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Please find attached a manuscript by Chiara Montemagni and Stefano Zanchetta for consideration for 

publication in the Journal of Structural Geology. The manuscript is entitled “Constraining 

kinematic and temporal evolution of a normal-sense shear zone: insights into the Simplon Fault 

Zone (Western Alps)”. 
Our manuscript deals with structural and geochronological investigations of the Simplon Fault Zone 

in the Western Alps and endeavors to constrain its structural and temporal evolution. In this 

contribution, we combine fieldwork, microstructural analyses (vorticity estimates through different 

methods, quartz c-axis fabric and quartz based paleopiezometer) and 40Ar/39Ar step-heating 

geochronology. This combination is found to be a useful tool to constrain the timing of shearing and 

structural evolution of the Simplon Fault Zone, whose history has puzzled researchers for decades as 

it was responsible for the exhumation of the western Lepontine Dome. 

Because our findings develop an integrated methodologic and multidisciplinary approach, they are 

likely to be of interest to all workers attempting a multidisciplinary investigations of extensional shear 

zones, of which the Simplon Fault Zone in the western Alps is a prominent example.  

We confirm that this manuscript is original and has not been published elsewhere nor is it currently 

under consideration for publication elsewhere. All authors approved the manuscript and this 

submission. We hope you could consider our manuscript for publication in Journal of Structural 

Geology. 
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Abstract 32 

 33 

The exhumation of the Lepontine Dome in the Central Alps was mainly driven by extensional shear 34 

zones at its borders. The Simplon Fault Zone (SFZ), formed as a consequence of east-west lateral 35 

extrusion perpendicular to north-south convergence between Adria and Europa plates, has been the 36 

leading structure in the exhumation of the western sector of  the Lepontine Dome where the deepest 37 

rocks of Central Alps are nowadays exposed. We present here a multidisciplinary study of the SFZ 38 

combining fieldwork, microstructural analyses, vorticity estimates, quartz c-axis fabric analysis, 39 

quartz paleopiezometry and 40Ar/39Ar geochronology. The SFZ evolved from epidote-amphibolite to 40 

greenschist facies and then brittle conditions during shearing. A decrease of simple shear component 41 

from 88% to 37% towards the top of the shear zone is observed, with mylonites displaying ages within 42 

the 12-8 Ma time interval. Differential stress (60-80 MPa) and strain rate (10-11-10-12 s-1) estimates 43 

are in agreement with values obtained for crustal-scale low-angle normal faults developed at medium 44 

to shallow crustal levels. 45 

Our multiscale and multidisciplinary approach points out that the SFZ experienced a complex 46 

evolution, with shear strain heterogeneously distributed across the fault zone in the frame of a 47 

decrease of the simple shear component and increase of the differential flow stress toward the top of 48 

the shear zone. 49 

 50 

1. Introduction  51 

 52 

Together with the South Tibetan Detachment System in the Himalaya (Caby et al., 1983; Carosi et 53 

al., 1998; Law et al., 2004; Iaccarino et al., 2017 and references therein) and the Brenner and 54 

Katschberg Normal Faults in the Eastern Alps (Scharf et al., 2016; Rosenberg et al., 2018 and 55 

references therein), the Simplon Fault Zone (SFZ) in the Western Alps is one of the most studied low-56 

angle normal faults active in orogenic post-collisional setting (Mancktelow, 1985, 1990, 1992; 57 

Grosjean et al., 2004; Steck, 2008; Campani et al., 2010a, 2010b; Massironi et al., 2011; Haertel et 58 

al., 2013; Haertel and Herwegh, 2014; Bolognesi and Bistacchi, 2016; Cawood and Platt, 2020). 59 

Normal sense shear zones with a dip angle lower than 30° are common in different tectonic settings 60 

and accommodate several tens of kilometers of extension (Anderson, 1971; Davis and Lister, 1988; 61 

Collettini and Holdsworth, 2004; Collettini et al., 2006; Wernicke, 1981, 2009).  62 

The area of the Simplon Massif in the Central Alps has been studied over a century since the 63 

pioneering studies of Studer (1851) and Argand (1916), but it is only from the ’50 (Bearth, 1956)  and 64 

’80 (Mancktelow 1985, 1987a,b; Merle et al., 1986; Mancel and Merle, 1987; Steck, 1987) of the 65 

past century that the occurrence of a W-SW dipping major extensional detachment fault has been 66 

recognized. The SFZ consists of a broad zone (up to ca. 1 km thick) of mylonites overprinted by a 67 

narrow (up to 50 m) cataclastic brittle fault at the top (Steck, 1987; Mancktelow, 1985), both of them 68 

mainly developed within metagranitoids of the Lower Penninic units. 69 

As quartzofeldspathic rocks could be taken as representative of the upper and middle continental crust 70 

(Rudnick and Gao, 2003), the study of large-scale shear zones as the loci where deformation localize 71 

(Ramsay, 1980) could provide invaluable insights on the rheology of continental lithosphere. The 72 

development in space and time of large-scale shear zones is controlled by several factors like PT 73 

conditions, differential stress, pore fluid pressure, shear sense and time duration of activity (Fossen 74 

and Cavalcante, 2017 with references). Such complexity is usually approached by studying 75 

microstructures developed at different levels, in different times and at different ambient conditions 76 

within a single shear zone (e.g. Stipp et al., 2002; Toy et al., 2008; Law et al., 2013). Quantitative 77 

microstructural analyses comprising the determination of grain size distribution, shape preferred 78 



orientation (SPO), crystallographic orientation (CPO) and recognition of dominant and relict 79 

recrystallization mechanisms in minerals are mandatory for the reconstruction of the shear zone 80 

evolution (e.g. Xypolias, 2009, 2010). Such approach could be combined with geochronological 81 

dating of minerals that grow or recrystallize during shearing (Sanchez et al., 2011), providing time 82 

constraints for the shear zone evolution in space and time and also PT conditions of deformation (e.g. 83 

Oriolo et al., 2016, 2018; Montemagni et al., 2020, Simonetti et al., 2021). 84 

In this study we investigate through a quantitative approach the evolution of the SFZ in terms of time 85 

of activity, microstructures development and distribution across the shear zone, estimate of magnitude 86 

and variation of differential flow stress and strain rates during shear zone evolution. Results provide 87 

insights on how major extensional detachment fault evolve at middle to upper crustal levels. 88 

