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Unveiling the thermo-structural setting of
collisional orogens

Example from the Variscan chain in Sardinia

INTRODUCTION
The geodynamic evolution of collisional orogens has 

been classically described using an orogenic wedge 
model, in which different rock packages experience dif-
ferent finite tectono-metamorphic histories (e.g., Jaquet 
et al., 2018). The hinterland-foreland transition zone is 
characterized by the progressive transition from tectonic 
units occurring in the metamorphic core of the belt to 
the ones deformed at shallower crustal levels and ste-
adily included in the orogenic wedge (Thigpen et al., 
2010, 2017). 

Different features control the thermo-structural archi-
tecture and variation across orogenic wedges, such as 
the efficiency of erosion, the temperature/deformation 
ratio within nappes and the presence of ductile tectonic 
contacts (Jamieson et al., 2002). 

Despite the relevance of this topic and the widespre-
ad distribution within orogenic wedges, relatively few 
methods are available for low-grade metapelites (Frey, 
1987; Frey & Robinson, 1999). Thus, the unravelling of 
the thermo-structural architecture of this sector of the 
belt is hampered by the presence of strongly deformed 
large-scale nappes made by apparently homogeneous 
low-grade metasedimentary rocks lacking index minerals 
useful for pressure and temperature (P-T) estimations. In 
addition, the presence of strong overprinting belonging 
to the post-nappe stacking deformation that modifies 
the original attitude of pre- and syn-nappe stacking ele-
ments complicates the untangling of this area. 

The Variscan belt in Sardinia represents a continental 
crustal section, exposing a quite continuous metamor-
phic field gradient from greenschist- to granulite-facies 
rocks (Carmignani et al., 1994; Cruciani et al., 2015 
for a review). This work aimed to reconstruct the ther-
mo-structural architecture of the low-grade Internal and 
External Nappe Zone exposed in the hinterland-foreland 
transition zone in Sardinia and of the ductile boundary 
in between (i.e., the Barbagia Thrust). In order to explo-
re these topics, an approach with a broad perspective 
was chosen, combining fieldwork with different scales 

of structural analysis, and quantitative temperature con-
straints by RSCM, coupled with kinematics of the flow 
and finite strain estimations. 

GEOLOGICAL SETTING
The Sardinian Variscan belt comprises: (i) the Exter-

nal Zone, (ii) the Axial Zone, and (iii) the Nappe Zone 
(Fig.  1a; Carmignani et al., 1994). The latter has been 
divided into External (central to southern Sardinia) and 
Internal (northern to central Sardinia) Nappe Zone. The 
boundary between them is marked by a regional-sca-
le, top-to-the S-SW thrust-sense ductile to brittle she-
ar zone, the Barbagia Thrust (BT; Fig. 1a,b,c; Carosi & 
Malfatti, 1995; Montomoli et al., 2018; Petroccia et al., 
2022a,b). The Internal Nappe Zone (Fig.  1a) includes 
the Low-Grade Metamorphic Complex (LGMC), which 
reached low- to upper-greenschist-facies metamorphic 
conditions, and the Medium-Grade Metamorphic Com-
plex (MGMC), which reached amphibolite-facies condi-
tions (Franceschelli et al., 1989; Carosi et al., 2020, 2022; 
see Cruciani et al., 2015 for a review). In the External 
Nappe Zone, all units are characterized by syn-tectonic 
regional greenschist-facies metamorphism (Carosi et 
al., 1991, 2004, 2010; Franceschelli et al., 1992; Petroc-
cia et al., 2022a,b,c), except for the deepest Monte Gri-
ghini Unit, which reached amphibolite-facies conditions 
(Musumeci, 1992; Cruciani et al., 2016). The investiga-
ted area comprehends both the Barbagia Unit (BU) and 
the Meana Sardo Unit (MSU), belonging to the Internal 
and External nappes, and the northernmost sector of 
the Low-Grade Metamorphic Complex, belonging to the 
Internal Nappe Zone, close to Lula and Bitti towns (Fig.  
1b,c).

