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Abstract 

Rift-related thinning of continental basement along distal margins is likely achieved through the 

combined activity of ductile shear zones and brittle faults. While extensional detachments 

responsible for the latest stages of exhumation are being increasingly recognized, rift-related shear 

zones have never been sampled in ODP sites and have only rarely been identified in fossil distal 

margins preserved in orogenic belts. Here we report evidence of the Jurassic multi-stage crustal 

thinning preserved in the Santa Lucia nappe (Alpine Corsica), where amphibolite facies shearing 

persisted into the rift to drift transition. In this nappe, Lower Permian meta-gabbros to meta-gabbro-

norites of the Mafic Complex are separated from Lower Permian granitoids of the Diorite–Granite 

Complex by a 100–250 m wide shear zone. Fine-grained syn-kinematic andesine + Mg-hornblende 

assemblages in meta-tonalites of the Diorite–Granite Complex indicate shearing at T = 710 ± 40 °C 

at P < 0.5 GPa, followed by deformation at greenschist facies conditions. 
40

Ar/
39

Ar step-heating 

analyses on amphiboles reveal that shearing at amphibolite facies conditions possibly began at the 

Triassic–Jurassic boundary and persisted until t < 188 Ma, with the Mafic Complex cooling rapidly 

at the footwall of the Diorite–Granite Complex at ca. 165.4 ± 1.7 Ma. 

Final exhumation to the basin floor was accommodated by low-angle detachment faulting, 

responsible for the 1–10 m thick damage zone locally capping the Mafic Complex. The top 

basement surface is onlapped at a low angle by undeformed Mesozoic sandstone, locally containing 

clasts of footwall rocks. Existing constraints from the neighboring Corsica ophiolites suggest an age 

of ca. 165–160 Ma for these final stages of exhumation of the Santa Lucia basement. 

These results imply that middle to lower crustal rocks can be cooled and exhumed rapidly in the last 

stages of rifting, when significant crustal thinning is accommodated in less than 5 Myr through the 

consecutive activity of extensional shear zones and detachment faults. High thermal gradients may 



delay the switch from ductile shear zone- to detachment-dominated crustal thinning, thus preventing 

the exhumation of middle and lower crustal rocks until the final stages of rifting. 

1. Introduction 

The geometry of magma-poor rifted margins has been increasingly constrained in the last 20 years 

thanks to studies conducted along present day rifted margins (e.g. Afilhado et al., 2008, Espurt et 

al., 2012, Péron-Pinvidic and Manatschal, 2009, Whitmarsh and Wallace, 2001, Whitmarsh et al., 

2001 and Zhu et al., 2012) and fossil analogues (e.g. Froitzheim et al., 1994, Jammes et al., 

2009 and Manatschal, 2004). The resulting picture indicates that crustal thickness decreases from 

the proximal domain, affected by block faulting and limited crustal stretching, to the Zone of 

Exhumed Subcontinental Mantle, where continental crust is completely excised. Crustal thinning is 

accomplished within the distal continental margin, which generally consists of a ‘necking zone’, 

where crustal thickness decreases rapidly from ca. 25–30 km to ca. 10 km, followed oceanward by a 

wide area with < 10 km thick crust (e.g. Mohn et al., 2012 and Osmundsen and Ebbing, 2008). 

Despite these significant advances, the dynamics of lithospheric thinning leading to the architecture 

described above are still poorly understood, since the large scale extensional structures commonly 

observed in distal margins are related to the final stages of deformation, characterized by low-angle 

detachment faulting (e.g. Froitzheim and Eberli, 1990, Jammes et al., 2009, Manatschal, 

2004 and Whitmarsh and Wallace, 2001). However, several lines of evidence suggest that 

extensional shear zones should play a key role in accommodating crustal thinning along distal 

continental margins, decoupling deformation at different crustal levels. Middle to lower crustal 

decoupling horizons have been advocated based on the bathymetric evolution of Atlantic-type distal 

margins (e.g. Dupré et al., 2007, Huismans and Beaumont, 2008 and Kusznir and Karner, 2007), 

where wide regions of extremely attenuated crust are overlain by a thin shallow marine syn-rift 

sedimentary cover (e.g. Wilson et al., 2001). In these settings, transient isostatic support may be 

provided by greater thinning of the lower crust and upper mantle with respect to the upper crustal 

layers, leading to the anomalous shallow bathymetry (Brun and Beslier, 1996, Kusznir and Karner, 

2007, Huismans and Beaumont, 2008 and Huismans and Beaumont, 2011). Middle crustal shear 

zones have also been proposed to account for the apparent lack of upper crustal deformation in the 

early rift stages despite significant bulk crustal thinning, possibly accommodated in the lower crust 

(Lavier and Manatschal, 2006). However, rift-related shear zones have only rarely been detected in 

fossil distal continental margins (Bissig and Hermann, 1999 and Mohn et al., 2012). Therefore, the 

presence of crustal scale shear zones and their timing of activity with respect to the rifting and 

drifting evolution awaits to be tested with field studies on fossil margins preserved in orogenic belts 

and with future IODP's. 

In this study we report evidence of multi-stage thinning and cooling of a crustal section from 

amphibolite facies conditions to the floor of the Western Tethys in the Mesozoic. Our results 

indicate that amphibolite-facies shear zones can still be active at the rift-to-drift transition and that 

significant crustal/lithospheric thinning and cooling can be achieved very rapidly at the edge of 

continental plates in the last stages of rifting. 

2. Geological setting 

The Santa Lucia nappe is located in the northern part of Corsica (France), in the Western 

Mediterranean area (Fig. 1). The island originally represented the south-western continuation of the 

Western Alps and of its European foreland (e.g. Molli, 2008), prior to counter-clockwise rotation 

that initiated at ca. 30 Ma (e.g. Speranza et al., 2002). The domain that largely escaped the Alpine 

tectonic reactivation is commonly referred to as ‘Hercynian Corsica’, since it consists of 



Carboniferous to Permian intrusives and volcanics (e.g. Paquette et al., 2003 and Tribuzio et al., 

2009). A North–South trending deformation zone, labeled Central Corsica Fault Zone (Maluski et 

al., 1973 and Waters, 1990), with predominantly strike-slip kinematics separates Hercynian Corsica 

from ‘Alpine Corsica’, characterized by variable extents of Alpine deformation and metamorphism 

(Vitale Brovarone et al., 2013). Basement–cover relationships and comparisons with the Western 

Alps result in Jurassic paleogeographic reconstructions where the proximal European margin, 

represented by Hercynian Corsica, graded outboard into a transitional domain, now sampled in the 

Corte slices, Caporalino unit and Santa Lucia nappe, followed by an ‘oceanic domain’ (e.g. Rossi et 

al., 1994 and Rossi et al., 2006 and references therein). The latter mostly consisted of serpentinized 

lithospheric mantle overlain by pillow lavas, Middle-Upper Jurassic cherts and, locally, slivers of 

allochthonous continental basement (Vitale Brovarone et al., 2011 and Vitale Brovarone et al., 

2013). 

2.1. The Santa Lucia nappe 

The Santa Lucia nappe (Fig. 2) is bounded to the west by the Corte slices, to the north by the 

Caporalino unit (Puccinelli et al., 2012) and to the east and south by the Inzecca unit, which 

originated from the lithosphere flooring the Jurassic Tethys (Amaudric Du Chaffaut et al., 1972). 

The Santa Lucia nappe consists of Paleozoic continental basement and Mesozoic sediments. Several 

sub-units, bounded by steep NS-trending tectonic contacts, may be recognized. In this study, the 

different sub-units will be referred to as: 

(1) the Granitic Complex, mainly consisting of Hbl- to Bt-bearing tonalites and of two-mica microgranitoids 

(Zibra, 2006); 

(2) the Belli Piani unit, which consists of Permian meta-gabbros to meta-gabbro-norites belonging to the 

Mafic Complex and of Permian diorites, tonalites and granites of the Diorite–Granite Complex (Paquette et 

al., 2003, Rossi et al., 2006, Zibra et al., 2010 and Zibra et al., 2012). This unit is separated from the Granitic 

Complex to the west by the Bocca di Civenti Shear Zone, while the eastern margin is marked by the high-

angle Mandriola and Tomboni faults (Fig. 2); 

(3) the Murato unit, consisting of meta-gabbro-norites from the Mafic Complex and Mesozoic sediments; 

(4) the Tralonca unit, consisting of Mesozoic to Tertiary sediments (Tomboni conglomerate and Tralonca 

Flysch). 