 89 

2. Geological Setting: the Simplon Fault Zone 90 

 91 

The Simplon Fault Zone (SFZ) is a ca. 25° inclined SW-dipping detachment that accommodated 92 

orogen-parallel extension during collision between the Adria and Europe plates (Campani et al., 93 

2010b; Mancktelow, 1985; Steck, 2008). The SFZ extends over 30 km between the Ossola valley to 94 

the south and the Rhone valley to the north (Fig. 1) . The SW termination of the SFZ is still debated 95 

(Steck, 2008; Bolognesi and Bistacchi, 2016): the SFZ could connect with the E-W trending 96 

Centovalli Line (Steck, 2008) or with the NE-SW trending Isorno Shear Zone. To the NW the SFZ 97 

merges with the dextral E-W Rhone Line (Campani et al., 2010a, Bolognesi and Bistacchi, 2016). 98 

The crustal-scale SFZ detachment accomodated the exhumation of the western portion of the 99 

Lepontine Dome of the Central Alps made of tectonic units of the Lower Penninic domain derived 100 

from the European passive margin (Steck, 2008 and references within). These Europe-derived units 101 

are in contact with the Upper Penninic units forming the hangingwall of the SFZ; such units derive 102 

from the Briançonnais microcontinent and from the oceanic and overlying sediments of the Alpine 103 

Tethys (e.g. Steck, 2008). 104 

The geometry, kinematics and time of activity of the SFZ, together with its role in the exhumation 105 

history of the Lepontine Dome, have been objects of studies since the ’50 of the past century (Bearth, 106 

1956; Mancktelow, 1985, 1987a, 1987b, 1990, 1992; Merle et al., 1986; Mancel and Merle, 1987; 107 

Steck, 1987, 1990; Steck and Hunzinker, 1994; Grosjean et al., 2004; Keller et al., 2005, 2006; 108 

Campani et al. 2010a, 2010b; 2014; Haertel et al., 2013; Haertel and Herwegh, 2014; Bolognesi and 109 

Bistacchi, 2016; Bergemann et al., 2020; Cawood and Platt, 2020). 110 

The SFZ shows an asymmetric structure: the hanging wall displays evidences of brittle deformations, 111 

whereas the footwall (corresponding to tectonic units forming the Toce Dome, the western subdome 112 

of the Lepontine one; Steck, 2008; Elfert et al., 2013) exhibits syn-exhumation ductile deformations 113 

resulting in ca. 1-2 km of mylonites (Mancktelow, 1985) developed at epidote amphibolite to 114 

greenschist facies conditions from lower to upper structural levels, respectively (Mancktelow, 1992; 115 

Campani et al., 2010a). High temperature mylonites correspond to zone 1 in Bolognesi and Bistacchi 116 

(2016), whereas low-temperature mylonites correspond to zone 2. The discrete boundary dividing the 117 

hangingwall from the footwall consists of the Simplon Line (SL), a narrow (10-15 m thick, Bolognesi 118 

and Bistacchi, 2016) fault zone corresponding to a brittle detachment that marks the last structural 119 

evolution stage of the SFZ (e.g. Bearth, 1972; Mancktelow, 1992; Bolognesi and Bistacchi, 2016). 120 

Outside the fault core of the SL, the brittle damage zone extends for others 30-40 m in the footwall. 121 

The SL was interpreted to be late Miocene as it crosscuts the Glishorn and Berisal back folds in the 122 

northern part of the footwall related to the exhumation of the Aar Massif (Campani et al. 2010a). The 123 

footwall of the SFZ consists of a wide zone (Mancktelow, 1985, 1992) of mylonites referred to as 124 

Simplon Shear Zone (SSZ; Campani et al., 2010a; Cawood and Platt, 2020). 125 



Within the mylonites of the SSZ shear sense indicators (SC’ fabric, K-feldspar porphyroclasts, quartz 126 

grain shape preferred orientation; Mancktelow, 1985; Cawood and Platt, 2020) are diffused both at 127 

the meso and the microscale, pointing to a top-to-the-SW sense of shear.  128 

The shearing deformation and related exhumation of the Lower Penninic units along the SSZ has 129 

been constrained by a wealth of geo- and thermo-chronometric data (i.e. K/Ar, 40Ar/39Ar, Rb/Sr, 130 

Fission Track analysis on Apatite and Zircon) resulting in a wide range of ages, from 35-30 (Steck 131 

and Hunzinker, 1994) to 3 Ma (Grasemann and Mancketlow, 1993; Campani et al., 2010a, 2010b). 132 

An in-depth review of the thermo- and geochronological dataset has been reported by Campani et al. 133 

(2010a and references therein) who highlighted that ages are concordantly holder in the hanging wall 134 

with respect to the footwall of the SL, suggesting that the SSZ was active under ductile deformation 135 

regime at least since 20 Ma (30-35 Ma following Steck and Hunzinker, 1994) and the subsequent 136 

ductile-to-brittle transition (280-300 °C) occurred between 14.5 and 10 Ma (Campani et al., 2014). 137 

 138 

3. Structural analysis 139 

 140 

3.1 Field mapping and sampling 141 

 142 

Mylonites and centimeter-thick bands of ultramylonites developed in the SSZ show a transition from 143 

epidote amphibolite to greenschist facies conditions moving structurally upward, i.e. from the bottom 144 

of the shear zone toward the brittle SL. Quartz recrystallization microstructures (Mancktelow, 1985; 145 

Cawood and Platt, 2020), together with geothermometric data (Cawood and Platt, 2020 and 146 

references therein) describe this transition. 147 

Geological and structural mapping performed at the 1:5000 scale in the Simplon Pass area and to the 148 

south, resulted in the production of a detailed geological-structural map (Fig. 2) that has been used as 149 

a background for further sampling and structural analysis. 150 

The architecture of the shear zone displays a non-linear deformation gradient, with protomylonites 151 

(sensu Sibson, 1977) developed both within the Monte Leone and Berisal orthogneisses and 152 

mylonites and ultramylonites mainly developed within rocks of the Berisal Unit, in the upper levels 153 

of the SSZ. Repeated transitions from protomylonitic to ultramylonitic fabric is frequently observable 154 

in the field (Fig. 4) at the outcrop scale. Approaching the SL, i.e. passing from zone 2 to zone 3 of 155 

Bolognesi and Bistacchi (2016), a second spaced mylonitic foliation (Fig. 4; Sm2 in Mancktelow, 156 

