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Abstract New data on the U-Pb geochronology and Hf-
isotopic composition of detrital zircons, along with the
geochemistry of garnets, chromian spinel and feldspars
from Permian and Triassic volcano-sedimentary sequences
in the Southern and Eastern Alps reveal similarities in the
nature and tectonomagmatic setting of the Early Permian
and the Middle Triassic magmatic events. Detrital zircon
U-Pb geochronology displays magmatic activity at
290-280 Ma (Early Permian) and at 245-235 Ma (Middle
Triassic). The two-stage Hf-depleted mantle model ages
obtained from Permian and Triassic zircons cluster around
1.7-1.6 and 1.3-0.8 Ga. Epsilon Hafnium analysis on
dated detrital zircons suggests mixing of mantle and crustal
components into the parental magmas of Permian and
Triassic magmatism, the latter showing less crustal con-
tribution. The composition of detrital feldspars from the
Permian and Triassic volcaniclastic sandstones reveals
provenance from intermediate to acidic igneous rocks.
Garnet in Middle and Late Triassic beds suggests the
incorporation of material comparable to the mafic rocks of
the Ivrea-Verbano Zone into the parental melts of the
Triassic magmatism. Chromian spinel in syn-magmatic
Carnian sandstones indicates an origin associated with
MORB-type peridotites and therefore, corroborates a
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mantle contribution to the Middle Triassic magmatism.
The integration of detrital zircon U-Pb ages, Hf isotopes
and composition of detrital minerals suggests that contin-
uous lithospheric stretching at the transition from the post-
Variscan to the Alpine orogenic cycle, with periods of
strike-slip movements, presumably led to an asymmetrical
continental rifting process, in which the Middle Triassic
magmatic episode represents the earliest stage of the
Alpine Tethys oceanic domain.

Keywords European Eastern and Southern Alps - Permian
and Triassic magmatism - Detrital zircons U-Pb dating -
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1 Introduction

Intense Early Permian and Middle Triassic magmatic
activity in the South-Alpine and Austroalpine palaecogeo-
graphic domains is evidenced by a widespread distribution
of magmatic products in Permian and Triassic basins in the
Southern and Eastern Alps. Permian magmatic rocks in the
Southern Alps have been associated with a post-Variscan
transtensional setting (e.g. Schaltegger and Brack 2007). In
contrast, the geodynamic and tectonomagmatic setting of
Middle Triassic magmatism is a matter of discussion yet.
Predominant models invoke either magmatic arcs (e.g.
Garzanti 1985, 1986; Castellarin et al. 1980, 1988) or
transtensional-extensional rift dynamics (e.g. Crisci et al.
1984). Furthermore, the contribution of mantle and/or
crustal components to the end-member melts, which
erupted and intruded during the Middle Triassic magmatic
episode in the Southern and Eastern Alps, is still uncertain.
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We analysed sandstones from Permian and Triassic
sedimentary formations in the Southern and Eastern Alps
(Fig. 1), in order to discriminate between a crustal and a
mantle origin of the source rocks that supplied Permian and
Triassic basins in the South-Alpine and Austroalpine
palaeogeographic domains, and to evaluate the tectono-
magmatic model of the Middle Triassic magmatism in this
palaeogeographic context. This study presents new U-Pb
dates and Hf isotopic compositions of detrital zircons,
complemented by chemical analysis of detrital feldspar,
garnet and chromian spinel.

Our results suggest mixed crust-mantle magma sources
for the Permian magmatism, as similarly reported for Per-
mian magmatic rocks in the Southern Alps (Schaltegger and
Brack 2007). Furthermore, Hf isotopic compositions of the
Middle Triassic volcaniclastic rocks indicate lesser con-
tamination with crustal components than observed in the
Permian volcaniclastic rocks, and the occurrence of chro-
mian spinel and Mg-rich garnet in the heavy mineral suites
of Carnian sandstones indicates a provenance partially
affiliated to a mafic—ultramafic domain, possibly including a
mid-ocean ridge (MOR) setting. These oceanic rocks pre-
sumably were related to a rift-drift process associated to an
early stage of the Pangaea continental break-up. This sce-
nario might has been controlled by hyperextension of the
continental crust on back-arc type basins, possibly due to
roll-back of the northward subduction of the Palaeotethys,
within the geodynamic framework of the Middle Triassic
proposed by Stampfli and Kozur (2006). We highlight the
relevance of the Middle Triassic magmatic episode in the
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South-Alpine and Austroalpine domains, since this mag-
matic event marks the transition from the post-Variscan
regime to the onset of the Alpine orogenic cycle.

2 Geological setting

2.1 South-Alpine and Austroalpine terranes
from the post-Variscan to the Alpine cycle

Palaeogeographic reconstructions of the western Tethys (e.g.
Stampfli and Borel 2002; Stampfli et al. 2002, 2013;
Stampfli and Kozur 2006; Schettino and Turco 2009, 2011;
von Raumer et al. 2003, 2013) suggest that the Austroalpine
and South-Alpine terranes are part of the Adria-Apulia
lithosphere (Fig. 2), which in turn was part of the NE margin
of Gondwana supercontinent during the Early Palaeozoic.
In the Early Permian, the Variscan orogen collapsed,
presumably due to rollback of the Palaeotethys subducting
slab. Subsequently, Early Permian rift-like basin formation
took place along with associated magmatism, and some of
these basins in the Mediterranean region were oceanised due
to extreme extension of the lithosphere (Stampfli and Kozur
2006). In Europe, according to McCann et al. (2006), the
Early Permian was a period of crustal instability and re-
equilibration, when transtensional activity led to the for-
mation of a large number of basins, while the post-Variscan
magmatism led to the extrusion of important volcanic suc-
cessions. The late- and post-Variscan magmatic episodes
were composed by many types of magmatism from calc-

10AB14

Fig. 1 Simplified map of the major palacogeographic units of the western Southern Alps and the western Eastern Alps. Locations and codes of
the investigated samples are shown. Modified from Schmid et al. (2004) and Schaltegger and Brack (2007)
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Fig. 2 Middle Triassic Middle to Late Triassic (230-200 Ma)
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alkaline (i.e. re-melting arc and orogenic crust, e.g. Rottura
et al. 1998) to anorogenic ring-dike complexes in Corsica-
Sardinia (e.g. Traversa et al. 2003). These events are ten-
tatively associated with the Late Palaeozoic-Early Mesozoic
break-up of Pangaea.

In the Alpine terranes, the control of the post-Variscan
tectonics has been attributed to Early Permian large-scale
dextral strike-slip movements, which led to intracontinental
basin formation and associated magmatism. Those events
are recorded, for instance, in the South-Alpine Early Per-
mian Collio Basin in the Southern Alps (e.g. Cassinis et al.
2007), in the Austroalpine Ruina Basin in the Eastern Alps
(Dossegger 1974; Furrer 1985), and in the Helvetic Glarus
Verrucano Basin (Letsch et al. 2015).

Late Permian-Middle Triassic strata in the Southern
Alps document a long-term marine transgression, from the
east to the westernmost part of the basin (Stampfli and
Borel 2002). The Middle Triassic palaeogeography of this
region was controlled by transtensive—transpressive tec-
tonics, which resulted in differential uplift and subsidence
of blocks (e.g. Stockar et al. 2012). The Middle Triassic
magmatism is widely recognised in basins along the
Southern (e.g. Mundil et al. 1996) and Eastern Alps (Furrer
et al. 2008).

The timing of the onset of the Alpine orogenic cycle is
still a matter of debate. According to Bertotti et al. (1993),
the Norian activation of extensional faults in the Southern
Alps represents the onset of the Alpine extension, and
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consequently, the Middle Triassic tectonomagmatic activ-
ity would not be related to the rifting of the Alpine Tethys
and the onset of the Alpine orogenic cycle. In contrast,
other investigations suggest that the onset of the Alpine
cycle could be placed in the Carnian, a period corre-
sponding with the closure of the eastern Palaeotethys and
the initial rifing in the Central Atlantic-Alpine domain
(Stampfli and Kozur 2006 and references therein).