 

  



 

 

Fig. 1.  

(a) Tectonic sketch map of the NW Mediterranean area. Star marks the location of the Santa Lucia nappe (SL). 

White and gray circles indicate the location of the Malenco Unit (M) and Campo-Grosina units (Ca), 

respectively. (b) Paleogeographic reconstruction of the Western Tethys in the Early Cretaceous. GL = Gulf of 

Lion; S = Sardinia; C = Corsica; NT = Neo-Tethys; BB = Bay of Biscay. 

Modified from Mohn et al. (2012). 

 

Fig. 2. (a) Tectonic sketch map and (b) representative cross section of the Santa Lucia nappe and surrounding 

units. BCSZ = Bocca di Civenti Shear Zone; BPSZ = Belli Piani Shear Zone; MF = Murato Fault; SGF = San Quilico 

Fault; TF = Tomboni Fault. (c) Simplified tectonic map of the Belli Piani Unit. Locations of samples analyzed by 
40

Ar/
39

Ar geochronology are indicated. Modified after Zibra et al., 2010 and Zibra et al., 2012. 

http://www.sciencedirect.com/science/article/pii/S0024493713000364#gr1


The Granitic Complex and the Belli Piani unit, which are exposed in the western part of the Santa 

Lucia nappe, experienced minor Alpine deformation and metamorphism, restricted to low-grade 

metamorphic veins and localized faulting. The Murato and Tralonca units, located in the eastern 

part, underwent a greater amount of Alpine overprint, resulting in large scale folding and thrusting 

at T ~ 300 °C (Vitale Brovarone et al., 2013 and Zibra, 2006). 

This study is mainly focused on the Mafic Complex and the Diorite–Granite Complex of the Belli 

Piani unit, where the low extent of Alpine overprint allows detailed investigation of the pre-Alpine 

tectonometamorphic evolution. The Mafic Complex, which corresponds to the ‘Mafic Layered 

Intrusion’ of Libourel (1985), consists of a 2–4 km thick sequence mostly made up of meta-gabbro-

norites and minor meta-hornblendites, containing meta-pelitic septa (Fig. 2; Libourel, 

1985 and Libourel, 1988). The base of the mafic sequence hosts slices of mantle rocks, reaching up 

to 50 m in thickness. Magmatic and sub-magmatic fabrics in the Mafic Complex were extensively 

overprinted by post-intrusion solid state deformation. Pervasive shear fabrics developed during 

multi-stage deformation under granulite facies conditions, with an early phase at T = 850 ± 50 °C 

and P = 0.7 ± 0.1 GPa followed by a second step at P ~ 0.5 GPa and T ~ 800 °C (Zibra et al., 2010). 

High-resolution U–Pb geochronology on zircons separated from meta-pelitic septa yielded three age 

clusters at ~ 280 Ma, 240 Ma and 190–160 Ma (Rossi et al., 2006). The oldest peak was interpreted 

to date the granulite facies metamorphism induced by the mafic intrusion (Rossi et al., 2006). Sm–

Nd analyses on a metapelite yielded a plagioclase–garnet–whole rock isochron age of 195 ± 9 Ma, 

interpreted as indicating the onset of cooling of the Mafic Complex at T < 750–800 °C (Rossi et al., 

2006). 

The Diorite–Granite Complex consists of a magmatic suite of gabbro-dioritic to granitic 

composition. In the northernmost part of the study area, coarse-grained Opx-bearing tonalites grade 

westward into an amphibole-rich unit characterized by a millimeter- to meter-scale diorite–tonalite 

layering (Fig. 2; Zibra et al., 2012). The tonalite–diorite is intruded by a coarse-grained porphyritic 

granite and then by leucogranite dykes. Magmatic foliation and lineation, defined by euhedral 

feldspar and amphibole pseudo-phenocrysts, are crosscut by late stage pegmatites and aplites, 

thereby indicating that the foliation developed before complete solidification of the pluton. The 

diorite intrusion was emplaced at P ~ 0.5–0.6 GPa (Zibra et al., 2012) at ca. 280 Ma (U–Pb on 

zircon; Paquette et al., 2003). The magmatic foliation is deformed by a network of anastomosing, 

high-temperature ductile shear zones, ranging from a few cm to a few m in thickness (Zibra, 2006). 

These shear zones may be traced for a few tens of meters along strike and exhibit sharp to diffuse 

boundaries against wall rocks (Zibra et al., 2012). 

Sub-magmatic and granulite facies shear fabrics of the Mafic Complex and Diorite–Granite 

Complex, which have been attributed to Permian deformation (Zibra et al., 2010 and Zibra et al., 

2012), are locally overprinted by narrow shear zones developed at amphibolite facies conditions 

(Zibra, 2006). Medium temperature shearing is especially well preserved at the transition between 

the Mafic Complex and the Diorite–Granite Complex. Syn-kinematic quartz deformation 

mechanisms (Zibra et al., 2012) and mineral assemblages (see below) indicate that within this 

mylonitic belt shearing was accommodated at metamorphic conditions ranging from amphibolite to 

greenschist facies. Meta-tonalites are characterized by a NW–SE subvertical mylonitic foliation, 

with a SE plunging stretching lineation marked by quartz ribbons and elongated trails of feldspars, 

hornblende and biotite. Previous studies (Zibra et al., 2010 and Zibra et al., 2012) suggested that 

this amphibolite to greenschist facies deformation was related to the late evolution of the Lower 

Permian deformation event. In this work, newly acquired 
40

Ar/
39

Ar step heating spectra document 

that shearing took place in the Jurassic (see below). Therefore, the amphibolite to greenschist facies 

shear belt will be referred to as Belli Piani shear zone hereafter. Along the Santa Lucia valley, the 

Belli Piani shear zone grades westward into the younger Bocca di Civenti Shear Zone, characterized 



by greenschist facies shear fabrics. In the rest of the area, the Belli Piani shear zone is bounded to 

the west by tonalites and diorites of the Diorite–Granite Complex, which largely preserve their 

original sub-magmatic fabrics. 

The post-metamorphic evolution of the Santa Lucia basement is characterized by the intrusion of 

rare, undeformed doleritic dykes (Caby and Jacob, 2000 and Zibra, 2006) and by Mesozoic 

exhumation to the seafloor (Caby and Jacob, 2000, Libourel, 1985 and Rieuf, 1980). Exposure at 

the bottom of the Alpine Tethys was suggested based on the presence of clasts derived from the 

Mafic Complex in the Tomboni meta-conglomerate, which is juxtaposed to the Mafic Complex 

along the NE part of the study area (Fig. 2c; Caby and Jacob, 2000, Libourel, 1985 and Rieuf, 

1980). This polymictic meta-conglomerate contains clasts of granitoids, micaschists, rhyolites, gray 

limestone and rare serpentinites (Caby and Jacob, 2000) and grades upward into the Tralonca 

Flysch, whose upper section has been dated to the Cenomanian–Turonian (Rieuf, 1980). 