1992; Campani et al., 2014; Cawood and Platt, 2020) crosscuts the older one (Sm1). Sm2 resulted 157 

from the progressive interfingering and merging of discrete shear zones that are not pervasive away 158 

from the SL and become increasingly diffused approaching the SL in zone 3 of Bolognesi and 159 

Bistacchi (2016), broadly corresponding to the “low-T mylonites” zone of Cawood and Platt (2020). 160 

The Sm1 mylonitic foliation dips SW to WSW in the Berisal Unit (Figs. 2 and 3) and WSW to W in 161 

the Monte Leone Unit (265°N and dip angle of 25°), displaying a slight clockwise rotation 162 

approaching the SL. The attitude of stretching lineation appears to be more constant, with a trend 163 

clustering around 240°N and plunge of ca. 20° (Fig. 2). SC’ fabric is frequently developed within 164 

mylonites derived from the Berisal orthogneiss (Fig. 4).  165 

Even if  a general increase of the shear strain have been previously described from the bottom to the 166 

top of the SSZ approaching the SL (Haertel and Herwegh, 2014), our observations revealed that shear 167 

strain appears to be unevenly distributed across the ca. 600 m thick mylonitic zone of the studied 168 

transect (Fig. 4e-f). Ultramylonites occur as several decimeters up to 2-3 m thick bands within 169 

mylonites and protomylonites derived from the Berisal orthogneiss. The transition from 170 

protomylonites to ultramylonites occur in a few decimeters (Fig. 4e-f). The heterogeneous shear strain 171 



distribution could be related to a complex evolution of the SSZ, not directly associable to typical 172 

evolution models of shear zones (Fossen and Cavalcante, 2017). 173 

In order to evaluate the kinematic vorticity of flow across the SSZ we chose to study sheared quartz 174 

veins occurring within mylonites of the SSZ (Haertel and Herwegh, 2014) and mylonitic and 175 

ultramylonitic orthogneiss samples. Due to the occurrence of the Sm2 second mylonitic foliation  176 

approaching the brittle SL, we carefully selected outcrops within the SSZ where the SC’ fabric is 177 

unequivocally related to the first stage of shearing (i.e. Sm1). In order to prove the efficacy of our 178 

approach we dated by the 40Ar/39Ar method syn-mylonitic micas along both S and C’ planes for each 179 

sample used for vorticity estimates (see section 4.2 for details).  180 

 181 

 182 

3.2 Microstructures, petrography  183 

 184 

We describe an alternating transition from mylonites to ultramylonites with a non-linear deformation 185 

gradient. From the bottom to the top of the SSZ (Figs. 3 and 5), quartz recrystallization 186 

microstructures show an overall transition from high-to-low temperature mechanisms expressed by 187 

Grain Boundary Migration (GBM), Subgrain Rotation (SGR) and Bulging (BLG) recrystallization 188 

mechanisms (Stipp et al. 2002; Passchier and Trouw, 2005). 189 

Kinematic indicators as a well-developed SC’ fabric, /-type K-feldspar porphyroclasts, oblique 190 

foliation in quartz definitely point to a top-to-SW sense of shear. 191 

A structural transect (Fig. 3) from bottom to top of the SSZ allow to observe different paragenesis 192 

and recrystallization mechanisms operating at different PT conditions. All thin sections were cut 193 

parallel to lineation and perpendicular to foliation, in order to observe structures on XZ plane of the 194 

finite strain ellipsoid. 195 

Starting from the bottom of the SSZ, in paragneiss (Fig. 5g) quartz is strongly elongated in ribbons 196 

that, according to Passchier and Trouw (2005) and Trouw et al. (2010), contain single elongated 197 

crystals probably formed by GBM, nevertheless core and mantle structures distinctive of SGR 198 

recrystallization mechanism (Passchier and Trouw, 2005) occur in some domains. Oblique foliation 199 

in quartz clearly indicates a top-to-SW shear sense (Fig. 5g). 200 

Moving structurally upward in mylonitic orthogneiss a bimodal quartz grain distribution is present 201 

with GBM dominating over SGR and vice versa, with these mechanisms alternating in becoming the 202 

prevailing quartz recrystallization mechanism (Fig. 5f). SC’ fabric entirely occurs along the structural 203 

transect with biotite and chlorite (re)-crystallizing along C’ planes (Fig. 5c-f). Synthetic bookshelf 204 

structures in K-feldspar (Fig. 5e) are interpreted to be characteristic of low to medium temperature of 205 

deformation (400-500 °C; Pryer, 1993; Passchier and Trouw, 2005 and references therein) in 206 

agreement with quartz recrystallization microstructures. Approaching the SL, BLG appears but SGR 207 

remains the dominant quartz recrystallization mechanism as the transition to new grains is gradational 208 

(Fig. 5c-d; Passchier and Trouw, 2005; Trouw et al., 2010). At the top of the SSZ, sheared quartz 209 

veins are characterized by oblique foliation and SGR recrystallization mechanism (Fig. 5a-b). The 210 

observed quartz recrystallization features are similar to those described by Mancktelow (1992) and 211 

Haertel and Herwegh (2014), who reported predominant and advanced SGR and GBM with 212 

increasing distance from the SL. 213 

 214 

3.3 CPO and vorticity analyses 215 

 216 

In order to quantitatively assess the crystallographic preferred orientation (CPO) of mylonite and 217 

ultramylonite, the quartz c-axis fabric has been measured through a Zeiss FEG-SEM Gemini 500 218 



equipped with a QUANTAX EBSD at Piattaforma di Microscopia, Università degli Studi di Milano 219 

– Bicocca. 220 

Crystal fabric data were acquired on thin sections cut perpendicular to foliation and parallel to 221 

lineation, representing the XZ plane of the finite strain ellipsoid. EBSD analyses were performed on 222 

graphite  coated (ca. 4 nm in thickness) thin sections polished with colloidal silica. Microscope setup 223 

was 20 keV of accelerating voltage and 15 nA of beam current. Acquisition resolutions varied from 224 

0.75 μm/pixel to 2.08 μm/pixel. Grain boundary maps obtained by EBSD assisted analysis have been 225 

used to quantify grain size (equivalent circular diameter) distributions (Fig. 6h-m). 226 

At high levels of shear strain, quartz microstructures like grain size, shape preferred orientation (SPO) 227 

and CPO record the last stage of steady state deformation (i.e. Means, 1981, 1995; Haertel and 228 

