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Abstract 25 

During continental collision, large tracts of crust are mobilised along major shear zones. The 26 

metamorphic conditions at which these zones operate, the duration of thrusting, and the 27 

deformation processes that facilitated hundreds of km of tectonic transport are still unclear. In the 28 

Scandinavian Caledonides, the Lower Seve Nappe displays a main mylonitic foliation with 29 

thickness of ~1 km. This foliation is overprinted by a brittle-to-ductile deformation pattern  30 

localized in C and C’-type shear bands proximal to the tectonic contact with the underlying Särv 31 

Nappe. Thermobarometry of amphibolites and micaschists suggest a first high-pressure stage at 32 

400-500°C and 1-1.3 GPa recorded in mineral relics. The main mylonitic foliation developed under 33 

epidote amphibolite facies conditions along the retrograde path from 600°C and 1 GPa to 500°C 34 

and 0.5 GPa. Age dating of synkinematic titanite grains in the amphibolites indicates that this 35 

mylonitic fabric formed at around 417 ± 9 Ma, but older ages spanning 460-430 Ma could represent 36 

earlier stages of mylonitization. The shear bands developed at lower metamorphic conditions of 37 

300-400°C and ~0.3 GPa. In the micaschists, the recrystallized grain size of quartz decreases 38 

towards the shear bands. Monomineralic quartz layers are eventually dismembered to form 39 

polyphase aggregates deforming by dominant grain size sensitive creep accompanied by slip in 40 

muscovite and chlorite. Plagioclase zoning truncations suggest that the shear bands originated by 41 

fracturing followed by ductile deformation. The results suggest protracted and long-lasting 42 

shearing under amphibolite to greenschist facies conditions during the juxtaposition, stacking and 43 

exhumation of the Lower Seve Nappe. 44 

Keywords 45 
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1. Introduction 48 

Thrusts in mountain belts localize much of the tectonic transport associated with crustal shortening 49 

during mountain building. They may be responsible for the juxtaposition of units characterized by 50 

remarkably contrasting tectonometamorphic histories (Bender et al., 2018; Gee, 1975; Giuntoli & 51 

Engi, 2016; Jolivet et al., 1998; Searle et al., 2008; Zwart, 1975). As they frequently form via 52 

several stages of deformation, shear zones often preserve multiple generations of overprinting 53 



mineral fabrics and relics, reflecting the evolution from higher to lower metamorphic grades (e.g. 54 

Papapavlou et al., 2018). Moreover, some fabrics display evidence of early stages of brittle 55 

deformation that has been later overprinted by crystal plastic deformation (e.g. Austrheim, 1987; 56 

Fusseis et al., 2006; Giuntoli, Menegon, et al., 2018; Mancktelow & Pennacchioni, 2005). In many 57 

cases cycles of brittle and ductile deformation appear to alternate due to the effect of different 58 

parameters, such as strain rate and stress variations, pore fluid pressure, mineral reactions and 59 

associated weakening or hardening of the rock (Brander et al., 2012; Bukovská et al., 2016; Gerald 60 

& Stünitz, 1993; Giuntoli et al., 2020; Kjøll et al., 2015; Menegon et al., 2013; Putnis & Putnis, 61 

2007; Stünitz & Gerald, 1993). A robust constrain on the metamorphic conditions, deformation 62 

mechanisms and timescale of shear zones activity is needed to better understand their role during 63 

orogenesis. 64 

The Scandinavian Caledonides provide some of the best localities for investigating the relative 65 

roles and effects of these different inputs and controls on shearing, as they consist of a large-scale 66 

nappe stack of several tectonometamorphic units separated by thrusts that accommodated several 67 

hundreds of km of SE-directed tectonic transport during continental collision (e.g. Gee et al., 2013; 68 

Roberts, 2003). Peak metamorphic conditions and related ages are well documented in several of 69 

the tectonometamorphic units (e.g. Brueckner & Van Roermund, 2007; Janák et al., 2013; 70 

Ladenberger et al., 2013; Majka et al., 2014; Root & Corfu, 2012). However, fewer studies address 71 

the lower metamorphic grade evolution of such units, associated with their exhumation, 72 

juxtaposition and the ESE-directed tectonic transport over the Baltoscandian margin (e.g. 73 

Andersen, 1998; M. W. Anderson et al., 1992; Bender et al., 2018, 2019; Fossen & Rykkelid, 74 

1992; Gilotti, 1989). Several open questions remain related to the pressure and temperature 75 

conditions of the low-grade metamorphism along the thrusts, the associated duration of thrusting, 76 

and the deformation processes that facilitated hundreds of km of tectonic transport.  77 

In this study, we describe the evolution of metamorphic fabrics in a 1 km long crustal section 78 

provided by the “Collisional Orogeny in the Scandinavian Caledonides (COSC-1; IGSN 79 

ICDP5054EHW1001)”  drill core (Lorenz et al., 2015; see section 2). We reconstruct the first 80 

pressure-temperature-time-deformation (P-T-t-d) path for the Lower Seve Nappe. We constrain 81 

the metamorphic conditions, deformation mechanisms and mineralogical changes related to these 82 

ductile and brittle fabrics using petrographic and microstructural analyses, thermodynamic 83 

modelling, electron backscattered diffraction analyses, and U-Pb geochronology on syn-kinematic 84 



titanite. Our results suggest that the nappe experienced protracted and long-lasting shearing from 85 

epidote amphibolite facies conditions to greenschist facies conditions, with strain localization 86 

toward the tectonic contact with the underlying Särv Nappe. Our study provides detailed insight 87 

into the role of a major thrust in the exhumation and stacking of orogenic tectonometamorphic 88 

units.  89 

2. Geological setting 90 

The Scandinavian Caledonides developed due to the Ordovician closure of the Iapetus Ocean and 91 

the subsequent Silurian to early Devonian subduction and continent collision of the Baltican plate 92 

below the Laurentian plate (e.g. Gee et al., 2008; Roberts, 2003; Roberts & Gee, 1985; Stephens, 93 

1988). In the Scandinavian Caledonides, tectonic units were transported up to 400 km to the east 94 

during the collision, eventually creating a nappe stack of several allochthonous units on top of 95 

Autochthons Baltic Shield (Figure 1a-b; (Gayer et al., 1987; Gee, 1975; Gee et al., 2010; Rice & 96 

Anderson, 2016)). After emplacement, the nappe stack was folded into north-trending synforms 97 

and antiforms, possibly related to either crustal extension and normal faulting or basement 98 

shortening occurring during the latest orogenic phases (Bergman & Sjöström, 1997; Rice & 99 

Anderson, 2016).  100 

The Middle Allochthon, the target of this study, includes several basement units and associated 101 

metasediments representing the outermost Baltica margin, and possibly includes units derived 102 

from an ocean-continent transition zone (e.g. Andréasson, 1994; Gee et al., 2008; Janák et al., 103 

2006; Roberts, 2003; Stephens, 1988). The upper tectonic unit of the Middle Allochthon, the Seve 104 

Nappe Complex (SNC; e.g. Sjöström, 1983), crops out over a N-S distance of ~1000 km and an 105 

W-E distance of ~200 km in the central part of the orogen (Figure 1; Andréasson, 1994).  106 

In the Jämtland region, the SNC can be further subdivided into Lower, Middle and Upper Seve 107 

nappes by the presence of internal thrust sheets (Zachrisson & Sjöstrand, 1990). The Lower Seve 108 

Nappe is mainly composed of micaschists, quartzites and metapsammites with gneisses, 109 

metabasics and with minor peridotites and serpentinites (Figure 1c). The Middle Seve Nappe is 110 

composed of similar lithologies, but is overprinted by pervasive migmatization. Several parts of 111 

the Lower- and Middle Seve preserve evidence of high pressure (HP) to ultrahigh pressure (UHP) 112 

metamorphism (summary in Figure 4 of Klonowska et al., 2016 and Figure 6 and Table 2 of Bender 113 

et al., 2018) spanning from ~1.1 GPa and 600°C up to 4 GPa and 800°C, within the stability field 114 



of coesite and diamond (Brueckner & van Roermund, 2004; Gilio et al., 2015; Janák et al., 2013; 115 

Klonowska et al., 2016, 2017; Majka et al., 2014; Van Roermund, 1985, 1989). The HP-UHP 116 

metamorphism is the manifestation of the Ordovician subduction of the SNC (Brueckner & Van 117 

Roermund, 2007; Ladenberger et al., 2013; Root & Corfu, 2012). To date, no evidence of (U)HP 118 

metamorphism has been recorded in the Lower Seve Nappe in central Jämtland.  119 

In the Middle Seve Nappe, granulite and amphibolite facies metamorphism produced partial 120 

melting at 442–436 Ma (Ladenberger et al., 2013) and appear to postdate the HP-UHP stage, 121 

constrained around 472 ± 3Ma (Petrík et al., 2019). In the Lower Seve Nappe, a pervasive 122 

amphibolite facies foliation overprints the (U)HP fabric, where present, and represents the main 123 

metamorphic fabric. The (U)HP fabrics are composed of garnet, omphacite, phengite, rutile and 124 

coesite (retrogressed in quartz) in the eclogites and quartz, phengite, garnet, jadeite, rutile in the 125 

gneiss (Klonowska et al., 2016 and Fassmer et al., 2017, respectively). In the Åreskutan area, a 126 

recent field study identified two foliations: a main foliation of epidote amphibolite to upper-127 

greenschist facies conditions partially overprinted by a lower grade foliation subparallel to it; both 128 

have dip direction toward E-NE and mean dip value of 30° (Bender et al., 2018). Both foliations 129 

develop stretching lineations that plunge shallowly and have mean azimuths of 88° and 103° for 130 

the higher and lower grade, respectively, and associated sense of shear top-to-the-ESE (Bender et 131 

al., 2018). The epidote amphibolite facies metamorphic stage was constrained at ~600°C and 0.8-132 

1 GPa in amphibolite (Giuntoli, Menegon, et al., 2018) and at 550°C and 0.2-0.5 GPa in micaschist 133 

(Arnbom, 1980) around ~430 Ma (Bender et al., 2019).  134 

The COSC-1 borehole is located in the central Jämtland region, near Åre in Sweden (Lorenz et al., 135 