3. Basement exhumation at the basin floor 

New unambiguous pre-Alpine relationships between basement rocks and sedimentary cover have 

been detected in the south-eastern part of the area, in the Murato unit (Fig. 2 and Fig. 3; Zibra, 

2006). Despite Alpine deformation, spectacular exposures of basement–cover relationships are 

widely preserved along the limbs of tight folds in the Mandriola-Punta di Chilgo area. In this 

domain basement rocks largely consist of meta-gabbro-norites analogous to those of the Belli Piani 

unit, pervasively re-equilibrated under low-greenschist facies conditions. Towards the contact with 

the sedimentary cover, meta-gabbro-norites are progressively affected by cataclastic deformation 

and grade upward into a monogenic fault breccia, consisting of angular clasts ranging in size from a 

few cm to few dm (Fig. 3a). This 1 to 10 m thick breccia is locally injected by quartz veins. In a few 

outcrops, the fault breccia is directly overlain by a dark, 1–5 cm thick layered sandstone, consisting 

of angular fragments from the same crystalline basement (Fig. 3a). Dm-sized clasts of meta-gabbro-

norites with high temperature mineral fabrics are locally found within the dark sandstone. 

Importantly, the quartz-rich matrix of this dark sandstone is almost completely undeformed. These 

observations indicate that the pervasive low-temperature (mainly brittle) deformation recorded by 

the metagabbro-derived breccia predates the deposition of the sedimentary cover. The dark 

sandstone is followed upward by massive limestone strata, enriched in mm- to cm-sized angular 

clasts of quartz and feldspars, alternating with quartzitic layers and ~ 1 m-thick lenses of breccias 

and conglomerates (Fig. 3c, d). Lithological layering within the dark sandstone and in the 

immediately overlying cover is sub-parallel to the basement–cover interface at the scale of several 

tens of meters. This feature is taken to indicate that sediments onlapped a sub-horizontal top-

basement surface. 

These new observations allow concluding that the Mafic Complex of the Santa Lucia nappe was 

exhumed at the floor of the Tethys basin. Final exhumation to the basin floor was achieved through 

the activity of brittle faults, as indicated by widespread evidence of cataclastic deformation along 

the top-basement surface. Furthermore, the parallel attitude of sedimentary bedding in the dark 

sandstone with respect to the top-basement surface suggests that basement exhumation was 

achieved at the footwall of a low-angle detachment fault. 

 



 

Fig. 3.  

Evidence of exhumation of the Mafic Complex in the Murato unit at the bottom of the 

Alpine Tethys. (a) Preserved stratigraphic contact between layered sandstone and the 

underlying fault breccia developed at the expense of the meta-gabbronorite (Terranelle 

Valley). Sandstone contains angular clasts of anorthosite. Red arrowheads point to pre-

Alpine cataclasites, which do not propagate through the sediments. (b) Overturned contact 

between actinolite–chlorite schists, developed at the expense of former granulites, grading 

into a monogenic meta-breccia with clasts of mafic granulites (Castellare di Mercurio area). 

The latter are underlain by limestone with clasts of continental basement. In the same 

location where picture (a) was taken, a polymictic sedimentary breccia is found a few meters 

from the top-basement surface (c), interlayered with gray limestone with clasts of 

continental basement (d). 

http://www.sciencedirect.com/science/article/pii/S0024493713000364#gr3


4. Petrography of samples selected for 
40

Ar/
39

Ar geochronology 

4.1. Sample description 

Three samples were selected for 
40

Ar/
39

Ar geochronology on amphibole by the step heating 

technique, in order to constrain the timing of the tectonometamorphic evolution of the Mafic 

Complex and Diorite–Granite Complex. The samples were collected in the Belli Piani unit (see 

Fig. 2 for sample location). 

SSL17.3 is a meta-hornblendite from the easternmost part of the Mafic Complex (Fig. 2). In this 

domain, the compositional layering is isoclinally folded and the shape preferred orientation of large 

amphibole crystals (Amph I) and rare biotites define a planar anisotropy parallel to the fold axial 

planes. Brown amphibole crystals display a seriated size distribution (Fig. 4a), with (1) rare 

subhedral large crystals (> 1 mm; Amph I), with apatite and zircon inclusions, (2) common 

medium-sized crystals (~ 200–600 μm; Amph II) with sharp grain boundaries and frequent triple 

junctions, giving rise to a granoblastic texture, in amphibole-dominated domains (Fig. 4b) and (3) 

finer grained crystals in rare gabbroic pods (Amph III). Rare plagioclase, characterized by a 

globular shape, is also restricted to the gabbroic pods. Equigranular clinopyroxene crystals, with 

equant shape and straight grain boundaries, are heterogeneously distributed within the meta-

hornblendite selected for this study. In amphibole-rich domains, globular clinopyroxene is generally 

located along the grain boundaries of adjacent larger amphibole crystals. In gabbroic pods, instead, 

pyroxene crystals display larger grain size and granoblastic textures, with amphibole as interstitial 

phase. Minor re-equilibration of the minerals described so far is restricted to the selvages of veinlets 

consisting of green amphibole (Amph IV) + epidote + titanite that dissect the high-T mineralogy. 

Furthermore, chlorite replacing pre-existing biotite is commonly observed. 



 

Fig. 4.  

Photomicrographs of the samples selected for 
40

Ar/
39

Ar geochronology and of other 

representative specimens. Sample SSL17.3 (a, b), collected in the Mafic Complex, is a meta-

hornblendite with rare, large porphyroclastic brown amphibole (amph I) and abundant 

granoblastic amphibole II. Plagioclase and clinopyroxene, locally retrogressed to chlorite 

(a), are found as interstitial phases. Opx-bearing tonalites from the Diorite–Granite Complex 

(c, d, e) preserve relict orthopyroxene (c, sample SSL22), replaced by amphibole I + quartz 

symplectites. Amphibole I is zoned, with green-brown rims (d, sample SSL22 and e, sample 

SSL2). The white line across a large amphibole crystal (e) indicates the compositional 

profile shown in Fig. 5c. The Belli Piani shear zone is shown in f, g and h. Along this 

mylonitic belt, px-bearing tonalites are pervasively deformed, with asymmetric strain fringes 

developing around former pyroxenes (f, sample V34), plagioclase I and zoned amphibole 

porphyroclasts. Strain fringes locally contain the assemblage amphibole II + plagioclase 

II + quartz + apatite + titanite + biotite (g, h, sample Z200). 

http://www.sciencedirect.com/science/article/pii/S0024493713000364#gr4


 

SSL2 is an Opx-bearing tonalite collected from the northern part of the Diorite–Granite Complex 

(Fig. 2a). This domain is characterized by the frequent preservation of the original magmatic and 

sub-magmatic fabrics, with primary orthopyroxene partially replaced by brown-green amphibole 

(amphibole I) + quartz symplectites or biotite + quartz aggregates (Fig. 4c; Zibra et al., 2012). SSL2 

displays a weak magmatic foliation, mainly defined by the alignment of biotite and plagioclase 

(An = 36 mol%). Biotite + quartz aggregates developed at the expense of orthopyroxene are rare. 

Green-brown amphibole (Amph I), rich in apatite and zircon inclusions, is generally found 

associated with quartz around orthopyroxene, or in contact with biotite crystals. As commonly 

observed in similar lithologies in the area, Amph I crystals are generally zoned, with a second 

generation of dark green amphibole (Amph II) located both along the rims and along the cleavage 

planes of Amph I (Fig. 4d, e). Low grade re-equilibration is rare: no chloritization of the original 

biotite is observed and plagioclase of igneous origin is preserved. 

In the central and southern part of the Belli Piani unit, tonalites of the Diorite–Granite Complex 

similar to SSL2 are variably deformed and recrystallized in the Belli Piani Shear Zone. Sample 

Z200, which was selected for 
40

Ar/
39

Ar geochronology, is a mylonitic leucotonalite characterized by 

sub-cm sized plagioclase porphyroclast and mm-sized green-brownish Amph I porphyroclasts. The 

latter are commonly zoned, with a homogenous core and a thin rim of dark green amphibole, which 

is also locally observed along cleavage planes. The original mineral assemblage, consisting of 

biotite I + plagioclase I + amphibole I + quartz + apatite + zircon is wrapped around by a pervasive 

fabric formed during non-coaxial flow, as indicated by asymmetric strain fringes around amphibole 

and plagioclase porphyroclasts (Fig. 4f, g). Ductile shearing was characterized by sinistral sense of 

shear in present day coordinates. Strain fringes consist of fine grained aggregates 

(diameter ~ 10 μm) of a second generation of green amphibole (Amph II), associated with 

plagioclase II (Pl II), quartz and minor titanite, biotite II and apatite (Fig. 4h). Deformation also 

resulted in the formation of subgrains around Amph I porphyroclasts. Later re-equilibration under 

static conditions led to the extensive replacement of original plagioclase by fine-grained aggregates 

of white mica ± albite and to the common chloritization of original biotite. Amphibole retrogression 

is restricted to rare chlorite veins dissecting amphibole porphyroclasts. 

