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Abstract 15 

In the Internal Zone of a continental collisional orogen, first-order contractional shear zones accommodate crustal 16 

shortening. Structural investigations at different scales, flow kinematics, and finite strain analyses are fundamental 17 

tools to determine how deformation is accommodated and partitioned. Spatial temperature variations can be 18 

responsible for the dynamic weakening and strain localization in the crust, therefore understanding the thermal 19 

conditions of shearing and deformation is critical. We integrate field observations, meso- and microstructural 20 

analyses, kinematic vorticity estimations, and finite strain data with a quantitative thermometric analysis by Raman 21 

spectroscopy on carbonaceous material along a ductile shear zone: the Barbagia Thrust (BT) in the hinterland-22 

foreland transition zone of the Sardinian Variscan belt. These analyses, performed in two different parts of the 23 

shear zone, yield similar finite strain gradients, albeit with an increasing component of simple shear with increasing 24 

temperature, highlighting the feedback between temperature and vorticity. Our results are best by a tectonic 25 

scenario with shear heating, where higher magnitude gradients correspond to higher vorticity and finite strain 26 

values, which indicate greater shear and heating values. The heating quantified along the BT is compared favorably 27 

to numerical and mechanical models (50 °C). We demonstrate how the BT represents a major tectonic boundary 28 

separating the internal sector belonging to the metamorphic core of the belt from the external one involved in the 29 

orogenic wedge system. 30 

Keywords: 31 

Shear zone; kinematic vorticity; RSCM; Variscan belt; Nappe Zone 32 

1. Introduction  33 

The geodynamic evolution of collisional orogens has been classically described using an orogenic wedge model, 34 

where different rock packages experience different finite metamorphic histories (e.g., Platt, 1993; Jaquet et al., 35 

2018; Malavieille et al., 2019). The hinterland-foreland transition zone making the fold-and-thrust belt is defined 36 

by the progressive transition from tectonic units occurring in the metamorphic core of the belt to the ones deformed 37 

at shallower crustal levels and steadily included in the orogenic wedge (Larson et al., 2010; Thigpen et al., 2010, 38 
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2017; Schneider et al., 2014; Montomoli et al., 2018). The first theoretical models applied to the hinterland-39 

foreland transition zone were initially developed within a critical-wedge framework wherein thrust behavior is 40 

dominantly brittle and occurs along discrete planes (e.g., Elliott, 1976; Dahlen et al., 1984). Recent, it is well-41 

noted that during orogenic belt formation, large sectors of crustal rocks exhibit ductile and brittle-ductile 42 

deformation (e.g., Platt, 1986; Grasemann et al., 1999; Steck, 2008; Steck et al., 2013; Jaquet et al., 2018).  43 

Hinterland-foreland transition zones are characterized by the presence of mylonitic rocks along km-scale ductile 44 

shear zones linked to thrust-sense shear zones, which lead to the formation of thrust sheets or tectonic nappes. 45 

Classically, these zones have been associated with a simple shear-dominated deformation (e.g., Coward and Kim, 46 

1981; Mitra, 1994; Seno et al., 1998; Yonkee, 2005). However, quantitative studies have shown that the ductile 47 

deformation in the thrust-sense shear zone involves a significant component of pure shear deformation (e.g., 48 

Simpson and De Paor, 1993; Grasemann et al., 1999; Ring and Brandon, 1999; Bailey et al., 2007; Ring and 49 

Kumerics, 2008; Law et al., 2021). Therefore, shear zones in dynamics orogenic wedge settings require a 50 

quantitative assessment of the kinematic vorticity (Xypolias, 2010; Thigpen et al., 2010, 2013; Fossen and 51 

Cavalcante, 2017; Ghosh et al., 2020, Simonetti et al., 2020a, b).  52 

Several processes can potentially be responsible for the dynamic weakening and strain localization in the crust, 53 

including (i) shear heating (e.g., Brun and Cobbold, 1980; Molnar and England, 1990; Camacho et al., 2001; Burg 54 

and Schmalholz, 2008; Thielmann and Kaus, 2012; Platt, 2015, 2018; Regenauer-Lieb et al., 2015), (ii) fabric 55 

development (e.g., Montési, 2013), and (iii) grain-size reduction by cataclasis or dynamic recrystallization (e.g., 56 

Montési and Zuber, 2002; Handy et al., 2007; Platt and Behr, 2011). Among them, thermal weakening (Takeuchi 57 

and Fialko, 2012; Willis et al., 2019), linked to shear heating, has been regarded as one of the main mechanisms 58 

in localizing deformation and for the development of shear zones (e.g., Schott et al., 2000; Thielmann and Kaus, 59 

2012; Duretz et al., 2014). This mechanism is particularly applicable to the middle crust close to the brittle/ductile 60 

transition (e.g., Hirth et al., 2001; Behr and Platt, 2014; Platt, 2015). Thus, establishing the thermo-kinematic 61 

setting of shear zones is crucial because it is one of the most effective ways to test theoretical models of orogen-62 
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tectonometamorphic evolution against field observations (e.g., Sanderson, 1982; Ring et al., 2001; Law et al., 63 

2004; Thigpen et al., 2021; Iaccarino et al., 2020; Waters et al., 2018).  64 

Several works have used a multidisciplinary approach to unravel the deformational, structural, and thermal 65 

gradients of a region and, in turn, discriminate marginal and central areas within high strain shear zones (Xypolias, 66 

2010; Ring et al., 2015; Carosi et al., 2020; Grujic et al., 2020; Simonetti et al., 2020a, b, 2021). Field-based 67 

studies, combined with vorticity and kinematic analysis, are key for exploring shear zone evolution. There are 68 

several analytical techniques to determine both the kinematic vorticity and the deformation temperature in 69 

mylonitic rocks. Whereas kinematic vorticity estimation can be generally obtained from all kinds of deformed 70 

rocks, low-grade metasedimentary sequences in the hinterland-foreland transition zone contain mineralogical 71 

assemblages that are not always suitable for conventional thermometric techniques.  72 

The Raman spectroscopy on carbonaceous material (RSCM; Beyssac et al., 2002, 2003, 2004) is based on the 73 

progressive transformation of carbonaceous material (CM) to graphite with increasing temperature. RSCM has 74 

generally been used as a geothermometer to determine the peak temperature reached during burial or tectonic 75 

thrust stacking (Chen et al., 2011; Scharf et al., 2013; Vitale Brovarone et al., 2013; Bellanger et al., 2015; Molli 76 

et al., 2018; Berger et al., 2020; Pérez-Cáceres et al., 2020; Montmartin et al., 2021; Nibourel et al., 2021), during 77 

contact metamorphism (Aoya et al., 2010; Mori et al., 2017; Beyssac et al., 2019; Skrzypek, 2021) or during 78 

frictional heating along fault planes after an earthquake (Fauconnier et al., 2014; Kaneki et al., 2016; Kuo et al., 79 

2017, 2018; Nakamura et al., 2020; Muirhead et al., 2021). It is non-destructive and sensitive to thermal changes, 80 

enabling to constrain peak temperature in rocks from different geological contexts and metamorphic conditions 81 

(see Henry et al., 2019 for a complete review).  82 

The hinterland-foreland transition zone of the Sardinian Variscan belt in Italy is a well-preserved low- to medium-83 

grade Variscan basement that was not overprinted by subsequent Alpine orogenesis. It represents an excellent site 84 

to investigate a regional thrust-sense movement shear zone related to the nappe emplacement during the 85 

continental collision in the Early Carboniferous, i.e., the Barbagia Thrust (BT; Carosi and Pertusati, 1990; Carosi 86 

and Malfatti, 1995; Montomoli et al., 2018). The BT marks the boundary between the Internal and the External 87 
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Nappe Zone of the Variscan belt, separating tectonic units with a complex pressure-temperature-time (P-T-t) 88 

history from tectonic units deformed at a higher structural level during the progressive propagation of deformation 89 

from the hinterland to the foreland (Montomoli et al., 2018). It played a critical role during nappe stacking and the 90 

exhumation of the crustal units. Few studies have addressed the structure, kinematics, and flow regime of the BT 91 