Herwegh, 2014). It is widely accepted that quartz CPO depends on temperature, strain rate, water 229 

content and differential stress (Lister, 1977; Stipp et al., 2002; Menegon et al., 2008; Pennacchioni et 230 

al., 2010; Peternell et al., 2010). The temperature of deformation controls the intra crystalline slip 231 

systems, with activation of basal <a>, rhomb <a>, prism <a> and prism <c> slip systems with 232 

increasing temperature (Lister and Paterson, 1979; Pennacchioni et al., 2010). Studying the quartz 233 

CPO, microstructures and grain size distribution, thus provide  tools to investigate the differential 234 

stress and strain rates that conditioned the evolution of the shear zone.  235 

Another aspect that could be probed by studying microstructures developed at different structural 236 

sites within a shear zone is the kinematic of the flow (e.g. Law, 2010). The kinematic vorticity number 237 

Wk indicates the amount of rotation relative to the amount of stretching at a single point in space at 238 

time (t) during deformation (Malvern, 1969; Iacopini et al., 2011). Wk thus represents basic flow 239 

parameters describing the kinematic of flow in order to distinguish the relative amount of pure and 240 

simple shear within a shear zone. The Wk is 1 for simple shear and 0 for pure shear and between 0 241 

and 1 for general shear flow (Passchier, 1987; Fossen, 2010).  242 

Several methods have been developed over the years to obtain kinematic vorticity estimates through 243 

a thin section based analysis: shear bands or SC’ (Kurz and Northrup, 2008; Gillam et al., 2013), rigid 244 

porphyroclasts (Wallis et al., 1993; Jessup et al., 2007) and oblique grain-shape foliation (Law, 2010; 245 

Xypolias, 2010 and references therein) methods are just some of them. 246 

Shear bands method (Kurz and Northrup, 2008; Gillam et al., 2013) is based on the orientation of C’ 247 

planes with respect to the shear zone boundary. In any type of flow, it is possible to recognize two 248 

lines, defined as flow apophyses (A1 and A2), along which the particles do not undergo rotation. The 249 

lower the angle between the two apophyses the lower the simple shear component, as the flow 250 

apophyses are parallel each other in simple shear, perpendicular in pure shear and form an acute angle 251 

in the direction of the flow in a general shear flow. The C’ plane is the bisector of the angle 2 252 

between the flow apophyses: the vorticity number can be derived through the equation Wm = cos2 253 

(Kurz and Northrup, 2008), where  is the angle between C’ and shear plane that is assumed to be 254 

parallel to the flow apophysis A2 (Kurz and Northrup, 2008; Gillam et al., 2013). 255 

Vorticity estimates based on the rigid porphyroclasts method (Wallis et al., 1993; Jessup et al., 2007) 256 

relies on the fact that in a general shear flow porphyroclasts are partitioned into two populations: one 257 

rotates continuously and therefore does not develop a preferred orientation, the other aligns along a 258 

minimum energy position (Jessup et al., 2007). Parameters that allow to obtain the kinematic vorticity 259 

number are a and b axes of the clast, which define its aspect ratio, and the angle  between the a-axis 260 

and the trend of the main foliation in the sample (Wallis et al., 1993). Vorticity is uniquely defined 261 

by aspect ratio and . Oblique grain-shape foliation method (Law, 2010; Xypolias, 2010) is based on 262 

the measurement of the angle between the oblique foliation and the shear zone boundary, that should 263 

be equal to the angle between the A2 and the extensional ISA2 (Xypolias, 2010) and, as the quartz c-264 

axis re-oriented due to the last increment of ductile deformation, this method estimates the final 265 



increase (Wn) of ductile deformation (Wallis, 1995). Therefore the vorticity number can be obtained 266 

from Wn = sin2(+), where  is the maximum angle between the main and oblique foliation and  267 

is the angle between the shear plane and the main foliation measured from the quartz c-axis fabric 268 

(Xypolias, 2010). 269 

The results of quartz c-axis fabric and vorticity estimates, inverse pole figure maps (IPFmaps) colour 270 

coded with respect to the X direction and grain size distributions are reported in Figure 6; a-axes 271 

fabrics in Supplementary Figure 1. 272 

Quartz c-axis distributions (Fig. 6) are characterized by single girdle and type-I cross girdle of Lister 273 

(1977) and probably by a transition between single and cross girdle (Fig. 6b). These textures suggest 274 

a medium-low T of deformation. In general, Y maximum fabrics have been observed with lesser 275 

concentration of c-axes close to the Z axes (Fig. 6a-d). All patterns show an anticlockwise asymmetry 276 

with respect to the XZ plane. Rhomb <a>, prism <a>, ± basal <a> are the active slip systems (Fig. 7; 277 

Schmid and Casey, 1986). As discussed in Toy et al. (2008) based on relationship between the 278 

position of c-axis maxima on a stereographic projection and associated slip planes reported by Schmid 279 

and Casey (1986), Y maxima fabrics are the result of dominantly prism <a> slip, whereas type-I cross 280 

girdle fabrics derived from a combined basal <a> and prism <a> slip in plane strain (k=1) conditions. 281 

If c-axes maxima are between Z and Y axes the prevailing slip is ±rhomb <a>. 282 

Oblique grain shape foliation method reveal high vorticity number ranging between 0.67 and 0.97 283 

resulting in simple shear component from 48% to 88%. In agreement with field evidences and 284 

microstructural observations, Rxz values (Fig. 6e) are heterogeneously distributed within the shear 285 

zone, showing higher values within ultramylonite bands and close to them, reflecting higher finite 286 

shear strain values. 287 

Vorticity estimates through the SC’ method (Fig. 7a-b) suggest a clear decrease in Wm from lower 288 

(sample SPL-3, Figs. 2, 4d and 7b) to upper structural level of the SSZ (sample SPL-7, Engiloch, 289 

Figs. 2, 4f and 7a). Indeed Wm ranges from 0.83 to 0.59, corresponding to 62% and 41% of simple 290 

shear component, respectively. In order to select the proper value of the angle  to calculate the Wm, 291 

we follow the interpretation of Gillam et al. (2013).  292 

RGN method provided lower Wm (Fig. 7c-d) resulting in lower simple shear components of 37-42% 293 