During the Late Triassic—Jurassic, rifting and drifting
processes led to the opening of the Alpine Tethys oceanic
domain, which separated the Eurasia and Adria-Apulia
continental blocks. Eurasia is represented by the Helvetic
and the Penninic domains while the Southalpine and
Austroalpine domains represent marginal regions of the
Adriatic-Apulia continental lithosphere (Fig. 2b). The so-
called South Penninic or Ligurian Ocean, the first oceanic
lithosphere of the Alpine Tethys oceanic system, progres-
sively opened from the West (e.g. Schettino and Turco
2011). During this time, passive continental margins
developed on both sides of the ocean.

2.2 Middle Triassic magmatism: geology
and geochemistry

The widespread Middle Triassic volcanic products, which
mainly consist of pyroclastic flows and lavas, are
interbedded with shallow marine sequences, continental
and transitional deposits of Anisian-Ladinian-Carnian age
in the Southern and Eastern Alps (e.g. Mundil et al. 1996;
Furrer et al. 2008). In the Southern Alps, the geochemistry
of magmatic products shows calc-alkaline signatures sim-
ilar to those of convergent margins (e.g. Castellarin et al.
1980, 1988; Crisci et al. 1984; Garzanti 1985; Bertotti et al.
1993; Cassinis et al. 2008). However, in the Alpine area it
is widely accepted that the Permian transcurrent (Schal-
tegger and Brack 2007) and the Late Triassic transtensional
movements (Bertotti et al. 1993) dominated the tectonic
framework of this region.

The apparent disagreement between the tectonic envi-
ronment and the type of erupted magmas is tentatively
explained by partial melting of an upper mantle, during
early stages of rifting, that has been deeply modified by the
previous Variscan orogeny and contamination by crustal
material (Crisci et al. 1984). Other works recognised the
relevance of the geochemical inheritance in lithospheric
processes, where the calc-alkaline character of Triassic
volcanics is an inherited signature of the previous Variscan
subduction, as documented in eastern Mediterranean Tri-
assic basins (Dixon and Robertson 1993; Robertson 2006).
In contrast, other investigations associated the Middle
Triassic magmatism with the syn-depositional development
of a Pacific-type volcanic arc in the western Southern Alps
(Garzanti 1985), and moreover, Castellarin et al. (1988)

Fig. 3 Composite Permian-Triassic lithostratigraphic section of thep
western Southern Alps and Permian—Jurassic of the western Eastern
Alps with the known framework of radiometric ages of Permian
magmatic and Middle Triassic volcaniclastic rocks (references
inside). Red stars indicate the stratigraphic position of the investi-
gated samples. Compiled from Furrer (1985), Furrer et al. (2008),
Cassinis et al. (2007, 2008), Schaltegger and Brack (2007), Stockar
et al. (2012) and Gretter et al. (2013). Time scale from Cohen et al.
(2013; updated)

suggested that the calc-alcakaline to shoshonitic chemistry
of the Middle Triassic magmatic rocks indicate an orogenic
event within a compressional setting, due to the subduction
of a visco-plastic continental lithospheric body under the
Southern Alps.

3 Samples and methods
3.1 Samples

Volcaniclastic sandstones and tuff layers were sampled in
sections with bio- and chronostratigraphic control that
allows correlation along with the Permian—Triassic record
in the region. The location of the analysed samples is
illustrated in Fig. 1. Their stratigraphic position, grouped in
three composite sections, is shown in Fig. 3. From the
Austroalpine domain in the Eastern Alps of eastern
Switzerland, we analysed zircons from two ash layers
interbedded in intraplatform basinal limestones of the
Middle Triassic Prosanto and Altein formations (samples
named Ducan I and Ducan II, respectively, in Furrer et al.
2008) and compared those with detrital zircons from the
Middle Triassic shallow marine calcareous sandstones of
the Fuorn and the Middle Jurassic Saluver formations. The
latter two are described in detail in Beltran-Trivifio et al.
(2013).

We investigated two localities of the Southern Alps in
northern Italy and southern Switzerland: the region of
Bagolino-Val Sabbia (eastern Lombardy) south of the
Giudicarie lineament, and the region between Monte San
Giorgio and Mesenzana (western Lombardy) to the south-
southwest of the city of Lugano. From the eastern Lom-
bardy section (Fig. 3) we analysed: (1) Early Permian
volcaniclastics (Dasdana beds VT2-10), which are pre-
sumably related to extrusive episodes of a sublacustrine
silicic cryptodome (Breitkreuz et al. 2002), (2) a volcani-
clastic horizon (Pietra Verde) in Middle Triassic pelagic
sediments of the upper Buchenstein Fm (PBFT11); and (3)
the early Late Triassic Val Sabbia Sst. (10AB0S8), which
consists of volcaniclastic litharenites described in Beltran-
Trivifio et al. (2013).

The analysed samples in the western Lombardy region
(Fig. 3) are from volcaniclastic horizons in the Anisian
fluvio-deltaic deposits of the Bellano Fm (12ABO03,
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12AB04, 12AB05), and in the Ladinian carbonates of the
Meride Lmst. (12AB01, 12AB02).

3.2 Methods

High voltage pulse power technology (Selfrag system,
SELFRAG AG, Switzerland) was used for sample fragmen-
tation. Heavy mineral and detrital zircon separation followed
the standard procedures (e.g. Mange and Maurer 1992) at
ETH Zurich facilities. Bromoform (2.89 g/cm®) and Methy-
lene iodide (8 = 3.32 g/em®) were used for density separa-
tion out of the sieve fraction 400-63 um. Hand picking of
zircon grains from the heavy mineral concentrates was ran-
domly performed in each sample. After mounting in the
epoxy-pill, grains were polished. Cathodoluminescence (CL)
imaging was carried out on the zircons to evaluate the mag-
matic zonation, metamorphic origin and rims, or inherited
cores. For this purpose, we used the Vega 3 W-SEM at
ScopeM/Swiss Federal Institute of Technology ETHZ and a
Vega CamScan at University of Lausanne. Rims were pref-
erentially analysed in order to date the last growth stage of
each grain, but also inherited cores were analysed when the
size of the core was large enough for measurement (>30 pm).

U-Pb geochronology of detrital zircons was performed

spectrometry (LA-ICP-MS), the Lu—Hf concentrations
were measured on a multiple collector inductively coupled
plasma mass spectrometer (MC-ICP-MS).

Single-mineral geochemical compositions of feldspars,
garnets and chromian spinel were measured on an electron
microprobe instrument at ETH Zurich facilities. The ana-
lytical parameters and specifications of the methods and
procedures are described in the Online Resource 1.

4 Results and discussion

Including in this chapter our previous U-Pb and Hf data
(Beltran-Trivifio et al. 2013), we present in the following
lines our main results from detrital zircon, garnet, chromian
spinel and feldspar. The obtained detrital zircon U-Pb
geochronology and Lu—Hf databases for this work can be
examined in the Online Resources 2, and 3.

4.1 Eastern Alps section (Austroalpine domain)

4.1.1 Fuorn Formation, early Anisian (10AB14)

Zircon grains from the Fuorn Fm are mainly prismatic
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grains were found. Most of the zircons show well-devel-
oped oscillatory zoning and frequently, inherited cores
(Online Resource 4a). Late Carboniferous and Early Per-
mian populations dominate the detrital zircon age spectrum
(Fig. 4a), with peaks at ca. 290 and 280 Ma. A minor Late
Permian-Early Triassic population with a peak at ca.