(e.g., Montomoli et al., 2018), and its thermal architecture is poorly understood.  92 

To better constrain the structural architecture and the thermal evolution of the BT, we collected data in two 93 

thermally- and potentially kinematically-distinct sectors of the shear zone. In this study, we defined the thermo-94 

structural evolution of the BT within the Nappe Zone by combining detailed field observations, meso- and 95 

microstructural analysis, vorticity analysis, and finite strain estimations with a quantitative thermometric analysis 96 

by RSCM. Variations in both temperature conditions of shearing and magnitude of simple shear between these 97 

two domains allow us to examine any linkages and feedbacks between shear heating and thrust kinematics. 98 

2. Overview of the Sardinian Variscan belt 99 

The continent-continent collision between Laurentia–Baltica and Gondwana is responsible for the deformation of 100 

the Sardinian Paleozoic basement (Carmignani et al., 1994) during the Variscan orogeny (Matte, 2001). The 101 

Sardinian metamorphic belt (Carmignani et al., 2001, 2015; see Cruciani et al., 2015 for a review) is made up of: 102 

(i) the External Zone, (ii) the Axial Zone or the hinterland of the belt and (iii) the Nappe Zone or hinterland-103 

foreland transition zone (Fig. 1a).  104 

(insert Figure 1 here) 105 

The Nappe Zone of central and southern Sardinia has received considerable attention over the last 40 years 106 

(Carmignani and Pertusati, 1977; Carmignani et al., 1982, 1994, 2015; Carosi et al., 1991; Conti et al., 1998, 1999, 107 

2001; Franceschelli et al., 2005; Casini et al., 2010; Cocco and Funedda, 2011, 2017; Cocco et al., 2018). It has 108 

been subdivided into External (central to southern Sardinia) and Internal (northern to central Sardinia) Nappe Zone 109 

(Fig. 1a). The lithostratigraphic succession is similar in both nappes. The main difference is the relative paucity of 110 
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Ordovician metavolcanic rocks in the Internal Nappe Zone sequence (Carmignani et al., 1994) compared to the 111 

External Nappe Zone.  112 

The Internal Nappe Zone (Fig. 1a) comprises: (i) the Low-Grade Metamorphic Complex (LGMC; Barbagia, 113 

Goceano, and southern Nurra units; Vai and Cocozza, 1974; Carmignani et al., 1994; Pertusati et al., 2002; 114 

Montomoli, 2003) which reached greenschist-facies metamorphic conditions, and (ii) the Medium-Grade 115 

Metamorphic Complex (MGMC; Baronie, Anglona, and northern Nurra units; Carmignani et al., 1994, 2001) 116 

which reached amphibolite-facies conditions (Cruciani et al., 2015; Carosi et al., 2020). The boundary zone 117 

between the Internal Nappe Zone and the High-Grade Metamorphic Complex is marked by the Posada-Asinara 118 

shear zone (PASZ; Carosi et al., 2020 and references therein; Fig. 1a), a dextral transpressive Late-Variscan shear 119 

zone (Carosi et al., 2002), active from ~325 up to ~300 Ma (Di Vincenzo et al., 2004; Carosi et al., 2012; 2020).  120 

In the External Nappe Zone, five main tectonic units have been identified, which include according to the lowest 121 

to the hishest unit in the pile (Fig. 1b): (1) Monte Grighini Unit, (2) Riu Gruppa/Castello Medusa Unit, (3) Gerrei 122 

Unit, (4) Meana Sardo Unit and, finally, (5) Sarrabus Unit (Calvino, 1959; Carosi et al., 1991; Musumeci, 1992; 123 

Carmignani et al., 1994; Conti et al., 2001; Barca et al., 2003; Funedda et al., 2011, 2015; Pavanetto et al., 2012; 124 

Cocco et al., 2018). All these units are characterized by syn-tectonic regional greenschist-facies metamorphism 125 

(Carmignani et al., 1994; Carosi et al., 1991, 2010; Franceschelli et al., 1992), except for the Monte Grighini Unit. 126 

Illite and chlorite crystallinity values report anchizonal-epizonal metamorphic conditions for the External Nappe 127 

Zone (Franceschelli et al., 1992; Carosi et al., 2010; Montomoli et al., 2018). The boundary between the Internal 128 

and the External nappes is defined by a regional-scale thrust-sense shear zone that developed a pervasive high-129 

strain mylonitic zone, i.e., the BT (Carosi and Malfatti, 1995; Montomoli et al., 2018).  130 

Several authors have documented a complex structural evolution of both Internal and External Nappe Zone 131 

(Carmignani and Pertusati, 1977; Carmignani et al., 1982, 1994; Dessau et al., 1982; Carosi and Pertusati, 1990; 132 

Carosi et al., 1991, 2002, 2004; Conti and Patta, 1998; Conti et al., 1998; Funedda, 2009; Montomoli et al., 2018). 133 

D1 and D2 deformation phases are related to continental collision and thrust related shortening, responsible for 134 

nappe emplacement. These are followed by later D3 and D4 tectonic phases (Conti et al., 1998, 2001; Carosi et al., 135 
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2002, 2004) that represent the end of the collisional shortening (D3 phase)and the collapse of the belt (D4 phase). 136 

The latter is regarded as nearly contemporaneous with the emplacement of the Sardo-Corso batholith at 320-280 137 

Ma (Del Moro et al., 1975; Casini et al., 2012).  138 

We focused on two key sectors, Area I and II, for the northern and the southern investigated selected areas, 139 

respectively (Fig. 1b), of the hinterland-foreland transition zone (Fig. 1b). Here, the contact between the Internal 140 

and External Nappe Zone (i.e., the Barbagia Thrust) is marked by a well-exposed mylonitic zone. Both areas are 141 

located in the Barbagia region (Central Sardinia), along with the northern and the southern limb of the Barbagia 142 

Synform (Fig. 1b, c). Area I and II are 20 km apart. The Internal Nappe Zone is represented by the structurally 143 

upper Barbagia Unit (BU), in the hangingwall (HW), overthrust on the Meana Sardo Unit (MSU), in the footwall 144 

(FW), belonging to the External Nappe Zone (Fig. 1b, c). The structural maps, the cross-sections, the projection 145 

of structural data, and the position of the analyzed samples are reported in Figure 2a,b and in Figure 3a,b.  146 

(insert Figure 2 here) 147 

3. Meso- and microstructural analysis results 148 

In both Area I and II, four main phases of ductile deformation were observed based on overprinting criteria and 149 

structural observations from the meso- to microscale. Microstructural analyses were performed on field-oriented 150 

samples, cut perpendicular to the main foliation and parallel to the object lineation (approximating the XZ section 151 

of the finite strain ellipsoid). Folds have been described following Ramsay (1967). Dynamic deformation 152 

mechanisms for both quartz and feldspar have been described according to Pryor (1993), Piazolo and Passchier 153 

(2002), Stipp et al. (2002) and Law (2014). Foliations, kinematic indicators, and mylonites have been classified 154 

according to Passchier and Trouw (2005). Mylonite has been classified considering the percentage of the matrix 155 

as compared to porphyroclasts, varying from 50-90% for mylonitic rocks to more than 90% for ultramylonite. 156 

Mineral abbreviations are after Whitney and Evans (2010) except for white mica (Wm).  157 