(Wm = 0.53-0.61; sample SPL-3; Fig. 7d) and 40-41% (Wm = 0.55-0.60; sample SPL-7; Fig. 7c) for 294 

bottom and top of the shear zone, respectively. 295 

 296 

3.4 Quartz paleopiezometry and strain rate 297 

 298 

Four samples (Fig. 6; SPL-20, SPL-6, SPL-2 and SPL-5) from SSZ have been selected for quartz 299 

paleopiezometry in order to determine the magnitude of the differential flow stress (Behr and Platt, 300 

2011; Menegon et al., 2011). We carefully avoided samples in which quartz is recrystallized 301 

especially via GBM as flow stress could be underestimated as extensively discussed in Stipp et al. 302 

(2010). In our case GBM is the dominant recrystallization mechanism in quartz in samples coming 303 

from the structurally lower part of the SSZ (Fig. 3). The grain size distribution of analysed quartz 304 

samples has been obtained through EBSD data and expressed as arithmetic mean following Ghosh et 305 

al. (2016). Grain size is expressed as equivalent circular diameter (Dm). Grain size distributions have 306 

been then used to estimate the differential stress (1-3) during the shearing activity of the SSZ. We 307 

applied the piezometer proposed by Stipp and Tullis (2003) for the recrystallization regime 2/3 308 

corrected with the experimental calibration of Holyoke and Kronenberg (2010): D=2451(1-3)
-1.26, 309 

where D is the average recrystallized grain diameter. The obtained values (Fig. 6) are D =10.12 ± 310 

5.56 m and (1-3) = 78 ± 23 MPa for SPL-20, D =12.28 ± 6.48 m and (1-3) = 67 ± 19 MPa for 311 

SPL-6, D =12.26 ± 5.30 m and (1-3) =67 ± 17 MPa for SPL-2, D =14.30 ± 6.51 m and (1-3) 312 



= 59 ± 15 MPa for SPL-5, showing an increase in differential stress towards the brittle SL. 313 

Nevertheless, it is worth to note that all calculated differential stress values are partially overlapping 314 

considering errors mainly derived from the grain size analysis. 315 

Strain rates (𝜀̇) have been estimated through the wet-quartzite flow law of Hirth et al. (2001): 316 𝜀̇=An(fH2O)me-Q/RT, where A, n and m are parameters calculated experimentally, Q is the activation 317 

energy, R is the ideal gas constant, fH2O is the water fugacity calculated using the equation of state 318 

reported in Pitzer and Sterner (1994) for T in the range 420-500 °C and P 0.4-0.5 GPa consistently 319 

with quartz recrystallization mechanisms and other published T and P estimates (e.g. Haertel and 320 

Herwegh, 2014; Cawood and Platt, 2020). The estimated strain rate values are between 10-12 and 10-
321 

11 s-1 (Fig. 10). 322 

 323 

4. Geochronological dating of SSZ activity 324 

 325 

In order to constrain the SSZ activity we performed 40Ar/39Ar stepwise heating analyses on selected 326 

samples from the structural transect of the SSZ described above (Fig. 3) with known chemical 327 

composition of micas (Fig. 8 and Supplementary Table 1). 328 

 329 

4.1 Microprobe analyses 330 

 331 

Quantitative chemical analyses of muscovite and biotite were performed on graphite-coated thin 332 

sections on a total of 50 points, with a JEOL 8200 SuperProbe EMP at Dipartimento di Scienze della 333 

Terra “A. Desio”, Università degli Studi di Milano, using 3 μm spot size, 15 kV acceleration voltage, 334 

5 nA current and a counting time for each analysis of 30 s on the peaks and 10 s on backgrounds. 335 

Natural silicates and oxides has been used as standards. Analyses (Fig. 8 and Supplementary Table 336 

1) were recalculated as atoms per formula unit (apfu) based on 11 oxygens. 337 

Both micas along the main foliation and along C’ planes have been analysed. No significant 338 

differences in terms of composition have been observed between the two microstructural positions 339 

(Fig. 8). Muscovite (SPL-1, SPL-3, SPL-4, SPL-6 and SPL-8) shows a variable degree of phengitic 340 

substitution with Si concentration varying between 2.90 and 3.40 (apfu) and a Na/(Na+K) content 341 

(Guidotti and Sassi, 1998) mostly ranging between 0.01 and 0.04. Biotite (SPL-1 and SPL-4) has low 342 

Ti concentration (0.06-0.14 apfu). 343 

 344 

4.2 40Ar/39Ar geochronology 345 

 346 

Micas were carefully microdrilled directly on thins sections, both from the main mylonitic foliation 347 

and C’ planes, and attentively hand-picked. Separated micas were cleaned in ultrasonic baths of 348 

acetone and pure water. 349 

The double dating of both micas stable on the S and C’ planes is needed to demonstrate that the 350 

vorticity estimates based on SC’ were based on effectively coeval fabric and not to reactivated planes 351 

or newly formed ones, as the second generation of mylonitic foliation (Sm2; Mancktelow, 1992) 352 

observable close to the brittle SL. Samples and standards were irradiated in the McMaster University 353 

reactor (Ontario, Canada) for 10 MWh, accurately avoiding Cd shielding. Standard of McClure 354 

Mountain hornblende (MMhb) has an assumed age of 523.98 ± 0.12 Ma (Schoene and Bowring, 355 

2006). Stepwise heating experiments were performed in a double-vacuum furnace of “Dipartimento 356 

di Scienze dell’Ambiente e della Terra, Università degli Studi di Milano – Bicocca” and samples 357 

were heated in 12 steps for ca. 20 min each following the analytical approach reported in Montemagni 358 

and Villa (2021).  359 



All the gas release patterns (i.e. the differential release and the age spectrum) display similar features 360 

(Fig. 9 and Supplementary Table 2). The flat part of the age spectrum, occurring for all the sample at 361 

steps 3-4, corresponds to homogeneous and lowest Ca/K values and the degassing peak in the Ar 362 

Differential Release Plot (DRP). The comparison between the Ca/K ratios (derived from the 37Ar/39Ar 363 

ratios), the DRP and the apparent age spectra suggests that for all samples the Ar isotopic data can be 364 

interpreted as gas release from different mineral reservoirs, micas and feldspars, and from their 365 

mixtures (Müller et al., 2002; Vance et al., 2003; Villa et al., 2000). The age of the mylonitic foliation 366 

(Fig. 9) ranges between 9.23 ± 0.24 Ma and 8.09 ± 0.04 Ma from bottom to top of the SSZ, 367 

respectively, with the oldest age of 11.70 ± 0.23 occurring in the middle of the sampling transect (Fig. 368 