260 Ma is also determined. Inherited cores yielded Neo-
proterozoic-Cambrian (ca. 560-530 Ma), Devonian (ca.
400 Ma) and Early Carboniferous (ca. 345 Ma) ages.

Nearly all ¢Hf(t) values of Carboniferous-Permian zir-
cons plot between —5 and +4 (Fig. 5a) indicating partial
contribution from crustal components to the melts. The
Fuorn Fm mainly was supplied from Permian post-Var-
iscan volcano-sedimentary (e.g. Verrucano-type), and
volcanic and plutonic rocks, which explains the abundance
of euhedral zircons. The age of the components of the
magmatic sources (TDM,) are between ca. 2.3 and 0.7 Ga
(Fig. 6a); however, the points cluster around 1.3 Ga (range
from 1.65 to 1.45 Ga).

4.1.2 Prosanto Formation, late Anisian—early Ladinian
(Ducan 1)

We analysed part of the same sample of an ash layer pre-
viously dated by isotope dilution thermal ionization spec-
trometry (ID-TIMS) at 24091 & 1.4 Ma (Furrer et al.
2008). The sample holds zircon grains with euhedral to
sub-euhedral morphologies. Abundant inherited cores,
magmatic growth zones and typical oscillatory zoning are
identified in CL images (Online Resource 4b). Magmatic
growth rims often are very narrow and, hence, in order to
avoid age mixing, we mainly measured isotopic concen-
trations in the cores or broader rims. A total of 221
analyses in rims and inherited cores define the age distri-
bution shown in Fig. 4a. In prismatic zircons, 113 analyses
in rims define a weighted mean 2°°Pb/**®*U age of
2442 + 1.4 Ma (MSWD = 6.3). 108 analysed cores
yielded Late Carboniferous (ca. 298 Ma), Late Permian
(ca. 263 Ma) and Triassic (ca. 250-240 Ma) ages. The
latter is the most abundant inherited-core age population,
with a cluster around ca. 245 Ma.

Late Permian inherited cores and Triassic zircons yiel-
ded only positive eHf(t) values (Fig. 5a) ranging from +0.7
to +7.6. These values indicate very little contribution of
crustal components and more juvenile character of the
magma sources, including the sources of the inherited
cores. The crustal residence time given by the TDM, model
ages (Fig. 6a) ranges from ca. 1.31 to 0.88 Ga.

4.1.3 Altein Formation, middle Ladinian (Ducan II)

This sample of ash layer was previously dated by ID-TIMS
at 239.89 £+ 0.21 Ma (Furrer et al. 2008). The zircon
fragments are prismatic and euhedral crystals are very
common with well-developed oscillatory zoning (Online
Resource 4c). Abundant inherited cores are present and the
peripheral magmatic rims are rather narrowly zoned, as
described for the pyroclastic horizon in the Prosanto Fm
(see above). A total of 138 analyses in rims and inherited
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cores define the age distribution illustrated in Fig. 4a: 65
rims reveal a weighted mean 2°°Pb/*®U age of
2437 &£ 1.3 Ma MMSWD = 2.6), 73 cores yielded a few
Neoproterozoic (ca. 660, 570, 560 Ma) and abundant Per-
mian ages spanning ca. 280-250 Ma.

Negative ¢Hf(t) values (Fig. 5a) predominate, covering
a range between ca. —5 to 0, with one outlier at ca. —11,
and 3 points between +3 to +4. In general, these values
contrast with the positive ¢Hf(t) trend of the zircons from
the ash layer in the early Ladinian Prosanto Fm. The TDM,
model ages (Fig. 6a) span 1.67-1.12 Ga, which are older

Hf-TDM; model ages (Ma)

than those estimated for the ash layer of the Prosanto Fm.
One outlier yielded the oldest TDM, at 2.05 Ga which
correspond to the lowest e¢Hf(t) of ca. —11.

4.1.4 Saluver formation, member B, Middle Jurassic,
(10AB18)

The zircon grains of the Saluver Fm are sub-rounded to sub-
euhedral, which contrasts with the euhedral morphologies
reported above. Oscillatory zoning and growth bands are
common (Online Resource 4d), as well as inherited cores.
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Often, the zircons show a thin metamorphic rim. The detrital
zircons reveal a composite age spectrum (Fig. 4a) dominated
by Late Carboniferous-Early Permian zircons (ca.
320-270 Ma). Smaller Ordovician and Silurian populations
are noted (post-Cadomian, ca. 465 and 430 Ma), and few
Proterozoic (Cadomian and older) zircons of ca. 1010, 960,
710, 610 Ma. According to the sub-rounded morphology,
some of the Proterozoic and also Early Palaeozoic zircons
might be considered as reworked from older basement cover
sediments. Inherited cores may indicate re-melting of
Ordovician—Silurian and older crustal components or mag-
matic overgrowth during the late stages of the Variscan
orogenic cycle.

In the Carboniferous and Permian zircons of the Saluver
Fm, eHf(t) values range between —3 and +7 (Fig. 5a),
comparable with those of the Fuorn Fm. This indicates
moderately juvenile to moderately crustal-contaminated
magma sources. In contrast, sparse Neoproterozoic to Early
Palaeozoic Saluver zircons (Fig. 6a) show a widespread
distribution in the negative field of eHf (t) between —16 to
+2. The values of TDM, model age (Fig. 6a) range
between ca. 2.5 and 1.0 Ga and they group between 1.65
and 1.45 Ga, partially overlapping the TDM, model ages
of Fuorn and Altein formations.

4.1.5 Summary of the Eastern Alps section

Fuorn and Saluver formations were mainly supplied from
post-Variscan (Late Carboniferous-Permian peaks in
Fig. 4a) reworked sources. Early Palaeozoic and Protero-
zoic ages presumably represent reworked zircons from
sedimentary sources and the inherited cores evidence the
re-melting of Variscan and older crust components during
the post-Variscan magmatism.

Our analysis of the ash layers in the Prosanto and Altein
formations (Ducan I. 244.2 + 1.4 Ma, and Ducan II:
2437 £+ 1.3 Ma, Fig. 4a) suggests that the age is the same
within the errors. The same horizons have been precisely
dated by ID-TIMS at 24091 + 0.26 and 239.89 +
0.21 Ma, respectively (Furrer et al. 2008). However, our
dataset indicate a high age dispersion possibly due to
source mixing and/or analytical scatter, and furthermore,
Pb loss of the U-Pb system. The high MSWD of 6.3 for
Ducan I indicates that there is a geological age dispersion,
which does not allow us to make a mean age. The MSWD
of 2.6 for Ducan II indicates less dispersion, but still too
high to calculate a mean age. The late Anisian—Ladinian
magmatic episodes documented by the studied ash layers
are not recorded in the Middle Jurassic Saluver Fm. Evi-
dently, Middle Triassic sources were not available for the
Saluver basin in the Austroalpine domain.

Most of the ¢Hf(t) analyses of the studied Permian and
Triassic zircons in Austroalpine Triassic—Jurassic units

yielded negative values, indicating contribution of crustal
material into the magma sources, with the exception of the
ash layer Ducan I (Prosanto Fm, Fig. 5a) that only indi-
cated positive values, evidencing rather juvenile magma
sources. Comparing with the Ducan II pyroclastic horizon
(Altein Fm, Fig. 5a), two possible scenarios can explain
this apparent contrast: (1) heterogeneous magma reservoirs
emplaced at different crustal levels, and almost-coevally
erupted in a transtensional tectonic setting. One pulse
produced from a reservoir with predominant mantle com-
ponents (Ducan I in Prosanto Fm) and a second pulse from
a reservoir with higher influence of crustal components
(Ducan II in Altein Fm). (2) The second scenario assumes
the existence of a magmatic system that admitted a first
eruptive event (Ducan I) when the magma sources were
dominated by mantle components, and a second pulse
(Ducan II) produced when the magma sources were influ-
enced by crustal components, indicating a rapid evolution
of the root of the magmatic system.