(insert Figure 3 here) 158 

3.1. D1 and D2 deformation phases 159 
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Relicts of the original bedding (S0) can be recognized as a compositional alternation (Fig. 4a) or dismembered 160 

lentoid fragments only far from the BT. D1 phase is well-expressed far from the BT and mainly in FW. Fold 161 

systems related to the D1 phase are only observed in Area II within the External Nappe Zone, far from the BT. 162 

They show a S-SW vergence (Fig. 4b) and are moderately to strongly asymmetric. In most cases, the D1 signature 163 

is represented by the S1 foliation, parallel or at a moderate angle to the bedding (S0; Fig. 4b). Often, due to complete 164 

transposition, it is nearly impossible to distinguish S1 from S0 (S1//S0). The S1 can be recognized within the 165 

thickened hinges of F2 folds and in microlithons (Fig. 4c). At the microscale, S1 is a continuous foliation defined 166 

by syn-kinematic recrystallization of white mica (Fig. 4c), chlorite, quartz, calcite, opaque minerals, and rare albite. 167 

Moving toward the BT high-strain zone, a well-developed transposition of S1 and rootless folds (Fig. 4d) has been 168 

recognized.  169 

Structures related to the D2 phase are characterized by tight to isoclinal, overturned to recumbent folds, with a S-170 

SW vergence, developed from micro- to map-scale. The interlimb angles of F2 folds range from 60-2° (close to 171 

sub-isoclinal; Fig. 4d), and they generally show rounded and thickened hinges with stretched limbs (class 2 of 172 

Ramsay, 1967; Fig. 4d). The F2 folds show an S2 foliation parallel or sub-parallel to the relative fold axial planes, 173 

and it generally represents the main foliation at the outcrop-scale. S2 mainly strikes E-W with both local NNW-174 

SSE and NNE-SSW. In Area I, S2 dips to the S with local variations toward the N (Fig. 2a) due to late deformation, 175 

while in Area II (Fig. 3a), S2 dips toward the N. F2 fold axes show the main E–W trend gently plunging with quite 176 

scattered values in both Area I and II (Fig. 2b, 3b). A well-visible N-S or NE-SW trend (Fig. 2b, 3b) of the object 177 

lineation L2 on the S2 foliation is recognizable (Fig. 4e). The F2 fold axes are nearly perpendicular to the L2. 178 

Moving toward the BT, the main anisotropy gradually changes from a gradational to discretely spaced crenulation 179 

cleavage to a continuous S2 foliation defined mainly by chlorite + white mica (Fig. 4f). The intensity of strain 180 

increases toward the tectonic contact, as does the mylonitic foliation. It is worth noting that the frequency of the 181 

occurrence of the D1 structures decreases approaching the BT.  182 

(insert Figure 4 here) 183 

3.2. The Barbagia Thrust 184 
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In both Area I and II, located along the northern and southern limb of the Barbagia Synform, the BT is 185 

characterized by a hm-thick mylonitic zone that shows a similar deformation pattern. The BT-related structures 186 

(D2) overprint both metasedimentary and metavolcanic or metavolcanoclastic rocks of the FW and metasandstone, 187 

metasiltstone, and metapsammite of the HW (see the geological maps in Figs. 2a and 3a), transposing all previous 188 

structures. In the FW and HW of the BT, a variation in structural style moving toward the BT across the 189 

deformation gradient is present. The intensity of deformation increases toward the BT, where folds become tighter 190 

and lineation more pervasive; contemporaneously, the spacing between foliation domains decreases. Approaching 191 

the high strain zone, the mylonitic foliation obliterates the previous S1 foliation and microlithons. Although Area 192 

I and II are located in different sectors of the F3 Barbagia Synform, they are characterized by the same shear sense. 193 

Sheared metasedimentary rocks belonging to the FW (San Vito Fm.) and the HW (Filladi del Gennargentu Fm.) 194 

are characterized by a transition from a well-developed discrete smooth spaced foliation with zonal cleavage 195 

domains (Fig. 5a) up to a continuous cleavage (Fig. 5b) approaching the BT. In samples from the high-strain zone, 196 

a penetrative continuous mylonitic foliation is found. The mylonitic S2 foliation is defined by elongated quartz 197 

grains and phyllosilicate-rich levels, dominated by chlorite + white mica (Fig. 5b). Patchy undulose extinction 198 

(Fig. 5c) and small new grains are recognizable in quartz. These structures suggest that bulging mechanisms (BLG 199 

II) with minor and local subgrain rotation recrystallization (SGR; Fig. 5d) are the main deformation mechanisms 200 

in quartz (Stipp et al., 2002; Law, 2014). Kinematic indicators with a top-to-the S/SW sense are represented by a 201 

meso- (Fig. 5e) and microscale (Fig. 5f) C’-S fabric, asymmetric porphyroclasts and rare asymmetric 202 

displacement-controlled strain fringes around rigid objects, mainly constituted by pyrite.  203 

In the FW, metavolcanic and metavolcanoclastic rocks belonging to the Santa Vittoria Fm., a progressive transition 204 

from non-sheared rocks to mylonites (Fig. 5g) to ultramylonites (Fig. 5h) can be observed along the deformation 205 

gradient approaching the BT. This is coupled with a gradual variation from a disjunctive cleavage with sub-parallel 206 

cleavage domains to a continuous cleavage in the most intensely deformed ultramylonitic rocks. In mylonites, the 207 

main foliation is defined by grain shape preferred orientation of feldspar, quartz, white mica, and chlorite (Fig. 208 

5g). Feldspars show undulose extinction, evidence of brittle deformation, and locally flame perthite. In 209 
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ultramylonite, the matrix is composed of ultra-fine-grained black bands made by phase-mixing of white mica 210 

surrounding rounded K-feldspar (Fig. 5h) and plagioclase porphyroclasts. The fine grain size (< 25 µm) of quartz 211 

in these rocks prohibits the identification of their recrystallization mechanisms. Kinematic indicators include C’-212 

S fabrics, mica fish, and the asymmetry of porphyroclasts (Fig. 5h) of quartz or feldspar crystals which indicate a 213 

top-to-the S-SW sense of shear. 214 

(insert Figure 5 here) 215 

3.3. D3 and D4 deformation phases 216 

The D3 phase is composed of m- to km-scale folds (i.e., Gennargentu Antiform and Barbagia Synform) that 217 

overprint and refold all previous structural elements, including the BT (Fig. 6a). They are commonly gentle, 218 

slightly asymmetric, and open, ranging from upright to steeply inclined and from metric to pluri-m long 219 

wavelengths (Fig. 6a, b). Locally kink type folds occur (Fig. 6c). These folds display a S-SE vergence (Fig. 6a, b, 220 

c) with local variation to N. A3 axes generally are coaxial to the A2 axes and perpendicular to the L2 object lineation 221 

in both investigated areas (Figs. 2b and 3b). In the F3 hinge zones of less competent units, the S3 axial-plane 222 

foliation is represented by a gradational crenulation cleavage (Fig. 6d). The main deformation mechanisms, as 223 

seen at the microscale, are pressure solution and kinking in phyllosilicate- rich domains (Fig. 6e). No metamorphic 224 

mineral assemblage related to these folds has been observed (Fig. 6e). D4 produced gentle to open F4 folds with 225 

sub-horizontal axes and axial planes (Fig. 6f). Locally, some minor-scale kink-folds occur. No metamorphic 226 

mineral assemblages related to the D4 phase have been observed. 227 

(insert Figure 6 here) 228 

4. Kinematic vorticity and finite strain results 229 

In order to characterize the type of flow within the BT, kinematic vorticity analyses were performed on mylonitic 230 

samples in both Area I and II (Figs. 2a and 3a). In the present study, the C’ shear band method (Kurz and Northrup, 231 

