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A B S T R A C T

Understanding whether deep crustal exhumation is continuous or occurs through episodic and high-rate pulses is 
key to linking the tectonic evolution of the continental lithosphere with magmatic processes. However, this 
remains challenging because of the limited precision of many geochronological methods, especially when 
resolving closely spaced and ancient metamorphic events. By integrating high-precision U–Pb zircon geochro
nology with metamorphic P–T estimates from deep crustal migmatitic gneiss, this study quantifies the average 
exhumation rate of the Valpelline Series within the fossil Permian extensional system of the western Italian Alps.

The migmatitic gneiss of the Valpelline series record a metamorphic transition from conditions of 0.8–1.0 GPa 
and 870–890 ◦C (M1) to 0.4–0.6 GPa and 680–760 ◦C (M2), reflecting cooling and exhumation from deep to 
middle crustal levels. The changing P–T conditions mark a shift from a late- to post-collisional thermal relaxation 
regime to extensional tectonics characterized by a higher thermal gradient. CA-ID-TIMS dating constrains this 
transition to between 294.29 ± 0.38 Ma (M1) and 286.76 ± 0.27 Ma (M2), yielding an exhumation rate of 2.0 ±
1.0 mm/yr restricted to the early Permian and preceding widespread gabbro emplacement at regional scale. The 
results are consistent with the model that invokes an early Permian transtensional regime across Pangea, marked 
by high relative plate velocities and a brief duration of less than 20 Myr.

1. Introduction

The exhumation of the deep continental crust in divergent settings is 
closely linked to high-temperature (HT) metamorphism, partial melting, 
and volcanic activity. Determining whether exhumation occurs contin
uously at low rates or episodically at high rates has significant impli
cations for the thermo-mechanical evolution of the lithosphere, as well 
as for the multiple exchanges between the lithosphere, atmosphere, and 
biosphere (Harley, 2016; Jiao et al., 2023; Lenardic et al., 2016; Kas
bohm et al., 2021).

Petrochronology offers a means to quantify the average rates of 
tectonic processes (Kohn, 2016; Engi et al., 2017). This approach le
verages recent advances in-situ geochronology, which allow dating of 
accessory and rock-forming minerals (see also Volante et al., 2024). The 
pressure-temperature (P–T) evolution of metamorphic rocks provides 
valuable insights into the thermal and burial–exhumation evolution, 
while the timing (-t) of mineral growth can be correlated with specific 

P–T stages through the integration of microstructural and 
mineralogical-chemical criteria (e.g., Hermann and Rubatto, 2003; 
Whitehouse and Platt, 2003; Rubatto et al., 2006, 2013; Harley et al., 
2007; Baldwin and Brown, 2008). Nevertheless, the precision of in-situ 
dating techniques is often insufficient to resolve short intervals between 
successive metamorphic events, particularly when these are ancient and 
closely spaced. For instance, U–Pb zircon dating via laser ablation 
inductively coupled plasma mass spectrometry (LA-ICP-MS), the most 
robust and widely used in-situ technique, yields age uncertainties of 
1.5–2 % at the 2σ confidence level (Schaltegger et al., 2015; Horstwood 
et al., 2016).

The limitations of the in-situ techniques have limited impact in 
active or relatively young convergent settings, such as subduction zones, 
where the recent timing of events enhances temporal resolution and 
enables the estimation of high exhumation rates (e.g., Rubatto and 
Hermann, 2001; Baldwin et al., 2004; Rubatto et al., 2011). Conversely, 
it becomes critical in divergent settings, where multiple tectonic events 
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are often needed to exhumed the deep crust (e.g., Ring et al., 1999), 
potentially over long geological times. In such cases, the short time in
tervals between early stages might be unresolved, impeding efforts to 
accurately determine exhumation rates. To improve age precision, U–Pb 
zircon dating by chemical abrasion–isotope dilution–thermal ionization 
mass spectrometry (CA-ID-TIMS) can achieve uncertainties <0.1 % on 
238U/206Pb dates. However, this technique generally involves complete 
dissolution of zircon grains, which results in limited spatial resolution 
(e.g., Condon et al., 2024). This poses a major limitation for the study of 
metamorphic rocks, where zircons often preserve complex internal 
zoning and multiple crystallization domains. As a result and with few 
exceptions (e.g., Stowell et al., 2022), CA-ID-TIMS U-Pb zircon dating is 
commonly not applied to metamorphic rocks.

This study aims to show that the superior precision of CA...ID...TIMS 
dating, when combined with careful textural selection of zircon crystals, 
provides a more reliable framework for estimating the rates of tectonic 
processes. The focus is on the Valpelline series, a segment of the Adriatic 
basement in the western Italian Alps. This deep continental unit is 
mainly composed of migmatitic gneiss and granulites that record 
Permian HT metamorphism (Kunz et al., 2018a; Caso et al., 2024a, and 
references therein). By integrating structural, metamorphic, and 
geochronological data, we reconstruct its Permian P-T-t evolution and 
estimate the corresponding average exhumation rate.

2. Geologic setting

2.1. The Adriatic basement in the Alps

The Adriatic basement, exposed at various crustal levels in the Alps, 
is part of the Permian extensional system that formed after the collapse 
of the Devonian–Carboniferous Variscan belt (Lardeaux and Spalla, 

1991; Schuster and Stüwe, 2008; Kunz et al., 2018a; Roda et al., 2019). 
Some authors propose that the Adriatic basement experienced a pro
longed period of thermal perturbation and magmatism driven by litho
spheric extension, either continuous or episodic, characterized by low 
average exhumation rates extending from the early Permian into the 
Mesozoic (e.g., Schuster and Stüwe, 2008; Langone et al., 2018; Roda 
et al., 2019; Smye et al., 2019; Connop et al., 2024). In contrast, other 
authors relate the magmatic and HT metamorphic evolution of the 
Adriatic basement to a brief phase of intra-continental transtension that 
caused a major reorganization of Pangea between 298 and 274 Ma and 
driven by high plate velocities (Muttoni et al., 2003). This interpretation 
is supported by the ages of the early Permian intrusive rocks and vol
canic sequences within sedimentary basins, which are limited to the 
275–289 Ma interval (Schaltegger and Brack, 2007; Quick et al., 2009; 
Karakas et al., 2019; Boscaini et al., 2025). The transtensional phase 
ended with a shift in plate kinematics during the late Permian, marked 
by a decline in magmatic activity and change in sedimentary inputs 
(Muttoni et al., 2003).

