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 Magma genesis plausibly occurred in post-collisional setting, following Variscan 16 

subduction(s) and continental collision(s) 17 
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Abstract 19 

Basic dykes crosscutting the crystalline basement in Valsugana (Southern Alps, Italy) have been 20 

investigated for the first time in the framework of the known tectonomagmatic cycles. 21 

Petrographic observations and bulk rock analyses suggest a serial affinity variable between 22 

calcalkaline (subordinate) to shoshonitic (prevalent), which are generally ascribed to a 23 

convergent plate setting. This is confirmed by Sr-Nd-Pb isotopic analyses that display extreme 24 

values that are often observed in post-collisional settings. K-Ar dating, available for two 25 

samples, yield ages of 236±6 and 251±7 Ma, suggesting that these dykes represent a transition 26 

between the Permian and the Triassic volcanic episodes that are known in neighbouring sectors 27 

of the Southern Alps. Considering that Permo-Triassic active subduction beneath the South 28 

Alpine is scarcely constrained, we ascribe the metasomatism of the related mantle sources to the 29 

Variscan cycle, proposing that magma genesis was delayed respect to time of the active 30 

subduction(s). According to recent reconstructions, parts of south-eastern Europe, including the 31 

South-Alpine domain, were formed by the break-up of the northern Gondwana margin from the 32 

Late Cambrian, in connection with important transtensional movements, leaving rifted 33 

continental basins or narrow oceanic seaways. In our view, the subduction processes that induced 34 

metasomatism in mantle sources of the South-Alpine region occurred in the connection with the 35 

subsequent (Carboniferous?) consumption of lithosphere of these basins, a framework that is 36 

compatible with pervasive recycling of continental crust components within the mantle wedge. 37 

Then, calcalkaline/shoshonite magmatism was triggered in the Early Triassic by post-collisional 38 

extensional tectonics that followed the Variscan orogenic cycle. 39 

1 Introduction 40 

The Southern Alps in the Province of Trento (Italy) are constituted by a Paleozoic 41 

crystalline basement covered by Mesozoic sedimentary units. Volcanism is also represented, as 42 

testified by Permian (calcalkaline products, mainly rhyolitic in composition), Triassic (basic to 43 

intermediate shoshonitic products) and Paleogene (tholeiitic and Na-alkaline basalts) episodes. In 44 

this framework, the updated 1:50,000 geological map of Trento 45 

(http://www.isprambiente.gov.it/Media/carg/60_TRENTO/Foglio.html) revealed in Valsugana (a 46 

lateral valley respect to the main Adige valley) the presence of a series of basic dykes (evidenced 47 

by green colour and labelled “fy” in the mentioned map) crosscutting the crystalline basement, 48 

that are difficult to be addresses to the above mentioned magmatic cycles. In the legend of the 49 

map it is specified that they cut the Permian magmatic rocks and therefore it is inferred that they 50 

are younger, and as stated at page 111 of the relative notes 51 

(http://www.isprambiente.gov.it/Media/carg/note_illustrative/60_Trento.pdf) the Authors 52 

attributed the whole spectrum of these dykes to a hypothetic “alpine magmatism”. This 53 

interpretation was probably influenced by the study of a single magmatic occurrence known as 54 

the lamprophyre of Calceranica, which was dated as Upper Cretaceous (71 ± 2 Ma) by Galassi et 55 

al. (1994). To crosscheck this hypothesis we collected new samples from dykes located close to 56 

the towns of Pergine and Levico and carried out petrographic investigation and major and trace 57 

element bulk rock analyses. Moreover, in order to provide further constraints we carried out 58 

carbon (C) and strontium (Sr), neodymium (Nd) and lead (Pb) isotopic analyses, as well as K-Ar 59 

datings. 60 
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2 Materials and Methods 61 

Dykes were localized using the updated 1:50,000 geological map of Trento and sampling 62 

sites are reported in Fig. 1.  63 

 64 

Figure 1. Geological sketch map of the sector of Valsugana where the studied basic dykes 65 

outcrop separately.  66 
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Specimens were cut in order to remove altered portions and then grinded and powdered 67 

in an agate mill. Major and trace elements (Ni, Co, Cr, V, Rb, Sr, and Ba) were analysed by X-68 

ray fluorescence (XRF) on powder pellets, using a wavelength-dispersive automated ARL 69 

Advant'X spectrometer at the Department of Physics and Earth Sciences  at the University of 70 

Ferrara. Accuracy and precision for major elements are estimated as better than 3% for Si, Ti, Fe, 71 