2008; Gillam et al., 2013) and two different porphyroclast-based methods, the porphyroclast aspect ratio method 232 

(PAR; Passchier, 1987; Wallis et al., 1993) and the rigid grain net method (RGN; Jessup et al., 2007), have been 233 
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applied. See Appendix 1 for a detailed description of the different methods. A total of 19 samples (8 for HW and 234 

11 for FW) were selected (Table 1). Examples of polar histograms related to C’ shear band method (sample AP19-235 

37), used to derive the angle ν, are provided in Figure 7a. For the RGN and PAR methods, an example of the same 236 

sample (sample AP19-37) is shown in Figure 7b, c, respectively. An example (sample AP19-39B) of the Fry 237 

diagram for both the XZ and YZ sections of the finite strain ellipsoid is presented in Figure 7d. Full results are 238 

provided in Appendix 2, 3, and 4. The complete finite strain dataset (samples locations in Figs. 2a and 3a), obtained 239 

by the centre-to-centre method, is reported in Table 1. 240 

(insert Figure 7 and Table 1 here) 241 

4.1. Area I 242 

In Area I, a total of 9 samples (3 for HW and 6 for FW, respectively; Fig. 2a) analyzed with the C’ shear band 243 

method gives (Table 1) a vorticity number ranging from 0.50 to 0.93, with a mean of 0.71. In sample AP19-37, 244 

from the FW, we found, applying the stable porphyroclasts method, a minimum Rc of 1.98 and a maximum Rc of 245 

2.20 corresponding to Wk values of 0.59 and 0.66 (Table 1), respectively. In sample LA-14, from the FW, 246 

minimum and maximum Rc values are 2.11 and 2.33, corresponding to Wk between 0.63 and 0.69 (Table 1). The 247 

overlapping but different range of vorticity (Fig. 8a) in these samples may be due to (i) different analytical 248 

uncertainties associated with input data and/or (ii) the different strain memory. Finite strain results in Area I 249 

indicate an axial ratio of 2.18, 2.65, and 3.30 on the XZ sections, 1.42, 1.62, and 1.26 on YZ sections of the finite 250 

strain ellipsoid and the shape parameter of the strain ellipsoid (K) is 1.27, 1.03 and 6.23 for samples AP19-125, 251 

AP19-39B, and 2021_81A, respectively (Fig. 7b). Mylonite in the middle part of the shear zone (samples AP19-252 

39B) is close to plane strain conditions, whereas mylonite closest to the core of the BT (sample 2021_81A) is in 253 

the prolate field (Fig. 7c).  254 

4.2. Area II 255 

Data from Area II, obtained from 9 samples analyzed by the C’ shear band method (5 for HW and 4 for FW, 256 

respectively; see Fig. 3a for sample location and Table 1 for results), give a vorticity number ranging from 0.50 to 257 
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0.90, with a mean of 0.67. In Area II, finite strain results indicate an axial ratio of 1.96, 2.25, and 2.42 on the XZ 258 

sections and 1.49, 1.63, 1.36 on YZ sections of the finite strain ellipsoid and the shape parameter of the strain 259 

ellipsoid (K) is 0.39, 0.61 and 2.17 for samples 2021_56B, 2021_56A, and 2021_40B, respectively. In the Flinn 260 

diagram (Fig. 8b), the two farthest samples with respect to the core of the BT (samples 2021_56A and 2021_56B) 261 

fall in the oblate field near the plane strain conditions. Finite strain in mylonite in the external part of the shear 262 

zone (AP19-125) plots close to plane strain conditions, whereas in samples closest to the core of the BT (sample 263 

2021_40B) is in the prolate field (Fig. 7c). 264 

Estimated values in both Area I and II reveal an important contribution of pure shear during thrust-sense ductile 265 

deformation (Fig. 8a). Moreover, the results highlight in both areas, a strong increase of the component of simple 266 

shear along the deformation gradient in both units, approaching the BT high-strain zone (Fig. 8a, Table 1). 267 

(insert Figure 8 here) 268 

5. RSCM estimates 269 

The peak temperature was obtained using RSCM. This method is based on the progressive transformation of CM 270 

during the increase of temperature, and it is not affected by the retrograde history (Beyssac et al., 2002; Beyssac 271 

and Lazzeri, 2012). The RSCM temperature estimates, discussed in the following sections, were derived from the 272 

Aoya et al. (2010) calibration (see Appendix 1 for a detailed description of the RSCM procedure). The temperature 273 

results, calculated with both Beyssac et al. (2002) and Aoya et al. (2010) calibrations, are given in Table 1. A total 274 

of 18 samples, from both Area I and Area II (Figs. 2a and 3a for sample location) collected at different structural 275 

positions, were selected for RSCM analysis. Representative spectra and corresponding RSCM temperatures are 276 

reported in Fig. 9a, b, respectively.  277 

(insert Figure 9 here) 278 

5.1. Area I 279 
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In Area I, the R2 parameter ranges from 0.30 to 0.41 with an average of 0.35. The R2 parameter varies from 0.30 280 

to 0.40 and from 0.31 to 0.41 for the HW and FW, respectively (Table 1). We detected a systematic increase in 281 

temperature moving from the structurally higher parts of the HW, or from the structurally lower parts of the FW, 282 

moving into the BT core, from 455 up to 508 °C (Fig. 9a). In particular, within the HW, temperature increases 283 

along the deformation gradient from a minimum of 454 up to 502 °C close to the BT. The Raman spectra of the 284 

FW follow the same pattern and temperature increases from 444 °C up to 496 °C for the sample nearest to the 285 

BT. The lowest temperatures in Area I have been found in non-mylonitic samples, where relict S1 foliation is 286 

observable in microlithons (Fig. 10a). No systematic differences in the obtained RSCM T results have been 287 

detected from graphite lying on S1 or S2. Samples with the highest temperature have been found in mylonitic rocks 288 

within the core of the BT (Fig. 10b).  289 

5.2. Area II 290 

In Area II, the R2 parameter ranges from 0.29 to 0.48, with an average of 0.36. The R2 parameter varies from 0.42 291 

to 0.29 and from 0.48 to 0.31 for the HW and FW, respectively (Table 1). Moving from the structurally higher 292 

sectors of the HW, or from the structurally lower one of the FW, toward the BT, we highlighted a general increase 293 

in temperature, from 420 up to 505 °C (Fig. 9b). Along the deformation gradient, temperature increases from 294 

420 up to 497 °C and 443 up to 505 °C for FW and HW, respectively. As for Area I, the lowest temperatures in 295 

Area II have been detected in non-mylonitic samples (Fig. 10a) and no differences have been detected from 296 

graphite lying on S1 or S2. Samples with the highest temperature have been found in mylonites from both HW and 297 

FW (Fig. 10b).  298 

(insert Figure 10 here) 299 

6. Discussion  300 

6.1. Geometry and deformation regime of the BT 301 

Detailed meso- and microstructural analyses have unravelled the tectonic history of two different sectors (Area I 302 

and Area II) of the BT in the Sardinian Variscan belt (Fig. 1b). This region has undergone a polyphase evolution 303 
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consisting of four ductile deformation phases. Sedimentary bedding S0 is only observed in a few areas where a 304 

strong lithological contrast is present. The D1 structures are detectable far from the BT and mainly in the FW. The 305 

S1 foliation is defined by quartz + white mica + chlorite, indicating a greenschists-facies condition. The main 306 

structures of the study area are controlled by the D2 deformation phase. This phase is linked to the syn-nappe 307 

stacking and exhumation of the HW (Carosi et al., 2004; Montomoli et al., 2018). We highlight an increase in 308 

shear deformation along with the progressive transposition of previous D1 structures approaching the BT. The 309 

observed deformation gradient in Area I appears strikingly similar to that reported along the BT in the Area II 310 

