting stage driven by the computer program PetrogLite (Version: 
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V2.37) was used. This microscope was also used to study textural evidence of reaction 

progress.  

Major element chemistry of the samples from the two profiles was determined using X-ray 

fluorescence (XRF) analysis (type: Rigaku ZSX Primus II Sequential X-Ray Fluorescence 

Spectrometer) at the Department of Geological Sciences at Stockholm University. These data 

were used to assess the extent to which reactions were isochemical as opposed to reflecting 

previous chemical heterogeneity and/or metasomatism coupled with fluid-rock interaction. 

Mineral chemistry was determined by electron microprobe analyses (EMPA, type: JEOL 

JXA-8530 Field emission-EMPA; software: JEOL PC-EMPA application software, version: 

1.5.0.4; conditions: 15kV, 20 nA; beam: 0.5-10 μm) for epidote, albite, white mica, 

glaucophane, chlorite and garnet of representative samples from the two profiles. The 

analyses have been carried out at the EMPA facilities of the Department of Earth Sciences at 

Uppsala University.  

For geothermobarometric modeling, the computer program THERMOCALC (version 3.33) 

was used. The activities of the minerals used by THERMOCALC were calculated by the 

computer program AX (version 2). The input data for AX derived from the mineral and whole 

rock chemistry which was obtained by the EMP and XRF analyses. 

2. Metamorphism 

Metamorphism is the re-equilibration of a rock’s  mineral assemblage in response to changes 

in pressure, temperature (P, T) and fluid conditions without involving changes in chemical 

composition of the rock (see the review of Putnis and Austrheim, 2010 and references 

therein). Pressure, temperature and fluid conditions are assumed to be the major agents for 

metamorphism (see Winter, 2001 and references therein).  

At certain PT-regimes, distinctive mineral assemblages are stable. Using this knowledge, two 

different classification systems have been created to distinguish metamorphic rocks and to 

allocate their PT-conditions during their formation. Barrow’s (1912) approach of allocating 

metamorphosed sedimentary rocks to a certain zone is based on the appearance of a new 

mineral (index mineral) in the metamorphosed rock as metamorphism progressed. For 

metamorphosed igneous rocks Eskola (1915) defined a system of metamorphic facies. 

Metamorphic facies are groups of mineral assemblages that are typical for a certain field in 

the PT-space (figure 1). Spear (1993) defined the characteristic mineral assemblages for each 

metamorphic facies.  

The important facies in this study are the high pressure, low temperature (HP-LT) rocks from 

the blueschist facies and the low pressure, low temperature (LP-LT) rocks from the 

greenschist facies. The blueschist facies is characterized by the occurrence of the sodic 

amphibole glaucophane with its very distinctive blue colour. Other minerals are epidote, 

white mica (phengite, paragonite), garnet and chlorite (Spear, 1993; Bucher and Frey, 2002). 

Characteristic greenschist facies minerals are the greenish amphibole actinolite (tremolite), 

epidote, chlorite and albite (Spear, 1993; Bucher and Frey, 2002). Blueschist facies rocks  



6 
 

 

Figure 1. PT-diagram displaying the different metamorphic facies (after Eskola 1939). Deep in Earth’s 

crust (e.g. in subduction zones), basalts from the oceanic seafloor are metamorphosed at high pressure 

and low temperature conditions. These metamorphosed basalts are called blueschists or eclogite 

depending at which PT-conditions they were metamorphosed. After subduction, on their way back to 

surface (exhumation), the high pressure rocks become commonly intensively overprinted by mineral 

assemblages which are stable at lower pressures. For example, a former blueschist facies rock is 

retrogressed to a greenschist which erases any record of former subduction. 

usually occur in former subduction zones, where an oceanic plate is diving under continental 

lithosphere. The subducted basalts are usually very cold and wet and reach great depths 

quickly. This implies that these basalts undergo very high pressures during metamorphism 

(blueschist facies to eclogite facies metamorphism) while the temperature is quiet low. During 

exhumation, the high-pressure mineral assemblage is often replaced by mineral assemblages 

which are stable at lower pressures. This process is called retrogression. Infiltration of fluids 

released during metamorphism often enhances retrogression (Spear, 1993; Winter, 2001; 

Bucher and Frey, 2002 and references therein). 

3. Metamorphic fluid flow 

Metamorphic fluid flow is a significant controlling factor for mineral reactions, heat and mass 

transfer and deformation within the Earth’s crust (Ferry, 1994; Ferry and Gerdes, 1998). In an 

even broader perspective, metamorphic fluid flow can influence Earth’s climate by mobilizing 

carbon (Kerrick and Caldeira, 1993; Bickle, 1996). In the following section, the formation and 

 

conditions not 

found on Earth 
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significance of metamorphic fluids will be discussed including fluid-rock interaction and the 

graphical illustration of fluid flow events. 

3.1 Formation of metamorphic fluids 

H2O and CO2 are often found in small amounts in the boundaries between crystals, in the 

crystal itself or in the pore spaces of rocks. These volatile fluid species will be released and 

liberated by dehydration and decarbonation reactions when pressure and temperatures 

increase significantly during metamorphism (see Ague, 2003a and references therein). In 

subduction zones high amounts of fluids will be released from the wet oceanic plate as it 

reaches greater depths and higher temperatures. The liberated fluids, due to their low density 

and viscosity compared to the surrounding rocks, will start to migrate either pervasively 

upwards through the rock (e.g. fluid flow around individual mineral grains) or will use 

pathways of structural weakness where they get channelized (e.g. through shear zones, along 

boundaries of lithologies and fractures), to reach higher levels in Earth’s crust (see Ague, 

2003a and references therein).  

3.2 The significance of metamorphic fluids to the global carbon cycle 

Besides H2O and other solutes such as Na
+
, Cl

-
 and K

+
, metamorphic fluids can also carry 

CO2 and CH4 which are known as greenhouse gases. As the fluids reach shallow levels in 

Earth’s crust they enter into hydrothermal and groundwater systems. From these systems 

interaction with the hydrosphere and atmosphere could take place (see Ague 2003a and 

references therein).  

Little is known about how much CO2 is actually liberated into the atmosphere during 

metamorphic processes. Recent estimates are on the order of ~ 10
17

 kg/Myr (from Kerrick and 

Caldeira, 1998; Wallmann, 2001a, b; Ague, 2003a), but whether this release occurs slowly at 

a constant rate or as a series of rapid pulses is unknown. 

Massive release of metamorphic CO2 could affect Earth’s climate, but it is uncertain as to 

how big the influence of metamorphic CO2 is on the global carbon cycle and therefore on the 

global climate. The global carbon cycle is influenced by various geological and tectonic 

processes which affect atmospheric carbon levels in a number of ways. For example, 

mountain building is a controlling factor of the rate of CO2 uptake by silicate weathering on 

timescales of millions of years. Volcanism releases CO2 to the atmosphere on timescales of 

years or decades. But how much CO2 is released during metamorphic processes and how fast? 

To answer this question we must study the reactions in metamorphic rocks and track fluid-

rock interactions along the pathways of ancient metamorphic fluids. 

3.3 Fluid-rock interaction 

Fluids can enhance metamorphism by carrying dissolving ions and by causing chemical 

reactions. Usually, the end product of this process is the creation of new minerals by the 

substitution, removal, or addition of chemical ions. This process is called metasomatism. In 

their review, Putnis and Austrheim (2010) define metasomatism as the process where the rock 

re-equilibrates while involving change in chemical composition. This change in chemical 

composition of the rock requires an external flux of material carried by a fluid phase. This is 

the major difference between the terms metasomatism and metamorphism. During pure 
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metamorphism usually no change in chemistry occurs. However, metasomatism usually 

accompanies metamorphism (Putnis and Austrheim, 2010).  

Fluid infiltration leading to metasomatism can enhance both prograde and retrograde 

metamorphism. Beinlich et al. (2010) report fluid-rock interaction during prograde 

metamorphism from the subduction complex of the Tianshan Mountains in western China. 

Eclogitization of massive blueschist was caused by the infiltration of fluids close to peak 

metamorphic conditions. On the other hand, retrogression of blueschist to greenschist facies 

rocks in the Cyclades (Greece) during exhumation has been considered isochemical and a 

consequence of fluid infiltration (Schliestedt and Matthews, 1987).  

3.4 Reaction textures induced by metamorphic fluids 

When metamorphic fluids interact with the surrounding rocks while passing through it they 

leave traces behind. These traces can be reaction textures, where minerals replace each other 

by adding or removing chemical components or volatiles. In some cases only the shape of the 

parent crystal is still preserved, while the parent mineral is already completely replaced by a 

new phase. This specific replacement process is called pseudomorphism (see Putnis, 2002 and 

references therein).  

       

         

Figure 2. Microphotographs. (a) Replacement of glaucophane and white mica by albite with crossed 

polarized light (XPL). (b) Replacement of glaucophane by albite and chlorite (XPL) (c) Replacement of 

glaucophane by epidote (XPL). (d) EMP image of glaucophane which start to become replaced by 

actinolite at its rims. ab = albite; wh = white mica; gl = glaucophane; ep = epidote; chl = chlorite; act = 

actinolite.  

 (a)  (b) 

 (c)  (d) 
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In the following section, examples of replacement textures from the study presented in this 

thesis will be discussed. The replacement textures have been caused by (1) infiltration of a 

fluid phase causing retrogression of blueschist facies to greenschist facies rocks and (2) Si-

Na-metasomatism.  

Reaction textures which are most interesting are those caused by the infiltration of retrograde 

fluids where blueschist facies rocks were transformed into greenschist facies rocks. This 

transition is characterized by a number of replacement textures where blueschist facies 

mineral assemblages are successively replaced by greenschist facies minerals. In samples 

from a retrogressed greenschist at Fabrika Beach, only skeletal white mica and glaucophane, 

which are typical for blueschist facies rocks, remain (figure 2a and 2b). Albite and epidote, 

 

        

Figure 3. Microphotographs. (a) Replacement of epidote by a Na-K bearing phase with plane polarized 

light (PL). (b) Same as (a) but with crossed polarized light (XPL). (c) Replacement of white mica by 

glaucophane (XPL). (d) Replacement of chlorite by glaucophane (PL). wh = white mica; gl = glaucophane; 

ep = epidote; chl = chlorite. 

which are typical greenschist facies minerals, start to surround and to coat the glaucophane 

relicts (figures 2c). White mica is abrogated along its cleavage by albite. The most important 

observation is the growth of actinolite at the rims of glaucophane which clearly shows that 

greenschist facies minerals replace a blueschist facies mineral assemblage (figure 2d).  

Furthermore, reaction textures caused by metasomatism occur along the shear zone at Fabrika 

Beach. The samples from the metasomatised area are characterized by replacement textures of 

 (a)  (b) 

 (c)  (d) 
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the former blueschist facies minerals caused by a Si-Na-metasomatic overprint. Only skeletal 

epidote remains, and is surrounded by very fine grained Na-K-bearing phase, chemically 

close to a mica or clay mineral (figures 3a and 3b). Glaucophane replaces chlorite and white 

mica (figures 3c and 3d). 

3.5 Graphical illustrations 

Metasomatism of a rock implies a change in whole rock chemistry relative to the unaltered 

precursor rock. This change can be illustrated in a variety of diagrams. In the continuation of 

this section isocon, concentration ratio and T-XCO2-diagrams will be presented. 

3.5.1 Isocon diagrams 

The relative differences in chemical composition of the samples can be summarized using 

isocon diagrams, which show the relative mass changes during alteration (Grant, 1986). In an 

isocon diagram concentrations of each component in the initial unaltered rock is plotted 

against the concentration of those same components in the altered rock. If the concentrations 

plot very close to the 1:1 reference line that implies no change in composition occurred 

between altered and unaltered rock. Strong deviations from this line imply strong differences 

between the altered and unaltered rock which could have been caused by metasomatism.  

 

Figure 4. Isocon diagrams. (a) Isocon diagram which illustrates the isochemical behavior of samples from 

blueschist (here: BSZ) in comparison to samples from a greenschist (here: GSZ) along a profile. All major 

elements with exception of K2O are plotted close to the 1:1 reference line.  (b) This isocon diagram of the 

same profile as in (a) illustrates a metasomatic event where samples from a clearly metasomatised 

blueschist (MZ) are plotted against unaltered blueschist samples (BSZ, here the precursor rock). The 

metasomatised samples have a lower LOI and are enriched in Na2O and depleted in CaO and MnO in 

comparison to the blueschist samples.  

Figure 4 presents two examples from the study presented in this thesis. In figure 4a, the 

isocon diagram demonstrates that the transition of blueschist facies (BSZ) to greenschist 

facies (GSZ) was isochemical and does not involve any greater change in chemistry. All 

major elements including LOI (loss on ignition) are plotted close to the 1:1 reference line. In 

figure 4b, samples from an unaltered blueschist facies rock (BSZ, here the precursor rock) 

have been compared to samples from the same blueschist facies rock (MZ) but which has 

been undergone alteration and metasomatism. SiO2 and Na2O are enriched and CaO, MnO 

and LOI depleted in the altered samples in comparison to the unaltered blueschist facies rock. 

 (a)  (b) 
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3.5.2 Concentration ratio diagrams 

Concentration ratio diagrams are another way of presenting mass changes. These diagrams 

illustrate variations in major and trace elements relative to an immobile reference element. 

For this purpose, first, the immobile reference element has to be found. This was done by 

following the statistical approach of Ague and van Haren (1996). First, the reference species 

concentration ratio mr has to be calculated by using: 

(1) mr = gri, 

where gri is the geometric mean of the ri ratios. The ri is the ratio between protolith and altered 

concentration (C
0

i/Ci’) of the sample where C
0

i is the mean concentration of species i of the 

unaltered (protolith) sample and Ci’ the concentration of species i of the altered rock. The 

reference element is determined by choosing the C
0

i/Ci’ ratio which is closest to the mean 

reference ratio calculated with equation (1).  

