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Abstract 

 

The Western Vardar ophiolite crops out along the entire Balkan Peninsula. In 

northeast Albania near Bajram Curri, the Jurassic plate interface reveals a 

metamorphic sole below peridotites of the Mirdita Ophiolite. There, I mapped an area 

of around 35 km2 along the southeast-dipping fossil plate interface and performed 

various micro-scale analyses such as polarisation microscopy, Raman-spectrometry, 

Raster-electron microscopy and Micro-x-ray fluorescence on metamorphic sole as well 

as mantle lithologies. Three major units are distinguishable. The mantle harzburgites 

overthrust a tectonic mélange which itself can be separated into a non-metamorphic 

broken formation and a metamorphic sole. The metamorphic sole itself was accreted 

at a lower structural level than the broken formation and later emplaced on top of it. 

The tectonic mélange is tightly folded with fold axes plunging gently towards NNW or 

NNE. The metamorphic sole shows an inverse metamorphic field gradient up to 

greenschist-facies conditions near Bajram Curri and granulite-facies conditions near 

Shkelzen. Granulite-facies conditions are preserved as relictic blasts with albite, 

margarite & muscovite as pseudomorphs after feldspar; as well as garnet and 

monazite. S-c’-fabrics in calcschists show top to the west shear sense direction, 

suggesting westward emplacement of the overlying ophiolites. All lithologies in the 

metamorphic sole are characterised by a later lower-greenschist-facies overprint, 

evolving from dynamic to static recrystallisation. Stilpnomelane, quartz and white mica 

form a typical mineral assemblage giving temperatures between 280°-450°C and 

pressures between 4.3-5.5 kbar. Right above the southeast-dipping plate interface, 

foliated upper plate harzburgites with southeast dips crop out. Mylonitic layers preserve 

a mineral assemblage with major olivine and minor orthopyroxene, clinopyroxene, as 

well as chromium-rich spinel (Cr# 72). Clinopyroxene lamellae in Aluminium- depleted 

(Al2O3 0.85 wt%) orthopyroxene clasts give lower temperature limits for 

recrystallisation of 1042°-1063°C under low-pressure conditions. The mantle source 

was either already depleted or the primary harzburgite was melted in a second stage. 

In the later evolving ultramylonitic layers, the mineral phases exhibit average grain 

sizes of 5 µm. There, phases of two clinopyroxene with low-calcium and high-calcium 

content respectively occur. Serpentinisation decreases upsection and developed in 

three texturally distinct types that bear different serpentine minerals and opaque 

phases.  



 IV 

  



 V 

I. Abbreviations 

 

Ab    Albite 

And    Andalusite 

Atg    Antigorite 

Cal    Calcite 

Chl    Chlorite 

CFMAS   CaO-FeO-MgO-Al2O3-SiO4 

Cpx    Clinopyroxene 

CPL    Crossed polarised light 

CrSpl    Chromium spinel 

Ctl    Chrysotile 

Czo    Clinozoisite, Epidote-group 

C’ foliation   Cissaillement 

C_Foliation   Foliation plane within low temperature shear zone 

Ep    Epidote 

FA    Fold axes 

FAE    Axial plane of fold axes 

F1, F2, F3   Fault plane 

Fsp    Feldspar 

Grt    Garnet 

Hem    Hematite 

Ilm    Ilmenite 

Ky    Kyanite 

LAB    Lithospheric-asthenosphere boundary 

Lc    Crenulation lineation 

Lh    Slickenfibre 

Li    Intersection lineation 

Liz    Lizardite 

Ls    Stretching lineation 

Lx    Lineation unclear 

Lz    Lizardite 

Mca    Mica-group 

Moho    Mohorovičić discontinuity 

Mnz    Monazite 

Mrg    Margarite 

Ol    Olivine 

Op    Opaque minerals 

Opx    Orthopyroxene 

Phg    Phengite 

Pl    Plagioclase 

PPL    Plain polarised light 

Px    Pyroxene 

Qtz    Quartz 



 VI 

Rp    Random plane 

Rt    Rutile 

S_Foliation   Foliation plane within high temperature shear zone 

Ser    Sericite 

Sil    Sillimanite 

Spl    Spinel 

SPNF    Shkodra-Peja Normal Fault 

Srp    Serpentine 

Stp    Stilpnomelane 

Tlc    Talc 

Ttn    Titanite 

UTM    Universal Transmercator 

WGS    World Geodetic System 

Wmca    White Mica 

 

 

* all mineral abbreviations after Siivola and Schmid (2007) 
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II. Mineral Formulae 

 

Albite    NaAlSi3O8 

Andalusite   Al2SiO5 

Antigorite   Mg48Si34O85 (OH)65 

Calcite   CaCO3 

Clinopyroxene-group (Ca, Na, Mg, Fe, Al)2 (Al, Si)2O6 

Chrysotile   Mg3Si2O5 (OH)4 

Clinozoisite   Ca2Al3Si3O12 (OH) 

Chlorite   (Mg, Fe2+, Al)12(Si, Al)8O20 (OH)16 

Chromium spinel (Mg, Fe) (Cr, Al, Fe)2O4 

Epidote-group (Ca, Ce, La, Pb, Sr)2 (Al, Fe3+, Mn3+, Cr3+, Fe2+)3Si3O12 

(OH) 

Feldspar-group  (K, Na) AlSi3O8 - CaAl2Si2O8 

Garnet-group  (Ca, Mg, Mn, Fe)3 (Al, Fe, Cr)2 Si3O12 

Hematite   Fe2O3 

Ilmenite   FeTiO3 

Kyanite   Al2SiO5 

Lizardite   Mg3(Si2O5) (OH)4 

Monazite   (Ce, La, Sm, Nd, Th, Gd) PO4 

Margarite   CaAl2 (Al2Si2O10) (OH)2 

Mica-group   (Na, K, Ca)2–3 (Mg, Al, Fe)0-6 Al6-2 Si6-5O20 (OH)4 

Olivine   (Fe, Mg)2 SiO4 

Orthopyroxene  (Mg, Fe)2 Si2O6 

Phengite  K(Al, Mg)2(OH)2(Si, Al)4O10 

Plagioclase-series  NaAlSi3O8 - CaAl2Si2O8 

Quartz   SiO2 

Rutile    TiO2 

Sillimanite   Al2SiO5 

Serpentine-group  Mg3(Si2O5) (OH)4 

Spinel-group   (Mg, Fe2+) (Fe3+, Cr, Ti, Al)2O4 

Stilpnomelane  (K, Ca)0-1.4 (Fe2+, Mg, Fe3+, Al)5.9-8.2 Si8O20 (OH)4 (O, 

OH, H2O)3.6-8.5 

Talc    Mg3Si4O10 (OH)2 
Titanite    CaTiSiO5 

White mica   KAl3Si3O10 (F, OH)2 
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1. Introduction and motivation 

Ophiolites represent a succession of oceanic mantle and crust covered with 

deep sea sediments. Such ophiolites are exposed at fossil plate boundaries, where 

parts of a former ocean were subducted after being produced at a mid ocean ridge. 

Reasons for the switch in kinematics from divergence to convergence are still under 

debate (Stern, 2004; Van Hinsbergen et al, 2015; Whattam & Stern 2011). Other 

mechanisms related to subduction zones such as fluid transfer along a plate interface 

(Abers et al., 2017; Plümper et al., 2017; Reynard, 2016;) , exhumation of eclogites 

(Agard et al., 2008; Guillot et al., 2009, 2015; Hermann et al., 2000), evolution of 

megathrust earthquakes (Bilek & Lay, 2018; Gao & Wang, 2017; Hayes et al., 2018; 

Herrendörfer et al., 2015), how these phenomena relate to each other (Fagereng et 

al., 2018; Hyndmann et al., 2015; Kameda et al., 2017) and which of these processes 

are triggered by serpentinisation of the mantle wedge or lithospheric slab-mantle 

(Agard et al., 2018; Audet & Kim, 2016; Hirth & Guillot 2013; Reynard, 2013; Rüpke et 

al., 2004; Wang et al, 2019) are not fully understood. Many places are known from all 

over the world where ophiolites can be studied on land (Agard et al., 2016; Stern, 2002; 

Nicolas & Boudier, 2003). The preservation of oceanic lithosphere is exclusive to 

geodynamic scenarios, where it occupies an upper plate position during intraoceanic 

subduction. On the western Balkan Peninsula, relicts of the West Vardar Ophiolite are 

well preserved. In northeastern Albania, this fossil Neo-Tethyan plate interface 

exposes metamorphic sole below foliated harzburgites. I mapped an area of around 

35 km2 along the southeast-dipping plate interface of the Mirdita Ophiolite in NE 

Albania and performed various micro-scale analyses such as polarisation microscopy, 

Raman-spectrometry, Raster-electron microscopy and Micro-x-ray fluorescence. 

My aims were (A) to structurally and lithologically map the metamorphic sole, (B) to 

determine the degree of peak-metamorphism and overprint conditions in the lower 

plate metamorphic sole, (C) to texturally as well as chemically analyse the harzburgite 

(D) to define the evolution of serpentinisation in the upper plate and (E) to suggest a 

geodynamic model for the evolution of the Mirdita ophiolite in the mapped area. 
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2. Geological overview 

The Mirdita massif is part of the NW-trending West Vardar Ophiolite which itself 

crops out along the entire Balkan Peninsula (Figure 1; Schmid et al., 2008). The 

Mirdita Ophiolite is divided into a western and eastern domain. The mapped area is 

located at the base of the eastern 14 km massif oceanic lithospheric succession where 

they are on top of an around 200 m thick sliver of metamorphic sole lithologies 

(Frasheri et al., 2009). 

The Vardar ocean was the northwestern part of the Neo-Tethys bounded by the 

Adriatic continent. Carbonates dominated the passive margin of Adria during the 

Triassic and Lower Jurassic (Lein, 1987). During Bathonian to Callovian times, the 

eastward subduction of the Vardar ocean initiated (Nicolas, 1995; Gawlick et al., 2008). 

The ophiolitic unit was thrusted westwards onto the oceanic lithosphere of the 

Pelagonian unit and later emplaced as well as folded southwestwards onto sediments 

of the Adriatic passive margin of the Internal Dinarides (Bortolotti et al., 1995; Gawlick 

et al., 2008). The subducted slab lead to volcanism further to the east (Phillips-Lander, 

2009) and the formation of a lower plate metamorphic sole. The peak metamorphic 

ages are between 152 Ma and 162 Ma. This was dated using amphibole (Amp) and 

phlogopite from gneisses which were overprinted under granulite-facies conditions 

(Dimo-Lahitte et al., 2001). Those mylonised garnet (Grt)-bearing gneisses are the 

topmost lithology of the metamorphic sole around Bajram Curri. Other authors report 

peak metamorphic conditions of upper amphibolite facies (Carosi et al., 1996; Groß, 

2015). Along the Balkan Peninsula, Adriatic passive margin units strike SE-NW 

(Figure 1). In Albania, different units can be separated. Beginning in the east, these 

are lithologies of the Korab-, Krasta-Cukali-, Kruja- and Ionian zones. Active 

deformation today takes place in the western-most domain (D’Agostino et al., 2008). 

The last big earthquake in 2019 reached a magnitude of 5.6 and took place just north 

of the capital Tirana. In western Albania, lithologies of the Krasta-Cukali and Korab 

units underlie the Mirdita massif, forming a tectonic klippe (Figure 2; Bortolotti et al., 

1995). However, the original obduction contact is not preserved in Albania. Those units 

are not exposed in NE Albania. There, the NE- trending Shkodra-Peja normal fault 

(SPNF) is juxtaposed against the High Karst unit within the footwall and the broken 

formation as well as the metamorphic sole in the hangingwall (cross section Figure 3, 

Figure 4, Figure 11). 
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Figure 1: Geological map of parts of the Balkan Peninsula. All units strike NW-SE. The Shkodra-
Peja normal fault (SPNF) separates the Dinarides to the north and the Hellenides to the south. 

The Lower Pelagonian, Pre-Karst and High-Karst units are not preserved below the ophiolite. The 

Mirdita ophiolite is part of the West-Vardar ophiolite and was thrusted onto Adriatic derived units 

during the forms a klippe. Modified after Schmid et al. (2019). 
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Figure 2: Cross section through the northern Hellenides. The location of the trace is in Figure 1. The 
Mirdita Ophiolite forms a tectonic klippe (Bortolotti et al., 1995) on top of Adria derived units. The mapped 

area near Bajram Curri is located at the leading edge of this klippe. There, the High-Karst unit juxtaposes 

against metamorphic sole lithologies due to the southeast-dipping SPNF. This cross section is oblique 

to the SPNF (Figure 3, Figure 4). Modified Profile F from Schmid et al. (2019). 
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Figure 3: The regional geological map of Bajram Curri. The red rectangle depicts the mapped area with 
the samples for thin section analyses in Figure 4 with their coordinates in Table 1. Additionally, the 
gneiss and amphibolite are exposed in the area east of Shkelzen (yellow rectangle). The dotted blue 

area µJ2 represents the metamorphic sole structurally below the Mirdita ophiolite (green). Mantle 

lithologies !J2 have harzburgitic and dunitic compositions. Dunites bear chromium-rich spinel that are 
mined in Rragam (blue polygon). The SE-dipping SPNF (orange line) juxtaposes High Karst unit (pink) 

against the tectonic mélange. Modified geological map of Albania in scale of 1:200.000 (Xhomo et al., 

2002). 
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Figure 4: Topographic map of the mapped area around Bajram Curri (Figure 3). All highlighted roads 
are not of interest. Coordinates for the outcrops as well as sample localities are given in Table 1. A 
topographic outcrop map with all localities and structural elements is given as fold-out in the appendix. 

Modified map in the scale of 1:50.000 (Onuzi et al., 2012). 
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3. Materials and methods 

3.1. Mapping and sampling methods 

Freely accessible topographic maps of Albania are downloaded at 

geoportal.asig.gov.al. These topographic maps were the basis for mapping at the scale 

of 1:5000. The topographic map with outcrop numbers and thin section localities as 

well as the geological map are in the appendix. Measurements of bedding planes, 

foliation planes, intersection lineations, stretching lineations, slickenfibres as well as 

crenulation lineations were carried out with a Breithaupt compass and digitalised with 

Avenza Maps free Version (3.6; 96.17). GPS data and the direct location at outcrops 

was directly taken from the samples. The orientation of samples was either measured 

at foliation planes s1 or at random planes rp. 

 

3.2. Sample localities 

A total of 67 samples were collected and seven samples were further analysed 

at the Institute for Geosciences at the Friedrich-Schiller University in Jena (Table 10, 

Table 11, Table 12, Table 13 in the appendix). Broken Formation was not analysed. 

All following samples are listed from the structurally lowermost to the topmost level. 

Four samples are from the metamorphic sole which includes epidote (Ep)-chlorite (Chl) 

schists (MR18-38), quartz (Qtz)-albite schists (MR18-23), garnet (Grt)- gneiss (MR18-

5) and amphibolite (MR18-6). The last two rocks were sampled east of Shkelzen, which 

is ~10 km to the NE (Figure 3). Three samples (MR18-21, MR18-26B & -26C, to 

MR18-32) were chosen from the hangingwall. Two samples were gathered directly 

from the base of the ophiolite and one was taken ~1.3 km above the plate interface 

(Figure 10). Coordinates are given in Table 1 and localities in the map Figure 4. The 

geological map Figure 10 and the profile Figure 11 gives detailed locations. 

 

 

 

Table 1: (Page 22) Sample localities and detailed description of the samples taken for thin section, 
micro-XRF, Raman spectroscopy and SEM-EDX analyses. The outcrop localities are shown in the 

topographic map Figure 4 and in the appendix. Amp = amphibole, Cal = calcite, Chl = chlorite, Czo = 
Clinozoisite, Ep = epidote, Grt = garnet, Hem = hematite, Mrg = margarite, Ol = olivine, Op = opaques, 

Opx = orthopyroxene, Ox = oxide, Pl = plagioclase, Qtz = quartz, rp = random plane, Srp = serpentine 

polymorphs, Spl = spinel, Stp = stilpnomelane, s1 = foliation plane, Ttn = titanite. The outcrop numbers 

refer to Table 10, Table 11, Table 12, Table 13 (appendix) with complete measurements. The red 
stippled line refers to the plate interface. All samples are ordered regarding their structural position to 

the plate interface. 
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Sample MR18-38 MR18-23 MR18-6 MR18-5 MR18-32 
MR18-
26B & -
26C 

MR18-21 

Outcrop number 08518-10 29418-1 14518-3 14518-3 07518-16 03518-2 28418-1 

Coordinates 

WGS84/ 

UTM34 

N 4686889 4690163 4695189 4695189 4686734 4687472 4685843 

E 421213 423142 426977 426977 422166 422332 423945 

Orientation of the 

sample 
s1077/30 rp200/60 - - rp328/80 rp314/20 - 

Structural position Lower plate Upper plate 

Petrography 

Epidote-

chlorite 

schist 

Quartz-

albite 

schist 

Amphi-

bolite 

Garnet 

para-

gneiss 

Orthopy-

roxene 

serpen-

tinite 

Serpen-

tinised 

harzbur-

gite 

Harz-

burgite 
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Cal, Chl, 

Czo, Ep, 

Hem, Pl, 

Qtz, Ttn, 

Wmca 

Op, Qtz Amp, Ep, 

Pl, Qtz, 

Ttn 

Fsp, Grt, 

Ilm, Mnz, 

Rt 

Opx, Spl Ol, Opx, 

Cpx, Spl 

Ol, Opx, 

Cpx, Spl 
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 Ser, Stp Chl, Czo Ab, Chl, 

Hem, 

Mrg, Ms, 

Stp, Ser, 

Ttn, Qtz 

Op, Srp Op, Srp Srp 

M
e
th
o
d
 

Thin 

sections 
x x x x x x x 

Raman x  x   x  

µ-XRF  x  x x x x 

SEM    x  x  

 

3.3. Lab-based methods 

3.3.1. Software 

For the following descriptions, single steps for processing the data with diverse 

software programs will not be mentioned. Field based measurements were digitalised 

with ArcGIS (Version 10.4.0.5524) creating the tectonic and geological map (Figure 9, 

Figure 10). MOVE (Version 2018.1) by Midland Valley was used to project the 

topography along the profile lines for further manually construction of 2D cross 

sections. To calculate the dip angle of the plate interface, hybrid data from SRTM30 

and ASTER GDEM (EEA, 2018) with a spatial resolution of 25 m were used to obtain 
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isohypses spaced every 50 m. After projecting the thrust to the surface, the line 

intersections were used for the calculation of the dip angle (Equation 1). Stereonet for 

Mac (Version 10.1.6) was used for all contour plots as well as for single outcrop data 

(Allmendinger et al., 2013; Cardozo & Allmendinger, 2013). All datasets were plotted 

in lower hemisphere, equal area projections. For the contour plots, the 1% area 

contouring method was used without smoothing any data. Contour plots for lineation 

measurements were plot with spacing parameters of interval 3, significance level 2 and 

grid nodes 20. Plotting planes, the following parameters were chosen interval 1, 

significance level 2 and grid nodes 20. Raman spectra were analysed with Crystal 

Sleuth (Version May 2008) and KnowItAll (Version 15.2.153.0) by Palisade (2015). 

Micro-XRF mappings were evaluated with the built-in software Tornado M4 by Bruker, 

based on Esprit. Metamorphic temperatures were calculated with the Two-Pyroxene-

Thermometer based on Brey & Köhler (1990) as well as Putirka (2008). The models 

were introduced by Lindsley (1983). The used spread sheet RiMG069_Ch03_two-

pyroxene_P-T was downloaded from the Mineralogical Society of America 

(minsocam.org/MSA/RIM/Rim69.html) written by Putirka (2008). Pressures estimates 

were calculated with CpxBar by Nimis (2000). This barometer uses clinopyroxene 

concentrations and temperatures in magmatic systems. All calculations presume 

primary crystallisation of the minerals and were therefore specially used for igneous 

and not for metamorphic rocks. 

 

3.3.2. Construction methods for geological cross sections, structural 

contours and the plate interface 

The cross sections (Figure 11) were manually constructed, using Move 

(Version 2018.1) for extracting topographic contours onto the considered cross section 

plane. The structural contours of the plate interface (defined here as the boundary of 

the footwall and hangingwall units; see chapter 4 for details) were constrained by 

intersecting the surface trace of the contact with the topographic contours. Dip angles 

α as well as thicknesses were calculated for the plate interface (Equation 1). 

Differences between isohypses are the elevation ℎ. Measuring the distance between 
the highest and lowest isohypses gives the horizontal difference #: 
 

tan ' = )
*      (1) 

α … dip angle 
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ℎ … elevation difference 
# … horizontal distance 
 

Calculating dip angles for the thrust, maximum and minimum distances between the 

contours were measured (Figure 5). An average number was used to calculate the 

average dip angle of 30°. This angle was taken for the construction of all profiles in 

Figure 11. To gain variations of the thickness of the plate interface, the average dip 

angle of 30° and minimum as well as maximum values for the distances were inserted 

into Equation 1. The obtained thicknesses for the plate interface vary between 48 m 

and 401 m.  

Figure 5: Contour map with the isohypses between 250 m and 450 m along the SW-NE trending plate 
interface. Intersections of strike lines and isohypses are constructed every 50 m. Using Equation 1, 

minimum and maximum horizontal difference between three (100 m) and four (150 m) are taken to 

calculate minimum dip angles of 16° and maximum dip angles of 55°. Mean horizontal differences 

were used per 100 m elevation differences. The calculated mean dip angle is 30°. 
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3.3.3. Sample selection and preparation for polarisation microscopy, 

Micro-XRF, Raman spectroscopy and Microprobe analyses 

Seven samples were prepared for thin section analyses. The sample localities 

are compiled in Table 1 and the outcrop map in the appendix. The lower plate samples 

were chosen to identify mineral assemblages and the degree of metamorphism. Upper 

plate lithologies were picked to describe the degree and evolution of serpentinisation 

in the upper plate and the importance of a pre-existing foliation for the evolution of 

serpentine veins. The serpentinised harzburgite (MR18-26B & -26C) was picked to find 

evidence if the foliation formed during spreading or subduction. If not mentioned 

otherwise, the thin sections were cut along stretching lineations and perpendicular to 

the foliation (x-z-direction) of the finite strain ellipsoid. The thickness of the thin sections 

varies between 25°µm and 30 µm. 

 

3.3.4. Polarisation microscopy 

Transmitted light microscopy was carried out with a Zeiss upright polarisation 

microscope Axioplan (Carl Zeiss AG, Oberkochen, Germany) at the Institute for 

Geosciences at the Friedrich-Schiller University in Jena. Pictures were taken with the 

camera ProgRes C10plus (Jenoptik AG, Jena) and processed with the included 

software ProgRes CaptureBasic (Version 1.2, 2004; Jenoptik AG, Jena). The samples 

as well as the sampling locations are listed in Table 1 and in the topographic map in 

the appendix. Details about the functioning of polarisation microscopy are given in the 

second project module (Richter, 2018). 
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3.3.5. Raman Spectroscopy 

During thin section analyses, Raman spectroscopy was used to characterise 

very fine-crystalline aggregates and for differentiating serpentine minerals into its 

polymorphs (Figure 6). Point measurements were carried out with an acquisition time 

of 15 s and the laser with the wavelength of 458 nm. Antigorite and chrysotile have 

unique spectra, whereas lizardite, polygonal serpentine and polyhedral serpentine are 

not able to differentiate just by their Raman spectra (Tarling et al., 2018). The obtained 

spectra yielded mixed signals (Figure 43). These mixed signals represent the stability 

of at least two serpentine polymorphs (Figure 46). It was hence not possible to use 

these spectra for the determination of particular serpentine polymorphs. 

  

Figure 6: Raman spectra of different serpentine polymorphs. Antigorite and chrysotile have unique 
spectra (top two spectra), whereas lizardite, polygonal serpentine and polyhedral serpentine are not 

possible to differentiate (Tarling et al., 2018). 
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3.3.6. Micro-X-ray fluorescence (µ-XRF) analyses 

Micro-XRF was exclusively used for element mapping on thin sections. The 

maps give qualitative distributions of each element as well as textural information. The 

intensity of the colour coded maps depends on the density and the atomic number. 