The deepest portion of the Adriatic basement is exposed in the 
western Alps (Fig. 1; Kunz et al., 2018a and references therein). The HT 
metamorphic evolution of this section has been deeply investigated, 
particularly along the Val Strona di Omegna in the Ivrea–Verbano zone 
(Fig. 1), where a metamorphic field gradient from amphibolite- to 
granulite-facies conditions is documented (Kunz and White, 2019). The 
Mafic Complex (Fig. 1), the largest among gabbro intrusive suites in the 
Adriatic basement, was emplaced within the deepest part of the 
Ivrea–Verbano zone at 282–286 Ma (Karakas et al., 2019).

Despite well-constrained metamorphic P–T conditions in the 
Ivrea–Verbano zone, there are divergent interpretations of the tectonic 
evolution of the deep crust during the Permian. Specifically, questions 
remain about the causal relationship between gabbro emplacement and 

Fig. 1. Simplified tectonic map of the western Italian Alps (modified after Caso et al., 2024b, and references therein; WGS84 geographic coordinates). The meta
morphic isograds along the Val Strona di Omegna (in red) are from Kunz and White (2019) and references therein. The area shown in Fig. 2 is outlined in yellow. 
Labels: AR – Arolla series; E – Etirol Levaz; EMC – Eclogitic Miscaschist Complex; EM – Emilius; GM – Gneiss Minuti complex; GP – Gran Paradiso; GR – 
Glacier-Rafray; IIDK – Seconda Zona Dioritico-Kinzigitica; MC – Mafic Complex; MM – Mont Mary; MR – Monte Rosa; PI – Pillonet; RCSZ – Roisan-Cignana Shear 
Zone; SA – Santanel; ST – Strona-Ceneri; VP – Valpelline series.
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HT metamorphism in the host granulites (e.g., Ewing et al., 2013; Bartoli 
et al., 2024), the persistence of HT metamorphic conditions over time (e. 
g., Connop et al., 2024), and the timing and mechanism of deep crustal 
exhumation (e.g., Smye et al.2019; Wyatt et al., 2022).

Conflicting interpretations largely arise from the wide scatter in 
geochronological data across minerals and methods, with most ages 
ranging from 290 to 240 Ma (Guergouz et al., 2018; Langone et al., 
2018; Kunz et al., 2018b; Wyatt et al., 2022; Bartoli et al., 2024; Connop 
et al., 2024). In Val Strona di Omegna, older ages occur in 
amphibolite-facies rocks farther from the Mafic Complex, while younger 
ages are found in granulite-facies rocks near the intrusive contacts. 
These younger dates are generally coeval with, or postdate, the 
emplacement of the Mafic Complex. Further ambiguity arises from 
contrasting interpretations of the contact between the Mafic Complex 
and the surrounding host rocks. Some studies report ultra-HT overprints 
and possible partial melting induced by the intrusion of the Mafic 
Complex (Ewing et al., 2013), whereas others describe lower-grade 
thermal aureoles that overprint earlier HT assemblages (e.g., Barboza 
and Bergantz, 2000).

Despite extensive research, geochronological constraints on the pre- 
to early Permian evolution of the deep Adriatic crust remain limited. 
Ages older than 290 Ma are particularly scarce in the Ivrea–Verbano 
zone, with only a few scattered late Carboniferous dates reported from 
zircon, monazite, and garnet (e.g., Ewing et al., 2013; Klötzli et al., 
2014; Guergouz et al., 2018; Kunz et al., 2018b; Wyatt et al., 2022; 
Connop et al., 2024). Some authors suggest that substantial deep crustal 
exhumation may have occurred during this time, though the reliability 
of some of these older dates is debated due to limited reproducibility 
(Ewing et al., 2023).

The Valpelline series of the Dent Blanche nappe system (Fig. 1) ex
poses a continuous section of deep Adriatic crust. Notably, the area is 

free of Permian gabbros and exhibits only minor low-temperature Alpine 
overprinting, largely confined to localized shear zones (Kunz et al., 
2018a; Caso et al., 2024a, and references therein). These features make 
Valpelline especially suitable for investigating Permian evolution, as 
they avoid the geochronological and metamorphic complexities associ
ated with the Mafic Complex emplacement in the Ivrea–Verbano Zone.

2.2. The Valpelline series

The Valpelline series includes migmatitic gneiss and granulites that 
exceptionally preserve Permian HT mineral assemblages and structures 
(Fig. 2; Manzotti et al., 2018; Kunz et al., 2018a; Caso et al., 2024a). 
These rocks consistently exhibit three generations of HT foliations, with 
clear cross-cutting relationships and distinct mineral assemblages sup
porting each foliation (Table 1; Caso et al., 2024a; 2024b).

S1 is supported by granulite-facies minerals and occurs as a discor
dant internal foliation within mafic boudins hosted in migmatitic gneiss 
(Caso et al., 2024a; 2024b). These boudins are ubiquitously present in 
the Valpelline series, regardless of the mineral assemblage associated 

Fig. 2. Geological map of the Dent Blanche nappe system (modified after Caso et al., 2024a, and ref. therein; WGS84 geographic coordinates). The labels Opx and 
Crd indicate the main locations where orthopyroxene- and cordierite-bearing migmatitic gneiss are observed, respectively. Sampling locations for this study are 
marked with stars and labeled with sample names.

Table 1 
Summary of structures and metamorphic assemblages from the Valpelline series. 
Mineral abbreviations, here and elsewhere in the text, follow Whitney and Evans 
(2010).

Migmatitic gneiss with mafic granulite boudins

Opx-bearing migmatite Crd-bearing migmatite

S1 Opx + Pl + Amp ± Cpx ± Bt ± Grt ± Qz in mafic boudins
S2 Bt + Grt + Opx + Pl + Qz ± Kfs ± Ilm 

(M1)
Bt + Grt + Crd + Pl + Qz + Ilm ± Sil 
(M2)

S3 Sil + Grt + Qz + Pl ± Bt + Ilm
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with external S2.
S2 is associated with extensive partial melting and is characterized 

by two distinct mineral assemblages in migmatitic gneiss, bio
tite–garnet–orthopyroxene (M1) and biotite–garnet–cordierite (M2). Ti- 
in-biotite geothermometry suggests that M1 developed at a higher 
temperature than M2 (Caso et al., 2024a). No overprinting relationships 

have been observed between these assemblages, although both are 
clearly bracketed in the relative structural chronology between S1 and 
S3 (Table 1; Caso et al., 2024a; 2024b).