In this study the element Ti is considered to be the least mobile element. Normalizing to Ti 

eliminate primary composition variation and allows us to observe true mass changes during 

metamorphic and/or metasomatic events. Samples which are farthest away from the 

metasomatised area should be chosen as the precursor rock. These samples are assumed to be 

those least affected by any metasomatic overprint. Mass balance calculations have been 

carried out following Ague (2003b) and references therein. The overall fractional mass 

change of the rock can be calculated by using: 

(2)  Ti = C
0
i∙’/ Ci∙’ – 1, 

where Ti∙ is the overall fractional mass change of the rock, C
0
i∙ is the concentration of an 

immobile reference species i∙ of an unaltered sample and Ci∙’ is the concentration of an 

immobile reference species i∙ of an altered sample.  

The reference species ratio is determined by using 

(3)  r ≡ C
0
i∙ / Ci∙’,  

where r is the reference species ratio.  

The mass change of any individual mobile species j by using the r-value of equation (3) is: 

(4)  τ
j
 = r (Cj’ / C

0
j) – 1,  

where τ
j
 is the fractional mass change for the concentration of species j and Cj’ is the 

concentration of species j of an altered sample and C
0

j is the concentration of species j of an 

unaltered sample.  

The calculated mass change can now be plotted against the distance of a profile. Positive mass 

change values of element concentration imply that these concentrations must have increased 

during metasomatism; negative values mean that these concentrations have been removed 

from the original rock’s composition.  
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Figure 5. Mass change or concentration ratio diagrams along a profile from a metasomatised zone into the 

non-metasomatised host rock. The precursor rock used is the mean value of the last 3 samples from the 

profile. These samples were assumed to be those least affected by any metasomatic overprint.  Elements 

with negative values are depleted in comparison to the reference element Ti which is assumed to be 

immobile. Elements with positive values are enriched compared to Ti. (a) Major elements. (b) LILEs. (c) 

HFSEs. (d) REEs.  

In figure 5, concentration ratio diagrams have been calculated along a profile from a 

metasomatised zone adjacent to a normal shear zone into an unaltered host rock. The 

metasomatised area extends from 0.0 m at the margin of the shear zone approximately 20 cm 

into the host rock. Figure 5a displays the mass change of the major elements (SiO2, Al2O3, 

Fe2O3, MnO, MgO and Na2O) and LOI. All major elements show some variations within the 

metasomatic area while no greater changes in concentration occur in the continuation of the 

profile. The mass change of the LILEs (K2O, Rb, Cs, Ca, Sr, and Ba) is displayed in figure 5b. 

K2O, Rb, Cs and Ba show an increase in the concentrations close to the shear zone within the 

metasomatised zone and Ca and Sr show a decrease (figures 5b). The HFSEs (V, Zr, Nb, Hf, 

Ta, Th, and U) show limited mobility throughout the profile (figures 5c).  Notable exceptions 

are U and to a lesser degree, Th, which are enriched in samples proximal to the shear zone 

showing behaviour similar to the LILE’s. The REEs show some fractionation close to the 

shear zone (figures 5d). The concentrations of the HREEs (Gd, Tb, Dy, Ho, Er, Tm, Yb, and 

Lu) decrease close to the shear zone. The LREEs (La, Ce, Pr, Nd, Sm, and Eu) also show this 

decrease but show progressively smaller decreases in concentration with decreasing atomic 

mass (figure 5d). 

3.5.3 T-XCO2 diagrams 

Metamorphic fluids can contain a variety of components. Besides the fluid components (e.g. 

CO2, H2O, CH4), metamorphic fluids can mobilize a wide range of mobile major and trace 

 (a)  (b) 

 (c)  (d) 
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elements. To study metamorphic fluids, their systems have to be simplified e.g. by reducing 

the number of fluid components. For this study, the fluid phase has been assumed to be a 

binary (2-component) fluid which is composed of H2O and CO2. This binary H2O-CO2 fluid 

can now be studied in a so-called temperature (T) – XCO2 diagram where XCO2 stands for the 

proportion of CO2 in the binary fluid at a fixed pressure. XCO2 ranges from 0 to 1, with 0 is 

equal to 0% CO2 in the fluid and 1 is equal to a fluid containing 100% CO2. Following from 

this definition XH2O represents the proportion of H2O in the fluid and is defined as 1 – XCO2.  

  

  

 

Figure 6. Idealized T-XCO2 diagrams (after Winter, 2001 and references therein). (a) decarbonation 

reaction. (b) dehydration reaction. (c) coupled hydration and decarbonation reaction. (d) coupled 

carbonation and dehydration reaction. (e) coupled decarbonation and dehydration reaction.  

(a) (b) 

(c) (d) 

(e) 
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With the help of the T-XCO2 diagram the behavior of de- and carbonation as well as de- and 

hydration reactions can be studied in detail (see Winter, 2001 and references therein). For this 

purpose, Le Châtelier’s principle is of big interest. Le Châtelier’s principle states: 

“If a change is imposed on a system at equilibrium, the position of the equilibrium will shift 

in a direction that tends to reduce that change.” 

This principle can be used to constrain a T-XCO2 diagram (figure 6). Figure 6a shows a T-

XCO2 diagram which illustrates the shape of a decarbonation reaction (A = B + CO2). If Le 

Châtelier’s principle is applied to this reaction the mentioned “change” which is imposed on 

the system would be the decrease in XCO2. As response the reaction (A = B + CO2) would 

shift to the right to produce more CO2 and to reduce the change. A dehydration reaction (A = 

B + H2O) is illustrated in figure 6b. Both an increase in T and/or an increase in XCO2 can 

cause dehydration. A coupled hydration and decarbonation reaction is characterized by the 

reaction A + H2O = B + CO2 which can be induced by either an increase in T or a decrease in 

XCO2 (figure 6c). A coupled carbonation and dehydration reaction (A + CO2 = B + H2O) can 

occur by either increase in T or increase in XCO2 (figure 6d). The shape of a coupled 

decarbonation and dehydration reaction (A = B + CO2 + H2O) is illustrated in figure 6e. This 

complex reaction can be induced by either increase in T, increase or decrease in XCO2. The 

composition of the binary fluid is equal to the XCO2 at Tmax, the maximum of the reaction 

curve.  

In this study, the fluid responsible for retrogression of the HP-LT mineral assemblage causes 

decarbonation and hydration of the rock, which means that CO2 which was stored in form of 

calcite had been removed from the system by adding water.  The T-XCO2 diagram in this study 

comprises two different reactions which are stable at different T-ranges but describe a similar 

reaction curve. Figure 7 illustrates the shape of the reaction curves. Note that figure 7 is only a 

small part of the idealized decarbonation and hydration reaction illustrated in figure 6c.  

 

Figure 7. T-XCO2 diagram calculated by THERMOCALC (at 8.6 kbars) using mineral and bulk chemistry 

from our analyses (see manuscript). The shape of the reaction curve corresponds to two different coupled 

hydration and decarbonation reactions. Infiltration of H2O would lead to a decrease in XCO2. Reactions 3 

and 6 are driven by infiltration of H2O with starting mineralogy: glaucophane + paragonite + calcite. 

Reactions 2 and 5 will not occur because the starting assemblage lacks tremolite. Reaction 4 will not occur, 

because paragonite or calcite (not glaucophane) is exhausted by reaction 6. tr = tremolite; clin = 

clinochlore; ab = albite; gl = glaucophane; cz = clinozoisite; pa = paragonite; cc = calcite.  
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The shape of the reaction curve would look similar to this in figure 6c if the XCO2 would range 

all the way long to XCO2 = 1. Le Châtelier’s principle implies that in this case infiltration of 

H2O (e.g. during the retrograde PT-path of the rock) would lead to decrease in XCO2 and the 

reactions would shift to the right, consuming H2O (which concentrates CO2 in the fluid) and 

producing CO2.  

To determine metamorphic reactions at certain temperature, pressure and/or XCO2 conditions 

the computer software package THERMOCALC is of great use. This software is able to 

determine thermodynamic and phase diagram calculations for multi-component systems. The 

calculations are based on thermodynamic databases. For this study, the database of Holland 

and Powell (1998) was used. The activities of the minerals entered into THERMOCALC were 

calculated by the computer program AX (version 2). The input data for AX was mineral 

chemistry obtained by EMP analyses. 

4. Geological and tectonic setting 

The study presented in this thesis was undertaken on the Greek island Syros. Syros is an 

island in the Aegean Sea which belongs to the Cycladic archipelago (figure 8). This domain 

corresponds to the internal part of the Hellenide-Tauride belt that was the result of the 

convergence between Africa and Eurasia in the Eastern Mediterranean during Mesozoic and 

Cenozoic (figure 9; Aubouin and Dercourt, 1965; Jacobshagen et al., 1978).  

 

Figure 8. (a) The Cycladic archipelago. (b) Simplified geological map of Syros (modified after Trotet et al., 

2001b). The retrogressed greenschist unit is located under the blueschist and eclogite unit which implies 

that the gradient of preservation of HP-LT rocks increases from the western to the eastern part of the 

island (Trotet et al., 2001b). The studied outcrop is located on the southeastern part of Syros (arrow).  

The area is now located in the back-arc of the active Hellenic subduction zone. Detailed 

description of the tectonometamorphic evolution of the Cyclades can be found in recent 

 (a)  (b) 
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reviews (Jolivet and Brun, 2010; Ring et al., 2010; Jolivet et al., 2012).Three major units are 

distinguished in the Cyclades: (1) the lowermost Cycladic Basement Unit, (2) the middle 

Cycladic Blueschist Unit (CBU) and (3) uppermost Pelagonian Unit (Bonneau, 1984). The 

CBU is composed of granite, paragneiss and orthogneiss with a complex pre-alpine history. 

The CBU comprises metasediments (schists and marbles) and metavolcanic rocks (ancient 

flows, tuffs or mafic pods). The Pelagonian unit consists of ophiolitic material obducted over 

a continental basement showing low-pressure, high-temperature (LP-HT) metamorphism.  

These units are separated by tectonic contacts during the two main tectonometamorphic 

episodes that shaped the Cyclades. The first episode is characterized by burial, stacking and 

exhumation of the Cycladic Basement Unit and the CBU below the Pelagonian Unit. This 

episode is associated with eclogite and blueschist facies conditions. Radiometric ages 

constrain this episode between 70 and 35 Ma and with a cluster around 55-45 Ma.  

The second episode is characterized by stretching of the nappe stack, thinning of the crust and 

exhumation of the Cycladic Basement Unit and the CBU as lower plate of the Metamorphic 

Core Complexes. The upper plate of these Metamorphic Core Complexes is the Pelagonian 

Unit. This episode is linked to the stretching of the whole Aegean lithosphere in the back arc 

of the Hellenic subduction zone triggered by the retreat of the African slab. This episode is 

associated with retrogression of the HP-LT rocks at LP-HT conditions (mainly greenschist 

and amphibolite facies). It is dated to Oligocene and Miocene. 

 

Figure 9. Simplified cross section of the Aegean area during the upper Cretaceous (from Bonneau, 1984) 

with the ancient Cycladic subduction zone (from Trotet et al., 2001b).  

4.1 Geology of Syros 

On Syros, both the CBU and the Pelagonian Unit are present (Trotet et al., 2001a; Keiter et 

al., 2011). The CBU covers nearly the whole island; only the southeastern part of Syros can 

be allocated to the Pelagonian Unit (figure 8b). Following Trotet et al. (2001a), the CBU is 

divided into three metamorphic and lithological sequences. The lower most sequence contains 

quartzite, marbles, micaschists, gneiss and metabasic rocks. The dominant assemblages 

belong to the greenschist facies but blueschist lenses are preserved in the upper part of this 

sequence. The middle sequence contains marble and blueschist facies metabasites. The 

uppermost sequence is a tectonic mélange which consists of glaucophanites, metagabbros, 

quartzites and metagraywackes metamorphosed at blueschist to eclogite facies conditions. 

The overall CBU exhibits a gradient of preservation of the HP-LT rocks (Trotet et al., 2001a, 

b). 

The Vari Unit represents the Pelagonian Unit on Syros. It is characterized by LP-HT 

metamorphic quartzo-feldspatic orthogneiss and mylonitic chlorite schists (Keiter et al., 
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2011). The age of metamorphism in the Vari unit is dated to the Upper Cretaceous (Maluski et 

al., 1987). It must be remarked that the Vari Unit has been correlated to the Cycladic 

Basement Unit (Philippon et al., 2011). The structural position of this unit, which is matter of 

debate, does not influence the interpretations of our study. 

5. Preservation of HP-LT rocks 

HP-LT rocks are commonly intensely overprinted by lower pressure (LP) facies such as 

greenschist or amphibolite facies which tends to erase the record of former subduction 

processes (Ernst, 2006). In contrast, the Cycladic Blueschist Unit (CBU, Aegean, Greece) 

represents a HP belt, where preservation of the HP-LT assemblages occurs on a regional scale 

(Schliestedt and Matthews, 1987). A brief overview of common mechanisms discussed in the 

literature to explain preservation of HP-LT rocks is given here. 

On regional scale, rapid exhumation rates could explain regional preservation of HP-LT rocks 

which are tectonically juxtaposed against retrograded greenschist facies rocks along low-

angle normal faults on the islands Sifnos and Syros in the Cyclades (Avigad, 1993). In 

general, infiltration of retrograde fluids would lead to a retrogressive overprint in these areas 

(e.g. Schliestedt and Matthews, 1987). However, lack of post-HP-LT deformation and 

therefore the lack of potential fluid pathways could prevent HP-LT mineral assemblages from 

being overprinted by LP facies minerals (e.g. Parra et al. 2002). The absence of retrograde 

fluids in the rocks is commonly suggested to be a controlling factor for the preservation of 

HP-LT rocks. This could be caused by a capping effect of impermeable marble units below a 

preserved blueschist facies rock unit which caused diversion of the upward, cross-layer 

infiltration of retrograde fluids (Matthews and Schliestedt, 1984). A local mechanism for 

blueschist preservation could be explained due to channelization of retrograde fluid flow 

along lithological contacts with high fluid fluxes where HP-LT minerals were preserved in 

regions adjacent to these contacts where fluid fluxes were smaller (e.g. Breeding et al., 2003). 

Other possible mechanisms for local preservation of HP-LT rocks are differences in 

permeability and bulk composition which might explain blueschist coexisting with 

greenschist in the same rock with no tectonic contact (e.g. Bröcker, 1990; Barrientos and 

Selverstone, 1993; Baziotis et al., 2008; Brovarone et al., 2011).  