4.2. Mineral chemistry 

Amphibole mineral chemistry of the dated samples was determined with a JEOL JXA‐8200 

electron microprobe located at Dipartimento di Scienze della Terra, Università degli Studi di 

Milano (Italy); conditions of analyses were 15 kV and 5 nA, and natural standards were employed. 

The amphibole nomenclature is after Leake et al. (1997). 

The brown amphiboles distinguished on microstructural ground in the meta-hornblendite (SSL17.3) 

are characterized by homogeneous compositions, falling in the Ti-pargasite field (Table 1). The rare 

green amphibole found in the veins yielded actinolitic compositions. Ti-pargasite has constant Ca/K 

ratios in the 5.7–6.1 range, while actinolitic amphibole is characterized by very low K content and 

Ca/K > 60 (generally in the 138–171 range; Fig. 5a). 

  



 

 Table 1.  

Representative compositions of amphibole and plagioclase. Gray background indicates 

amphibole and plagioclase compositions used to estimate the temperature of shearing along 

the Belli Piani shear zone. Amphibole normalization follows Holland and Blundy, 1994. 

 
 

  

http://www.sciencedirect.com/science/article/pii/S0024493713000364#bb0090
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Fig. 5.  

Compositional range of the different amphibole generations defined on microstructural 

ground. (a) Al/(Al + Si) vs. Ca/K plot for the horneblendite SSL17.3 (note that 10 mineral 

compositions have been plotted with gray triangles); Na(M4) vs. Ca/K plot (b) and Ca/K 

compositional profile (c) for amphiboles from the opx-bearing tonalite SSL2; Al/(Al + Si) 

vs. Ca/K plot (d), Na(M4) vs. Al(T) plot (e) and Ca/K and Al/(Al + Si) (f) compositional 

profiles for amphiboles from the mylonitic leucotonalite Z200. 

  



Analyses carried out on the opx-bearing tonalite (SSL2) revealed a slight compositional difference 

between the brown-green amphibole cores (Amph I), which display a Fe-hornblende to Fe-pargasite 

composition, and the dark green rims, which yielded a Fe-pargasite composition (Table 1). Amph I 

is characterized by a higher Na content in the M4 site with respect to Amph II (0.15–0.17 a.p.f.u. vs 

0.12–0.13 a.p.f.u.). Ca/K ratios estimated from analyses performed on the two different amphibole 

generations as identified on petrographic and microstructural ground largely overlap. This overlap 

is attributed to the patchy re-equilibration visible under the microscope, which is also evident from 

the compositional profile shown in Fig. 5c. However, a few analyses yielded lower Ca/K ratios of 

ca. 4.5 for Amph II and values as high as 7 for Amph I (Table 1). These values are considered as the 

best approximation of the actual Ca/K ratios of the two amphibole end members. 

The two amphibole generations detected on microstructural ground in Z200 are characterized by 

marked compositional differences. Amph I porphyroclasts are compositionally zoned, with 

tschermakitic to pargasitic cores, while Mg-hornblende compositions are characteristic both of the 

rims (Fig. 5d, f) and of the syn-kinematic amphibole in the strain shadows. Amph I cores and rims 

yielded Ca/K = 6.0–7.5 and 8–10, respectively. Amph II displays a relatively wide range of 

compositions, with Ca/K = 10–20 and Al/(Al + Si) = 0.11–0.18, depending on the presence/absence 

of Pl II. When closely associated with Pl II (Fig. 4h), Amph II compositions are relatively constant, 

with Ca/K = 10–13 and Al/(Al + Si) = 0.16–0.18. Note that the composition of the rims of 

amphibole porphyroclasts converge towards that of amphibole II. The Na content in the M4 site is 

characterized by a minor decrease from the 0.16 – 0.18 a.p.f.u. estimated for the porphyroclasts' 

cores to the values of 0.14–0.15 a.p.f.u. characteristic of the syn-kinematic amphibole (Fig. 5e). Pl 

II is characterized by andesine composition (An = 46.5–47.5 mol%; Table 1). 

5. 
40

Ar/
39

Ar step-heating on amphibole 

5.1. Analytical techniques 

Amphiboles were separated with standard mineral separation techniques and the crystals selected 

for irradiation were hand-picked from the > 200 μm split. Samples were analyzed by the 
40

Ar/
39

Ar 

method at the University of Nevada Las Vegas, where they were wrapped in Al foil and stacked in 

6 mm inside diameter Pyrex tubes. Individual packets averaged 3 mm thick and neutron fluence 

monitors (FC-2, Fish Canyon Tuff sanidine) were placed every 5–10 mm along the tube. Synthetic 

K-glass and optical grade CaF2 were included in the irradiation packages to monitor neutron 

induced argon interferences from K and Ca. Loaded tubes were packed in an Al container for 

irradiation. Samples irradiated at the Nuclear Science Center at Texas AM University were in-core 

for 14 h in the D3 position on the core edge (fuel rods on three sides, moderator on the fourth side) 

of the 1 MW TRIGA type reactor. Irradiations are performed in a dry tube device, shielded against 

thermal neutrons by a 5 mm thick jacket of B4C powder, which rotates about its axis at a rate of 0.7 

revolutions per minute to mitigate horizontal flux gradients. Correction factors for interfering 

neutron reactions on K and Ca were determined by repeated analysis of K-glass and CaF2 

fragments. Measured (
40

Ar/
39

Ar)K values were 0.00 (± 0.0002). Ca correction factors were 

(
36

Ar/
37

Ar)Ca = 2.67 (± 2.70) × 10
− 4

 and (
39

Ar/
37

Ar)Ca = 6.782 (± 1.57) × 10
− 4

. J factors were 

determined by fusion of 3–5 individual crystals of neutron fluence monitors which gave 

reproducibilities of 0.14% to 0.46% at each standard position. Variation in neutron flux along the 

100 mm length of the irradiation tubes was < 4%. An error in J of 0.5% was used in age 

calculations. No significant neutron flux gradients were present within individual packets of crystals 

as indicated by the excellent reproducibility of the single crystal flux monitor fusions. 

Irradiated crystals together with CaF2 and K-glass fragments were placed in a Cu sample tray in a 

high vacuum extraction line and were heated using a 20 W CO2 laser. Samples analyzed by the 



furnace step heating method utilized a double vacuum resistance furnace similar to the Staudacher 

et al. (1978) design. Heating temperatures are listed in Table 2. Gas was collected for 12 min at 

each temperature step. Reactive gasses were removed by a single MAP and two GP-50 SAES 

getters prior to being admitted to a MAP 215-50 mass spectrometer by expansion. The relative 

volumes of the extraction line and mass spectrometer allow 80% of the gas to be admitted to the 

mass spectrometer for furnace heating analyses. Peak intensities were measured using a Balzers 

electron multiplier by peak hopping through 7 cycles; initial peak heights were determined by linear 

regression to the time of gas admission. Mass spectrometer discrimination and sensitivity was 

monitored by repeated analysis of atmospheric argon aliquots from an on-line pipette system. 