10). As testified by fieldwork and microstructures analyses, the shear strain distribution within the 369 

SSZ is heterogeneous, with narrow sectors of the broad mylonitic zone that  could be re-activated or 370 

have protracted their activity for longer time with respect to others. The main consequence of these 371 

features is the age of the mylonitic foliation that do not reflect a straight pattern of younging ages 372 

approaching the top of the SSZ. 373 

 374 

5. Discussion 375 

 376 

5.1 Deformation of the SSZ 377 

 378 

The SSZ is a gently dipping top-to-the-SW normal sense shear zone, with the main mylonitic foliation 379 

and lineation in the Simplon Pass area and immediately to the south of it constantly dipping towards 380 

W-SW. It developed under conditions of decreasing PT moving structurally upward from epidote 381 

amphibolite to greenschist facies conditions during the exhumation, as suggested by the occurrence 382 

of stable syn-kinematic mineral assemblage of epidote + biotite, biotite + white mica, white mica + 383 

chlorite, together with the deformation temperature suggested by quartz recrystallization 384 

mechanisms. The deformation gradient is non-linear with proto-, ultra- and mylonites alternating in 385 

the SSZ, as suggested by field work and microstructural observations. 386 

Kinematic vorticity data using the three methods described above suggested that the coaxial 387 

component (i.e. the pure shear percentage) of the flow increases moving structurally upwards, with 388 

deeper structural levels characterized by higher Wm reflecting a higher simple shear component. 389 

Estimated Wm values varies between 0.53 and 0.97, depending on structural position and analytical 390 

method. Rigid porphyroclasts methods systematically yielded much lower values with respect to SC’ 391 

and oblique grain shape foliation methods. The differences in vorticity estimates using rigid 392 

porphyroclasts and oblique grain shape foliation methods have been deeply investigated by Law et 393 

al. (2004, 2013), Johnson et al. (2009) and Law (2010) who suggested that analytical problems, 394 

different recorded parts of deformation history, non-steady flow, spatial partitioning of Wm, clast 395 

lubrication and strain localization at clast margins could be just some of the critical issues. Despite 396 

these issues that suggest caution in directly correlating the vorticity estimates to the coaxial vs non-397 

coaxial component of shear deformation, the pattern we obtained coherently displays that the 398 

proportion of simple shear increases structurally downwards, ranging from 37% in the top to 88% in 399 

the bottom of the SSZ. Rxz values, inferred from mylonites, are heterogeneously distributed within 400 

the shear zone suggesting that different portions of the SSZ accommodated different amount of finite 401 

strain, as already suggested by field and microstructural observations.  402 

 403 

5.2 Age of deformation and structural evolution of the SSZ 404 

 405 



A detailed summary of all previously geochronological data is reported in Campani et al. (2010a), 406 

who summarized the dataset of ages obtained through different geochronometers. Such ages have 407 

been generally interpreted as “cooling ages” and consequently controversial interpretations arose due 408 

to lack of petrological and microstructural constraints (i.e. Villa, 2016).  409 

New 40Ar/39Ar chronological data coupled with vorticity analyses led us to precisely depict the 410 

evolution of the SSZ by providing constraints on the main stages of shearing.  411 

Our 40Ar/39Ar data on micas implied that ductile shearing along the SSZ was still ongoing at 8 Ma in 412 

the upper part of the shear zone where such ages have been recorded by micas along the SC’ ductile 413 

fabric (Fig.10). Therefore brittle-ductile transition, at least in the upper SSZ, occurred after 8 Ma 414 

contrary to what inferred by Campani et al. (2010a), who suggested that brittle-ductile transition 415 

occurred between 14.5 and 10 Ma. ZFT ages in the Simplon Pass area ranges between 9 and 13 Ma 416 

(Campani et al., 2010a), coeval within error to our 40Ar/39Ar data (ca. 8-12 Ma). This overlap suggests 417 

that the transition from near 500 °C of ambient temperature to <250 °C occurred in a very short time 418 

span, in turn pointing to very fast exhumation rates for the footwall units of the SFZ during this time 419 

interval. Grasemann and Mancktelow (1993) suggested that in the time span 18-15 Ma the SFZ 420 

underwent its most active period, although a continuation up to 5 Ma is plausible. Ages approaching 421 

10 Ma for ductile deformation in the footwall of the SL were already proposed also by Hunziker and 422 

Bearth (1969) who dated (Rb/Sr method) at 11 Ma, interpreting these data as “cooling ages”. 423 

According to quartz recrystallization mechanisms, temperature of deformation ranges between 390 424 

and 530 °C, as the predominant recrystallization mechanism is SGR (Stipp et al., 2002). This range 425 

is coherent with deformation temperature comprised between 400 and 500 °C inferred from K-426 

feldspars microstructures (see section 3.2). These temperature are also in agreement with PT estimates 427 

of  Haertel et al. (2013) and Cawood and Platt (2020) who suggested 490 °C as maximum temperature 428 

of deformation in the lower part of the SSZ. 429 

Maximum temperature of deformation has been recorded by structurally lowermost samples (SPL-4 430 

and SPL-5; Figs. 3 and 10) in which quartz is characterized by GBM recrystallization mechanisms 431 

that is likely to occur above 530 °C (Stipp et al., 2002).  432 

All these data point out that the SSZ was active at middle to shallow crustal levels in a time span of 433 

several Myrs. The study of the kinematic evolution and deformation history of the SSZ could provide 434 

invaluable insights on the  mechanical behaviour of the middle and upper continental crust (e.g. 435 

Hacker et al., 1992) with special regards to the calculation of the magnitude of the differential flow 436 

stress and associated strain rates. 437 

Differential stress and strain rate estimates have been obtained through time for several ductile 438 

normal-sense shear zones (e.g. Hacker et al., 1990, 1992), transpressive shear zones (e.g. Ceccato et 439 

al., 2018; Graziani et al., 2020; Simonetti et al., 2021) and thrust-sense shear zone (e.g. Law et al., 440 

2013; Bose and Mukherjee, 2020) all developed at middle to upper crustal level. Obtained values of 441 

differential stress range from a few tens of MPa to more than 150 MPa, with strain rates usually in 442 

the order of 10-18 s-1 to 10-11 s-1. Focusing on normal-sense shear zones, Hacker et al. (1990, 1992) 443 

obtained differential flow stresses of 40-150 MPa and strain rates faster than 10-14 s-1 for the low-444 

angle Whipple Mountains detachment fault (SE California, US), one of the larger extensional 445 

detachments responsible for the exhumation of metamorphic core complexes in the southwestern U.S. 446 