2015; see location in Figure 1b-c). The drill core provides an almost complete section (recovery 136 

rate higher than 99%) through the Lower Seve Nappe. In detail, the core comprises alternating 137 

layers of felsic gneiss, calc-silicate and amphibolite displaying narrow (mm-cm) and localized 138 

shear zones from the surface down to 1700 m. Micaschist is more common below 1700 m. The 139 

rocks show strongly deformed mylonitic fabrics from 1700 m to the end of the core at 2500 m 140 

depth (Giuntoli, Menegon, et al., 2018; Hedin et al., 2016). Below 2350 m the core is composed 141 

of strongly deformed metasediments, interpreted as representing the basal shear zone juxtaposing 142 

the Lower Seve Nappe with the Särv Nappe (Hedin et al., 2016; Lorenz et al., 2015). Acoustic 143 

televiewer data suggest that the regional foliation in the core is generally subhorizontal, with 144 

localised exceptions related to recumbent folds and boudinage (Wenning et al., 2017). The 145 



vergence of the lower-grade folds indicates that folding was in part coeval with top-to-the-ESE 146 

shearing at greenschist facies conditions, as highlighted by field-based studies (Bender et al., 147 

2018). Both in the field and in the core, lineations are oriented from E-W to SE-NW, with a mean 148 

trend/plunge 100°/20°, in agreement with the Caledonian transport direction (Merz et al., 2019).  149 

3. Materials and Methods 150 

3.1. Sample preparation and scanning electron microscopy 151 

The drill core samples were oriented only with respect to the top of the borehole. The core 152 

declination reorientation allows to reorient the core with respect to the geographic north. This 153 

correction requires the identification of distinctive structures (e.g. folds), in both core scans and 154 

image logs (see Merz et al., 2019 for further details). This correction was not applied to the studied 155 

samples, as those were selected for their mylonitic fabrics that did not display distinctive structures 156 

essential for reorientation. Therefore, as core rotation around the vertical axis might have occurred 157 

during extraction, any reference to “dextral” sense of shear in the following sections is solely 158 

descriptive and does not carry information of actual direction of tectonic transport (see section 5.3 159 

for discussion). 160 

All scanning electron microscopy (SEM) analyses were performed on carbon-coated polished thin 161 

sections cut perpendicular to the foliation and parallel to the sample stretching lineation. 162 

Cathodoluminescence (CL) analyses were performed at the Open University (UK), using a FEI 163 

Quanta 200 three-dimensional SEM equipped with a Centaurus Deben panchromatic CL detector 164 

with a photo multiplier tube (Hamamatsu R316) characterized by sensitivity in the range of 400-165 

1200 nm. Analyses were conducted under high vacuum, using an accelerating voltage of 10 kV, a 166 

beam current of 3.3 nA, a working distance of 13 mm, and an electron source provided by a 167 

tungsten filament.  168 

Backscattered electron (BSE) and Electron backscattered diffraction (EBSD) analyses were 169 

conducted with a Jeol-7001FEG SEM at the Electron Microscopy Centre, Plymouth University 170 

(UK). EBSD patterns were acquired with a 70° tilted sample geometry, 20 kV accelerating voltage, 171 

a beam current of ~12.5 nA, 18-23 mm working distance and 1.3-1.7 μm step size. Diffraction 172 

patterns were automatically indexed using AZtec (Oxford Instruments). Raw maps were processed 173 

with HKL Channel 5 software (Oxford Instruments), following the procedure illustrated in Prior 174 



et al., 1999, 2002, 2009. Crystallographic directions were plotted on pole figures (lower 175 

hemisphere of the stereographic projection), with X parallel to the stretching lineation and Z 176 

parallel to the pole of the mylonitic foliation, if not otherwise specified. Misorientation angle 177 

distributions were calculated for correlated pairs (with a shared boundary) and uncorrelated pairs, 178 

and were compared with the theoretical random distribution. Misorientation axes were plotted in 179 

crystal coordinates (lower hemisphere of the stereographic projection) for misorientations of 2°–180 

10° measured across boundaries between neighbouring pairs (e.g. Prior et al., 2002; Wheeler et 181 

al., 2001). This misorientation range was chosen to investigate the nature of low-angle boundaries 182 

(e.g. Neumann, 2000). EBSD maps include phase maps, grain size maps (where the grain size is 183 

defined as the diameter of the equivalent circle) and grain orientation spread (GOS) maps. GOS is 184 

a measure of the internal strain of a grain defined as the average misorientation angle between each 185 

pixel in a grain and that grain’s mean orientation (Wright et al., 2011). 186 

3.2. Electron probe microanalyzer 187 

EPMA analyses were conducted at the Open University (UK), using a five-spectrometer Cameca 188 

SX100. Wavelength dispersive spectrometers (WDS) provided data for both spot analyses and X-189 

ray maps.  Spot analyses were first acquired for each mineral phase, before X-ray maps were 190 

acquired from the same area. Spot analyses were performed with 20 KeV accelerating voltage, 20 191 

nA specimen current and 2 μm beam diameter. Ten oxide compositions were measured, using 192 

natural standards: K-feldspar (SiO2, Al2O3, K2O), bustamite (CaO, MnO), hematite (FeO), 193 

forsterite (MgO), jadeite (Na2O), rutile (TiO2), apatite (P2O5). A ZAF matrix correction routine 194 

was applied; uncertainty on major element concentrations was <1%. X-ray maps were acquired 195 

with 15 KeV accelerating voltage, 100 nA specimen current, dwell times of 70-100 ms and step 196 

size of 5 μm. Ten elements (Si, Ti, Al, Fe, Mn, Mg, Na, Ca, K and P) were measured at the specific 197 

wavelength in two series. Intensity X-ray maps were standardized to concentration maps of oxide 198 

weight percentage using spot analyses as internal standard. X-ray maps were processed using 199 

XMapTools 2.6.4 (Lanari et al., 2014). Quantitative X-ray maps were used as input for isochemical 200 

phase diagram computation, following the strategy of Lanari & Engi (2017; see the following 201 

section). 202 



3.3. Geothermobarometry 203 

3.3.1. Isochemical phase diagrams (pseudosections) 204 

Isochemical equilibrium phase diagrams were computed using the Gibbs free energy minimization 205 

algorithm Theriak–Domino (De Capitani & Brown, 1987; de Capitani & Petrakakis, 2010). The 206 

thermodynamic database of Berman (1988) with subsequent updates collected in JUN92.bs was 207 

used, together with the following solution models: Berman (1990) for garnet, Nagel et al. (2002) 208 

for staurolite, Fuhrman & Lindsley (1988) for feldspar, Keller et al. (2005) for white mica, and 209 

ideal mixing models for amphibole (Mäder & Berman, 1992; Mäder et al., 1994) and chlorite 210 

(Hunziker, 2003). Fe3+ was ignored because of the lack of analytical data and suitable ferric 211 

endmembers in solid solution models. Local bulk compositions were obtained using standardized 212 

X-ray maps (section 3.2) following the procedure described in Lanari & Engi (2017). As indicated 213 

by those authors, the chosen areas should be representative of the equilibrium volumes that were 214 

examined. Thus, it is important to evaluate if the results of thermodynamic modelling match the 215 

observed parageneses in term of modal amount of the mineral phases and their chemical 216 

compositions. The amounts of H2O component used in the computations were estimated from the 217 

H2O contents needed to stabilise the amount of hydrous minerals extracted from the local bulk 218 

composition. These values were in line with the measured loss of ignition values (1.4 – 4 wt %) of 219 

the present-day samples. Each garnet growth zone was sampled from the standardized X-ray maps. 220 

Successively, the program GrtMod (Lanari et al., 2017) was used to find the best analytical solution 221 

between measured and modelled composition of garnet. This computer program used an iterative 222 

approach that refined the P–T conditions for successive garnet growth zones. The program 223 

interacts with Theriak and uses the same thermodynamic database as the isochemical equilibrium 224 

phase diagrams (for further details see Giuntoli, Lanari, et al., 2018).  225 

3.3.2. Amphibole-plagioclase thermobarometry  226 

Temperature was estimated using Holland & Blundy (1994) geothermometer, which uses the  227 

equilibrium element exchange between amphibole and plagioclase pairs, constrained for silica‐228 

saturated and silica‐rich igneous and metamorphic rocks in the range of 0.1–1.5 GPa and 400–229 

1,000°C. Pressure was estimated using Bhadra & Bhattacharya (2007) and Anderson & Smith 230 

(1995) geobarometers. The first geobarometer is based on element distribution between amphibole 231 

and plagioclase pairs in equilibrium. Experimental data were acquired on silica‐saturated 232 



assemblages in the P–T range of 0.1–1.5 GPa and 650–950°C. The second geobarometer is based 233 

on the increase of Al in hornblende with increasing pressure and is calibrated on experimental data 234 

at 675 and 760°C. 235 

3.3.3. Chlorite and white mica multi-equilibrium 236 

To constrain the P–T conditions of retrograde stages, multi-equilibrium computations of the high-237 

variance assemblages involving chlorite and white mica were performed, using the standard state 238 

properties and solid solution models of Vidal et al. (2005, 2006) for chlorite, Dubacq et al. (2010) 239 

for phengite, and the program ChlMicaEqui (Lanari, 2012; Lanari et al., 2012). The activity of 240 

H2O was set to unity. In detail, the thermobarometry was based on the chlorite+white 241 

mica+quartz+H2O equilibrium. The P and T of formation for each chlorite and white mica couple, 242 

as well as their respective XFe3+ values, were estimated by minimizing the square root of the sum 243 

of (∆Greaction)2 for the following six equilibria: 244 

(1) - 4 Clinochlore + 4 Daphnite - 5 Fe-Amesite + 5 Mg-Amesite 245 

 (2) 14 alpha-Quartz - 4 Daphnite + 5 Fe-Amesite + 3 Mg-Amesite - 6 Sudoite + 8 WATER 246 

(3) - 10 Mg-Celadonite + 15 alpha-Quartz - 2 Daphnite + 10 Fe-Celadonite + 2 Mg-Amesite - 4 247 

Pyrophyllite + Sudoite 248 

(4)  75 alpha-Quartz - 2 Clinochlore + 2 Daphnite - 10 Fe-Celadonite + 10 Muscovite - 20 249 

Pyrophyllite + 5 Sudoite 250 

(5) - 5 Mg-Celadonite + Clinochlore + 4 Daphnite - 5 Fe-Amesite + 5 Muscovite 251 

 (6) 2 Fe-Amesite - 8 Fe-Celadonite + 13 Mg-Amesite + 8 Muscovite + 14 Pyrophyllite - 26 252 