Mineral phases and textures can be identified as shear sense indicators or for possible 

quantitative element measurements with SEM-EDX. Therefore, saw-cut and polished 

slabs of the already produced thin sections MR18-5, MR18-23, MR18-26B, MR18-38 

were used (Table 1). The Bruker M4 Tornado with a spectrometer type MinSVE and 

an X-ray tube with Rh anode (MCBM 50-0.6B, manufactured by rtw, Germany) 

operated at 50 kV and 200-600 µA under low-vacuum conditions of 20 mbar. 

Measurements were carried out at the Institute for Geoscience in Jena. To stabilise 

measurements, the X-ray tube ran ~1h before usage. The settings are given in Table 

2. Polycapillary lenses collect the X-rays emitted from the source, enhance the 

intensity and converge them to a focused spot of ≤20 µm (for manganese radiation) 
directly onto the surface of the sample. The spot size was held constant. The stage is 

oblique to all other compartments of the device (Figure 7) to improve the signal 

intensity. When the focused electrons hit atoms, it either refracts (backscattered 

electrons, BSE), secondary electrons are emitted, or it ionises an electron from an 

inner shell. Secondary electrons are weakly bound electrons in the outer atomic shell 

that are accelerated and leave the atom. Such gaps are refilled by electrons from an 

outer shell, for example K or L, which have a higher energy level. When they drop 

down to a lower energy 

level, they emit energy as X-

ray photons. This 

fluorescence occurs just 

within the first few 

nanometres of the sample. 

The same physical principle 

is used for the scanning 

electron microscopy in the 

next chapter. Micro-XRF-

analyses exclusively use 

emitted X-rays. These are 

collected by a silicon drift 

Figure 7: Arrangement of the used Micro-XRF with polycapillary 
lenses that reduce the spot size down to ≤20 µm. The sample is 

oblique to the arriving and emitted electrons for improved peak 

intensities (modified after Bruker, 2015). 
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detector (SDD 530) measuring at 50-60 kcps (Bruker, 2018). The mapping parameters 

were set individually for each lithology (Table 2). 

 

Table 2: Analytical settings for each µXRF mapping of all samples. Samples are listed from top to bottom 
according to their structural position from the lowest to highest level. The red stippled line reflects the 

plate interface. Upper plate lithologies are above the line and lower plate lithologies below. 

sample Lithology 

Step 
size 
(µm per 
px) 

X-ray 
tube 

size 
of 
frame 
(mm2) 

Cy-
cle 

Qmap 
reso-
lution 

Velocity 
(µm/s) 

Time 
per 
px 
(ms) 

Stage-
mode 

Mea-
suring 
time 
(h) 

dead 
time 
(%) 

MR18-
32 

Serpen-
tinite 15 

50 kV, 
400 µA 

11x9 1 3x3 1000 15 normal 02:02 19 

MR18-
26B 

Serpen-
tinised 
harzbur-
gite 

15 
50 kV, 
400 µA 

22x9 1 3x3 1000 15 normal 04:01 22 

MR18-
21 

Harzbur-
gite 15 

50 kV, 
400 µA 

22x9 1 3x3 1000 15 normal 04:01 22 

MR18-
23 

Quartz-
albite 
schist 

25 
50 kV, 
200 µA 

15x10 1 3x3 625 40 
Ser-
pentine 

02:44 9 

MR18-
5 

Garnet-
gneiss 5 

50 kV, 
600 µA 

1x0.8 1 3x3 625 8 normal 00:05 39 

*px = pixel 

*Qmap resolution + (time/pixel) = acquisition time per pixel 

 
 

3.3.7. Scanning electron microscopy (SEM) and energy-dispersive X-ray 

(EDX) analyses 

Measurements were carried out in Jena with the Quanta 3D FEG device by FEI. 

Prior to analyses (Table 1), the thin sections (between 25-30 µm thick) were coated 

with carbon steam. The electron beam was produced under 20 kV and had a current 

of 533 nA. The BSE-detector counted constantly during 100 s. This method uses 

emitted electrons to raster a sample from which electrons are either refracted or newly 

produced. The spatial resolution goes down to µm scale, measuring constantly under 

high vacuum conditions with 10-9 to 10-10 mbar. To produce electrons, a tungsten 

filament is needed. Either thermic or field emission sources are used. Both sources act 

as cathodes. If field emission sources are used, an electric field between cathode and 

anode is applied to accelerate primary electrons towards the stage (Figure 8). 

Accelerating voltages between 500 V to 30 kV and temperatures up to around 2.700°C 

are applied. Using a thermionic cathode as source, electrons are emitted from a 

tungsten filament under high temperatures. This is called Edison effect (Hewett, 1924). 

Compared to the field emission cathode, the resolution is 1 Å higher. To focus the 

beam, a series of electromagnetic lenses are placed between the anode and the 

sample (Figure 8). A distortion of images occurs if either two rays propagate along 
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different planes that their focal point does 

not coincide (astigmatism) or rays spread 

out (optical aberration). When the 

primary beam hits the atom, it either 

refracts (backscattered electrons, short 

BSE), secondary electrons are emitted, 

or it ionises an electron from an inner 

shell. This method uses backscattered as 

well as secondary electrons for imaging 

and emitted X-rays for detecting the 

elements. They are collected and later 

converted in a scintillator into photons 

that produce an image (Figure 8). The 

more electrons are collected, the brighter 

this domain appears and vice versa, 

creating an observable topography in the 

case of SEM. Backscattered electrons 

are emitted from the first micrometres of 

the material and are collected right above 

the sample. The atomic number 

determines the contrast. That means, 

that the material appears brighter if its 

atomic number is higher (Figure 32, 

Figure 38, Figure 39, Figure 40A, Figure 40B). 

As already mentioned, X-rays are emitted by any material. This happens if the empty 

space of an emitted secondary electron is refilled by another electron in the atom from 

a higher shell. This electron loses energy during the drop which is emitted as X-ray 

photons. This energy is characteristic for each element. Electrons that drop from M- or 

L-shell and fill a hole in K-shells are called K-transitions. These K'-lines are mostly 
used for the determination of the element because of its highest energy level and 

highest intensity. The intensity is given by the number of counts for each photon. 

Plotting the intensity against the energy in kV, these distinct K-peaks give quantitive 

results in wt% for each element in the sample. The precision depends on the number 

of counts ranging between 0.5-1 wt%.  

Figure 8: Schematic sketch of a scanning electron 
microscope with a field emission source. Black lines 

depict the primary electron beam produced in the 

electron gun under acceleration voltages between 

500 V to 300 kV and temperatures up to 2.700°C. 

The electron beam is focused with a series of 

electromagnetic lenses. During the scan of the 

sample, backscattered and secondary electrons are 

emitted and detected (modified after purdue.edu, 

2019). 



 29 

4. Definitions of important tectonic units 

4.1. Types of Mélange: broken formation, sedimentary and tectonic 

mélange 

The definitions of mélange types are based on the works of Festa et al. (2010, 

2012) and Hsü (1974) which are summarised in Table 3. “Mélange” describes in 

general a disrupted and pervasively deformed, mappable unit and has no genetic 

implication. Interplays between sedimentary, tectonic and diapiric processes lead to 

non-discontinuous stratal successions which can include rock bodies of various 

lithologies, provenances, ages and sizes. At deeper crustal levels, ductile deformation 

might overprint these processes. The mappable contacts range between 

stratigraphic, igneous or metamorphic. Observations of such chaotically distributed 

deposits, governing exotic blocks (lithologically “foreign” rock bodies) were first called 

wildflysch in 1886 by Kaufmann. To address the genetic processes of mélange 

formation, the additional adjectives sedimentary, tectonic and diapiric were introduced 

after a Penrose conference on mélanges in 1978. Depending on their geodynamic 

setting, different mélange types can be discriminated (Table 3). This includes 

extensional, convergent and strike-slip settings. Convergent settings are attributed to 

subduction of oceanic plates, collision and intracontinental deformation. The terms 

sedimentary mélange or olistostrome are used, if gravitational induced mass transport 

leads to chaotically arranged and mixed block-in-matrix deposits that are bounded by 

stratigraphical contacts. Blocks can be of native and exotic origin. Turbidites are 

therefore excluded. Extensional settings such as passive margins are mostly 

influenced by these sedimentary processes. Broken formations are disrupted, partly 

mixed units which do not govern exotic blocks per definition. Stratigraphic 

successions show a gradual transition from well- bedded to disrupted fabrics. As a 

result, the chronological deposition is preserved. Stratigraphic disruption without any 

mixing is the most important difference between broken formations and mélanges. 

The degree of disruption and tectonisation depends on the burial of the sediments. 

This means that there is a gradual transition between broken formations and tectonic 

mélanges. Sediments in shallow structural levels will mostly be affected by 

gravitational processes, depositing olistoliths, slides and slumps. With increasing 

overburden, the consolidation of sediments and the overpressure of fluids increase. 

This results in fluidification in poorly lithified sediments, as well as injection veins and 

boudinage in more consolidated sediments. Within structurally deeper domains, 



 30 

shear stresses commonly increase and localise in zones, ranging from metres up to 

kilometres. There, sedimentary mélanges and broken formations become gradually 

overprinted by tectonic processes, forming tectonic mélanges. Numerous processes, 

such as offscraping, underplating, sinking of roof thrust rocks, and tectonic slicing all 

lead to an incorporation of exotic rock bodies. Tectonic mélanges show typical 

textures such as scaly fabrics, folds and cataclasites. At map scale, incoherent slices 

of various lithologies are distinguishable. If stratigraphic mixing occurs primarily, it is 

a sedimentary mélange. 

 
Table 3: Overview of field relevant and process-oriented characteristics for sedimentary and tectonic 
mélanges as well as broken formations (modified after Festa et al., 2010; 2012; Hsü 1974). Important 

differences are written in capital letters. 

 Sedimentary mélange or 
olistostromes 

Tectonic mélange Broken formation 

Characteristics 

such as: 

-lithological 

content 

- textures and 

- transport 

interpretation 

o Mass-transport deposits: 
debris flows, 
hyperconcentrated flows, 
blocky flows (Mutti et al., 
2006; Ogata et al., 2012), 
glacial till 

o Deformed matrix 
o Includes BLOCKS OF 
NATIVE & EXOTIC origin 

o Excludes turbiditic 
deposits 

o Pervasively deformed 
matrix 

o Includes BLOCKS OF 
NATIVE & EXOTIC 
origin 

o Metamorphic lithologies 
o Discontinuous, 
mappable units with 
varying p-T-t histories 

o Progressive and pervasive 
deformation of ONE LITHO-
STRATIGRAPHIC UNIT 

o Lithology and chronological 
order preserved 

o Coherent stratigraphic 
successions are locally 
preserved 

o Block-in-matrix with 
NATIVE BLOCKS 

o Boudinage 
o Veins 
o Folds 
o Scaly fabric 
o Phacoids 

Mappable 

contacts 

Primary: stratigraphic Secondary: tectonic Primary: stratigraphic 

Processes • Gravitational sliding (slope 
failure) 

• Gas-outburst by clathrate 
dissociation 

• Mud volcanism & 
• Impacts lead to 
• Primary STRATAL 
MIXING 

 

• Off-scraping 
• Underplating 
• Tectonic overprint 
• Metamorphic overprint 
along the plate interface  

• Thrusting & duplexing 
lead to 

• Secondary STRATAL 
MIXING 

• Loading à Lithification 
• Layer-parallel extension 
• Fluid overpressure 
• Liquification & 
• Increasing shear-stresses 
lead to 

• Secondary STRATAL 
DISRUPTION 

Position during 

subduction 

On top of accretionary 
prisms or at its base, 
triggered by ongoing 
subduction 

At the base of ophiolitic 
units in lower plate 
position: “subduction 
channel” 

At the front of accretionary 
prisms, formation of tectonic 
mélange with increasing 
burial 

Geodynamic 

setting 

Passive margin, extensional 
settings, intra-continental, 
subduction zones 

Subduction zone, 
continent-continent-
collision 

Subduction zone, continent-
continent-collision, first 
formation during passive 
margin environments 

 

In this thesis, broken formation refers to a unit where sedimentary successions 

are still preserved and can be, depending on strain localisation, sheared or disrupted. 

with 
increasing 
tectonic 
overprint 
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These non-disrupted domains are characterised by olistoliths and turbiditic 

successions. A disruption leads to scaly fabrics and phacoids. Sheared blocks might 

be of exotic origin and up to several hundreds of metres. 

 

4.2. Metamorphic sole 

Metamorphic soles are structurally below ophiolitic units. They appear as 

thin slivers (<500 m) of fault-bounded and strained metamorphic rocks 

(Wakabayashi and Dilek, 2000). From the bottom to top, the metamorphic overprint 

increases upsection, reaching up to granulite-facies conditions at ~900°C and 10-

15 kbar (Dilek and Whitney, 1997). These high temperatures and pressures are 

induced by the hot overriding oceanic lithosphere in relatively warm subduction 

zones (Agard et al., 2018). The oceanic lithosphere has to reach thicknesses of 

~30-45 km to reach these metamorphic conditions (Van Hinsbergen et al., 2015) 

if lithospheric pressure conditions are assumed. Van Hinsbergen et al. (2015) 

compiled data of several ophiolites, showing that most soles reach the temperature 

maximum before the pressure peak and therefore follow a counter-clockwise p-T-

t path. This inverse metamorphic gradient can also be interpreted as metamorphic 

field-gradient. This means, that subducted material was scraped-off a subducted 

slab along detachments and exhumed deeper levels on top of shallower 

metamorphic levels (Agard et al., 2016, 2018; Malavieille, 2010; Soret at al., 

2017). This model explains the high degree of disruption of metamorphic soles. 

The depths of the formation of metamorphic soles (~30-45 km) and the 

seismogenic zone (~40-55 km; Bilek & Lay, 2018; Hayes et al., 2018) overlap. So, 

the initial exhumation might be caused by strong mechanical coupling in contrast 

to the exhumation of eclogites s.l. which are initially formed much deeper than 

metamorphic soles (Agard et al., 2018). The role of serpentine in this case is not 

fully understood (Agard et al., 2018; Audet & Kim, 2016; Hirth & Guillot 2013; 

Reynard, 2013; Rüpke et al., 2004; Wang et al, 2019). However, cooling ages 

from metamorphic soles as well as crystallisation ages of upper plate ophiolites 

are often similar, indicating a spontaneous reversion from spreading stage to a 

convergent setting (Van Hinsbergen et al., 2015) and a rapid exhumation (Agard 

et al., 2018). 
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4.3. Plate interface 

The term plate interface was specifically defined after the mapping 

observations in NE Albania. The base of the plate interface is defined by the first 

occurrence of highly brecciated and sheared serpentinites and serpentinised 

harzburgites. They are structurally above metamorphic sediments of the 

metamorphic sole. The top of the plate interface was mapped if brecciation was 

dominated by fractured harzburgites. Other authors include the metamorphic sole 

as part of the plate interface (Agard et al., 2018). 

 
4.4. Ophiolite 

The definition is summarised after Dilek and Furnes (2008). Brongniart (1813) was the 

first one using the term ophiolite. Almost 100 years later in 1905, the observations of 

associated serpentinites, basalts and radiolarites had an impact on the undrstanding of 

the Alpine orogeny and is still known as Steinmanns Trinity (Bernoulli & Jenkyns, 2009). 

Until now, the definition is a matter of debate. Four ophiolite types are differentiated 

due to the geodynamic setting: Continental margin type, mid-ocean ridge type, plume 

type and suprasubduction zone type. In general, ophiolites represent an allochthonous 

succession of rocks of oceanic origin. In complete ophiolitic sequences, peridotites, 

mostly lherzolitic or harzburgitic, are the structurally lowest level. These ultramafic 

rocks are often serpentinised. Chromites can occur in the uppermost mantle section. 

Rocks above the Moho are represented by layered gabbros, followed by isotropic 

gabbros and felsic intrusives, dykes and pillows of basalts. These magmatites are 

covered by carbonates or, more often, radiolarites and pelagic clay. Such ophiolitic 

sequences are not thicker than around 12 km (Van Hinsbergen et al., 2015). The 

thickness as well as the succession highly vary depending on the tectonic setting. For 

example, the Mirdita Ophiolite itself has different geochemical and geodynamic 

affinities comparing west and east. In the western domain, the ophiolitic sequence is 

much thinner and less complete with a lherzolitic composition. In the east it is a much 

thicker crustal stockwerk on top of a harzburgitic mantle (Hoxha & Boullier, 1995; 

Dilek et. al, 2005, 2007 and 2008; Dilek & Furnes, 2009; Maffione & Van Hinsbergen, 

2018). 
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5. Geological and tectonic setting in Bajram Curri 

In northeastern Albania, the southeast dipping plate interface of the Triassic Neo-

Tethyan ocean exposes the ophiolitic stockwerk consisting of harzburgites and dunites 

on top of non-metamorphosed to upper amphibolite-facies overprinted metamorphic 

rocks. This refers to the blue area labelled µJ2 (map Figure 3). I mapped an ~35 km2 

large area of its southwestern exposed sliver near Bajram Curri. The mapping is based 

on topographic map sheets at the scale of 1:5000 (Figure 10). Two additional samples 

from the northeastern sliver close to Shkelzen were sampled for supplementary 

analysed. Based on the mapping, three tectonic units were defined in this area: a lower 

plate tectonic mélange, sub-divided into the broken formation structurally below a 

metamorphic sole, and an upper plate ophiolitic unit (Figure 9). A pseudo-stratigraphic 

column in Figure 12 summarises the position as well as the textures of the tectonic 

mélange and ophiolitic unit. The tectonic mélange represents an infra-ophiolitic 

accretionary wedge. The up to 200 m thick succession of broken formation includes 

non-metamorphic inter-calations of arenites and slates with limestone olistoliths that 

mostly occur in the lowest structural position. This unit is overlain by tectonised 

greenschist- to upper amphibolite-facies metasediments, metamafics and brecciated 

serpentinites. They appear either as decameter thick slivers or as highly discontinuous 

layers or blocks. For the samples near Shkelzen, Dimo-Lahitte et al. (2001) estimated 

even granulite-facies conditions for garnet-bearing gneisses. This is likely the topmost 

lithology in the metamorphic sole found and described near Bajram Curri (Figure 3). 

The broken formation as well as the tectonic mélange are characterised by bedding, 

cleavage and foliation planes dipping all gently between 0°-35° towards east and are 

distributed along west-east (Figure 13A, B, C). This indicates west-vergent folds 

(Figure 2, Figure 11). Fold axes plunge towards the northeast and southwest (Figure 

13E). Stretching lineations in the metamorphic sole plunge mainly to the west or 

southeast. The up to 400 m thick, southeast dipping plate interface truncates the folded 

footwall lithologies and consists of brecciated serpentinites and blocky, serpentinised 

harzburgites. Serpentinisation as well as brecciation decrease structurally upsection. 

Where harzburgites become more massive, foliation occurs and dips parallel to the 

plate interface, to the southeast (Figure 35). Dunite lenses with chromium (Cr)-rich 

spinel (Spl) dissect the more massive parts of the harzburgite. Orthopyroxenite dykes 

dissect the harzburgites and dunites. This is well visible in Rragam which is marked as 

chromitite mine in Figure 3. 
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Figure 9: The differentiated tectonic units in Bajram Curri are from the structurally lowest to highest 
position: High-Karst unit, the non-metamorphic broken formation, the metamorphic sole and the 

ophiolitic unit. The non-metamorphic broken formation and the metamorphic sole are summarised to 

the tectonic mélange. The SE-dipping plate interface separates the tectonic mélange from the ophiolite. 

All further descriptions exclude the High Karst unit which was juxtaposed against the tectonic mélange 

with the SPNF (in orange). Further details are in the geological map in Figure 10). 
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Figure 10: Geological map of the plate interface near Bajram Curri. Four major units are distinguishable. 
The High Karst unit in the north is not further described. The tectonic mélange below the ophiolitic unit 
is separated by the southeast dipping plate interface as seen in the cross sections below (Figure 11). 
The plate interface itself is brecciated and serpentinised. Within the tectonic mélange, non-metamorphic 
olistoliths and turbiditic successions are below the metamorphic sole. The pseudostratigraphic column 
in Figure 12 summarises all textures related to the tectonic mélange as well as the ophiolitic unit. Both 
units occur patchy and are tightly folded (profiles Figure 11). Gneisses described in Chapter 6 crop out 
near. The ophiolite is mostly harzburgitic with Cr-spinel bearing dunite lenses. The foliation right above 
the plate interface dips parallel to the southeast. The SE dipping SPNF in orange juxtaposes limestones 
from the High-Karst unit against the tectonic mélange. This geological map together with an outcrop 
map are given as fold-out in the appendix. 
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Figure 11: Cross sections AA’ and BB’. The traces are given in Figure 10. The west-vergent folds of the 
tectonic mélange are cut-off by the harzburgitic ophiolite. The ophiolite is brecciated, serpentinised and 
mylonitic directly above the lower plate. The mylonitic fabric (Chapter 6) is parallel to the plate interface, 
dipping towards the southeast. 
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Figure 12: Pseudostratigraphic column of the ophiolitic unit and the tectonic mélange below. The non-
metamorphic broken formation is structurally below meta-sediments and serpentinites from the 
metamorphic sole. The garnet-gneisses and amphibolites crop out near Shkelzen and are not found in 
the metamorphic sole near Bajram Curri. More detailed pseudostratigraphic successions for the broken 
formation and metamorphic sole are in chapter 6. 
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Figure 13: Lower hemisphere equal area projections of planes and lineations all measured in the 
tectonic mélange. (A+B) Poles of bedding and cleavage planes of the broken formation (C) as well as 
foliation planes of the metamorphic sole plot around 270/60, dipping eastwards. The distribution of the 
foliation planes in the metamorphic sole along east-west indicate tight folds which can be seen in the 
cross sections (Figure 11). (D) Stretching lineations are measured in the metamorphic sole and indicate 
either shear sense directions top the west or top towards southeast which is illustrated in chapter 6 (E) 
Fold axes plunge sub-horizontally to the northeast or southwest. 
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6. Lithological and petrographic descriptions of mappable units from map- 
to micrometre scale 

In the following chapter, all encountered units are systematically described 

according to their tectonic position, starting with the lowermost tectonic unit and 

preceding towards higher successions. This includes the High-Karst unit, the tectonic 

mélange and the ophiolitic unit. The positions of all mentioned outcrops and thin 

sections are highlighted in the topographic map (Figure 4). The High-Karst unit as well 
as all SPNF-related kinematics were not investigated in this thesis. For the Cenozoic 

deformations read Handy et al. (2019). 
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6.1. High-Karst unit 

This unit includes lithologies deposited at the Neo-Tethyan passive margin. 

They crop out north of the SPNF, which separates the Dinarides in the north and 

Hellenides in the south. The High-Karst unit is not found south of the SPNF (map 

Figure 10). The SPNF is in the northernmost part of the mapped area, trending SW-
NE. The contact between High-Karst in the footwall of the SPNF and the tectonic 

mélange in the hangingwall is characterised by mylonitic, platy and sparitic limestones 

that include red to brownish cherts (Figure 14). Both exhibit layers up to 10 cm thick. 
Both lithologies show stretching lineations plunging sub-horizontally to the NE (Figure 
14). 

  

Figure 14: Lithologies below the SPNF (outcrop no. 24418-5). Intercalated grey sparitic limestones 
(white in the right image) and red to brown cherts (brown in the right image) show stretching lineations, 
plunging gently towards NE. 
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6.2. Lower plate tectonic mélange 

The tectonic mélange or infra-ophiolitic unit crops out in an area of ~45 km2 

southwest of Bajram Curri. Around 10 km to the northeast of the mapped area, another 

isolated occurrence of metamorphic sole crops out near Shkelzen (map Figure 3). It 
is structurally below the ophiolitic unit and is separated into a metamorphic sole and a 

non-metamorphic broken formation below (Figure 11, Figure 14). A strongly 
tectonised zone of tightly folded calcite veins in a clayish matrix separates the broken 

formation and metamorphic sole on top (Figure 15, Figure 20A). Maximum 
thicknesses of around 700 m are reached in the west and decrease down to 200 m in 

the east. The orientation of foliation planes of the metamorphic sole as well as the 

orientations of bedding and cleavage planes within the broken formation scatter widely 

and dip in average towards the east with dip angles between 0° and 45° (Figure 13C). 
Most dip angles cluster around 35° (Figure 13A, B, C). This indicates tight to isoclinal 
folds in the tectonic mélange. These folds also occur in outcrop scale, depicted in 

chapter 5. Fold axes within the metamorphic sole plunge towards NNE or NNW 
(Figure 13E, Figure 21). 