Limits in fluid availability and lack of late deformation appear to be critical factors for 

preservation of blueschist facies rocks. However, on Syros we observe blueschist preservation 

along the margins of a heavily carbonated brittle-ductile shear zone which at first glance 

suggests that higher fluid fluxes related to late deformation might have directly caused 

blueschist preservation.  

The study presented in this thesis focuses on how high fluxes of metamorphic H2O-CO2-fluids 

can influence preservation of rocks formed at high pressure and low temperature. Based on 

field, petrological and geochemical evidence we explore possible mechanisms of 

preservation. 
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6. Results and conclusion 

The results and conclusions from the present study, concerning fluid-induced blueschist 

preservation on Syros in the Cyclades (Aegean, Greece) are presented in the manuscript and a 

short summary is given here.  

 

 

Figure 10. (a) A steeply dipping normal shear zone cuts through retrogressed greenschist facies rock at 

Fabrika Beach. A diffusive blue halo surrounds the shear zone. (b) Close-up picture of the shear zone with 

the three identified zones: greenschist zone (GSZ), blueschist zone (BSZ) and metasomatic zone (MZ). (c) 

Simplified 3D sketch of the outcrop which illustrates that the blue halo continues on both sides of the 

normal shear zone within the greenschist facies rocks. 

The studied outcrop comprises a normal shear zone which is approximately vertical and cuts a 

near horizontal layer of greenschist facies rocks near the village of Vari on SE Syros (figure 

10). This rock is comprised of the greenschist mineral assemblage albite + epidote + actinolite 

+ chlorite + quartz. The shear zone itself contains extensive foliation parallel veining of 

carbonates, quartz and albite. The study focuses on a blue halo which borders the normal 

shear zone (figure 10b and 10c). This halo has two parts. Immediately adjacent to the shear 

zone (within ca. 20 cm) this blue halo consists of glaucophane schist. Further from the shear 
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zone (from ca. 20 cm to ca. 1 m) this halo consists of carbonated blueschist which contains 

glaucophane, white mica and calcite. The transition from carbonated blueschist to greenschist 

ca. 1 m from the shear zone is diffuse.  

In the following discussion, we will show that the narrow layer of glaucophane schist which 

borders the shear zone is of metasomatic origin while preservation of the carbonated 

blueschist facies rock was caused by a different mechanism.  

Isocon diagrams suggest that preservation of the carbonated blueschist facies rock was 

isochemical with respect to non-volatile components (see figure 4). Reaction textures and 

modal estimates confirm that the carbonate-bearing blueschist facies mineral assemblage 

glaucophane + white mica + calcite + quartz was preserved during greenschist facies 

retrogression within these margins. Evidence could be found where blueschist facies mineral 

assemblages are successively replaced by greenschist facies minerals (see figure 2), e.g. 

replacement of glaucophane by albite and chlorite. These replacement textures state clearly 

that blueschist was the precursor rock which was retrogressed to greenschist facies. Closer to 

the shear zone, we observed glaucophane replacing white mica within the glaucophane schist 

(see figure 3). Isocon diagrams suggest that replacement of white mica by glaucophane was 

caused by metasomatic gain of SiO2 and Na2O coupled with loss of CaO and volatiles. This 

zonation is much better preserved in the elevated footwall of the shear zone than in its 

hanging wall where zonation is largely obscured by extensive carbonate veining.  

 

Figure 11. Illustration of the mechanism which preserved HP-LT rocks adjacent to the shear zone (for 

further explanations see text).  
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While Si-Na metasomatism caused blueschist preservation in the 20 cm wide margin close to 

the shear zone, the mechanism of preservation the carbonated blueschist facies rocks in the 

outer margin is not fully understood. In this study we propose a conceptual model to explain 

this type of blueschist preservation (figure 11).  

During retrograde metamorphism an H2O-rich fluid infiltrated the carbonated blueschist rock 

from below (figure 11; stage 1). This fluid caused a reaction front to propagate into the 

overlying blueschist at which its blueschist mineral assemblage was replaced by a hydrated 

greenschist mineral assemblage by the following coupled hydration and decarbonation 

reactions:  

(1) glaucophane + white mica + calcite + H2O = clinozoisite + chlorite + albite + CO2   

(2) glaucophane + white mica + calcite + H2O = tremolite + chlorite + albite + CO2  

Reactions (1) and (2) are based on petrographic analysis, point-counting and XRF data and 

have been obtained by using THERMOCALC with mineral activities calculated using AX. 

These reactions are classical blueschist to greenschist facies transition which are consistent 

with the exhumation history of the Cycladic Blueschist Unit of Syros (Trotet et al., 2001a).  

Upwards-flowing fluid passing through the reaction front is buffered to higher XCO2 by the 

blueschist to greenschist transition reaction (figure 11; stage 2, inset A). This fluid travels 

faster along shear zones and faults. Along these pathways, the fluid flux rate accelerates 

relative to the reaction rate (because fluid flow becomes more channeled), so that fluid 

chemistry is unable to keep up with the position of the reaction equilibria as the temperature 

falls (figure 11; stage 3). In this situation, XCO2 would be elevated relative to that which is in 

equilibrium with reactants and products at lower temperature (figure 11; inset B). This renders 

blueschist minerals stable relative to greenschist minerals. 

In conclusion, preservation of blueschist facies assemblages at greenschist facies conditions 

occurs along a shear zone on Syros in the Cyclades (Aegean, Greece). Blueschist preservation 

is caused by a combination of metasomatic addition of SiO2 and Na2O and elevated XCO2 

which is maintained by high fluxes of a CO2-bearing, hydrous fluid along the shear zone. This 

mechanism will only preserve blueschist facies rocks which contain carbonate minerals. 

Probably, the same fluid which caused preservation of HP-LT rocks was the source of SiO2 

and Na2O which caused Si-Na-metasomatism within ca. 20 cm of the shear zone.  

7. Future work 

7.1 Pre-metamorphic controls of metamorphic fluid fronts 

The study focuses on how pre-metamorphic zonation of major elements in magmatic rocks 

can control fluid front propagation. Evidence suggests that magmatic fractionation within the 

metabasaltic sills on the island of Islay, SW Scotland, seems to be likely source for the 

characteristic zonation of Ti and Fe seen in the rocks with nearly Ti- and Fe-free sill interiors 

and Ti- and Fe-enriched sill margins. This zonation is consistent with carbonation fronts 

reported by Skelton et al. (1995). For this purpose, detailed profiles through all of the 
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metabasaltic sills located close to the village Port Ellen on the island of Islay have been 

sampled. These samples are now prepared for whole rock and petrographic analysis. 

7.2 Mechanism of metamorphic fluid flow recorded by coupled hydration and 

carbonation of epidote-amphibolite facies in metabasaltic sills 

The margins of metabasaltic sills in the SW Scottish Highlands are intensively carbonated and 

show almost without exception strong foliation. However, partially carbonated zones lack 

foliation. In this study, I will focus on the mechanism which explains infiltration of unreacted 

metabasalt unassisted by deformation. The study will be undertaken on a group of sills 

exposed at the shore of Loch Stornoway in the SW Scottish Highlands. These sills were 

metamorphosed at epidote-amphibolite facies conditions. This is useful because of the 

occurrence of garnets which preserve excellent textural evidence pertaining to the mechanism 

of fluid-driven mineral reactions.  

7.3 Calculation of metamorphic fluid flux 

The relationship between the velocity of fluid fluxes and the propagation of metasomatic fluid 

fronts will be studied at the shore next to Delfini on the Cycladic island Syros, Greece. In this 

locality a sets of cross cutting carbonate veins are surrounded by symmetric, distinct 

metasomatic halos. Implications of this study can be used to calculate fluid volumes and fluid 

velocities in these veins which can be applied to the study presented in this thesis. 
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Abstract  

We report preservation of blueschist facies assemblages at greenschist facies conditions along 

a shear zone on Syros island in the Cyclades, Aegean (Greece). Blueschist preservation is 

caused by a combination of metasomatic addition of SiO2 and Na2O and elevated XCO2 which 

is maintained by high fluxes of a CO2-bearing, hydrous fluid along the shear zone. The shear 

zone is approximately vertical and cuts a near horizontal layer of greenschist facies rocks. 

This rock is comprised of the greenschist mineral assemblage albite + epidote + actinolite + 

chlorite + quartz. The shear zone itself contains extensive foliation parallel veining with 

precipitation of carbonates, quartz and albite. Blueschist preservation was observed within ca. 

1 m wide margins on both sides of the shear zone. Isocon diagrams suggest that blueschist 

preservation was isochemical with respect to non-volatile components. Reaction textures and 

modal estimates confirm that the carbonate-bearing blueschist facies mineral assemblage 

glaucophane + white mica + calcite + quartz was preserved during greenschist facies 

retrogression within these margins. Closer to the shear zone, we observed glaucophane 

replacing white mica. This occurred within narrower, ca. 20 cm wide, margins on both sides 

of the shear zone. Isocon diagrams suggest that replacement of white mica by glaucophane 

was caused by metasomatic gain of SiO2 and Na2O coupled with loss of CaO and volatiles. 

This zonation is much better preserved in the footwall of the shear zone than in its hanging 

wall where zonation is largely obscured by extensive carbonate veining. Metasomatic 

preservation of blueschist along shear zones has been observed in previous studies. However, 

non-metasomatic blueschist preservation along a shear zone is first reported in this study. We 

propose a conceptual model to explain this type of blueschist preservation. We further 

postulate that the same fluid which caused preservation of HP-LT rocks was the source of 

SiO2 and Na2O which caused Si-Na-metasomatism within ca. 20 cm of the shear zone. We 

note that our proposed mechanism will only preserve blueschist facies rocks which contain 

carbonate minerals. 

Keywords: Blueschist preservation; fluid-rock interaction; elevated XCO2; Si-Na-

metasomatism 
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1. Introduction  

Investigation of regions where rocks preserve evidence of high-pressure, low-temperature 

(HP-LT) mineral assemblages provides insights into the processes occurring within 

subduction zones. However, HP-LT rocks are commonly intensely overprinted at lower 

pressure (LP) facies such as greenschist or amphibolite facies which tends to erase the record 

of former subduction processes (Ernst, 2006).  

In contrast, the Cycladic Blueschist Unit (CBU, Aegean, Greece) represents a HP belt, where 

preservation of the HP-LT assemblages is regional (Schliestedt and Matthews, 1987). It is 

now located in the back-arc of the Hellenic subduction zone where HP-LT metamorphism 

occurred (see reviews of Jolivet and Brun (2010); Ring et al. (2010); Jolivet et al. (2012) and 

references therein). During the last two decades multiple mechanisms for preservation of the 

HP-LT assemblages in the CBU have been suggested and discussed in the literature.  

Avigad (1993) concluded that rapid exhumation rates could explain regional preservation of 

HP-LT rocks which are tectonically juxtaposed against retrograded greenschist facies rocks 

along low-angle normal faults on the islands Sifnos and Syros in the Cyclades. Furthermore, 

exhumation below extensional ductile shear zones would have induced cooling of the 

uppermost parts of the CBU during its decompression (Trotet et al., 2001a and references 

therein). Rocks far beneath these ductile shear zones would not have experienced this cooling 

effect. The infiltration of retrograde fluids (Schliestedt and Matthews, 1987) would thus lead 

to a retrogressive overprint in these areas. On the other hand, Parra et al. (2002) argued that 

the lack of post-HP-LT deformation and therefore the lack of potential fluid pathways close to 

the brittle-ductile transition prevented the CBU from being overprinted by greenschist facies 

minerals.  

The absence of retrograde fluids in the rocks is commonly suggested to be a controlling factor 

for the preservation of HP-LT rocks. On Sifnos, a capping effect of impermeable marble units 

below the preserved blueschist facies rocks caused diversion of the upward, cross-layer 

infiltration of retrograde fluids (Matthews and Schliestedt, 1984). On Tinos, blueschist 

preservation is suggested to have occurred due to channelization of retrograde fluid flow 

along lithological contacts with high fluid fluxes (Breeding et al., 2003). HP-LT minerals 

were preserved in regions adjacent to these contacts where fluid fluxes were smaller.  

Differences in permeability and bulk composition have also been suggested to locally 

preserve blueschist coexisting with greenschist in the same rock with no tectonic contact 

(Bröcker, 1990; Barrientos and Selverstone, 1993; Baziotis et al., 2008; Brovarone et al., 

2011). Schliestedt and Matthews (1987) consider that even the retrograde fluid might 

indirectly cause preservation of HP rocks. Progressive fluid infiltration could cause a volume 

increase due to hydration and carbonation reactions which would lead to a sealing effect and 

inhibit the fluid from passing further into the rock. 

Limits in fluid availability and lack of late deformation appear to be critical factors for 

preservation of blueschist facies rocks. However, on Syros we observe blueschist preservation 

along the margins of a heavily carbonated brittle-ductile shear zone which at first glance 

suggests that higher fluid fluxes related to late deformation might have directly caused 
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blueschist preservation. Based on field, petrological and geochemical evidence we explore 

possible mechanisms of preservation. 

2. Geological setting  

2.1. Regional setting 

Syros is an island of the Aegean Sea which belongs to the Cycladic archipelago (figure 1). 

This domain corresponds to the internal part of the Hellenide-Tauride belt that was the result 

of the convergence between Africa and Eurasia in the Eastern Mediterranean during Mesozoic 

and Cenozoic (Aubouin and Dercourt, 1965; Jacobshagen et al., 1978). The area is now 

located in the back-arc of the active Hellenic subduction zone. Detail description of the 

tectonometamorphic evolution of the Cyclades can be found in recent reviews (Jolivet and 

Brun, 2010; Ring et al., 2010; Jolivet et al., 2012). 

 

Figure 1. (a) The Cycladic archipelago. (b) Simplified geological map of Syros (modified after Trotet et al., 

2001a). The retrogressed greenschist unit is located under the blueschist and eclogite units which implies 

that the gradient of preservation of HP-LT rocks increases from the western to the eastern part of the 

island (Trotet et al. 2001a). 