Sudoite + 30 WATER  253 

3.4. U-Pb geochronology by laser ablation-inductively coupled plasma-mass spectrometry 254 

(LA-ICP-MS) 255 

Titanite grains were analysed for U-Pb isotopes using an ASI RESOlution 193 nm ArF excimer 256 

laser coupled to a quadrupole Agilent 7500cs ICP-MS at the University of Portsmouth, following 257 

the procedure described in Papapavlou et al. (2017). The spot size was 30 μm, the laser fluence 258 

was approximately 3 J/cm2 and the frequency 2 or 3 Hz. A sample-standard bracketing method 259 

was used to correct for mass fractionation, using Khan titanite  as the primary standard (ID-TIMS 260 



age of 522.2 ± 2.2 Ma, Heaman, 2009). Downhole U-Pb elemental fractionation was corrected 261 

using an exponential downhole correction fit to the time-resolved data for each analysis. A 207Pb-262 

based correction scheme was applied to the variably common lead-bearing primary standard using 263 

the Vizuage_UcomPbine add-in for Iolite (Chew et al., 2014). MKED-1 titanite was analysed as a 264 

secondary standards to evaluate accuracy of the method, and the resulting weighted mean 265 
206Pb/238U age (1523.1 ± 4.0 Ma) and concordia age  (1523.7 ± 5.5 Ma) are within uncertainty of 266 

reference values (ID-TIMS 206Pb/238U age of 1521.02 ± 0.55 Ma, Spandler et al., 2016). The 267 
238U/206Pb and 207Pb/206Pb isotopic ratios for each analysis are presented uncorrected for common 268 

lead in Tera-Wasserburg concordia diagram using IsoplotR (Vermeesch, 2018). 269 

4. Results 270 

4.1. Petrography and microstructures 271 

The micaschists and amphibolites from the lower part of the drill core (1500-2500 m; Figure 2) 272 

display a subhorizontal to moderately-dipping main fabric (S).   273 

4.1.1. Micaschists 274 

The three micaschist samples were collected at ~1700 m (sample 561), 2170 m (640), 2500 m 275 

(695; Table S1, Figures 2 and 3) depths, allowing the variation of fabrics through different levels 276 

of the nappe to be observed. The main S foliation consists of muscovite, biotite, quartz, plagioclase 277 

and epidote. Isolated porphyroclasts of plagioclase and biotite and muscovite mica fish grains are 278 

wrapped by the foliation (Figure 3). The foliation is mylonitic and a stretching lineation is 279 

observable in the hand specimens and is marked by rods of plagioclase and quartz and by elongated 280 

trails of muscovite and biotite. Both generations of micas (i.e. the mica fish and the grains along 281 

the foliation) display undulose extinction and bending (Figure 4). Millimetre-sized garnet and 282 

staurolite are present in sample 561. Dextral sense of shear is observed (Figure 3; note that the 283 

sense of shear is solely descriptive as explained in section 3.1). Accessory phases include pyrite, 284 

ilmenite, magnetite, apatite, calcite and zircon. In sample 695, plagioclase displays dark 285 

porphyroclastic core and bright rim in CL images (Figure 4g,h). The rims form asymmetric tails 286 

around the core, compatible with a dextral sense of shear, kinematic consistent with the main 287 

foliation. Microfractures are frequent in the cores and are sealed by plagioclase with a similar 288 

luminescence as the rim, as described in Giuntoli, Menegon, et al., 2018 (Figure 4g,h). Chlorite 289 



crystallizes in the garnet asymmetric pressure shadows in sample 695, defining a dextral sense of 290 

shear. 291 

The mylonitic S foliation is deformed by discrete 1 mm-spaced C’-type shear bands defined by 292 

chlorite and white mica (sample 640; Figures 3 and 4) which deform into sigmoidal-shaped white 293 

mica and biotite grains and quartz ribbons. These in turn define the main foliation. Towards the 294 

bottom of the drill core (e.g. sample 695), C and C’-type shear bands are more discrete and 295 

pervasive. Their spacing of some hundreds of μm produces a composite S-C-C’ fabric (Figure 3c). 296 

Locally, these C and C’ planes are extremely sharp and cut the surrounding minerals: for example, 297 

in plagioclase grains these planes truncate both growth zones (Figure 4 g). The C and C’-type shear 298 

bands display sense of shear identical to the main foliation. Note that even if the shear zone 299 

boundaries were not observed, the thickness of the mylonitic foliation (~1 km) and the high degree 300 

of transposition throughout the drill core suggest that the shear zone margins are likely parallel to 301 

the mylonitic foliation itself. 302 

4.1.2. Amphibolites 303 

Three mafic amphibolite samples were collected at depths of ~1625 m (sample 531), 1660 m (543), 304 

1700 m (557; Table S1, Figures 2 and 5) and were compared with the results from amphibolite 305 

sample 648 collected at a depth of ~2200 m described in Giuntoli, Menegon, et al. (2018). 306 

In the amphibolites the mylonitic S foliation is defined by amphibole, plagioclase, chlorite, quartz, 307 

epidote and ilmenite wrapping around bigger plagioclase porphyroclasts, with a dextral sense of 308 

shear (samples 531 and 543; Figures 5-7). Like in the micaschists, a stretching lineation is present 309 

on the hand specimen and is marked by the mineral defining the foliation. Rare zircon and apatite 310 

are present. Quartz and calcite veins occur subparallel to the mylonitic foliation. Amphibole 311 

displays a less pleochroic core, that varies from light green to light brown absorption colours, and 312 

a more pleochroic rim, that varies from dark green to dark brown (Figures 6a and 7a). The core is 313 

darker than the rim in BSE images (Figure 6c). Plagioclase cores are brighter in CL than the rims 314 

and display polysynthetic twinning (Figures 6b and 7b) The rims form asymmetric tails around the 315 

core, compatible with a dextral sense of shear, kinematic consistent with the main foliation. Like 316 

in the micaschists, a main shear plane is not visible in thin section, as the deformation is more 317 

diffuse.  318 



Opaque minerals include ilmenite, up to 1 mm in size, and minor magnetite and pyrite, the latter 319 

cored by chalcopyrite. In sample 543 ilmenite and pyrite form layers parallel to the mylonitic 320 

foliation (Figure 5b). In all the samples, ilmenite grains are elongate and lie parallel to the 321 

mylonitic foliation. Ilmenite is rimmed by titanite, which also grows in the ilmenite boudin necks 322 

(Figures 7f and 8a). Titanite displays intergrowths with amphibole and plagioclase rims. A few 323 

titanite grains occur as elongate grains parallel to the main foliation, are up to some hundreds of 324 

μm in size and do not have ilmenite cores (Figure 8b). BSE images of titanite grains display 325 

homogeneous brightness (Figures 7g,h and 8f), with minor patchy areas  (bottom part of Figure 326 

8h). Standardized X‐ray maps for titanite show some patchy variation <2 weight percentage in the 327 

oxides of the mayor elements (TiO2, CaO, SiO2 in Figure 6g-i, respectively). These data do not 328 

highlight concentric zoning reflecting a core to rim growth. 329 

4.2. Geothermobarometry 330 

4.2.1. Isochemical phase diagrams on micaschists 331 

Local bulk compositions used for isochemical phase diagrams computation are available in Table 332 

S2. The chosen areas match with the standardized X‐ray maps of Figures 9, 10 and 11. In all the 333 

micaschist samples, standardized X‐ray maps for garnet highlight concentric zoning, with a core 334 

richer in XSps than the rim (Figures 9, 10 and 11; Table 2). Muscovite is characterized by some 335 

relic phengitic cores that are richer in Si than the rims, the latter describing the main foliation. 336 

Plagioclase shows cores that are poorer in XAb than the rims in sample 561 (Figure 9f); this zoning 337 

is inverse in sample 695 (Figure 11d, o; Table 3).  338 

In sample 561 GrtMod results predict the garnet core to be stable at ~ 0.4 GPa and 410°C (Figure 339 

12a, the error bars departing from filled ellipses show the P–T uncertainty related to the analytical 340 

error of the garnet composition; see Lanari et al., 2017). The modelled composition is Alm0.71, 341 

Prp0.09, Grs0.06, Sps0.14, the measured composition is available in Table 2. The garnet rim is 342 

predicted stable at ~0.6 GPa and 430°C (modelled composition: Alm0.71, Prp0.12, Grs0.09, Sps0.09), 343 

but this result overlaps the garnet core within uncertainty.  Thermodynamic modelling predicts a 344 

total of 8 volume % of garnet stable (estimated mineral assemblages in thin section available in 345 

Table S2). P-T conditions of garnet rim match with Si apfu isopleths of muscovite rim, XAb 346 

isopleths of plagioclase rims and XMg isopleths of staurolite and biotite (the latter within error). In 347 

summary, based on the intersections of the previous data, the most likely conditions computed for 348 



the development of the foliation are ~0.55 GPa and 500°C (red dashed ellipsis in Figure 12a 349 

representing the P-T conditions of the metamorphic stages best fitting with the observed 350 

paragenesis and the computed isopleths). The predicted assemblage conforms to the minerals 351 

observed in thin section, except that kyanite was not detected in thin section (1.9 vol% predicted) 352 

and epidote is not predicted stable but is observed in thin section (~2 vol%; Table S2). Si apfu 353 

isopleths of phengitic muscovite cores would suggest a higher-pressure stage at ~1.1 GPa (red 354 

dashed ellipsis in Figure 12a), similarly to the other samples (see the next paragraphs). Plagioclase 355 

core XAb isopleths could indicate a higher-temperature stage of ~650°, although no other evidence 356 

is present for such higher temperature stage in the studied micaschist samples (see discussion 357 

section 5.1).  358 

In sample 640 the garnet core and rim are modelled to be stable at similar pressure and temperature 359 

conditions of ~0.58 GPa and 520°C and 0.6 GPa and 530°C (Figure 12b, modelled composition: 360 

Alm0.69, Prp0.06, Grs0.18, Sps0.07 and Alm0.70, Prp0.06, Grs0.19, Sps0.05). A total of ~2 vol% of garnet 361 

is predicted to crystallize. These P-T conditions match, within error, the Si apfu isopleths of 362 

muscovite marking the foliation, XAb isopleths of plagioclase and XMg isopleths of biotite (red 363 

dashed ellipsis in Figure 12b). The Si apfu isopleths of the rare phengitic muscovite cores suggest 364 

a higher-pressure stage. The predicted assemblage matches the minerals observed (Table S2).  365 

In sample 695 the garnet core and rim are found to be stable at the same P-T conditions of ~1.2 366 

GPa and 510°C (Figure 12c, modelled compositions: Alm0.63, Prp0.04, Grs0.18, Sps0.15 and Alm0.65, 367 