The TDM, model ages point that the hybrid age of the
components of the magma sources of the ash layer in the
Prosanto Fm (Ducan I, Fig. 6a) range between ca. 1.31 and
0.88 Ga, while the magma sources of the upper pyroclastic
horizon in the Altein Fm (Ducan II, Fig. 6a), which also
exhibit higher proportion of crustal influence, show a range
between 1.67 and 1.12 Ga. These differences in model ages
and ¢Hf{(t) are due to mixing of different source compositions.

4.2 Southern Alps, eastern Lombardy section
(South-Alpine domain)

4.2.1 Dasdana beds, Early Permian (VT2)

Zircon crystals are euhedral to sub-euhedral and exhibit
well-developed internal structures as inherited cores, oscil-
latory zoning and growth bands (Online Resource 4e). The
zircon age spectrum is shown in Fig. 4b, which is dominated
by Early Permian (post-Variscan) ages spanning ca.
315-260 Ma with a weighted mean at ca. 280 Ma. Inherited
cores yielded Paleoproterozoic (ca. 1960 Ma), Neoprotero-
zoic (ca. 790, 740, 650, 590, 570, 550 Ma), Middle and Late
Cambrian (ca. 515, 500480 Ma), Late Ordovician-Early
Silurian (ca. 450440 Ma), early Devonian (ca. 414 Ma)
and Late Carboniferous—Early Permian (ca. 315-260 Ma)
ages. The high abundance of inherited cores and the
heterogeneity of the ages suggest the re-melting of compo-
nents of the Variscan and post-Variscan crust.

Estimated ¢Hf(t) of inherited cores and rims exhibit
negative values (Fig. 5b), indicative for crustal influence
on the magma sources. The ¢Hf(t) values range from —8.8
to —5.5 with a mean value around —7.3. The TDM, model
ages (Fig. 6b) show a rather narrow distribution between
1.94 and 1.72 Ga.
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4.2.2 Buchenstein Formation, Anisian—Ladinian
(PBFTII)

Most of the zircon crystals are elongated and exhibit
euhedral morphologies. Oscillatory zoning is a common
feature and abundant inherited cores are identified (Online
Resource 4f). Middle Triassic ages dominate the age
spectrum (Fig. 4b) with a peak at ca. 235 Ma in a com-
posite range from ca. 260 to 220 Ma. Precambrian inher-
ited cores yielded ages in a range from ca. 2750 to 553 Ma.
Palaeozoic inherited cores were also determined: Permian—
Triassic cores are the most abundant (ca. 285-240 Ma), but
there are also Cambrian—Ordovician (ca. 530-460 Ma) and
one Devonian (ca. 391 Ma) core.

Hf isotopic compositions (Fig. 5b) reveal a range of
eHf(t) values from —5.1 to +2.6. However, negative values
predominate, indicating a moderate influence of the crust
on the magma sources. The TDM, model ages (Fig. 6b)
span from 1.67 to 1.19 Ga.

4.2.3 Val Sabbia Sandstone, Carnian (10AB08)

Zircons delivered by this fluvio-deltaic sandstone are sub-
rounded to sub-euhedral with defined internal structures
such as oscillatory zoning and abundant inherited cores
(Online Resource 4 g). Middle Triassic (Ladinian) zircons
dominate the age spectrum (ca. 239 Ma; Fig. 4b). One
inherited core yielded a Neproterozoic age (ca. 770 Ma)
and one core dated at ca. 500 Ma (Cambrian). Most of the
inherited cores have Late Permian-Early Triassic ages (ca.
260-240 Ma).

The range of ¢Hf(t) is defined between ca. —6.6 and —3
(Fig. 5b) providing evidence for the contribution of the
crust to the parental magmas. Two outliers yielded
eHf(t) values of +0.3 and —25.7, and correspond to
inherited cores dated at ca. 500 and 770 Ma, respectively.
The TDM, ages (Fig. 6b) cluster between 1.76 and
1.51 Ga. One outlier at ca. 3.35 Ga corresponds to the ca.
700 Ma inherited core.

4.2.4 Summary of the eastern Lombardy section

We observe a deviation of the U-Pb age distributions with
respect to the depositional ages of the Middle Triassic
Buchenstein and the early Late Triassic Val Sabbia Sst.
(Figs. 3, 4b). The peak of the main age population in the
Buchenstein Fm (235.3 4+ 1.9 Ma) deviates ca. 1.5% from
a previous accurate ID-TIMS dating at 239.3 + 0.2 Ma
(Mundil et al. 1996; Brack et al. 2007), and is slightly
younger than the depositional age (Ladinian). However,
this can be interpreted as identical considering the uncer-
tainty of 2% inherent to laser ablation U-Pb dating
(Schaltegger et al. 2015).

In contrast, zircon U-Pb ages from the Carnian Val
Sabbia Sst. locate the peak of the main population at ca.
239 Ma (Ladinian). This indicates an older age than
expected, since it has been suggested that the Val Sabbia
Sst. was a syn-magmatic deposit, derived from a Carnian
magmatic arc (Garzanti 1985). The presence of crystals
with ages older than Carnian have two possible causes: (1)
the presumable existence of older sediment sources (e.g.
Late Permian—Early Triassic igneous rocks), or (2) the
abundant presence of older xenocrysts and xenoliths within
the melts.

All analysed Permian and Triassic zircons in sandstones
and pyroclastic horizons from the eastern Lombardy sec-
tion yield eHf(t) values between —9 and +2 (Fig. 5b).
According to the mean eHf(t) value of each unit, it is
possible to discriminate three different types of the magma
sources. The highest proportion of crustal influence on
magma reservoirs has been determined for the Permian
Dasdana zircons (mean eHf(t) = —7.3), which also hold
the oldest TDM, model age range (1.94—1.72 Ga) shown in
Fig. 6b. Magma sources with lower portion of the crust
influence are found in the early Late Triassic Val Sabbia
Sst., which has a mean of eHf(t) = —5.1 (Fig. 5b) and
TDM, model age range from 1.76 and 1.51 Ga (Fig. 6b).
Middle Triassic Buchenstein zircons show the lowest
portion of crustal contribution to the magma sources
(eHf(t) = ca. —1.6; Fig. 5b), also yielding the youngest
TDM, model age range of 1.67-1.19 Ga (Fig. 6b).

4.3 Southern Alps, western Lombardy section
(South-Alpine domain)

4.3.1 Bellano Formation (early Anisian)

Three samples were taken from different stratigraphic
levels in the area between Monte San Giorgio (southern
Switzerland) and the village of Mesenzana (northwestern
Italy). In the Mesenzana area, the lower sample (sandstone
12AB05) delivered sub-euhedral to sub-rounded zircon
grains (Online Resource 4 h). Permian U-Pb ages pre-
dominate (Fig. 4c) with a peak at ca. 280 Ma (post-Var-
iscan) corresponding only to magmatic rims. Particularly,
ca. 52% of the measurements were performed on inherited
cores because the peripheral magmatic growth zones were
narrow. However, the age distribution of cores and rims
overlaps the main peak. Older inherited cores were dated at
ca. 1000, 900, 650-600, 500, 460 Ma, and the main pop-
ulation ranges ca. 320-270 Ma.

On top of the latter sandstone, bentonites interpreted as a
pyroclastic horizon in the Bellano Fm (12AB04) delivered
angular fragmented zircon prisms with oscillatory zoning of
magmatic origin (Fig. 4i). Inherited cores are abundant, and
only on 5 grains it was possible to date peripheral magmatic
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rims (total n = 23; Fig. 4c). The main population consists of
inherited cores that yielded an age cluster at ca. 280 Ma
(post-Variscan). The analysed rims yielded a weighted mean
of 240.2 £ 8.9 Ma (MSWD = 10). The significance of this
age peak is constrained by the high value of the MSWD, and
we interpreted that another geological scatter is present in
the data, e.g. radiogenic perturbations during post-deposi-
tional processes. However, the value approximately corre-
lates with the depositional age of the Bellano Fm and
therefore, it might record the first magmatic episode of the
early Middle Triassic in the region.