METHODOLOGY

Vorticity and finite strain analysis

The non-coaxiality of the flow in shear zones is defined 
by the Wk number (Xypolias, 2010), which several vorti-
city analysis techniques can estimate. Pure and simple 
shear components may be described through the di-
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mensionless Wm. The mean kinematic vorticity number 
(Wm) could be assumed to be equal to Wk because it re-
presents the average value over the deformation inter-

val during which the structure or fabric formed (Xypolias, 
2010). Pure and simple shear is associated with Wk = 0 
and Wk = 1, respectively. 

Figure 1 a) Geographic position and tectonic sketch map of the Sardinia island (modified from Carmignani et al., 1994; Petroccia et al., 2022c). 
Location of Figure 1b is highlighted by a black rectangle; b) Schematic geological map of the investigated area showing Tmax distribution and 
the trace of the cross-sections presented in Figure 1c. The location of the areas investigated by Petroccia et al., 2022a is displayed by the blue 
rectangles; c) Data plotted on the geological cross sections compiled after Carmignani et al. (1994), and the 1:50.000 geological maps of Jerzu 
and Muravera (CARG project). Symbols for Tmax refer to samples projected on the cross-section topography.
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In the present work, the C’ shear band method (Kurz 
& Northrup, 2008; Gillam et al., 2013) and two diffe-
rent porphyroclasts-based methods, the porphyroclast 
aspect ratio method (PAR; Passchier, 1987; Wallis et al., 
1993) and the rigid grain net method (RGN; Jessup et 
al., 2007), have been applied to evaluate the percentage 
of pure and simple shear of the BT.  The nominal error 
for vorticity analysis is ± 0.1 (Tikoff & Fossen, 1995). A 
comparison of different possible systematic error sour-
ces indicates that for medium to low vorticity numbers 
(Wm < 0.8), the vorticity data minimum systematic error is 
± 0.2 (Iacopini et al., 2011). 

Finite strain analyses were performed using the cen-
tre-to-centre method (Fry, 1979) by the EllipseFit 3.8.0 
software (Vollmer, 2015). Samples were cut and polished 
perpendicular to the foliation and both parallel and per-
pendicular to the mineral lineation (XZ and  YZ sections 
of finite strain ellipsoid). This method is based on the re-
distribution of the centres of the strain markers caused 
by deformation and is independent from their shape. 
Data have been plotted on the Flinn diagram.

Raman Spectroscopy on Carbonaceous Material 
(RSCM) geothermometer

The peak temperature was derived using Raman 
Spectroscopy on Carbonaceous Material (RSCM) geo-
thermometer. This method is based on the progressive 
transformation of Carbonaceous Material (CM) during 
the temperature increase, and it is not affected by the 
retrograde history (i.e., the Tmax; Beyssac et al., 2002). 
The Raman spectrum of perfect graphite is made by a 
single G band and other two bands D1 and D2. The in-
tensity of the D1 band is used to evaluate the degree of 
disorder in the CM. Beyssac et al. (2002) established a 
correlation between the temperature and Raman param-
eters of the CM called R2. The RSCM geothermometer 
has an absolute precision of ± 50°C due to uncertain-
ties of the petrological data used for the calibration. The 
relative uncertainties on temperature are ± 10-15°C if 
the guidelines and recommendations of Beyssac et al. 
(2002, 2004) and Lündsorf et al. (2014, 2017) are fol-
lowed. Raman microspectroscopy has been performed 
with the Horiba Jobin Yvon LabRam HRVIS Raman Sys-
tem at the Centro “G. Scansetti”, Dipartimento di Scien-
ze della Terra, Università degli Studi di Torino. Before 
each measurement session, the spectrometer was cali-
brated using the 520.5 cm−1 peak (r band) of a silicon 
standard. Spectra were acquired by a beam spot of ap-
proximately one μm diameter with a green Nd 532.06 
nm laser source at 80 mW, corresponding to 2-4 mW at 
the sample surface, with a 100x magnification. For each 
sample, a minimum of 10 spectra was recorded, except 
for samples containing very little CM amount. The peak 
position, band area, and bandwidth (FWHM) were de-
termined using the computer program PeakFit 4.0, fol-