Finally, S3 is related to pervasive folding of S2 and is characterized 
by retrograde sillimanite overgrowth in both Opx- and Crd-bearing 
migmatitic gneiss (Caso et al., 2024a; 2024b). A bimodal age 

Fig. 3. Photographs and microphotographs of migmatitic gneiss and pegmatite from the Valpelline series at the sampling sites. A: Garnet and orthopyroxene 
assemblage in Opx-bearing migmatitic gneiss, Dzovennoz. B: Cross-polar microphotograph of Opx-bearing migmatite, Dzovennoz. C: Boudin of mafic granulite in 
orthopyroxene-bearing migmatitic gneiss, Oyace. D: Biotite-rich pegmatite in orthopyroxene-bearing migmatitic gneiss, Bionaz. E: Cordierite-rich leucosome in 
folded Crd-bearing migmatite, Lac Mort. F: Parallel-polar microphotograph of Crd-bearing migmatite, Lac Mort. G: Folded boudins of mafic granulite in Crd-bearing 
migmatitic gneiss, Lac Mort. H: Biotite-rich pegmatite in Crd-bearing migmatite, Lac Long. Labels: Bt – biotite, Crd – cordierite, Grt – garnet, Opx – orthopyroxene, Pl 
– Plagioclase, Qz – quartz.
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distribution with partially resolved peaks at 283 ± 2 Ma and 266 ± 2 Ma 
has been already identified in sillimanite-rich migmatitic gneiss by 
LA-ICP-MS zircon dating, with Ti-in-zircon thermometry indicating 
crystallization temperatures below 750 ◦C (Kunz et al., 2018a).

3. Material and methods

3.1. Samples

In this study, samples of migmatitic gneiss and Bt-bearing pegmatite 
were collected in the Valpelline series (Fig. 2). Additional details on the 
sampling locations are provided in the Supplementary File.

Opx-bearing migmatitic gneiss (samples CPB1 and 21722) and leu
cosome (sample 20713) were collected at Dzovennoz (Fig. 2). The 
migmatitic gneiss consists of biotite, garnet, orthopyroxene, plagioclase, 
and quartz, with minor to rare K-feldspar and ilmenite. It exhibits S2 
banding characterized by alternating layers of quartz–feldspar-rich 
leucosome and garnet–biotite-rich layers (Fig. 3A, 3B). The migmatitic 
gneiss is interlayered with migmatitic amphibolite containing amphi
bole, biotite, clinopyroxene, garnet, ilmenite, plagioclase, and quartz. 
Boudins of mafic granulite are common within the Opx-bearing mig
matitic gneiss, enclosed within S2 and preserving an internal S1 
(Fig. 3C). A sample of Bt-bearing pegmatite (20710) was collected at 
Oyace (Fig. 2) near the contact between migmatitic gneiss and 
amphibolite (Fig. 3D).

Crd-bearing migmatitic gneiss (sample 31SC) and leucosome (sam
ple 293) were collected at Lac Mort (Fig. 2). The migmatitic gneiss 
consists of biotite, garnet, cordierite, plagioclase, quartz, ilmenite, and 
minor to rare sillimanite. Banding is defined by quartz–feldspar-rich 
leucosome and biotite–cordierite–garnet-rich layers (Fig. 3E, 3F). The 
alignment of cordierite and biotite grains defines the S2 foliation, which 
has been folded and locally overprinted by sillimanite-rich S3. Boudins 
of mafic granulite wrapped by S2 and preserving an internal S1 foliation 
are also common within the Crd-bearing migmatitic gneiss (Fig. 3G). A 
second sample of Bt-bearing pegmatite (sample 1561) was collected at 
Les Seytives, between Lac de Place Moulin and Lac Mort, where it in
trudes the migmatitic gneiss (Fig. 3H).

3.2. Zircon separation and imaging

Samples 21722, 20713, 293, 20710, and 1561 were processed at the 
Earth Sciences Department (DISTAD) of the Università degli Studi di 
Milano to extract zircon crystals using standard mechanical, density, 
and magnetic separation techniques. Zircons were then mounted in 
epoxy resin, polished to expose the crystal interior domains and imaged 
by a JEOL JSM-IT 500 scanning electron microscope (SEM) equipped 
with a Deben-Centaurus cathodoluminescence detector.

3.3. Zircon trace element geochemistry

Zircon trace element analyses were performed at DISTAD by laser 
ablation-inductively coupled plasma mass spectrometry (LA-ICP-MS) 
using a Thermo-Scientific ICP-MS iCAP RQ single quadrupole interfaced 
to a 193 nm ArF excimer laser ablation system (Teledyne Analite Excite) 
equipped with a HelEx 2 vol sample chamber. We set an ablation spot of 
25 μm in diameter, a repetition rate of 10 Hz, and a fluence of 2 J/cm2. 
Each analysis comprised 40 s of background acquisition and 60 s of 
ablation signal. Dwell times were 5 ms for 29Si and 90Zr, 100 ms for Ti 
and 30 ms for the other analytes. For concentration calculations, average 
background-subtracted count rates were internally normalized to ²⁹Si, 
using the stoichiometric SiO₂ content of 32.78 wt % in zircon. Additional 
information on method and data treatment is reported in the Supple
mentary File. Data are reported in Table S1.

3.4. LA-ICP-MS U-Pb zircon dating

In-situ U–Pb zircon dating was carried out during two analytical 
sessions using the same instrumentation and set up described for trace 
element analysis. The masses 202, 204, 206, 207, 208, 232, and 238 
were measured using a dwell time of 10 ms and a spot size of 20 μm in 
diameter. Laser-induced elemental fractionation and instrumental mass 
bias were corrected by normalization to the 91500 zircon reference 
(1065 Ma, Wiedenbeck et al., 2004). The analytical uncertainties of 
individual spot analyses were propagated by quadratic addition of the 
excess scatter, which was calculated from reference material analyses 
following Horstwood et al. (2016). Additional information on method 
and data treatment is provided in the Supplementary File. Data are re
ported in Table S2.