Measured 
40

Ar/
36

Ar ratios were 290.07 ± 0.06% during this work, thus a discrimination correction 

of 1.01651 (4 AMU) was applied to measured isotope ratios. The sensitivity of the mass 

spectrometer was ~ 6 × 10
− 17

 mol mV
− 1

 with the multiplier operated at a gain of 52 over the 

Faraday. Line blanks averaged 52.71 mV for mass 40 and 0.19 mV for mass 36 for furnace heating 

analyses. Discrimination, sensitivity, and blanks were relatively constant over the period of data 

collection. Computer automated operation of the sample stage, laser, extraction line and mass 

spectrometer as well as final data reduction and age calculations were done using LabSPEC 

software written by B. Idleman (Lehigh University). An age of 27.9 Ma (Cebula et al., 

1986 and Steven et al., 1967) was used for the Fish Canyon Tuff sanidine flux monitor in 

calculating ages for samples. 

The heating schedules and the measured quantities of the different argon isotopes (in mV) from the 

three samples that have been the subject of this study are listed in Table 2. Ca/K ratios have been 

calculated for each step. ‘Plateau’ ages were calculated for suitable samples (SL17.3). For 
40

Ar/
39

Ar 

analyses a plateau segment consists of 3 or more contiguous gas fractions having analytically 

indistinguishable ages (i.e. all plateau steps overlap in age at ± 2σ analytical error) and comprising a 

significant portion of the total gas released (> 50%). For each sample 
39

Ar/
40

Ar vs 
36

Ar/
40

Ar plots 

are examined to check for the effects of excess argon. All analytical data are reported at the 

confidence level of 1σ (standard deviation) and uncertainties for J are included. Uncertainties for 

decay constant and standard age are not included. 

 

  



 

Table 2.  

40
Ar/

39
Ar stepwise heating results. 

Step 
T 

(°C) 

36
Ar 

(mV) 

37
Ar 

(mV) 

38
Ar 

(mV) 

39
Ar 

(mV) 

40
Ar 

(mV) 

% 
40

Ar* 

% 
39

Ar 

released 
Ca/K 40

Ar*/
39

ArK 
Age 

(Ma) 
± 1σ 

Z200 amphibole (weight = 20.35 mg, J = 0.001639 ± 0.5%) 

1 800 47.55 63.98 9.62 29.93 15502.10 11.70 7.82 6.48 61.14 172.29 4.53 

2 900 7.01 34.93 1.70 24.31 2738.32 26.40 6.35 4.36 29.91 86.35 1.06 

3 1000 4.21 101.09 1.18 23.79 2777.16 56.80 6.22 12.91 66.93 187.80 1.40 

4 1030 1.06 159.60 0.88 44.69 3331.78 91.50 11.68 10.85 68.80 192.75 1.17 

5 1050 0.62 140.97 0.73 41.28 2977.48 94.70 10.79 10.37 68.85 192.90 1.19 

6 1070 0.54 125.61 0.66 38.26 2790.66 95.10 10.00 9.97 69.92 195.73 1.18 

7 1090 0.44 99.95 0.50 29.76 2228.94 95.10 7.77 10.20 71.75 200.59 1.21 

8 1115 0.62 111.26 0.56 29.44 2237.27 93.00 7.69 11.48 71.16 199.02 1.22 

9 1145 0.73 131.94 0.66 34.70 2712.66 93.10 9.07 11.55 73.34 204.79 1.32 

10 1175 0.42 67.04 0.33 16.01 1273.66 91.80 4.18 12.72 73.45 205.08 1.25 

11 1200 0.37 61.51 0.30 16.02 1258.06 92.80 4.19 11.66 73.65 205.61 1.25 

12 1225 0.46 81.36 0.39 21.26 1636.09 93.00 5.56 11.62 72.03 201.31 1.23 

13 1255 0.45 94.92 0.44 23.15 1763.28 93.70 6.05 12.46 71.86 200.87 1.24 

14 1400 0.37 90.81 0.23 10.13 821.14 89.80 2.65 27.37 72.67 203.00 1.28 

SSL2 amphibole (weight = 22.83 mg, J = 0.0015165 ± 0.5%) 

1 750 31.36 18.38 6.61 35.81 12449.30 26.90 5.70 1.66 93.73 239.76 1.77 

2 850 4.86 15.43 1.67 51.77 4909.57 71.70 8.20 0.96 67.94 176.91 0.94 

3 950 1.79 30.27 0.85 37.07 3130.57 84.60 5.90 2.65 70.96 184.38 0.92 

4 990 0.93 39.75 0.60 28.53 2825.25 91.90 4.50 4.52 90.31 231.56 1.14 

5 1010 0.83 82.38 0.86 45.35 4863.79 96.00 7.20 5.89 102.81 261.39 1.27 



Step 
T 

(°C) 

36
Ar 

(mV) 

37
Ar 

(mV) 

38
Ar 

(mV) 

39
Ar 

(mV) 

40
Ar 

(mV) 

% 
40

Ar* 

% 
39

Ar 

released 
Ca/K 40

Ar*/
39

ArK 
Age 

(Ma) 
± 1σ 

6 1030 0.77 109.35 1.02 58.44 6284.96 97.30 9.30 6.07 104.64 265.71 1.29 

7 1050 0.58 106.09 0.97 58.76 6138.07 98.10 9.30 5.85 102.49 260.64 1.33 

8 1070 0.55 131.11 1.18 73.59 7575.50 98.60 11.70 5.78 101.65 258.64 1.25 

9 1090 0.37 84.34 0.83 52.23 5161.91 98.90 8.30 5.23 97.60 249.03 1.23 

10 1110 0.31 46.66 0.53 32.13 3004.04 99.30 5.10 4.71 91.52 234.46 1.18 

11 1130 0.33 68.94 0.58 35.02 3606.06 99.40 5.60 6.38 101.22 257.62 1.32 

12 1150 0.24 37.27 0.30 16.48 1744.38 100.00 2.60 7.33 102.80 261.36 1.32 

13 1180 0.30 56.95 0.43 24.31 2668.80 99.30 3.90 7.60 107.28 271.95 1.31 

14 1220 0.46 115.19 0.86 51.19 5677.36 99.00 8.10 7.30 109.29 276.68 1.34 

15 1400 0.48 63.56 0.52 28.33 3218.77 99.40 4.50 7.28 109.67 277.57 1.33 

SSL17-3 amphibole (weight = 12.23 mg, J = 0.001522 ± 0.5%) 

1 750 9.68 13.15 1.97 3.31 3252.27 13.70 0.90 13.08 135.43 338.11 3.03 

2 850 1.46 6.78 0.32 3.00 579.14 28.30 0.80 7.43 52.57 138.87 0.95 

3 950 0.75 26.99 0.21 3.94 434.09 56.00 1.10 22.61 57.04 150.19 0.83 

4 1000 0.55 18.46 0.14 2.65 339.36 61.00 0.70 22.99 70.28 183.33 1.15 

5 1030 0.41 15.73 0.13 4.04 389.38 78.10 1.10 12.82 68.60 179.15 0.96 

6 1050 0.34 21.81 0.17 7.47 570.28 89.50 2.00 9.61 64.35 168.56 0.91 

7 1065 0.33 50.93 0.32 19.72 1333.82 96.10 5.40 8.49 63.61 166.72 0.84 

8 1090 0.48 125.38 0.75 50.34 3284.59 97.40 13.80 8.19 63.20 165.69 0.83 

9 1120 0.50 134.93 0.79 54.02 3521.07 98.10 14.80 8.21 63.23 165.75 0.82 

10 1160 0.49 116.04 0.64 45.15 2975.68 97.70 12.40 8.45 63.51 166.47 0.84 

11 1200 0.44 131.75 0.78 53.38 3452.31 98.60 14.60 8.11 63.04 165.30 0.85 

12 1245 0.64 230.10 1.26 88.77 5721.37 98.30 24.30 8.52 63.10 165.45 0.83 

13 1400 0.47 91.33 0.49 29.64 1992.12 99.40 8.10 10.14 63.46 166.35 0.86 



 

  



5.2. Step-heating spectra 

Amphiboles from the meta-hornblendite of the Mafic Complex (SSL17.3) yielded a relatively 

simple apparent age pattern (Fig. 6a). The first 5 steps of the step heating experiment, characterized 

by a cumulative 
39

Ar release < 5%, yielded high atmospheric argon content, low 
40

Ar
⁎

 and erratic 

Ca/K ratios in the 7.4–23 range. All the other steps (6–13), comprising more than 95% of the total 
39

Ar released, are characterized by high 
40

Ar
⁎

 and constant Ca/K ratios in the 8.2–10.1 range. 