Prp0.04, Grs0.18, Sps0.13). A total of ~9 vol% of garnet is predicted to crystallize. These conditions 368 

match with Si apfu isopleths of phengitic muscovite cores and with XAb isopleths of plagioclase 369 

core. Si apfu isopleths of muscovite marking the foliation intersect the XMg isopleths of biotite 370 

around 0.6 GPa and 500°C. At these metamorphic conditions the predicted assemblage is 371 

consistent with the minerals observed in thin section. For the three micaschist samples inferred P-372 

T paths are indicated with the purple dashed line in Figure 12. These trajectories are drawn linking 373 

the red dashed ellipses and the chlorite and white mica multiequilibrium results (in samples 640 374 

and 695; see section 4.2.3).  375 

4.2.2. Amphibole-plagioclase thermobarometry on amphibolites 376 

In the amphibolite samples, the standardized X‐ray maps for plagioclase highlight poorer XAb 377 

porphyroclastic cores (0.64-0.74) and richer XAb syn-kinematic rims (0.74-0.82, Figures 6e and 378 



7d; Table 3), results that perfectly match with the CL images (Figures 6b and 7b). Some fractures 379 

are visible in the core and are sealed by a plagioclase richer in albite content. Amphibole XMg map 380 

highlighting a richer XMg relic core and a poorer syn-kinematic rim (Figures 6f and 7e). In sample 381 

531 thermometric estimates for the plagioclase rim and amphibole rim pairs yield 610°C (±50 °C) 382 

for 0.77 GPa and 0.87 GPa (±0.2 GPa; Bhadra & Bhattacharya, 2007 and J. L. Anderson & Smith, 383 

1995 barometers, respectively). In sample 543 plagioclase rim and amphibole rim pairs yield 384 

650°C for 0.40 GPa and 0.84 GPa (Table 1, see Section 5.1 for discussion).   385 

4.2.3. Chlorite and white mica multi-equilibrium 386 

The chlorite and white mica multi-equilibrium technique was used to constrain the equilibrium 387 

conditions of chlorite and white mica grains that developed on localized C and C’-type shear bands 388 

that deflect the main foliation. Chlorite and white mica couples crystallizing along C’ planes 389 

(sample 640) and C planes (sample 695) equilibrated at the same pressure conditions of 0.3 ± 0.2 390 

GPa for temperature of 310 ± 50°C and 370 ± 50°C, respectively (Figure 13 and red dashed 391 

rectangles in Figure 12).  392 

4.2.4. Summary of P-T results 393 

The three micaschist samples record a similar P-T evolution that is characterised by three 394 

metamorphic stages. The first HP stage is constrained between 400 and 500°C and 1-1.3 GPa by 395 

the chemical composition of phengitic muscovite cores in all the samples, plus garnet and albite 396 

cores in sample 695 (MHP in Figure 13c). These mineral phases are not associated with any obvious 397 

HP foliation, and are wrapped by the main mylonitic S foliation developed during the second stage. 398 

The mylonitic foliation is the main fabric throughout the middle and lower portion of the drill core, 399 

for a depth of ~1 km. It formed between 450-550°C and 0.5-0.8 GPa as constrained by muscovite 400 

rims and biotite, plus garnet and plagioclase in samples 561 and 640 (MAmp in micaschists). In the 401 

amphibolite samples 531 and 543, amphibole-plagioclase thermobarometry constrains the 402 

development of the mylonitic foliation to 600-650°C and 0.8 GPa (MAmp in amphibolites; Table 403 

1; see section 5.1 for discussion). The third stage corresponds to the C and C’ planes, which deform 404 

the mylonitic foliation. These planes are present only in the deepest samples 640 and 695 and are 405 

most pervasive in the latter. Model results based on the chemistry of chlorite and muscovite grains 406 

in textural equilibrium growing along such structures suggest P-T conditions of equilibration at 407 

~0.3 GPa for temperature conditions of 300°-350°C (MGr in Figure 13c).  408 



4.3. EBSD analysis 409 

4.3.1. Micaschists 410 

In sample 640, the EBSD analysis was performed on a domain where the C’ planes are well 411 

developed, in order to provide insight into the deformation mechanisms responsible for forming 412 

these structures. This domain consists of monomineralic quartz layers separated by thin (ca. 10 413 

m thick) discontinuous bands of muscovite and chlorite (Figure 14). Quartz average grain size is 414 

30 μm, with maximum value of ~150 μm. Quartz grains display undulose extinction, lobate grain 415 

boundaries and several low-angle boundaries. Smaller grains with grain size between 20-40 μm 416 

are evident at the boundaries of larger grains (Figure 14c). Grain orientation spread (GOS) values 417 

varies from < 1° (generally in the smaller grains) to maximum values of ~7° (generally in the larger 418 

grains; Figure 14b). Pole figures show a well-defined crystallographic-preferred orientation (CPO) 419 

of the c-axis forming a short girdle slightly inclined to the YZ plane (Figure 14e). The 420 

misorientation angle distribution of both correlated and uncorrelated pairs show peaks at low angle 421 

misorientations (between 2° and 10°) and, for correlated misorientations, at around 60°, related to 422 

the Dauphiné twinning (Figure 14d; Lloyd, 2004; Menegon et al., 2011). The plots of 423 

misorientation axis in crystal coordinates for misorientations of 2°–10° display a major cluster 424 

around the c-axis (Figure 14e). 425 

In sample 695 the investigated monomineralic quartz layers occur along the mylonitic S foliation 426 

and are separated by C planes defined by chlorite and muscovite grains. A bigger muscovite crystal 427 

with a sigmoidal shape is dragged into a C plane, defining a dextral sense of shear consistent with 428 

the geometry of the S-C fabric. This domain was subdivided into four subsets based on the abrupt 429 

decrease of quartz grain size from the S foliation to the C planes. Subsets 1 and 2 were sampled 430 

along the S foliation, whereas subsets 3 and 4 were sampled along C planes (Figure 15). In subsets 431 

1 and 2 the quartz average grain size is 36 μm and 10 μm, respectively, with maximum value of 432 

150 μm in the former (Figure 15d). Quartz grains display undulose extinction, lobate grain 433 

boundaries and several low-angle boundaries. GOS values varies from < 1.5° (generally in grains 434 

smaller than 50 m) to maximum values of ~7.5° (Figure 15c). Subset 1 pole figure shows a strong 435 

CPO of the c-axis forming a short girdle along the YZ plane centred on the Y direction (Figure 436 

16a). Subset 2 display a c-axis distribution forming a short girdle at 45° to the YZ plane, 437 

synthetically inclined with the dextral sense of shear (Figure 16b). The misorientation angle 438 



distributions of both correlated and uncorrelated pairs of the two subsets show strong peaks at low 439 

angle misorientations (between 2° and 10°) and, for correlated misorientations, at around 60°. 440 

Minor peaks are evident for values between 22 and 42° for uncorrelated pairs in subset 1. The plots 441 

of misorientation axis in crystal coordinates for misorientations of 2°–10° of subsets 1 and 2 442 

display a major cluster around the c-axis.  443 

Both subsets 3 and 4 display an average grain size of ~ 5 μm. In subset 3 a decrease in grain size 444 

is visible moving towards the C plane and varies between 1.5 and 6 μm (Figure 15d). GOS values 445 

are related to the grain size, with values up to 4.5° in the bigger grains and <1° in the smaller grains 446 

(Figure 51c). For these two subsets no obvious CPO is evident in the pole figures (Figure 16c,d). 447 

The misorientation angle distributions of both correlated and uncorrelated pairs of the two subsets 448 

show strong peaks at low angle misorientations (between 2° and 10°), with higher values in subset 449 

3 for correlated pairs, and for correlated misorientations at around 60°. The plots of misorientation 450 

axis in crystal coordinates for misorientations of 2°–10° do not show any obvious cluster, although 451 

the limited amount of data points (especially for subset 4) does not allow to draw solid conclusions. 452 

Although the number of grains in our dataset is too small to perform solid statistical analysis of 453 

grain- and subgrain size, we note that subgrains within subset 1 are generally much bigger than 454 

those in subsets 2 and 3. 455 

In both samples, muscovite and chlorite display a strong CPO with the poles of the (001) parallel 456 

to Z, and with the poles of (100) and (010) defining girdles lying on the XY plane (Figure S1). In 457 

particular, in sample 695 the asymmetry of the (001) maximum of muscovite confirms the dextral 458 

sense of shear (Dempsey et al., 2011).  459 

4.3.2. Titanite grains in amphibolites 460 

In sample 531 we investigated a pressure shadow between two sigmoidal plagioclase 461 

porphyroclasts composed of ilmenite grains rimmed by titanite, and a single grain of titanite 462 

elongated parallel to the mylonitic foliation (Figures 6 and 8, respectively; see section 4.1.2). 463 

Titanite is characterized by GOS values lower than 4°, with several grains displaying values lower 464 

than 1° (Figure 8c-g). The GOS values are related to the grain size, with the higher values found 465 

in larger grains. Titanite displays a weak CPO, with the (100) and [001] subparallel to the foliation 466 

and to the stretching lineation, respectively (Figure 8i). 467 



4.4. U-Pb geochronology 468 

Analysed titanite grains in amphibolite samples 531, 543 and 557 contained U concentrations of 469 

~ 3 to 12, ~ 4 to 33 and ~ 1 to 15 ppm respectively (Table S3).  Common-Pb-uncorrected data, 470 

plotted on Tera-Wasserburg diagrams (Figure 17), yield 238U/206Pb–207Pb/206Pb isochrons with 471 

lower intercept dates of 429 ± 20 Ma (95% confidence interval with overdispersion; mean square 472 

of weighted deviation MSWD = 2.6), 417 ± 9 Ma (MSWD = 1.2) and 461 ± 21 Ma (MSWD = 1.5) 473 

in samples 531, 543 and 557, respectively. The 207Pb/206Pb ratios of common Pb incorporated into 474 

the titanite (taken from y-intercepts on Tera-Wasserburg concordia diagrams) are within 475 

uncertainty for samples 531 and 543 (0.816 ± 0.026 and 0.812 ± 0.019, respectively). Sample 557 476 

shows higher 207Pb/206Pb ratio of common Pb (0.933 ± 0.020) compared to the two other samples. 477 

5. Discussion 478 

5.1. P-T-t conditions of metamorphism and deformation 479 

The pressure estimates calculated for amphibolite samples 531 and 543 are within error of each 480 

other for the two geobarometer calibrations (Table 1).  However, the pressure calculated for sample 481 