3.5. CA-ID-TIMS U-Pb zircon dating

High-precision U–Pb zircon dating was undertaken at the University 
of Geneva by chemical abrasion of individual zircons grains (Mattinson, 
2005), involving annealing in a muffle furnace at 900 ◦C for 48 h and 
chemical abrasion for 12 h at 210 ◦C in concentrated HF. The chemically 
abraded grains were then loaded for dissolution into 200 μl Savillex 
microcapsules with ~ 5 mg of EARTHTIME 202Pb–205Pb–233U–235U 
tracer solution (Condon et al. 2015) and put into an oven at 210 ◦C for 
48 h.

The isotopic analyses were performed at University of Geneva on a 
TRITON mass spectrometer equipped with a MasCom discrete dynode 
electron multiplier. Lead isotopic fractionation was corrected based on 
the certified value of 202Pb/205Pb = 0.99924 ± 0.03 %, 1σ of the tracer. 
The U mass fractionation for the same analyses was calculated using the 
233U-235U ratio of the double spike solution (0.99506 ± 0.01 %, 1σ). 
Lead isotope compositions were measured on the electron multiplier, 
while U (as UO2) isotopic measurements were made in static Faraday 
mode (using amplifiers equipped with 1013Ωresistors) or, in case of 
insufficient U beam size, on the electron multiplier.

The initial statistics, data reduction, and age calculation were done 
using the TRIPOLI and Redux software (Bowring et al., 2011). All 
206Pb/238U and 207Pb/206Pb ratios were corrected for initial disequi
librium in 230Th/238U using Th/U [magma] = 3.5 ± 1 (1σ). Additional 
information for the method is provided in Supplementary File, while all 
data are reported in Table S3.

3.6. Phase assemblage modeling and Ti-in-zircon thermometry

Phase assemblage modeling was carried out in the CaO-Na2O-K2O- 
FeO-MgO-Al2O3-SiO2-H2O-TiO2 (CNKFMASHT) chemical system using 
the GeoPS software (Xiang and Connolly, 2022), along with the DS62 
thermodynamic dataset (Holland and Powell, 2011) and 
activity-composition (a-x) models for high-temperature metapelites 
(White et al., 2014). The full list of a–x models used is provided in the 
Supplementary File. The uncertainties in determining P-T conditions by 
phase assemblage modeling are lower than ± 0.1 GPa and ± 50 ◦C at the 
2σ level and are considered equivalent to the size of the P-T field of 
interest, making it the most powerful tool for P-T estimates (Powell and 
Holland, 2008).

Ti-in-zircon temperature was calculated using the pressure- 
dependent equation from Crisp et al. (2023). This calibration is associ
ated with a total uncertainty of ± 40 ◦C, while the analytical error for Ti 
(1σ) was <1 ppm, corresponding to an uncertainty of about ± 10 ◦C. The 
activities of SiO2 and TiO2 have been set to 0.90 and 0.45, respectively. 
These values in agreement with values considered for ilmenite-bearing 
rocks (Crisp et al., 2023 and ref. therein) and consistent with those 
calculated by phase modeling. The results are reported in Table S3.
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4. Results

4.1. Zircon morphology

Zircon grains exhibit significant textural variability, with minor 
differences observed between migmatitic gneiss, leucosomes, and peg
matites. The full documentation of zircon cathodoluminescence images 
is provided in Fig. S1.

In the Opx-bearing migmatitic gneiss (sample 21722, Fig. 4a–c), 
zircon grains have either elongated or stubby habits and often host 
partially resorbed xenocrystic cores. These inherited cores are generally 
bright in CL and display relict internal zoning truncated by external 
overgrowths. Surrounding the xenocrystic core, thin (<10 µm) irregular 
rings with bright homogeneous emission are commonly observed and 
interpreted as zones formed through dissolution-precipitation. Further 
out, overgrowths of variable thickness show sector zoning and planar 
growth zoning, with occasional internal resorption surfaces. Thin, dark 
and uniform outer rims are occasionally present.

In the leucosome of the Opx-bearing migmatitic gneiss (sample 
20713), zircon grains are elongated or stubby and xenocrystic cores are 
rare (Fig. 4d–f). These grains are characterized by concentric oscillatory 
zoning and sector zoning. Many grains exhibit faintly zoned centers 
surrounded by fine-scale oscillatory zoned rims. These domains are 
usually separated by resorption surfaces. Similar zircon characteristics 
are found in the pegmatite intruding into Opx-bearing migmatitic gneiss 
(sample 20710), where xenocrystic cores are absent (Fig. 4g–i). Rounded 
"soccerball-shaped" zircons with multiple crystal facets are more rarely 
present.

Most of the zircon grains in the leucosome of the Crd-bearing mig
matitic gneiss (sample 293, Fig. 4j–l) display small xenocrystic cores, 
which can appear either bright or dark in CL. These cores exhibit in
ternal zoning truncated by external overgrowths and are surrounded by 
thin dissolution-precipitation rings. The external overgrowths mostly 
show sector zoning and multiple crystal facets are observed. Zircon 
grains in the pegmatite intruding into the Crd-bearing migmatitic gneiss 
(sample 1561) are mostly dark in CL and display core-to-rim fine scale 
oscillatory zoning. These grains do not show xenocrystic cores 
(Fig. 4n–q).

4.2. U-Pb zircon dating

4.2.1. LA-ICP-MS zircon dating
LA-ICP-MS U-Pb zircon dating was conducted on texturally hetero

geneous zircon grains from migmatitic gneiss and pegmatites. 
206Pb/238U weighted mean age plots are shown in Fig. 5. Additional data 

representation is provided in the Supplementary File.
Twenty spot analyses were performed on zircon grains from the Opx- 

bearing migmatitic gneiss (sample 21722). Seven analyses of xen
ocrystic cores previously identified using CL images plot along the 
concordia line between 488 and 653 Ma (see Supplementary File). The 
other twelve dates yield a 206Pb/238U weighted mean age of 291.4 ± 1.6 
Ma (MSWD = 2.2; Fig. 5A). In addition, nineteen spot analyses were 
performed on zircon grains separated from the leucosome of the Opx- 
bearing migmatitic gneiss (sample 20713) and yield a 206Pb/238U 
weighted mean age of 294.4 ± 1.1 Ma (MSWD = 4.3; Fig. 5B). Finally, 
twenty-one spot analyses on the pegmatite sample 20710 yield a 
206Pb/238U weighted mean age of 294.1 ± 1.0 Ma (MSWD = 3.5; 
Fig. 5C). The ages obtained for the Opx-bearing migmatitc gneiss and the 
releted pegmatite are indistinguishable within analytical uncertainty.