In the Monte San Giorgio area, zircons from a vol-
caniclastic layer (12AB03) exhibit contrasting morpholo-
gies between sub-rounded grains and elongated sub-
euhedral prismatic fragments (Online Resource 4j). The
results show three main populations (Fig. 4c): (1) Neo-
proterozoic inherited cores of 1550, 960, 700 and mainly
580 Ma. (2) Cambrian—Silurian cores ranging from ca. 500
to 430 Ma, and (3) main population of Late Carboniferous
to Early Permian zircons, which also include inherited
cores yielding the same age range. It peaks at ca. 280 Ma
and overlaps with the other two samples analysed for the
Bellano Fm (Fig. 4c). The spectrum of the Monte San
Giorgio sample contrasts with those obtained for the
sandstone 12AB05 and the ash layer 12AB04 in the
Mesenzana area. The early Palaeozoic detrital population
in the Bellano Fm of the Monte San Giorgio reveals an
additional source of sediments, presumably a reworked
Permian sedimentary cover of the pre-Alpine basement,
which evidently, was not available for the Bellano basin in
the Mesenzana area.

Permian zircons and inherited cores of the Bellano Fm
yield eHf(t) values that cluster below the CHUR in a range
from ca. —8 to —1 (Fig. 5¢), indicating that the crustal
contribution on the magma sources predominates. The
range of ¢Hf(t) values matches the Permian zircons and
inherited cores of the Austroalpine Fuorn and Saluver
formations (Fig. 5a) and in the Southalpine Dasdana beds
(Fig. 5b).

TDM, model ages of the Bellano Fm samples are
shown in Fig. 6c. The sandstone 12AB05 span ca.
2.06-1.2 Ga with a cluster from ca. 1.78 to 1.45 Ga.
Inherited cores of Neoproterozoic—early Palaeozoic
crystallization ages yield the older Hf TDM; model ages.
The ash layer 12AB04 exhibits TDM, ages in a range
from ca. 1.74 to 1.12 Ga. The sandstone 12AB03 yield
TDM, ages between 2.34 and 1.24 Ga, though the points
grouped in a range from ca. 1.8 to 1.57 Ga. The analysed
Permian zircons from the three samples of the Bellano
Fm revealed TDM, model ages in a common range from
ca. 1.75 to 1.45 Ga.

4.3.2 Meride Limestone (Ladinian)

Two samples of the Meride Lmst. were taken from the
Monte San Giorgio area in southern Switzerland. The
lower sample derived from calcareous sandstones
(12AB02) and the upper one is from a pyroclastic horizon
(12ABO01) on top of the former. Sample 12AB02 delivered
sub-euhedral zircon grains and sparse inherited cores have
been identified (Online Resource 4 k). The main popula-
tion includes Middle Triassic zircons with a peak at ca.
238 Ma (Fig. 4c). Inherited cores yielded Early Triassic
ages (ca. 250-240 Ma). The ash layer (12ABO1) provided
sub-euhedral and euhedral fragmented prisms (Online
Resource 4 1). The main population (Fig. 4c) yielded a
weighted average of 236.34 + 0.62 Ma, MSWD = 5.8.

The Triassic zircon gHf(t) values of the two samples of
the Meride Lmst. show a range between ca. —7 to +2
(Fig. 5¢) evoking crustal contribution to the magma sour-
ces. The samples exhibit also a common TDM, model age
range from 1.65 to 1.45 Ga (Fig. 6¢). However, the ash
layer 12ABO01 yielded older TDM, model ages (ca.
1.8-1.7 Ga) which correlate with the most negative
eHf(t) values (ca. —7). The youngest TDM, model ages of
both samples (ca. 1.4-1.2 Ga) concur with the positive
eHf(t) values indicating less contribution of crustal com-
ponents on the magma sources.

4.3.3 Summary of the western Lombardy section

The Bellano Fm in the Mesenzana area was primarily
sourced in Permian igneous rocks, while in the area of
Monte San Giorgio the Bellano Fm was supplied from
Variscan and post-Cadomian basement, or from a sedi-
mentary cover of Verrucano Lombardo type (Fig. 4c). This
finding highlight the presence of basement elements older
than Variscan within the Southalpine domain.

The detrital zircon U-Pb ages of an ash layer of the
Anisian Bellano Fm (12AB04) in the Monte San Giorgio
area shows a scattered distribution between 249 + 2.0 and
239 4+ 3.1 Ma (online resource 2), which includes the
oldest Triassic ages (Olenekian-Ladinian) recorded in this
work.

The zircon age distributions of a volcaniclastic
(12AB02) and a pyroclastic horizon (12AB01) in the upper
Meride Lmst. overlap at ca. 237 Ma (Fig. 4c) indicating a
primary source in Ladinian volcanic rocks. Consequently,
the intraplatform basin with restricted circulation (Furrer
1995) received episodic volcanic input. The age peak
correlates with high precision ages obtained in the upper
Meride Lmst. at Monte San Giorgio (239.51 £ 0.15 Ma,
Stockar et al. 2012; Fig. 3).
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The Permian magmatic rocks that supplied with detritus
the Bellano basin during the Middle Triassic shared a
signature of crustal influence on the magma sources, as
shown by consistent negative ¢Hf(t) values in Fig. 5c. The
Meride Lmst. represents a Ladinian syn-magmatic
sequence, which was sourced mainly in coeval igneous
rocks.

4.3.4 Hf Model ages of the three studied sections

The compilation of the Hf TDM, model ages obtained for
the analysed Permian and Triassic zircons and inherited
cores in the three investigated sections yield a main peak at
ca. 1.57 Ga (Fig. 6d) within a range between 2.5 and
0.7 Ga. One outlier shows ca. 3.35 Ga. These results are
consistent with Hf TDM, model ages obtained in zircons
from pre-Alpine basement rocks in the Penninic domain
and Alpine detrital zircons, which range between 2.5 and
0.6 Ga with a main peak at ca. 1.55 Ga (Beltran-Trivifio
et al. in preparation). Furthermore, Schaltegger and
Gebauer (1999) and references therein, presented Nd and
Hf model ages of granites from the Alpine basement of
1.5-1.6 Ga, documented older components in the Aus-
troalpine Silvretta basement by model ages ranging
between 1.9 and 1.7, and reported that the addition of
subcontinental mantle-derived magmas to old crust (e.g.
1.7 Ga) might produce model ages at around 1.3-0.9.

These considerations allow us to observe that the Per-
mian and Triassic magmatism in the South-Alpine and
Austroalpine domains have a common range of model ages
together with elements of the Palacozoic basement of the
Penninic and Helvetic domains. Although differences in
model ages are due to mixing of different source compo-
sition and they do not signify geological events, it is
remarkable that our model age range matches the timing of
the Proterozoic mantle mobilization events at ca. 1.7-1.6
and 1.3-0.8 Ga postulated by Schulz (2008).

Fig. 7 Left: ternary diagram
showing compositional
variation of feldspars using
electron microprobe. An

4.4 Single mineral composition
4.4.1 Feldspars

Trevena and Nash (1979, 1981) compiled a large database
of the composition of plagioclases from igneous and
metamorphic rocks. They proposed seven groups for the
provenance of detrital plagioclases. We assume that the
analysed feldspars are part of the primary sedimentary
cycle and therefore, mirror the original source. The zircon
age distributions indicate that the Dasdana beds and Bel-
lano Fm were supplied from Early Permian magmatic
products (Fig. 4b, c), and that the Buchenstein Fm and Val
Sabbia Sst. (Fig. 4b) were mainly sourced by Middle Tri-
assic magmatic rocks. The variation of feldspar composi-
tions determined by electron microprobe in the Southalpine
Early Permian Dasdana beds (VT2), the Anisian Bellano
Fm (10AB03), the Ladinian volcaniclastic horizon in the
Buchenstein Fm (PBFT11) and the Carnian Val Sabbia Sst.
(10ABO08) is depicted in Fig. 7.