Three major units are distinguished in the Cyclades: (1) the lowermost Cycladic Basement 

Unit, (2) the middle Cycladic Blueschist Unit (CBU) and (3) the uppermost Pelagonian Unit 

(Bonneau, 1984). The Cycladic Basement Unit is composed of granite, paragneiss and 

orthogneiss with a complex pre-alpine history. The CBU comprises metasedimentary rocks 

(schists and marbles) and metavolcanic rocks (ancient flows, tuffs or mafic pods). The 
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Pelagonian unit consists of ophiolitic material obducted over a continental basement showing 

low-pressure, high-temperature (LP-HT) metamorphism. 

These units were juxtaposed by tectonic contacts during the two main tectonometamorphic 

episodes that shaped the Cyclades. The first episode is characterized by burial, stacking and 

exhumation of the Cycladic Basement Unit and the CBU below the Pelagonian Unit. This 

episode is associated with eclogite and blueschist facies conditions. Radiometric ages 

constrain this episode between 70 and 35 Ma, with a cluster at 55-45 Ma. The second episode 

is characterized by stretching of the nappe stack, thinning of the crust and exhumation of the 

Cycladic Basement Unit and the CBU as the lower plate of the Metamorphic Core 

Complexes. The upper plate of these Metamorphic Core Complexes is the Pelagonian Unit. 

This episode is linked to the stretching of the whole Aegean lithosphere in the back arc of the 

Hellenic subduction zone triggered by the retreat of the African slab. This episode is 

associated with retrogression of the HP-LT rocks in LP-HT conditions (mainly greenschist 

and amphibolite facies). It is dated to Oligocene and Miocene. 

2.2. Geology of Syros 

On Syros both the CBU and the Pelagonian Unit, are present (Trotet et al., 2001b; Keiter et 

al., 2011). The CBU covers nearly the whole island; only the southeastern part of Syros can 

be allocated to the Pelagonian Unit (figure 1b). Following Trotet et al. (2001b), the CBU is 

divided into three metamorphic and lithological sequences. The lower most sequence contains 

quartzite, marbles, micaschists, gneiss and metabasic rocks. The dominant assemblages 

belong to the greenschist facies but blueschist lenses are preserved in the upper part of this 

sequence. The middle sequence contains marble and blueschist facies metabasites. The 

uppermost sequence is a tectonic mélange which consists of glaucophanites, metagabbros, 

quartzites and metagraywackes metamorphosed at blueschist to eclogite facies conditions. 

The overall CBU exhibits a gradient of preservation of the HP-LT rocks with retrograded LP 

mineral assemblages in the lower part and preserved HP-LT mineral assemblages in the upper 

part of the unit (Trotet et al., 2001a, b). 

The Vari Unit represents the Pelagonian Unit on Syros. It is characterized by LP-HT 

metamorphic quartzo-feldspatic orthogneiss and mylonitic chlorite schists (Keiter et al., 

2011). The age of metamorphism in the Vari Unit is dated to the Upper Cretaceous (Maluski 

et al., 1987). It must be remarked that the Vari Unit has been correlated to the Cycladic 

Basement Unit (Philippon et al., 2011). The structural position of this unit, which is matter of 

debate, does not influence the interpretations of our study. 

There is no clear agreement on the P-T evolution of the CBU (for a review, see Schumacher 

et al., 2008). Most authors favor one single unit sharing the same P-T evolution with peak 

conditions around 15 kbar-500 °C (Schumacher et al., 2008 and ref. therein). In contrast, three 

metamorphic subunits separated by normal shear-zones have been distinguished by Trotet 

(2001a, b) with peak conditions at 19 kbar-525 °C and different retrograde P-T paths. These 

differences would explain the gradient of preservation of the HP-LT rocks. Peak conditions in 

the eclogite facies has been dated at 52 Ma with the Lu-Hf method on garnet (Lagos et al., 
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2007), consistently with U-Pb zircon (Tomaschek et al., 2003) and 
40

Ar/
39

Ar white mica 

(Maluski et al., 1987; Tomaschek et al., 2003; Putlitz et al., 2005)  ages. The age of the 

greenschist facies retrogression on Syros is poorly constrained in the Miocene.  

3. Site description 

3.1 Lithological and structural characteristics of Fabrika shore 

The rocks observed along the South-Eastern coast of Syros (Fabrika Beach) close to the 

village of Vari belong to the CBU (Trotet et al., 2001a, b; Keiter et al., 2011). Three main 

lithologies can be recognised: (i) a layered metavolcanic sequence containing metabasites 

(with eclogite, blueschist and greenschist mineral assemblages), micaschists (containing HP-

LP mineral assemblages) and carbonate schist, (ii) an impure marble sequence containing 

micaschist and metabasic layers and (iii) a massive marble layer (figure 2). 

 

Figure 2. Simplified geological map of the shore of Fabrika close to the village Vari (SE Syros).  

This metavolcanic sequence which is gently dipping to the north is affected by both ductile 

and brittle deformation. In the blueschist and eclogite facies rocks, the foliation strikes ~N070 

whereas it strikes ~N010 in the greenschist facies rocks and the marbles. The lineation is 

scattered around the W-E direction. Glaucophane bearing shear bands in the eclogite indicate 

a top-to-the-NNE shear direction (Trotet et al., 2001b). 

A set of cataclastic shear zones cross-cuts the metavolcanic sequence. These shear zones are 

subvertical and strike NW-SE to N-S. Those which have clear kinematics are normal. 

Besides, the foliation of the metavolcanic sequence displays decametric sigmoids which are 

consistent with normal and/or right-lateral kinematics. Filling of the shear zones by decimetric 



32 
 

quartz-carbonate material and retrogression gradients in the metabasites attest intense fluid 

circulation in relation to late deformation. 

3.2 Description of the studied outcrop 

Our study focuses on an outcrop of the metavolcanic sequence which displays spectacular 

relationships between deformation and fluid flow, as well as clear kinematic criteria (figure 

3).  

 

Figure 3. (a) A steeply dipping normal shear zone cuts through retrogressed greenschist facies rock at 

Fabrika Beach. A diffusive blue halo surrounds the shear zone. (b) Close-up picture of the shear zone with 

the three identified zones GSZ, BSZ and MZ. (c) Simplified 3D sketch of the outcrop which illustrates that 

the blue halo continues on both sides of the normal shear zone within the greenschist facies rocks. (d) 

Stereoplot showing the consistent direction of extension determined with both ductile and brittle 

structures. 

This outcrop exhibits an E-dipping normal shear zone which separates greenschist facies 

metabasites, in the footwall, from garnet-mica quartzite, in the hanging wall. The foliation 

exhibits a normal drag around this fault, which is consistent with top-to-the-NE sense of 
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shear. The poles of the foliation planes and the stretching lineation are aligned along a 

subvertical plane which strikes N065. 

Late deformation is controlled by a cataclastic normal shear zone filled by a breccia, with 

elements coming from both footwall and hanging wall cemented by quartz-carbonate 

material. Smaller scale discrete normal faults and broad normal shear-zones exhibiting en-

echelon veining have also been observed. These brittle and semi-brittle structures indicate 

extension along the direction N065. 

The consistency between the kinematics and the stretching direction in both ductile and brittle 

regimes suggests that the observed structures have been formed within a continuum of 

extensional deformation around the brittle-ductile transition. Such an evolution is very 

common in the CBU (Grasemann et al., 2011; Jolivet et al., 2010) 

Two types of veins cross-cut the foliation. These two types are apparently randomly oriented. 

The meter-long and decimetre-thick veins contain coarse-grained epidote and are restricted to 

the metabasites. These veins are dragged along the main E-dipping normal shear zone. Thin 

veinlets containing fine-grained ankerite are present in both types of lithologies. They are 

present in the surroundings of the normal shear zone.  

In the metabasites, the normal shear zone is bordered by a blue halo (figure 3b and 3c). This 

halo has two parts. Immediately adjacent to the shear zone (within ca. 20 cm) this blue halo 

consists of glaucophane schist. Further from the shear zone (from ca. 20 cm to ca. 1 m) this 

halo consists of carbonated blueschist which contains glaucophane, white mica and calcite. 

The transition from carbonated blueschist to greenschist ca. 1 m from the shear zone is 

diffuse. A similar halo has also been observed around the epidote veins. In the garnet-mica 

quartzite, the normal shear zone is surrounded by a bleached halo in which the garnet is 

replaced by quartz. In the hanging wall, the boundary between the quartzite and the 

metabasite is a 15 cm thick layer of boudinaged eclogite pods surrounded by blue amphibole 

rich rock. This coloration seems to emanate from the normal shear zone.  

This study focuses on the blue halo which borders the E-dipping normal shear zone (figure 

3c). In the following discussion, we will show that the narrow layer of glaucophane schist 

which borders the shear zone is of metasomatic origin. It will hereafter be referred to as the 

“metasomatic zone” (MZ). The remainder of the blue halo, which consists of carbonated 

blueschist, will be referred to as the “blueschist zone” (BSZ) and the surrounding greenschist 

will be referred to as the “greenschist zone” (GSZ).   

4. Sampling 

Two profiles have been sampled in the footwall and hanging wall perpendicular to the shear 

zone. Profiles 1 and 2 extend from the sharp boundary between the carbonate-quartz material 

which fills the normal shear zone and the host rock (starting point: 0.0 m). The profiles cut 

through the three zones (MZ, BSZ and GSZ) which were delineated in section 3.3 and which 

will be described in section 6.2 below (ending point 1.2 m). Samples for petrographic, 

electron microprobe and X-ray fluorescence analysis were taken every 10 to 20 cm along the 
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profiles. Additionally, samples from all rock types located far from the studied shear zone 

were taken. 

5. Analytical methods 

Mineral modes were estimated by point counting of 1000 evenly spaced points in eight thin 

sections from each of profiles 1 and 2 to provide a quantitative basis for determining possible 

mineral reactions. For point counting a polarization microscope (Leica) with a point counting 

stage driven by the computer program PetrogLite (Version: V2.37) was used. This 

microscope was also used to study textural evidence of reaction progress. Major element 

chemistry of these two sets of eight samples was determined using X-ray fluorescence (XRF) 

analysis (type: Rigaku ZSX Primus II Sequential X-Ray Fluorescence Spectrometer) at the 

Department of Geological Sciences at Stockholm University. These data were used to assess 

the extent to which reactions were isochemical as opposed to reflecting previous chemical 

heterogeneity and/or metasomatism coupled with fluid-rock interaction. Mineral chemistry 

was determined by electron microprobe analyses (EMPA, type: JEOL JXA-8530 Field 

emission-EMPA; software: JEOL PC-EMPA application software, version: 1.5.0.4; 

conditions: 15kV, 20 nA; beam: 0.5-10 μm) for epidote, albite, white mica, glaucophane, 

chlorite and garnet of representative samples from profiles 1 and 2. The analyses have been 

carried out at the EMPA facilities of the Department of Earth Sciences at Uppsala University. 

For geothermobarometric modeling the computer program THERMOCALC (version 3.33) 

was used. The activities of the minerals entered into THERMOCALC were calculated by the 

computer program AX (version 2). The input data for AX was mineral chemistry obtained by 

EMP analyses. 

6. Results 

6.1 Mineral assemblage within the shear zone 

The shear zone contains abundant coarse-grained albite, quartz and calcite pockets and 

veinlets that precipitated from a hydrothermal fluid. Open space between the grains is filled 

and cemented by ankerite, dolomite and pockets of glaucophane and chlorite. 

6.2 Spatial distribution of minerals in the host rock 

The modal mineralogy of the samples from profiles 1 and 2 estimated from point counting 

data are shown in figures 4 and 5. Based on modal mineralogy, profiles 1 and 2 can now be 

separated into the following three zones:   

(1) The greenschist zone (GSZ) contains epidote + chlorite + albite + actinolite. This zone is 

most distal from the shear zone and includes samples at 0.7, 0.9 and 1.2 m in profile 1 and 0.3 

to 0.9 m in profile 2 (figures 3, 4 and 5, table 1 and 2).  

(2) The blueschist zone (BSZ) contains glaucophane + white mica + chlorite + calcite ± 

epidote ± garnet. This zone is located between the GSZ and MZ and includes samples at 0.2 

to 0.5 m in profile 1 and 0.2 and 0.25 m in profile 2 (figures 3, 4 and 5, table 1 and 2). 
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Figure 4. Mineral modes of profile 1. The three zones GSZ, BSZ and MZ are clearly displayed by the 

change in mineralogy along the profile.  

 

Figure 5. Mineral modes of profile 2. To clarify the three zones GSZ, BSZ and MZ, carbonates which are 

part of the extensive veining have been removed from the mineral modes. (a) With carbonates from 

extensive veining. (b) Without carbonates from extensive veining. 

(3) The metasomatic zone (MZ) contains glaucophane + white mica ± chlorite. This zone is 

located closest to the shear zone and includes samples at 0.05 m in profile 1 and 0.1 m in 

profile 2 (figures 3, 4 and 5, table 1 and 2).  
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In the following sections, we will consider the textural appearance and variance in modal 

abundance of each of the minerals that constitute the rocks along the profiles. Uncertainties of 

the mineral modes have been calculated by following the approach of Van der Plas and Tobi 

(1965). In profile 2, carbonated veinlets are so abundant that they obscure the original 

mineralogy in the MZ and BSZ. Therefore, a second carbonate-free point-counting profile has 

been created for this profile (table 2b, figure 5b). These calculated values have been used for 

further discussion in the continuation of this study. 

Table 1. Mineral modes for profile 1. The profile is separated in the three zone greenschist zone (GSZ), 

blueschist zone (BSZ) and metasomatic zone (MZ). 

 
profile 1 

       domain MZ BSZ       GSZ     

sample 

0.05-

1FB 0.2-1FB 0.3-1FB 0.4-1FB 0.5-1FB 0.7-1FB 0.9-1FB 1.2-1FB 

distance (m) 0.05 0.2 0.3 0.4 0.5 0.7 0.9 1.2 

 

    

  

    

 

  

white mica 4.1 24.9 13.6 18.2 16.2 2.9 7.0 4.0 

chlorite 7.8 17.5 15.3 10.8 11.6 26.6 24.3 17.2 

amphibole 83.2 45.3 43.6 37.1 39.6 20.4 22.3 24.8 

carbonates 0.2 9.7 19.3 23.6 13.5 14.5 4.5 1.7 

albite 0.0 0.7 4.4 5.9 9.9 25.1 19.7 20.4 

sphene 3.4 1.0 1.2 2.1 1.8 2.2 2.0 4.1 

epidote 0.8 0.1 1.8 2.2 5.8 7.9 20.1 26.7 

quartz 0.5 0.8 0.8 0.1 1.6 0.4 0.1 1.1 

 

6.2.1 The GSZ 

The amounts of fine-grained amphibole (mostly actinolite and glaucophane) within the GSZ 

are similar for the two profiles (profile 1: 22.3 ± 2.6 vol.%; profile 2: 23.6 ± 10.3 vol.%). The 

modes of white mica are low within the GSZ for both profiles (profile 1: 4.6 ± 2.1 vol.%; 

profile 2: 2.5 ± 1.1 vol.%). Epidote occurs as coarse-grained euhedral, elongated crystals. 