543 using the Bhadra & Bhattacharya (2007) geobarometer deviates by 0.4 GPa compared to the 482 

Anderson & Smith (1995) geobarometer.  We suggest that the latter estimate is more reliable, as 483 

it lies within error of the results calculated for sample 531. Moreover, sample 531 was collected 484 

from a few tens of metres above 543 and it is characterised by the same fabrics and similar 485 

mineralogy. These data match the results of an amphibolite sample 648 collected from ~1000 m 486 

deeper in the drill-core (Giuntoli, Menegon, et al. 2018), suggesting that the evolution of the 487 

mylonitic foliation in the amphibolites is consistent through middle and lower portions of the drill-488 

core. Notably, the amphibolite sample 648 of Giuntoli, Menegon, et al. (2018) recorded higher P 489 

conditions, up to 1 GPa, linked to the incipient stage of the mylonitic foliation development. In the 490 

same sample, chlorite-rich C’ planes yielded T of 350–200°C using the Chlorite+Quartz+H2O 491 

thermometry. These temperature results match with the conditions estimated for the C and C’ 492 

planes in the micaschist samples (MGr; Figure 13).  493 

The temperature estimates suggest a difference of 50-100°C between the mylonitic foliation 494 

(MAmp) in the micaschists and the amphibolite. This ΔT could be either related to the two different 495 

methods used to constrain P and T conditions in the micaschists (isochemical phase diagrams, 496 



section 4.2.1) and in the amphibolites (amphibole-plagioclase thermobarometry, section 4.2.2), or 497 

to re-equilibration of the micaschists at decreasing T during the development of the mylonitic 498 

foliation. Plagioclase core XAb isopleths in sample 561 also suggest a higher-temperature (~650°) 499 

stage (Figure 12 a), although no other evidence for higher temperatures is (now) recorded by the 500 

studied micaschist samples.  We disregard the possibility that those two lithotypes were juxtaposed 501 

only after their temperature peak, thus experiencing different tectonometamorphic histories, as 502 

intercalated micaschist and amphibolite samples were collected along the drill core (Figure 2; see 503 

section 5.3 for further discussion). 504 

Titanite U-Pb geochronology of amphibolite sample 543 yields a simple isochron that we interpret 505 

to reflect formation of the mylonitic foliation at 417 ± 9 Ma (MSWD = 1.2; Figure 17). The titanite 506 

U-Pb data from samples 531 and 557 are more complex. Sample 531 yields an isochron with an 507 

age that is within uncertainty of both samples (429 ± 20 Ma; MSWD = 2.6), whereas 557 yields 508 

an older age of 461 ± 21 Ma (MSWD = 1.5) and higher 207Pb/206Pb ratio compared to the previous 509 

samples. In all the analysed samples, the titanite microstructural data suggest that it formed with 510 

the mylonitic S foliation and no evidence of a core to rim growth is present in standardised X-ray 511 

maps and BSE images (see section 4.1.2). Therefore, the spread of ages, the large uncertainties 512 

and the relatively high MSWD of regressions in 531 and 557 could reflect the duration of the 513 

mylonitic foliation development (from higher temperature and pressure conditions to lower ones; 514 

Figure 18), with stages of titanite crystallization related to differences in local bulk compositions, 515 

fluid availability and mineral reactions (Papapavlou et al., 2017; Spencer et al., 2013). Titanite 516 

growing over a protracted time range has recently been documented both from other areas in the 517 

Caledonides (e.g. Faber et al., 2019; Gasser et al., 2015; Spencer et al., 2013) and in other similar 518 

geological settings (e.g. Walters & Kohn, 2017). We consider it unlikely that the titanites have 519 

experienced diffusional Pb loss during cooling, as the maximum temperature estimated in our 520 

samples is 600-650°C, lower than the effective closure temperature of titanite (e.g. Hartnady et al., 521 

2019; Kohn, 2017; Spencer et al., 2013). Additionally, titanite was stable during deformation 522 

without any evidence of dissolution-precipitation processes (e.g. lobate or peninsular edges, 523 

mineral inclusions marking transient porosity; Putnis, 2015) and EBSD data show limited or no 524 

evidence of deformation by dislocation-creep. As these two deformation mechanisms could affect 525 

titanite age dating results, their absence, determined from microstructural observations, further 526 

supports our interpretation (Papapavlou et al., 2017; Walters & Kohn, 2017).    527 



5.2. Progressive strain localization on C’- and C-type shear bands during protracted shearing  528 

Micaschist samples 640 and 695 display a progressive reduction of the recrystallized grain size of 529 

quartz in proximity to the C and C’ planes (Figure 4). The grain size reduction is more pronounced 530 

towards the C planes (sample 695, Figure 15d). In both samples, the strong peaks at low angle 531 

misorientations (between 2° and 10°; Figures 14d and 16) in the misorientation angle distribution 532 

are consistent with dynamic recrystallization by subgrain rotation, as adjacent grains formed by 533 

subgrain rotation recrystallization display low angular relationships due to crystallographic 534 

inheritance from the parental grain (Wheeler et al., 2001). The peak around 60° is associated with 535 

Dauphiné twinning (Menegon et al., 2011). Clustering of misorientation axes around <c> is 536 

consistent with prism <a> slip during recovery and development of tilt boundaries (Neumann, 537 

2000). Furthermore, in micaschist sample 695 the misorientation angle distribution displays peaks 538 

higher than the random distribution up to 30°, compatible with progressive formation of high-539 

angle boundaries due to continuous rotation of subgrains (Neumann, 2000). Quartz c-axis CPO in 540 

micaschist sample 640 is consistent with rhomb <a> as the dominant active slip system during 541 

dextral shear (Figure 14e; Heilbronner & Tullis, 2006; Schmid & Casey, 1986). In summary, 542 

microstructures in both samples indicate that quartz deformed by dislocation creep accompanied 543 

by dynamic recrystallization.  544 

In sample 695, we interpret the quartz aggregates in the different subsets (Figure 15d) as the result 545 

of different stages of the microstructural evolution. The c-axis CPO of subset 1 is consistent with 546 

dominant prism <a> and rhomb <a> slip (Figure 16a). The c-axis CPO of subset 2 is dominated 547 

by a single girdle synthetically inclined with the dextral sense of shear of the sample, and consistent 548 

with the activity of rhomb <a>, basal <a> and prism <a> slip (Figure 16b). The synthetic single 549 

girdle is weakened in subset 3, which, although it has been sampled in a dominantly monomineralic 550 

aggregate, shows an incipient stage of phase mixing, with the local occurrence of second phases 551 

at the quartz-quartz grain boundaries. We note that large grains of subset 3 contain subgrains of 552 

similar size to the surrounding recrystallized grains (arrows in Figure 15d). Thus, the high 553 

frequency of low angle misorientations in the misorientation angle distribution for subset 3, 554 

together with the clustering of misorientation axes around <c>, indicates that the main deformation 555 

mechanism in the largely monomineralic subset 3 was still dislocation creep, and that dynamic 556 

recrystallization predominantly occurred by progressive subgrain rotation. The number of 557 

recrystallized grains in the subsets of sample 695 is too low to estimate differential stresses with 558 



paleopiezometers (e.g. Cross et al., 2017; Stipp & Tullis, 2003). Our preferred interpretation, based 559 

also on the qualitative observation of subgrain size in the different subsets, is that the decrease in 560 

recrystallised grain size from subset 1 to subset 3 results from a progressive increase of differential 561 

stress and strain rate during strain localization under decreasing T (e.g. Hirth & Tullis, 1992; Stipp 562 

et al., 2002). However, a larger EBSD dataset would be necessary to properly validate this 563 

interpretation. 564 

Subset 4 does not show an obvious CPO, and various processes could have concurred in the 565 

development of its microstructure. The lack of CPO, coupled with the fine grain size and phase 566 

mixing could  result from dominant grain size sensitive creep deformation in polyphase C-type 567 

bands (Figure 16c-d). A similar evolution of quartz c-axis CPO during progressive dismembering 568 

of monomineralic aggregates and transition to dominant grain size sensitive creep deformation in 569 

polyphase mixtures was described in Kilian et al., (2011),Viegas et al., (2016) and in Gilgannon 570 

et al., (2017). However, we note that subsets 3 and 4 are located along C planes and some of the 571 

quartz grains are truncated and pinned against chlorite and muscovite grains (Figure 15 b-d; e.g. 572 

Song & Ree, 2007). Moreover, both plagioclase core and rims are cut by the C planes, as described 573 

in section 4.1 (Figure 4g). This suggests that the C planes formed brittlely after the progressive 574 

increase of strain rate recorded by the microstructure of quartz, and are the latest microstructure 575 

recorded by the rock. Thus, micro-fracturing of quartz grains could also occur during the formation 576 

of the C planes and contribute to grain size reduction and phase mixing observed in subset 4. 577 

Successively, these quartz grains could have experience healing by strain-induced grain boundary 578 

migration (e.g. Lagoeiro & Barbosa, 2010; Trepmann et al., 2007). 579 

In both micaschist samples, muscovite and chlorite grains display undulose extinction, bending 580 

and strong CPO compatible with slip on the (001) plane (Figure S1). The presence of chlorite and 581 

muscovite crystallizing as neoblasts along C and C’ planes , the dragging of the surrounding bigger 582 

muscovite grains into these planes forming mica fish, and the quartz grain size decrease by 583 

subgrain rotation recrystallization near to these planes suggest that the C planes evolved into 584 

ductile planes after a first initial brittle stage. Furthermore, these data imply that fluid influx 585 

occurred after fracturing preferentially along these brittle planes and their immediate damage zone, 586 

allowing the crystallization of chlorite and muscovite as neoblasts, since at 300°-350°C solid state 587 

diffusion is too slow and inefficient to account for the formation of those minerals (e.g. Ferry, 588 

1994; Putnis & Putnis, 2007; Figure 18). Similarly, the main mylonitic foliation, which developed 589 



under epidote amphibolite facies conditions, was locally overprinted at lover pressure, as for 590 

example highlighted by the presence of chlorite in the asymmetric pressure shadows around garnet 591 

(Figure 4d) and by the progressive retrogression of biotite into chlorite in proximity of the C and 592 

C’ planes (Figure 10g).  However, biotite is still preserved along most of the main mylonitic 593 

foliation (Figure 10h), thus suggesting that retrogression is mostly localised. This observation 594 

further confirms that the main infiltration of fluid occurred along the C and C’ planes (e.g. 595 