All descriptions refer, except the amphibolite and the garnet-gneiss, to the 

occurrence of the tectonic mélange near Bajram Curri. The area around Shkelzen, in 

which the amphibolite and garnet-gneiss were sampled, was not mapped. 

  



 46 

6.2.1. Broken formation 

Forming the structurally lowermost unit, most of the broken formation crops out 

in the northern and western area (Figure 10). In the mapped area, minimum 
thicknesses of 200 m are reached in the west, gradually decreasing eastwards. Fold 

axes of west-vergent folds plunge southwards underneath units of higher metamorphic 

grade. The orientations of bedding planes are more distributed than cleavage planes 

and both dip in average with 30° to the east (Figure 13A, B). Anti- and synclines crop 
out in the west. Close to the SPNF in the northwest are cataclastic zones with widths 

below 50 m. Calcite slickenfibres within the broken formation indicate top to the 

southeast transport direction. Some were documented as Lh in Table 12 (appendix).  
Lithologies change with the structural level. The lowermost lithologies are 

olistostromal deposits that reach highest thicknesses in the west. They grade into 

alternations of litharenites and slates that dominate the broken formation in the eastern 

area. Bodies of sparitic breccias, calcitic marbles (olistostromes) and matrix-supported 

breccias (mud-flow deposits) occur in all structural stockwerks. Neritic limestone 

breccias with fossil fragments in the lowest stratigraphic succession are likely olistoliths 

(stratigraphy, Figure 15D, E). Two different types of massive and matrix-supported 
breccias dominate (outcrop no. 27418-4). The matrix of the light-grey breccia shows 

fenestral textures (Figure 15E). Most clasts are coarse-grained sparitic limestones that 
are unsorted, angular, polymictic and smaller than 5 dm in size. Organic material and 

light-grey sparites with shell fragments are less abundant. The other breccia includes 

the same lithologies but with fenestral textures as clasts and grey sparitic limestones 

as matrix (Figure 15D, E). Bedding is poorly developed. Further upsection, the 
massive breccias develop bedding that gradually decrease in thickness from several 

decameter to ~1 dm and alternate with cm-thick brownish litharenites. Erosive basis 

partly separate single deposits, starting either with middle to coarse-grained sand or 

fine-grained gravel. The matrix is marly with rounded clasts. Coherent beds are 

represented by alternations of grey to brown slates and litharenites (Figure 16A, B). 
Arenites are rarely carbonatic cemented and show a fining upward trend. Mud-flows 

are characterised by strongly elongated, sigmoidally shaped arenitic clasts in a silty 

matrix (Figure 15B). Thicknesses vary between 1-100 dm. Blocks of up to 10 dm thick 
sparitic limestones sparsely occur. These phacoids are surrounded by schists that 

show scaly fabric. Slates develop a first cleavage plane in some horizons. The more 

competent layers are intersected by calcite (Cal) veins that are orthogonal to the 
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bedding planes (Figure 16A). Coherent deposits are closely associated with disrupted 
layers. This change occurs within a few decameters (Figure 16E). Two outcrops (no. 
09518-9 and 02518-11) show these abrupt changes (map Figure 4). In the outcrop 
(no. 02518-11), shown in Figure 16E includes all typical appearances of the broken 
formation. Zones which show higher tectonisation are up to decameter thick and not 

restricted to a specific stratigraphic level (Figure 10, Figure 15). Typical developed 
textures are veins, boudinage, decameter-wide folds, scaly fabrics or a pervious matrix 

with phacoids. Outcrop-scale folds are rarely exposed. The manifestation of textures 

depends on the lithology and accommodated strain. Less competent layers develop a 

scaly fabric or even a black, pervious matrix. Slates with scaly fabrics are dark grey to 

brown with folded, boudinaged or sigmoidally shaped clasts (Figure 15C, Figure 16A, 
B, C). Clasts vary from sparitic limestones, partly calcite cemented arenites, calcite 
and rarely marble schists. Sizes range from mm to dm. The more competent layers 

are intersected by veins filled with calcite and are partly boudinaged (Figure 16A, B). 
If shear stresses increase, rocks react incohesive at low depths (Festa et al., 2010, 

2012). This process concentrates at incompetent lithologies and leads to variable 

thicknesses of layers. A scaly matrix with broken blocks (phacoids) up to dm in size 

are typical (Figure 15B, Figure 16E). Phacoids are sigmoidally shaped and can 
internally show a scaly fabric (Figure 16D). The scaly matrix appears often as 
dismembered and pervious. Most blocks are calcite cemented arenites and sparitic 

limestones. 

Abrasive grain size reduction and frictional sliding forms cataclasites within 

cohesive rocks (Fossen, 2016). These cataclastic zones occur randomly distributed 

within all stratigraphic levels, especially in valleys in the west where the metamorphic 

sole is in direct contact with the non-metamorphic broken formation and close to the 

SPNF (map Figure 10). They reach a thickness up to 10 m (cross sections Figure 11). 
Metamorphic sole-related cataclasites show a pervious, black matrix with calcite-filled 

veins. These veins are tightly folded (Figure 20A). Near the SPNF, the cataclasites 

Figure 15: Schematic stratigraphic column of the non-metamorphic broken formation. Characteristic 
sedimentary structures are (A) mud-flows, (C) alternations of arenites with slates and (D+E) olistoliths. 
All sedimentary textures in A, B and C are in the outcrop 09518-9. Olistostromal deposits are thickest 
in the lowermost structural level and grade into alternations of slates and arenites (outcrop no. 27418-
4). (B+C) Depending on the amount of strain (further discussed in Figure 16), the coherent successions 
become more discontinuous and develop a second foliation, veins, scaly fabrics with sheared, native 
clasts, boudinage or phacoids. The transition to the metamorphic sole on top is a strongly tectonised 
zone (Figure 20A) with folded calcite veins in a black slaty matrix. Cataclasites are locally developed 
near the SPNF, independent of the structural level and reach maximum thicknesses of 50 m. 
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show a black and very fine-crystalline matrix that includes broken, lozenge-shaped 

clasts which are <1 cm. Clasts within the cataclasites are more abundant than within 

slates with scaly fabrics. They are either calcitic cemented arenites or sparitic 

limestones. 

Figure 16: (Page 50) Composition of outcrop images and sketches of the degree of tectonisation in the 
broken formation. The stratigraphy is disrupted but not mixed. (E) Depending on the strain that was 
accommodated, the same lithologies develop different fabrics within a few metres. (A) The less strained 
and most coherent domains are characterised by alternations of slates and arenites. Veins with calcite 
concentrate in the more competent arenitic layers. Erosive basis and fining upwards partly preserve 
stratigraphic deposition directions. (B+C) Higher strained domains are characterised by boudinaged 
arenitic layers, scaly fabric in slates and folds and (D) develop into high-strained domains with a 
pervious, scaly matrix. Phacoids up to several metres in size and are (E right hand side) native, sparitic 
blocks or (D) schists.  
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6.2.2. Metamorphic sole 

Structurally between the non-metamorphic broken formation and the ophiolitic 

unit is an around 500 m thick, tectonised unit with greenschist facies overprinted 

lithologies in the structurally lowest position and increasing metamorphic conditions 

towards the top (Figure 17). The thickness decreases eastwards. Lithologies in the 
metamorphic sole are exposed between the NE-trending Valbona-valley, which marks 

more or less the plate interface, and the foot of the Maja e Mekines mountains 

belonging to the High Karst unit (Figure 3). Lower granulite facies conditions are 
reached in the area near Shkelzen (Figure 3). Seven mappable units are 
distinguishable; five of them near Bajram Curri and two more near Shkelzen. These 

are from the structurally bottom to top epidote-chlorite-schists, variegated schists, 

calcschists, quartz-albite schists and brecciated serpentinites near Bajram Curri as 

well as amphibolite and garnet-gneiss near Shkelzen (Figure 17). The foliation planes 
dip in average gently with 35° to the east (Figure 13C). Cleavage and bedding planes 
in the broken formation dip as well to the east (Figure 13A, B). The metamorphic sole 
is thrust onto the broken formation and both units are folded tightly with strongly west-

vergent limbs (Figure 11, Figure 13). 

Figure 17: (Page 52) Pseudostratigraphic succession of the metamorphic sole near Bajram Curri. The 
broken formation below is partly strongly tectonised but not metamorphosed (Figure 15). The ophiolitic 
unit on top of the metamorphic sole is foliated parallel to the plate interface and serpentinised at the 
base (35). The thicknesses vary between ~500 m in the west (left sketch) and ~100 m in the east (right 
sketch). Five units were separated in Bajram Curri. The amphibolite (MR18-6) and garnet-gneiss 
(MR18-5) sampled near Shkelzen are structurally on top of the brecciated serpentinites or quartz-sericite 
schists. 
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6.2.2.1. Epidote-chlorite schists 

Epidote-chlorite schists form the lowermost structural level of the metamorphic 

sole (Figure 17). In the west, intercalating chlorite schists and prasinites are a ~200m 
thick sliver on top of non-metamorphic broken formation. Calcitic cementation increases 

upsection, grading into calcitic marble schists. In xz-direction, epidote-chlorite schists 

appear massive in the field whereas crenulation is more dominant in the chlorite-rich 

successions. Crenulation is visible in the field as well as in the thin section (Figure 
18A, B). The further east, the more calcite-quartz veins appear foliation-parallel. In the 
east, slivers reach maximum thicknesses of around 20 m. They are associated with 

red schists, metacherts as well as quartz-albite schists. Carbonatic schists follow 

upsection. There, prasinites show a macroscopically compositional layering depicted 

by green epidote, white albite (Ab) and red arenitic domains (Figure 18B). Chl+Ab+Ep 
are the main minerals that are very fine-crystalline<100 µm. Quartz can appear as 

<20 µm elongated and xenomorphic aggregates in a matrix of epidote -rich layers. 

Clinozoisite is rare. Sigmoidally-shaped, red arenitic layers are rich in Qtz+Ttn+Hem 

(Figure 18B, Figure 19). The sample for thin section analyses was taken from the 
central part of the mapped area at the outcrop no. 08518-10, where arenitic layers as 

in Figure 18B are not present. The sample exhibits fine-crystalline<100 µm matrix 
chlorite, epidote, albite, quartz and subordinary phengite, clinozoisite (Czo), 

amphibole. Two types of layers are rich in Cal+Qtz or Hem+Ttn (Figure 19). 

Figure 18: Outcrop images of chlorite schists from different structural levels. (A) Thickest sliver 200 m 
of chlorite schists in the western domain where they are on top of non-metamorphic broken formation 
(outcrop no. 26418-7. (B) In the east (outcrop no. 14518-2), slivers are with ~20 m less massive than in 
the west. The green colour is due to matrix chlorite and epidote. White albite and red arenitic layers are 
present. 
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Hematite+Ttn are fine-disperse aggregates less than 5 µm. Crenulation is nicely 

depicted in these layers (Figure 19). Minor mineral phases in white calcite- and quartz 
layers are clinozoisite, and albite. Fibrolitic or platy chlorite intergrows with beige 

phengite. They follow a second foliation, that is macroscopically also visible as 

crenulation in mica-rich domains (Figure 18A). Epidote is very fine-crystalline <100 µm 
is mostly hypidiomorph with inclusions of disseminated hematite and titanite. 

Interference colours are pale blue to yellow when the component of clinozoisite 

increases. Both, clinozoisite and epidote belong to the same mineral group just with 

variations in their Fe-concentration. The more Fe, the favorable epidote is formed. 

Xenomorphic quartz appears either in the matrix with sizes around 20 µm and in 

calcite-rich domains reaching 0.2 mm (Figure 19). These crenulated Cal-Qtz-rich 
domains are up to 1 mm wide, foliation parallel lenses. Calcite reaches grain sizes of 

0.4 mm and shows twinning lamellae. 

The mineral assemblage Ep+Chl+Ab+Qtz+Czo+Wmca+Cal+Ttn+Hem is 

typical of a mafic protolith, such as basaltoids or tuffites, that was overprinted under 

Figure 19: Plain polarised light (PPL) image of the epidote-chlorite schist from sample MR18-38. 
Ab+Chl+Ep+Amp are typical minerals in a metamorphic basalt. Qtz+Cal and Hem+Ttn are more or less 
in distinct layers that follow the foliation. Opaque-rich layers are likely to show crenulation. 
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greenschist-facies metamorphic conditions. In an ocean floor setting, carbonatic 

sediments, such as limestones or carbonatic turbidites are likely to deposit. The CaCO3 

can be remobilised and migrate in a fluid phase. Such fluids can also be rich in silica 

(Manning, 2004) and precipitate in other lithologies, forming a calcitic matrix as in the 

thin section MR18-38 (Figure 19). 
  



 56 

6.2.2.2. Variegated slates & schists 

Numerous slates and schists are summarised in this unit. Each lithology 

reaches maximum thicknesses <20 m. Included are red metacherts, coarse grained 

white to pinkish calcite marbles, red schists/ slates, green schists/ slates (rarely with 

chlorite and epidote), dark organic-rich schists, schists rich in white mica as well as 

red, white to grey, foliated calcite marbles. Epidote-chlorite schists, calcschists as well 

as quartz-albite schists are part of this unit and were mapped as a separate unit if they 

had thicknesses greater than >20 m. Protoliths formed sediments most likely deposited 

in a pelagic environment as cherts, carbonatic ooze and pelagic clay. Whereas 

protoliths of epidote-chlorite schists had more likely a mafic affinity, such as oceanic 

crustal or volcanic tuff. Chapter 7 discusses this unit. The schists mostly appear 
dismembered and scaly (Figure 20). In the west, rocks are less consolidated (Figure 
20C), forming slates with general greater thicknesses than in the east (cross sections 
Figure 11). The further east, the greater thicknesses reach calcschists and quartz-
albite schists as separate units. These units are more dominant on the map (Figure 
10). Metacherts become less important and red+green slates are higher 
metamorphosed to schists (Figure 20B, D, E). The stratigraphy varies west-east as 
well (Figure 17). In the west, a decameter thick southwest dipping shear-zone with 
tightly folded schists commonly separates broken formation and metamorphic sole 

lithologies, here variegated schists (outcrop no. 16518-1, Figure 20A). Cataclastic 
domains within the variegated schists dip southwest as well (Figure 20C). These areas 
are often found in water-rich and incised gorges. Carbonatic cemented, green, white 

mica-albite schists intercalating with mm-thick calcite marble schists are in direct 

contact with the shear-zone above the broken formation. Quartz veins are elongated 

and occur rarely together with epidote. Epidote is associated with green and chlorite-

bearing schists. Metacherts occur as green, brown, red and grey layers which are up 

to 1 dm thick. In higher structural positions, metacherts become more carbonatic and 

alternate with siliceous marble schists (Figure 20D). Further to the east, this unit 
gradually loses thickness. Red and green schists appear scaly and are closely 

associated with brecciated serpentinites. Metacherts and red schists are less common. 

Metacherts form up to 1 dm thick layers which are boudinaged, folded and intercalate 

with foliated siliceous marble schists and metapelites. At an outcrop (no. 14518-2) in 

the east, organic-rich black schists crop out. They bear sigmoidally shaped epidote-

rich quartz lenses which indicate peak greenschist-facies conditions (Figure 18B). 
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Figure 20: (A) Outcrop in the northwest (no. 16518-1), slates of the broken formation and carbonatic 
sericite-schists are separated by a m-thick, tectonised zone. This zone is characterised by foliation 
parallel calcite veins that are tightly folded together with dark grey marly schists. (B+C) In the west, 
slates are more prominent, forming strongly tectonised and weakly consolidated outcrops (no. 26418-
1). Cataclastic zones dip to the SW like the in (A) mentioned tectonised zone, separating broken 
formation and metamorphic sole. (E) Slates developed from primary pelagic clay or tuffs form schists 
up to greenschists facies conditions in higher structural levels (D) where carbonatic metacherts are in 
compositional layering with red schists and siliceous marble schists (outcrop no. 28418-11). 
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6.2.2.3. Calcschists 

The term calcschists include carbonatic marbles schists and calcareous schists. 

In the centre part of the map, intercalations of green and red schists from the unit 

variegated schists grade into carbonatic cemented schists within around 20 m. These 

green schists intercalate with slightly folded carbonatic marble schists. Chlorite is 

present and quartz lenses are sigmoidally shaped. Upsection, carbonatic marbles crop 

out as ~120 m thick sliver (geological map Figure 10). The outcrop (no. 08518-8) 
depicted in Figure 21 is typical of the carbonatic marble schists in the west. These 
medium to coarse-crystalline mylonites are tightly folded in cm-scale with fold-axes 

and stretching lineations plunging gently to the northeast. Average dip angles are 16° 

Figure 21: Sketch and images of outcrop no. 08518-8. (A+B) Carbonatic marbles show a compositional 
layering and are tightly folded at some outcrops. Fold axes plunge gently to the NNW. The competence 
contrast is clearly visible as a feature of the different calcite to clay-silica concentration. Layers appear 
less weathered if the calcite concentration is high. (C) Quartz lenses are strongly elongated along the 
foliation plane. 
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(Figure 21). The few mm to dm spaced compositional layering is depicted by variations 
of the primary sedimentary inventory on carbonatic and clayish, silica-rich material. 

The more slaty the material which means the calcite component decreases, the more 

likely it weathers (Figure 22B). Green sericite as well as strongly elongated quartz 
lenses <1 mm occur. Colours range from bright to dark grey, yellow, brown to greenish. 

Further east, carbonatic marbles occur less frequent and intercalate with calcareous 

schists. Elongated quartz lenses become more abundant reaching 5 cm (Figure 22C). 
Carbonatic marbles are rare. Less competent schists exhibit scaly fabrics. white mica- 

and minor calcite veins are elongated and folded. Outcrop no. 22418-5 shows s-c’-

fabrics indicating top to the west transport direction. Stretching lineations show top to 

the west sense of shear (Figure 22). 

Figure 22: (A+B) Outcrop images of carbonatic marble schists near Markaj (no. 22418-5, marked in the 
topographic map in the appendix). S-c’-fabrics show top to the west shear senses. Stretching lineations 
Ls plunge moderately to the west. (A) C and c’ planes are average orientations. (C) Poles of c and c’ 
foliation planes and stretching lineations in lower hemisphere equal are projection. 
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6.2.2.4. Quartz-albite schists 

Quartz-albite schists represent the uppermost lithology within the metamorphic sole 

(Figure 10, Figure 17). Discontinuously occurring, this unit is closely related to red 
and calcareous schists in the western part or to brecciated serpentinites in the east. 

Greatest thicknesses are reached in the northeast. In the west, quartz-albite schists 

form slivers within variegated schists. There, calcareous schists continuously devolve 

upsection into carbonatic-free schists, where the white mica-schists appear highly 

disrupted and mostly with a scaly fabric. If the schists are strongly weathered, the 

colour changes from slight green to whitish-brown. Rarely occurring sigmoidally 

shaped white mica-clasts are partly foliated. Elongation of quartz grains and stretching 

lineations are rare. At an outcrop in the centre of the map (outcrop no. 08518-4), 

quartz-albite schists show a s-c’-fabric (Figure 23). The foliation planes dip steeply 
towards east. Stretching lineations at c’-planes plunge southwards. East of this 

outcrop, fold axes within the broken formation unit plunges towards south as well (Map 

Figure 23: Outcrop (no. 08518-4) image of quartz-albite schist with s-c’-fabric. Stretching lineations on 
c’-planes plunge south. Fold axes of broken formation which lies on top of this unit plunge also towards 
south. Thin section observations show BLG-recrystallisation of quartz (Figure 25B) indicating the 
deformation occurred during greenschist-facies non-plane strain conditions. c’= cissaillement Ls= 
stretching lineation, s1= foliation plane. 
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Figure 10). Further upsection, quartz-albite schists are coherent layers with a mylonitic 
fabric in xz-direction (Figure 25C). In yz-direction, layers are crenulated, typical of non-
plane strain conditions. The compositional layering is not obvious in the field where 

quartz-rich layers apparently intercalate with slightly green to whitish sericite and rarely 

chlorite. There (outcrop no. 12518-4), quartz commonly shows stretching lineations 

(Figure 25C). Brown stilpnomelane concentrates along these mylonitic quartz-layers. 
Chlorite is not present at higher stratigraphic succession. Close to the plate interface 

in the west, sericite is underrepresented. Crenulation overprints stretching lineations. 

Fold axes of the crenulation planes plunge parallel to the stretching lineations. 

Samples for thin section analyses were taken close to the plate interface, where they 

alternate with brecciated serpentinites and calcschists (Figure 10). The compositional 
layering is depicted by coarse-crystalline quartz domains and fine-crystalline Ab-Stp 

layers (Figure 24, Figure 25, Figure 26). Coarse-crystalline quartz domains show 
overall pinch- and swell structures with spherical to lense-shaped and rarely elongated, 

shape-preferred orientation in xz-direction (Figure 25A). An s-c’-fabric is too weak to 
produce consistent shear-directions (Figure 25). Shape-anisotropic grains with long 

Figure 24: Handspecimen from quartz-albite schist from outcrop no. 12518-4 cut along (A) xz- and (B) 
yz-direction of the finite strain ellipsoid. The thin section MR18-23 (Figure 25) was produced from (A). 
It was cut along the stretching lineation (076/53) which is identical to the fold axes. Along this xz-
direction, all minerals are elongated, showing a compositional layering but no indicative shear sense. 
Bimodal quartz grain sizes dominate. The darker grey the layers, the smaller the grain size of quartz 
and vice versa. Brown layers are stilpnomelane-rich whereas the pink appearing parts are sericite-rich. 
(B) The schist is crenulated in yz-direction. 
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axes up to 1 mm do not show undulose extinction and are either in single layers or in 

pinched areas where more strain was accommodated (Figure 25A, B). However, most 
coarse-crystalline quartz-domains show undulose extinction, sutured grain boundaries 

as well as subgrains (Figure 25B). Aspect ratios are circa 1:6. Newly recrystallised 
grains inside quartz are between 30-35 µm (Figure 25B). This is typical of the 

Figure 25: Crossed polarised (CPL; A+B) and PPL (C) images of quartz-albite schist from sample 
MR18-23. A weak s-c’-fabric but no clear shear senses is identifiable. (A) The compositional layering is 
due to grain size variations of quartz. stilpnomelane preferably grows in fine-crystalline layers along the 
foliation plane (C) or at the rims of coarse-crystalline quartz. This is also shown in the potassium 
distribution (Figure 26). (B+C) quartz shows typical BLG recrystallisation textures with sutured grain 
boundaries, subgrains <35 µm and a strong shape-anisotropy with axial ratios of 6:1. in coarse-
crystalline quartz layers. (B) Quartz shows undulose extinction which overprints BLG. 
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transition between bulging recrystallisation (BLG) and subgrain rotation (SGR) 

occurring at ~400°C and differential stresses ~100 MPa (Stipp et al., 2002). Undulose 

extinction overprints the BLG-texture (Figure 25B). Within the very fine-grained, 
polymineralic, phase with minor disperse, <5 µm large, colourless, crystalline minerals, 

possibly titanite, as well as brown radiating stilpnomelane. The presence of at least 

one more layers <35 µm large albite is the other main mineral phase, titanite in this 
case, leads to pinning of albite grains which means smaller grain sizes during 

recrystallisation. Chemical analyses are given in Table 4. Stilpnomelane occurs as 
radiating, fibrous aggregates and also nucleates at the rims of coarse-crystalline quartz 

domains. This phase shows pleochroism from yellow-brown to red-brown and has a 

higher relief than quartz. Biotite has similar optical properties but has higher potassium 

concentrations than stilpnomelane (Table 5). Needles of sericite grow preferentially 
within coarse-crystalline quartz layers in which they reach greatest expanses (Figure 
26Ca). They form very fine-grained, dendritic, fibrous, radiating and light-yellow to 
beige aggregates that statically overgrow an earlier foliation. 