These epidote grains and the amphiboles define a foliation. The amount of epidote decreases 

from 26.7 ± 2.8 to 7.9 ± 1.7 vol.% moving towards the shear zone in profile 1 and from 11.7 ± 

2.0 to 4.8 ± 1.4 vol.% in profile 2. The mode of coarse-grained albite (profile 1: 21.7 ± 3.0 

vol.%; profile 2: 26.0 ± 6.4 vol.%) and chlorite (profile 1: 22.7 ± 4.9; profile 2: 24.4 ± 4.2) 

remain roughly on a constant level. Calcite increases from 1.7 ± 0.8 to 14.5 ± 2.2 vol.% 

towards the shear zone in profile 1 but remains roughly stable in profile 2 (13.2 ± 6.6 vol.%). 

6.2.2 The BSZ 

The boundary between the GSZ and BSZ is diffuse. Fine-grained glaucophane is now the 

main constituent of the foliated matrix and its modal abundance increases from 39.6 ± 3.1 to 

45.3 ± 3.1 vol.%  towards the shear zone within profile 1 and from 56.4 ± 3.1 to 58.2 ± 3.1 

vol.% within profile 2. The modes of white mica and calcite increase within the first part of 

the BSZ, but decreases strongly towards the MZ. The modes of euhedral, elongated fine to 

coarse-grained epidote decrease from 9.9 ± 1.9 vol.% (profile 1) and 1.7 ± 0.8 vol.% (profile 
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2) to 0.0 vol.% towards the shear zone. The modes of coarse-grained albite decrease from 9.9 

± 1.9 to 0.7 ± 0.5 vol.% in profile 1 and from 19.6 ± 2.5 vol.% to 11.9 ± 2.1 vol.%  in profile 

2 moving towards the MZ. In profile 1, the chlorite content increases from 11.6 ± 2.0 to 17.5 

± 2.4 vol.% towards the shear zone. In profile 2, the modes of fine-grained chlorite remain 

stable at 13.7 ± 2.2 vol.%. Fractured garnet also occurs in this zone. 

Table 2. Mineral modes for profile 2. The profile is separated in the three zone greenschist zone (GSZ), 

blueschist zone (BSZ) and metasomatic zone (MZ). (a) Mineral modes including carbonates of extensive 

carbonate veining in sample 0.1-2FB, 0.2-2FB and 0.25-2FB. (b) Mineral modes without carbonates 

precipitated from extensive carbonate veining. 

(a) profile 2  with additional carbonates from extensive carbonate veining 

  
domain MZ BSZ   GSZ         

sample 0.1-2FB 0.2-2FB 0.25-2FB 0.3-2FB 0.4-2FB 0.4-2FB 0.6-2FB 0.9-2FB 

distance (m) 0.1 0.2 0.25 0.3 0.4 0.4 0.6 0.9 

      

 

  

    
white mica 5.7 8.3 4.7 2.8 3.5 1.9 0.9 3.2 

chlorite 6.2 10.0 12.9 27.3 30.0 22.1 19.4 23.0 

amphibole 57.3 42.9 52.8 24.7 22.2 22.8 38.6 9.7 

carbonates 22.0 26.3 6.8 11.8 18.4 17.4 2.3 16.3 

albite 3.5 8.8 18.4 24.6 21.2 29.0 19.7 35.4 

sphene 4.1 2.6 2.2 3.9 4.2 1.5 5.0 3.1 

epidote 0.2 0.0 1.6 4.8 8.3 4.1 11.7 8.7 

quartz 0.7 0.9 0.2 0.1 1.0 1.0 2.0 0.6 

rutile 0.1 0.1 0.4 0.0 0.2 0.2 0.3 0.0 

oxides 0.2 0.1 0.0 0.0 0.0 0.0 0.1 0.0 

 

(b) profile 2  without additional carbonates from extensive carbonate veining 

  
domain MZ BSZ   GSZ         

sample 0.1-2FB 0.2-2FB 0.25-2FB 0.3-2FB 0.4-2FB 0.4-2FB 0.6-2FB 0.9-2FB 

distance (m) 0.1 0.2 0.25 0.3 0.4 0.4 0.6 0.9 

    
 

  
     

white mica 7.3 11.3 5.0 2.8 3.5 1.9 0.9 3.2 

chlorite 7.9 13.6 13.8 27.3 30.0 22.1 19.4 23.0 

amphibole 73.5 58.2 56.4 24.7 22.2 22.8 38.6 9.7 

carbonates 0.0 0.0 0.5 11.8 18.4 17.4 2.3 16.3 

albite 4.5 11.9 19.6 24.6 21.2 29.0 19.7 35.4 

sphene 5.3 3.5 2.3 3.9 4.2 1.5 5.0 3.1 

epidote 0.3 0.0 1.7 4.8 8.3 4.1 11.7 8.7 

quartz 0.9 1.2 0.2 0.1 1.0 1.0 2.0 0.6 

rutile 0.1 0.1 0.4 0.0 0.2 0.2 0.3 0.0 

oxides 0.3 0.1 0.0 0.0 0.0 0.0 0.1 0.0 
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6.2.3 The MZ 

The MZ consists of nearly pure glaucophane schist. The modal abundance of fine-grained, 

elongated glaucophane is 83.2 ± 2.4 vol.% in profile 1 and 73.5 ± 2.8 vol.% in profile 2. 

Minor amounts of white mica (profile 1: 4.1 ± 1.3 vol.%; profile 2: 7.3 ± 1.6 vol.%) and 

chlorite (profile 1: 7.8 ± 1.7 vol.%; profile 2: 7.9 ± 1.7 vol.%) are also present within the fine 

grained matrix. Glaucophane, phengite and chlorite define a distinct foliation which bends 

towards the shear zone. Profile 2 contains clusters of coarse-grained chlorite, albite (4.5 ± 1.3 

vol.%) and relicts of fractured epidote (0.3 ± 0.3 vol.%). Calcite does not occur in the MZ in 

profile 1, but multiple and irregular ankerite-dolomite veins cross-cut the foliation in profile 2. 

Fractured garnets occur towards the BSZ. 

6.3. Whole rock chemistry 

Whole rock analyses were carried out for eight samples from each of profiles 1 and 2 (table 

3). Major element analyses for the GSZ, BSZ and MZ in each profile are described below and 

trace element analyses are discussed in section 6.3.2 about mass change (table 3). 

Uncertainties of the chemical concentrations have been calculated from the standard deviation 

of the average concentration of each zone.  

6.3.1 Major elements 

In profile 1 samples from the GSZ contain average concentrations of 50.0 ± 0.3 wt. % SiO2, 

16.8 ± 0.3 wt. % Al2O3, 8.6 ± 0.7 wt. % Fe2O3, 0.16 ± 0.02 wt. % MnO, 9.7 ± 0.3 wt. % MgO, 

9.2 ± 0.4 wt. % CaO, 3.7 ± 0.8 wt. % Na2O, 0.74 ± 0.1 wt. % K2O, 0.85 ± 0.03 wt. % TiO2, 

0.23 ± 0.05 wt. % P2O5 and 5.3 ± 1.6 wt. % LOI. Average major element concentrations are 

very similar in the BSZ with only K2O and LOI showing significant variations with values of 

2.4 ± 0.5 and 7.9 ± 1.7 wt. % respectively. The sample from the MZ contains considerably 

higher SiO2 (56.7 wt. %) and Na2O (5.45 wt. %) and lower Al2O3 (13.7 wt. %), CaO (1.2 wt. 

%), MnO (0.12 wt. %) and LOI (2.6 wt. %) compared to the GSZ and the BSZ.  

In profile 2 samples from GSZ contain average concentrations of 51.2 ± 1.4 wt. % SiO2, 17.9 

± 0.5 wt. % Al2O3, 7.6 ± 0.3 wt. % Fe2O3, 0.14 ± 0.03 wt. % MnO, 6.9 ± 0.5 wt. % MgO, 8.5 

± 0.6 wt. % CaO, 4.9 ± 0.6 wt. % Na2O, 1.2 ± 0.3 wt. % K2O, 1.5 ± 0.1 wt. % TiO2, 0.23 ± 

0.08 wt. % P2O5 and 7.5 ± 1.3 wt. % LOI. As with profile 1, the major differences in average 

major elemental concentration between the GSZ and BSZ are restricted to K2O and 

LOI,which increase in the BSZ to 3.3 ± 1.4 and 10.2 ± 3.8 wt. %.  The MZ sample in profile 2 

contains higher CaO (16.1 wt. %), MgO (8.0 wt.%), and LOI (15.1 wt.%) and lower SiO2 

(42.8 wt. %), P2O5 (1.6 wt. %) and Na2O (2.3 wt. %) than both the GSZ and BSZ. The MZ 

sample also contains K2O concentration of 3.7 wt. %, which is higher than average values in 

the GSZ but similar to the BSZ. 
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Table 3. Whole rock chemistry from XRF analyses including major and trace elements for profiles 1 and 2. 

  profile 1 

      

  profile 2 

       
domain MZ BSZ       GSZ     MZ BSZ   GSZ         

sample 0.05-1FB 0.2-1FB 0.3-1FB 0.4-1FB 0.5-1FB 0.7-1FB 0.9-1FB 1.2-1FB 0.1-2FB 0.2-2FB 0.25-2FB 0.3-2FB 0.4-2FB 0.4-2FB 0.6-2FB 0.9-2FB 

distance (m) 0.05 0.2 0.3 0.4 0.5 0.7 0.9 1.2 0.1 0.2 0.25 0.3 0.35 0.4 0.6 0.9 

major elements                                  

(in wt.%)     

  

    

 

        

     
SiO2 56.71 52.81 48.23 48.61 49.39 49.66 50.07 50.25 42.80 49.05 55.34 50.70 51.50 51.41 53.06 49.20 

Al2O3 13.66 16.30 15.64 16.17 16.70 16.95 17.07 16.45 15.88 16.31 15.72 17.87 18.13 17.65 17.23 18.67 

Fe2O3(tot)
1 10.17 9.54 8.85 8.31 8.10 8.27 8.17 9.42 8.11 7.98 8.27 7.83 7.71 7.39 7.15 7.98 

MnO 0.12 0.13 0.16 0.15 0.14 0.15 0.15 0.18 0.15 0.12 0.15 0.12 0.15 0.14 0.10 0.18 

MgO 9.65 9.74 10.47 9.46 9.18 9.37 9.63 10.00 7.99 7.42 7.50 7.32 6.46 6.38 6.79 7.34 

CaO 1.22 3.38 9.88 10.23 9.39 9.19 9.67 8.83 16.08 10.06 4.43 7.98 7.76 8.77 8.76 9.21 

Na2O 5.45 3.92 3.49 3.82 4.01 4.64 3.37 3.06 2.32 3.16 4.38 5.03 5.50 5.17 3.92 4.78 

K2O 1.98 3.12 2.27 2.18 2.03 0.63 0.81 0.77 3.72 4.34 2.31 1.24 1.02 1.39 1.51 0.81 

TiO2 0.84 0.82 0.77 0.82 0.85 0.85 0.87 0.82 1.32 1.41 1.68 1.67 1.50 1.38 1.40 1.59 

P2O5 0.20 0.25 0.25 0.27 0.20 0.29 0.19 0.22 1.62 0.15 0.22 0.23 0.27 0.32 0.10 0.25 

      

  

  

  

        

     
LOI (in wt.%)2 2.63 5.48 9.24 8.88 7.86 7.07 5.02 3.93 15.09 12.91 7.57 8.31 8.47 8.18 5.26 7.15 

                 1Fe2O3(tot) = total iron 

               2loss on ignition 
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Table 3 (continued) 

  profile 1 

      

  profile 2 

       
domain MZ BSZ       GSZ     MZ BSZ   GSZ         

sample 0.05-1FB 0.2-1FB 0.3-1FB 0.4-1FB 0.5-1FB 0.7-1FB 0.9-1FB 1.2-1FB 0.1-2FB 0.2-2FB 0.25-2FB 0.3-2FB 0.4-2FB 0.4-2FB 0.6-2FB 0.9-2FB 

distance (m) 0.05 0.2 0.3 0.4 0.5 0.7 0.9 1.2 0.1 0.2 0.25 0.3 0.35 0.4 0.6 0.9 

trace elements     

  

  

  

        

     
(in ppm)     

  

  

  

        

     V 246 215 200 206 213 218 221 216 194 208 227 234 210 218 238 238 

Rb 47 70 50 47 44 13 18 17 67 84 47 24 21 27 30 15 

Sr 13 73 214 233 226 230 251 230 84 42 54 247 244 264 366 308 

Zr 82 71 64 70 74 74 77 73 100 124 149 136 133 132 127 143 

Nb 7.4 6.3 5.8 6.5 6.9 7.7 7.2 6.8 11.1 13.7 16.3 15.3 14.1 12.6 13.9 15.3 

Cs 2.6 4.3 2.6 2.4 2.1 0.7 0.8 0.8 3.3 4.3 4 0.9 1.9 1.4 1.6 0.4 

Ba 415 593 425 420 400 133 195 191 820 715 366 269 173 213 280 189 

La 20.9 17.3 18.4 21.8 22 21.3 21.8 20.6 12.3 10.3 8.04 11.4 9.99 10.8 13.1 12.8 

Ce 46.2 36.6 38.8 45.4 46.2 44.7 46.8 43.9 27.6 24.8 26.8 28.1 24.7 27 32.2 32 

Pr 4.99 4.24 4.56 5.1 5.24 5.26 5.3 5.01 3.8 3.25 2.61 3.6 3.16 3.43 4.09 4.06 

Nd 19.7 16.8 18.3 20.6 21.2 21.1 21.8 20.7 17.3 14.1 11.4 16 13.8 15.1 18.1 18.1 

Sm 3.65 3.46 3.95 4.34 4.44 4.57 4.49 4.43 4.17 3.46 2.77 3.75 3.36 3.69 4.4 4.28 