Bukovská et al., 2016; Leclère et al., 2016; Wassmann & Stöckhert, 2013). 596 

The presence of these discrete muscovite- and chlorite-rich planes promoted connectivity between 597 

weak phyllosilicate grains that strongly localised deformation and weakened the rock (Bukovská 598 

et al., 2016; Ceccato et al., 2018; Hunter et al., 2016; Mariani et al., 2006; Menegon et al., 2008; 599 

Shea & Kronenberg, 1993; Wintsch et al., 1995). Finally, the presence of such phyllosilicate-rich 600 

planes can accommodate large amount of strain, through the new mechanism of ripplocation 601 

motion (i.e. the motion of a new type of crystal defect – ripplocation – that involves a ripple of the 602 

basal layer and a basal dislocation, where the ripple enables c-axis parallel deformation in 603 

phyllosilicates; Kushima et al., 2015) rather than dislocation glide, as recently suggested by Aslin 604 

et al. (2019).  605 

5.3. Evolution of the Lower Seve Nappe and implications for the Scandinavian Caledonides 606 

As presented in section 2, mylonitic fabrics are dominant from 1700 m to the end of the core at 607 

2500 m depths. Additionally, the lowermost portion of the core is composed of strongly deformed 608 

metasediments, interpreted as representing the basal shear zone juxtaposing the Lower Seve Nappe 609 

with the Särv Nappe (Giuntoli, Menegon, et al., 2018; Hedin et al., 2016; Lorenz et al., 2015). The 610 

data presented in this study quantify the metamorphic conditions and characterise the deformation 611 

mechanisms of the Lower Seve Nappe and represent the first P-T-t-d path for this unit (Figure 18). 612 

Our data suggest that the Lower Seve Nappe attained peak metamorphic conditions of 400-500 °C 613 

and 1-1.3 GPa (MHP in Figure 18). No fabrics are preserved for this metamorphic stage.  614 

The older titanite dates found in this study (460-430 Ma; Figure 18) could be related to titanite 615 

growth during decompression from the peak metamorphic conditions to the incipient stages of 616 

development of the mylonitic foliation at amphibolite facies conditions (600-650°C and 0.8-1 GPa; 617 

Mamp in amphibolites). A similar age range of 470-445 Ma was found to reflect the eclogite facies 618 

metamorphism in the Middle Seve Nappe and other portions of the Lower Seve Nappe (Brueckner 619 



& Van Roermund, 2007; Fassmer et al., 2017; Petrík et al., 2019; Root & Corfu, 2012). In the 620 

Middle Seve successive exhumation, decompression melting and granulite facies metamorphism 621 

were constrained at 440-445 Ma and crystallization of felsic segregation and pegmatites, 622 

crosscutting the previous HT fabrics, occurred at ~435-428 Ma (Grimmer et al., 2015; Klonowska 623 

et al., 2017; Ladenberger et al., 2013; Majka et al., 2012). The tectonic contact between the Middle 624 

and Lower Seve Nappes was considered active between 434-426 Ma in several studies (Bender et 625 

al., 2019; Dallmeyer, 1990; Dallmeyer et al., 1985; Grimmer et al., 2015; Hacker & Gans, 2005). 626 

U–Pb titanite TIMS data from a metapsammite of the Lower Seve Nappe directly beneath the 627 

tectonic contact suggested crystallisation between 437–427 Ma (Gromet et al., 1996). Moreover, 628 

a date of 426.0 ± 6.0 Ma was obtained by in-situ U–Th–Pb on monazite  from a sheared migmatite 629 

at the base of the Middle Seve Nappe (Åreskutan basal shear zone; Majka et al., 2012). No P-T 630 

estimates are available for this fabric, but the minerals stable (and possibly growing) during this 631 

intense deformation period include garnet, biotite, sillimanite (fibrolite), kyanite, muscovite, and 632 

plagioclase (Arnbom, 1980) and suggest upper amphibolite facies conditions (e.g. Spear et al., 633 

1999). Thus, the mylonitic foliation developed at the base of the Middle Seve Nappe records a 634 

similar P-T-t evolution to that proposed in this study for the Lower Seve Nappe, but at slightly 635 

higher temperature. It is worth noting that that no evidence was found for metamorphism at UHP 636 

eclogite or granulite facies conditions in the Lower Seve Nappe in central Jämtland, supporting 637 

the idea that this nappe was juxtaposed with the Middle Seve Nappe as the latter was exhumed. 638 

Successively, the Lower Seve Nappe experienced further decompression to 0.8-0.5 GPa and 600-639 

500°C at 417 ± 9 Ma (data from this study; Mamp in amphibolites and micaschists), the expression 640 

of which is the mylonitic foliation of epidote amphibolite facies conditions throughout middle and 641 

lower portion of the drill core (>1000 m of thickness). Similar conditions of 480-600° C and 1-1.1 642 

GPa were described for the Lower Seve Nappe westward from the study area (Bergman, 1992). 643 

Regionally, this foliation is associated with a stretching lineation with a E-W trend and a top-to-644 

the-east sense of shear (Bender et al., 2018). Northward from the study area, this foliation was 645 

dated to 432 ± 8 Ma by Rb–Sr multi-mineral isochron techniques (Gäddede area, Bender et al., 646 

2019). This date corresponds, within uncertainty, with our study, although we cannot exclude that 647 

these dates captured two successive stages of the mylonitic foliation development, or that minor 648 

age differences exist between different areas of the Lower Seve Nappe.  649 



The retrograde evolution continued with the development of brittle to ductile C and C’ planes of 650 

greenschist facies between 400 and 300°C and ~0.3 GPa (Mgr in Figure 18). This fabric is visible 651 

in the lower part of the drill core (~500 m of thickness) and is more pervasive towards the bottom. 652 

It is believed to represent the thrust responsible for the juxtaposition of the Lower Seve Nappe 653 

above the Särv Nappe (Hedin et al., 2016; Lorenz et al., 2015). These fabrics are also described 654 

from surrounding areas and correspond to the greenschist facies mylonitic zone that divides the 655 

Lower Seve Nappe from the lower Särv Nappe (Arnbom, 1980), with a top-to-the-E-SE sense of 656 

shear (Bender et al., 2018). In particular, the latter authors did not observe any opposite sense of 657 

shear for both fabrics. Therefore, we suggest that the asymmetric fabrics recorded by our samples 658 

are compatible with a top-to-the-E-SE sense of shear. 659 

No age data is available for the younger fabric, but it could be coeval with cooling of the Seve 660 

Nappe Complex below 350°C at ~415 Ma (Hacker & Gans, 2005) and with the younger date of 661 

414 ± 4 Ma related to the development of the greenschist facies foliation in several nappes of the 662 

central Scandinavian Caledonides (Middle Köli Nappe, Upper Seve Nappe and Lower Allochthon; 663 

Figure 7 of Bender et al., 2019). The youngest age constraint is provided by the date of ~400 Ma, 664 

marking the onset of normal faulting cross-cutting the tectonic contacts between the pre-structured 665 

Nappes (40Ar/39Ar cooling ages on white mica; Andersen, 1998; Fossen, 2000).  666 

In summary, we suggest that the fabrics described in this paper formed due to protracted and long-667 

lasting shearing from epidote amphibolite to greenschist facies conditions during exhumation and 668 

stacking of the Lower Seve Nappe with the Middle Seve Nappe (above) and the Särv Nappe 669 

(below). We agree with previous interpretations that the emplacement and juxtapositions of the 670 

different tectonometamorphic units occurred by a series of in- and out-of-sequence thrusts, 671 

together with syn-thrusting exhumation, starting at granulite facies conditions in the Middle Seve 672 

Nappe and at amphibolite and greenschist facies conditions in all the other nappes (Bender et al. 673 

(2018, 2019). Moreover, this study highlights that (1) late (presumably out-of-sequence) 674 

Caledonian thrusting appears to be facilitated by fracturing and fluid infiltration along discrete, 675 

localised shear bands, and (2) exhumation of the Lower Seve Nappe from ca. 1 GPa to ca. 0.3 GPa 676 

was coeval with crustal shortening, similar to what observed in the hinterland of other mountain 677 

belts (e.g. Le Bayon & Ballevre, 2006). 678 



6. Conclusions 679 

A multi-analysis approach including petrographic and microstructural analyses, thermodynamic 680 

modeling, EBSD analyses and age dating has allowed the reconstruction of the first pressure-681 

temperature-time-deformation path for the COSC‐1 drill core (Lower Seve Nappe) in the 682 

Scandinavian Caledonides. The data suggest that the ~1 km thick main mylonitic foliation formed 683 

at epidote amphibolite facies conditions during the retrograde path from 600 °C - 1 GPa to 500° - 684 

0.5 GPa at around 417 ± 9 Ma. The older ages found in the amphibolites (460-430 Ma) may be 685 

related to incipient stages of development of the mylonitic amphibolite facies foliation. Mineral 686 

relics in micaschists highlight an older high-pressure stage between 400-500 °C and 1-1.3 GPa. 687 

 Towards the bottom of the drill core the mylonitic foliation is overprinted by a discrete, brittle-to-688 

ductile C and C’ shear bands, developed at lower metamorphic conditions of 300-400 °C and ~0.3 689 

GPa. An initial brittle failure allowed preferential fluid influx along these planes and facilitated 690 

the neo-crystallization of chlorite and white mica. Strain localized proximal to those planes, as 691 

reflected by grain size reduction due to subgrain rotation recrystallization in the quartz rich layers. 692 

Incipient to progressive dismembering of monomineralic aggregates occurred, with transition to 693 

dominant grain size sensitive creep deformation in polyphase mixtures that further weakened the 694 

rock. We interpret this fabric as the expression of the thrust at the base of the Seve Nappe Complex, 695 

responsible for the exhumation and juxtaposition of this nappe with the lower Särv Nappe. The 696 

age range for this younger fabric is comprised between 417 (the youngest age of the main mylonitic 697 

foliation) and 400 Ma, the latter age marking the onset of normal faulting in the Scandinavian 698 

Caledonides.  699 

The results suggest that these fabrics formed due to protracted and long-lasting shearing from 700 

epidote amphibolite to greenschist facies conditions and facilitated the exhumation and 701 

juxtaposition of the Seve Nappe Complex against the Särv Nappe in the Caledonian nappe stack. 702 
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 1097 

Figure 1. Geological setting of the Scandinavian Caledonides. (a) Tectonic map with inferred 1098 

paleogeography of the nappes (modified after Gee et al., 2010). WGR: Western Gneiss Region.  1099 

(b) Cross section marked in (a) with vertical exaggeration of 5 x and approximate location of the 1100 