Furthermore, twenty-four spot analyses were performed on zircon 
crystals from the leucosome of the Crd-bearing migmatitic gneiss 
(sample 293). Five analyses on xenocrystic cores gave concordant to 
subconcordant apparent 206Pb/238U ages ranging from 511 to 726 Ma 
(see Supplementary File). The other nineteen dates yield a 206Pb/238U 
weighted mean age of 286.8 ± 1.1 Ma (MSWD = 1.7; Fig. 5D). In 
addition, nineteen spot ages from zircon grains separated from pegma
tite sample 1561 yield an undistinguishable 206Pb/238U weighted mean 
age of 287.2 ± 1.2 Ma (MSWD = 1.8; Fig. 5E). The results consistently 
show that the Crd-bearing leucosome and related pegmatite are younger 
than the Opx-bearing migmatitic gneiss.

4.2.2. CA-ID-TIMS zircon dating
CA-ID-TIMS zircon dating was performed on twenty-six crystals from 

three samples previously investigated by LA-ICP-MS. All crystals were 
imaged by CL and we selected only those that do not show any 
discernible inherited cores. Moreover, we selected crystals showing a 
range of zircon sizes, morphologies, and internal textures.

Eight crystals were analyzed from the leucosome of Opx-bearing 
migmatitic gneiss (sample 20713, Fig. 5F), yielding scatter in 
206Pb/238U dates from 289.72 ± 0.19 to 295.25 ± 0.15 Ma. Among the 
six oldest concordant analysis, three are showing undisturbed, simple 
oscilatory zone pattern, overlapping within the uncertainty and yielding 
weighted mean 206Pb/238U date of 294.29 ± 0.38 Ma (MSWD = 3.5). 
The remaining three older grains scatter along the concordia likely due 
to inheritance, which may be evidenced in CL images as truncated 
oscillatory zoning in grains z13a and z16a, and resorption with over
growth in grain z8a, or possibly due to inherited cores that are not 
visible in the analyzed grains but are present in other grains (Supple
mentary File). The youngest two grains are showing thin white rim in 
grain z1a or internal white areas in grain z10a in CL images 

Fig. 4. Cathodoluminescence imaging of selected zircon grains (a-q) divided by rock-type and sampling locality (cfr. Fig. 2). Further images are in the Supple
mentary File.
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(Supplementary File), which may be result of fluid flow and, possibly, a 
reason for unresolved lead loss.

Eight zircon grains were analyzed from the pegmatite that intrudes 
into the Opx-bearing migmatitic gneiss (sample 20710; Fig. 5G). Five 
concordant analyses yield overlapping ²⁰⁶Pb/²³⁸U dates within analytical 
uncertainty, defining a weighted mean age of 292.76 ± 0.33 Ma (MSWD 
= 2.3). The remaining three crystals are older, with individual ²⁰⁶Pb/ 
²³⁸U dates ranging from 294.51 ± 0.13 to 295.10 ± 0.41 Ma. When 
pooled, these three older analyses yield a weighted mean age of 294.66 
± 0.22 Ma (MSWD = 2.6). One of them (z7b, see Supplementary File) 
displays a distinctive “soccerball-shaped” morphology.

Lastly, ten crystals were analyzed from the leucosome of the Crd- 
bearing migmatitic gneiss (sample 293; Fig. 5H). Two of them are 
discordant and yielded 206Pb/238U dates older than 291 Ma (Supple
mentary File). The remaining eight analysis are scaterring along the 

concordia with 206Pb/238U dates varying from 286.76 ± 0.27 to 291.49 
± 0.11 Ma (Fig. 5H).

4.3. Trace element geochemistry of zircon

Zircon grains in the leucosome of the Opx-bearing migmatitc gneiss 
(sample 20713) share relatively flat HREE patterns with LuN/SmN = 2–8 
(the subscript N indicates chondrite normalization; Fig. 6A). These 
grains have similar negative Eu anomalies (Eu/Eu* = 0.2; Fig. 6B), high 
Th/U (0.3–0.6; Fig. 6C), and variable Ti contents (6–20 ppm; Fig. 6D), 
with an average Ti content of 11 ppm. In the leucosome of the Crd- 
bearing migmatitic gneiss (sample 293), zircon grains show steep posi
tive HREE patterns with LuN/SmN of 64–112 (Fig. 6A). These crystals 
share strong negative Eu anomalies (Eu/Eu* = 0.1; Fig. 6B), as well as 
relatively low Th/U (<0.1; Fig. 6C) and Ti contents (4–6 ppm; Fig. 6D).

Fig. 5. ²⁰⁶Pb/²³⁸U dates of zircons analyzed by LA-ICP-MS (A–E) and CA-ID-TIMS (F–H). Additional details on sampling locations, selected grains, analytical spots, 
and results are provided in Fig. 2 and Supplementary File. Colored boxes indicate the analytical spots used to calculate the ²⁰⁶Pb/²³⁸U weighted mean ages or 
considered as individual ages. In A – E diagrams, the 206Pb/238U weighted mean ages are reported at 2σ confidence level using the notation age ± α|β|γ, where α 
represents the analytical uncertainty, β includes an additional overdispersion term following Vermeesch, 2018, and γ further propagates the systematic uncertainties 
(cfr. Horstwood et al., 2016). Xenocrystic cores were excluded from the ²⁰⁶Pb/²³⁸U weighted mean age calculations. In F – H diagram, the 206Pb/238U weighted means 
are reported at 2σ confidence level using the notation age ± x|y|z, where x is the internal error in absence of all systematic errors, y includes the tracer calibration 
error, and z includes both tracer calibration and decay constant errors (cfr. Schoene et al., 2006).
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Zircon grains in the pegmatite sample 20710 show moderately steep 
HREE patterns (LuN/SmN = 14–86; Fig. 6A), pronounced negative Eu 
anomalies (Eu/Eu* = 0.1–0.2; Fig. 6B), variable Th/U ratios (0.1–0.4; 
Fig. 6C), and Ti contents from 6 to 12 ppm (Fig. 6D). These crystals have 
higher LuN/SmN and lower Eu/Eu* than those in the host Opx-bearing 
migmatitic gneiss. Finally, zircon grains in the pegmatite sample 1561 
show steep HREE patterns (LuN/SmN = 108–144; Fig. 6A), strong 
negative Eu anomalies (Eu/Eu* <0.1; Fig. 6B), low Th/U ratios (<0.1; 
Fig. 6C) and modest Ti contents (4–6 ppm; Fig. 6D). In this pegmatite, 
zircon grains exhibit steeper HREE patterns and more pronounced Eu/ 
Eu* anomalies than in the host Crd-bearing migmatitic gneiss, while 
maintaining similar Th/U ratios and Ti contents.