The mineral assemblage quartz, albite, sericite and minor iron-rich phases such 

as stilpnomelane or titanite, indicate a silica-feldspar-rich protolith, e.g. greywacke or 

tuff. The observed textures in quartz (BLG, undulose extinction, subgrains) and in 

albite (small grain size) suggest dynamic recrystallisation under greenschist facies 

conditions. Whether the ductile deformation was controlled by the primary grain size, 

any secondary mineral phases or high strain rates cannot be elucidated. The static 

overprint with iron-rich fluids under lower greenschist-facies conditions is well 

constraint by stilpnomelane and sericite (Currie and Van Staal, 1999). The chapter 

discussing the garnet-paragneiss gives more details on this reaction. Quartz shows 

BLG-textures that is overprinted by undulose extinction (Figure 25B). This is a 
common texture if dynamic recrystallisation is overprinted by later static conditions. 
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Table 4: Micro-XRF measurements in fine-
crystalline layers in sample MR18-23. 
Measurements are not quantifiable and exact 
composition are therefore not given. Points are 
marked with the same name in the element 
map in Figure 26. Oxides <0.02 wt% are not 
listed. The compositions are comparable with 
albite in garnet-gneiss. 

 

  

Mineral Ab1 Ab2 Ab3 
Oxide [wt%]    

Na2O 12,60 12,57 11,32 
Al2O3 18,51 18,25 17,13 
SiO2 60,06 59,71 56,60 
CaO 0,46 1,53 1,64 
K2O 0,04 0,04 0,06 
TiO2 0,66 1,59 1,58 
MnO 0,05 0,02 0,18 
FeO 0,53 0,22 1,69     

Recovery rate 
of elements [%] 

92,94 93,99 90,29 

Figure 26: Micro-XRF element maps in xz-
direction of quartz-albite schist. The sample 
MR18-23 was taken from outcrop no. 12518-
4. The compositional layering is depicted by 
the grain size as well as mineralogical 
changes. The grey top image shows white 
domains which are sericite, grey stippled 
domains rich in albite, pure grey domains that 
are quartz and dark parts rich in 
stilpnomelane. Potassium (blue, second 
topmost image) is enriched in the dark 
stilpnomelane-rich layers. Compared to 
biotite, stilpnomelane incorporates less 
potassium. Calcium (yellow, second bottom 
image) is a clear indicator for sericite. 
Aluminium (bottom image in blue) is a mixture 
of signals from feldspar, sericite and 
stilpnomelane. Fine-crystalline feldspar layers 
inhabit µm-large disperse sericite and 
stilpnomelane. These coarse-crystalline 
quartz domains (in black) include larger 
stilpnomelane (K-image) and sericite (Ca-
image). 
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6.2.2.5. Brecciated serpentinite 

Serpentinites within the metamorphic sole crop out structurally at two positions 

(Figure 11). Further west, they appear as slivers on top of variegated schists and are 
associated with black, organic-rich schists and a few mm-thick calcitic marble schists. 

Serpentinites are mostly dismembered with a white-greenish, pervious and CaCO3-

bearing matrix that partly shows a scaly fabric (Figure 27). Brecciated and sheared 
clasts can be up to several metres in size. In the east, calcareous and mylonitic quartz-

albite schists are closely related to the brecciated serpentinites. Layers there are 

thicker and more continuous along the general SW-NE striking direction. Whether the 

brecciated serpentinites were primarily formed during the spreading stage or during 

subduction either at faults whilst the subducting slab bends at the trench or in the 

mantle wedge is not possible to differentiate just by field observations (Rüpke et al., 

2004). 

 

 

  

Figure 27: (A) Outcrop image (no. 12518-6) of brecciated serpentinites of the metamorphic sole west 
of Bajram Curri. The degree of brecciation varies. Highly strained domains exhibit a pervious, greenish-
grey matrix (B) that partly shows a scaly fabric. Blocks and sheared clasts are dm-large in the matrix 
and form phacoids. The hammer is for scale. 
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6.2.2.6. Amphibolite 

The following two thin sections were prepared from the samples east of 

Shkelzen (outcrop no. 14518-3), which is ~10 km NE outside the mapped area (Figure 
3). At mount Kombes, the garnet-bearing gneiss (next chapter) and foliated 
amphibolite crop out as discontinuous bodies with a compositional layering at outcrop- 

to micrometre-scale. The amphibolite and gneiss represent lithologies of highest 

metamorphic grade in the metamorphic sole. 

At microscale, the amphibolite shows a granoblastic texture and a compositional 

layering of green amphibole-rich (Figure 28) and feldspar (Fsp)-Qtz-rich domains with 
maximum thickness of 1 mm (Figure 29). Hypidiomorphic green to bright brown 
amphibole is the main mineral phase (Figure 28). No chemical analyses were 
conducted to determine the exact amphibole species. Due to the colour range between 

Figure 28: PPL image of mineral assemblage in amphibolite-rich layer in sample MR18-6. The primary 
metamorphic minerals amphibole and possibly feldspar are overprinted under greenschist facies 
conditions where chlorite, titanite, epidote and clinozoisite are stable. 
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green and beige, the amphiboles are likely hornblende with varying magnesium and 

iron content. The beige hornblende incorporates more magnesium, whereas the green 

hornblende incorporates more iron. Feldspar, possibly albite, clinozoisite, quartz and 

epidote are less abundant. Minor mineral phases are titanite, opaques, chlorite and 

garnet. All minerals are surrounded by the matrix which is composed of at least of two 

epitactic, long-prismatic mineral phases that are <10 µm in size. One phase is 

unidentifiable with thin section analyses. It shows blue interference colours and is likely 

chlorite or clinozoisite. They intergrow with xenomorphic quartz. These two phases are 

the main components within shear fractures which are less than 2 mm wide and bear 

broken minerals of the host rock. Fractures offset the foliation planes by 1.5 mm and 

from drag folds. Amphibole is aligned in the foliation plane. It is pleochroitic from pale 
beige-green to green and has a 

very good cleavage with typical 

120° angles seen in basal 

sections. Some crystals show 

twinning (Figure 28). Inclusions 
of titanite and ilmenite (Ilm) are 

common. The grain size 

depends on the presence of Fsp-

Qtz-rich layers near which 

amphibole is larger with sizes up 

to 0.5 mm. Feldspar exists 
exclusively in the Fsp-Qtz-rich 

layers. Undulose extinction and 

deformation twins are common, 

which is typical for low temperature deformation <400°C (Figure 29, Passchier & 
Trouw, 1996). Xenomorphic, poikilitic feldspar inhabits inclusions of clinozoisite, 

epidote, titanite and unidentified prismatic mineral aggregates. These aggregates are 

commonly growing from amphibole-, clinozoisite- and epidote-crystals into the 

feldspar-rich layers. The mineral assemblage indicates plagioclase with a high albite 

component. Clinozoisite and albite replace plagioclase. Clinozoisite appears either 
fine-crystalline in the matrix and veins or xenomorph, coarser-crystalline in the 

feldspar-rich layers. There, clinozoisite and epidote form sometimes one aggregate. 
They can be distinguished by their birefringence, which is blue-yellow in clinozoisite 

Figure 29: PPL image (sample MR18-6) of plagioclase 
(possibly albite) which shows twinning typical for low 
temperature <400°C deformation (Passchier & Trouw, 1996). 
The twinning starts at the grain boundaries where strongest 
forces are induced. 
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and green of 2nd order in epidote. Both reliefs are higher than that of quartz. Epidote is 

pale green and hypidiomorphic, whereas clinozoisite is colourless. Idiomorphic titanite 
grows along the grain boundaries or inside amphibole and reaches sizes of 0.5 mm in 

Ab-Qtz-rich layers. They often grow along the grain boundaries of amphibole or around 

opaques which is likely ilmenite. Ilmenite is more abundant in layers where amphibole 
is less than 0.5 mm large. It is xeno- to hypidiomorphic and disseminated. Idiomorphic 

apatite occurs in the Qtz-Ab-rich layers. Chlorite grows mostly foliation-parallel and 
fibrolitic in Ab-Qtz-layers. 

The mineral assemblage Amp+Ab+Qtz is typical of protoliths of basaltic 

compositions overprinted under higher amphibolite-facies conditions. Secondary 

Chl+Ep+Czo grow under greenschist-facies conditions while deformation twins in 

feldspar evolve. 
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6.2.2.7. Garnet-gneiss 

The garnet-gneiss intercalates with the in the previous chapter described 
amphibolite which both crop out near Shkelzen (Figure 3). 
Within the granoblastic garnet-gneiss, the compositional layering is depicted by matrix 

albite and foliation-parallel quartz lenses that are rimmed by stilpnomelane (Figure 30, 
Figure 31, Figure 32, Figure 33). Single mica (Mca) layers are enriched in chlorite 
and/or white mica. Quartz grows as fine-crystalline phase in the matrix or coarse-
crystalline as lenses. In the coarse-crystalline domains, quartz is statically overgrown 

by stilpnomelane and sericite (Figure 30, Figure 31, Figure 32, Figure 33). Feldspar 
shows replacement textures. Secondary minerals are chlorite, white mica, 

stilpnomelane, sericite, titanite and opaques (Op). Matrix feldspar has a typical albite 

composition (Table 5) and partly shows polysynthetic twins with small extinction angles 
of ~13°. These polysynthetic twins are relicts of the pseudomorphic reaction from albite 

after plagioclase. Albite is either without any inclusions or grows together with 

Figure 30: PPL images of compositional layering in gneiss sample MR18-5. Albite is in association of 
muscovite and margarite which together is a pseudomorphic reaction after feldspar under amphibolite 
facies conditions. Feldspar and garnet are primary peak-metamorphic phases Relictic garnet exclusively 
appears as broken blasts in albite-rich layers. There, foliation-parallel chlorite and phengite pin garnet. 
In quartz-rich layers, stilpnomelane and phengite grow as fibrous into cavities that are sealed with 
quartz. 
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muscovite and margarite 

pseudomorphic after 

feldspar. Muscovite and 

margarite somehow outline 
as flaky and needle-like 

crystals relicts of feldspar 

blasts (Figure 32). In some 
layers, the relictic feldspar 

blasts and quartz clasts are 

weakly sigmoidally shaped 

(Figure 30). Monazite (Mnz) 
appears as single crystals of 

~30 µm. Quartz appears 

either rarely as fine-

crystalline grains within the 

matrix or in foliation-parallel, 

lens-shaped aggregates 

together with albite. These 

foliation-parallel cavities are 

rimmed by stilpnomelane and 

sericite. As last crystallised 

phase, it grows as anhedral, 

coarse grains without any 

undulose extinction. The 

strain-free habitus and the 

radiating shapes of 

stilpnomelane, sericite 

(described under 

stilpnomelane and sericite) 

and quartz indicates possible 

static growth under low-grade metamorphic conditions. Quartz rarely surrounds 

plagioclase as poikilitic grains. Garnet is restricted to albite-layers (Figure 31). Garnet 
reaches sizes of 1 mm. The blasts are hypidiomorph, fractured, partly elongated or 

irregularly shaped which indicates growth during deformation. Most crystals are zoned 

Figure 31: Micro-XRF element maps from the same area shown 
with the incident light image of the gneiss (sample MR18-5) from 
Shkelzen in the topmost image. The colours are qualitative 
concentration signal (Table 5). Albite and quartz are in 
compositional layering which can be depicted by the all element 
maps. Especially the low aluminium (blue image) and iron (red 
image) signal indicates quartz-layers. The high aluminium signal 
(blue image) is indicative for albite. Garnet concentrates in these 
albite-rich layers and shows a zonation which is due to inclusion 
and no signal of composition differences. Quartz cavities are 
rimmed by stilpnomelane. Stilpnomelane is high in iron and low in 
potassium (green image). Phengite layers have a high potassium 
signal. The scale is 4 mm. 
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(Figure 31Fe, Figure 32). The cores bear inclusions of zircon (4 µm large), quartz, 
white mica, chlorite, opaques or tourmaline. The rims are free of inclusions (Figure 
32). Chlorite concentrates in garnet- or white mica-rich layers. In garnet-rich domains, 
chlorite penetrates garnet. There, chlorite grows either in fractures or at the rims where 

it pins garnet (Figure 33). In white mica-rich layers, chlorite grows foliation-parallel 
where it intergrows with platy white mica and stilpnomelane (Figure 30). Colours vary 
from pale beige to green and interfinger along their cleavage planes. Pleochroism from  

Figure 32: BSE image of the gneiss (sample MR18-5). Matrix albite intergrows with muscovite and 
margarite. The fractures in garnet are sealed by the matrix minerals Ab+Ms+Mrg. The same mineral 
assemblage is present in the with a rectangle marked area. This area was mapped with EDX. The result 
gives integrated over the area a feldspar composition (Table 5). The elements map in Figure 31, Figure 
33 is rich in sodium (blue) in this area. Garnet is zoned, bearing quartz, white mica, chlorite, opaques 
or tourmaline in the cores. The rims are free of inclusions. The zoning is just represented by the 
inclusions. The mineral chemistry is the same in the cores and rims. Chlorite grows foliation- parallel. 
Stilpnomelane grows as radiating needles in quartz-bearing cavities. 
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Table 5: EDX measurements of the gneiss of sample MR18-5. Mineral formulae are calculated based 
on these measurements. The chemical formula for OH-rich phases were not determined. *Suggested 
relictic feldspar composition that was evaluated with an area measurement over Ab+Ms+Mrg of a blast 
seen in Figure 32. 

 Peak metamorphic assemblage Post-peak metamorphic assemblage 
Mineral Garnet Fsp* Albite Chlorite Phengite Titanite Stilpno

melane 
Stilpno
melane 

 (Fe2+1.99
Mg0.68M
n0.26Ca0.
15)Al1.96(
Si2.97Al0.0
3)O12 

(Na0.7Ca
0.25K0.12)(
Si2.73Al1.2

5)O8 

Na1.02(Si
2.99Al)O8 

  Ca1.04Si1
.04Ti0.8Al
0.2O5 

  

Oxide 
[wt%] 

 
 

      

Na2O 0 8.00 12.04 0 0.17 0 0 0 
K2O 0 2.04 0 0.19 11.67 0 1.42 0.93 
MgO 5.78 0 0 17.38 4.23 0 9.44 8.90 
CaO 1.73 5.22 0 0 0 29.96 0 0 
FeOtotal 30.00 0 0 30.07 4.35 0 28.12 29.12 
Al2O3 21.23 23.72 19.51 19.77 26.80 5.37 6.12 6.22 
SiO2 37.43 61.02 68.45 32.12 52.62 32.05 53.25 53.66 
MnO 3.83 0 0 0.48 0 0 1.51 1.13 
TiO2 0 0 0 0 0.16 32.63 0.15 0.04   

 
      

Total [%] 100.00 100.00 100.00 100.01 100.00 100.01 100.01 100.00 
 

colourless to light-beige, blue or brown interference colours is barely visible. White 
mica appears in two different associations.Together with albite, muscovite and 
margarite are needles that outline old blasts like a chessboard pattern. An area map 

for tracing possible pseudomorphic reactions, gave area compositions suggesting 

primary feldspar blasts (Table 5). Feldspar as primary metamorphic mineral is stable 
under granulite facies conditions. A second white mica appears pale beige, platy, 

acicular or as fibres. It has a phengite composition. It partly follows the pre-existing 

foliation and intergrows with chlorite and opaques. Where it intergrows more with 

stilpnomelane, white mica forms ~5 µm large, fibrolitic, delicate, radiating aggregates. 

It preferably grows in Qtz-Ab-bearing, lens-shaped cavities. In these lenses, brown 

stilpnomelane grows acicular, fan-like and radiating into cavities filled with quartz 
(Figure 32, Figure 33). It nucleates at the rims and overgrows together with phengite 
a pre-existing compositional layering (Figure 30, Figure 33). Stilpnomelane shows 
pleochroism from yellowish- to reddish-brown and a zonation where the centre is 

almost depleted in potassium and rich in aluminium, but the rim is depleted in 

aluminium and potassium-rich. The element mapping as well as point measurements 

give high Fe- and low K-concentrations (Figure 31, Table 5). As minor mineral phases, 
xenomorphic rutile, ilmenite and titanite are disseminated opaque aggregates near 
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garnet, where they grow along cleavage planes of chlorite or white mica. They replace 

each other in this order, starting with rutile. 

The preserved primary metamorphic mineral assemblage Kfs+Grt+Mnz+Rt+Ilm 

(listed in Table 5) is typical of lower granulite-facies conditions, where white mica as 
well as biotite are not stable. Except ilmenite, these minerals are preserved stable 

metamorphic phases (Figure 32). The area mapping with EDX of a relict blast of 
Ab+Ms+Mrg gives a typical feldspar-composition (see area measurement in Table 5). 
Figure 32 shows the measured area. This is evidence for stable feldspar as primary 
metamorphic mineral replaced under metamorphic conditions lower than granulite 

facies. Other authors report similar peak pressure-temperature-conditions between 

3.3-6.0 kbar and 620-860°C for the metamorphic sole of the Northern Mirdita ophiolite 

Figure 33: Element map (Mg= R= red, K= G= green, Na= B= blue) with EDX in albite-rich layer of 
sample MR18-5. Matrix albite appears either with or without inclusions of phengite and margarite. This 
‘poikilitic texture’ is a pseudomorph reaction from Ab+Phg+Mrg after feldspar under amphibolite- and 
greenschist-facies conditions. During this reaction, albite takes sodium, phengite exhibits potassium 
and margarite incorporates calcium. Fractures of garnet are sealed with albite and pinned by chlorite 
and phengite. Greenschist metamorphic reactions build chlorite with Fe and Mg from garnet. Whereas 
phengite takes up sodium during growth from unstable feldspar. Both partly intergrow with 
stilpnomelane which incorporates less sodium. Stilpnomelane grows fibrolitic into cavities of quartz. 
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(Carosi et al., 1996; Dimo-Lahitte et al., 2001; Gross, 2015). The prograde reaction 

(Viruete et al., 2000): 

 

Sil + biotite (Bt) + Qtz (+Pl) à Grt + Kfs + H2O       (2) 

 

releases water which assists serpentinisation in the upper plate. The aluminium-

content of the protolith was possibly not high enough to form alumosilicates, such as 

sillimanite or kyanite (Bucher & Grapes, 2011). Ab+Ms+Mrg are hydrated alterations 

that are pseudomorph after feldspar under T<800°C and do not move potassium, 

sodium or calcium: 

Fsp à Ab + Ms + Mrg     (3) 

 

During this reaction, albite includes Al+Na, phengite exhibits potassium and margarite 

incorporates calcium. Ab+Ms+Mrg and the other secondary minerals 

Chl+Stp+Ser+Ttn+Hem+Qtz are in equilibrium. Albite, chlorite and muscovite grow in 

fractures of unzoned garnet and along the foliation which stilpnomelane and sericite 

overgrow later (Figure 32, Figure 33). These textures suggest three stages of 
deformation. The first stage during granulite facies-conditions is marked by 

pseudomorph blasts and garnet. Garnet is unzoned, not rotated grew under static 

conditions. The second deformation phase is characterised by the growth of chlorite 

and phengite along the pre-existing foliation as well as the pseudomorphic reaction 

after Equation 3. Chlorite incorporates iron and magnesium from garnet whereas 

phengite includes potassium from feldspar (Figure 31, Figure 33). Deviatoric stresses 
as well as iron-rich fluids led to fracturing of garnet blasts and precipitating OH-rich 

chlorite in these fractures. Deviatoric stresses lasted until lower greenschist-facies 

conditions, when the foliation became overprinted under static conditions. This is well 

constrained by the growth of radiating stilpnomelane and phengite. Chlorite was not 

stable during this last deformation phase. As seen in the element map (Figure 33), 
stilpnomelane is a mixture of potassium, magnesium and rich in iron (Table 5) which 
was likely infiltrated with volatiles that were also rich in silica. This led to the opening 

and healing of veins that are preserved as quartz-cavities (Figure 30, Figure 31). 
Currie and Van Staal (1999) compiled data from comparable mineral assemblages 

Qtz+Stp+Chl+Mca and estimated pressures between 4.6-7.0 kbar and temperatures 

between 280° and 450°C. The lower pressure limit of crystallisation in the upper plate 
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harzburgites estimated from exsolution lamellae of clinopyroxene in orthopyroxene 

(Opx) are in the same pressure field between 4.3-5.5 kbar (read chapter 6.3). This 
suggests that the metamorphic overprint took place under isobaric but lower 

temperature conditions. Amphibolites (MR18-6) intercalated with this described gneiss 

show the same greenschist-facies metamorphic overprint. 
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6.3. Upper plate lithologies 

The in chapter 6.2 described metamorphic sole lithologies are structurally 
below harzburgites including dunite lenses (see profile Figure 11). The mantle section 
in the Tropoja massif dips moderately to the southwest (Meshi et al., 2005) and reach 

maximum thicknesses of 30 km. The foliation of the mantle dips steeply and large-

scale folds with steep fold axes. The origin if the folded chromites in dunite bodies of 

the eastern Mirdita ophiolite are highly debatable. Some authors describe them as 

relictic patterns evolved from the ascending asthenosphere (Boudier & Nicolas, 2002; 

Hoxha & Boullier, 1995; Meshi et al., 2005). Above a subducting plate, the 

asthenospheric flow changes, progressing into the mantle-wedge (Dilek & Morishita, 

2009; Dilek & Furnes, 2011). The base of the ophiolite is a strongly brecciated and 

serpentinised zone of less than 200 m that is defined as the plate interface. More 

details about the definition of a plate interface in Chapter 4. Where serpentinisation is 
strong, an evolution of at least three different types can be seen. Veins start developing 

at olivine with a typical mesh texture and follows the foliation in coarse-crystalline, 

partly mylonitic layers. In ultramylonitic layers, veins are discordant. Later stages of 

serpentine veins are always discordant. Bastitisation starts at orthopyroxene and 

spinel is remobilised to Magnetite. Serpentinisation, brecciation and veining decrease 

structurally upwards, where harzburgitic mantle rocks become more massive. Lenses 

of dunite bear disseminated and nodular chromium spinel (CrSpl). These rarely 

occurring dunite bodies can be stratiforme, sub-stratiform as well as discordant (Meshi 

et al., 2005). One small occurrence is for example in the southeast of the mapped area 

near Bujani (Figure 4). These bodies reach thicknesses of just a few decameter. The 
closest mine near Bajram Curri is southeast of Rragam. There, lens-shaped dunite 

bodies bear nodular chromium spinel.  

One serpentinised harzburgite (MR18-26B & -26C) and one serpentinite 

(MR18-32) were sampled directly above the plate interface. The less serpentinised 

harzburgite (MR18-21) was sample around 1.3 km structurally upsection (Figure 11). 
They were chosen to characterise the mineral assemblage, the structural deformation 

as well as the degree of serpentinisation. The following descriptions are from the 

structurally lowest to highest position (MR18-32, MR18-26B + MR18-26C, MR18-21); 

from the plate interface in Gria towards the more coherent harzburgite with dunite 

bodies in Rragam (Figure 3). 
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6.3.1. Orthopyroxene-serpentinite, Gria (MR18-32) 

North of Gria is one of the most coherent outcrops (no. 07518-16) of brecciated 

serpentinites (topographic map Figure 4). This domain is characterised by scaly, 
pervasive and partly carbonatic matrix that has an anastomosing and blocky fabric. 

Lozenged-shaped clasts or phacoids are common. The thin section was taken from 

blocky parts where unconsolidated matrix is underrepresented. 