Cordillera (Davis and Lister, 1988). Our strain rate estimates obtained on sheared quartz veins within 447 

the SSZ mylonites are well within the range observed for shear zones cited above. Strain rates are in 448 

the order of 10-12 s-1 and 10-11 s-1, with slightly higher strain rates recorded at the bottom of the SSZ, 449 

coupled with the highest temperatures (ca. 500 °C) of deformation and the highest simple shear 450 

component in the kinematic vorticity of flow (Wm=0.97, Fig.10). Unlike strain rates remain nearly 451 

constant across the SSZ, the differential flow stress changes from ca. 60 MPa at the bottom to ca. 80 452 

MPa near the brittle SL, coupled with a progressive increase in the pure shear component. Such 453 



pattern is likely linked to the diminishing of the temperature of deformation approaching the brittle 454 

fault plane of the SL, considering a broadly constant strain rate across the entire shear zone through 455 

time, or at least during the 12-8 Ma time interval. The fact that strain rates remains constant is a clue 456 

for a non-isothermal deformation because in this case strain rates are expected to increase toward the 457 

fault plane (e.g. Austin et al., 2008). On the other hand, the results obtained through the vorticity 458 

analysis on the studied transect are partially discordant to those obtained in other sector of the SSZ, 459 

where strain localization with a progressive increase of the simple shear component towards the fault 460 

plane have been described (Haertel and Herwegh, 2014). The absence of a significant strain 461 

localization in the transect that we have studied could arise from the heterogeneous distribution of 462 

shear strain we observed in the field. Moreover, the lack of a linear gradient for the age of 463 

deformation, as suggested by 40Ar/39Ar data on syn-mylonitic micas (Figs. 9 and 10), suggests a 464 

complex spatial evolution pattern, with  shear deformation that was concentrated trough time at 465 

different levels of the SSZ, not following a single younging direction across the shear zone. 466 

 467 

6. Conclusions 468 

 469 

The evolution of the SSZ has been kinematically and temporally constrained applying a 470 

multidisciplinary and multiscale approach. The results allow us to infer the deformation regime 471 

during the time span of SSZ shearing activity. The SSZ formed initially at epidote-amphibolite facies 472 

conditions and then evolved towards greenschist facies conditions during shearing up to reach brittle 473 

conditions along the narrow SL. 40Ar/39Ar geochronology on micas recrystallized along ductile 474 

mylonitic fabric revealed that shearing was active mainly between ca. 12 and 8 Ma in the studied 475 

transect. Kinematic evolution of the SSZ has been constrained through kinematic vorticity estimates 476 

to evolved towards dominated pure shear component towards the top of the shear zone. The 477 

application of several independent methods for evaluating the kinematic history is recommended in 478 

order obtain more realistic estimates. The calculated differential stress and strain rate are in agreement 479 

with those obtained for crustal-scale low-angle normal faults evolved at middle to upper crustal levels. 480 
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Figure captions 739 

 740 

Fig. 1. Geological setting of the Simplon Fault Zone in the central Alps. (a) Location of the study 741 

area is marked with a red box; (b) Sketch map of the Simplon area (modified after Campani et al., 742 

2010a, Cawood and Platt, 2020). AA’ is the trace of cross section of Fig. 3. PFS: Periadriatic Fault 743 

System. 744 

 745 

Fig. 2. Detailed geological maps of the Simplon Pass area. The original survey was performed at a 746 

1:5000 scale. AA’ represents the trace of cross section of Fig. 3. Equal area, lower hemisphere 747 

stereographic projections of main foliation (Sm) and main lineation (Lm) referred to the Berisal and 748 

Monte Leone units in the SSZ are reported. AA’ is the trace of the cross section reported in Fig. 3. 749 

 750 

Fig. 3. SW‐ NE cross section. The location of studied samples has been reported. 751 

 752 

Fig. 4. Field photographs of calcschist of Monte Leone Unit (a) and garnet-paragneiss of Berisal 753 

Unit (b) showing a SC’ fabric clearly pointing to a top-to-SW shear sense. (c) Quartz band in 754 

paragneiss of the Berisal Unit frequently occurs in the field. (d) Orthogneiss (Berisal Unit) with an 755 

intensively developed SC’ fabric. (e) Transition from mylonite to ultramylonite within a few meters 756 

in the field. (f) Orthogneiss with a quartz band (Berisal Unit). 757 

 758 

Fig. 5. Representative photomicrographs from the SSZ, crossed polars. (a) and (b) Quartz ribbons in 759 

paragneiss (SPL-20) at the top of the SSZ show a well advanced oblique grain shape foliation, 760 

indicating a top-to-SW sense of shear. (c) Low-T mylonite sensu Cawood and Platt (2020) 761 

characterized by fine-grained SGR/BLG recrystallized quartz and micas along C’ planes. (d) 762 

Extremely elongated quartz ribbon (yellow arrow) showing evidence of SGR/BLG recrystallization 763 

mechanisms in quartz (narrow shear bands of Cawood and Platt, 2020). (e) Clearly developed SC’ 764 

fabric in mylonitic orthogneiss (SPL-7) showing a top-to-SW sense of shear; some asymmetric K-765 

feldspar porphyroclasts and synthetic bookshelf structures in K-feldspar porphyroclast (yellow 766 

arrow) indicate a top-to-SW shear sense too. (f) SC’ fabric in mylonitic orthogneiss (SPL-3), group-767 

2 mica fishes (Passchier and Trouw, 2005) and tapering deformation twins in K-feldspar. (g) 768 

Ribbon of quartz at the bottom of the SSZ (SPL-5) characterized by GBM/SGR recrystallization 769 

mechanism and oblique grain shape foliation.  770 

 771 

Fig. 6. Quartz CPO fabrics from SSZ from sample SPL-20 (a), SPL-6 (b), SPL-2 (c) and SPL-5 (d). 772 

Fabric skeleton (black lines) constructed from contoured c-axis plot. Stereonets are equal area lower 773 



hemisphere projections. The c-axis plot view is up-foliation and refer as reference frame to the 774 

foliation pole (Z) and lineation (X). Colour bar charts indicate multiples of uniform distribution 775 