Eu 0.917 0.894 1.15 1.23 1.3 1.35 1.26 1.31 1.35 1.12 0.872 1.34 1.14 1.18 1.5 1.4 

Gd 3.03 2.98 3.45 3.85 3.88 4.1 3.96 3.93 4.47 3.39 2.69 3.9 3.32 3.65 4.26 4.27 

Tb 0.43 0.43 0.54 0.58 0.56 0.61 0.57 0.61 0.78 0.6 0.44 0.69 0.65 0.64 0.67 0.75 

Dy 2.29 2.28 3.02 3.19 3.22 3.37 3.04 3.29 4.85 3.73 2.57 4.2 4.29 3.9 3.24 4.54 

Ho 0.44 0.44 0.57 0.62 0.64 0.64 0.58 0.63 0.98 0.73 0.52 0.81 0.87 0.76 0.6 0.88 

Er 1.22 1.2 1.52 1.66 1.75 1.77 1.65 1.71 2.82 2.1 1.45 2.24 2.43 2.12 1.54 2.42 

Tm 0.18 0.18 0.23 0.25 0.25 0.25 0.24 0.25 0.41 0.32 0.22 0.33 0.37 0.32 0.22 0.36 

Yb 1.24 1.23 1.45 1.6 1.63 1.6 1.62 1.6 2.75 2.17 1.5 2.24 2.39 2.02 1.4 2.35 

Lu 0.20 0.20 0.24 0.25 0.26 0.26 0.26 0.26 0.45 0.35 0.24 0.36 0.37 0.33 0.22 0.37 

Hf 1.5 1.4 1 1.3 1.3 1.4 1.4 1.3 1.8 2.2 2.8 2.3 2.3 2.4 2.2 2.5 

Ta 0.34 0.35 0.24 0.3 0.29 0.38 0.36 0.41 0.76 0.9 1.15 1.04 1.01 0.98 1.02 1.09 

Th 5.47 4.4 3.93 4.35 4.49 4.56 4.87 4.56 1.56 1.63 1.8 1.56 1.68 1.83 1.68 1.89 

U 1.56 1.48 0.92 1.1 1.13 1.11 1.19 1.2 1.05 1.08 0.93 0.43 0.6 0.54 0.52 0.47 
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Figure 6. (a) Isocon diagram for profile 1 which illustrates the isochemical behavior of the BSZ in 

comparison to the GSZ. All major elements with exception of K2O are plotted close to the 1:1 reference 

line.  (b) Isocon diagram for profile 2 which show that GSZ and BSZ are isochemical. All major elements 

are plotted close to the 1:1 reference line. (c) This isocon diagram of profile 1 illustrates that the 

metasomatic character of the MZ which has a lower LOI and is enriched in Na2O and depleted in CaO 

and MnO in comparison to the BSZ. (d) In profile 2 the isocon diagram shows that in comparison to the 

BSZ, CaO, P2O5 and K2O are more abundant while Na2O and SiO2 are depleted in the MZ. The MZ also 

show a very distinct increase in the LOI. 

The relative differences in chemical composition of the samples can be summarized using 

isocon diagrams, which show the relative mass changes during alteration (Grant, 1986). 

Figures 6a and 6b compare the average composition of GSZ and BSZ samples for profiles 1 

and 2. With the exception of K2O and LOI, all major elements plot very close to the 1:1 

reference line implying no change in composition between the GSZ and BSZ assuming 

constant volume. K2O and LOI plot above the 1:1 reference line for both profiles implying 

that these elements are enriched in the BSZ relative to the GSZ composition. In figure 6c and 

6d the average BSZ composition is plotted against the MZ sample for each profile. In profile 

1 SiO2 and Na2O are enriched and CaO, MnO and LOI depleted in the MZ sample in 

comparison to the BSZ (figure 6c).  Profile 2 shows different behaviour to profile 1. The MZ 

is enriched in CaO, P2O5 and LOI and depleted in SiO2 and Na2O (figure 6d). 
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Figure 7. Mass change of major and trace elements. Elements with negative values are depleted in 

comparison to the reference element Ti which is assumed to be immobile. Elements with positive values 

are enriched compared to Ti. (a) Major elements of profile 1. (b) Major elements of profile 2. (c) LILEs of 

profile 1. (d) LILEs of profile 2. (e) HFSEs of profile 1. (f) HFSEs of profile 2. (g) REEs of profile 1. (h) 

REEs of profile 2. 
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6.3.2 Mass change 

Concentration ratio diagrams along the profiles 1 and 2 illustrating the variations in major and 

trace elements are shown in figure 7. The major and trace elements have been normalized to 

Ti which is considered to be the least mobile element following the statistical approach of 

Ague and van Haren (1996). Normalizing to Ti eliminates primary composition variation and 

allows us to observe true mass changes during metamorphic and or metasomatic events. Mass 

balance calculations have been carried out following Ague (2003) and references therein. The 

precursor rock used is the mean value of the last 3 samples from the GSZ in each profile. 

These samples were assumed to be those least affected by any metasomatic overprint. The 

diagrams in figure 7 have been organized in terms of chemical affinity of the elements. 

Figures 7a and 7b display the mass change of the major elements (SiO2, Al2O3, Fe2O3, MnO, 

MgO and Na2O) and LOI which were discussed in section 6.3.1. 

The LILEs (K2O, Rb, Cs, Ca, Sr, Ba) generally show similar behavior in both profiles 1 and 2 

with K2O, Rb, Cs and Ba showing an increase in the concentrations close to the shear zone 

and Ca and Sr showing a decrease (figures 7c and 7d). The CaO variation in profile 2 is 

affected by abundant carbonate veining in the 3 samples closest to the shear zone leading to 

an increase in CaO. The HFSEs (V, Zr, Nb, Hf, Ta, Th, U) show limited mobility in both 

profiles (figures 7e and 7f).  Notable exceptions are U and to a lesser degree, Th, which are 

enriched in samples proximal to the shear zone showing behaviour similar to the LILE’s. The 

REEs show very similar distribution within each profile although some fractionation occurs 

close to the shear zone (figures 7g and 7h). In profile 1, the concentrations of the HREEs (Gd, 

Tb, Dy, Ho, Er, Tm, Yb, Lu) decrease close to the shear zone. The LREEs (La, Ce, Pr, Nd, 

Sm, Eu) also show this decrease but show progressively smaller decreases in concentration 

with decreasing atomic mass (figure 7g). The REEs show a different trend in profile 2 but 

also show some fractionation in the samples most proximal to the shear zone (figure 7h). No 

chemical differences are seen between GSZ and BSZ samples. 

6.4 Mineral chemistry 

EMPA data of epidote, chlorite, phengite, amphibole and garnet from representative samples 

from each zone and of each profile are listed in table 4. 

6.4.1 Epidote group minerals 

Epidote grains show slight pleochroism from colourless to pale yellow green and zonation 

which reflects variations in the Fe-concentration. Within the GSZ and BSZ, the cores of the 

zoned epidote grains are Fe depleted and Al enriched while the rims become progressively Fe 

enriched and Al depleted. The average fraction of clinozoisite for the epidote cores is Xcz = 

0.53 ± 0.17 and for the rims Xcz = 0.39 ± 0.09. In the BSZ epidote grains have a Xcz of 0.55 ± 

0.09. Overall, epidote from profiles 1 and 2 shows only little variation in elemental 

composition, but no specific trend could be observed.  
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Table 4. EMP data from amphibole, epidote, white mica, chlorite and garnet. Minerals from all different zones (GSZ, BSZ and MZ) have been considered. Ferric 

ion of glaucophane is calculated on the basis of 23 oxygen with Fe
2+

/Fe
3+

 estimation assuming 13 cations (Leake, 1978; Rock and Leake, 1984; Mogessie et al., 1990). 

Ferric ion of garnet is calculated on the basis of 12 oxygen.  

Domain MZ 

    

  BSZ 

          

  

Mineral glaucophane   epidote white mica chlorite glaucophane glaucophane/actinolite epidote     white mica chlorite garnet   

sample no. 0.05-1FB   0.1-2FB 0.05-1FB 0.05-1FB 0.25-2FB 0.5-1FB     0.25-2FB   0.5-1FB 0.25-2FB 0.25-2FB 

Comment core rim 1 rim 2       core rim 1 core rim 1 rim 2 core rim 1 rim 2     core rim 1 

 

                  

 

    

 

      

 

  

SiO2 58.05 58.13 58.06 38.40 50.59 28.31 59.49 59.00 58.30 55.38 55.66 39.08 38.21 38.35 51.74 28.10 38.00 38.21 

TiO2 0.03 0.07 0.00 0.09 0.21 0.00 0.04 0.03 0.02 0.00 0.00 0.17 0.02 0.05 0.04 0.06 0.09 0.14 

Al2O3 11.52 10.53 9.95 26.92 29.57 20.36 12.15 10.88 10.92 2.16 1.56 28.48 25.37 24.79 27.06 20.20 20.89 20.83 

Fe2O3 2.12 4.52 4.76 7.81 - - 2.95 3.71 3.57 3.00 3.47 5.41 9.22 9.92 - - 0.00 0.23 

FeO 5.47 5.73 7.67 - 1.57 18.47 5.11 7.99 6.16 6.77 5.99 - - - 1.77 21.43 25.06 27.45 

Cr2O3 0.07 0.06 0.06 0.02 0.06 0.09 0.01 0.01 0.01 0.02 0.05 0.03 0.03 0.01 0.09 0.01 0.03 0.01 

MgO 12.35 11.09 10.14 0.03 3.62 20.75 11.72 9.80 10.88 17.54 17.84 0.09 0.00 0.00 3.92 18.81 1.48 1.86 

MnO 0.04 0.20 0.13 0.02 0.03 0.35 0.03 0.20 0.14 0.35 0.23 0.03 0.30 0.28 0.03 0.52 6.85 4.69 

CaO 1.83 0.56 0.33 23.24 0.00 0.04 0.86 0.17 0.43 10.92 10.62 23.94 23.66 23.26 0.07 0.00 7.66 7.94 

Na2O 6.62 6.97 7.23 0.04 0.62 0.00 6.72 7.13 6.97 1.49 1.44 0.09 0.36 0.04 0.46 0.01 0.03 0.06 

K2O 0.04 0.02 0.04 0.02 9.41 0.04 0.03 0.01 0.08 0.11 0.08 0.00 0.20 0.03 10.35 0.03 0.02 0.02 

Total 98.15 97.87 98.36 96.58 95.68 88.40 99.11 98.93 97.48 97.74 96.95 97.32 97.37 96.73 95.52 89.18 100.11 101.44 

 

                  

 

    

 

      

 

  

Si 7.83 7.91 7.94 2.92 3.33 2.84 7.91 7.98 7.95 7.80 7.87 3.09 3.02 3.03 3.43 2.84 6.08 6.04 

Ti 0.00 0.01 0.00 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.01 0.01 0.02 

Al(IV) 0.17 0.09 0.06 0.08 0.66 1.16 0.09 0.02 0.05 0.20 0.13 0.00 0.00 0.00 0.57 1.16 0.00 0.00 

Al(VI) 1.67 1.60 1.54 2.34 1.63 1.30 1.81 1.72 1.70 0.16 0.13 2.65 2.36 2.31 1.55 1.31 3.94 3.88 

Fe3+ 0.22 0.46 0.49 0.50 - - 0.29 0.38 0.37 0.32 0.37 0.36 0.61 0.66 - - 0.00 0.03 

Fe2+ 0.62 0.65 0.88 - 0.09 1.55 0.57 0.90 0.70 0.80 0.71 - - - 0.10 1.81 3.36 3.60 

Cr 0.01 0.01 0.01 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.01 0.00 0.00 0.00 

Mg 2.48 2.25 2.07 0.00 0.36 3.11 2.32 1.98 2.21 3.68 3.76 0.01 0.00 0.00 0.39 2.84 0.35 0.44 

Mn 0.00 0.02 0.02 0.00 0.00 0.03 0.00 0.02 0.02 0.04 0.03 0.00 0.02 0.02 0.00 0.05 0.93 0.63 

Ca 0.26 0.08 0.05 1.90 0.00 0.00 0.12 0.02 0.06 1.65 1.61 2.03 2.00 1.97 0.01 0.00 1.31 1.35 

Na 1.73 1.84 1.92 0.01 0.08 0.00 1.73 1.87 1.84 0.41 0.39 0.01 0.05 0.01 0.06 0.00 0.01 0.02 

K 0.01 0.00 0.01 0.00 0.79 0.01 0.01 0.00 0.01 0.02 0.01 0.00 0.02 0.00 0.88 0.00 0.01 0.01 

Total 15.00 14.92 14.97 7.75 6.95 10.00 14.86 14.90 14.92 15.08 15.02 8.16 8.09 7.99 6.98 10.01 16.00 16.00 
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Table 4 (continued) 

Domain GSZ 

          

Mineral glaucophane/actinolite glaucophane/actinolite   epidote   

white 

mica chlorite 

sample 

no. 1.2-1FB   0.9-1FB     0.4-2FB   1.2-1FB 0.4-2FB 

Comment core rim 1 core rim 1 rim 2 rim 3 core rim 1 rim 2     

 

      

  

    

 

      