A mylonitic fabric is preserved by varying grain-sizes of serpentine (Figure 34). 
Serpentine is colourless, coarser-crystalline and grows flaky to patchy. Lens- to 
sigmoidal-shaped domains are within finer-crystalline serpentine. The grain size of 

serpentine gradually decreases towards fine-crystalline serpentine-domains. Fine-

crystalline serpentine is concentrated in anastomosing layers which are up to 3 mm 

thick or around preserved veins that bear opaques. Opaques are more abundant in 
coarse-crystalline serpentine domains, where serpentine grows perpendicular to the 

Figure 34: Compiled, PPL (right) and CPL (left) images of the same area in orthopyroxene-serpentinite 
sample MR18-32 collected at the outcrop no. 07518-16. Protomylonitic fabric is preserved by the 
growth of varying grain-sizes of serpentine and opaques. Fine-crystalline serpentine concentrates in 
anastomosing layers. Disseminated opaques are more abundant in coarse-grained serpentine 
domains, where it follows and preserves a pre-existing orientation of olivine. Opaques grow additionally 
along veins. Serpentine grows colourless and flaky. Orthopyroxene clast is bastitised. Spinel is brown 
in the centre and black along fractures and rims. 
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orientation of opaques. Serpentine and opaques follow the same direction, the closer 

they are towards fine-crystalline serpentine layers. Compared to the mylonitic 

harzburgite in the next chapter, the grain sizes distribution between coarse- and fine-

crystalline layers as well as the orientation of opaques appear similar. There, the grain 

size of serpentine in protomylonitic olivine-orthopyroxene layers are smaller than in 

coarser-crystalline olivine domains (chapter 6.3.2.; Figure 42) which is also the case 
for this serpentinite sample MR18-32. In MR18-26, elongated, coarse-crystalline 

olivine rotates into the fine-crystalline olivine-orthopyroxene domains. The growth of 

serpentine and the distribution of opaques follow the orientation of elongated olivine in 

coarse-crystalline domains, as described for less serpentinised harzburgite (MR18-

26B, -26C). Olivine is entirely serpentinised and bastitisation effects broad areas of all 

orthopyroxene clasts, starting at the rims. Orthopyroxene is with grain sizes up to 
4 mm largest mineral phase (Figure 34). Bastitisation is a typical alteration of pyroxene 
to serpentine, which starts along cleavage planes of pyroxene. Xenomorphic spinel is 
strongly fractured from which black magnetite evolves. In some crystals, the centre of 

the grain is not affected and still light brown. The grain sizes vary between 0.5-2 mm. 

It bears inclusions of xenomorphic, serpentinised minerals that are up to 0.2 mm. 

Magnetite does not exclusively grow at fractures in spinel but distributes as 

disseminated phase from the rims of spinel into the matrix. There, magnetite follows 

coarse-crystalline serpentine. This alignment is a possible relict of the pre-existing 

orientation of mylonitic olivine layers or first developed serpentine veins. This is 

documented in the samples MR18-26B and -26C (next chapter; Figure 42). Magnetite 
does not grow in orthopyroxene clasts as well as fine-crystalline serpentine layers.  
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6.3.2. Mylonitic, serpentinised harzburgite, Gria (MR18-26B & -26C) 

In Gria, the plate interface crops out from more or less the base of the ophiolite 

to the more coherent section (profiles Figure 11). The sketch of the outcrop no. 03518-
2 in Figure 35 depicts the zone where brecciation and serpentinisation increase 
towards the base of the ophiolite. The foliation of the harzburgite as well as one group 

of fracture sets is parallel to the SE dipping plate interface. The more brecciated  

 

Figure 35: Image (top) and the according sketch (bottom) of the outcropping plate interface close to 
Gria (no. 03518-2). Brecciations as well as serpentinisation increases towards NW, towards the base of 
the ophiolite. The foliation of the harzburgite is parallel to the plate interface, dipping both to the SE. 
Three major fracture sets are sealed by serpentine minerals. F1 is parallel to the foliation of the 
harzburgite and the plate interface. The sample for further analyses was taken from the more coherent 
domain to analyse the foliation and a pre-stage of serpentinisation. Please note the orientation of the 
outcrop as well as the changing scale. 
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Figure 36: Reflected light image (top) of the saw-cut slab from which the thin section sample MR18-23 
of the serpentinised harzburgite was prepared. The compositional layering is depicted by layers with 
different shades of grey. In the brighter grey layers, elongated olivine is around 5 cm. They are strongly 
dissected by serpentine veins in the bright yellow areas, where iron is being oxidised. In the dark grey 
layers, grain sizes are in µm range. Images of element maps of iron and calcium (middle & bottom 
images) are attained with µXRF from the marked area in the top image. The red box marks the thin 
section MR18-26B in Figure 42. 
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domain bears lozenged-shaped, mm to cm large clasts of serpentinite in a light 

greenish to white matrix that partly develop a scaly fabric which anastomoses around 

sigmoidally shaped clasts. In the more coherent part, sets of fractures are 

systematically oriented in three main directions (Figure 36, Figure 37, Figure 42). The 
up to 1 cm wide veins are sealed with serpentine minerals. Most serpentine minerals 

are either fibrous, green to white and grow orthogonally from the out- to inside of the 

veins or appear dark grey. Within these fractures, the dark grey to black phase covers 

the fracture planes and is overgrown by greenish fibrous serpentine. For 

microstructural analyses, the samples MR18-26B and -26C were taken at the more 

coherent part where the foliation was well visible and serpentinisation has not 

completely influenced the whole sample (Figure 36). 
The foliated harzburgite composes of dominantly olivine with minor 

orthopyroxene, high- and low-Ca clinopyroxene, spinel, opaque phases, such as 

magnetite and sulfides, as well as three different types of serpentine veins (Figure 37 
to Figure 42). A bimodal grain size distribution of olivine characterises the 
compositional layering (Figure 37). The mineral assemblage in mylonitic layers is 
Ol+Opx+high-CaCpx+Spl+Srp+Mgt. Strongly elongated olivine grains reach 3 mm 

with axial ratios of 1:10 in the mylonitic layers but also appear spherical away from the 

ultramylonitic layers. Ultramylonitic layers are around 8 mm wide and additionally bear 

two clinopyroxene-phases that exhibit grain sizes of maximum 200 µm. 

Serpentinisation concentrates along the mylonitic layers and dissects the ultramylonitic 

domains as less than 2 mm wide veins (Figure 37A). Olivine in the coarse-crystalline 
layers shows undulose extinction. Some grain boundaries are rimmed by smaller, 

newly recrystallised grains (Figure 37C). The elongated grains rotate into the finer-
crystalline, ultramylonitic layers, where the accommodated strain was higher. The 

grain-sizes of all minerals gradually decrease towards the fine-crystalline layers. 

Anastomosing ultramylonite surrounds sigmoidally shaped, coarser grained domains 

(Figure 37C). The grain boundaries in the ultramylonite are lobate and partly exhibit 
angles of 120°, referred to as foam structure in Figure 40B (Matysiak & Trepmann, 
2015). Recrystallised olivine shows smaller axial ratios of 1:2 than in the mylonitic 

zones, where the aspect ratio is up to 1:10 (Figure 37C). Olivine grains show a slight 
shape preferred orientation with sizes of ~5 µm. Coarse-crystalline olivine in the 

mylonitic layers and recrystallised olivine in the ultramylonite have similar chemical 

compositions with a typical mantle signature of Fo91 which is the same for the  
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Figure 37: PPL (A) and CPL (B, C) images of the mylonitic harzburgite MR18-26B above the plate 
interface. (B) and (C) are the same section. The harzburgite shows a bimodal grain size distribution. 
Strongly elongated olivine crystals with axial ratios up to 1:10 in mylonitic layers rotate into ultramylonitic 
layers where recrystallised grains are isotropic with smaller axial ratios of 1:2. In some strain-free 
mylonitic domains, olivine is isotropic. Clasts of orthopyroxene are within all layers but in the 
ultramylonitic layers, the difference in grain size between olivine and orthopyroxene is higher. (B) 
Orthopyroxene is recrystallised at some grain boundaries of strained orthopyroxene clasts. (C) 
Ultramylonitic layers are anastomosing 8 mm wide domains of recrystallised grains, bearing two more 
clinopyroxenes. The clinopyroxenes differ in the calcium content (Figure 40). Calcium is redistributed 
in these ultramylonitic domains (Figure 36Ca). Secondary magnetite follows the grain boundaries of 
olivine in mylonitic layers. First developed serpentine veins ‘type I’ form a mesh texture in mylonites and 
dissect ultramylonitic layers which are permeability barriers for fluids. 
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numbers (Mg#= 100Mg/(Mg+Fe)) with ~91 (Table 6). Mg# tends to increase with 
increasing temperatures or magnesium concentrations for olivine as well as pyroxene 

phases (Mysen & Boettcher, 1975). Cr2O3 is with 0.05 wt% in the mylonite and 

0.07 wt% in the ultramylonite relatively low. Orthopyroxene has a bimodal grain size 
distribution. It appears as up to 5 mm large clasts throughout the whole thin section 

and as granular, slightly elongated, recrystallised grains in ultramylonitic layers. Matrix 

orthopyroxene and clasts have typical enstatite (En) compositions with low 

concentrations in CaO 0.23-0.39 wt%, Mg# of 91.41-91.67, Fe# of 8.33-8.39 and 

Figure 38: BSE image of serpentinised harzburgite MR18-23 directly above the plate interface. The N-
S oriented layering is predominantly depicted by grain-size variations of olivine which is the dominating 
mineral phase. In the left area of the picture are coarse grains of 3 mm in mylonitic layers that 
progressively degrease towards ultramylonitic layers of 5 µm large grains. An ultramylonitic layer is 
shown in Figure 39. The rotation of elongated olivine in the mylonites into the ultramylonitic layer is not 
depicted here. Clinopyroxene is more present in the mylonitic layers where high- and low- Ca 
clinopyroxenes are present (Figure 40B). Serpentinisation is more developed in the mylonite. 
Serpentine veins can include magnetite (Figure 39). 
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Al2O3 0.41-0,85 wt% (Ternary plot Figure 41 and Table 6). The Cr2O3 content differs 
with 0.47 wt% in the clasts and 0.15 wt% in the ultramylonitic layers. The clasts are 

partly rotated and are segmented (Figure 40B). They show undulose extinction as well 
as kinked cleavage planes as well as exsolution lamellae of clinopyroxene in 
orthopyroxene. These widely spaced exsolution lamellae plot in the augite field with 

relatively high-Ca concentrations (CaO 21.78 wt% ternary plot Figure 41). The Cr2O3 
are with 0.75 wt% relatively low and has Mg# of 94.41. Recrystallised orthopyroxene 

grains <100 µm are at some grain boundaries of the orthopyroxene clasts (Figure 
37B). Olivine is not present there. Bastitisation of orthopyroxene occurs partly where 
grains of serpentine are close or dissect the grains. The serpentine fractures in 

orthopyroxene are enriched in iron (Figure 36Fe). Two other clinopyroxenes are minor  

Figure 39: BSE image of fine-crystalline ultramylonitic layer in Figure 38 (sample MR18-26B). In the 
left part of the picture is the transition zone between the a mylonitic and ultramylonitic layer. Grain sizes 
decrease towards the ultramylonite. Olivine is the dominating phase with 50 µm sizes. In this image, the 
low-Ca clinopyroxene is not distinguishable between other mineral phases. Figure 40B depicts the 
difference. Magnetite is either in the rim of spinel (not visible in this image) or nm-large inside or along 
grain boundaries. Serpentine dissects the N-S oriented layering. 
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Figure 40: BSE images in (A, B) as well as image of element map (C) from sample MR28-26B. In 
mylonitic layers, olivine, orthopyroxene, magnetite, high as well as low-Ca clinopyroxene are present. 
Low-Ca clinopyroxene and serpentine is present in the coarser-crystalline areas, where the mesh-
texture is a typical fabric of serpentinisation in olivine. In ultramylonitic layers are less serpentine veins, 
which dissect layers and not follow any grain boundaries like in coarser-crystalline layers. Coarser 
orthopyroxene clasts (lower right corner) include spinel, olivine and clinopyroxene. Exsolution lamellae 
of clinopyroxene in orthopyroxene are depicted by higher Fe concentration. Fine-crystalline magnetite 
grows either inside grains aligned along possible old fractures or along grain boundaries. 



 86 

Table 6: EDX measurements of single minerals in the serpentinised harzburgite MR18-26B. 

 Mylonite Ultramylonite  
Mineral Ol Opx 

clast* 
Cpx in 
Opx* 

CrSpl Ol Opx high-
Ca 
Cpx 

low-Ca 
Cpx 

Srp 
Type II 

 
(Mg1.83 
Fe2+0.1
8)SiO4 

(Ca0.02
Fe2+0.97
)(Mg1.82
Fe3+0.04
)Si1.96Al
0.04O6 

(Ca0.84
Fe2+0.14
)(Mg1.09
Fe3+0.05
)Si1.95Al
0.05O6 

(Mg0.52
Fe2+0.52
)(Al0.6C
r1.36)O4 

(Mg1.85 
Fe2+0.15
)SiO4 

Fe2+0.99
(Mg1.83
Fe3+0.03
)Si1.93Al
0.3O6 

(Ca0.98
Fe2+0.01
)(Mg0.99
Fe3+0.06
)Si1.96Al
0.04O6 

(Ca0.52
Fe2+0.47
)(Mg1.28
Al0.13)Si
2O6 

Mg3Si2
O5(OH)

4 

Oxide 
[wt%]          
MgO 50.43 35.50 20.39 10.85 50.36 35.82** 18.38** 24.24** 49.5 
CaO 0.08 0.39 21.7 0.36 0.10 0.23** 25.14** 13.62** 0 
FeOtotal 8.67 5.74 2.15 19.09 8.44 5.85** 1.59** 1.88** 21.18 
Al2O3 0 0.85 0.69 15.84 0 0.41 0.37 1.36 0 
SiO2 40.77 57.05 54.24 0.06 41.02 57.55 54.04 58.43 28.32 
MnO 0 0 0 0 0 0 0 0 1.01 
V2O3 0 0 0 0.58 0 0 0 0 0 
Cr2O3 0.05 0.47 0.75 53.23 0.07 0.15 0.48 0.47 0  

        
 

Total 
[%] 

100.0
0 

100.00 100.00 100.01 99.99 100.01 100.00 100.00 100.01 

Element 
[mol%]          
Mg 60.97 45.67** 27.51** 25.51 60.89 45.88** 24.88** 32.34** 61.15 
Ca 0.07 0.36** 21.12** 0.60 0.09 0.21** 24.46** 13.07** 0 
Fe 5.88 4.15** 1.63** 25.20 5.72 4.20** 1.21** 1.41** 14.68 
Al 0 0.43 0.37 14.73 0 0.21 0.20 0.72 0 
Si 33.06 49.23 49.10 0.09 33.27 49.45 49.08 52.30 23.47 
Mn 0 0 0 0 0 0 0 0 0.71 
V 0 0 0 0.66 0 0 0 0 0 
Cr 0.02 0.16 0.75 33.21 0.02 0.05 0.17 0.17 0 

Cr#    69.27      
Mg# 91.20 91.67 94.41 50.31 91.41 91.61 95.36 95.82  
Fe#  8.33 5.59   8.39 4.64 4.18  
Fo 91.20    91.41     
* data used for thermobarometry after Brey & Köhler (1990) and Putirka (2008) 
** Mol% of this data used for ternary diagram Figure 41 
Cr# = 100Cr/(Al+Cr); with Al and Cr [mol%] 
Mg# = 100Mg/(Mg+Fe); with Mg and Fe [mol%] 
Fe# = 100Fe/(Fe+Mg); with Mg and Fe [mol%] 
Fo= 100Mg/(Mg+Fe); with Mg and Fe [mol%] 
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phases in the transition zone between coarse- and fine-crystalline layers as well as in 

the ultramylonitic layers (Figure 37C, Figure 38). The calcium as well as the 
magnesium concentrations differ in both clinopyroxenes (Figure 41, Table 6). High-
Ca clinopyroxene accumulates in specific layers along the ultramylonitic layers (Figure 
38 to Figure 40). High-Ca clinopyroxene has a diopside composition high in CaO with 
25.14 wt% and relatively low magnesium concentrations of 18.38 wt% whereas the 

low-Ca clinopyroxene has an augite composition low in CaO with 13.62 wt% and high 

magnesium concentrations with 24.24 wt% (Figure 41). All other element contents are 
similar (Table 6). Both form granular and isotropic grains of 200 µm. The element map 
of calcium in Figure 36 shows the alignment of clinopyroxene along the foliation as 
fine disperse phase. The grain boundaries are lobate and form a foam texture (Figure 
40B). BSE imaging shows that the low-Ca clinopyroxene has a slightly lower relief than 
the high-Ca clinopyroxene (Figure 40A). Spinel is brown with corrugated black rims 
and fractures where magnetite replaces spinel (Figure 40C). Grains reach sizes up to 
3.5 mm and bear inclusions of either serpentinised or non-altered olivine grains. The 

chromium number (Cr#= 100Cr/(Al+Cr)) is with 72.22 is relatively high. In northern 

Albania, these chromium-rich spinels are mined. The mine Rragam is the closest mine 

where there are actively excavated. Opaques appear either as magnetite or as 
sulfides with high iron-concentrations. It can be determined in element maps plotting 

iron (Figure 40). Opaques tend to grow along exsolution lamellae of orthopyroxene, in 
serpentine veins as well as along grain boundaries following the foliation of the 

Figure 41: Ternary diagram for pyroxene phases in the serpentinised harzburgite sample MR18-26B 
near the base of the ophiolite. Plot are the Mg-Ca-Fe concentrations in mol% which are marked in table 
6. Orthopyroxene (red and pink) plot both in the enstatite field. Exsolution lamellae of clinopyroxene in 
orthopyroxene are Ca-rich augite (medium green). In ultramylonitic layers are two clinopyroxene 
compositions that differ in the Ca-content. Highest Ca-concentrations exhibits clinopyroxene in the 
ultramylonitic layers (dark green). 
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ultramylonite (Figure 38 to Figure 40). Grain sizes are ~1 µm large in all textural 
positions. As sub-µm large phase opaques is too small to identify with REM. 

Additionally, opaques grow as nm-large granular phase along possible old, annealed 

fractures or dislocation walls inside grains of olivine and orthopyroxene (Figure 41A, 
B). Serpentinisation evolves in this thin section in three distinguishable generations 
(Figure 42, Table 7). All following descriptions do not further mention any serpentine 
mineral because it was not possible to distinguish any polymorph with the Raman 

spectra. The spectra in Figure 43 shows a mixed spectrum of lizardite, polygonal 
serpentine, chrysotile (Tarling et al., 2018) and an unidentified mineral. Those 

measurements were performed with sample MR18-1A from Selimaj (outcrop no. 

Figure 42: PPL image of the serpentinised harzburgite at the base of the ophiolite (sample MR18-26B). 
Serpentinisation develops first as typical mesh-texture in olivine where it follows the preferred orientation 
of olivine in mylonitic layers (Figure 37A, Figure 38). Second and third generations, here referred to as 
serpentine type II and type III, dissect the ultramylonitic layers. Type II reaches largest widths of 1.5 mm 
and partly follow the orientation of the ultramylonite. Most secondary opaque phases grow from out- to 
the inside of these veins. Opaques accumulate where veins penetrate the ultramylonitic layers. There, 
serpentine is finer-crystalline than in the mylonite. Element mapping shows that these opaques are 
enriched in iron (Figure 36Fe), whereas type III veins are enriched in calcium and bear fibrous, yellow 
serpentine. Type I and type III veins bear less opaques than type II. 
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22418-2; topographic map Figure 4) which is slightly more serpentinised than the 
sample MR18-26B. They both are from a structurally similar position right above the 

metamorphic sole. The described generations of serpentine vein in MR18-23 are for 

simplification numbered from type I to type III, from old to young respectively. An 

overview is given in Table 7. Serpentinisation behaves different depending on the 
primary grain size of the mineral assemblage, especially olivine. A typical mesh-texture 

in olivine is visible in the coarse-crystalline layers, whereas the ultramylonitic layers 

are dissected by serpentine and olivine is not altered (Figure 37, Figure 38, Figure 
42). These fine-crystalline <200 µm layers act as permeability barriers for fluids 
(Figure 42). Fluids remobilise iron and new Fe-rich phases e.g. magnetite precipitate 
in all generations of veins. The rims or cleavage planes of some pyroxene clasts are 

bastitised which starts at temperatures above 400°C (Deschamps et al., 2013). 

Serpentine type I is pale beige to yellow and forms the thinnest veins that form mostly 

the typical mesh-texture in olivine. This texture is visible in the mylonitic layers, 

whereas the ultramylonitic domains are just dissected by serpentine veins (Figure 37, 
Figure 38, Figure 42). Some type I veins bear opaques and follow the long axis of the 
elongated olivine grains. This can be depicted in PPL (Figure 37, Figure 42). The 
veins dissecting the ultramylonitic layers do not include any opaques (Figure 42). 
Neither olivine nor orthopyroxene are altered in these domains. Type II veins are with 

up to 1.5 mm the widest veins that occur foliation-parallel or in any other orientation to 

the foliation (Figure 42). They are mostly lens-shaped and anastomosing veins. All 
veins are typically zoned and bear at least four mineral phases. Minerals are, from the 

Figure 43: Raman spectrum of a mixed signal of lizardite, polygonal serpentine, chrysotile (all peaks 
highlighted in grey) and an unidentified mineral (peaks marked in green) from sample MR18-1A. The 
peak position is above the peaks. 
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Table 7: Overview of all upper plate harzburgites, their mineral assemblage as well as their degree of 
serpentinisation. The outcrop locations are in the topographic map Figure 4. rp= random plane. 

 
Increasing degree of serpentinisation towards the base of the ophiolite 

 

outside to the inside of the vein, colourless serpentine, black magnetite, unidentified 

brown oxide phase and colourless, fibrous serpentine. Compared to other veins, the 

foliation-parallel serpentine veins are enriched in iron in the core (Element map Figure 
36Fe). Serpentine is flaky and branched. Depending on the primary grain size of olivine 
and/or orthopyroxene, grain sizes of serpentine vary. They are finer crystalline in 

ultramylonitic layers compared to mylonitic domains (Figure 42). This grain size 
distribution is preserved in the serpentinite (Chapter 6.3.1). Magnetite and a brown 
phase are concentrated along a channel where serpentine is underrepresented. This 

Sample MR18-32, Gria MR18-26B, -26C, Gria MR18-21, Bujani 
Outcrop no. 07518-16 03518-2 28418-1 

Coordinates 
WGS84, 
UTM34 

N 4686734 
E 422166 

N 4687472 
E 422332 

N 4685843 
E 423945 

Orientation rp 328/80 rp 314/20  

Lithology Orthopyroxene-
serpentinite 

Mylonitic, serpentinised 
harzburgite 

Harzburgite 

Mineral 
assemblage 

Srp, Opx, Spl, Op Ol, Opx, Spl, Srp, Op Ol, Opx, Cpx, Spl, Srp 

Tectonic 
position 

Directly above the plate 
interface 

Directly above the plate 
interface 

~1,3 km above plate 
interface 

No. of Srp vein 
generations 

Completely 
serpentinised 

Three One 

1st generation Yellow Srp 
Minor opaques 

Yellow Srp more abundant 
in Ol than Opx + Cpx, very 
fine channels bear minor 
Op 

2nd generation From vein wall to centre: 
colourless, flaky Srp, needle-
like Op, brown oxide phase, 
colourless Srp 
Partly following the foliation 

 

3rd generation Yellow, fibrous Srp  

Olivine Completely 
serpentinised 

Mesh-texture Mesh-texture 

Orthopyroxene Bastitised Bastitisation near Srp veins Partly dissected by fibrous 
Srp 

Spinel Xenomorphic, strongly 
altered to Op 

Xeno- to hypidiomorphic Xeno- to hypidiomorphic 
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brown phase grows in most veins together with brown, disseminated magnetite, 

covering half the width of the up to 0.8 mm wide veins. Needle-like opaques 

concentrates, if veins dissect the ultramylonitic layers. In these layers, opaques follows 

the foliation. This indicates opening of the vein in two directions under non-plane-strain 

conditions. Inside the opaque-bearing domain, colourless, fibrous serpentine grows as 

last mineral phase inside type II veins. Type III veins forms yellow, fibrous veins. They 

dissect the foliation as well as all other serpentine types. Magnetite and an unidentified 

disseminated phase with high interference colours follow channels within these veins. 