Ca, and K, and 7% for Mg, Al, Mn, Na; for trace elements (above 10 ppm) they are better than 72 

10%. REE, Y, Zr, Hf, Nb, Th, and U were analysed, after acid digestion, by inductively coupled 73 

mass spectrometry (ICP-MS) at the Department of Physics and Earth Sciences of the University 74 

of Ferrara, using a Thermo-Scientific X-Series. Accuracy and precision, based on the replicated 75 

analyses of samples and standards, are estimated as better than 10% for all elements, well above 76 

the detection limit. Mineral compositions were measured by electron microprobe at the 77 

Department of Earth Sciences at the University of Milano with a wavelength dispersive system 78 

JEOL 8200 Superprobe (fitted with 5 wavelength dispersive spectrometers) set with an 79 

accelerating voltage of 15 kV and specimen current of 20 nA, using natural silicates and oxides 80 

as standards. C elemental and isotopic analyses have been carried out on bulk rock powders 81 

using a Vario Micro Cube Elemental Analyzer (EA) coupled with an Isoprime 100 Isotope Ratio 82 

Mass Spectrometer (IRMS) at the Department of Physics and Earth Science of the University of 83 

Ferrara. The elemental precision estimated by repeated standard analyses and accuracy estimated 84 

by the comparison between reference and measured values were in the order of 5% of the 85 

absolute measured value. Uncertainties increase for contents approaching the detection limit 86 

(0.001 wt.%). Carbon isotope ratios are expressed in the standard (δ) notation in per mil (‰) 87 

relative to the international Vienna Pee Dee Belemnite (V-PDB) isotope standard. The δ
13

C 88 

values were characterized by an average standard deviation of ± 0.1‰ defined by repeated 89 

analyses of standards (Natali & Bianchini, 2015; Bianchini & Natali, 2017). For the analysis of 90 

radiogenic isotopes rock powders were preliminarily leached with 2.5M HCl for 4 hours and 91 

then rinsed three times with Milli-Q water. After acid digestion, Sr, Nd and Pb were separated by 92 

cation-exchange chromatography and then isotopic ratios were determined using thermal 93 

ionization mass spectrometry (ThermoFinnigan MAT 262) at the Institute of Geothermal 94 

Sciences of the Kyoto University, with the methods described by Yoshikawa and Nakamura 95 

(1993), Miyazaki et al. (2003), Shibata and Yoshikawa (2004). The normalizing factors used to 96 

correct the isotopic fractionation of Sr, Nd and Pb were 
86

Sr/
88

Sr = 0.1194,
146

Nd/
144

Nd = 0.7219 97 

and 0.001% per atomic mass unit, respectively. The normalizing factor for Pb isotope ratios was 98 

determined by the analysis of NIST SRM981. The NIST 987, La Jolla and NIST981 standard 99 

solutions yield values of 
87

Sr/
86

Sr = 0.710279 ± 28 (2σ), 
143

Nd/
144

Nd = 0.511851 ± 13 (2σ), 100 
206

Pb/
204

Pb = 16.944 ± 0.004 (2σ), 
207

Pb/
204

Pb = 15.499 ± 0.004 (2σ) and 
208

Pb/
204

Pb = 36.721 ± 101 

0.010 (2σ). K–Ar dating was performed by Activation Laboratories Ltd. (ActLabs; Ontario, 102 

Canada). For Ar analysis, an aliquot of bulk rock powder was weighed, loaded into the sample 103 

system of extraction, degassed at ca 100 °C during 2 days to remove the surface gases. Argon 104 

was extracted from a double vacuum furnace at 1700 °C and its concentration determined using 105 

isotope dilution with 
38

Ar spike, which is introduced to the sample system prior to each 106 

extraction. The extracted gases are cleaned up in a two steps purification process. Then pure Ar 107 

is introduced into magnetic sector mass spectrometer (Reynolds type). Ar isotope ratios were 108 

corrected for mass-discrimination and then atmospheric argon was corrected assuming that 
36

Ar 109 

is only from the air. Concentration of radiogenic 
40

Ar was calculated by using the 
38

Ar spike 110 

concentration. K analysis was performed by ICP. 111 

3 Results 112 
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3.1 Petrography, major and trace element composition 113 

The studied rocks are fine grained with textures varying between aphyric to porphyric. 114 

Phenocrysts are very altered and their nature can be recognised only in rare preserved relicts. 115 