According to modal grain counting, the Permian Das-
dana beds sample (VT2) comprises sub-angular crystal
fragments of plagioclase (35%), K-feldspar (25%), quartz
(25%), volcanic (5%) and sedimentary lithics (5%), and
biotite (5%). The Dasdana feldspars yield two well-de-
fined groups, both with very low-Ca contents. Plagio-
clases with high-Na (albite end-member) predominate
quantitatively over K-feldspar (Fig. 7). Generally, albite
end-member of the plagioclase series is correlated with a
large variety of source rocks such as granites, granite-
pegmatites, alkali-diorites, basalts, and also with authi-
genic processes. According to the classification of Tre-
vena and Nash (1979, 1981), the high-Na plagioclases fall
in the plutonic—low-rank metamorphic-authigenic fields.
K-feldspar is a common mineral in granites, syenites, and
pegmatites, but also in rapid-cooling volcanics and felsic
pyroclastics.
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Sample 12AB03 from the Anisian Bellano Fm is a
feldspathic litharenite, which contains subangular crystal
fragments of quartz (30%), feldspars (20%), volcanic
lithics (40%), sedimentary lithics (10%) and biotite. The
feldspars show low-Ca and high-K (orthoclase end-member
>60%) compositions (Fig. 7), indicating a volcanic-plu-
tonic origin.

The volcaniclastic horizon in the upper part of the
Buchenstein Formation (PBFT11) delivered phenocrysts
of quartz (10%), feldspar: plagioclase and minor
K-feldspar (20%), sedimentary (20%) and volcanic
lithics (45%), and biotite (5%). The analysed feldspars
with low-K, high-Ca and high-Na (Fig. 7) suggest a
volcanic—plutonic provenance. The plagioclases can be
distinguished from metamorphic plagioclases because
the orthoclase content of volcanic plagioclase increases
with decreasing anorthite component (Trevena and Nash
1979, 1981; Fig. 7).

The sample from the Carnian Val Sabbia Sst. (10AB08)
is a litharenite that comprises sub-angular crystal fragments
of quartz (30%), feldspar (10%) and lithic volcanic frag-
ments (60%). Similarly to the Dasdana beds sample, the
composition of the plagioclases is very low-Ca and very
high-Na, and falling in the plutonic—low-rank metamor-
phic-authigenic field.

Type Az . Type C: high-grade
.IC{lllgh graliii metasediments Py metabasic rocks
-Charnockites

-Ci: mafic rocks

-Intermediate-acidic igneous _Cii: ultramafic rocks
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levels
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-Metasomatic rocks (skarn)
associated with thermally
or contac metamorphosed
sediments

Type B:

-Bi: granitoids
-Bii: amphibolite-facies
metasediments
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Gr+An
XCa

B Val Sabbia Sst.10AB08 ]Carnian
@ Bellano Fm 12AB03 JAnisian
@ Bellano Fm 12AB04
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XFe+Mn

Fig. 8 Ternary diagram showing compositional variation of garnets
using electron microprobe; Py pyrope, Al almandine, Sp spessartine,
Gr grossular, An andradite. The boundaries of the compositional fields
(A, Bi, Bii, Ci, Cii and D) and their probable provenance were taken
from Mange and Morton (2007)

4.4.2 Heavy minerals: garnet and chromian spinel

Detrital garnet geochemistry is a widely used technique
for determination and discrimination of sedimentary
provenance. We assume that the analysed grains are
detrital garnets which are part of the primary sedimentary
cycle. The variations in garnet composition from the
Bellano Fm and Val Sabbia Sst. are shown into a dis-
crimination scheme of garnet types (Fig. 8). This classi-
fication is based on the Fe + Mn-Mg—Ca composition of
the garnets, and it assigns to each garnet type possible
source rocks. This scheme is based on modern and ancient
sediments (Mange and Morton 2007). Most of the garnets
from the Anisian Bellano Fm (ca. 80%), fall in the Type
Bi field with low-Ca (Xc, < 10%) and high-Mn, sug-
gesting an origin from granitoids and/or intermediate-
acidic igneous rocks. With respect to the detrital zircon
ages (Fig. 4c), these sources might include rocks associ-
ated with the Permian magmatic rocks of the Southern
Alps (see peak in Fig. 4c). The garnets in the Bii field
indicate a source in amphibolite facies metasediments,
and the detrital zircon record suggest that the sources are
presumably related with Pre-Variscan, likely Ordovician,
basement rocks (see peak in Fig. 4c) of the northwestern
part of the Southern Alps.

Some garnets from the same formation fall in the Type
Ci field (Xymg < 40%), which implies that these garnets
might be derived from mafic rocks. They presumably are
derived from mafic intrusions as the Mafic Complex in the
Ivrea-Verbano Zone (IVZ) in the westernmost part of the
Southern Alps. These rocks are coeval with, and geneti-
cally related with granitic bodies in the middle to upper
crust and explosive, rhyolitic volcanism within the so-
called Serie dei Laghi in the western Southern Alps
(Schaltegger and Brack 2007).

Based on the same classification scheme, most of the
garnets from the Carnian Val Sabbia Sst. fall in the Type A
field (Fig. 8), suggesting an origin from high-grade (gran-
ulite facies) metasedimentary rocks or charnockites.
However, this contrasts with the absence of metamorphic
lithic clasts or diagnostic metamorphic minerals in the
sandstone detritus. Moreover, Type A garnets also have
been reported from xenocrysts or in xenoliths in interme-
diate-acidic igneous rocks, representing material incorpo-
rated into the magma at deep crustal levels (Hamer and
Moyes 1982). Two garnets plot at the boundary of Type A
and Bi, and one garnet falls entirely in the Bi field, indi-
cating an origin in granitoids and/or intermediate-acidic
igneous rocks. Two garnets with Xy, > 40% plot in the
Type Cii field, indicating a derivation from ultramafic
igneous rocks, which might evidence the incorporation of
mantle-related material into the magma at the lower crust
or the upper mantle levels.
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Fig. 9 Detrital chromian spinel compositional variation diagrams of
the Val Sabbia Ss. Red circles represent translucent grains and black
crosses represent opaque grains: a Ternary plot of the major trivalent
cations in chromian spinel. Fields compiled by Cookenboo et al.
(1997) and references therein: i) Alaskan-type; ii) Stratiform field
shows compositional range of spinels in ultramafic bodies produced
by fractional crystallisation in the crust; iii) Abyssal and Alpine-type
peridotites field includes chromian spinel of mantle melting origin as
ultramafic xenoliths, abyssal dunites, spinel-plagioclase peridotites
and Alpine-type peridotites. b Discrimination between volcanic and

In summary, the variation of the garnet composition
from type-B and Ci in the Anisian Bellano Fm in the
Western Lombardy section to type-A and Cii in the Car-
nian Val Sabbia Sst. in the Eastern Lombardy section
(Fig. 8), indicate different source areas during the Middle
Triassic in the South-Alpine domain. The Bellano Fm was
presumably sourced in Ordovician metasediments or its
sedimentary cover, and in Permian intermediate-acidic
igneous rocks, probably with lower crust xenoliths, or
Permian mafic rocks associated to the Mafic Complex of
the IVZ during the Anisian stage. During the Carnian, the
Val Sabbia Sst. was probably sourced in Middle Triassic
intermediate-acidic igneous rocks with lower crust xeno-
liths. The mafic—ultramafic xenoliths are presumably
associated with the Middle Triassic Finero mafic intrusion
emplaced in the IVZ (Zanetti et al. 2013).