COSC-1 borehole (modified after Gee et al., 2010). (c) Detail of the study area with location of 1101 

the COSC-1 drilling site (modified after Strömberg et al., 1984). 1102 

 1103 

Figure 2. Location of the studied samples along the drill core and summary of the P-T-t data for 1104 

the Lower Seve Nappe (this study, see text for details and discussion). The inferred contact with 1105 

the underlying Särv Nappe is marked by the dashed line. Depth values are referred to metres from 1106 

the surface. 1107 

 1108 

Figure 3. Thin section scans of micaschist samples (plane-polarized light). In the microstructural 1109 

sketches and in the following figures the red lines indicate the mylonitic S fabric of epidote 1110 

amphibolite facies conditions, the green and light blue lines indicate the C-type and C’-type shear 1111 

bands and the arrows the sense of shear.  (a-c) Sample 561, 640 and 695, respectively. The black 1112 

rectangles indicate the location of the following figures. 1113 

 1114 

Figure 4. (a-f) Main mylonitic foliation of epidote amphibolite facies condition (red lines) 1115 

overprinted by C and C’-type shear bands of greenschist facies conditions (green and light blue 1116 

lines, respectively) in garnet micaschists. (a-b) Quartz monomineralic layer displays a decrease in 1117 

grain size in correspondence of the C’ band, with a dextral sense of shear; plane and crossed-1118 

polarized light photo, respectively (micaschist sample 640). (c) S structure overprinted by C and 1119 

C’ planes indicating a dextral sense of shear, plane-polarized light photo (micaschist sample 695). 1120 

The black rectangle indicates the location of the enlargement on C-type shear bands of Figure 11. 1121 

(d) X-ray map showing the mineral phases. (e-f) Detail of the C planes with location of the EBSD 1122 

map of Figure 15 (red square; plane and crossed-polarized light photo, respectively). (g-h) CL 1123 

images highlighting plagioclase microstructures of micaschist sample 695. The porphyroclastic 1124 



core is dark and displays a network of fractures few μm thick and up to several hundreds of μm 1125 

long, sealed by a plagioclase that has the same brightness as the syn-kinematic rim. The asymmetry 1126 

of the rims is consistent with a dextral sense of shear. In (g) both core and rim are cut by the C 1127 

shear band. 1128 

 1129 

Figure 5. Thin section scans of amphibolite samples 531 and 543, respectively (plane‐polarized 1130 

light). The mylonitic S foliation wraps around plagioclase porphyrocrysts highlighting a dextral 1131 

sense of shear.  1132 

 1133 

Figure 6. Microstructure and chemical data of amphibolite sample 531. The photos and maps were 1134 

rotated of 90° counterclockwise from the original orientation of the sample in the drill core for 1135 

acquisition and graphic purposes (see original orientation in Figure 5a). (a) Optical photo showing 1136 

the pressure shadow between two plagioclase porphyrocrysts. Amphibole has a less pleochroic 1137 

core (light brown) and a more pleochroic rim (dark green), plane‐polarized light. The white square 1138 

indicates the location of the EBSD map (Figure 8). (b) CL image of bright plagioclase 1139 

porphyroclastic core with darker fractures and syn-kinematic rims; compare with (e). (c) BSE 1140 

image with bright ilmenite rimmed by titanite (arrows). (d-i) Standardized X‐ray maps. (d) Map 1141 

of the mineral phases. (e) Plagioclase XAb map displays low XAb porphyroclastic cores and high 1142 

XAb syn-kinematic rims. Note that the fractures in the core are sealed by a plagioclase richer in 1143 

albite content and similar to the rim composition. (f) Amphibole XMg map highlighting a richer 1144 

XMg relic core and a poorer syn-kinematic rim. (g-i) Titanite oxide weight percentages of TiO2, 1145 

CaO, SiO2, respectively.  1146 

 1147 

Figure 7. Microstructure and chemical data of amphibolite sample 543. (a) Optical photo, plane‐1148 

polarized light. The red rectangle indicates the location of X-ray maps c-e. (b) CL image of bright 1149 

plagioclase relic cores and darker syn-kinematic rims; compare with (d). (c-e) Standardized X‐ray 1150 

maps. (c) Map of the mineral phases. (d) Plagioclase XAb map displays low XAb relic cores and 1151 

high XAb syn-kinematic rims. (e) Amphibole XMg map highlighting a richer XMg relic core and a 1152 

poorer syn-kinematic rim. (f) Titanite rimming ilmenite lengthened as the main foliation; optical 1153 



photo, plane‐polarized light. (g-h) BSE images highlighting bright ilmenite, with lobate edges, 1154 

surrounded by darker titanite grains. Note the laser ablation pits. 1155 

 1156 

Figure 8. Microstructural characterization of titanite grains in amphibolite sample 531. (a) Detail 1157 

of Figure 6 displaying ilmenite boudinated with titanite growing in the boudin necks. (b) Titanite 1158 

grains intergrown with amphibole and plagioclase lengthened as the mylonitic main foliation. 1159 

Optical photos, plane‐polarized light. (c) EBSD phase map. Note the ilmenite rimmed by titanite. 1160 

White lines indicate low-angle boundaries (2-10°), black lines high-angle boundaries (> 10°) and 1161 

light blue lines twin boundaries in ilmenite (180° rotation about an axis parallel to [100] axis). (d) 1162 

Titanite GOS map, suggesting that it has very low internal strain. (e) and (g) Titanite texture 1163 

component maps and BSE images (f) and (h). (i) Titanite pole figures of map (c). Contouring is 1. 1164 

 1165 

Figure 9. Microstructure and chemical data of micaschist sample 561. (a-b) Optical photo, plane‐ 1166 

and crossed-polarized light, respectively. (c) BSE image. (d-n) Standardized X‐ray maps. (d) Map 1167 

of the mineral phases showing the main foliation defined by muscovite, biotite, staurolite and 1168 

plagioclase. (e) Muscovite Si apfu map highlights relic phengitic cores (high in Si apfu) and syn-1169 

kinematic rims. (f) Plagioclase XAb map displays complex growth zones, with low XAb cores and 1170 

high XAb rims. (g) Biotite XMg map. (h) Staurolite XMg map. (i-n) Garnet XGrs, XSps, XPrp, XAlm 1171 

maps, respectively, display a concentric zoning except for the XPrp that is more homogeneous. 1172 

 1173 

Figure 10. Microstructure and chemical data of micaschist sample 640. (a-b) Optical photo 1174 

highlighting the amphibolite facies main foliation overprinted by C’ shear bands with a dextral 1175 

sense of shear, plane‐polarized and crossed-polarized light, respectively. (c) BSE image. (d-n) 1176 

Standardized X‐ray maps. (d) Map of the mineral phases showing the main foliation defined by 1177 

muscovite and biotite with a sigmoidal shape. C’ shear bands are defined by chlorite and minor 1178 

muscovite. (e) Muscovite Si apfu map highlights relic phengitic cores (high in Si apfu) and syn-1179 

amphibolite facies foliation rims. (f) Plagioclase XAb map. (g) Chlorite XMg map; note its 1180 

preferential location along the C’ shear bands. (h) Biotite XMg map. (i-n) Garnet XGrs, XSps, XPrp, 1181 



XAlm maps, respectively, display a concentric zoning except for the XPrp and XAlm that are more 1182 

homogeneous. 1183 

 1184 

Figure 11. Microstructure and chemical data of micaschist sample 695. (a) Optical photo, crossed-1185 

polarized light. (b) BSE image highlighting the main foliation with a dextral sense of shear. (c-i) 1186 

Standardized X‐ray maps. (c) Muscovite Si apfu map highlights relic phengitic cores (high in Si 1187 

apfu) and syn-kinematic rims. (d) Plagioclase XAb map displays high XAb cores and lower XAb syn-1188 

kinematic rims. (e) Biotite XMg map. (f-i) Garnet XGrs, XSps, XPrp, XAlm maps, respectively, display 1189 

a concentric zoning except for the XGrs that is more homogeneous. (l) BSE image of C-type shear 1190 

bands defined mainly by chlorite and minor muscovite. (m-p) Standardized X‐ray maps. (m) Map 1191 

of the mineral phases. (n) Muscovite Si apfu map. (o) Plagioclase XAb map. (p) Chlorite XMg map. 1192 

 1193 

Figure 12. (a-c) Equilibrium phase diagrams of the micaschists samples computed with Theriak–1194 

Domino (de Capitani & Petrakakis, 2010) with plotted chlorite and white mica multi-equilibrium 1195 

results. The error bars departing from filled ellipses show the P–T uncertainties related to the 1196 

analytical error of the garnet compositions. Red dashed ellipses indicate the P-T conditions of the 1197 

metamorphic stages best fitting with the observed paragenesis and the computed isopleths. Red 1198 

dashed rectangles indicate the Chlorite + white mica + quartz + H2O thermobarometry results. 1199 

Purple dashed lines represent the inferred P-T paths for each specific sample. See text for 1200 

discussion. 1201 

 1202 

Figure 13. (a-b) Chlorite + white mica + quartz + H2O thermobarometry results; the red ellipses 1203 

represent the P-T uncertainties. (c) P-T summary path of the studied samples with highlighted the 1204 

three metamorphic stages described in the text (MHP, MAmp, MGr). 1205 

  1206 



 1207 

Figure 14. EBSD data of the C’ shear band domain in the micaschist sample 640. (a) EBSD phase 1208 

map. Note the fine-grained chlorite and muscovite growing along the C’ planes. White lines 1209 

indicate low-angle boundaries (2-10°), black lines high-angle boundaries (> 10°) and light blue 1210 

lines Dauphiné twin boundaries in quartz. (b) Quartz GOS map highlights grains with low GOS 1211 

values at the boundaries of grains with higher GOS values. (c) Quartz grain size map. (d) 1212 

Misorientation angle distribution of quartz displaying peaks at low angle misorientations and at 1213 

60° for correlated pairs. (e) Quartz pole figures of crystallographic axes, and plot of misorientation 1214 

axis in crystal coordinates associated with low-angle misorientation (2-10°) in quartz. Pole figures 1215 

plotted on the lower hemisphere of the stereographic projection. n=number of grains (one-point-1216 

per-grain). Half width 10° and cluster size 5°, maximum value is given. Quartz grains display a 1217 

CPO of the c-axis forming a short girdle at 45° of the YZ plane. 1218 

 1219 

Figure 15. Domain with C-type shear bands deforming the mylonitic foliation of micaschist 695 1220 

investigated by EBSD. (a-b) BSE image and EBSD phase map highlighting the phyllosilicates 1221 

crystallizing along the C planes. Note the fine-grained chlorite and muscovite growing along the 1222 