(Carosi et al., 2004; Montomoli et al., 2018). The S2 foliation, parallel to the boundaries of the shear zone, and the 311 

F2 fold axes, perpendicular to the L2 object lineation, are coeval with the overthrust of the Internal Nappe Zone 312 

onto the External Nappe Zone (Carosi et al., 2004). The syn-kinematic mineral assemblage (chlorite + white mica) 313 

along the S2 mylonitic foliation is indicative of greenschist-facies metamorphic conditions. This is in agreement 314 

with the main dynamic recrystallization mechanism of quartz, indicative of temperature ranges 400-450 °C (BLG 315 

II and local SGR; Piazolo and Passchier 2002; Stipp et al., 2002). These data are corroborated by the presence of 316 

undulose extinction, local flame perthite, and brittle deformation in feldspar, indicating 400-500 °C (Pryer, 1993). 317 

The observed relationships between mineral assemblage growth and deformation and dynamic recrystallization 318 

mechanisms are broadly consistent with those reported by Montomoli et al. (2018), but with some differences. 319 

Whilst, the syn-kinematic minerals observed during the D2 phase are the same as previous authors, the observed 320 

quartz recrystallization mechanism indicates slightly higher temperatures of deformation. However, the lack of 321 

Grain Boundary Migration (GBM) in quartz, as highlighted by Conti et al. (1998), Montomoli et al. (2018), and 322 

this work, indicates that deformation probably did not exceed 500 °C. Kinematic indicators, both at the meso- 323 

and microscale, in Area I and II, reveal a top-to-the S-SW sense of shear. This also agrees with the S-SW F2 fold 324 

vergence detailed by previous authors (Carosi, 2004; Carosi et al., 2004; Montomoli et al., 2018). The whole 325 

architecture of the Nappe Zone is affected by regional-scale F3 folds (D3). The D3 phase is characterized by 326 

pressure solution, indicating an upper structural level deformation. Also, the presence of the BT mylonitic zone in 327 

the different sectors of the Barbagia Synform, with the same structural and kinematic features, indicates that F3 328 

folding deformed this tectonic contact. Similar structural results and the same shear sense were obtained from both 329 
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zones, confirming the post-nappe stacking folded structure (i.e., Barbagia Synform). Subsequent post-collision 330 

extensional tectonics was characterized by the development of open folds (F4). 331 

6.2. RSCM temperature variation along the BT 332 

Orogenic systems are partially characterized by successive and moderate overprinting thermal events (e.g., Brown, 333 

1993; Delchini et al., 2016; Beyssac et al., 2019). One of them is the progressive increase of temperature along 334 

shear zones (Thigpen et al., 2010). There are several methods for investigating the thermal architecture of a low-335 

temperature portion of orogenic belt, including vitrinite reflectance (Ferreiro Mählmann et al., 2012), illite and 336 

chlorite crystallinity (Merriman et al., 1995; Jaboyedoff et al., 2001; Maino et al., 2015; Vidal et al., 2016), and 337 

RSCM thermometry (Beyssac et al., 2002; Rahl et al., 2005; Aoya et al., 2010; Lahfid et al., 2010; Kouketsu et 338 

al., 2014). Montomoli et al. (2018) performed both illite and chlorite crystallinity measurements on samples 339 

transecting the BT, but found no systematic changes in those parameters across the structural profile. Compared 340 

to the illite and chlorite crystallinity measurements, RSCM thermometer, in the absence of extreme fluid-rock 341 

interaction or deformation (Moris-Muttoni et al., 2022 and references therein), may be more sensitive to the 342 

temperature variation recording peak temperature (e.g., Beyssac et al., 2002; Lahfid et al., 2010; Aoya et al., 2010). 343 

We document RSCM temperatures across the BT on both strongly deformed and weakly deformed samples taken 344 

from two different structural sectors of the same shear zone. We highlight an increase in temperature moving from 345 

the structurally higher parts of the HW, or from the structurally lower parts of the FW, toward the BT core. The 346 

lowest RSCM temperature from non-mylonitic samples of both FW and HW (Fig. 11a, b) is slightly different in 347 

Area I and II. Based on the geological framework, this T is linked to the maximum temperature reached during 348 

collisional shortening and regional metamorphism in the HW and FW. RSCM temperatures range from 420 to 349 

450 °C, in agreement with the documented metamorphic mineral assemblage and recrystallization mechanism of 350 

quartz and feldspar. In comparison, mylonites return higher RSCM temperatures ranging from 470 to 500 °C 351 

(Fig. 10a). The detected RSCM T shift between non-mylonitic to mylonitic rocks is in the range of 50-70 °C. 352 

Several factors could cause this rise in temperature towards the core of shear zones: (i) graphite precipitation from 353 

a hydrothermal fluid; (ii) detrital graphite; (iii) strain reorganization of graphite; and (iv) shear heating.   Fluids 354 
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have previously been invoked to explain the presence of CM with unusual crystallinity (Skrzypek, 2021; Vitale 355 

Brovarone et al., 2020). CM grains found in low-grade metamorphic rocks but indicating higher temperatures have 356 

been explained by the precipitation of higher-crystallinity (lower R2) CM from hydrothermal fluids (Kříbek et al., 357 

2008) or detrital origin (Galy et al., 2008). Whilst we cannot completely exclude fluid-rock interaction during 358 

shear deformation or detrital origin of graphite, the presence of a systematic increase in the CM crystallinity from 359 

the boundary to the core of the shear zone, in both areas, and the paucity of meso- and/or microscale evidence for 360 

fluids (e.g., veins stockwork) make it to appear unlikely. 361 

The RSCM data reported here show a persistent and systematic increase in T with increasing strain intensity 362 

moving into the BT high strain shear zone. Several contributions have demonstrated that strain could reorganize 363 

the structure of graphite (Kitamura et al., 2012; Furuichi et al., 2015; Kouketsu et al., 2019; Kedar et al., 2020; 364 

Lyu et al., 2020; Nakamura et al., 2015, 2020). This strain-induced mechanism is similar to lattice modification 365 

and recrystallization in the ductile deformation of minerals (Wang et al., 2019). If strain could reorganize the 366 

structure of the CM, the obtained RSCM T may be not systematic in the temperature increase. However, the strain-367 

driven crystallization of CM is most effective in low-grade metamorphic rocks (200-350 °C), where the 368 

deformation could strongly modify the internal structure of CM (Wang et al., 2019). Our lowest temperatures have 369 

been obtained from non-mylonitic samples and are associated with T of 420-450 °C (Fig. 11a), linked to 370 

collisional shortening and regional metamorphism. Thus, these samples are characterized by medium crystalline 371 

and organized graphite that could be difficult to deform and give us an increase in temperature of 50-70 °C due 372 

to strain-induced mechanism. Despite this, we cannot completely exclude this factor.  373 

Shear heating has been shown to produce temperature increases in shear zones (Molnar and England, 1990; 374 

Camacho et al., 2001; Burg and Gerya, 2005; Mako and Caddick, 2018; Waters et al., 2018; Thigpen et al., 2021). 375 

The amount of heat generated during shear heating varies as a result of several factors: (i) convergence rate, (ii) 376 

strain rate, and (iii) width. Mako and Caddick (2018) used numerical models to calculate shear heating magnitudes 377 

as high as ~200 °C, but they suggest that natural shear zones would probably produce much lower values. Thus, 378 

several authors (Jamieson and Beaumont, 2013; Mako and Caddick, 2018; Waters et al., 2018; Iaccarino et al., 379 
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2020) highlight that shear heating, in most common natural shear zones, produces relatively little heat compared 380 

to the surrounding rocks, probably on the order of 10–60 °C. In particular, shear heating for low initial 381 

temperature (300–400 °C) is strongly dependent on convergence velocity (Waters et al., 2018). Shear heating 382 