T T T TT]

T

0 4
A|203°A)

d Alaskan-type and
Island arc Stratiform peridotites

Cr# 0.60 - 0.90 Cr# 0.60 - 0.90

Mg# 0.40 - 0.65 Mg# 0.10 - 0.65

Mid-ocean ridge
Cr#0.10 - 0.60

Mg# mostly < 0.75

Mg# 0.55-0.85

Marginal basin
seefloor
Cr#0.30-0.55

Detrital chromian-spinel in this work:

Cr# min-max: 0.10 - 0.44, average: 0.19
Mg# min-max: 0.64 - 0.83, average: 0.77

mantle spinel using Al,O3 and Fe?*/Fe** values. SSZ: suprasubduc-
tion zone; MORB-p: Mid-ocean ridge-type peridotites (Kamenetsky
et al. 2001). ¢ Spinel field diagram Al,O3 vs TiO,; ARC: arc; CFB:
continental flood basalts; MORB: mid-ocean ridge basalts; MORB-p:
MORB-type peridotites; OIB: oceanic island basalts; SSZ: suprasub-
duction zone (fields from Kamenetsky et al. 2001, and Hu et al. 2014).
d Typical spinel compositions from various sea-floor and continental
crust origin. No scale implied. Modified from Cookenboo et al.
(1997). See detailed compositional diagrams in the Online Resource 5

Chromian spinel is a good petrogenetic indicator due to
its chemical character, which is sensitive to bulk rock
composition and petrogenesis of the host rock. The varia-
tion of the chemical composition of Cr-rich spinel repre-
sents the magma chemistry (Arai 1992, 1994). Different
compositional diagrams of chromian spinel from the Val
Sabbia Sst. (Fig. 9a—c) allow us to discriminate an origin
associated with MORB-type peridotites rather than vol-
canic, due to their low content of Cr>* and Fe** and the
high concentration of Al,Os3. The values of Cr and Mg
atomic numbers (Cr# and Mg# in Fig. 9d) suggest an origin
associated with a mid-ocean-ridge setting.

Furthermore, the ratios of Cr# and Mg# (Online
Resource 5) suggest that chromian spinel of the Val Sabbia
Sst.: (1) is derived from abyssal peridotites and/or xenoliths
from basalts, (2) lies in the compositional field of
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lherzolites, and (3) shows affinity with Type-I Alpine-type
peridotites. According to Dick and Bullen (1984) these
combined results suggest that the origin of the chromian
spinel might be related to a section of oceanic lithosphere
formed at a mid-ocean ridge.

The interpretations of garnet (Fig. 8) and chromian
spinel geochemistry of the Val Sabbia Sst. (Figs. 8, 9;
Online Resource 5) support each other. These heavy min-
erals indicate the presence of mafic and ultramafic rocks
exposed in the Southalpine domain at the Carnian age.
Most probably they were supplied from mantle xenoliths
observed in the intermediate-acidic Middle Triassic vol-
canic rocks of the Southern Alps (pers. comm. Peter
Brack). Upper mantle lherzolite xenoliths in the Triassic
igneous complex of Predazzo are reported in the central
Southern Alps (Carraro and Visona 2003). Furthermore,
Zanetti et al. (2013) propose that the intrusion of the Finero
Mafic Complex at the IVZ may represent a deep-crustal
counterpart of the Middle Triassic volcanism that is
widespread throughout the Southern Alps. These lower
crust and upper mantle elements are comparable with our
detrital garnet and chromian spinel data set.

5 Interpretations of the Permian and Triassic
magmatism in the South-Alpine
and Austroalpine domains

5.1 Early Permian magmatism

It is generally accepted that during the Early Permian in the
Southern Alps, post-Variscan intracontinental extension
and strike-slip tectonics controlled basin formation, and the
related magmatism was sourced in mixed mantle-crust
magmas (e.g. Schaltegger and Brack 2007). According to
this model, basin formation and magmatism occurred in a
short time span between 285 and 275 Ma. This crustal
magmatism involving mantle and crust sources was a
widespread episode recognised in both the South-Alpine
and the Austroalpine domains (e.g. Spalla and Gosso 2002,
Schaltegger and Brack 2007 and references therein).
Published data from the IVZ and Serie dei Laghi in the
Southern Alps documented that intrusion of mafic magma
began at ca. 314 Ma and continued, episodically, for more
than 30 My concluding in the major Permian magmatic
stage that assembled an 8-km-thick mafic complex in the
deep crust, large granitic plutons in the upper crust, and
volcanism between ca. 290 and 280 Ma (Kl6tzli et al. 2014).
Coeval with the cessation of magmatic activity, clastic
sedimentation ceased at ca. 275 Ma. This is recorded by the
Middle Permian unconformity, which represents a time gap
of ca. 10 Ma (Gretter et al. 2013). This period correlates
with the model of the transition from Early Permian Pangaea

A to Late Permian Pangaea B, due to the activation of a
regional scale dextral displacement fault along reactivated
late Variscan shear zones (Muttoni et al. 2003).

The peak of the Early Permian magmatism is docu-
mented by the U-Pb detrital zircon age distribution of the
Austroalpine Fuorn and Saluver formations (Fig. 4a) at ca.
290 Ma. This age matches with the magmatic activity
between ca. 295-288 Ma reported from Austroalpine
basement units (e.g. von Quadt et al. 1994). The U-Pb age
patterns in the South Alpine Dasdana beds (Fig. 4b) and
Bellano Fm (Fig. 4c) reveal a peak at ca. 280 Ma, which
coincides with the previously proposed period of basin
formation and magmatism between 285 and 275 Ma along
an E-W transect on the Southern Alps (Schaltegger and
Brack 2007) and in the Athesian volcanic group in the
eastern Southern Alps (Marocchi et al. 2008). For further
comparison, a bimodal magmatic phase occurred at around
285 Ma in the Permian Glarus Verrucano basin situated in
the later Helvetic palaeogeographic domain (Letsch et al.
2015).

Our estimated €Hf(t) values for the Permian zircons
from the Austroalpine Fuorn and Saluver formations
(Fig. 5a), the South-Alpine Dasdana beds (Fig. 5b) and the
Bellano Fm (Fig. 5c) cluster between —8 and —1, with
sparse positive values. These results are in perfect agree-
ment with Hf isotopic analyses of Permian magmatic rocks
in the South-Alpine domain (Schaltegger and Brack 2007)
and in the South-Alpine, Penninic and Helvetic realms
(Stille and Steiger 1991). Similar recent analyses of
eHf(t) on detrital zircons of the Glarus Verrucano revealed
a main cluster between —4 and —8 (Letsch et al. 2015).
These results support our model of mixing of mantle with
predominance of recycled crustal components in the melts
of the Early Permian magmatism. Finally, the occurrence
of Type Ci garnet in the Bellano Fm (Fig. 8) suggests the
incorporation of mantle-derived material into the magmas
at deep crustal level. This interpretation is in line with
previous results (e.g. Rottura et al. 1998) suggesting the
hybrid nature of the Early Permian melts with the partici-
pation of mantle melts in the generation of acidic and
intermediate intrusions.