They are represented mainly by feldspar (plagioclase and alkali feldspar; Table 1) partially 116 

replaced by epidote, sericite, calcite. Chlorite and serpentine were also observed, plausibly 117 

developed on phenocrysts of clinopyroxene and olivine. Ground mass is made of the same 118 

minerals, plus brown mica. Although the primary parageneses are difficult to be recognized, the 119 

presence of both plagioclase (An76.3-38.6) and alkali feldspar (Ab57.1-3.5, Or96.3-18.6) together with 120 

biotite (supporting information Table S1) is an important marker indicating that the relative 121 

magma was substantially mafic and potassic, i.e., features observed in many Cenozoic 122 

“orogenic” (subduction-related) volcanic rock associations of the circum-Mediterranean area 123 

(Wilson & Bianchini, 1998; Bianchini et al., 2008; Conticelli et al., 2009; Beccaluva et al., 2011; 124 

2013; Conte et al., 2016). The observed petrographic features are totally distinct from those of 125 

the Late Cretaceous Calceranica lamprophyre and of the Cenozoic basic rocks of the Veneto 126 

Volcanic Province (VVP, also outcropping in Trentino; Beccaluva et al., 2007) that are usually 127 

fresh porphyric rocks containing olivine and clinopyroxene phenocrysts within a groundmass 128 

made of clinopyroxene, plagioclase, oxides ± amphibole. In spite of the observed alteration, 129 

confirmed by the correlation (r
2
 ~ 0.9) between Loss on Ignition (LOI up to 8.52 wt%) and 130 

carbon content (up to 1.3 wt%), the major element budget of the studied dykes (Table 1) still 131 

conforms to that of basic volcanic rocks with SiO2 varying between 52.2 and 58.5 wt%, TiO2 132 

between 0.7 and 0.9 wt%, Al2O3 between 13.8 and 18.3 wt%, FeO between 7.6 and 10.6 wt%, 133 

MgO between 5.0 and 14.2 wt%, CaO between 1.8 and 6.8 wt%, Na2O between 0.4 and 3.6 wt%, 134 

K2O between 0.7 and 4.7 wt%, P2O5 between 0.1 and 0.2 wt%. More careful observation reveals 135 

that also CaO wt% is slightly biased, as roughly (r
2
 ~ 0.4) correlated with LOI and C wt% clearly 136 

indicating the presence of 3 samples (TOL5a, TOL5b, TOL5c) that are comparatively more 137 

affected by post-magmatic processes. In any case, the restricted compositional range observed 138 

for an element scarcely mobile during weathering processes such as TiO2, and the lack of clear 139 

relationships between LOI (and carbon) and major oxides (with the exception of CaO) suggest 140 

that the bulk rock major element composition (recalculated on anhydrous basis) still preserves 141 

information on the magmatic signature. MgO is inversely correlated with SiO2, Al2O3, alkalis 142 

(Na2O+K2O), TiO2 and P2O5, suggesting that the various rocks could reflect different degree of 143 

fractional crystallization of mafic minerals (mainly olivine). Notably, the Late Cretaceous 144 

Calceranica lamprophyre has a distinct composition characterized by SiO2 between 37 and 41 145 

wt%, TiO2 up to 4.7 wt%, and Na2O up to 4.2 wt% (Galassi et al., 1994). Similarly, also the 146 

Cenozoic VVP rocks (Beccaluva et al., 2007) are very different, as they are characterized by a 147 

sodic alkaline affinity. 148 

 149 

 150 

 151 

 152 

 153 
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Table 1. Bulk Rock major and trace element composition of basic dykes from Valsugana.  154 

sample TOL1 TOL1rep TOL2 TOL5A TOL5B TOL5C TOL7 TOL9 TOL10 TOL11 TOL12 TOL13 TOL14 

rock type SHO SHO SHO SHO CA CA CA SHO SHO SHO CA SHO SHO 

              
SiO2  (wt%) 50.26 50.76 51.00 49.61 54.31 48.31 49.74 55.55 56.41 55.32 56.02 53.09 54.28 

TiO2 0.76 0.76 0.74 0.63 0.61 0.59 0.69 0.87 0.85 0.87 0.86 0.89 0.90 

AL2O3 14.88 15.00 14.67 13.32 13.05 12.63 15.52 17.49 17.34 17.57 17.41 15.39 15.44 

Fe2O3 8.24 8.05 7.90 7.83 7.09 7.79 13.86 7.20 7.21 7.43 6.82 7.48 7.33 

MnO 0.19 0.19 0.20 0.11 0.11 0.13 0.17 0.06 0.06 0.06 0.06 0.14 0.14 

MgO 10.16 9.82 9.57 12.02 9.45 12.95 11.74 5.33 4.85 5.25 5.19 7.91 7.12 

CaO 4.85 4.79 5.63 5.15 5.02 6.25 1.00 2.30 1.77 2.25 3.22 3.90 3.77 

Na2O 1.77 1.87 1.72 0.35 0.76 0.54 1.90 3.26 3.42 3.14 3.59 1.68 1.86 

K2O 4.39 4.28 3.75 3.20 3.04 2.20 0.62 3.85 4.32 4.15 2.90 4.44 4.09 

P2O5 0.12 0.12 0.12 0.09 0.09 0.08 0.13 0.23 0.22 0.23 0.23 0.17 0.17 

C  0.55 

 