>100 °C is only achievable with high convergence velocities (3–5 cm/year), whereas lower convergence 383 

velocities (1 cm/year) can only produce heating >50 °C, according to the calculations of Mako and Caddick 384 

(2018). The strain rate and the width of the shear zone can also play an important role in the potential magnitudes 385 

of shear heating (Mako and Caddick, 2018). Integrating the strain rate values obtained by Montomoli et al. (2018) 386 

along the BT (10-12-10-14 s-1) with the measured width of the shear zone in both transects (600 m) in the Mako 387 

and Caddick (2018, their figure 9) graphs, it is possible to predict the potential temperature increase due to shear 388 

heating across the BT shear zone. Considering a shear activity ranging between 5-10 Ma and known strain rate 389 

values of Montomoli et al. (2018), for non-mylonitic rocks of initial temperature of 400-450 °C, these integrated 390 

models of shear heating predict a T increase of ~50 °C. Moreover, the calculations of Mako and Caddick (2018) 391 

also imply that the observed maximum-T conditions are only possible for lower convergence velocities (≤3 392 

cm/year). In summary, our RSCM T estimates derived both in Area I and II indicate that the temperature shift 393 

between the mylonitic and non-mylonitic rocks is approximately 50-70 °C (Fig. 11a), in agreement with the 394 

numerical simulations. The displacement of the ductile shear zone is directly related to the strain rate, the width 395 

of the shear zone (Molnar and England, 1990; Waters et al., 2018), and the thermal architecture. The amount of 396 

erosion before the development of the BT is not known. However, temperatures of 450 °C, obtained by the RSCM 397 

method in the HW metasediments imply depths of 18 km when coupled with plausible thermal gradients of 25 398 

°C km−1 (Casini et al., 2012; Montomoli et al., 2018). In the above scenario, taking a thrust dip reference value of 399 

35°, as roughly equivalent to the syn-orogenic dip of the BT, we can calculate the minimum magnitude of 400 

displacement of the BT. We obtain 31 km of displacement (vertical depth/sin(thrust dip angle)), which may 401 

represent a first-order estimate for the minimum horizontal displacement on the BT. This result is confirmed by 402 

the distance calculated on the basis of cartographic evidence (estimated parallel to the shear plane) of about 20-403 

30 km, which is comparable to the amount reported by Carosi and Malfatti (1995). As highlighted by different 404 
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authors (Burg and Gerya, 2005; Waters et al., 2018), the fault displacement represents another important parameter 405 

to be taken into account while discussing shear heating. Along shear zones with a considerable displacement, as 406 

in this case, combined with a relatively short duration of ductile shearing, the most plausible heat source is shear 407 

heating (Mako and Caddick, 2018). It is also worth noting that, even if the RSCM absolute error is about ±50 °C 408 

(Beyssac et al., 2002, 2004), we detect a systematic thermal increase following the deformation gradient and 409 

toward the BT in both Area I and II. Nevertheless, in the southernmost area, the thermal variation from non- to 410 

strongly deformed rocks is larger than the absolute error of the method and thus increases the reliability of the 411 

obtained data. However, the meaning of the detected thermal gradient across the BT is still uncertain.  412 

Fluid circulation, strain reorganization and shear heating may be equally responsible for the increase in the 413 

obtained RSCM temperatures. It is obvious that the driving factor strongly changes the interpretation of the 414 

geological data. Nevertheless, due to the magnitude of the recorded increase in temperature that fits well with the 415 

model predictions, the obtained results appear to be consistent with a shear heating model. A number of works 416 

have documented that shear heating has strongly influenced the thermal structure of shear zones; as the Main 417 

Central Thrust in the Himalayas (Molnar and England, 1990), the South Tibetan Detachment System in the Everest 418 

region (Waters et al., 2018); for the Central and the Western Alps (Burg and Gerya, 2005; Schmalholz and Duretz, 419 

2015); in the Davenport shear zone, central Australia (Camacho et al., 2001); the Norumbega fault zone, Central 420 

Maine (Mako and Caddick, 2018); for the northern Scandian orogenic wedge (i.e., Moine, Ben Hope, Naver, and 421 

Skinsdale Thrust; Thigpen et al., 2021) or for generic subduction zones (Peacock, 1992). 422 

6.3. Kinematics of the BT 423 

We define the deformation regime and the finite strain of the BT. The kinematic vorticity data obtained by the C’ 424 

shear bands method (Kurz and Northrup, 2008), PAR, and the RGN method (Jessup et al., 2007) have allowed 425 

quantification of the flow regime as a non-coaxial flow. Concerning the uncertainties in the estimation of the 426 

vorticity parameter, all methods, based on different assumptions, return consistent results from both Area I and II. 427 

The object lineation within the BT is gently plunging and generally parallel to the dip of the main foliation, and 428 

thus is compatible with a thrust-sense movement. Our data highlight that the component of the simple shear 429 
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increases progressively towards the centre of the BT, from both HW and FW rocks and in both Area I and II (Fig. 430 

11b). We observe a general variation of simple shear from ~33% up to ~77%. Mylonites and less deformed rocks 431 

record a flow regime dominated by pure shear, whereas ultramylonites in the center of the shear zone record an 432 

increasing amount of simple shear. This is associated with a change of the finite strain ellipsoid, from close to the 433 

plane strain up to prolate conditions. 434 

Our results are in good agreement with the previous work on the BT. In fact, asymmetric F2 folds observed in both 435 

nappes with the axial plane parallel to the mylonitic foliation are linked to the BT non-coaxial deformation (Carosi 436 

et al., 2004). According to the description by Fossen (2016), it is possible to suggest that the presence of this kind 437 

of fold accommodates the component of shortening perpendicular to the BT. Contemporaneous pure and simple 438 

shearing, due to the overthrust of the Internal Nappe Zone onto the External Nappe Zone, may explain the F2 folds. 439 

Finite strain data suggest a variation from general flattening to prolate ellipsoid, in agreement with an increase of 440 

simple shear in thrust-sense shear zones (Vitale and Mazzoli, 2008; Fossen, 2016). A higher Rxz value is inferred 441 

from ultramylonitic/within core samples compared to values from the other mylonitic samples, corroborating both 442 

field and microstructural observations. This imply that the core of the BT accommodated a higher amount of strain 443 

with respect to the shear zone peripheries (Fossen and Cavalcante, 2017). Higher Wk values, within the centre of 444 

the BT, and a prolate strain ellipsoid are associated with higher RSCM T, whereas lower Wk values, far from the 445 

BT core, and plane strain conditions are associated with samples showing lower RSCM T.  446 

(insert Figure 11 here) 447 

The progressive increase in temperature towards the BT, coupled with the increase of simple shear, could indicate 448 

a syn-shearing temperature imprint. This broad correlation between RSCM T and the deformation gradient could 449 

imply that the flow path was accompanied by a progressive localization of deformation in the core of the shear 450 

zone, due to thermal weakening, during the ductile deformation (Vitale and Mazzoli, 2008). Although we lack 451 

absolute timing constraints, these results fit well with the Type II shear zone growth model proposed by Fossen 452 

and Cavalcante (2017). In this case, following the hypothesis of the shear heating model discussed above, the 453 

deformation has been progressively localized in the central part of the shear zone due to thermal weakening. The 454 
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result, as in the here study case of the BT, is a shear zone with a deformation gradient increasing toward the centre 455 

along with, associated to systematic variations in kinematic vorticity, finite strain and T based on RSCM (Fig. 12).  456 