(m.u.d.) of CPO. (e) δ/β nomogram for estimating Wm and RXZ (modified from Xypolias, 2009). 776 

Samples are colour-coded referred to main quartz recrystallization mechanisms: green=BLG, 777 

blue=SGR, red=GBM. (f) and (g) examples of inverse pole figure maps colour coded with respect 778 

to the X direction. The grey-shaded areas are other phases (k-feldspar and plagioclase) or non-779 

indexed points. (h-m) Histograms show grain size distribution. At the right top relationship between 780 

the main mylonitic foliation (Sa) and the oblique grain shape fabric (Sb) with long axes of quartz 781 

neoblasts nucleating parallel to the extensional ISA2 (modified from Fossen and Cavalcante, 2017). 782 

Quartz c-axis fabric diagram: shear plane assumed to be perpendicular to central segment of fabric 783 

skeleton (modified from Law et al., 2004).  784 

 785 

Fig. 7. Vorticity estimates through SC’ (a-b) and RGN (c-d) methods. Polar histograms used to 786 

derive the angle  and to calculate kinematic vorticity with the SC’ method (Kurz and Northrup, 787 

2008) for samples SPL-7 (a) and SPL-3 (b). Kinematic vorticity analysis with stable porphyroclasts 788 

method presented with Rigid Grain Net graphs (Jessup et al., 2007) for samples SPL-7 (c) and SPL-789 

3 (d). A1 = flow apophysis 1; A2 = flow apophysis 2. Dashed line represent the bisector of the angle 790 

between A1 and A2. 791 

 792 

Fig. 8. EPMA results showing compositional variation in muscovite (a-b) and biotite (c-d).  793 

 794 

Fig. 9. 40Ar/39Ar age spectra, Ca/K vs. age diagrams and DRPs for samples SPL-8 (a-c), SPL-6 (d-795 

f), SPL-1 (g-i), SPL-3 (l-n) and SPL-4 (o-q). 796 

 797 

Fig. 10. (a) Cross section showing the distribution of deformation temperatures related to quartz 798 

recrystallization mechanisms and age of syn-mylonitic micas. (b) Summary of data from top to 799 

bottom of the shear zone: quartz recrystallization mechanisms, age, kinematic vorticity number, 800 

grain size, differential stress and strain rate values. Grain size are expressed as the diameter of 801 

the equivalent circle; differential stresses are calculated using the piezometer of Stipp and Tullis 802 

(2003) with experimental calibration of Holyoke and Kronenberg (2010). For the strain rate values 803 

the water fugacity was calculated using the equation of state of Pitzer and Sterner (1994). RGN: 804 

Rigid Grain Net method; C’-SB: C’ shear bands method; OGSF: oblique grain shape foliation 805 

method. 806 

 807 

Supplementary Fig. 1. a-axis pole figures of samples selected for oblique grain shape foliation 808 

method analysis. Colour bar charts show m.u.d. of CPO. 809 

 810 

Supplementary Table captions 811 

 812 

Supplementary Table 1. Electron probe micro analyses of micas (wt% oxides). Atomic 813 

proportions (apfu) were recalculated based on 11 oxygens. 814 

 815 

Supplementary Table 2. 40Ar/39Ar data. All Ar isotope concentrations are given as mL. K, Ca and 816 

Cl concentrations are calculated from the sample mass and the 39Ar, 37Ar and 38Ar concentrations, 817 

respectively. 818 



Highlights: 

. The Simplon Fault Zone accommodated the exhumation of the western Lepontine Dome 

. Ductile shearing along the SFZ was still ongoing at 8 Ma 

. Simple shear in the SFZ decreases structurally upwards from 88% to 37% 

. Differential stress and strain rate are coherent with values obtained in metagranitoids deformed in 

the mid and upper continental crust 

 

Highlights
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Fig. 6. Quartz CPO fabrics from SSZ from sample SPL-20 (a), SPL-6 (b), SPL-2 (c) and SPL-5 (d). Fabric skeleton 
(black lines) constructed from contoured c-axis plot. Stereonets are equal area lower hemisphere projections. The c-axis 
plot view is up-foliation and refer as reference frame to the foliation pole (Z) and lineation (X). Colour bar charts indicate 
multiples of uniform distribution (m.u.d.) of CPO. (e) δ/β nomogram for estimating W  and R  (modified from m XZ

Xypolias, 2009). Samples are colour-coded referred to main quartz recrystallization mechanisms: green=BLG, blue=SGR, 
red=GBM. (f) and (g) examples of inverse pole figure maps colour coded with respect to the X direction. The grey-shaded areas 
are other phases (k-feldspar and plagioclase) or non-indexed points. (h-m) Histograms show grain size distribution. At the right 
top relationship between the main mylonitic foliation (S ) and the oblique grain shape fabric (S ) with long axes of quartz a b

neoblasts nucleating parallel to the extensional ISA (modified from Fossen and Cavalcante, 2017). Quartz c-axis fabric diagram: 2 

shear plane assumed to be perpendicular to central segment of fabric skeleton (modified from Law et al., 2004). 
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Fig. 7. Vorticity es timates through SC’ (a-b) and RGN (c-d) methods. Polar histograms used to derive the angle θ   

and to calculate kinematic vorticity with the SC’ method (Kurz and Northrup, 2008) for samples SPL-7 (a) and SPL-3 (b).  

Kinematic vorticity analysis with stable porphyroclasts method presented with Rigid Grain Net graphs   

(Jessup et al., 2007) for samples SPL-7 (c) and SPL-3 (d). A1 = flow apophysis 1; A2 = flow apophysis 2. 

Dashed line represent the bisector of the angle between A1 and A2.  
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Fig. 10. (a) Cross section showing the distribution of deformation temperatures related to quartz 
recrystallization mechanisms and age of syn-mylonitic micas. (b) Summary of data from top to bottom 
of the shear zone: quartz recrystallization mechanisms, age, kinematic vorticity number, grain size, 
differential stress and strain rate values. Grain size are expressed as the diameter of the equivalent circle; 
differential stresses are calculated using the piezometer of Stipp and Tullis (2003) with experimental calibration 
of Holyoke and Kronenberg (2010). For the strain rate values the water fugacity was calculated using the 
equation of state of Pitzer and Sterner (1994). RGN: Rigid Grain Net method; C'-SB: C' shear bands method; 
OGSF: oblique grain shape foliation method.
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