In contrast to the other two vein types, these are rich in calcium (Figure 36Ca). 
The above described textures and chemical data suggest no primary mantle 

composition of the harzburgite. The Ca-content of the exsolution lamellae of 

clinopyroxene in lower limit of recrystallisation temperatures were calculated with the 

Two-pyroxene-Thermometer by Brey and Köhler (1990): 

 

![#] =
23664 + +24.9 + 126.3 × ( 12

(12 +34)
6789 :[;<=>]

13.38 + (lnB
+ C=
(1 − E=9

678

+ C=
(1 − E=9

F78G

H

+ 11.59 × ( 12
(12 +34)

F78

 

 

Ca, Fe,Mg, Na	 … proportion in opx or cpx	

 

on calcium in orthopyroxene clast and clinopyroxene lamellae. Together with Putirka 

(2008) based on Lindsley (1983); http://www.minsocam.org/MSA/RIM/Rim69.html), 

the lower limit of crystallisation temperatures ranges between 1042°-1063°C. Based 

on the Fe-Mg exchange between orthopyroxene and clinopyroxene, the calculated 

distribution coefficient KD 0.65 suggests equilibrium for these two phases specifically 

for exsolution reactions (Roeder and Emslie, 1970). The solubility of aluminium in 

pyroxenes decreases with decreasing pressures (Mysen & Boettcher, 1975). Within 

the mylonite, the aluminium contents of orthopyroxene clasts are with 0.43 mol% 

relatively low. Clinopyroxenes have with 0.37 mol% similar low aluminium contents. 

Gasparik (1987) plotted in a pressure versus temperature diagram the phase relations 

in the CaO-FeO-MgO-Al2O3-SiO4 (CFMAS) system in lherzolites using the aluminium 

content in orthopyroxene in mol% (appendix Figure 47). The measured aluminium 
content in orthopyroxene clast plot in a wide range of pressure conditions between      

(4) 
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0-22 kbar and temperatures of around 100°C. This temperature estimate does not 

correspond to the other evaluated temperatures between 1042°-1063°C (Brey & 

Köhler, 1990; Putirka, 2008). This is either due to the clinopyroxene which is more 

abundant in lherzolites used by Gasparik (1987) than in the sampled harzburgite or the 

aluminium content was influenced by another process, such as melting, afterwards. 

So, a pressure estimate was done using Fe# of 8.33 in orthopyroxene clast. The 

correlation with the Opx+Cpx+Al+Sp field in the isothermal (at 800°C and 1000°C) 

phase relation diagram in the CFMAS system of Gasparik (1987, appendix Figure 48), 
pressures between 10.6 kbar and 12.1 kbar are derived for the lower limit of (re-

)crystallisation of the mylonite. For the calculated temperature range of 1042°-1063°C 

fits. The deformation under lower P-T-conditions is controlled by factors such as the 

matrix effect of olivine, secondary phases or melt percolation which can weaken the 

rock (Linckens et al., 2015). In the case of sample MR18-26B, two different Ca-

clinopyroxene phases are present in the ultramylonitic layers. This might be due to 

metamorphic reactions or a percolating melt or a mixture of both. The influence of melt 

can be seen on spinel which has an around two times higher enrichment in chromium 

(Cr2O3 53.23 wt%) than typical MOR-peridotites which is associated with 40% degree 

of melting peridotites (Choi et al., 2008; Deschamps et al., 2013). For more reliable 

values, spinel in the more isotropic parts (such as sample MR18-21) should be 

analysed because this sample is recrystallised under dynamic conditions where 

primary melting can’t be evaluated. The rotated orthopyroxene clast in Figure 37B 
shows recrystallised pyroxenes at the grain boundaries. This is a metamorphic reaction 

that could have been overprinted in ultramylonitic layers. This together with isometric 

grains with sizes <200 µm as well as the foam texture of Ol+Opx+Cpx’s are known 

from recrystallisation under low temperature conditions between 700°C and 800°C as 

well as relatively high differential stresses between 102 MPa and 103 MPa (Linckens 

et al., 2015; Warren & Hirth, 2002). Serpentinisation occurs as last phase, overprinting 

all textures. The serpentine polymorphs were not distinguishable (spectrum Figure 43) 
either due to the very fine grain size of serpentine or intergrowth between different 

serpentine polymorphs such as lizardite depicted by the OH-bands, polygonal 

serpentine and chrysotile (Tarling et al., 2018). A fourth unidentified mineral phase is 

present and influences the spectrum with peaks at positions where serpentine bands 

are not common (Figure 43). Grain sizes <0.4 mm suggest growth of <500°C which 
marks the antigorite-out stability line for pure serpentine compositions (Guillot at al., 
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2015). Elements like Fe or Ca are remobilised and precipitated in veins as opaque 

phases or serpentine minerals. 
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6.3.3. Harzburgite Bujani (MR18-21) 

The sampling location is structurally ~1.3 km above the plate interface. 

Serpentinisation was not visible in the field. 

The harzburgite bears isotropic olivine as main phase and minor orthopyroxene, 

clinopyroxene as well as spinel (Figure 44). All grains are anhedral, forming a mosaic 
pattern or foam texture (Figure 44). This is typical of equilibrated conditions (Matysiak 
& Trepmann, 2015). Grain boundaries are sharp. Subgrains are not developed. 

Secondary serpentine veins dissect all primary mineral phases (Figure 44). 
Heterogranular olivine ranges in sizes between 0.5-5.0 mm and intergrows with 

orthopyroxene and spinel. It occurs as colourless grains inside orthopyroxene and 

spinel. Deformation bands are common, ranging in width with a maximum of 1 mm. 

These form under relatively high pressure with no differential strain. Grain boundaries 

are sharp, forming a mosaic pattern with typical 120° orientation. Xenomorphic 

orthopyroxene bears inclusions of olivine and spinel. It is colourless with grain sizes 
up to 3 mm, which partly form aggregates with undulose extinction. Cleavage planes 

are partly kinked. Deformation twin lamellae are common, as in olivine. Cleavage and 

twin planes are oblique to each other. Bastitisation is weak, concentrating at grain 

boundaries or twin planes if occurring. clinopyroxene reaches same grain sizes like 

orthopyroxene. It has, compared to orthopyroxene, no straight extinction angle. 

Cleavage planes are barely visible. Twin lamellae are oblique to cleavage planes. 

Subhedral to anhedral spinel is red to reddish-brown with grain sizes up to 1 mm. 
Serpentine veins do not penetrate spinel. Serpentinisation is weakly developed as 
type I and accumulates at grain boundaries or small orthopyroxene grains. Typical 

mesh-texture is visible in olivine whereas bastitisation in orthopyroxene is weak. In 

orthopyroxene, the serpentine veins follow twin lamellae instead of cleavage planes 

(Figure 44). Serpentine is pale yellow to brown in veins that are around 0.1 mm wide. 
They grow as yellow fibres oblique to the vein walls. Some veins inhabit opaque 

phases or brown oxide phases that grow from the vein wall and include serpentine in 

middle of the vein (Figure 44). 
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Figure 44: CPL (top) and PPL (bottom) images of the isotropic harzburgite sample MR18-21. Poikilitic 
orthopyroxene includes olivine and is less serpentinised than olivine. Yellow serpentine type I develops 
a mesh texture in olivine in which deformation twins are common. 
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6.3.4. Dunite at Rragam 

Around 5 km SE of Bajram Curri, chromites are mined in Rragam (outcrop 

no. 15518-1). These chromium-rich spinels occur in dunite bodies that are discordant 

to the foliation of the harzburgitic host rock. In the Mirdita Ophiolite, dunite-harzburgite 

intercalations with chromite-bearing layers are contained in the uppermost mantle 

levels. These grade into a 300-400 thick wehrlite-dunite zone with some gabbroic 

lenses which are parallel to the Moho (Meshi et al., 2014). The harzburgite in Rragam 

bears some cm-large orthopyroxene crystals. A barely visible elongation of 

orthopyroxene clasts defines the foliation, dipping to the SE at variable angles. 

Chromium spinel is bound to the dunite bodies. Spinel occurs either as elongated to 

lens-shaped nodules or as disseminated aggregates. The nodular chromium spinel is 

elongated along the contact between the harzburgite and dunite, dipping SW to NW 

(Figure 45). These prolately deformed, pencil-shaped chromites are likely segregates 
formed by coaxial, high-temperature ductile deformation during diapiric mantle ascent 

(Boudier & Nicolas, 2002; Meshi et al., 2005). The longest axis of the finite strain 

ellipsoid likely represents the direction of the flow. Veins with serpentine-bearing 

slickenfibres are parallel to the foliation. At least two types of coarse-crystalline 

orthopyroxenite veins dissect the harzburgite as well as the dunite (Figure 45). Veins 
of the first generation have widths of less than 5 mm, whereas later stage 

orthopyroxene veins reach widths of 30 mm. The first generation is less frequent, 

dipping gently to the northeast. They are dissected by the second generation, dipping 

steeper to the east. 
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Figure 45: Field book sketch of the chromite mine in Rragam (outcrop no. 15518-1). The compositional 
layering of harzburgites and dunites is very steep to the west. These chromium-spinel-rich deposits are 
found in the Mirditia ophiolite around 300-400 m below the Moho (Meshi et al., 2014). The formation is 
still under debate whether it is a high-temperature deformation fabric caused by mantle ascent during 
the spreading or the subduction state of the Tethyan ocean (Boudier & Nicolas, 2002; Dilek & Morishita, 
2009; Dilek & Furnes, 2011; Hoxha & Boullier, 1995; Meshi et al., 2005). The foliation s in the harzburgite 
is weakly developed with a main dip direction to the SSE. The contact between the harzburgite and 
dunite bodies is discordant to the foliation, ranging between SW to NW. The plunge of the stretching 
lineations in the nodular chromites are along the foliation of the contact, to the SW. Note that the 
orientation of the sketch is not perpendicular to the strike of neither harzburgites nor dunites. 
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7. Origin of metamorphic sole and the broken formation 

7.1. Metamorphic sole 

o The lithological assemblage suggests protoliths that were pelagic sediments, such 

as carbonates (calcschists), arenites & pelagic clay (variegated schists), 

basaltoids or mafic tuffites (epidote-chlorite-schist, amphibolite and partly in 

variegated schists), greywackes or tuffites (quartz-albite-schists, possibly garnet-

gneiss) from the subducted lower plate. The protoliths of the serpentinites in the 

metamorphic sole are either derived from the lower plate or the upper plate. 

Especially the sedimentary cover and the upper part of the oceanic crust from the 

subducted slab was likely incorporated. The protolith for the garnet-gneiss is hardly 

reconstructable due to the strong secondary overprint (point 3). Compared to the 

quartz-albite schist, the garnet-gneiss has a similar mineral assemblage and 

textures: quartz and albite as matrix minerals, foliation and stilpnomelane plus 

sericite overgrow the pre-existing foliation. This might be due to a similar protolith 

with higher degrees of metamorphic overprint in the garnet-gneiss. 

o The metamorphic sole was formed relatively close to the trench in shallow depths 

of less than 40 km (appendix Figure 49). Amphibole is a stable mineral phase rich 
in water (Abers et al., 2017; Manning, 2004; Rüpke et al., 2004) and medium- to 

high-pressure minerals such as lawsonite, chloritoid or glaucophane were not 

found in the mapped area. The lack of these minerals suggests a warm fossil 

subduction zone without including any other areas in the Balkans (Pommier & 

Evans, 2017). 

o The majority of the in point 1 described protoliths from the lower plate are of 

sedimentary origin. The largest assumed depth, in which the garnet-gneiss was 

formed, is around 20 km (Groß, 2015) with temperatures up to 800°C concluded 

from pseudomorph reactions from muscovite and margarite after feldspar as well 

as preserved garnet and monazite (Chapter 6). 
o Within the metamorphic sole, metamorphic peak temperatures increase from 

around 400°C in the lowest structural levels to around 800°C towards the top/ 

towards the upper plate mantle (Chapter 6.2). Two concepts are possible for the 
formation of such an inverse metamorphic field gradient (Agard et al., 2018). One 

concept is, that during exhumation, rocks from deeper structural levels are 

accreted at the base of the ophiolite and thrusted onto rocks from lower structural 

levels (Malavieille, 2010). The deeper the rocks are subducted, the more they are 
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subjected to higher temperature- and pressure-conditions. The other possibility is 

that in warm subduction zones, e.g. Ryukyu or Marianas, dehydration of sediments 

is in relatively shallow depths ~40 km (point two), so temperatures can be easier 

transported already in depths ~20 km where the garnet-paragneiss was likely 

formed. These fluids are often highly saline and conduct heat efficiently which 

might additionally trigger metamorphism (Katayama, et al. 2009; Rüpke et al., 

2004). However, the main temperature input is the mantle in upper plate position. 

This leads to high-temperature soles (Agard et al., 2018). So, the closer to the 

upper plate mantle, the higher metamorphic conditions are expected. 

o The recovery of the subducted material was minor, comparing the thickness of 

~500 m of the metamorphic sole and the thickness of the mantle, which is in the 

mapped area at least 12 km. 

o The depth of ~20 km inferred by the garnet-paragneiss is in the range of the 

seismogenic zone which is in depths between 10-35 km (Agard et al., 2018; Bilek 

& Lay, 2018). 

o Most fluids are released from lower plate sediments which loose water efficiently 

above 50 km depth (Rüpke et al., 2014). The effective dehydration of oceanic crust 

and the slab-mantle are in contrast at depths below 100 km and 120 km 

respectively (Rüpke et al., 2014). This infers that the lower plate sediments are the 

major source for fluids that hydrate the mantle wedge harzburgites which was 

mapped structurally directly above the metamorphic sole, if this part of the mantle 

is still in the same place. 

o The released fluids migrate towards the upper plate and hydrate the mantle. This 

causes serpentinisation. Serpentine minerals have an anisotropy and are foliated 

parallel to the plate interface (Katayama, et al. 2009). This might lubricate the plate 

interface which can trigger the exhumation as one pile in a serpentine-subduction-

channel (Agard et al, 2018; Guillot et al., 2009; Rüpke et al., 2004).  

o The metamorphic sole was overprinted in shallower depths of around 10 km during 

lower temperature conditions (p 4.6-7.0 kbar and T 280°-450°C, Chapter 6). 
During exhumation, rocks from deeper structural levels become exposed and 

subjected to migrating fluids predominantly from freshwater dilution mixed with 

various amounts of seawater (Hensen et al., 2004). Within a sediment-rich 

accretionary wedge, the possible main source for freshwater are mineral 

dehydration reactions in deeper depths that migrate upwards along deep reaching 
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faults (Hensen et al., 2004; Silver et al, 2000). These volatiles are enriched in 

compatible elements (Al, Si, Ca, etc.) and precipitate whilst migrating through the 

rock (Manning, 2004). Within the quartz-sericite schists as well as the garnet-

gneiss are cavities filled with quartz (Chapter 6). Other incompatible elements are 
diluted and leave the rock (Manning, 2004). Formed minerals are either due to 

pseudomorph reactions after a primary existing mineral (margarite and muscovite 

after feldspar in the garnet-gneiss) or newly precipitated phases such as 

stilpnomelane, chlorite and sericite (referred to the same chapters). Due to 

metasomatic reactions, protoliths as well as peak metamorphic conditions are 

partially not able to determine (point 1). 

o The exhumation onto the broken formation was likely along a deep-reaching 

décollement (Malavieille, 2010). 

 

7.2. Broken formation 

o First, neritic, sparitic breccias were deposited (Chapter 6). This might be due to 
collapse of reef limestones at the continental margin, forming olistostromes. 

Stratigraphically upwards, they grade into alternations of arenites and siltstones 

which are deposited in less tectonic environments at the continental rise or abyssal 

plain. 

o Primary depositional textures in these sedimentary rocks are preserved and the 

metamorphic overprint was below greenschist-facies conditions. So, the accretion 

was at the front of the upper plate, at the accretionary wedge, without any 

subduction. This led to the disruption and therefore higher shear-strain which are 

concentrated at specific horizons and does not affect the whole formation. Calcite 

veins dissect the turbiditic layers and are caused by pore-fluid pressures. These 

pore-pressures are caused by increasing overburden as well as decreasing 

permeability of sediments and the permeability of faults and fractures (Saffer & 

Bekins, 2002). 

o Before folding the tectonic mélange, the metamorphic sole was emplaced onto the 

broken formation. This might have taken place between the basal accretion of the 

broken formation and the continent-continent collision. 
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8. Proposed geodynamic scenario for the evolution of the Mirdita Ophiolite 

All following descriptions are summarised in Table 8 due to their deformation 
history and in Table 9 due to their mineralogy. The deformation phases are marked in 
the text with D. Both observations are put into a sketch in Figure 46. The mapping 
gives information about five separate deformation phases, starting with the formation 

of a restitic harzburgite at a mid-ocean ridge. The primary mineral assemblage olivine, 

orthopyroxene, clinopyroxene, high-chromium spinel in the harzburgite suggests a 

high degree of melting at temperatures between 1042°-1063°C (Equation 4, Chapter 
6). The timing, if this is either a feature of an already depleted mantle source (D0) or 
the harzburgite was depleted a second time in the mantle wedge described further in 

the text (D1) can’t be differentiated. Sediments are deposited along the passive margin 

of Adria as well as the ocean floor. This includes pelagic clay, arenite, carbonates and 

cherts in the mapped area. These sediments were subducted to the east and 

overprinted under granulite facies conditions (high-temperature and low-pressure 

conditions) during the juxta positioning against the hot mantle lithosphere (D1-D2). 

Peak metamorphism for metamorphic soles in the Balkans was around 155 Ma (Dimo-

Lahitte et al., 2001). The subducted slab is rich in volatiles which is stored in the ocean-

floor sediments as well as serpentinites. Deep crustal normal faults let oceanic water 

circulate into high depths. Water leaves the crystal lattice whilst increasing 

temperatures and little pressure on the prograde way. OH-free mineral phases 

recrystallise (garnet, feldspar, monazite). This fluid hydrates and weakens the mantle 

in upper plate position. The mantle can be partly molten and enriched in chromium 

(D1). The weakening effect leads to the mylonitisation of the harzburgite under low-

temperature conditions less than 1200°C (Linckens et al., 2015). Highest metamorphic 

lithologies are sheared-off the lower plate, thrusted onto lower-metamorphics and 

accreted at the base of the upper plate. Further subduction and weathering of the 

upper plate led to the exhumation of the metamorphic sole (D3). This is depicted by a 

lower-greenschist facies overprint. The metamorphic sole was hydrated again, forming 

water-rich minerals and replacing for example feldspar which was stable under peak 

metamorphic conditions (Chapter 6.2). The upper plate peridotite became strongly 
serpentinised after mylonitisation under temperatures below 700-650°C which is 

clearly seen in Chapter 6.3 (Prigent et al., 2018). Antigorite is as only polymorph stable 
under amphibolite facies conditions (Figure 46), whereas various serpentine 
polymorphs are stable under greenschist facies conditions. Mixed signals in the 
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Raman spectra indicate that the serpentinisation took place between 600°-300°C 

(Guillot et al., 2015; Prigent et al., 2018). This is within the same range at above 400°C 

in which pyroxene starts to serpentinise (Deschamps et al., 2013). Ocean-floor 

sediments that were not in the subducting channel were accreted at frontal position 

where they exhibit a pressure solution cleavage (D3). The higher metamorphics from 

the metamorphic sole were later emplaced westwards onto the non-metamorphics 

from the broken formation and folded during further southwest-directed transport (D4). 
 
Table 8: Proposed succession of deformation phases of the lower and upper plate inferred from 
structural observations and mineral assemblages in Bajram Curri. The deformation phases are sketched 
in Figure 46. D1 or D2 can’t be differentiated using mineralogical or textural criteria. ocompletely 
overprinted *Groß, 2015, ** Philips-Lander & Dilek (2009). 

 Lower plate Upper plate 
Spreading-related processes and fabrics 

D0o • Ocean floor sedimentation of the 

metamorphic sole lithologies 

• Sea floor serpentinisation? 

• Melting of asthenosphere and 

formation of primary harzburgites 

 

D1 or 

D2o 
• Recrystallisation 1042°-1063°C of 

Spl & Opx in harzburgite  

Subduction-related processes and fabrics 

D2 • Metamorphic sole: prograde 

metamorphism to granulite facies 

conditions <0.5 GPa*; 800°C 

• Dewatering with first pressure 

solution cleavage in broken 

formation 

• Olistostromal processes 

• Low-temperature 650-1200°C 

mylonitisation of harzburgite 

D3 • Mantle-wedge serpentinisation 

<600°C 

• Intrusion of orthopyroxenite dykes  

• Volcanism ~164.8 ± 3.1 Ma 

further east** 
D4 • Dynamic to static overprint of peak 

metamorphic textures until lower 

greenschist facies conditions (p 

4.6-7.0 kbar and T 280°-450°C) 

• First foliation in broken formation 
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• West-directed thrust emplacement 

of metamorphic sole on top of 

broken formation 

Obduction-related processes and fabrics 

D5 • NNW-trending isoclinal folding and 

stretching of the entire subophiolitic 

mélange during passive nappe-

transport 

• Truncation of folds in lower plate 

D6 • Passive west- to southwest-directed transport 

Younger processes and fabrics 

D7 • Southeast directed normal faulting (SPNF) 
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Table 9: The stability fields of the identified minerals in all observed thin sections from the metamorphic 
sole (bottom rows) and harzburgites (top rows) are correlated with the deformation phases stated in 
Table 8. Neither the sedimentation of the protoliths of the metamorphic sole nor the crystallisation of 
the peridotite are mentioned. This phase is completely overprinted in the field and in the thin sections. 
Metamorphism did not occur during D5 to D7. The red line refers to the plate interface. Black= certain, 
Grey= possible. *includes all polymorphs that are shown in Figure 46. 

 Minerals D0 D1 D2 D3 D4 

U
PP
ER
 P
LA
TE
 

Olivine      
Orthopyroxene clast      
Clinopyroxene in 
Orthopyroxene 
   clast     

 

Spinel      
High-Ca Clinopyroxene      
Low-Ca Clinopyroxene      
Orthopyroxene 
ultramylonite 

     

Serpentine*      

LO
W
ER
 P
LA
TE
 

Amphibole      
Feldspar      
Garnet      
Ilmenite      
Monazite      
Albite      
Quartz      
Calcite      
Chlorite      
Clinozoisite      
Epidote      
Hematite      

 Margarite      
 Phengite/ Sericite      
 Stilpnomelane      
 Titanite      
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Figure 46: Sketch of the deformation phases of the Mirdita Ophilite and metamorhioc sole. Detailed 
descriptions are above. And=andalusite, Atg=antigorite, Ctl=chrysotile, D deformation phase, 
Ky=kyanite, LAB=lithospheric-astenorpheric boundary, Lz=lizardite, MOHO=Mohorrovicic siscontinuity, 
Ol=oliviine, Sil=sillimanite, Tlc=talc. The stability fields of serpentine polymorphs are modified after 
compiled data of Guillot et al. (2015). 
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9. Future work 

 
• Spinel chemistry can be done for further discrimination of the degree of melting of 

the mantle-wedge. 

• Garnet in the gneiss can be mapped and the pseudomorph reactions of Mrg+Ms+Ab 

can be further described. 

• Measure trace element concentration in serpentinites within the lower and upper 

plate to characterise the origin of serpentinisation. Mantle-wedge serpentinites are 

enriched in lithium, caesium, rubidium & strontium from sediment-derived fluids, 

whereas abyssal serpentinites are rich in uranium (Deschamps et al., 2018). 

• Mapping other metamorphic soles along the Balkan Peninsula to correlate the peak-

metamorphic conditions and ages to characterise the fossil subduction zone itself. 

• Investigate the shear-directions of the mylonitic peridotite in the field to evaluate the 

direction of subduction because the shear-sense direction (dextral) is controlled by 

the subducting slab (Katayama et al., 2009). 

• EBSD analyses of the mylonitic peridotite characterise the crystallographic 

preferred orientation which can give deformation temperatures. 

• Measuring the aluminium valences in the orthopyroxene of mylonitic layers in the 

sample MR18-26 to get a pressure estimate for the lower crystallisation limit of the 

primary crystallised harzburgite (Mysen & Boettcher, 1975).  
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VI. Appendix 

a. Tables 
Table 10: Measurements of bedding and cleavage planes within the broken formation. Bold measurements or averaged measurements were plot in the geological 
map (Figure 10). Blue numbers were used for calculating the fold axes with Stereonet Version 10.1.6 (Allmendinger et al., 2013; Cardozo & Allmendinger, 2013). 