Apparent ages fall consistently in the 165–168 Ma range, and a ‘plateau’ age of 165.4 ± 1.7 Ma can 

be calculated for steps 7–13 (93.3% of 
39

Ar released; MSWD = 0.42). The spread of data in the 
36

Ar/
40

Ar vs. 
39

Ar/
40

Ar diagram indicates that the specimen is largely devoid of extraneous argon 

(Fig. 6b). 

Amphiboles from the Opx-bearing tonalite of the Diorite–Granite Complex (SSL2) yielded a 

double-humped spectrum (Fig. 6c). A first step, characterized by very low 
40

Ar
⁎

, is followed by a 

second step yielding an apparent age of 176.9 ± 0.9 Ma. A step-wise increase in apparent ages 

culminates with estimates of 265.7 ± 1.3 at step 6, followed by a progressive decrease between 

steps 7 and 10, reaching a relative minimum at 234.5 ± 1.2 Ma. A renewed increase culminates in 

an apparent age of 277.6 ± 1.3 Ma for the last step (step 15). Inspection of the 
36

Ar/
40

Ar vs. 
39

Ar/
40

Ar diagram shows that data points are mostly clustered close to the 
39

Ar/
40

Ar axis (Fig. 6d). 

As illustrated in Fig. 6e, there is a correlation between estimated ages and Ca/K ratios calculated for 

each individual step. More specifically, Ca/K ratios decrease progressively from 7 – 8 for the oldest 

steps to 1 in the youngest step, with most steps falling in the 4.5–6.5 range. 

Amphiboles separated from the mylonitic tonalite of the Diorite–Granite Complex (Z200) yielded a 

slightly discordant spectrum with a weak convex-upward shape (Fig. 6f). After the first two steps, 

characterized by low 
40

Ar
⁎

 and low Ca/K ratios, steps 3 to 11 are characterized by the progressive 

increase of apparent ages from 187.8 ± 1.4 to 205.6 ± 1.2 Ma. Steps 12–13 yielded slightly younger 

ages, down to 200.9 ± 1.2, prior to a renewed increase to 203.0 ± 1.3 for the last step. The Ca/K 

ratios range from 10 to 12.5, excluding the first two steps and the last step, possibly affected by 

minor biotite and apatite contaminations, with no correlation with the apparent ages (Fig. 6h). 

 

  



 

 

Fig. 6.  

40
Ar/

39
Ar step-release spectra (a, c, f), 

39
Ar/

40
Ar vs 

36
Ar/

40
Ar plots (b, d, g) and element 

ratios for individual heating steps (e, h) for analyzed samples. Sample SSL17.3, from the 

Mafic Complex, yielded a flat apparent age spectrum (a). Sample SSL2 yielded a double-

hump spectrum (c). Element correlation diagrams indicate that higher apparent ages are 

characterized by higher Ca/K (e). No such correlation is apparent for sample Z200 (h), 

which yielded a slightly convex upward spectrum (f). 
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6. Discussion 

6.1. Interpretation of the step-heating spectra 

Assessing the geological significance of 
40

Ar/
39

Ar spectra hinges on the ability to correlate step-

heating experiment data with mineral chemistry and textural information. As most amphibole-

bearing rocks commonly contain more than one generation of amphibole, element correlation 

diagrams provide efficient tools to link the isotopic information from the step-heating experiment to 

the compositional data from microprobe investigations (e.g. Di Vincenzo and Palmeri, 

2001 and Villa et al., 2000). This approach, applied to the spectra yielded by the samples from the 

Belli Piani unit, provides important insights on the tectonic evolution of this domain from the 

Permian to the Jurassic. 

The meta-hornblendite (SSL17.3) was collected from the eastern part of the Mafic Complex. The 

Ca/K ratios calculated for each step of the step-heating experiment, which falls in the 8–10 range, is 

only slightly higher than the values of ca. 6 normally obtained with electron microprobe analyses on 

Ti-pargasite (Table 1). This slight discrepancy may be attributed to minor contamination by green 

actinolitic amphibole (Amph IV), with high Ca/K ratios (> 60), which is locally associated with late 

metamorphic veins or found as thin rims around Ti-pargasite. Such minor contamination is unlikely 

to generate a noticeable younging of the estimated ages, due to the negligible K content of the 

potential contaminant (Table 1). The remarkably flat age spectrum, which is characteristic of > 95% 

of the 
39

Ar released, indicates that porphyroclastic and granoblastic Ti-pargasites are characterized 

by identical Ar isotopic composition, despite significant differences in grain size. Porphyroclastic 

and granoblastic Ti-pargasites were formed at magmatic to granulite facies conditions, typically 

affecting slowly cooling mafic intrusives (e.g. Jagoutz et al., 2007 and Müntener et al., 2000). 

Therefore, the ‘plateau’ age of 165.4 ± 1.7 Ma is interpreted as recording the timing of rapid 

cooling of pre-existing Ti-pargasite at temperatures preventing significant loss of radiogenic argon 

from the crystal lattice. This temperature normally falls in the 500–600 °C range, depending on 

grain size, cooling rate and mineral composition (e.g. McDougall and Harrison, 1999). 

This evolution is markedly different from the temperature–time history that is inferred for the Opx-

bearing tonalite of the Diorite–Granite Complex (SSL2). The 
40

Ar/
39

Ar spectrum of this sample is 

characterized by a double hump. Humped spectra from white mica (Beltrando et al., 

2009 and Wijbrans and McDougall, 1986) and amphibole (Villa et al., 2000) were repeatedly 

interpreted to result from mixing of mineral generations with different apparent age and 

composition. As shown above (Fig. 5b), amphibole I is richer in Ca than amphibole II and older 

apparent ages are related to a greater contribution of a relatively Ca-rich amphibole (Fig. 6e). 

Therefore, 277.6 ± 1.3 Ma is interpreted as the minimum age of crystallization of amphibole I. 

Significantly, this estimate is within error of the youngest available estimate for the intrusion of the 

Diorite–Granite Complex, at 279.8 ± 1.4 Ma (Paquette et al., 2003). These results indicate that, after 

rapid cooling following the intrusion, sample SSL2 resided at temperatures too low to allow any 

significant loss of radiogenic 
40

Ar from amphibole. As apparent from Fig. 6e, progressively younger 

apparent ages are associated with decreasing Ca/K, suggesting a greater relative contribution of 

argon released from Amph II. However, the youngest apparent ages, in the 177–184 Ma range, 

yielded Ca/K ratios of 0.95 and 2.65, thus lower than the minimum value of Ca/K = 4.65 estimated 

for Amph II with the electron microprobe (Table 1 and Fig. 5b). This feature hints at the possible 

presence of a contaminant phase (presumably biotite) in the mineral separate. Considering these 

limitations, 231.6 ± 1.1 Ma, which yielded Ca/K = 4.5, can tentatively be interpreted as the 

maximum age of crystallization of Amph II. 