0.58 1.14 1.05 1.28 0.16 0.34 0.28 0.33 0.33 0.53 0.55 

LOI 4.38 4.38 4.69 7.68 6.47 8.52 4.62 3.86 3.55 3.74 3.69 4.91 4.92 

              Ni  (ppm) 42 39 38 112 93 129 68 13 13 13 10 12 12 

Co 34 31 32 34 30 40 29 16 18 16 15 20 20 

Cr 250 250 238 571 478 612 425 61 65 57 52 129 131 

V 208 209 207 186 151 188 198 148 149 152 144 152 151 

Rb 277 279 224 173 178 128 25 223 226 221 158 173 167 

Sr 390 398 410 118 225 177 178 354 287 382 510 389 422 

Ba 423 434 466 307 360 234 198 661 870 864 556 533 521 

Pb 4 5 6 32 15 10 9 6 7 8 9 14 9 

              Y 20.8 

 

20.6 18.7 20.7 15.2 18.5 9.07 7.13 10.1 12.1 21.7 25.5 

Zr 87.0 

 

128 83.0 85.4 79.4 120 114 86.1 93.9 123 160 124 

Nb 6.23 

 

6.04 6.71 8.02 6.15 6.42 10.8 10.7 11.0 10.9 12.4 12.0 

La 19.8 

 

18.6 19.0 23.5 14.2 20.3 8.91 6.52 9.11 12.5 27.7 34.1 

Ce 43.1 

 

36.7 37.6 50.3 29.2 48.4 19.6 16.4 23.6 29.8 69.6 82.2 

Pr 4.97 

 

4.77 4.70 5.73 3.79 5.63 2.76 2.04 3.07 3.76 7.80 8.94 

Nd 19.7 

 

19.1 18.5 22.1 15.2 23.1 11.5 8.67 13.1 15.4 31.1 35.0 

Sm 4.23 

 

4.13 3.93 4.54 3.31 5.01 2.53 1.95 2.95 3.33 6.25 7.00 

Eu 0.87 

 

0.94 0.94 0.98 0.85 1.21 0.79 0.64 0.93 0.89 1.50 1.63 

Gd 4.29 

 

4.16 3.95 4.50 3.24 4.65 2.37 1.89 2.77 3.09 5.71 6.47 

Tb 0.74 

 

0.72 0.68 0.76 0.57 0.77 0.42 0.33 0.50 0.55 0.94 1.05 

Dy 3.64 

 

3.65 3.34 3.70 2.86 3.56 2.11 1.73 2.54 2.74 4.52 4.95 

Ho 0.81 

 

0.83 0.74 0.81 0.64 0.77 0.47 0.40 0.57 0.61 0.98 1.06 

Er 2.12 

 

2.16 1.95 2.11 1.68 2.00 1.25 1.08 1.49 1.59 2.55 2.77 

Tm 0.38 

 

0.40 0.36 0.39 0.31 0.37 0.23 0.20 0.27 0.29 0.46 0.50 

Yb 2.02 

 

2.14 1.91 2.08 1.68 2.01 1.26 1.07 1.47 1.57 2.49 2.61 

Lu 0.33 

 

0.36 0.32 0.34 0.28 0.34 0.21 0.17 0.23 0.26 0.40 0.42 

Hf 2.60 

 

3.18 2.65 2.83 2.57 3.34 2.93 2.73 2.95 3.10 4.03 3.95 

Ta 0.29 

 

0.28 0.35 0.44 0.32 0.33 0.49 0.48 0.50 0.49 0.60 0.59 

Th 6.08 

 