lowing the fitting procedure described by Beyssac et al. 
(2002). The fitting itself followed the Voigt area, and the 
algorithm combined Gaussian and Lorentzian profiles. 
Because obtained spectra were acquired using a green 
Nd 532.06 nm laser, the RSCM temperature estimates 
discussed in the following sections were derived from 
the Aoya et al. (2010) calibration, which was established 
based on the same laser wavelength.

STRUCTURAL AND RSCM RESULTS

Internal and External nappes

Detailed mapping, coupled with multi-scale structural 
observations, allowed the definition of a polyphase evo-
lution (see Petroccia et al., 2022a,b for further explana-
tion and the mapped area), consisting of three ductile 
deformation phases developed under a contractional 
tectonic regime (D1-D2-D3) and the fourth one under 
extensional conditions (D4). The prominent deforma-
tion phase (D2) is responsible for the development of 
the main foliation (S2). It becomes more mylonitic mov-
ing toward the BT and displays several kinematic indi-
cators with a main top-to-the S-SW sense of shear. The 
S2 foliation is marked by greenschist-facies mineral as-
semblage. D1 and D2 structural elements are widely de-
formed by weakly asymmetric to upright F3 folds. Folds 
with sub-horizontal axial planes (F4), developed during 
the orogenic extensional phase (D4), are recognizable.

In the northernmost investigated sector of the Internal 
Nappe Zone (Fig.  2), the derived Tmax within the Lula and 
Bitti villages agree with those obtained with thermody-
namic modelling estimations (~450-470°C) on nearby 
samples by Costamagna et al. (2012), highlighting the 
reliability of the obtained RSCM results. The presence of 
garnet, plagioclase, biotite and white mica in the north-
ernmost rocks is in agreement with the obtained Tmax of 
~500-520°C and P-T data from Franceschelli et al. (1989). 

The central Nappe Zone, where the BU juxtaposed 
onto the MSU crops out, is characterized by a more 
complex thermal architecture driven by regional scale 
antiform and synform (see Fig.  1a and Fig.  2). The BU 
displays a general Tmax of ~470-440°C whereas the MSU 
has Tmax of ~440-380°C (Fig.  2). Previous investigations 
do not document a thermal difference between the BU 
and MSU (Franceschelli et al., 1992; Carosi et al., 2010; 
Montomoli et al., 2018). However, the Tmax coverage 
highlights a systematic difference of ~10-20°C between 
them within the Gennargentu Antiform and ~30-70°C in 
the southernmost sector (Fig.  1b, c and Fig.  2). The Tmax 
shifting between the MSU and the BU is higher in the 
southernmost sector (~30-70°C) than within the Gen-
nargentu Antiform (~10-20°C). The post-nappe stacking 
folded structure is also highlighted by the presence of 
the BT with the same structural and kinematic features 
and high Tmax in the two limbs of the Barbagia Synform 
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(see Petroccia et al., 2022a). 