5.2 Middle Triassic magmatism

The geodynamic significance of the Middle Triassic mag-
matic episodes is still a matter of debate, mainly because
the geodynamic evolution of the South-Alpine and Aus-
troalpine terranes during Permian—Triassic period is not yet
well understood. The intricate Late Palaeozoic geodynamic
evolution encompasses the transition from the Variscan to
the Alpine orogenic cycle. In particular, Triassic magmatic
signatures play a crucial role in the interpretation of the
tectonic evolution.
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Contrasting tectono-magmatic models for the Middle
Triassic magmatism in the Southern Alps were proposed,
among others: (1) volcanism related to aborted rifting
stages (Ferrara and Innocenti, 1974), (2) magmatism within
a marginal back-arc basin associated with the post-Var-
iscan evolution of the Alpine sector (Marinelli et al. 1980,
in Crisci et al. 1984), (3) subduction-related arc magma-
tism associated with the foundering of the lower conti-
nental crust in the upper mantle (Castellarin et al.
1980, 1988), (4) magmatism associated with partial melt-
ing in the upper mantle, which had been hydrated and
modified during the preceding Variscan orogenesis and
contaminated by the incorporation of large portions of
crustal material (Crisci et al. 1984), (5) magmatism in an
epicontinental arc or back-arc setting driven by the north-
ward subduction of remnants of the Palaeothetys ocean
(Garzanti 1985, 1986; Stampfli et al. 2002), and (6) Ladi-
nian magmatism (ca. 232 Ma) in the IVZ related to
extensional tectonics in the lower crust, which concurs with
a 230-180 Ma high-T shear zone (Zanetti et al. 2013, and
references therein).

As described previously, Middle and early Late Triassic
sequences contain volcaniclastic and pyroclastic horizons.
Detrital zircons derived from selected basins (Figs. 1, 3)
reveal magmatic activity at ca. 244-243 Ma in the Eastern
Alps (Fig. 4a) and ca. 240-237 Ma (Fig. 4b—) in the
Southern Alps. Our age ranges compare well with previ-
ously published high-precision ages in the Southern Alps
(Mundil et al. 1996; Brack et al. 2007) and in the Eastern
Alps (Furrer et al. 2008) (see compilation in Fig. 3).

According to the presented data, the magma sources of
the Middle Triassic magmatism originated from mixing
crustal and mantle components. The eHf(t) of the Middle
Triassic zircons from the Austroalpine Prosanto Fm are
positive, ca. 0 to +10 (Fig. 5a), indicating a mantle derived
magma with minor crustal contamination. In contrast, the
Middle Triassic zircons from the Austroalpine Altein Fm
(Fig. 5a), and the South-Alpine Buchenstein Fm, Val
Sabbia Sst. (Fig. 5b) and Meride Lmst. (Fig. 5c) are
dominated by negative values —10 to +4, suggesting
higher influence of crustal components in the melts. The
Austroalpine Prosanto zircons exhibit a more juvenile
signature than the others, presumably due to the augmented
incorporation of mantle material into the magma. In con-
sidering the Hf TDM, model ages as a hybrid age of the
magma components, the younger crustal residence time
observed in the Prosanto Fm (Fig. 6a) corroborates the
addition of the juvenile material and consequently, a
decrease of the hybrid age of the magma source.

Primarily, the occurrence of Type Bi garnets in the
South-Alpine Carnian Val Sabbia Sst. (Fig. 8) is in line
with the provenance from intermediate to acidic igneous
rocks. However, the presence of Type A and Cii garnets

suggests the incorporation of mantle components into the
melts at deep crustal levels. In addition, Type D garnet in
the Val Sabbia Sst. might be an indicator of low-grade
metasomatism of the underlying Ladinian carbonate
platforms; however, our dataset is too sparse for testing
this.

Previous zircon Hf-isotope based investigations in
ancient volcanic arc settings show a high dispersion of the
eHf(t), with a predominance of positive values within the
same crystallisation-age interval, similar to that found in
the Carboniferous-Permian Gobi volcanic belt in northern
Mongolia (Bussien et al. 2011) and the Middle Triassic
Gangcha complex in Central China (Guo et al. 2012). The
rather low dispersion of the predominating negative
eHf(t) values in our dataset do not corroborate volcanic arc
magmatism. On the contrary, our ¢Hf(t) results are con-
sistent with those values obtained from asthenospheric
upwelling, as has been described in a Permian—Triassic
post-collisonal extensional setting, at the northern margin
of the North China continental block (Bai et al. 2013).
Moreover, it has been suggested for western Mediterranean
Triassic rift-basins that calc-alkaline geochemical signature
of intermediate to acidic magmatism is not necessarily an
indicator of subduction-related magmatism, and instead
this geochemical signature might be a lithosphere-hosted
inheritance from the previous Variscan subduction (Dixon
and Robertson 1993; Robertson 2006).

The eHf(t) values of the Triassic zircons from the
Southern and Eastern Alps are slightly higher than the
estimated for the Permian zircons (Fig. 5). This observa-
tion suggests an evolution in mixing mantle and crustal
components into the melts within an extensional and strike-
slip tectonic setting, as interpreted for the Permian conti-
nental crust of the Southern Alps by Schaltegger and Brack
(2007). The Hf-signatures of the Triassic zircons show a
lower influence of crust components into the parental
magma-mix than observed in the Permian crystals, which
we interpreted as shown in Fig. 10, as progressive mantle
rising and exhumation during continue extension and
thinning of the lithospheric crust due to the initial rifting
process, probably asymmetric, of the Alpine Tethys ocea-
nic system. We speculate that if the Permian melts have a
crustal component of 50-55%, the Triassic melts might
have reached 45-50% of crustal components.

The Middle Permian unconformity, which separates the
Early Permian lacustrine sediments and magmatic products
from the Late Permian—Early Triassic non-volcanic
deposits, does not suggest a regional modification of the
tectono-magmatic environment. In contrast, it rather doc-
uments a local short-lived Middle Permian compressive
phase (Cassinis et al. 2012) that caused the deposition of
Late Permian fluvial facies in the western Southern Alps
(Gretter et al. 2013).
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The complete source characteristics of the Middle Tri-
assic magmatism in the Southern and Eastern Alps docu-
ment continued melting of Variscan and older continental
crust, and incorporation of mantle components at deep
crustal levels, within an inherited post-Variscan extensional
to strike-slip tectonic setting. Progressive lithospheric
extension and thinning, and mantle upwelling operating
since the Permian, most likely have driven the Triassic
intracontinental rift process, which marks the onset of the
Jurassic opening of the Alpine Tethys oceanic domain.

6 Conclusions

1. The South-Alpine Early Permian Dasdana beds in the
Eastern Lombardy section were sourced by local syn-
depositional magmatic activity.

2. The Austroalpine and South-Alpine Middle Triassic
basins were sourced mainly in coeval igneous rocks.
The Anisian South-Alpine Bellano Fm and the Aus-
troalpine Fuorn Fm were sourced additionally in Early
Permian igneous or volcaniclastic (Verrucano-type)
rocks, and post-Cadomian basement units.

3. Permian (post-Variscan) and Triassic (early-Alpine)
partial melting of older continental crusts is docu-
mented by the presence of post-Variscan, Variscan and
older inherited cores in the detrital zircons.
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analysed units. The orientation of the profiles is shown in the
palacogeographic map in Fig. 2b

4. The initial Hf-isotopic compositions confirm that
Permian and Triassic melts had similar mixed
mantle-crust magma sources, with lower influence of
crust material in the Triassic melts. This evolution is
compatible with a progressive extension and thinning
of the continental crust, probably associated with the
Pangaea break-up.

5. The Triassic magmas formed through partial melting in
the upper mantle and lower crust. The magma sources
were deeply modified during the preceding Variscan
orogeny. Therefore, the Triassic melts inherited the calc-
alkaline signature of the Variscan compressional setting.

6. Hf-depleted mantle two-stage model ages obtained in
Palaeozoic inherited cores and in Permian and Triassic
zircons clustered around 1.7-1.5 Ga, indicating a
common hybrid age of the sources of the Permian
and Triassic magmatism.

7. We propose that post-Variscan transtension and Triassic
rifting represent a joint and long-lasting process of
continental Pangaea break-up in the Alpine Tethys. Our
interpretation of the results allow us to propose exten-
sion-related magmatism during the Middle Triassic in the
Southern and Eastern Alps rather than subduction-related
magmatic activity suggested by previous studies.
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