6.63 7.02 9.71 6.07 7.87 6.47 6.27 8.70 7.74 13.2 13.4 

U 0.93   0.94 1.45 2.06 1.32 1.51 1.27 1.46 1.58 1.23 2.20 2.20 

Note: SHO = shoshonite series; CA = calcalkaline series 
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Plotted in the Total Alkali Silica (TAS) diagram, the studied dykes include subalkaline 155 

and transitional products, which according to the K2O vs SiO2 diagram (Fig. 2) pertain to the 156 

calcalkaline and shoshonite series, respectively. In particular, shoshonite products seem to 157 

prevail (8 samples out of 12). These variations conform to those of magma series typically 158 

occurring in convergent plate margins in connection with the occurrence of subduction processes 159 

(e.g.: Bianchini et al., 2008; Conticelli et al., 2009; Mattioli et al., 2012; Beccaluva et al., 2013 160 

and references therein). On the basis of the major element chemistry, Valsugana dykes could be 161 

in principle related to the Oligo-Miocene magmatic episode that generated the Adamello pluton. 162 

However, the subordinate mafic rocks outcropping in the Adamello complex are calcalkaline, 163 

while the shoshonite affinity is not recorded (Alagna et al., 2010). Analogously, also the older 164 

basic rocks observed as enclaves in the Permian granites of the Cima D’Asta complex (Rottura et 165 

al., 1998) are calcalkaline, and in this view, best analogues of the Valsugana dykes in the 166 

Trentino region are represented by the basic magmatic rocks erupted during the Trias (Ladinic) 167 

in the Dolomites (Sloman 1989; Bonadiman et al., 1994; Casetta et al., 2017).  168 

 169 

Figure 2. K2O vs SiO2 classification diagram reporting compositions (black dots) of the studied 170 

Valsugana basic dykes. Compositions of other rocks from neighbouring magmatic occurrences 171 

such as Calceranica lamprophyre (Galassi et al., 1994), Tertiary anorogenic lavas (Na-alkaline 172 

basalts and tholeiites) of the Veneto Volcanic Province (VVP; Beccaluva et al., 2007), Tertiary 173 

calcalkaline mafic rocks from Adamello (Alagna et al., 2010), Triassic shoshonite rocks from the 174 

Dolomites (Authors unpublished data), Permian high-K calcalkaline basalts and gabbros (Rottura 175 

et al., 1998) are reported for comparison..  176 
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The incompatible trace element distribution (Table 1) highlighted by mantle normalized 177 

spiderdiagrams (Fig. 3) show for all sample comparable order of concentration, irrespective of 178 

the extent of alteration. In particular, all samples invariably display negative anomalies in High 179 

Field Strength Elements (HFSE) such as Ti, Nb, Ta typical of subduction related magmas. They 180 

are different from both the Calceranica lamprophyre and the basic rocks of the VVP that have 181 

positive anomalies in HFSE, and recall features that are intermediate between the basic rocks 182 

associated to the Permian granitoids outcropping in Valsugana (Cima d’Asta Complex) and to 183 

the Triassic shoshonite volcanics outcropping in the Dolomites. 184 

 185 
Figure 3. Primordial mantle normalized spiderdiagrams showing the incompatible element 186 

distribution of the studied Valsugana basic dykes. Normalization coefficients from Sun and 187 

McDonough (1989). 188 

 Coherently, in the Ce/Yb vs Ta/Yb and Th/Yb vs Ta/Yb diagrams (Fig. 4) proposed by 189 

Pearce et al. (1982) Valsugana dykes plot at the boundary between the calcalkaline and the 190 

shoshonite fields.  191 
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 192 

Figure 4. Composition of basic dykes from Valsugana (black dots) plotted in Ta/Yb-Ce/Yb and 193 

Ta/Yb-Th/Yb diagrams reporting discriminative fields between tholeiitic, calcalkaline and 194 

shoshonitic suites (taken from Pearce, 1982). 195 

This affinity, certainly attributable to a convergent plate setting and intermediate between 196 

the calcalkaline and shoshonite series, is confirmed by the use of recent tectonomagmatic 197 

diagrams (Fig. 5) such as those proposed by Hastie et al. (2007) and Saccani (2015). 198 
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 199 

Figure 5. Composition of the studied basic dykes from Valsugana (black dots) plotted in: a) N-200 

MORB (Sun & McDonough, 1989) normalized ThN vs. NbN  tectono-magmatic discrimination 201 

diagram proposed by Saccani (2015); b) Th vs. Co  discrimination diagram for convergent 202 

margins magmatic rocks (Hastie et al., 2007). 203 

3.2 δ13
C and Sr-Nd-Pb isotopic composition 204 

The 
13

C and Sr-Nd-Pb isotopic compositions, reported in Table 2, show the following 205 

ranges: 
13

C from -9.9 to -12.5‰, 
87

Sr/
86

Sr 0.7093-0.7464, 
143

Nd/
144

Nd 0.5123-0.5121, 206 
206

Pb/
204

Pb 18.5-19.6, 
207

Pb/
204

Pb 15.6-15.7, 
208

Pb/
204

Pb 38.6-40.5. Isotopic data of the 207 

Valsugana dykes have to be properly “filtered” to distinguish the magmatic signature from 208 

isotopic variation induced by post-magmatic processes.  209 
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Table 2. C-Sr-Nd-Pb isotopic composition of basic dykes from Valsugana.  210 