SiO2 55.11 57.26 58.15 58.07 58.04 55.81 39.14 38.60 38.19 51.41 28.58 

TiO2 0.09 0.03 0.01 0.00 0.00 0.06 0.13 0.10 0.12 0.25 0.04 

Al2O3 6.12 1.03 11.28 10.69 10.40 1.04 29.01 27.48 25.53 29.41 19.69 

Fe2O3 2.62 0.45 3.05 4.57 4.88 1.97 4.95 6.42 9.17 - - 

FeO 5.06 8.11 3.95 6.43 6.27 6.64 - - - 1.67 19.96 

Cr2O3 0.07 0.03 0.13 0.11 0.18 0.19 0.01 0.12 0.01 0.10 0.06 

MgO 17.17 18.28 11.59 10.07 9.82 18.14 0.00 0.01 0.00 3.52 20.47 

MnO 0.11 0.36 0.09 0.11 0.08 0.18 0.03 0.14 0.31 0.03 0.22 

CaO 9.61 12.05 0.93 0.62 0.51 11.27 24.35 23.80 23.57 0.00 0.11 

Na2O 2.49 0.69 5.85 6.22 5.91 0.99 0.04 0.03 0.10 0.40 0.08 

K2O 0.10 0.07 0.03 0.01 0.02 0.05 0.03 0.01 0.08 9.58 0.01 

Total 98.55 98.37 95.06 96.90 96.10 96.34 97.68 96.70 97.07 96.36 89.21 

 

      

  

    

 

      

Si 7.59 7.99 8.00 7.97 8.02 7.93 3.08 3.04 3.01 3.36 2.86 

Ti 0.01 0.00 0.00 0.00 0.00 0.01 0.01 0.01 0.01 0.01 0.00 

Al(IV) 0.41 0.01 0.00 0.03 0.00 0.07 0.00 0.00 0.00 0.63 1.14 

Al(VI) 0.59 0.16 1.83 1.70 1.69 0.11 2.69 2.55 2.37 1.63 1.24 

Fe3+ 0.27 0.05 0.32 0.47 0.51 0.21 0.33 0.42 0.60 - - 

Fe2+ 0.58 0.95 0.45 0.74 0.72 0.79 - - - 0.09 1.67 

Cr 0.01 0.00 0.01 0.01 0.02 0.02 0.00 0.01 0.00 0.01 0.01 

Mg 3.53 3.80 2.38 2.06 2.02 3.84 0.00 0.00 0.00 0.34 3.06 

Mn 0.01 0.04 0.01 0.01 0.01 0.02 0.00 0.01 0.02 0.00 0.02 

Ca 1.42 1.80 0.14 0.09 0.07 1.72 2.05 2.01 1.99 0.00 0.01 

Na 0.67 0.19 1.56 1.66 1.58 0.27 0.01 0.00 0.02 0.05 0.02 

K 0.02 0.01 0.01 0.00 0.00 0.01 0.00 0.00 0.01 0.80 0.00 

Total 15.10 15.00 14.70 14.75 14.66 15.00 8.17 8.04 8.01 6.92 10.03 

 

Its composition corresponds to the formula: Ca2.0(Fe0.4-0.6Al2.3-2.6)(Si3.0O12)(OH). This formula 

is consistent with the chemical formula of epidote grains from HP-LT rocks in 200 m distance 

to the locality at Fabrika Beach (Ca2.0(Fe0.6Al2.4)(Si3.0O12)(OH) with Xcz = 0.38 ± 0.01). 

6.4.2 Chlorite 

As with epidote, the composition of chlorite shows little variation in profiles 1 and 2. Its 

composition corresponds to the formula: (Fe1.5-1.7Mg3.0-3.2Al1.3)(Si2.8Al1.1)O10(OH)8 with Si 

(a.p.f.u.) = 2.86 ± 0.05 and XMg (Mg/(Fe+Mg)) = 0.66 ± 0.05. Only chlorite from profile 2 

from the MZ differs in its Fe content from the rest (Fe2.2Mg2.5-2.6Al1.2)(Si2.8-2.9Al1.1-

1.2)O10(OH)8). This chlorite (Si a.p.f.u. = 2.84 ± 0.03 and XMg = 0.54 ± 0.05) appears in 

clusters together with albite and is not involved in the fine grained matrix of glaucophane and 

phengite. 

6.4.3 Albite 

The composition of plagioclase is albitic (Ab99) throughout the two profiles. This is as 

expected for greenschist and blueschist facies P-T conditions (e.g. Evans, 1990; Spear, 1993).  
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Figure 8. (a) Classification of the chemistry of white mica from the three zones, GSZ, BSZ and MZ. There 

is no big variation in composition. Most of the white micas are plotted in the area with chemistry similar 

to muscovite and phengite. (b) Ternary diagram showing the distribution of the fractions of the micas 

muscovite (Xmu), celadonite (Xcel), paragonite (Xpa) and pyrophyllite (Xprl). Nearly all micas are plotted in 

the corner of the K-bearing micas. 

6.4.4 White mica 

The composition of white mica in the samples from the two profiles has been classified as 

phengitic. As with epidote, chlorite and albite, phengite composition shows only little 

variation in elemental composition throughout the different zones. Si (a.p.f.u.) ranges from 

3.06 to 3.49 and Mg + Fetot (a.p.f.u.) ranges from 0.16 to 0.73 (figure 8a). The distribution of 

the fractions of pyrophyllite (Xprl), muscovite (Xmu), celadonite (Xcel) and paragonite (Xprg) 

are displayed in figure 8b. 

6.4.5 Amphibole 

The elemental composition of glaucophane varies between the GSZ, BSZ and MZ (figure 9). 

The GSZ is dominated by the zonation of glaucophane with Na and Al enriched cores and Ca, 

Fe and Mg enriched rims. Actinolite also occurs in the GSZ replacing glaucophane at its rims. 

The cores, have an average XMg (Mg/(Mg + Fe
2+

)) of 0.82 ± 0.03 and an average XAl 

(Al/(Al+Fe
3+

)) of 0.85 ± 0.07. For the rims the average XMg is 0.77 ± 0.07 and the average XAl 

is 0.72 ± 0.16. In the BSZ, the amphibole is dominantly glaucophane. Zonation of 

glaucophane grains occurs with Ca and Mg enriched cores and Fe and Na enriched rims, but 

also in form of Na and Al enriched cores with Ca and Mg enriched rims. The cores have a 

XMg of 0.81 ± 0.02 and a XAl of 0.80 ± 0.14. For the rims XMg = 0.80 ± 0.10 and XAl = 0.67 ± 

0.16 were obtained. In the MZ, the Na-bearing amphibole glaucophane dominates. The cores 

of these zoned glaucophane grains are enriched in Ca, while the rims become more and more 

Na enriched and Ca depleted. For the cores the average of XMg is 0.74 ± 0.12 and of XAl is 

0.81 ± 0.23. The rims have an average XMg of 0.70 ± 0.07 and XAl of 0.78 ± 0.04. 
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Figure 9. Classification of the chemistry of the amphiboles from MZ, BSZ and GSZ. The dominant 

amphibole in the MZ and BSZ is glaucophane, but also actinolite occurs in the BSZ. The dominant 

amphibole in the GSZ is actinolite and/or tremolite, but relicts of glaucophane are still present. 

6.4.6 Garnet 

Garnet relicts occur within all three zones. The grains are partly replaced by chlorite which 

grows pseudomorphic after the former garnet. The composition of the garnets is close to the 

one of almandine (Xalmandine = 0.61 ± 0.03; Xgrossular = 0.23 ± 0.01; Xpyrope = 0.09 ± 0.03; 

Xspessartine = 0.07 ± 0.06). The grains are slightly zoned. The content of Mn decreases towards 

the rims, while Mg and Fe increase towards the rims of the garnets. 

6.5 Reaction textures 

We observe successive replacement of the HP-LT mineral assemblage glaucophane and white 

mica by greenschist facies minerals such as albite, chlorite, epidote and actinolite within the 

BSZ but mainly in the GSZ. Only skeletal white mica and glaucophane remain in GSZ 

samples (figures 10a and 10d). Albite and epidote start to surround and to coat the 

glaucophane relicts (figures 10b and 10d). White mica seems to be abrogated along its 

cleavage by albite (figure 10a). Chlorite forms intergrowths with and replaces white mica at 

its edges and along its cleavage (Figure 10e). In the GSZ, we also observe the growth of 

actinolite at the rims of glaucophane which clearly shows that greenschist facies minerals 

replace a blueschist facies mineral assemblage (figure 10f). Strongly fractured garnets occur 

within the BSZ and the MZ. Chlorite forms pseudomorphs after garnet while replacing it 

(figure 10h). In addition to the replacement of HP-LT minerals by greenschist facies minerals 

we observe that glaucophane is partly replaced by white mica and calcite in the BSZ (figures 

10c and 10g). 
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Figure 10. Microphotographs of rocks from the GSZ and BSZ. (a) Replacement of white mica and 

glaucophane by albite with crossed polarized light (XPL). (b) Replacement of glaucophane by epidote and 

albite with crossed polarized light. (c) Replacement of glaucophane by white mica (XPL). (d) Replacement 

of glaucophane by chlorite and albite (XPL). (e) Replacement of white mica by chlorite (XPL). (f) EMP 

image of glaucophane which start to become replaced by actinolite at its rims. (g) Replacement of 

glaucophane by calcite. (h) Pseudomorphic replacement of garnet by chlorite. ab = albite; wh = white 

mica; gl = glaucophane; ep = epidote; chl = chlorite; act = actinolite; cc = calcite; grt = garnet. 
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Figure 11. Microphotographs of rocks from the MZ. (a) Replacement of epidote by a Na-K bearing phase 

with plane polarized light (PL). (b) Same as (a) but with cross polarized light (XPL). (c) Replacement of 

glaucophane by white mica (XPL). (d) Replacement of white mica by glaucophane (XPL). (e) Replacement 

of chlorite by glaucophane (PL). wh = white mica; gl = glaucophane; ep = epidote; chl = chlorite. 

The MZ is characterized by a number of replacement textures of the former blueschist facies 

minerals caused by a metasomatic overprint. In the MZ only skeletal epidote remains, and is 

surrounded by very fine grained Na-K-bearing phase, chemically close to a mica or clay 

mineral (figures 11a and 11b). The optical properties of this phase are similar to white mica 

and its chemical composition is intermediate between pyrophyllite and celadonite with small 

amounts of paragonite and trioctahedral mica. We cannot prove if this is a solid solution or 

fine interstratification. Glaucophane replaces chlorite and white mica (figures 11c and 11d).  

7. Discussion 

7.1 Does the BSZ have a blueschist facies mineral assemblage? 

A typical blueschist mineral assemblage of a mafic rock consists of glaucophane (sodic 

amphibole) + zoisite (epidote and clinozoisite) + phengite + paragonite + chlorite ± Mg-

chloritoid ± quartz ± garnet (Bucher and Frey, 2002 and references therein). Talc, kyanite, 

rutile and ankerite can occur among other accessory minerals. The BSZ at Fabrika Beach 

contains glaucophane + white mica + chlorite + calcite ± epidote ± garnet after disregarding 

the metasomatic and greenschist overprint. Despite the fact that the modal abundance of 

epidote is very low in our samples, mineral modes for these samples are similar to mineral 

modes for blueschist facies rocks obtained by Miller et al. (2009) from the north-western side 



50 

 

of Syros. The mineral assemblage is also consistent with mineral modes of rocks from Sifnos 

(Schliestedt and Matthews, 1987) and Tinos (Bröcker, 1990) which are part of the same 

lithological unit. 

7.2 Does the GSZ have a greenschist facies mineral assemblage? 

A characteristic greenschist mineral assemblage of a mafic rock consists of actinolite + 

chlorite + epidote + albite ± quartz (Bucher and Frey, 2002 and references therein). The GSZ 

at Fabrika Beach contains chlorite + epidote + albite + actinolite. Glaucophane is retrogressed 

at its rims to actinolite. Mineral modes obtained from Tinos (Bröcker, 1990) and Sifnos 

(Schliestedt and Matthews, 1987) are similar to those we obtained from the GSZ in terms of 

the mineral mode of chlorite, epidote and albite. Sporadic occurrences of glaucophane grains 

were assumed to be relics of the former blueschist facies mineral assemblage. 

7.3 Reactions 

7.3.1 Carbonation of HP-LT rocks 

Bröcker (1990) reports calcite abundances in the CBU on Tinos. While the CBU shows high 

modes of calcite the retrogressed greenschist units show low modes. Samples retrogressed to 

greenschist facies from Komito (SW Syros) investigated in this study also show low 

abundance of calcite. As described above, the HP-LT rocks at Fabrika contain high calcite 

modes but rocks which have been retrogressed to greenschist facies show a similarly low 

abundance of carbonates to those reported by Bröcker (1990) and observed at Komito. 

Furthermore, HP-LT rocks in the Fabrika area but distal from the shear zone show variable 

carbonation with some rocks containing very high calcite modes. In these rocks, calcite 

replaces glaucophane, white mica and epidote (figures 12a and 12b).  

 

Figure 12. Microphotographs of rocks from blueschist facies rocks within a 150 m distance of the shear 

zone. (a) Replacement of glaucophane by calcite (XPL). (b) Replacement of phengite by calcite (XPL). cc = 

calcite; gl = glaucophane; wh = white mica. 

These textures observed within carbonated HP-LT rocks distal from the GSZ imply that an 

early carbonation must have occurred before the infiltration of retrograde fluids during the 

greenschist metamorphic overprint.  
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7.3.2 The greenschist metamorphic overprint 

Mineral modes and petrographic analyses of the two profiles show a clear blueschist to 

greenschist transition (profile 1: from approx. 0.6 m; profile 2: from approx. 0.3 m) with a 

blueschist mineral assemblage (glaucophane + phengite + calcite ± epidote ± garnet) in the 

BSZ and a greenschist mineral assemblage (epidote + chlorite + albite + actinolite) in the 

GSZ. The reaction textures coupled with point-counting and XRF data imply that the 

blueschist mineral assemblage is replaced by a greenschist mineral assemblage in the GSZ. 

This could have occurred by the following coupled hydration and decarbonation reactions: 

(1) glaucophane + white mica + calcite + H2O = clinozoisite + chlorite + albite + CO2  

(2) glaucophane + white mica + calcite + H2O = tremolite + chlorite + albite + CO2 

Reactions (1) and (2) have been obtained by using THERMOCALC and with mineral 

activities calculated using AX. These reactions are classical blueschist to greenschist facies 

transition which are consistent with the exhumation history of the CBU of Syros (Trotet et al., 

2001a). These reactions are close to those discussed by Evans (1990) but include white mica.  