4.4. Metamorphic P-T conditions

4.4.1. Phase assemblage modeling and Ti-In-zircon thermometry
The first P–T pseudosection (Fig. 7A) models the M1 mineral 

assemblage (Bt + Grt + Opx + Pl + Qz ± Kfs ± Ilm, Table 1) in the Opx- 
bearing migmatitic gneiss (sample CPB1) with a bulk composition of 
SiO₂ = 56.96 wt%, Al₂O₃ = 16.42 wt%, FeO = 10.37 wt%, MgO = 4.63 
wt%, TiO₂ = 0.54 wt%, CaO = 3.73 wt%, Na₂O = 2.77 wt%, K₂O = 3.66 
wt%. An H₂O content corresponding to LOI (0.90 wt%) is assumed. The 
pseudosection incorporates isopleths for the garnet end-members 
almandine and pyrope, covering the garnet composition range 
(Alm59–65, Py23–28, Grs8–11, Supplementary File). The stability fields for 

this garnet include conditions with mineral assemblages such as Bt + Grt 
+ Opx + Pl + Qz + Kfs + Melt, Bt + Grt + Ilm + Opx + Pl + Qz + Kfs +
Melt, and Bt + Grt + Ilm + Opx + Pl + Kfs + Melt, all aligning with the 
mineral assemblage observed in the sample and considering potential 
uncertainties about the role of quartz, whether as part of the assemblage 
or crystallized from the melt. The predicted metamorphic conditions for 
the M1 assemblage are approximately 0.8–1.0 GPa and 870–890 ◦C.

The second pseudosection (Fig. 7B) models the M2 mineral assem
blage (Bt + Grt + Crd + Pl + Qz ± Sil, Table 1) in the Crd-bearing 
migmatitic gneiss (sample 31SC), with a bulk composition of SiO₂ =
55.86 wt%, Al₂O₃ = 18.95 wt%, FeO = 8.33 wt%, MgO = 4.17 wt%, TiO₂ 
= 1.08 wt%, CaO = 1.74 wt%, Na₂O = 2.85 wt%, K₂O = 2.67 wt%. An 
H₂O content of 1.36 wt% is assumed, slightly below the LOI value of 2.20 
wt%. This pseudosection includes end-member isopleths for garnet 
(Alm70–74, Py23–26, Grs2–3, Supplementary File), encompassing the 
garnet composition identified in mineral analyses. The stability fields for 
this assemblage include conditions with or without sillimanite and K- 
feldspar, reflecting small P–T variations. The predicted equilibrium 
metamorphic conditions for the Crd-bearing migmatitic gneiss are 
around 0.4–0.6 GPa and 680–760 ◦C, which are lower than those for the 
Opx-bearing migmatitic gneiss.

Finally, Ti-in-zircon thermometer is applied to zircon grains in leu
cosome and pegmatite to obtain an independent estimate of the crys
tallization temperature (Fig. 6). The temperature calculated for the 
leucosome of the Opx-bearing migmatitic gneiss (sample 20713) ranges 

Fig. 6. Trace and rare earth element concentrations for zircon crystals from leucosomes and pegmatites of the Valpelline Series. Where indicated, data are 
normalized to the chondrite values of Taylor and McLennan, 1995. Colors refer to different lithotypes and locations and are consistent across all plots. Error bars are 1 
σ. A: Zircon normalized rare earth element patterns. B: Plot of LuN/SmN versus Eu/Eu*. C: Plot of LuN/SmN versus Th/U. D: Plot of LuN/SmN versus Ti. Ti-in-zircon 
temperature is calculated following the calibration by Crisp et al. (2023).
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from 760 ◦C to 890 ◦C at a pressure of 0.9 GPa, with a median value of 
797 ◦C and an interquartile range of 72 ◦C. For the pegmatite sample 
20710, temperature is between 760 ◦C and 830 ◦C, with a similar me
dian value. Conversely, zircon from the leucosome of the Crd-bearing 
migmatitic gneiss (sample 293) yields a temperature between 682 ◦C 
and 739 ◦C at a pressure of 0.5 GPa, with a median of 715 ◦C and a 
narrow interquartile range of 5 ◦C. These temperature estimates are 
similar to those derived for the pegmatite sample 1561, which range 
from 721 ◦C to 748 ◦C.

5. Discussion

5.1. Zircon dating

The LA-ICP-MS U–Pb zircon dates suggest an age distinction between 
the two types of migmatitic gneiss (Fig. 5). For instance, there is a dif
ference of approximately 7–8 million years between the 206Pb/238U 
weighted mean age of the leucosome of the Opx-bearing migmatitic 
gneiss (sample 20713, 294.4 ± 2.5 Ma) and that of the Crd-bearing 
migmatitic gneiss (sample 293, 286.8 ± 1.5 Ma). A similar age differ
ence is also observed between the two pegmatites intruded into the 
respective migmatitic gneiss types (Fig. 5), further supporting the 
interpretation of two temporally distinct crystallization events.

However, when the propagation of systematic uncertainties is taken 
into account, which is necessary to extrapolate the results beyond a 
single analytical session, the two age populations partially overlap 
(Fig. 5). The difference between the two events approaches the 1.5–2 % 
uncertainty threshold, which cannot be resolved using LA-ICP-MS 
techniques (Schaltegger et al., 2015; Horstwood et al., 2016). This 
level of uncertainty limits meaningful comparison with the regional 
geological history and, more importantly, prevents a reliable estimate of 
the time interval required to calculate the average exhumation rate. 
These limitations are addressed by CA-ID-TIMS U–Pb zircon dating, 
which provides significantly higher precision and accuracy (both better 
than 0.1 %; e.g., Condon et al., 2024). However, because this method 
involves dissolving entire zircon grains, it has required careful textural 
driven interpretation.