 
δ

13
C 

87
Sr/

86
Sr 

143
Nd

/144
Nd 

206
Pb/

204
Pb 

207
Pb/

204
Pb 

208
Pb/

204
Pb 

 
(‰) 

     TOL1 -12.5 0.725234 0.512106 19.571 15.724 40.497 

TOL2 -10.3 0.723042 0.512208 19.439 15.741 40.141 

TOL5A -9.9 0.746408 0.512277 18.546 15.652 38.671 

TOL5B -11.3 
     TOL5C -10.2 0.725437 0.512257 18.801 15.652 38.901 

TOL7 -11.8 0.709257 0.512215 19.365 15.699 39.412 

TOL9 -10.9 0.716827 0.512147 19.328 15.689 39.559 

TOL10 -12.0 
     TOL11 -11.3 0.716640 0.512161 19.019 15.680 39.226 

TOL12 -11.8 0.714118 0.512141 19.261 15.682 39.456 

TOL13 -10.2 0.714894 0.512200 19.094 15.708 39.291 

TOL14 -10.9 0.714770 0.512164 19.142 15.691 39.279 

 211 

Carbon and LOI are inversely correlated with the 
13

C, and the more altered samples are 212 

characterized by 
13

C -9.9‰, whereas relatively unaltered samples display 
13

C  -12.5‰. 213 

While the latter is compatible with carbon isotopic composition of magmatic rocks in convergent 214 

settings (Bianchini & Natali, 2017), the trend toward less negative isotopic ratios is plausibly 215 

reflecting the interaction with deuteric components (e.g., Djouka-Fonkwé et al., 2012). 216 

The Sr isotopic composition is correlated with the Rb/Sr elemental ratio (Fig. 6a), but totally 217 

decoupled from the other isotopic systematics. The Rb/Sr vs 
87

Sr/
86

Sr relationship gives a 218 

regression line having correlation coefficient r
2
 of 0.94, that could be interpreted as a mixing 219 

between a deep magmatic end-member and components acquired during (and after) the dykes 220 

emplacement. This is confirmed by the compositions of the local host rocks of the basement that 221 

extend along the same trend toward higher Rb/Sr and 
87

Sr/
86

Sr values. It is interesting to note 222 

that the less radiogenic Sr composition is referred to the sample TOL 7 (
87

Sr/
86

Sr 0.7093), which 223 

is characterized by relatively high MgO (i.e., an undifferentiated magma composition) and low 224 

LOI.
 143

Nd/
144

Nd appears correlated with LOI, C content and 
13

C (r
2
  0.6), and samples 225 

scarcely affected by post-magmatic processes display isotopic composition  0.5122. 226 

Comparison with the isotopic fingerprint of other magmatic rocks of neighbouring occurrences 227 

can be done mainly on the basis of 
87

Sr/
86

Sr and 
143

Nd/
144

Nd that are available in the literature 228 

(Fig. 6b). The data of the Valsugana dykes presented in this study are totally distinct from those 229 

characteristics of the Late Cretaceous Calceranica Lamprophyre and those of the VVP volcanic 230 

rocks (Beccaluva et al., 2007). The less radiogenic 
87

Sr/
86

Sr, if corrected for the estimated age of 231 

these dykes (the average of the two K-Ar ages reported in the next section) correspond to a 232 
87

Sr/
86

Srinitial of 0.7076 that is coupled with a 
143

Nd/
144

Ndinitial of 0.5120. These values trend 233 

toward the isotopic ranges recorded in the Triassic calcalkaline/shoshonitic magmatic rocks 234 

outcropping in the Dolomites (Bonadiman et al., 1994; Marrocchino et al., 2002; Casetta et al., 235 

2016) and those of mafic lithologies that are associated with the Permian granitoids (Rottura et 236 

al., 1998). These values diverge from the notional mantle array and are rarely recorded in 237 

anorogenic magmatic occurrences. In fact, very radiogenic Sr isotopic compositions and very 238 

unradiogenic Nd isotopic compositions better conform to those of magmas of subduction related 239 

settings, especially in collisional zones where there is chance of recycling of crustal components 240 

in the mantle (Bianchini et al., 2008. Conticelli et al., 2007; 2009; Bianchini et al., 2015). 241 