Outcrop WGS 84, UTM34 Lithologies and fabrics Structural element Dip  Dip average Comment 
no.   N E      direction  angle Dip direction Dip angle   

26418-5 4684558 419954 Alternations of slates and arenites,  Bedding 183 39 186 44  
   scaly or coherent  206 40    
     171 50    
27418-5 4683458 419985 Alternations of slates and arenites,  Bedding 013 48 016 48  
   scaly or coherent  025 75    
     354 25    
     016 56    
     350 35    
27418-5 4683468 419975 Alternations of slates and arenites,  Bedding 103 37 098 42  
   scaly or coherent  097 49    
     095 39    
29418-11 4690584 421883 Alternations of slates and arenites,  Bedding 091 50 098 46  
   scaly or coherent  210 69    
     050 33    
     041 31    
29418-12 4690774 421866 Alternations of slates and arenites,  Bedding 062 22 059 25  
   scaly or coherent  070 24    
     075 33    
     022 09    
01518-6 4688938 420907 Alternations of slates and arenites,  Bedding 013 40 019 45  
   scaly or coherent  026 30    
01518-9 4688430 420738 Alternations of slates and arenites,  Bedding 008 60 025 55  
   scaly or coherent  005 59    
     031 60    
     045 60    
     039 64    
02518-6 4689283 421777 Alternations of slates and arenites,  Bedding 028 45 010 45  
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Outcrop WGS 84, UTM34 Lithologies and fabrics Structural element Dip  Dip average Comment 
no.   N E      direction  angle Dip direction Dip angle   
   scaly or coherent  352 45    

     353 45    
     020 46    
     019 46    
13418-6  4689641 421686 Alternations of slates and arenites,  Bedding 130 31 143 57  
& 02518-9   scaly or coherent  118 34    
     143 81    
     145 70    
     151 75    
     114 32    
     191 19    
     145 70    
     143 81    
     151 75    
02518-11 4689784 421642 Alternations of slates and arenites,  Bedding 058 52 065 61  
   scaly or coherent  058 56    
     061 62    
     070 70    
02518-11 4689784 421542 Alternations of slates and arenites,  Bedding 096 35 174 32  
   scaly or coherent  301 35    
     126 26    
07518-6 4685158 420217 Alternations of slates and arenites,  Bedding 200 71 205 67  
   scaly or coherent  205 70    
     209 64    
07518-6 4685200 420117 Alternations of slates and arenites,  Bedding 084 30 093 26  
   scaly or coherent  099 34    
     110 31    
     079 10    
07518-7 4685268 419779 Alternations of slates and arenites,  Bedding 298 27 290 42  
   scaly or coherent  245 25    
     286 46    
     334 54    
     318 56    
     284 45    
07518-7 4685268 419679 Alternations of slates and arenites,  Bedding 184 54 173 42  
   scaly or coherent  191 45    
     155 46    
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Outcrop WGS 84, UTM34 Lithologies and fabrics Structural element Dip  Dip average Comment 
no.   N E      direction  angle Dip direction Dip angle   
     180 30    

     158 30    
07518-8 4685266 419779 Alternations of slates and arenites,  Bedding 199 40 191 49  
   scaly or coherent  188 72    
     179 47    
     198 37    
07518-12 4685109 419335 Alternations of slates and arenites,  Bedding 219 20 219 24  
   scaly or coherent  219 29    
     217 21    
07518-13 4685202 420497 Alternations of slates and arenites,  Bedding 205 79 201 75  
   scaly or coherent  192 60    
     219 78    
     187 81    
08518-2 4685378 420328 Alternations of slates and arenites,  Bedding 073 37 054 45  
   scaly or coherent  039 30    
     076 48    
     037 59    
     043 40    
     058 50    

08518-13 4687009 421916 
Alternations of slates and arenites, 
scaly or coherent Bedding 185 60    

09518-5 4688295 420860 Alternations of slates and arenites,  Bedding 143 74 149 70  
   scaly or coherent  145 65    
     160 71    
     304 66   excluded 

     061 80   excluded 

     162 29   Fold axes 

     137 90   Fold axes 

     080 31   Fold axes 

     034 19   Fold axes 

     306 13   excluded 
09518-6 4688394 420890 Alternations of slates and arenites,  Bedding 040 78 033 76  
   scaly or coherent  023 81    
     037 69    
     057 80   Planes for plotting  

     290 75   fold axes 



 

 116 

Outcrop WGS 84, UTM34 Lithologies and fabrics Structural element Dip  Dip average Comment 
no.   N E      direction  angle Dip direction Dip angle   

09518-7 4688467 420857 
Alternations of slates and arenites, 
scaly or coherent Bedding 017 42    

09518-8 4688629 421033 Alternations of slates and arenites,  Bedding 359 30 321 35  
   scaly or coherent  334 40    
     288 35    
     304 35    
09518-9 4688823 421260 Alternations of slates and arenites,  Bedding 089 30 090 30 average from E 

   scaly or coherent  314 39   dipping planes 

     130 61    
     093 36    
     302 75    
     125 45    
     087 31    
     280 89    
     036 52    
     266 74    
     317 71    
     133 85    
09518-9 4688823 421260 Alternations of slates and arenites,  Bedding with  170 64 166 59  
   scaly or coherent slickenfibres 162 54    
01518-3 4688710 421333 Alternations of slates and arenites,  Bedding 079 32 083 31  
   scaly or coherent  061 05    
     063 46    
     092 42    
     097 21    
     106 40    
13518-2 4687568 419784 Alternations of slates and arenites,  Bedding 131 16 114 19  
   scaly or coherent  111 25    
     101 16    
15518-3 4683566 419942 Alternations of slates and arenites,  Bedding 080 50 078 32  
   scaly or coherent  070 47    
     071 09    
     091 20    
16518-1 4685400 420189 Alternations of slates and arenites,  Bedding 029 29 035 26  
   scaly or coherent  006 16    
     018 41    
     018 29    
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Outcrop WGS 84, UTM34 Lithologies and fabrics Structural element Dip  Dip average Comment 
no.   N E      direction  angle Dip direction Dip angle   
     060 26    
     080 14    
16518-1 4685600 420189 Alternations of slates and arenites,  Bedding 058 19 037 27  
   scaly or coherent  054 29    
     040 31    
     022 26    
     032 26    
     016 32    
16518-2 4685595 419800 Alternations of slates and arenites,  Bedding 294 27 257 28  
   scaly or coherent  204 39    
     259 26    
     272 19    

16518-3 4685751 419616 
Alternations of slates and arenites, 
scaly or coherent Bedding 012 23    

16518-4 4686110 419524 Alternations of slates and arenites,  Bedding 331 79 336 63  
   scaly or coherent  343 74    
     334 36    
    Bedding with linear 106 56 123 53  
     139 50    
16518-5 4686117 419105 Alternations of slates and arenites,  Bedding 306 29 315 30  
   scaly or coherent  324 30    
16518-6 4686302 418878 Alternations of slates and arenites,  Bedding 121 15 120 15  
   scaly or coherent  118 16    
16518-8 4686415 418901 Alternations of slates and arenites,  Bedding 326 36 338 37  
   scaly or coherent  340 34    
     348 40    
16518-9 4686567 419108 Alternations of slates and arenites,  Bedding 206 60 214 54  
   scaly or coherent  228 40    
     204 61    
16518-10 4686808 419280 Alternations of slates and arenites,  Bedding 011 70 012 59  
   scaly or coherent  012 39    

27418-4 4683127 419814 Sparitic, fossil rich limestones and  Bedding 206 40 191 56   
       breccias   204 50       
          196 53       
          210 41       
          174 70       
          171 72       
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Outcrop WGS 84, UTM34 Lithologies and fabrics Structural element Dip  Dip average Comment 
no.   N E      direction  angle Dip direction Dip angle   

26418-5 4684558 419954 Alternations of slates and arenites,  Cleavage 108 21 119 31   
       scaly or coherent   085 34       
          116 35       
          124 34       
          160 30       
27418-3 4684712 419941 Alternations of slates and arenites,  Cleavage 207 44 205 45   
       scaly or coherent   202 46       
27418-5 4683458 419985 Alternations of slates and arenites,  Cleavage 247 74 225 66   
       scaly or coherent   211 58       
          217 66       

  4683436 419997 
Alternations of slates and arenites, 
scaly or coherent Cleavage 224 66       

29418-7 4690957 422464 Alternations of slates and arenites,  Cleavage 087 12 094 16   
       scaly or coherent   096 20       
          130 15       

02518-7 4689480 421874 
Alternations of slates and arenites, 
scaly or coherent Cleavage 037 41       

29418-9 4691074 422326 Alternations of slates and arenites,  Cleavage 038 13 040 28   
       scaly or coherent   014 05       
          116 25       
          010 61       
01518-3 4688826 421360 Alternations of slates and arenites,  Cleavage 081 40 067 26 Locality referred to  

      scaly or coherent   099 18     as ‘Talkanzel’ 

        Cleavage with linear 005 15       
         074 25       

24418-2       Cleavage with linear 073 31       
         074 29       
         063 26       
01518-5 4689130 420950 Alternations of slates and arenites,  Cleavage 112 62 110 54   
       scaly or coherent   128 48       
          097 58       
01518-10 4688269 420820 Alternations of slates and arenites,  Cleavage 241 35 219 35   
       scaly or coherent   235 40       
          198 30       
02517-7 4689326 421806 Alternations of slates and arenites,  Cleavage 014 35 003 31   
       scaly or coherent   019 40       
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Outcrop WGS 84, UTM34 Lithologies and fabrics Structural element Dip  Dip average Comment 
no.   N E      direction  angle Dip direction Dip angle   

          354 46       
          348 40       
02518-8 4689593 421705 Alternations of slates and arenites,  Cleavage 067 39 069 56   
       scaly or coherent   080 40       
          062 36       
          066 48       
          064 85       
          074 85       

02518-10 4689664 421681 
Alternations of slates and arenites, 
scaly or coherent Cleavage 171 24       

08518-3 4685858 420430 Alternations of slates and arenites,  Cleavage 264 24 280 34   
       scaly or coherent   281 41       
          295 43       

09518-5 4688200 420900 Alternations of slates and arenites,  Cleavage 288 81 252 46   
       scaly or coherent   268 40       
          201 16       

09518-5 4688200 420950 Alternations of slates and arenites,  Cleavage 256 34 247 27   
       scaly or coherent   238 20       
16518-4 4686110 419624 Alternations of slates and arenites,  Cleavage 074 39 055 49   
       scaly or coherent   056 61       
          034 46       
01518-15  4687790 419542 Alternations of slates and arenites,  Cleavage 009 25 036 35   
 & 24418-5      scaly or coherent   036 44       
          037 40       
          060 30       

        Cleavage Olistolith 034 17 072 30   
          087 36       
          096 36       

01518-15  4687690 419542 Alternations of slates and arenites,  Cleavage 059 33 049 36   
 & 24418-5      scaly or coherent   047 39       
          060 46       
          031 27       

29418-2 4690377 422530 Alternations of slates and arenites,  Cleavage 073 28 067 33   
       scaly or coherent   068 38       
          061 33       
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Table 11: Measurements of foliation planes within the tectonic mélange. Bold numbers were plot in the geological map (Figure 10). c Foliation or s1= foliation 
plane, c’ Foliation= cisaillement, C_foliation= foliation plane within low temperature shear zone, Lh= lineation of slickenfibre, Ls= stretching lineation, F1= fracture 

plane, MR18-x= sample numbers, n.o.= not oriented, rp= random plane, S_Foliation= Foliation plane within high temperature shear zone, sh= slickenfibres plane. 

Outcrop  WGS84, UTM34 Lithologies and fabrics Structural element Dip  Dip average Comment 
no.  N E     direction  angle Dip direction Dip angle   
23418-2 2010736 4241669 Dilatational breccia      MR18-9 (n.o.) 

          

01518-5 4689127 420950 Cataclasite C_Foliation 102 60 099 56   
          092 68       
          106 45       
01518-5 4689030 420950 Cataclasite C_Foliation 022 51       
01518-11 4688410 420610 Cataclasite C_Foliation 225 32 218 37   
          213 42       
01518-14 4687930 419831 Cataclasite C_Foliation 094 40 113 48 MR18-24 (n.o.) 
          092 42       
          132 56       
          111 50       
01518-15 4687780 419602 Cataclasite C_Foliation 118 32 120 33 MR18-25 (rp 310/61) 
          123 35       
02518-7 4689480 421874 Cataclasite C_Foliation 003 60       
02518-5 4689241 421805 Cataclasite C_Foliation 052 38       

02518-7 4689326 421806 Cataclasite C_Foliation 075 46       
13218-2 4687668 419774 Cataclasite C_Foliation 065 50 056 50 Top NE 

          063 50       
          040 49       

07518-6 4685158 420117 Alternations of slates and  S_Foliation 242 40 245 45   
      arenites, scaly or coherent   235 51       
          241 39       
          256 40       

08518-15 4686255 421759 Brecciated serpentinite S_Foliation 337 87 347 87   
          356 87       
08518-16 4686255 421759 Brecciated serpentinite S_Foliation 282 60       

26418-1 4684037 420326 
Red, chlorite and calcareous 
schists, metacherts S_Foliation 240 24       

07518-5 4685000 420237 Red, chlorite and calcareous  S_Foliation 198 15 220 20   
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Outcrop  WGS84, UTM34 Lithologies and fabrics Structural element Dip  Dip average Comment 
no.  N E     direction  angle Dip direction Dip angle   

      schists, metacherts   241 25       

28418-5 4684431 423627 Chromite Foliation 198 43 199 46  Locality Bujani 
          195 41       
          208 51       

15518-1 4688555 428399 Chromite      

Locality Rragam 
MR18-12 (n.o.), MR18-
13 (n.o.), MR18-14 (rp 
208/73), MR18-15 (rp 
204/32), MR18-16 
(n.o.), MR18-17 (n.o.) 

15518-1 4688555 428399 Dunite Foliation 300 80 304 85 Locality Rragam 
          308 89       

28418-5 4685130 423197 Harzburgite Foliation 045 51 040 62 MR18-48 (rp 195/16), 
          061 61     MR18-49 (rp 348/09), 
          016 73     MR18-50 (rp 335/70), 

          039 64     

MR18-51 (rp 195/16), 
MR18-52 (rp 314/36), 
MR18-53 (rp 020/49), 
MR18-54 (rp 245/44) 

28418-1 4685843 423945 Harzburgite Foliation 346 75     MR18-21 (n.o.) 
12518-2 4685140 422699 Harzburgite Foliation 037 60 046 57   
          051 50       
          043 44       
          056 46       
          051 84       
          055 60       
          030 57       
          353 55 excluded     
15518-1 4688555 428399 Harzburgite Foliation 140 88 143 67 Locality Rragam 
          165 84      
        Foliation with linear 148 52       
        serpentinised 129 67       
         132 43       

23418-2 2010736 4241669 Serpentinite      
MR18-7 (n.o.), MR18-8 
(n.o.) 
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Outcrop  WGS84, UTM34 Lithologies and fabrics Structural element Dip  Dip average Comment 
no.  N E     direction  angle Dip direction Dip angle   

10518-6 4685797 421678 Serpentinite Foliation 122 80 130 72   
          144 72       
          125 69       
          118 70       
          143 69       
10518-7 4685738 421716 Serpentinite Foliation 138 44 164 58 MR18-45 (rp 156/88) 
          171 66       
          168 63       
          168 90       
          176 57       
          170 75       
          148 34       
          173 36       
        Foliation with linear 075 20     excluded 
10518-8 4685484 421687 Serpentinite      MR18-46 (n.o.) 

07518-16 4686734 422166 Serpentinite      

MR18-32 (rp 328/80), 
MR18-33 (rp 240/39), 
MR18-34 (rp 378/85), 
MR18-35 (rp 148/60), 
MR18-36 (rp 178/37) 

22418-2 4684101 420385 Serpentinised harzburgite Foliation 085 88   

Locality Selimaj thin 
section MR18-1A 
(rp085/88); 
MR18-2 (k1 186/70); 
MR18-3 (s1 085/88) 

28418-7 4689224 423432 Brecciated serpentinite S_Foliation 180 45 160 43   
          140 40       
28418-12 4689326 423598 Brecciated serpentinite S_Foliation 246 72 264 51 MR18-22 (n.o.) 
          284 25       
          264 55       
          082 74     excluded 

29418-1 4690163 423152 Brecciated serpentinite S_Foliation 030 63      
10518-2 4685950 421284 Brecciated serpentinite S_Foliation with linear 318 15       

10518-2 4686182 421484 Brecciated serpentinite S_Foliation 063 36 061 38   
        S_Foliation with linear 046 36       
        S_Foliation with linear 074 41       
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Outcrop  WGS84, UTM34 Lithologies and fabrics Structural element Dip  Dip average Comment 
no.  N E     direction  angle Dip direction Dip angle   

10518-3 4685883 421343 Brecciated serpentinite S_Foliation 088 57       
03518-4 4687572 422040 Brecciated serpentinite S_Foliation 271 14 295 27   
          289 18       
          292 38       
          331 39       

14518-3 4695189 426977 Gneiss Foliation 142 68 145 76 Locality Skhelzen 
      Amp- or Grt-rich  148 84     thin sections: 

         

MR18-5 (n.o.), MR18-6 
(n.o.) 
Other samples: 
MR18-4 (s1142/68), 
MR18-59 (s1333/84), 
MR18-60 (n.o.) 

02518-1 4689202 422612 Quartz-albite schists Foliation 007 25 004 25   
          002 26       

28418-6 4689150 423557 Quartz-albite schists Foliation 160 25 170 20   
          180 15       

29418-1 4690163 423142 Quartz-albite schists Foliation 112 52     
Thin section MR18-23  
(rp 200/60) 

29418-5 4690697 422943 Quartz-albite schists Foliation 177 12       
29418-6 4690721 422611 Quartz-albite schists Foliation 040 30 037 35   
          023 45       
          050 30       
02518-2 4689264 422609 Quartz-albite schists Foliation 152 20 152 24   
          152 27       
          228 31     excluded 

03518-1 4687590 422327 Quartz-albite schists Foliation 016 16 334 29   
          002 20       
          312 45       

04518-8 4684691 420697 Quartz-albite schists Foliation 076 40 105 42   
          097 30       
        Foliation with linear 107 54       
         124 45       
         134 54       
07518-1 4684789 420496 Quartz-albite schists Foliation 354 11 009 25   
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Outcrop  WGS84, UTM34 Lithologies and fabrics Structural element Dip  Dip average Comment 
no.  N E     direction  angle Dip direction Dip angle   

          348 29       
          030 36       

07518-2 4684880 420433 Quartz-albite schists Foliation with linear 274 19       
08518-4 4686075 420498 Quartz-albite schists Foliation 091 50 078 62 Outcrop Figure 23 
          089 80       
          079 61       
        C’ foliation with linear 067 61       
         082 81       
         064 60       
         074 41       
08518-5 4686171 420679 Quartz-albite schists Foliation 166 30 151 18   
          141 16       
          161 12       
          143 24       
          176 21       
          133 15       
          137 05       
08518-11 4686971 421326 Quartz-albite schists Foliation 059 53 070 43   
          081 32       
08518-14 4686620 421772 Quartz-albite schists Foliation 084 49 099 47   
        Foliation with linear 114 44       

08518-15 4686497 421779 Quartz-albite schists Foliation 001 41 016 38   
          009 34       
          037 39       

08518-17 4686184 421987 Quartz-albite schists Foliation 126 20 119 21   
          119 18       
          111 25       
09518-2 4687968 420751 Quartz-albite schists Foliation 329 45 333 35   
          342 40       
          328 21       

09518-3 4688018 420887 Quartz-albite schists Foliation 045 76 061 47   
          077 36       
          060 30       
09518-4 4688312 420853 Quartz-albite schists Foliation 178 22       

10518-1 4686095 421983 Quartz-albite schists Foliation 251 20 288 14   
          311 11       
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Outcrop  WGS84, UTM34 Lithologies and fabrics Structural element Dip  Dip average Comment 
no.  N E     direction  angle Dip direction Dip angle   

          303 11       
08518-16 4686255 421759 Quartz-albite schists Foliation 274 31 270 29   
          315 19       
          215 26       
          276 41       

08518-5 4686355 421700 Quartz-albite schists S_Foliation 347 87       
12518-4 4690661 423373 Quartz-albite schists Foliation 301 71 313 77   
          300 89       
          329 89       
          287 55       
        Foliation with linear 330 81       
         322 76       
         320 80       
12518-6 4690589 423354 Quartz-albite schists Foliation 303 49 297 48   
          292 46       

12518-6 4690689 423354 Quartz-albite schists Foliation 244 33 267 37   
          280 42       
          276 35       

12518-8 4690269 423329 Quartz-albite schists Foliation 011 30 001 33   
          351 35       
16518-10 4686750 419263 Quartz-albite schists Foliation 142 46 335 21   

        Foliation with linear 129 46       
16518-12 4686310 419731 Quartz-albite schists Foliation 123 22       

16518-14 4686131 420422 Quartz-albite schists Foliation 089 40 070 39   
          036 42       
          085 36       

22418-5 4689288 422268 Carbonatic marble schists  Foliation 278 06 260 10 Locality Markaj Top W 
   and calcareous schists  252 16   Average plot in 
     235 08   the geological 
     259 02   map Figure 10 
     283 16    
     250 10    
     075 07   excluded 
     120 22   excluded 
     100 14   excluded 

    c’ Foliation 279 30 269 29  
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Outcrop  WGS84, UTM34 Lithologies and fabrics Structural element Dip  Dip average Comment 
no.  N E     direction  angle Dip direction Dip angle   

     289 28    
     286 35    
     270 20    
     278 24    
     289 35    
     259 39    
     246 31    
     250 15    
     261 31    
     254 31    
24418-1 4688734 421803 Carbonatic marble schists  Foliation 062 32 063 38   
      and calcareous schists   066 36       
          062 47       
13418-5 4687032 420063 Carbonatic marble schists  Foliation 110 39 113 44   
      and calcareous schists   132 30       
          101 59       
          107 46       
26418-1 4683906 420261 Carbonatic marble schists  Foliation 202 56 185 45   
      and calcareous schists   200 28       
          165 40       
          174 55       

28418-6 4689145 423557 Carbonatic marble schists  Foliation 020 21 359 21   
      and calcareous schists    334 15       
          015 20       

          336 15       
          003 33       
28418-9 4689398 422603 Carbonatic marble schists  Foliation 087 30 077 40   
      and calcareous schists    067 50       

29418-3 4690506 422673 Carbonatic marble schists  Foliation 071 18 076 35   
      and calcareous schists    067 42       
          087 49       

29418-4 4690623 422948 Carbonatic marble schists  Foliation 164 58 166 62   
      and calcareous schists    168 65       
        Foliation with linear 130 40       

01518-1 4689630 422862 Carbonatic marble schists  Foliation 042 46 034 52   
      and calcareous schists    029 63       
          026 50       
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Outcrop  WGS84, UTM34 Lithologies and fabrics Structural element Dip  Dip average Comment 
no.  N E     direction  angle Dip direction Dip angle   

01518-2 4688751 421805 Carbonatic marble schists  Foliation 082 35 068 44   
      and calcareous schists    075 35       
          058 37       

        Foliation with linear 061 58       
         062 47       
         059 64       

01518-8 4688449 420551 Carbonatic marble schists  Foliation 012 50 016 56   
      and calcareous schists    020 62       

01518-12 4688174 420400 
Carbonatic marble schists 
and calcareous schists Foliation 039 15       

02518-3 4689193 422765 Carbonatic marble schists  Foliation 238 09 223 14   
      and calcareous schists    220 20       
          228 20       
          209 11       
02518-4 4689386 422657 Carbonatic marble schists  Foliation 030 15 050 12   
      and calcareous schists    074 09       
02518-7 4689435 421840 Carbonatic marble schists  Foliation 028 50 044 51   
      and calcareous schists    035 55       
          059 40       
          042 45       
        Foliation with linear 050 56       
         048 59       

03518-3 4687561 422099 
Carbonatic marble schists 
and calcareous schists Foliation 024 21       

03518-5 4687565 422021 Carbonatic marble schists  Foliation 019 51 043 30   
      and calcareous schists    043 42       
          057 52       
          032 60       
          030 30       
          032 00       
          094 01       
03518-5 4687434 422053 Carbonatic marble schists  Foliation 264 17 231 34   
      and calcareous schists    227 47       
          192 59       
          244 09       
          206 54       
          255 13       
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no.  N E     direction  angle Dip direction Dip angle   

03518-7 4686913 422113 
Carbonatic marble schists 
and calcareous schists Foliation 099 32       

03518-7 4686757 421988 Carbonatic marble schists  Foliation 304 37 281 21   
      and calcareous schists    321 24       
          218 02       

04518-9 4684772 420754 Carbonatic marble schists  Foliation 152 46 151 40   
      and calcareous schists    146 50       
          156 31       

07518-9 4685034 419593 Carbonatic marble schists  Foliation 145 60 144 58   
      and calcareous schists    140 56       
          148 58       
07518-10 4685139 419445 Carbonatic marble schists  Foliation 300 30 300 20 tilted? 
      and calcareous schists    293 10       
          308 25       
07518-15 4686613 422083 Carbonatic marble schists  Foliation 253 57 255 52   
      and calcareous schists    281 56       
          231 49       
07518-15 4686613 422100 Carbonatic marble schists  Foliation 343 15 316 20   
      and calcareous schists    290 06       
          295 31       
08518-8 4686776 420760 Carbonatic marble schists  Foliation 055 15 070 13 Outcrop Figure 21A,  
      and calcareous schists    059 15     Figure 21B 
          066 13     MR18-37 (rp 107/10) 
          072 11       

          073 15       
          090 10       
          076 11       
        Axial plane 041 15       

08518-8 4686836 420849 Carbonatic marble schists  Foliation 062 22 063 21   
      and calcareous schists    088 16       
          060 21       
          041 24       

08518-12 4687069 421515 
Carbonatic marble schists 
and calcareous schists Foliation 030 45       

08518-14 4686620 421772 Carbonatic marble schists  Foliation 075 45 082 40   
      and calcareous schists    089 41       
          081 34       



 

 129 

Outcrop  WGS84, UTM34 Lithologies and fabrics Structural element Dip  Dip average Comment 
no.  N E     direction  angle Dip direction Dip angle   

08518-14 4686520 421772 Carbonatic marble schists  Foliation 055 41 052 37   
      and calcareous schists    045 25       
          055 45       

09518-10 4688517 421600 Carbonatic marble schists  Foliation 190 36 135 36   
      and calcareous schists    079 36       

10518-2 4686182 421484 Carbonatic marble schists  Foliation 016 21 025 23   
      and calcareous schists    034 24       
10518-2 4685950 421284 Carbonatic marble schists  Foliation 076 25 077 23   
      and calcareous schists    078 20       

10518-5 4685700 421577 Carbonatic marble schists  Foliation 125 35 127 38   
      and calcareous schists  Foliation with linear 128 41       
13518-4 4687318 420194 Carbonatic marble schists  Foliation 113 76 109 45   
      and calcareous schists    103 66       

          116 36       
          108 21       
        Foliation with linear 106 25       

14518-2 4689834 422663 Carbonatic marble schists  Foliation 038 36 069 29 MR18-58 (sh 146/53,  
      and calcareous schists    089 26     Lh 085/25) 
          081 24       

14518-2 4689700 422555 Carbonatic marble schists  Foliation 270 44 280 35 MR18-61 (n.o.), MR18- 

      and calcareous schists    290 25     
62 (n.o.), MR18-63 
(n.o.) 