(insert Figure 12 here) 457 

7. Conclusions 458 

This study shows the importance of studying regional-scale shear zones with a multidisciplinary approach. We 459 

provide quantitative constraints on deformation and peak temperature in two sectors of the BT (Fig. 12). The 460 

strictly similar thermo-kinematic results and the same sense of shear obtained from two different sectors along the 461 

BT (Area I and Area II) confirm the post-nappe stacking folded structure (i.e., Barbagia Synform) of the belt (Fig. 462 

12). Valuable information can only be obtained if different and independent techniques are integrated to constrain 463 

temperature and deformation in terms of peak temperature, finite strain, and kinematics of the flow. Detecting a 464 

thermal gradient and, whenever possible, identifying the process that produces heating in a thrust-sense shear zone 465 

in collisional systems is one of the primary results of this work. A combination of structural investigations at 466 

different scales and of RSCM analyses reveals an increase in finite strain and of the simple shear component 467 

coupled with the systematic increase in RSCM T, approaching the high-strain zone from the structurally higher 468 

parts of the HW or from the structurally lower parts of the FW (Fig. 12). Regarding the nature of the heating, our 469 

thermal results document that the paleothermal architecture of the BT best fits with a tectonic scenario of shear 470 

heating. The heating quantified along the BT (50 °C) is in agreement with the shear heating magnitudes calculated 471 

by numerical and mechanical studies. By integrating different methodologies, we show that the BT represents a 472 

major tectonic boundary that drove exhumation, divides the internal sector of the Sardinian orogenic wedge from 473 

the external one, and represents a change from hinterland- to foreland-style deformation. 474 
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 930 

Fig. 1: a) Geographic position and tectonic sketch map of the Sardinia Island (modified from Carmignani et al., 1994). 931 

Location of Fig. 1b is indicated; b) Schematic geological map of the Internal and External Nappe Zone in the central Sardinia. 932 

The location of Area I and Area II has been highlighted. The trace of the geological cross-section A-A’’’ is indicated (modified 933 

from Carmignani et al., 1994, 2015); c) Geological A-A’’’ cross-section along the Internal and External Nappe Zone. The 934 

deep structure of the Barbagia Synform is uncertain. The horizontal and vertical exaggeration is for both 1.5:1. 935 
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 936 

Fig. 2: a) Geological map of Area I, derived from our original fieldwork and mapping. The trace of NW-SE oriented geological 937 

cross-section, shown below (the vertical exaggeration is 2:1), is indicated. On the cross-section the selected samples locations 938 

and the corresponding type of analysis are indicated; b) Stereoplots (equal angle, lower hemisphere projections) of the main 939 

structural elements. 940 

  941 
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 942 

Fig. 3: a) Geological map of Area II (modified and integrated from Carosi, 2004). The trace of the NW-SE oriented geological 943 

cross-section, shown below (no vertical exaggeration) is indicated. On the cross-section the selected samples locations and 944 

the corresponding type of analysis are indicated; b) Stereoplots (equal angle, lower hemisphere projections) of the main 945 

structural elements. 946 

Jo
urn

al 
Pre-

pro
of



 

40 
 

 947 

Fig. 4: a) S2 spaced foliation with S0//S1 preserved in microlithons. A relict of bedding (S0), defined by the primary 948 

compositional alternation between quartz-rich and phyllosilicate-rich levels, is recognizable (PPL: parallel-polarised light) 949 

(San Vito Fm.; FW); b) Selective S1 foliation involving the S0 compositional alternation in metasedimentary rock (Filladi 950 
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Grigie del Gennargentu Fm.; HW); c) S2 spaced foliation at the microscale. S1 preserved in microlithons is defined by 951 

Wm+Chl (XPL: crossed-polarised light) (San Vito Fm.; FW); d) Outcrop evidence of F2 rootless fold. S0//S1 foliation is 952 

preserved in the hinge of F2 folds. The S2 cleavage is parallel to the F2 axial plane (Filladi Grigie del Gennargentu Fm.; HW); 953 

e) L2 object lineation, defined by Wm crystals and the intersection lineation, parallel to the A3 fold axes, are displayed (San 954 

Vito Fm.; FW); f) S2 fine-grained continuous foliation defined by Wm+Chl alternating with quartz-rich levels in 955 

metasedimentary rocks (XPL) (San Vito Fm.; FW). 956 
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Fig. 5: Meso- and micro-scale features across the BT mylonitic zone. a) S2 spaced foliation in metasedimentary rocks (San 959 

Vito Fm.; FW). Both S1 and S2 cleavages are defined by Wm+Chl (XPL); b) Continuous cleavage in metasedimentary rocks 960 

(Filladi Grigie del Gennargentu Fm.; HW). S2 cleavage is defined by both quartz and phyllosilicate-rich horizons (XPL) 961 

(Filladi Grigie del Gennargentu Fm.; HW); c) quartz with small new-grains and undulose extinction indicative of BLG II 962 

mechanism (XPL) (Filladi Grigie del Gennargentu Fm.; HW); d) quartz with BLG II and minor local SGR mechanisms in a 963 

mylonite, subgrains, and new grains can be recognized (XPL) (Filladi Grigie del Gennargentu Fm.; HW); e) HW mylonites 964 

at the mesoscale: mylonitic fabric indicating a sense of shear top-to-the S (Filladi Grigie del Gennargentu Fm.); f) FW 965 

mylonite at the microscale: C′-S fabric is indicative of a top-to-the SW sense of shear (PPL and XPL) (San Vito Fm.; g) FW 966 

metavolcanoclastic mylonitic rocks. C’-S fabric and rotated porphyroclasts pointing to a top-to-the SW sense of shear (PPL) 967 

(Santa Vittoria Fm.); h) Fine-grained continuous cleavage and sigma-type porphyroclast in the FW ultramylonite indicating 968 

a top-to-the SW sense of shear (XPL) (Santa Vittoria Fm.).  969 
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 970 

Fig. 6: Outcrop aspect of the F3 (a) asymmetric, (b) upright and (c) kink folds, showing mainly S-SE vergence; d) S3 spaced 971 

foliation at mesoscale developed only in less competent layers in the hinge of F3 fold; e) Continuous S2 foliation, defined by 972 
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Wm+Chl, deformed by F3 micro-kink folds (XPL); f) Outcrop evidence of late open folds (F4) with sub-horizontal axes and 973 

axial planes, deforming S2 foliation. 974 

 975 

Fig. 7: Example of vorticity analysis and finite strain results. a) Polar histogram used to derive the angle ν, and the 976 

corresponding kinematic vorticity number, Wk. A1 = flow apophysis 1; A2 = flow apophysis 2; n = total number of data; b) 977 

and c) Example of the plots for the porphyroclasts-based methods (b=RGN; c= stable porphyroclasts method). Rcmin and 978 

Rcmax = minimum and maximum critical axial ratio; Wm = mean kinematic vorticity number; d) Fry diagram for the XZ and 979 

YZ sections of the finite strain ellipsoid. N = number of centers considered in the analysis. The RXZ and RYZ axial ratios are 980 

shown. 981 
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 982 

Fig. 8: a) Diagram showing the relative percentage of simple shear obtained from the selected samples of both areas. The 983 

simple shear component increases (highlighted by the arrow) according to deformation gradient; b) Flinn diagram showing 984 

the analyzed samples (green dots) finite strain results (for sample location see figure 2a, 3a).  985 
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 986 

Fig. 9: Raman spectra of carbonaceous material obtained in non- and mylonitic rocks of both investigated areas for Area I (a) 987 

and Area II (b). For each spectrum, the R2 ratio and the corresponding RSCM T  (°C) with the relative simplified error have 988 

been indicated. Samples are ordinated according to structural distance from the Barbagia Thrust. 989 

 990 

Jo
urn

al 
Pre-

pro
of



 