 242 
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 243 

Figure 6. 
87

Sr/
86

Sr vs Rb/Sr diagram, in which the studied dykes from Valsugana (black dots) 244 

are compared with the host metamorphic rocks from the basement collected exactly in the same 245 

area (Meli & Sassi, 2004); b) 
143

Nd/
144

Nd vs 
87

Sr/
86

Sr diagram in which the studied dykes from 246 

Valsugana are compared with the neighbouring magmatic occurrences such as the Calceranica 247 

lamprophyre and the Tertiary anorogenic lavas (Na-alkaline basalts and tholeiites) of the Veneto 248 

Volcanic Province (VVP; Beccaluva et al., 2007), the Tertiary calcalkaline mafic rocks from 249 

Adamello (Kagami et al., 1991; Alagna et al., 2010), Triassic shoshonite rocks from the 250 

Dolomites (Bonadiman et al., 1994), Permian high-K calcalkaline basalts and gabbros (Macera et 251 

al., 1994; Rottura et al., 1998) and Permian andesites from Lugano and Val di Sesia (Sinigoi et 252 

al., 2016); since Nd isotopic values are not available for the metamorphic rocks of the studied 253 

area, isotopic values of the basement are referred to a neighbouring sector of the South-Alpine 254 

region characterized by similar micashists and paragneisses (Pinarelli et al., 2008). 255 

 256 
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As concerns the lead isotopic composition, the studied dykes show isotopic values particularly 257 

radiogenic (
206

Pb/
204

Pb up to 19.57, 
207

Pb/
204

Pb up to 15.74, 
208

Pb/
204

Pb up to 40.49) compared 258 

with literature data available for Cenozoic, Permian and Triassic volcanics on neighbouring 259 

occurrences. This evidence could recall what observed in suites of volcanic rocks affected by 260 

weathering and differential element mobilization (Marschik et al., 2003), possibly indicating a 261 

long term history in which Pb has been preferentially leached leaving high U/Pb and Th/Pb 262 

residua that ultimately led to radiogenic Pb compositions. However, the good correlations 263 

observed in the 
206

Pb/
204

Pb vs 
208

Pb/
204

Pb and 
206

Pb/
204

Pb vs 
207

Pb/
204

Pb diagrams (Fig. 7) do not 264 

conform with scattered variations that are often induced by crustal contamination during magma 265 

emplacement or to late-stage deuteric alteration. In this view, the systematic Pb isotopic 266 

differences respect to volcanic products of neighbouring occurrences can be interpreted 267 

assuming that the Valsugana basic dykes reflect an independent volcanic phase having 268 

distinctive magma sources. 269 

 270 
Figure 6. Lead isotopic composition of the studied basic dykes from Valsugana (black dots). 271 

Compositions of other rocks from neighbouring magmatic occurrences (Nimis et al., 2012 and 272 

references therein) and that of the South-Alpine basement (Pinarelli et al., 2008) are reported for 273 

comparison. 274 
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3.3 K-Ar datings 275 

The preliminary K-Ar dating was carried out on two samples, characterized by lack of 276 

pervasive alteration, selecting chips at the microscope before powdering. Notably, these samples, 277 

plotted in a K2O vs LOI diagram are representative of the sample population. Dating yield ages 278 

of 2366 for TOL13 and 2517 Ma for TOL1, suggesting the existence in Valsugana of a 279 

previously unknown magmatic episode generating basic magmas in a time window intermediate 280 

between that of neighbouring, well represented volcanic phases, such as the extensive ignimbrite 281 

eruptions of the Athesian platform (around 280-270 Ma; D’Amico et al., 1980; D’Amico & Del 282 

Moro, 1988; Marocchi et al., 2008) and that occurred in Dolomites mainly at Predazzo-Monzoni 283 

(around 237-230 Ma; Laurenzi et al., 1994).  284 

A tectono-magmatic episode of this age could explain 1) the reopening of the Rb-Sr system 285 

recorded at ca. 240 Ma in the Athesian volcanic products (D’Amico et al., 1980; D’Amico & Del 286 

Moro, 1988) and 2) the hydrothermal processes ultimately leading to the formation of ore 287 

deposits in carbonate rocks of the Werfen formation in the studied area (Nimis et al., 2012 and 288 

references therein) and in neighbouring sectors of the southern Alps (Martin et al., 2017). 289 