Barbagia Thrust

Detailed meso- and microstructural analyses have 
been performed in two different sectors of the BT in the 
Sardinian Variscan belt (Fig.  1b). This region has under-
gone a polyphase evolution consisting of four ductile 
deformation phases (see the previous chapter and Pe-
troccia et al., 2022a,b). The main structures of the study 
area are caused by the D2 deformation phase. This phase 
is linked to the syn-nappe stacking and exhumation of 
the BU (Carosi et al., 2004; Montomoli et al., 2018). An 
increase in shear deformation along with the progressi-
ve transposition of previous D1 structures approaching 
the BT has been highlighted, as shown in Fig.  3a,b. The 
S2 foliation, parallel to the boundaries of the shear zone, 
and the F2 fold axes, perpendicular to the L2 object linea-
tion, are coeval with the overthrust of the Internal Nappe 
Zone onto the External Nappe Zone (Carosi et al., 2004). 
The syn-kinematic mineral assemblage (chlorite + white 
mica) along the S2 mylonitic foliation is indicative of gre-
enschist-facies metamorphic conditions. This is, in agre-
ement with the main dynamic recrystallization mechani-
sm of quartz, indicative of temperature between 400 and 
450°C (BLG II and local SGR; Stipp et al., 2002). Kinema-
tic indicators, both at the meso- and microscale, reveal a 
top-to-the-S-SW sense of shear. This also agrees with the 
S-SW F2 fold vergence detailed by previous authors (Ca-
rosi, 2004; Carosi et al., 2004; Montomoli et al., 2018). 
The whole architecture of the Nappe Zone is affected by 
regional-scale F3 folds (D3). The D3 phase is characterized 
by pressure solution, indicating an upper structural level 
deformation. Also, the presence of the BT mylonitic zone 
in the different sectors of the Barbagia Synform, with the 
same structural and kinematic features, indicates that F3 
folding deformed this tectonic contact. Similar structu-
ral results and the same shear sense were obtained from 
both zones, confirming the post-nappe stacking folded 
structure (i.e., Barbagia Synform; Fig.  1b,c). Subsequent 
post-collision extensional tectonics was characterized by 
the development of open folds (F4).

Montomoli et al. (2018) performed both illite and chlo-
rite crystallinity measurements on samples transecting 
the BT but found no systematic changes in those para-
meters across the structural profile. Tmax across the BT 
on both strongly and weakly deformed samples have 
been measured from two different structural sectors of 
the same shear zone (Fig.  1b). An increase in tempera-
ture moving from the structurally higher parts of the BU, 
or from the structurally lower parts of the MSU, toward 
the BT core has been highlighted. The detected Tmax shi-
ft between non-mylonitic and mylonitic rocks is in the 
range of ~50-70°C (Fig.  3c). Tmax for non-mylonitic rocks 
range from ~420 to ~450°C, in agreement with the do-
cumented metamorphic mineral assemblage and recry-

Figure 2 Tmax contour map and isotherms of the investigated area from 
Petroccia et al., 2022c. See Figure 1c for the symbology of RSCM data. 
The trace of the simplified tectonic cross-section shown in Figure 5a has 
been displayed in purple.
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stallization mechanism of quartz. In comparison, myloni-
tes return higher Tmax, ranging from ~470 to ~500°C (Fig.  
3c, d). 

Several factors could cause this rise in temperature 
towards the core of shear zones: (i) graphite precipita-
tion from a hydrothermal fluid; (ii) detrital graphite; (iii) 
strain reorganization of graphite; and (iv) shear heating. 
The Tmax reported here shows a persistent and systema-
tic increase in Tmax with increasing strain intensity pro-

gressively moving into the BT high strain shear zone. All 
characteristics point to shear heating phenomena (see 
Petroccia et al., 2022a for a complete discussion).

The kinematic vorticity data obtained through the C’ 
shear bands method (Kurz & Northrup, 2008), PAR, and 
the RGN method (Jessup et al., 2007) have allowed 
quantification of the flow regime as a non-coaxial flow. 
The obtained data highlight that the simple shear com-
ponent increases progressively towards the centre of the 