48 
 

 991 

Fig. 10: Example from the Area I of the variation of RSCM temperature in different deformed rocks. Thin sections (PPL) and 992 

representative Raman spectra for carbonaceous material from FW samples AP19-25 (a) and AP19-37 (b), respectively outside 993 

and inside the mylonitic zone (see Fig. 2a for the position of the samples). Note that the RSCM T (°C) is higher in the mylonite. 994 Jo
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 995 

Fig. 11: a) Distribution of RSCM T (°C) compared with the sample structural distance with respect to the BT. b) Distribution 996 

of estimated vorticity kinematic number against the structural distance from the BT. Both graphs show increasing RSCM T 997 

(°C) and Wk values (i.e., increase in simple shear) toward the shear zone. 998 
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 999 

Fig. 12: On the top, the current stage of the architecture of the belt is shown by a simplified cross-section across the Internal 1000 

and External Nappe Zone. We highlighted the approximated position of the investigated areas and the simplified present-day 1001 

topography. The sense of shear is the same in both areas, pointing to a top-to-to-the S/SW. On the bottom, not to scale 1002 

representations of the Barbagia Thrust along with the northern and southern limb of the Barbagia Synform have been 1003 

displayed. The given "finite" shape is not referred to the shear displacement but due to the late fold (F3) linked to D3 1004 

deformation (Barbagia Synform). The progressive strain partitioning and gradient, from fold structures to a mylonitic foliation 1005 

(approaching the BT high-strain zone), have been highlighted, mirrored by the increase of both simple shear and the RSCM 1006 

T (°C). 1007 
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 1011 

Table 1: Results of the RSCM estimations (both Aoya et al. (2010) and Beyssac et al. (2002) calibrations results are indicated), 1012 

kinematic vorticity, and the finite strain (see Figure 2 and Figure 3 for samples location). Samples, divided according to the 1013 

corresponding tectonic unit, are listed according to the distance with respect to the BT. The number of spectra (n), mean R2 1014 

ratio (Beyssac et al., 2002) for n spectra with corresponding standard deviation (SD), and calculated temperature with standard 1015 

error (SE= SD/√n.) have been indicated. 1016 

 1017 
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RGN

SAMPLE NAME UNIT

DISTANCE 

FROM THE 

BT (m)

n. R2 SD SE (°C)
RSCM 

°C
SD

SE 

(°C)

RSCM 

°C
N

ν 

ANGLE 

(°)

Wk N Wm
Rc 

min

Rc 

max

Wk 

min

Wk 

max

Wk 

mid
Rxz Ryz Rxy K

AP19-77 BU 350 10 0.40 5.7 1.9 454 5.6 1.9 464 - - - - - - - - - - - - - -

LA-21 BU 156 12 0.35 18.1 5.5 476 16.8 5.1 486 18 28 0.56 - - - - - - - - - - -

LA-19 BU 80 - - - - - - - - 9 19 0.79 - - - - - - - - - -

LA-5 BU 52 12 0.32 17.2 5.2 491 15.6 4.7 498 - - - - - - - - - - - - - -

2021_75 BU 22 11 0.30 14.0 4.4 502 12.4 3.9 508 - - - - - - - - - - - - - -

AP19-88 BU 18 11 0.30 13.4 4.2 502 11.9 3.8 508 22 16 0.85 - - - - - - - - - - -

AP19-39A MSU 10 - - - - - - - - 11 11 0.93 - - - - - - - - - - -

2021_81A MSU 16 - - - - - - - - 14 19 0.79 - - - - - - - 3.30 1.26 2.62 6.23

AP19-39B MSU 60 - - - - - - - - 22 20 0.77 - - - - - - - 2.65 1.62 1.64 1.03

AP19-38 MSU 84 - - - - - - - - 18 25 0.64 - - - - - - - - - - -

LA-14 MSU 122 - - - - - - - - - - - 164 0.56 - 0.65 2.11 2.33 0.63 0.69 0.66 - - - -

AP19-37 MSU 126 10 0.31 17.4 5.8 496 15.6 5.2 503 18 29 0.53 280 0.52 - 0.61 1.98 2.20 0.59 0.66 0.63 - - - -

2021_46 MSU 160 15 0.35 13.5 3.6 475 12.5 3.3 483 - - - - - - - - - - - - -

2021_72 MSU 178 16 0.36 17.7 4.6 471 16.4 4.2 480 - - - - - - - - - - - - - -

AP19-125 MSU 280 10 0.38 5.2 1.7 463 4.9 1.6 472 22 30 0.50 - - - - - - 2.18 1.42 1.54 1.27

AP19-25 MSU 560 10 0.41 8.2 2.7 444 8.1 2.7 455 - - - - - - - - - - - - - -

RGN

SAMPLE NAME UNIT

DISTANCE 

FROM THE 

BT (m)

n. R2 SD SE (°C)
RSCM 

°C
SD

SE 

(°C)

RSCM 

°C
N

ν 

ANGLE 

(°)

Wk N Wm
Rc 

min

Rc 

max

Wk 

min

Wk 

max

Wk 

mid
Rxz Ryz Rxy K

2021_113 BU 360 12 0.42 8.3 2.5 443 8.2 2.5 454 - - - - - - - - - - - - - -

2021_97B TS BU 220 16 0.35 16.3 4.2 476 14.8 3.8 485 15 29 0.53 - - - - - - - - - - -

2021_97A BU 180 - - - - - - - - 17 28 0.56 - - - - - - - - - - -

2021_40A BU 135 - - - - - - - - 18 25 0.64 - - - - - - - - - - -

2021_67 BU 122 11 0.35 11.7 3.7 477 10.7 3.4 485 - - - - - - - - - - - - - -

AP19-77A BU 55 10 0.33 8.6 2.9 486 7.8 2.6 494 - - - - - - - - - - - - - -

2021_40B BU 52 - - - - - - - - 12 20 0.77 - - - - - - - 2.42 1.36 1.78 2.17

2021_97B P BU 40 12 0.29 6.5 2 505 5.7 1.7 511 - - - - - - - - - - - - - -

2021_111 BU 12 - - - - - - - - 7 13 0.90 - - - - - - - - - - -

2021_108 MSU 10 10 0.31 7.2 2.4 497 6.4 2.1 504 - - - - - - - - - - - - - -

2021_64 MSU 35 12 0.31 5.8 1.7 495 5.2 1.6 502 14 14 0.88 - - - - - - - - - - -

2021_63B P MSU 180 - - - - - - - - 12 23 0.69 - - - - - - - - - - -

2021_63B TS MSU 235 - - - - - - - - 16 28 0.56 - - - - - - - - - - -

2021_63A MSU 254 - - - - - - - - 24 30 0.5 - - - - - - - - - - -

2021_56B MSU 288 - - - - - - - - - - - - - - - - - - 1.96 1.49 1.23 0.39

2021_56A MSU 300 - - - - - - - - - - - - - - - - - - 2.25 1.63 1.38 0.61

2021_58 MSU 650 18 0.48 5.5 1.3 420 5.7 1.4 429 - - - - - - - - - - - - - -

RSCM analysis Kinematic vorticity and finite strain analysis
Aoya et al., 2010 Beyssac et al., 2002 Porphyroclasts method Finite strain analysis

Area I

Area II

RSCM analysis Kinematic vorticity and finite strain analysis

Aoya et al., 2010 Porphyroclasts method Finite strain analysisBeyssac et al., 2002
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Highlights 

Temperature variations responsible for the dynamic weakening and localization of strain,  

Paleothermal architecture fits with a tectonic scenario of shear heating coupled with a simple shear 

increase  

The tectonic contact represents a full-fledged boundary that divides the internal sector of the 

Internal sector of the wedge to the external one  
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