4 Conclusive remarks 290 

In spite of postmagmatic processes that potentially altered the original features, the 291 

petrographic evidences, major element compositions, trace element distribution and isotopic 292 

signatures of the studied dykes from Valsugana still provide valuable petrological information, 293 

allowing comparison with modern volcanic counterparts. Considering the observed spatial 294 

location, the timing inferred from K-Ar datings (2366 and 2517 Ma), and the geochemical 295 

signature, we propose that the studied dykes represent a transition between the Permian and the 296 

Triassic volcanism that are known in neighbouring sectors of the Southern Alps, following the 297 

end of the Variscan orogenic cycle. On the other hand, a possible relation between these dykes 298 

and the Cenozoic (Alpine) tectono-magmatic phases (an hypothesis proposed in the notes of the 299 

geological map of Trento) seems to be totally unwarranted. 300 

In this view, the investigated Early Triassic dykes would represent additional evidence of post-301 

collisional magmatism that has been recognised in the South-Alpine domain in Trentino (Casetta 302 

et al., 2017) but also westward in Lombardia (Crisci et al., 1984; Cassinis et al., 2008; Armienti 303 

et al., 2003; Beltrán-Triviño et al., 2016) and in the Ivrea-Verbano zone (Mazzucchelli et al., 304 

2010; Sinigoi et al., 2016), and eastward in Veneto (Bellieni et al., 2010; Testa et al., 2013).  305 

Different hypotheses have been proposed to explain the occurrence of Permo-Triassic subduction 306 

related magmatic rocks in the South-Alpine domain. Some Authors are tentatively proposing the 307 

persistence of an active Permo-Triassic subduction, whereas others ascribe the metasomatism of 308 

the mantle sources to the Variscan cycle, proposing that partial melting and magma genesis were 309 

delayed respect to the time of subduction processes (Beltrán-Triviño et al., 2016 and references 310 

therein). 311 

Classic reconstructions (Stampfli, 2005; Kroner & Romer, 2013) consider the Variscan orogen as 312 

the result of subduction of several oceanic domains interposed between Gondwana and Laurussia 313 

during Devonian and Carboniferous, with subsequent continental collision(s) that structured 314 

most of the Variscides, also indicating that active subduction of the Palaeotethys was still active 315 

at 280-250 Ma, dipping toward a continental margin including the south-Alpine region (Bonin, 316 

1998; Spiess et al., 2010). Recent studies (Franke et al., 2017) put more emphasis on the role of 317 

microplates/blocks sandwiched between Gondwana and Laurussia. They suggest that parts of 318 

south-eastern Europe, including the South-Alpine domain, were formed by the break-up of the 319 
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northern Gondwana margin from the Late Cambrian onwards, in connection with important 320 

transtensional movements, leaving rifted continental basins or narrow oceanic seaways, similar 321 

to those sutured during the Alpine orogenic cycle. 322 

In our view, the subduction processes that induced metasomatism in mantle sources of the South-323 

Alpine region occurred in connection with the Carboniferous (-Permian?) consumption of the 324 

lithosphere of rifted continental basins and narrow oceanic domains. Diachronous subductions 325 

dipped beneath continental blocks interposed between the major plates (Giacomini et al., 2006; 326 

Dallagiovanna et al., 2009) with a geodynamic style that anticipated that observed in the Central 327 

Mediterranean during the subsequent Cenozoic (Alpine) orogenic cycle.  The delineated 328 

framework is compatible with the pervasive recycling of continental crust components within the 329 

mantle wedge, as widely observed in the magma genesis of Cenozoic volcanic occurrences 330 

throughout the Mediterranean region (Bonin, 2004; Bianchini et al., 2008; 2011; 2015; 331 

Avanzinelli et al., 2009; Beccaluva et al., 2011; 2013; Conticelli et al., 2007; 2009). In summary, 332 

our favoured hypothesis is compatible with the tectono-magmatic model of Schuster and Stüwe 333 

(2008) that relates the observed magmatism, typically including shoshonite products, to the 334 

extensional tectonics that occurred in the area in a post-collisional setting that followed the 335 

Variscan orogenic cycle. 336 

In any case, the vestiges of Permo-Triassic volcanic events aligned along a 300 km E-W belt in 337 

the South Alpine region indicate the existence of tectonic structures that were effective at least 338 

since the Variscan tectono-magmatic phase, well before the Alpine cycle. In order to constrain 339 

the discussed hypotheses, future investigations need to discover further outcrops characterized by 340 

preserved magmatic parageneses and to carry out more accurate and precise datings.  341 
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