Figure 3 a, b) Structural variation going toward the Barbagia Thrust in both units: a) variation from mylonites (on the left) to ultramylonites (on the 
right) in metavolcanic rocks belonging to the MSU; b) progressive variation of the foliation from spaced cleavage to a continuous cleavage moving 
toward the BT in metasedimentary rocks; c) Representative Raman spectra for CM from MSU samples AP19-25 and AP19-37, respectively outside 
and inside the mylonitic zone. Note that the Tmax is higher in the mylonite; d) Distribution of Tmax compared with the sample structural distance 
with respect to the BT; e) Distribution of estimated vorticity kinematic number against the structural distance from the BT
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BT, from both MSU and BU rocks (Fig.  3e). A variation 
of simple shear from ~33% up to ~77% has been reco-
gnized. Mylonites and less deformed rocks record a flow 
regime dominated by pure shear, whereas ultramyloni-
tes in the center of the shear zone record an increasing 
amount of simple shear (Fig.  3e). This is associated with 
a change in the finite strain ellipsoid from close to the 
plane strain up to prolate conditions. A higher Rxz va-
lue is inferred from ultramylonitic samples only within 
the core of the shear zone. This implies that the core of 
the BT accommodated a higher amount of strain compa-
red to the shear zone peripheries (Fossen & Cavalcante, 
2017). Higher Wk values within the centre of the BT, and 
a prolate strain ellipsoid are associated with higher Tmax, 
whereas lower Wk values, far from the BT core, and plane 
strain conditions are associated with samples showing 
lower Tmax (Fig.  3d, e).

The progressive increase in temperature towards the 
BT, coupled with the increase of simple shear, could in-
dicate a syn-shearing temperature imprint (Petroccia et 
al., 2022a). This broad correlation between Tmax and the 
deformation gradient could imply that the flow path was 
combined with by a progressive localization of deforma-
tion in the core of the shear zone, due to thermal weake-
ning, during the ductile deformation. 

DISCUSSION AND CONCLUSION
A polyphase deformation history regarded as the re-

sult of pre-, syn- to post-nappe stacking evolution de-
veloped under contractional (D1 to D3) and extensional 
conditions (D4), has been recognized. Also, RSCM data 
provide quantitative Tmax constraints at the belt scale with 
a relative uncertainty of less than 10-15°C. This highli-
ghts a complex thermal orogenic wedge architecture 
previously unrecognized (Petroccia et al., 2022a,c). De-
forming the primary bedding S0, far from the main tec-
tonic contacts, the D1 event is well-recognizable, both at 
micro- and mesoscale, in the hinge of the D2 folds and in 
S2 microlithons (Fig.  4). This event has been associated 
with the burial and the pre-nappe stacking during the 
early collisional stage and the orogenic wedge growth 
(Carmignani et al., 1994; Carosi et al., 2004; Conti et 
al., 1999, 2001; Montomoli et al., 2018). The D2 defor-
mation phase at the belt scale is linked to the syn-colli-
sional exhumation associated with the Barbagia Thrust 
(BT) shear activity (Montomoli et al., 2018 and references 
therein). The D2 is associated with both folding and she-
aring with a top-to-S-SW vergence and sense of shear, 
respectively (Fig.  4). The presence of the BT mylonitic 
zone in the different sectors of the Barbagia Synform, 
with the same structural and kinematic features and 
the same Tmax distribution, emphasizes the presence of 
regional-scale antiforms and synforms, driving the pre-
sent-day thermo-structural architecture of the belt (Fig.  
5a,b). All these results are in agreement with the model 

of Carmignani et al. (1994) and Conti et al. (1999), which 
highlighted the presence of large-scale structures acqui-
red in a contractional setting during the late deforma-
tion stage of crustal thickening and not during the late 
orogenic extension. Subsequent post-collision and post-
nappe-stacking or transpression were characterized by 

Figure 4 Synoptic reconstruction of the field and microstructural investi-
gations of the deformation history of the BU and MSU.
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the development of open folds with sub-horizontal axial 
plane and axes (D4; Fig.  4). 

Obtained results support a scenario of (Fig.  5a,b): (i) 
early collision and Tmax acquisition, different between In-
ternal and External nappes (D1; Fig.  5a); (ii) syn-collisio-
nal exhumation of the Internal Nappe Zone associated 
with shear heating along thrust-sense structures (i.e., the 
BT; Fig.  5b) (D2); (iii) subsequent regional-scale folding 
during the latest stage of collision, that drove the pre-
sent-day Tmax architecture (D3; Fig.  5a). A late extensional 
stage (D4), with the development of collapse folds with 
associated brittle/ductile to brittle structures, marks the 
end of the orogenic cycle.
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