The CA-ID-TIMS U–Pb zircon dates from the leucosome of the Opx- 
bearing migmatitic gneiss (sample 20713) show a certain degree of 
scatter (Fig. 5f), which is interpreted, with reference to the older grains, 

as resulting from inheritance, often evidenced by the presence of xen
ocrystic cores in a few discarded grains. As for the anomalously younger 
dates, these may reflect incomplete removal of lead loss during chemical 
abrasion, a phenomenon also observed in other CA-ID-TIMS studies 
reporting anomalously young ages (e.g., Schoene et al., 2010; Gaynor 
et al., 2022), or compositional zoning of zircons caused by successive 
metamorphic crystallization events, as indicated by the thin outer rims. 
The most reliable estimate for zircon crystallization is thus given by the 
weighted mean of grains z6a, z4a, and z15a, which are texturally more 
suitable for this technique (294.29 ± 0.38 Ma; Fig. 5f).

The interpretation of the dates from the pegmatite sample 20710 is 
more uncertain. We consider the age of five zircon crystals yielding a 
²⁰⁶Pb/²³⁸U weighted mean age of 292.76 ± 0.33 Ma (Fig. 5g) to most 
likely represent the emplacement age of the pegmatite in the Opx- 
bearing migmatitic gneiss. We do not consider the possible weighted 
mean of 294.66 ± 0.22 Ma calculated from the three oldest grains 
because they are slightly discordant and may therefore contain inheri
tance from the host rock, although this result does not affect any of the 
interpretations.

Zircon crystals from the leucosome of the Crd-bearing migmatitic 
gneiss (sample 293) show a significant age span. Even after excluding 
the two oldest, highly discordant grains, the remaining dates range be
tween 286.76 ± 0.27 Ma and 291.49 ± 0.11 Ma along the Concordia 
line, without forming clear age clusters (Fig. 5H). Notably, the concor
dant results are consistently younger than those obtained from the Opx- 
bearing migmatitic gneiss.

Cathodoluminescence (CL) images (Fig. 3) reveal that the zircon 
grains from this sample often contain significant volumes of inherited 
cores. Although grains without obvious old cores were selected, it is 
impossible to exclude the presence of tiny, undetected xenocrystic cores 
within the analyzed crystals. Therefore, we propose that the simplest 
explanation for the age dispersion is cryptic inheritance: the oldest 
concordant zircon age (291.49 ± 0.11 Ma) likely reflects a mixture be
tween the younger zircon population and a minor (<2 %) contribution 
from a ca. 500 Ma xenocrystic core (see Supplementary File). 
Conversely, the two youngest analyses for sample 293 overlap within 
their uncertainty ranges. Therefore, it is suggested that the best estimate 
for the crystallization age of the leucosome of the Crd-bearing migma
titic gneiss is the youngest zircon age of 286.76 ± 0.27 Ma, confirming 
the results obtained in-situ via LA-ICP-MS. This indicates that the 

Fig. 7. P-T pseudosections exploring the stability conditions of Opx-bearing (M1) and Crd-bearing (M2) assemblages in the migmatites of the Valpelline series (A and 
B, respectively). Garnet almandine and pyrope isopleths are reported in blue and red, respectively (see also the Supplementary File). The P-T fields of interest are 
contoured yellow.
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leucosome in the Crd-bearing migmatitic gneiss is 7.53 ± 0.47 million 
years younger than the leucosome in the Opx-bearing migmatitic gneiss.

5.2. Metamorphic evolution

Phase assemblage modeling reveals the occurrence of two distinct 
metamorphic events in the migmatitic gneiss of the Valpelline series. 
The first event, recorded by the Opx-bearing assemblage M1, took place 
under deep-crustal P-T conditions (P = 0.8–1.0 GPa and T = 870–890 
◦C) at 294.29 ± 0.38 Ma. M1 was followed by a second metamorphic 
event, marked by the Crd-bearing assemblages M2, which developed at 
286.76 ± 0.27 Ma under mid-crustal P-T conditions (P = 0.4–0.6 GPa 
and T = 680–760 ◦C).

The M1 to M2 metamorphic evolution recorded in the migmatitic 
gneiss of the Valpelline series is associated not only with cooling and 
exhumation from the deep to the middle crust, but also with a significant 
change in the thermal gradient. Considering an average crustal density 
of 2800 kg/m³, the thermal gradient rises from approximately 27 ± 3 
◦C/km during M1 to about 40 ± 8 ◦C/km during M2. The former 
gradient may reflect either collisional or post-collisional thermal relax
ation, a phase of thermal disturbance, or a transition between the two 
(England and Thompson, 1984). In contrast, M2 reflects a more pro
nounced thermal anomaly.

We speculate that M1 represents a transitional phase, possibly con
nected to the late Variscan evolution within the Adriatic domain, 
although both metamorphic and geochronological evidence of this 
Variscan evolution are limited, as also observed in other parts of the 
deep Adriatic crust (e.g., Ewing et al., 2023). The thermal gradient 
characterizing M2 is best explained by a setting dominated by extension 
at the plate margins, which induces asthenosphere upwelling (e.g. Roda 
et al., 2019). Notably, despite the extensive exposure of the Adriatic 

basement in the Valpelline series, there is no evidence for gabbro 
intrusion. This absence supports our interpretation that the M2 meta
morphic conditions resulted from a regional thermal regime rather than 
a local anomaly caused by mafic magma underplating, although the 
latter cannot be completely ruled out.

The chemical composition of zircon independently supports the 
temperature estimates for M1 and M2. Zircon crystals in the leucosome 
of the Opx-bearing migmatitic gneiss (sample 20713) have the lowest 
HREE concentrations, associated to the highest Ti contents and Th/U 
ratios (Fig. 6). Taken together, these data suggest crystallization at high 
temperature (> 800 ◦C), in the presence of garnet and possibly under 
conditions where monazite is scarce (cfr. Hermann and Rubatto, 2003). 
In contrast, zircon crystals in the leucosome of the Crd-bearing mig
matitic gneiss (sample 293) have steeper HREE profiles, low Th/U ratios 
and Ti contents (Fig. 6). These characteristics suggest that these zircons 
crystallized at a lower temperature (710–720 ◦C) than those in the 
Opx-bearing migmatitic gneiss, with a lesser amount of garnet present in 
the stable assemblage and within the monazite stability field.

Zircon grains from the Valpelline series display a compositional 
evolution over time that differs from the patterns observed in other re
gions of the Adriatic basement. In particular, in other areas, such 
compositional changes are often attributed to contact metamorphism or 
fluid release caused by gabbro emplacement, or to the prolonged 
persistence of HT metamorphic conditions (e.g. Kunz et al., 2018b; 
Ewing et al., 2013; 2023).