Upper Triassic to Jurassic apparent 
40

Ar/
39

Ar ages are characteristic of the mylonitic tonalite (Z200) 

collected from the Belli Piani Shear Zone, separating the Mafic Complex from the Diorite–Granite 

Complex. Due to the small grain size of the syn-kinematic amphibole crystals, the mineral separate 

for the step-heating experiment consisted exclusively of the zoned amphibole porphyroclasts. Apart 

for the first 2 steps, characterized by low 
40

Ar
⁎

 and low Ca/K ratios, possibly related to minor 

biotite or sericitic white mica contamination, all other steps yielded rather homogeneous Ca/K ratios 

in the 10.0–12.9 range. These values are intermediate between the Ca/K ratios measured with the 

electron microprobe in the tschermakitic to pargasitic cores of zoned porphyroclasts (6.4–9.2, with 

most common values = 7.0–7.5) and in the Mg-hornblende characteristic of the porphyroclast rims 

and of the strain shadows (Amph I rims = 7.6–10.8; Amph II = 8.2–20.5). This implies that the gas 

released during the step-heating experiment probably resulted from mixing of the two different 

reservoirs identified on compositional ground within the porphyroclasts. As a result, 187.8 ± 1.4 Ma 

is interpreted as the maximum age for crystallization of Mg-hornblende in the Amph I rims and, by 

extension, of syn-kinematic Mg-hornblende in the strain shadows. The age of 205.6 ± 1.2 Ma, 

instead, is interpreted as the minimum age of crystallization/cooling of Amph I cores. 

6.2. Pressure–temperature evolution of the Belli Piani shear zone 

As shown in Section 4, shearing in the Belli Piani shear zone is associated with crystallization of 

Mg-hornblende + andesine + biotite + quartz ± titanite. The temperature of crystallization of this 

mineral assemblage may be estimated applying the edenite–tremolite calibration of the amphibole–

plagioclase thermometer (Holland and Blundy, 1994). Assuming that the shear fabric formed at 

P = 0.5–0.6 GPa, which corresponds to the inferred pressure for the intrusion of the magmatic 

protolith (Zibra et al., 2012), the geothermometer yields T = 700–720 °C. Considering the 

temperature uncertainty on the applied method (Holland and Blundy, 1994), T = 710 ± 40 °C is 

proposed for the crystallization of syn-kinematic Mg-hornblende. Assuming lower pressures of re-

equilibration would result in slightly higher T estimates. 

These temperatures are higher than the estimates of 400–450 °C based on quartz microstructures in 

the same sample considered here (Zibra et al., 2012). We attribute this discrepancy to late-kinematic 

strain localization in the Qtz-rich domains. Therefore, we conclude that shearing along the Belli 

Piani shear zone initiated under amphibolite facies conditions, at T = 710 ± 40 °C, and continued 

down to greenschist facies conditions. 

6.3. Rapid cooling and exhumation of continental basement along a distal margin 

The results of the 
40

Ar/
39

Ar step-heating experiments from the Belli Piani unit and the discovery of 

the detachment fault in the Murato unit provide unique insights into the progressive thinning 

recorded by the Santa Lucia nappe in the Jurassic. 

The 
40

Ar/
39

Ar step-heating experiments presented here, combined with microstructural observations 

and mineral chemistry data, indicate that the Mafic Complex and the Diorite–Granite Complex 

underwent different tectonothermal evolutions after their intrusion, at ca. 280–285 Ma. The 

preservation of Permian ages of 277.6 ± 1.3 Ma in sub–magmatic Fe-hornblende and pargasite, 

which overlap with the intrusion age of the protolith estimated at 279.8 ± 1.4 Ma with U–Pb on 

zircon (Paquette et al., 2003), indicates that the Diorite–Granite Complex cooled rapidly after its 

intrusion, then residing at temperatures at which argon diffusion away from the amphibole I crystal 

lattice was negligible. This thermal history contrasts with the evolution inferred for the Mafic 

Complex, where granulite facies amphiboles cooled rapidly below 500–600 °C only at 

165.4 ± 1.7 Ma. The latter estimate is in line with the Sm–Nd ages of 195 ± 9 Ma obtained from 

metapelitic septa, interpreted as dating cooling of the Mafic Complex at T < 750–800 °C (Rossi et 



al., 2006). The different thermal histories inferred for the Mafic Complex and the Diorite–Granite 

Complex can be reconciled thanks to the evidence of amphibolite to greenschist facies shearing 

along the Belli Piani shear zone in the Jurassic. The small grain size of syn-kinematic hornblende 

does not allow direct dating of this shearing event. However, a maximum age of 187.8 ± 1.4 Ma for 

shearing at T = 710 ± 40 °C is proposed based on the youngest apparent age provided by the 

mylonitic leucotonalite Z200. The last stages of shearing at amphibolite facies conditions can be 

indirectly constrained at ca. 165 Ma, thanks to the apparent ages provided by sample SSL17.3, 

located in the footwall block. 

It is worth noticing that the minimum apparent age of amphibole I cores from Z200 is significantly 

younger (ca. 70 Myr) than the age estimated for amphibole I in sample SSL2, which escaped 

shearing along the Belli Piani shear zone. Such age discrepancy cannot be attributed to a larger 

relative quantity of amphibole II in the mineral separate, since green amphibole rims around Amph 

I porphyroclasts in Z200 are restricted to a few μm. Therefore, the younger 
40

Ar/
39

Ar age of the 

porphyroclastic amphibole indicates that amphibole I in Z200 is not a relic of the original magmatic 

assemblage but rather a metamorphic mineral formed during early shearing along the Belli Piani 

shear zone in the Upper Triassic at t > 205.6 ± 1.2 Ma. Early shearing at the Triassic–Jurassic 

boundary is also in accordance with the inferred onset of cooling of the Mafic Complex at T < 750–

800 °C (Rossi et al., 2006). The slight decrease of Na content in the M4 site between amphibole 

porphyroclasts and neoblasts (Table 1 and Fig. 5e) provides a qualitative estimate of the variations 

of lithostatic pressure during shearing (Brown, 1977 and Okamoto and Toriumi, 2004). As a result, 

only a minor decrease of the depth of activity of the shear zone at amphibolite facies can be 

envisaged. Therefore, the Diorite–Granite Complex, which resided in the hangingwall of the Belli 

Piani shear zone, underwent only minor exhumation during shearing suggesting that, at least 

locally, no major faults/shear zones were active at shallower crustal levels. 

The extent of relative exhumation of the Mafic Complex with respect to the Diorite–Granite 

Complex is difficult to estimate, due to the lack of Triassic–Jurassic mineral assemblages suitable 

for P–T estimates both in the footwall and hangingwall of the Belli Piani shear zone. Previous 

studies estimated a pressure of ~ 0.5 GPa for the intrusion of the Diorite–Granite Complex (Zibra et 

al., 2012), whereas the Mafic Complex experienced poly-phase decompression under granulite 

facies conditions at first at P = 0.7 ± 0.1 GPa, then at P = 0.5 GPa (Caby and Jacob, 2000, Libourel, 

1988 and Zibra et al., 2010). Based on this data and on the compatibility of shear sense indicators 

formed from granulite to upper amphibolite facies conditions throughout the area, Zibra et al. 

(2010) proposed that the Mafic Complex and the Diorite–Granite Complex were already juxtaposed 

by the end of the Permian. In this context, the Diorite–Granite Complex would have intruded along 

a late-Paleozoic shear zone, responsible for the granulite facies shear fabrics of the Mafic Complex. 

Following this suggestion, the Jurassic amphibolite facies shearing documented in this study would 

simply re-work a pre-existing lithological boundary, without causing significant crustal excision. 

However, the widely different post-Permian thermal histories inferred for the Mafic Complex and 

Diorite–Granite Complex are difficult to reconcile with this view, since they would require an 

unrealistically large thermal gradient in the Jurassic between samples that would have been located 

less than 2 km apart. 