7.3.3 The metasomatic overprint 

The MZ and possibly the BSZ have been affected by metasomatism. For clarity this 

discussion is focused on profile 1 which provides an excellent alteration zonation, rather than 

profile 2 that is obscured by extensive carbonate veining.   

The MZ is enriched in Na and Si (figure 7a) relative to both the GSZ and the BSZ (figure 7a), 

which can be linked to the high modes of glaucophane (figure 4). The MZ shows low 

carbonate modes and is also depleted in CaO and Sr (figure 7c). 

The MZ and BSZ show high concentrations of K, Rb, Ba and Cs (figure 7c). These elements 

are hosted in white mica (phengite) and glaucophane, which show high modes in the MZ and 

BSZ samples (figure 4). The BSZ samples also show high modes of carbonate with 

concomitant increases in LOI values (figures 4 and 7a). The high concentrations of K, Rb, Ba 

and Cs in the MZ and BSZ compared to the GSZ can be explained either by 1) a K-

metasomatic event that caused precipitation of phengite and enrichment in these elements in 

the blueschist rocks close to the fault, or 2) that the blueschist rocks originally had higher 

concentrations of K, Rb, Ba and Cs and these elements were removed during the greenschist 

facies overprint. White mica appears to replace glaucophane in the BSZ, perhaps indicating 

that a K-metasomatic event affected the blueschist facies rocks (figure 10c). However, similar 

high concentrations in K, Rb, Ba and Cs have been also observed in the same blueschist units 

on Sifnos (Schliestedt and Matthews, 1987) and Tinos (Bröcker, 1990) while greenschist 

rocks show generally slightly lower values, especially on Tinos, indicating that these elements 

may be mobilized during greenschist facies overprinting. We have insufficient evidence to 

state with any confidence whether the higher concentrations of K, Rb, Ba and Cs represent a 

localized metasomatic event or a more regional scale depletion during greenschist facies 

overprinting.  
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The timing of metasomatism can be constrained to some degree by the mineral reactions 

observed in thin section. In the MZ white mica is being replaced by glaucophane (figure 11d) 

and these rocks contain no carbonate and are depleted in CaO and Sr indicating that the Na-

metasomatism occurred after both carbonation and precipitation of phengite. 

Based on the mineral textures we suggest the following sequence of events: 

1) Blueschist with high K, Rb, Ba and Cs concentrations is either related to the source 

composition or caused by localized K-metasomatism and phengite precipitation.  

2) The blueschist is also carbonated (see section 7.3.1). Timing of carbonation cannot be 

established with any certainty.  

3) The MZ zone undergoes Na-metasomatic event where glaucophane replaces white 

mica causing increases in Na and Si and carbonate is removed by the fluid causing 

decreases in LOI, Ca and Sr.  

In summary, metasomatism can explain higher modes of glaucophane and hence metasomatic 

preservation of blueschist in the MZ. Metasomatism could possibly explain variable modes of 

phengite and epidote in the BSZ. However, metasomatism cannot alone explain preservation 

of blueschist within the BSZ and this requires further consideration.  

7.4 Viability of proposed preservation mechanisms 

HP-LT rocks are commonly intensely overprinted by LP mineral assemblages, usually at 

greenschist or amphibolites facies conditions. Some HP-LT minerals, e.g. glaucophane, are 

only stable at high pressure and are relatively quickly replaced by minerals stable at low 

pressures and temperatures (Bucher and Frey, 2002; Winter, 2001 and references therein). 

Several models have been suggested to explain preservation of HP-LT mineral assemblages.  

Matthews and Schliestedt (1984) and Parra et al. (2002) proposed that on a regional scale, 

limited fluid availability is essential for the preservation of blueschist facies rocks. They 

discussed in detail how impermeable rock layers and the lack of potential fluid pathways (e.g. 

shear zones) inhibit retrograde fluid infiltration. The opposite situation is observed at Fabrika 

Beach. Here, preservation of blueschist facies rocks occurs alongside a normal shear zone 

which has served as a fluid pathway. Therefore, the regional mechanisms of Matthews and 

Schliestedt (1984) and Parra et al. (2002) to preserve HP rocks cannot be applied to explain 

preservation of blueschist facies minerals alongside the normal shear zone at Fabrika Beach. 

There is, however, some evidence for preservation of HP-LT rocks due to the capping effect 

of impermeable garnet-mica quartzite layers in some distance to the normal shear zone (figure 

2). 

Several authors have argued that local coexistence of blueschist and greenschist in the same 

rock unit with no tectonic contact can be explained by differences in permeability and bulk 

composition (Bröcker, 1990; Barrientos and Selverstone, 1993; Baziotis et al., 2008; 

Brovarone et al., 2011). Differences in bulk composition cannot explain preservation of 

blueschist facies minerals within the BSZ at Fabrika Beach. It is evident from our whole rock 

XRF data that rock samples from the BSZ and GSZ are chemically similar. Differences 

between rocks within these two zones and the MZ close to the shear zone can, however, are 
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attributed to metasomatism which has also been observed at other localities (e.g. Beinlich et 

al., 2010). 

Breeding et al. (2003) pointed out that HP-LT minerals were locally preserved in regions 

adjacent to less permeable lithologies, where fluid fluxes were smaller. This model might 

explain the local preservation of eclogite pods underneath the garnet-mica quartzite unit at 

Fabrika Beach and the blueschist halos around epidote veins within the greenschist facies 

rocks (figure 3c). However, an increase in intensity of foliation towards the shear zone (figure 

3b) coupled with the development of a metasomatic front which emanates from the shear zone 

imply high fluid flux rates centered on the shear zone alongside where blueschist mineral 

assemblages are preserved. 

Zack and John (2007) reported eclogite veins in blueschist facies rocks from Tianshan, NW 

China. They present compelling evidence that these veins were formed by prograde 

dehydration. Transferring this idea to Fabrika Beach, we could envisage prograde dehydration 

of greenschist facies rocks to produce blueschist facies minerals close to the shear zone. 

However, we can exclude this mode of formation, because we observe textural evidence for 

replacement of blueschist facies minerals by greenschist facies minerals, e.g. rimming of 

glaucophane by actinolite (figure 10f). 

Beinlich et al. (2010) proposed that HP-LT facies minerals can be produced by 

metasomatism. This is clearly true for the MZ, where glaucophane is produced because of 

addition of Na2O and SiO2. However, metasomatism cannot account for the occurrence of 

blueschist facies minerals in the BSZ. This is because of the aforementioned textural 

evidence, which clearly shows that blueschist facies minerals were replaced by greenschist 

facies minerals, and we find no evidence of a compositional difference between the BSZ and 

GSZ (figures 6a and 6b). 

The same textural evidence for blueschist preservation can be used to argue that blueschist 

facies minerals were not produced by carbonation of existing greenschist facies rocks by e.g. 

reactions (1) and (2).  

In summary, mechanisms which are discussed in the literature can only partly explain the 

occurrence of blueschist facies minerals adjacent to the shear zone at Fabrika Beach. 

Production of glaucophane schist in the MZ can at least partly be explained by metasomatism 

as described by Beinlich et al. (2010). However, based on textural evidence of the 

replacement of glaucophane and white mica in the GSZ (figure 10), we can conclude that the 

blueschist facies mineral assemblage in the BSZ predates the greenschist facies mineral 

assemblage in the GSZ. We propose the following model to explain preservation of a 

blueschist facies mineral assemblage in the BSZ at this locality.  

7.5 How is the HP-LT mineral assemblage preserved? 

In our model, we consider a reaction front at which carbonated blueschist is replaced by 

hydrated greenschist. This reaction front propagates upwards and therefore down-temperature 

driven by pervasive infiltration of a hydrous fluid (XCO2  0) from below and widens because 

of kinetic and diffusive broadening. This regional-scale geometry is supported by the 
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structural succession observed on SE Syros with hydrated greenschist facies rocks underlying 

carbonated blueschist facies rocks (figure 1b; Trotet et al. 2001a). 

 

Figure 13. T-XCO2 diagram calculated by THERMOCALC (at 8.6 kbars) using mineral and bulk 

chemistry from our analyses. Reactions 3 and 6 are driven by infiltration of H2O with starting 

mineralogy: glaucophane + paragonite + calcite. Reactions 2 and 5 will not occur because the starting 

assemblage lacks tremolite. Reaction 4 will not occur, because paragonite or calcite (not glaucophane) is 

exhausted by reaction 6. tr = tremolite; clin = clinochlore; ab = albite; gl = glaucophane; cz = clinozoisite; 

pa = paragonite; cc = calcite. 

Both textural and modal evidence suggest that carbonated blueschist was converted to 

hydrated greenschist by reactions (1) and (2). These reactions were found to emanate from the 

quartz-absent invariant point on a T-XCO2 diagram for the system NKCFMASH+CO2 

constructed for real mineral compositions and by assuming that the only fluid components 

were H2O and CO2, using the computer programs AX and THERMOCALC (Holland and 

Powell, 1998) (figure 13). The T-XCO2 diagram is calculated at 8.6 kbars. If the pressure 

decreases the invariant point moves to lower XCO2 but its topology remains the same. 

In the first stage of our model (stage 1, figure 14), the reaction front zone has been broadened 

so as to span a temperature range from T = T1 to T = T2 where T1 > T2. This zone has reached 

the base of the brittle-ductile transition at which the temperature T = T2. On entering the 

brittle-ductile transition, fluid flow switches gradually from pervasive to channeled, with 

higher fluid fluxes along pathways of higher permeability, e.g. faults and shear zones. Fluid 

flow is deflected towards these pathways. Upstream of the reaction front zone, fluid flow is 

pervasive and XCO2  0. Within the reaction front zone, fluid flow is pervasive and XCO2 is 

buffered by coexisting reactant (blueschist facies) and product (greenschist facies) minerals. 

XCO2 ranges from XCO2.1 at T1 to XCO2.2 at T2 (see inset A, figure 14). Downstream of the 
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reaction front zone, fluid flow becomes channeled towards and along high permeability 

pathways and XCO2 = XCO2.2. 

 

Figure 14. Illustration of the mechanism which preserved HP-LT rocks adjacent to the shear zone. Stage 

1: During retrograde metamorphism an H2O-rich fluid infiltrated the carbonated blueschist rock from 

below. This fluid caused a reaction front to propagate into the overlying blueschist at which its blueschist 

mineral assemblage was replaced by a greenschist mineral assemblage (see reactions 1 and 2). Stage 2: 

Upwards-flowing fluid passing through the reaction front is buffered to higher XCO2 by the reactions 1 and 

2 (Inset A). This fluid travels faster along shear zones and faults. Stage 3: Along these pathways, the fluid 

flux rate accelerates relative to the reaction rate (because fluid flow becomes more channeled), so that 

fluid chemistry is unable to keep up with the position of the reaction equilibria as the temperature falls. In 

this situation, XCO2 would be elevated relative to that which is in equilibrium with reactants and products 

at lower temperature (Inset B). This renders blueschist minerals stable relative to greenschist minerals. 

Note that this mechanism is limited to the occurrence of carbonate minerals in the HP-LT mineral 

assemblage. 

In the second stage of our model (stage 2, figure 14), the reaction front zone has propagated 

upwards and down-temperature so as to span a temperature range from T = T2 to T = T3 

where T2 > T3. The reaction front zone is now within the brittle-ductile transition. Upstream 

of the reaction front zone, fluid flow is pervasive and XCO2  0. Within the reaction front 

zone, fluid flow becomes channeled towards and along high permeability pathways and XCO2 

is buffered by coexisting reactant and product minerals. Far from these pathways, XCO2 ranges 

from XCO2.2 at T2 to XCO2.3 at T3 (see path 1, inset B, figure 14). Along these pathways, we 

consider the situation which would arise if the fluid flux rate accelerates relative to the 

reaction rate (because fluid flow becomes more channelized), so that fluid with XCO2 buffered 
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by coexisting reactant and product minerals at higher temperatures upstream reached rocks 

further downstream fast enough to be out of equilibrium with coexisting reactant and product 

minerals at lower temperature. In this situation, XCO2 would be elevated relative to that which 

is in equilibrium with reactants and products at lower temperature. This renders blueschist 

minerals stable relative to greenschist minerals (see path 2, inset B, figure 14). 

In the third stage of our model (stage 3, figure 14), blueschist minerals are stabilized relative 

to greenschist minerals close to pathways of high permeability, e.g. faults and shear zones. 

This will only occur if the fluid flux rate accelerates relative to the reaction rate, so that fluid 

buffered by the reaction upstream flows downstream so fast that it can no longer remain in 

equilibrium with coexisting reactant and product minerals within the reaction zone. This 

model could explain preservation of blueschist facies minerals at Fabrika Beach. Its 

application is however limited to preservation of blueschist facies rocks which contain 

carbonate minerals, where preservation occurs within the brittle-ductile transition where fluid 

flow switches from pervasive to channeled. 

7.6 P-T conditions of the blueschist to greenschist transition 

The P-T conditions of the blueschist to greenschist reactions reported here (approximately 

400°C - 9 kbar) are not precisely constrained. They are however consistent with the P-T paths 

determined for the rocks of Syros in which the HP-LT assemblages have been well preserved 

(Trotet et al., 2001a; Schumacher et al., 2008). They correspond to a thermal gradient of 

9°C/km. Such a value is too cold for a continental geotherm (Ranalli, 1995) and indicates a 

subduction zone environment. 

With such thermal conditions, the brittle-ductile transition is deeper and warmer than in a 

continental crust at thermal equilibrium. It is also close to the blueschist-greenschist transition 

as already pointed out by Trotet et al. (2001b). The processes studied in this paper are 

therefore likely to have occurred early in the history of the CBU, before their exhumation in 

the Metamorphic Core Complex. 

8. Conclusion 

We conclude that: 

(1) Preservation of blueschist facies assemblages at greenschist facies conditions occurred 

along a shear zone on Syros in the Cyclades of southern Greece. 

(2) Blueschist preservation is caused by a combination of metasomatic addition of SiO2 and 

Na2O and elevated XCO2 which is maintained by high fluxes of a CO2-bearing, hydrous fluid 

along a shear zone. 

(3) The proposed mechanism for blueschist preservation is dependent upon the occurrence of 

carbonate minerals in the HP-LT mineral assemblage. 
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