5.3. Permian evolution of the Adriatic basement

The Valpelline Series enabled the reconstruction of a two-stage 
exhumation P–T–t path (Fig. 8), effectively avoiding the complicating 
effects of localized thermal disturbances associated with gabbro 

Fig. 8. Conceptual diagram of the evolution of the Adriatic crust between 294 and 287 Ma and summary of the P-T-t evolution of the Valpelline series.
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emplacement and fluid circulation, which are commonly reported in 
other sectors of the Adriatic basement, including the Ivrea–Verbano 
zone (e.g., Vavra and Schaltegger, 1999; Ewing et al., 2013; Bartoli 
et al., 2024). This study demonstrates that the most of exhumation in the 
Valpelline series took place during the early Permian, before 286.76 ±
0.27 Ma, involving a shift from deep to mid-crustal levels alongside an 
increase in thermal conditions. Exhumation and cooling likely preceded 
the emplacement of Permian gabbro in the central and western Alps at 
282–290 Ma (Petri et al., 2017; Roda et al., 2019; Karakas et al., 2019). 
This timing broadly coincides with the development of M2 metamorphic 
conditions in the Valpelline series and represents the peak thermal 
gradient conditions.

A P–T–t path similar to that identified in the Valpelline series has 
already been tentatively suggested in other regions of the Adriatic 
basement. In particular, in the Ivrea–Verbano zone, recent monazite 
petrochronology suggest that most deep crust exhumation occurred 
between approximately 310 Ma and the emplacement of the Mafic 
Complex at 282–286 Ma (Wyatt et al., 2022). However, available data 
older than 290 Ma are limited, making it challenging to draw definitive 
conclusions about early Permian events. Additionally, factors such as 
decoupling of zircon U-Pb ages from compositional changes at HT 
conditions (Kunz et al., 2018b) and fluid-induced Pb loss (Vavra and 
Schaltegger, 1999) have likely impeded preservation or detection of the 
early Permian record. In the central Alps, early Permian exhumation is 
also recorded within the Languard-Campo nappe; however, most of this 
exhumation postdates the emplacement of the Sondalo gabbro (286–289 
Ma), and the precise timing of its metamorphic evolution remains poorly 
constrained due to the lack of geochronological data for the early stages 
(Petri et al., 2017; Roda et al., 2018).

The exhumation rate in the Valpelline series is estimated at 2.0 ± 1.0 
mm/year, calculated over a relatively brief period of less than 8 million 
years. Kunz et al. (2018a) reported younger LA-ICP-MS zircon ages in 
sillimanite-rich rocks (283 – 266 Ma) and Ti-in-zircon temperature 
down to 630 ◦C, suggesting that cooling and possibly exhumation of the 
Valpelline series may have continued during the development of 
sillimanite-rich S3 (Caso et al., 2024b). Subsequently, the Valpelline 
series may have reached upper crust levels, experiencing low-grade 
conditions that are difficult to resolve with current techniques. How
ever, sustaining such an exhumation rate over a longer period would be 
geologically unrealistic, as it would likely have led to continental 
breakup within 15–20 million years. This contrasts with the earliest 
evidence of oceanization in the Alps, which dates back to the Jurassic 
(Roda et al., 2019 and references therein).

The P–T–t path of the Valpelline series suggest that, during the early 
Permian, the lithosphere was subjected to a tectonic regime marked by 
episodic and high-velocity events. The potential spatial migration of the 
exhumation domain is also noteworthy. Boscaini et al. (2025) document 
a Permian magmatic rejuvenation migrating eastward across the Alps, 
which is interpreted as reflecting the direction of deep crustal delami
nation. This eastward migration correlates with the ages up to 294 Ma 
determined in the migmatitic gneiss of the Valpelline series in the 
western Alps, representing some of the oldest ages currently docu
mented within the Adriatic basement.

Finally, some authors interpret the scatter observed in geochrono
logical data from different phases in the Adriatic basement and in 
particular in the Ivrea–Verbano zone as evidence for the persistence of 
HT metamorphic conditions, possibly throughout the entire Permian (e. 
g., Guergouz et al., 2018; Wyatt et al., 2022; Connop et al., 2024). 
Similar scenarios are documented in many high-grade Cam
brian-Ordovician (e.g., Northern Sierra de Quilmes in Argentina, 
Wolfram et al., 2019) and Proterozoic terrains (e.g., Central Domain of 
the Araçuai belt in Brazil, Cavalcante et al., 2018; Aus terrain in 
Namibia, Diener et al., 2013; Reynolds range, Rubatto et al., 2001). The 
Valpelline Series differs from the Ivrea–Verbano Zone in two main as
pects. First, no significant age scatter is observed as our result are con
starined to a much narroweer time interval of approximately 7–8 million 

years. Second, a cooling of approximately 100 ..C between M1 and M2 is 
recorded, making it unlikely that HT conditions persisted for an 
extended period. It is also worth noting that in the Ivrea–Verbano Zone, 
the youngest ages correspond to the highest temperature and pressure 
conditions, whereas in the Valpelline Series these conditions are asso
ciated with the oldest ages (M1).

6. Conclusion

The application of U-Pb zircon dating on the migmatitic gneiss of the 
Valpelline series has allowed us to constrain the timing of its early 
Permian metamorphic evolution. The reconstructed P-T-t evolution in
dicates a change in metamorphic conditions from M1 (P = 0.8–1.0 GPa 
and T = 870–890 ◦C) to M2 (P = 0.4–0.6 GPa and T = 680–760 ◦C), 
associated with exhumation from deep to middle crustal levels. This 
corresponds to an increase in the thermal gradient, transitioning from a 
collisional or post-collisional thermal relaxation setting (27 ± 3 ◦C/km) 
to a highly perturbed gradient related to extensional tectonics (40 ± 8 
◦C/km). The superior precision of CA-ID-TIMS U-Pb zircon dating has 
been necessary to estimate the time interval between M1 (294.29 ± 0.38 
Ma) and M2 (286.76 ± 0.27 Ma), which yields an average exhumation 
rate of 2.0 ± 1.0 mm/yr.

Comparison with CA-ID-TIMS geochronology from Adriatic rocks in 
the Alps reveals a magmatic rejuvenation migrating from west to east, 
confined to the interval 277-294 Ma. This time interval coincides with 
the intra-continental transtensional phase that affected Pangea during 
the early Permian (Muttoni et al., 2003), characterized by intense 
magmatism, volcanism, and HT metamorphism in the deep crust.
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