Therefore, the early stages of shearing along the Belli Piani shear zone can be constrained at the 

Triassic–Jurassic boundary, at the onset of cooling of the Mafic Complex at T < 750–800 °C. The 

last stages of shearing at amphibolite facies conditions can be indirectly constrained at ca. 165 Ma 

(Fig. 7). No significant exhumation of the shear zone was recorded during its activity, thereby 

suggesting that it resided at a broadly constant depth during its activity. This feature suggests that 

the Belli Piani shear zone was active at a small to negligible dip angle, possibly as a middle crustal 

decoupling horizon between lower crustal layers undergoing significant thinning and less deformed 



middle to upper crustal layers. A less likely interpretation is that this Jurassic structure was part of a 

shear zone cutting through different crustal levels. Shearing along the Belli Piani shear zone 

continued to progressively lower temperatures, in the greenschist facies P–T field, with deformation 

localizing in the uppermost part of the mylonitic belt, now located at the western edge of the Belli 

Piani SZ. Middle Jurassic shearing was then followed by the intrusion of doleritic dykes (Caby and 

Jacob, 2000) and by rapid exhumation at the seafloor, through the activity of low-angle detachment 

faults preserved in the Murato unit (Fig. 7). Low-angle brittle faults capping continental basement 

rocks have been repeatedly reported from peri-Tethyan distal continental margins preserved in the 

Alps (Froitzheim and Eberli, 1990, Masini et al., 2011 and Mohn et al., 2012) and in the Pyrenees 

(Jammes et al., 2009). This type of basement–cover relationship is considered typical of distal 

continental margins, where the last stages of crustal thinning are accommodated along gently-

dipping detachment faults, which are then overlain by syn- to post-rift sediments (e.g. Péron-

Pinvidic and Manatschal, 2009). 

  



 

 

Fig. 7.  

Proposed tectonic evolution of the Corsica margin during Middle Jurassic rifting at ca. 

165 Ma in the context of the Western Tethys. Note that this section is constructed using 

Corsica to represent the European margin and the Eastern Central Alps for the Adriatic 

margin. Shearing along the Belli Piani Shear Zone, which possibly initiated in the Upper 

Triassic, was still taking place at amphibolite facie conditions at ca. 165 Ma, when the shear 

zone was sampled in the footwall of exhumation faults. SL = Santa Lucia; MM = Margna–

Malenco unit. 

Modified from Masini et al. (2013). 
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6.4. Tectonothermal evolution of distal continental margins in the Western Tethys 

The Middle Jurassic Western Tethys oceanic basin is the most studied example of fossil magma-

poor rifting worldwide (e.g. Froitzheim and Eberli, 1990, Manatschal, 2004, Manatschal and 

Müntener, 2009 and Mohn et al., 2010). Thanks to the Alpine orogeny, different sections of the 

rifted margins are accessible, thereby allowing detailed studies that are complementary to those 

performed in present-day Atlantic-type margins (e.g. Manatschal, 2004). The distal continental 

margins that originally surrounded the Western Tethys preserve local evidence of rift-related intra-

crustal shear zones, both in the Santa Lucia nappe (this study) and in the Austroalpine units, which 

sample the distal Adriatic margin [Eita shear zone (Mohn et al., 2012) and Margna shear zone 

(Bissig and Hermann, 1999)]. Although the existing data set is still relatively small, significant 

differences in the relative timing of ductile shearing, basement cooling and onset of detachment 

faulting between the Santa Lucia nappe and the Adriatic marginal units are immediately apparent 

(Fig. 8). 

The Eita shear zone, which was originally located in the necking zone of the Adriatic margin, 

separates the Campo unit from the overlying Grosina unit (Mohn et al., 2012). This shear zone 

accommodated the exhumation of the footwall block from middle crustal depth in the 200–185 Ma 

interval, prior to the onset of activity of low angle detachment faults (Mohn et al., 2012). In a more 

distal part of the margin, shearing along the Margna shear zone led to the juxtaposition of the lower 

crustal Fedoz gabbro with upper crustal gneisses (Bissig and Hermann, 1999). The frequent 

presence of three different amphibole generations within individual samples and the significant 

Alpine overprint prevent unambiguous dating of the shearing episode, which was interpreted as 

Upper Triassic to Jurassic (Müntener and Hermann, 2001 and Villa et al., 2000). It is worth noticing 

that the oldest amphibole generation, which formed through hydration of the granulite facies 

assemblages of Permian age, yielded minimum ages of ca. 225 Ma (
40

Ar/
39

Ar step heating; Villa et 

al., 2000). This result indicates that amphibole in the Malenco unit was already residing at 

temperatures below which 
40

Ar loss is negligible by the Carnian. A similar age of 228 ± 2 Ma 

(
40

Ar/
39

Ar on amphibole), interpreted as due to rift-related cooling along a peri-Tehyan distal 

continental margin, has also been reported from undeformed mafic granulites in the External 

Liguride Units of the Northern Apenninnes (Marroni et al., 1998 and Meli et al., 1996). 

Differently from the examples discussed above, the last stages of cooling from amphibolite facies 

conditions in the Santa Lucia nappe took place at ca. 165 Ma. This estimate overlaps within error 

with the first evidence of mafic magmatism and exhumation of ultramafics at the seafloor preserved 

in the Alps, Apennines and Corsica (Fig. 8; e.g. Manatschal and Müntener, 2009, Montanini et al., 

2006 and Principi et al., 2004). In Corsica, crystallization ages of 169 ± 3 Ma and 161 ± 3 were 

estimated for trondhjemites in the Balagne nappe (Rossi et al., 2002) and in the Inzecca unit 

(Ohnenstetter et al., 1981), respectively. MOR-type olivine-gabbro bodies and gabbronorite veinlets 

from the Monte Maggiore peridotite have been dated at 162 ± 10 Ma and 155 ± 6 Ma (Rampone et 

al., 2009). Radiolarite ages were constrained in the Balagne nappe at the Upper Bathonian–Early 

Callovian (Chiari et al., 2000 and Danelian et al., 2008). 

This brief review indicates that the rift-related tectonometamorphic evolution of different parts of 

distal continental margins may be widely different (Fig. 8). In the Western Tethys case study 

presented here, significant extensional shearing and cooling of middle and lower crustal rocks took 

place in the Upper Triassic–Lower Jurassic in the units derived from the Adriatic margin. 

Therefore, progressive cooling and exhumation resulted in an early switch from ductile shear zone-

controlled to detachment-dominated crustal thinning (Fig. 8). In the Santa Lucia nappe, instead, this 



switch occurred very late in the rifting history and crustal flow was still largely accommodated by 

amphibolite facies shear zones at ca. 165 Ma. 

Further studies will be necessary to determine whether these marked differences may reflect a large 

scale asymmetry of the evolving lithospheric architecture, which has already been inferred based on 

the stratigraphic evolution of the conjugate margins (e.g. Masini et al., 2013). In this respect, it is 

important to note that the original geometric continuity between the Santa Lucia nappe and the 

Corte slices, which derived from the rift-related Corsica escarpment, has been questioned by recent 

regional reconstructions (e.g. Molli and Malavieille, 2011). Indeed, similarly to present day magma-

poor rifted margins, this margin may have been fragmented, with domains characterized by mantle 

exhumation and Jurassic magmatism separating the European margin sensu stricto from continental 

outliers, possibly including the Santa Lucia rocks. 

Despite these uncertainties, the Belli Piani shear zone is one of the few shear zones that 

accommodated rift-related crustal thinning detected worldwide and, most importantly, is the 

youngest rift-related shear zone found in the Western Tethyan realm. 

 

  



 

 

Fig. 8.  

Timing of the main tectonic and magmatic events recorded in the distal Adriatic and Corsica 

margins. Note that the transition from ductile shearing to detachment faulting along the 

distal Adriatic margin preserved in the Eastern Alps predates breakup by 15–20 Myr. The 

Santa Lucia unit, instead, preserves evidence for shearing at amphibolite facies conditions at 

ca. 165 Ma, overlapping with the first evidence of MORB magmatism in the distal-most 

continental margin and in the Zone of Exhumed Subcontinental Mantle. As a result, widely 

different thermal gradients were typical of the two distal margins at the rift to breakup 

transition. References: (1) Mohn et al. (2012); (2) Villa et al. (2000); (3) Masini et al. 

(2011); (4) Schaltegger et al. (2002); (5) Bill et al. (2001); (6) Rossi et al. (2002); (7) 

Danelian et al. (2008); (8) Ohnenstetter et al. (1981); (9) Rampone et al. (2009); (10) this 

study. DM = distal margin. 
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