16518-13 4686538 420100 Carbonatic marble schists  Foliation 119 19 109 18   
      and calcareous schists    099 17       
16518-13 4686406 420313 Carbonatic marble schists  Foliation 029 25 019 27   
      and calcareous schists    009 29       
16518-14 4686432 420361 Carbonatic marble schists  Foliation 140 15 129 31   
      and calcareous schists    126 29       
          121 50       

26418-2 4684037 420326 
Red, chlorite and calcareous 
schists, metacherts Foliation 214 46       

28418-10 4688971 421947 Red, chlorite and calcareous  Foliation 083 52 087 51   
      schists, metacherts    092 50       
28418-11 4689159 421797 Red, chlorite and calcareous  Foliation 062 26 064 32   
      schists, metacherts    062 38       
          070 27       
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Outcrop  WGS84, UTM34 Lithologies and fabrics Structural element Dip  Dip average Comment 
no.  N E     direction  angle Dip direction Dip angle   

01518-13 4687987 420016 Red, chlorite and calcareous  Foliation 062 05 311 46   
      schists, metacherts    302 35       
          313 32       
          320 60       
          312 50       
          319 35       

01518-16 4687883 419686 Red, chlorite and calcareous  Foliation 090 36 099 30   
      schists, metacherts    091 36       
          116 19       
          270 75     excluded 

04518-1 4684548 421206 
Red, chlorite and calcareous 
schists, metacherts Foliation 310 52       

04518-2 4684482 421106 Red, chlorite and calcareous  Foliation 348 22 342 22   
      schists, metacherts    350 16       
          334 25       
04518-5 4684609 421075 Red, chlorite and calcareous  Foliation 291 34 261 22   
      schists, metacherts    264 21       
          284 10       
          231 16       
          246 14       

04518-6 4684636 420898 Red, chlorite and calcareous  Foliation 102 45 091 46   
      schists, metacherts    081 46       

04518-7 4684545 421203 Red, chlorite and calcareous  Foliation 274 85 315 83 tilted? 
      schists, metacherts    315 78     MR18-29 (n.o.) 

          352 85       
          310 85       

04518-10 4684729 420554 
Red, chlorite and calcareous 
schists, metacherts Foliation 166 15       

07518-3 4685103 420340 
Red, chlorite and calcareous 
schists, metacherts Foliation 205 05     tilted? 

07518-4 4685086 420302 Red, chlorite and calcareous  Foliation 278 75 268 55   
      schists, metacherts    243 48       
          260 50       
          289 61       

07518-5 4685085 420237 Red, chlorite and calcareous  Foliation 228 85 239 76   
      schists, metacherts    025 75       
          235 70       



 

 131 

Outcrop  WGS84, UTM34 Lithologies and fabrics Structural element Dip  Dip average Comment 
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07518-12 4685077 419329 Red, chlorite and calcareous  Foliation 255 24 237 24   
      schists, metacherts    221 25       

08518-1 4685337 420347 Red, chlorite and calcareous  Foliation 205 35 247 20   
      schists, metacherts    231 10       
          246 03       
          242 06       
          311 45       
08518-4 4686075 420598 Red, chlorite and calcareous  Foliation 087 73 092 74   
      schists, metacherts    097 76       
08518-6 4686468 420660 Red, chlorite and calcareous  Foliation 112 14 119 09   
      schists, metacherts    153 10       
          091 02       

08518-6 4686484 420752 Red, chlorite and calcareous  Foliation 318 14 335 15   
      schists, metacherts    359 11       
          327 20       
08518-8 4686836 420900 Red, chlorite and calcareous  Foliation 039 20 024 35   
      schists, metacherts    015 50       
          007 24       
          035 45       

08518-9 4686798 420961 Red, chlorite and calcareous  Foliation 049 45 055 28   
      schists, metacherts    007 17       
          048 38       
          078 15       
          074 26       
          071 26       

08518-15 4686497 421679 
Red, chlorite and calcareous 
schists, metacherts Foliation 336 59       

09518-1 4687902 420698 Red, chlorite and calcareous  Foliation 275 87 258 79   
      schists, metacherts    129 86     excluded 
          211 71       
          285 82       
          261 74       
08518-16 4686239 421648 Red, chlorite and calcareous  Foliation 288 42 254 36   
      schists, metacherts    289 11       
          000 25     excluded 
          088 35     excluded 
          248 45       
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          213 34       
          232 29       

        Foliation with linear 243 59       
         262 34       

10518-3 4685834 421294 
Red, chlorite and calcareous 
schists, metacherts Foliation 090 36       

10518-4 4685697 421209 Red, chlorite and calcareous  Foliation 095 35 069 35 MR18-43 (s1 063/45) 
      schists, metacherts    047 27       
          063 45       
          069 32       

15218-1 4688811 421407 Red, chlorite and calcareous  Foliation 174 55 173 68   
      schists, metacherts    171 69       
          173 81       
13218-3 4687633 419880 Red, chlorite and calcareous  Foliation 129 80 115 71   
      schists, metacherts    115 79       
          100 55       
13218-3 4687533 419780 Red, chlorite and calcareous  Foliation 025 44 032 40   
      schists, metacherts    051 37       
          021 40       
13418-5 4686980 419976 Red, chlorite and calcareous  Foliation 116 72 121 60   
      schists, metacherts    122 44       
          125 65       
15518-2 4683752 420334 Red, chlorite and calcareous  Foliation 228 30 234 24   
      schists, metacherts    224 14       
          205 14       
          260 19       
          253 42       

15518-4 4683995 419932 Red, chlorite and calcareous  Foliation 280 36 282 31   
      schists, metacherts    331 24       
          248 23       
          322 26       
          263 34       
          258 39       
          273 37       

15518-4 4684060 419980 
Red, chlorite and calcareous 
schists, metacherts Foliation 242 35       
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16518-7 4686202 418588 
Red, chlorite and calcareous 
schists, metacherts Foliation 246 53       

16518-10 4686650 419223 
Red, chlorite and calcareous 
schists, metacherts Foliation 350 14       

26418-6 4684383 420060 Epidote-chlorite schists Foliation 088 34       
26418-2 4684037 420326 Epidote-chlorite schists Foliation 214 46       
26418-7 4684396 419901 Epidote-chlorite schists Foliation 094 27 092 27 MR18-18 (rp 230/15),  
          062 18     MR18-19 (s1 056/45) 
          096 21       
          104 39       
          100 44       

04518-11 4684802 420619 Epidote-chlorite schists Foliation 096 40 095 37   
          083 34       
          107 35       
08518-7 4686590 420831 Epidote-chlorite schists Foliation 243 24 154 18 tilted? 
          154 05       
        Foliation with linear 066 26       
08518-10 4686889 421213 Epidote-chlorite schists Foliation 055 29 067 33 Thin section  
          061 36     MR18-38 
          085 35     (rp 077/30) 
09518-1 4687902 420598 Epidote-chlorite schists Foliation 075 60 050 58   
          044 60       
          030 55       
14518-2 4689814 422594 Epidote-chlorite schists Foliation 024 46       
15518-4 4684398 419960 Epidote-chlorite schists Foliation 161 34 149 26   
          137 19       
16518-11 4686818 419716 Epidote-chlorite schists Foliation 094 11 100 14   
          110 16       

24418-4 4688722 420837 Platy, sparitic limestones Foliation 048 30     High Karst unit 

24418-5 4687790 419542 Platy, sparitic limestones Foliation 142 68 130 51 High Karst unit 
          142 67     MR18-10 (s1 116/49,  
          138 50     Ls 071/25), MR18-11  
          135 45     (s1 122/26, Ls 074/16) 
          121 42       
          121 61       
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Outcrop  WGS84, UTM34 Lithologies and fabrics Structural element Dip  Dip average Comment 
no.  N E     direction  angle Dip direction Dip angle   

        Foliation with linear 116 40       
         122 26       
         134 62       

29418-10 4690719 421717 Platy, sparitic limestones Foliation 161 21 156 15 High Karst unit 
          150 14       
          194 15       
          130 20       
        Foliation with linear 134 14       
         170 16       

24418-4  4688722 420837 Platy, sparitic limestones Foliation 057 40 056 37 High Karst unit 
& 01518-7         051 35       
          064 38       

        Foliation with linear 052 33       
02518-11 4689884 421642 Platy, sparitic limestones Foliation 354 44 345 51 High Karst unit 
          343 70       
          338 39       
          065 61     excluded 
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Table 12: Measurements of different lineation types within the broken formation and tectonic mélange. Bold numbers are plot in the geological map (Figure 10). 
Lc= crenulation lineation, Lh= slickenfibres, Li= intersection lineation, Ls= stretching lineation, Lx= Lineation unclear, FA= fold axes. 

Outcrop  WGS 84, UTM34 Lithologies and fabrics Structural Dip  Dip average Sense Comment 
no.  N E   element direction angle Dip direction Dip angle of shear   

29418-2 4690377 422530 Alternations of slates and  Lc 075 29 081 33     
   arenites, scaly or coherent  087 37     
03518-5 4687565 422021 Carbonatic marble schists and  Lc 132 12 129 14   
   calcareous schists  126 16     
     301 10     
28418-6 4689150 423557 Quartz-albite schists Lc 230 06 235 11   
     237 10     
     238 17     

02518-11 4689784 421642 Alternations of slates and  Lh 112 33 121 33 down   
   arenites, scaly or coherent  130 30     
     126 37     
     135 32     

09518-6 4688394 420810 
Alternations of slates and 
arenites, scaly or coherent Lh 025 40   down  

09518-9 4688823 421260 Alternations of slates and  Lh 233 45 220 45 down MR18-39  

   arenites, scaly or coherent  207 45    (rp 231/76) 

16518-4 4686110 419524 
Alternations of slates and 
arenites, scaly or coherent Lh 102 51   down  

26418-2 4684037 420326 Chlorite schists Lh 115 20   down  
16518-10 4686750 419263 Quartz-albite schists Lh 142 46   down  

 4684037 420326 
Red, chlorite and calcareous 
schists, metacherts Lh 115 20   ?  

15518-1 4688555 428399 Serpentine in harzburgite Lh 202 40   down Locality Rragam 

03518-2 4687472 422332 Serpentinised harzburgite Lh 262 48 273 68 down  
     284 88     
07518-14 4686347 422300 Serpentinised harzburgite Lh 264 36   down  

27418-5 4683458 419985 Alternations of slates and  Li 098 19 209 26     
   arenites, scaly or coherent  210 25     
     091 12     
     209 27     

03518-5 4687434 422053 
Carbonatic marble schists and 
calcareous schists Li 290 10     
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Outcrop  WGS 84, UTM34 Lithologies and fabrics Structural Dip  Dip average Sense Comment 
no.  N E   element direction angle Dip direction Dip angle of shear   
07518-2 4684880 420433 Quartz-albite schists Li 196 05     

01518-3 4688828 421360 Alternations of slates and  Ls 075 25 061 23   Locality  
& 24418-2   arenites, scaly or coherent  076 28    referred to as 

     079 21    ‘Talkanzel’ 

     071 26     
     005 15     
22418-4 4689288 422268 Carbonatic marble schists and  Ls 166 07 173 12   
   calcareous schists  183 18     
     166 09     
     176 12     
     175 13     
24418-1 4688734 421803 Carbonatic marble schists and  Ls 132 13 143 09   
   calcareous schists  135 10     
     151 08     
     154 03     
01518-2 4688751 421805 Carbonatic marble schists and  Ls 146 05 143 09   
   calcareous schists  141 17     
     147 05     
02518-7 4689435 421840 Carbonatic marble schists and  Ls 053 56 070 56 Top  
   calcareous schists  088 56   WSW  
02518-3 4689193 422765 Carbonatic marble schists and  Ls 013 22 028 14 Top N  
   calcareous schists  024 07     
     052 11     

02518-4 4689386 422657 
Carbonatic marble schists and 
calcareous schists Ls 031 09     

03518-6 4686913 422113 
Carbonatic marble schists and 
calcareous schists Ls 154 10     

13218-4 4687318 420194 
Carbonatic marble schists and 
calcareous schists Ls 031 31   Top SW  

08518-4 4686075 420498 
Carbonatic marble schists and 
calcareous schists Ls 165 11     

15518-1 4688555 428399 Chromite Ls 219 38 218 36  Locality 

     217 33    Rragam 

     219 38    

MR18-64 (rp 201/86), 
MR18-65 (s1 129/67), 
MR18-66 to MR18-69 
(n.o.) 
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Outcrop  WGS 84, UTM34 Lithologies and fabrics Structural Dip  Dip average Sense Comment 
no.  N E   element direction angle Dip direction Dip angle of shear   
24418-5 4688722 420837 Platy, sparitic limestones Ls 064 10 069 08  High Karst 

     078 09    unit 

     067 07     
     066 07     
24418-5 4687790 419542 Platy, sparitic limestones Ls 068 20 071 20  High Karst  

     071 25    unit 

     074 16     
29418-8 4690992 422392 Platy, sparitic limestones Ls 199 15 202 11   
     205 05     
     025 13     
29418-10 4690719 421717 Platy, sparitic limestones Ls 216 11 216 05   
    on plane 043 00     
     154 04     
24418-4 4688722 420837 Platy, sparitic limestones Ls 068 11 067 11   
& 01518-7     062 08     
     062 12     
     060 00     
    on plane 084 25     
29418-1 4690163 423142 Quartz-albite schists Ls 068 55 076 53   
     067 52     
     086 38     
08518-4 4686075 420498 Quartz-albite schists Ls 164 18 166 11  Outcrop  

     170 05    Figure 23 
     149 12     
     184 04     
08518-14 4686620 421795 Quartz-albite schists Ls 200 04     
12518-4 4690661 423373 Quartz-albite schists Ls 287 71 270 73 Top NW  
     252 74     
08518-16 4686239 421648 Red, chlorite and calcareous  Ls 191 25 192 35   
   schists, metacherts  193 45     

01518-3 4688826 421360 Alternations of slates and  Lx 075 25 062 20   
   arenites, scaly or coherent  048 15     
10518-7 4685738 421716 Brecciated serpentinite Lx 139 06     
10518-2 4685950 421284 Brecciated serpentinite Lx 252 05     
10518-2 4686182 421484 Brecciated serpentinite Lx 038 36 045 37  MR18-40 (n.o.), 

     046 36    MR18-41 (n.o.), 
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Outcrop  WGS 84, UTM34 Lithologies and fabrics Structural Dip  Dip average Sense Comment 
no.  N E   element direction angle Dip direction Dip angle of shear   
     052 40    MR18-42 (n.o.) 

29418-4 4690623 422948 
Carbonatic marble schists and 
calcareous schists Lx 050 15     

 4685700 421577 
Carbonatic marble schists and 
calcareous schists Lx 191 20     

08518-7 4686590 420831 Epidote-chlorite schists Lx 069 31    tilted? 
04518-8 4684691 420697 Quartz-albite schists Lx 180 22 185 28   
     179 28     
     192 35     

07518-8 4685266 419779 
Alternations of slates and 
arenites, scaly or coherent FA 263 28        

09518-5 4688200 420900 
Alternations of slates and 
arenites, scaly or coherent FA 102 18       calculated  

09518-6 4688394 420890 
Alternations of slates and 
arenites, scaly or coherent FA 349 63       plotted stereonet 

09518-9 4688823 421260 
Alternations of slates and 
arenites, scaly or coherent FA 029 19       plotted stereonet 

  4685266 419779 
Alternations of slates and 
arenites, scaly or coherent FA 261 28         

02518-11 4689784 421642 
Alternations of slates and 
arenites, scaly or coherent FA 177 10         

13418-5 4687032 420063 Carbonatic marble schists and  FA 007 20 025 19     
      calcareous schists    032 11         
          036 26         
          021 20         
          027 16         

08518-8 4686776 420760 Carbonatic marble schists and  FA 300 25 329 19  Outcrop  
      calcareous schists   335 10       Figure 21A, B 
          352 23        

16518-13 4686406 420313 Carbonatic marble schists and  FA 038 15 037 10     
      calcareous schists    036 04         
16518-13 4686432 420361 Carbonatic marble schists and  FA 249 02 221 02     
      calcareous schists    212 03         
          201 01         
          221 01         
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Table 13: Measurements of fracture planes within various lithologies in the upper plate. Fx= fracture set, rp= random plane. 

Outcrop no. WGS84, UTM34 Lithologies  Structural element Dip direction Dip angle average Comment 
  N E         Dip direction Dip angle  

03518-2 4687472 422332 Serpentinised harzburgite F1 024 82 046 74 Outcrop Figure 35 
     027 80   MR18-26 (rp 314/20), 

     004 68   MR18-27 (rp 303/05) 

     060 65   MR18-28 (F2 076/60) 

     071 68    
     076 74    
     057 80    
     047 77    

    F2 132 60 157 58 Outcrop Figure 35 
     126 55    
     315 90    
     131 54    
     130 55    
     118 58    
     172 50    
     171 50    
     132 55    
     144 54    

    F3 340 30 317 49 Outcrop Figure 35 
     314 68    
     312 54    
     291 39    
     312 54    
     332 47    
04518-3 4684438 421036 Serpentinised harzburgite F1 032 41 029 40   

     026 46    
     028 34    
    F2 189 60 201 75  
     196 86    
     217 80    
    F3 296 79 290 72  
     296 72    
     278 74    
     296 61    



 

 140 

Outcrop no. WGS84, UTM34 Lithologies  Structural element Dip direction Dip angle average Comment 
  N E         Dip direction Dip angle  
     284 75    

04518-4 4684392 421036 Serpentinised harzburgite F1 003 53 344 44   

     322 41    
     000 51    
     352 31    
     322 44    

    F2 172 50 162 41 follows Opx veins 

     171 31    
     143 42    

    F3 095 78 219 82  
     281 88    
     282 81    
07518-14 4686347 422300 Serpentinised harzburgite F1 284 82       

    F2 202 77 191 83  
     189 88    
    F with slickenfibres 181 85    
    F3 084 38    
10518-6 4685797 421678 Serpentinite F 010 30 015 25 MR18-44 (s1 118/70), 

     025 16   MR18-70 (n.o.) 

     351 29    
12518-1 4685272 422298 Dunite F1 254 50 262 47   

     251 49    
     270 33    
     272 55    

    F2 165 76 168 83  
     169 89    
     170 84    
12518-2 4685140 422699 Harzburgite F 314 79 320 82 MR18-47 (s1 055/60) 

     343 84    
     304 82    
14518-1 4688612 423349 Serpentinised Harzburgite F1 289 84 272 79 MR18-55 (sF3 184/65), 

     260 81   MR18-56 (rp 189/62), 

     274 69   MR18-53 (sF2 033/21) 

     269 89    
     250 69    
     270 80    
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Outcrop no. WGS84, UTM34 Lithologies  Structural element Dip direction Dip angle average Comment 
  N E         Dip direction Dip angle  
     290 83    

    F2 335 14 030 11  
     043 11    
     011 17    
     030 03    
    F3 179 64 178 67  
     173 76    
     177 62    
     183 66    
15518-1 4688555 428399 Harzburgite F1 031 44 129 63 Locality Rragam 

     093 61   Second set, 

     114 79   younger 

     145 44    
     057 61    
     354 72    
     114 79    

    F2 117 06 069 10 First set, older 
     027 06    
     063 19    
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b. Images 

Figure 48: Phase relations in the CFMAS system in lherzolites plotted in a pressure-temperature 
diagram (modified after Bohlen & Lindsley, 1987; Gasparik 1987). The isopleths are aluminium 
contents in orthopyroxene in mol% in orthopyroxene. The red number is the measured aluminium 
content in orthopyroxene clasts in the mylonitic layers of sample MR18-26B. 

Figure 47: Phase relation diagram in the CFMAS system at 800°C and 1100°C (modified after 
Gasparik 1987). For the calculated iron number Fe# 8.33, pressures between 10.6-12.2 kbar are 
derived. Fe# = 100Fe/(Mg+Fe) of orthopyroxene clast in mylonite of sample MR18-26B (table 6). 
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Figure 49: Idealised left image of fluids in the Cascadian subduction zone is interpreted based on the 
electromagnetic profile by McGary et al. (2014) in the right image (Pommier & Evans, 2017). The 
isotherms are in °C. All abbreviations are for the stable mineral phase at a specific depth. amph= 
amphibole, cld= chloritoid, chl= chlorite, law= lawsonite, serp= serpentine. 

 

c. Geological map and topographic outcrop map as fold-outs 

d. Digital data 
o GIS-document 

o Raman data 

o REM data 

o µXRF data 

o Excel Two-pyroxene-Thermometer (Brey and Köhler, 1990; Putirka 

2008) 

o Complete serpentinite sketch 
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