C planes. The bigger grains of such minerals are re-oriented parallel to the C planes. (c) Quartz 1223 

GOS map highlights that smaller grains have very low internal strain. (d) Quartz grain size map 1224 

displays grain size reduction in proximity of the C planes. The arrows indicate subgrains forming 1225 

in the bigger grains (see text). Subsets 1 to 4 are highlighted with the dashed lines. 1226 

 1227 

Figure 16. Misorientation angle distribution of quartz, pole figures of the crystallographic axes, 1228 

and plots of misorientation axis in crystal coordinates for the area of micaschist sample 695 shown 1229 

in figure 15. (a-d) Data for quartz from subset 1, 2, 3 and 4, respectively, defined in Figure 15d. 1230 

All subsets show peaks at low angle misorientations and at 60° for both correlated and uncorrelated 1231 

pairs. Subsets 1 and 2 display CPO and a maximum around <c> in the plot of misorientation axis 1232 

in crystal coordinates. These features are not present in subsets 3 and 4.  1233 

 1234 



 1235 

Figure 17. Results of in-situ LA-ICP-MS U-Pb age dating of synkinematic titanite grains in the 1236 

amphibolites. The results are plotted on Terra Wasserburg concordia diagrams with lower intercept 1237 

dates. 1238 

 1239 

Figure 18. P-T-t-d summary path of the studied samples with highlighted the three metamorphic 1240 

stages described in the text and the deformation mechanisms. The star indicates the youngest age 1241 

constraint for the C and C’ type shear bands from Andersen (1998) and Fossen (2000; see text for 1242 

further details).  1243 

 1244 

Amp-Pl couples Thermometer Barometer 

 HB  BB AS 

531AmpRim-PlRim 610 °C 0.77 GPa 0.87 GPa 

543AmpRim-PlRim 651 °C 0.40 GPa 0.84 GPa 

Table 1. Results of amphibole–plagioclase geothermobarometry Thermometer abbreviation: HB: 1245 

Holland and Blundy (1994). Barometer abbreviations: BB: Bhadra and Bhattacharya (2007); AS: 1246 

Anderson and Smith (1995). The favoured results are highlighted in bold (see discussion section 1247 

for details). 1248 



 Grt Ph-Ms Bt St 

Sample 561 640A 695 561 640A 695 561 640A 695 561 
Average 

composition 
(wt%) 

CORE RIM CORE RIM CORE RIM CORE RIM CORE RIM 
C' 

planes CORE RIM 
C 

planes        

                         

SiO2   36.23 36.80 36.97 37.09 36.96 36.94 49.17 47.22 50.24 46.16 46.02 51.56 48.16 47.15 36.39 36.58 35.27 28.96 

TiO2   0.07 0.07 0.05 0.05 0.11 0.11 0.42 0.47 0.30 0.35 0.30 0.24 0.32 0.39 1.61 2.12 1.80 0.49 

Al2O3  21.06 21.33 20.79 20.86 21.20 21.17 32.43 35.20 28.72 31.05 31.93 28.86 33.34 31.33 18.10 17.89 17.22 53.36 

FeO    29.44 31.28 30.80 31.12 28.44 29.26 2.27 1.98 2.84 2.88 2.67 3.93 3.02 4.25 17.09 20.62 24.51 12.54 

MnO    6.85 4.51 3.06 2.56 6.42 5.56 0.01 0.01 0.02 0.02 0.01 0.01 0.01 0.01 0.05 0.01 0.10 0.26 

MgO    3.38 3.27 1.75 1.72 1.09 1.22 1.50 0.73 2.09 1.20 0.96 2.38 1.13 1.64 12.14 8.81 7.72 1.91 

CaO    2.06 3.17 6.31 6.60 6.27 6.28 0.01 0.01 0.03 0.03 0.03 0.01 0.01 0.01 0.01 0.01 0.06 0.01 

Na2O - - - - - - 1.61 2.17 0.75 1.07 1.27 0.65 1.12 0.56 0.39 0.20 0.09 0.04 

K2O - - - - - - 9.21 8.56 10.05 9.91 9.63 10.09 9.77 10.43 9.33 9.56 8.92 0.00 

Total   99.08 100.42 99.72 100.00 100.48 100.53 96.63 96.35 95.04 92.66 92.82 97.72 96.87 95.77 95.09 95.80 95.68 97.56 
Formulae based on 12 O on 11 O on 23 O 

Si 2.93 2.94 2.98 2.98 2.97 2.98 3.22 3.10 3.36 3.19 3.16 3.37 3.17 3.17 2.74 2.78 2.74 4.00 

Ti 0.00 0.00 0.00 0.00 0.01 0.01 0.02 0.02 0.01 0.02 0.02 0.01 0.02 0.02 0.09 0.12 0.10 0.05 

Al 2.01 2.01 1.98 1.98 2.01 2.01 2.50 2.72 2.26 2.53 2.59 2.22 2.58 2.48 1.61 1.60 1.58 8.68 

Fe 2.00 2.09 2.08 2.09 1.91 1.97 0.12 0.11 0.16 0.17 0.15 0.21 0.17 0.24 1.08 1.31 1.59 1.45 

Mn 0.47 0.30 0.21 0.17 0.44 0.35 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.03 

Mg 0.41 0.39 0.21 0.21 0.13 0.15 0.15 0.07 0.21 0.12 0.10 0.23 0.11 0.16 1.36 1.00 0.89 0.39 

Ca 0.18 0.27 0.54 0.57 0.54 0.54 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Na - - - - -   0.20 0.28 0.10 0.14 0.17 0.08 0.14 0.07 0.06 0.03 0.01 0.01 

K - - - - -   0.77 0.72 0.86 0.87 0.84 0.84 0.82 0.90 0.90 0.93 0.88 0.00 

∑ cations 8.01 8.00 8.00 8.00 8.00 8.00 6.99 7.02 6.97 7.04 7.03 6.97 7.01 7.05 7.84 7.77 7.82 14.61 
XMg - - - - - - 0.54 0.40 0.57 0.43 0.39 0.52 0.40 0.41 0.56 0.43 0.36 0.21 
Molecular proportions of garnet end members             

Alm 0.65 0.68 0.68 0.69 0.63 0.65             

Prp 0.13 0.13 0.07 0.07 0.04 0.05             

Grs 0.06 0.09 0.18 0.19 0.18 0.18             

Sps 0.15 0.10 0.07 0.06 0.15 0.13             



Table 2. Representative average composition analysis (wt%) of garnet, muscovite, biotite and staurolite. 1249 

  1250 



 Pl Amp Chl 

Sample 561 640A 695 531 543 531 543 640A 695 

Average 
composition 

(wt%)   
CORE RIM CORE RIM CORE RIM CORE RIM CORE RIM CORE RIM CORE RIM   

Spot analysis 

                          

SiO2 62.56 64.01 63.73 67.03 69.11 66.28 59.69 62.23 59.68 62.25 52.55 44.55 47.73 42.54 25.19 24.44 

TiO2 0.01 0.01 0.02 0.02 0.01 0.01 0.02 0.02 0.02 0.02 0.28 0.35 0.50 0.38 0.13 0.21 

Al2O3 25.28 24.05 22.48 19.68 20.28 22.74 25.75 24.07 25.06 23.33 4.40 13.52 9.57 13.39 21.01 20.95 

FeO 0.06 0.06 0.06 0.04 0.05 0.06 0.07 0.10 0.11 0.14 12.56 15.55 13.49 15.94 25.73 30.95 

MnO 0.01 0.01 0.01 0.01 0.03 0.03 0.02 0.02 0.01 0.01 0.22 0.22 0.23 0.25 0.06 0.21 

MgO 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.01 0.01 15.42 10.25 12.62 10.49 12.84 11.35 

CaO 5.47 4.06 3.95 0.17 0.01 0.10 7.02 4.10 6.67 4.33 12.07 11.82 11.40 11.70 0.01 0.00 

Na2O 9.22 10.09 9.75 12.06 13.09 11.19 8.02 9.74 8.49 9.92 0.70 1.77 1.67 2.15 0.01 0.00 

K2O 0.05 0.04 0.09 0.08 0.06 0.18 0.06 0.05 0.04 0.04 0.11 0.30 0.21 0.31 0.55 0.06 

Sum 102.64 102.33 100.08 99.09 102.63 100.60 100.65 100.32 100.09 100.04 98.32 98.34 97.43 97.16 85.52 88.17 

  Formulae based on 8 O  on 23 anhydrous O  on 14 anhydrous O 

Si 2.71 2.77 2.82 2.97 2.96 2.88 2.65 2.75 2.66 2.76 7.48 6.49 6.92 6.31 2.72 2.65 

Ti - - - - - - - - - - 0.03 0.04 0.05 0.04 - - 

Al 1.29 1.23 1.17 1.03 1.02 1.17 1.35 1.25 1.32 1.22 0.74 2.32 1.64 2.34 2.69 2.67 

Fe3+ - - - - - - - - - - 0.25 0.36 0.36 0.55 0.06 0.00 

Fe2+ - - - - - - - - - - 1.20 1.53 1.28 1.42 2.27 2.80 

Mn - - - - - - - - - - 0.03 0.03 0.03 0.03 - - 

Mg - - - - - - - - - - 3.27 2.23 2.73 2.32 2.07 1.83 

Ca 0.25 0.19 0.19 0.01 0.00 0.01 0.33 0.19 0.32 0.21 1.84 1.85 1.77 1.86 - - 

Na 0.77 0.85 0.84 1.03 1.09 0.94 0.69 0.83 0.74 0.85 0.20 0.51 0.47 0.63 - - 

K 0.05 0.00 0.01 0.00 0.00 0.02 0.00 0.00 0.00 0.00 0.02 0.06 0.04 0.06 - - 

Sum 5.08 5.04 5.01 5.04 5.07 5.01 5.02 5.04 5.04 5.05 15.06 15.41 15.28 15.54 9.81 9.95 

XMg - - - - - - - - - - 0.69 0.54 0.63 0.54 0.47 0.40 

XAb 0.75 0.82 0.81 0.99 1.00 0.98 0.67 0.81 0.70 0.80 - - - - - - 

XAn 0.25 0.18 0.18 0.01 0.00 0.01 0.33 0.19 0.30 0.19 - - - - - - 



Table 3. Representative average composition and spot analysis (wt%) of plagioclase, amphibole and chlorite. 1251 

 1252 



 1253 

 1254 










































































