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ABSTRACT

A dike network transecting a basement
of intrusive and metamorphic rocks related
to the Hercynian orogeny is exposed in the
Sila Grande (southern Italy). Dike magma-
tism, similarly to other regions of the western
Mediterranean, such as Sardinia, Corsica,
and Catalonia, is of calc-alkaline to alkali-
calcic affinity. Zircon U-Pb geochronology
indicates that dike magmatism took place
between 295 + 1 to 277 + 1 Ma, after the main
late Hercynian emplacement of granitoids
(306 = 1 Ma). Barometry indicates that the
basement underwent exhumation of 8 + 3 km
before dike injection. The dike network has
a geometrical arrangement consistent with
a transtensional stress regime that resulted
in ductile thinning of the lower crust during
the late stage of the Hercynian orogeny and
concurrent fracturing of the upper crust that
made possible magma ascent through dikes.
The proposed tectonic evolution is related
to dismemberment of the southern Hercyn-
ian belt in the central Mediterranean area
as a result of dextral transtension of Gond-
wana in relation to Laurasia during the
Pennsylvanian—-Early Permian.

INTRODUCTION

The geometry, orientation, and spatial dis-
tribution of sheeted magmatic bodies (i.e.,
dikes and sills) are commonly used to recon-
struct pathways of magma ascending through
the crust. In principle, dike pattern mainly
reflects the interplay between two factors:
(1) the orientations of pre-existing (preem-
placement) and/or syn-magmatically developed
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(synemplacement) tectonic discontinuities (e.g.,
faults and fractures), and (2) magma driving
pressure. To evaluate the influence of both these
factors, active subvolcanic systems can be suc-
cessfully analyzed (e.g., Gudmundsson and
Brenner, 2004; Gudmundsson, 2006; Tibaldi
et al., 2008). The study of areas affected by
ancient dike magmatism is equally important
in the investigation of the significance and time
of activity of tectonic discontinuity arrays. The
preferential orientation of dikes is considered as
symptomatic of a tectonic strain field controlling
the orientation of the synemplacement faults
and fractures (e.g., Glazner et al., 1999; Sade-
ghian et al., 2005; Dini et al., 2008), whose age
of formation can be deduced by dating injected
magmatic rocks. Therefore, dike swarms can be
used as both age and large-scale strain markers.

Widespread dike magmatism affected the
Hercynian belt of Europe during the late stages
of the orogenic cycle (Wilson et al., 2004, and
references therein). Dike swarms postdate
most of the plutonic complexes, and are mainly
related to calc-alkaline and alkaline magmatic
affinity, and more rarely to tholeiitic series
(Orejana et al., 2008, and references therein).
In the central and western Mediterranean, dike
swarms, mainly of Early Permian age, are well
developed in different sectors of the southern
Hercynian belt of Europe, such as the Catalan
Coastal Range (Enrique, 1984, 1990; Ferrés,
1998), Corse (Rossi et al., 1993, 2002; Carmig-
nani et al., 1999; Traversa et al., 2003; Cocherie
et al., 2005), and Sardinia (Carmignani et al.,
1999; Ronca et al., 1999; Atzori et al., 2000;
Traversa et al., 2003) (Fig. 1). In these regions
an extensional regime is considered the more
appropriate tectonic context for dike magma-
tism (Enrique, 1984; Rossi et al., 1993; Atzori et
al., 2000). Farther east, other remnants affected
by dike magmatism are represented by the Sila
and Serre Massifs of the Calabria-Peloritani ter-
rane (Fig. 1), even though little is known about
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serial affinity, age, and tectonic framework of
this magmatic event. The purpose of this paper
is to close this knowledge gap through new pet-
rological, geochronological, structural, and geo-
chemical data collected on dikes from the central
part of the Sila Massif, known as Sila Grande
(Fig. 2). The main goal is to define the timing
and tectonic context for magma ascent through
dikes in the course of the Hercynian cycle. Pet-
rological and geochronological results are used
to estimate the amount of exhumation follow-
ing an approach suggested by Ring et al. (1999).
Considering that most of the Sila Grande dikes
injected granodiorite (e.g., Liotta et al., 2008),
depths of emplacement estimated for dikes and
for the granodioritic wall rock can be combined
with related intrusion ages. In addition, the anal-
ysis of dike orientations could be used to infer
the tectonic strain field during exhumation. In
this way the tectonic framework of dike mag-
matism in the course of the orogenic cycle can
be successfully defined. This represents a more
complete multidisciplinary approach, different
from that adopted in most studies focused on
dikes of the southern Hercynian belt, that rely
in large amount on geochemical and geochro-
nological data to reconstruct the tectonic set-
ting during the late orogenic magmatism (e.g.,
Rossi et al., 1993; Atzori et al., 2000). Results of
this research can be useful in studies devoted to
recognition of geological relationships between
pieces of the Hercynian basement now dis-
persed throughout the central Mediterranean
(Alvarez and Shimabukuro, 2009).

GEOLOGICAL SETTING

A tilted, nearly complete late Hercyn-
ian continental crust section is exposed in the
Sila Massif (Dubois, 1976; Graessner and
Schenk, 2001). It is basically composed of three
main portions; from bottom to top, these are:
(1) high-grade metamorphic rocks, occupying
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the Hercynian lower to middle crust; (2) nearly
tabular late Hercynian granitoids, located at
mid-crustal levels; and (3) low-grade metamor-
phic rocks belonging to the upper crust (Fig. 2).

High-grade metamorphic rocks are exposed
to the west and are mainly represented by mig-
matitic paragneiss with intervening marble
and metabasite becoming progressively more
abundant toward the top. In the migmatitic
paragneiss, the metamorphic assemblage of
biotite + garnet + sillimanite + K-feldspar
+ cordierite + spinel equilibrated at peak
pressure-temperature  conditions of 400-
600 Mpa and 740-770 °C (Graessner et al.,
2000; Graessner and Schenk, 2001). The age
of peak metamorphism, obtained by the U-Pb
method on monazite, spans from ca. 305 to
296 Ma (Graessner et al., 2000).

Late Hercynian high-temperature shear
deformation affected middle to lower crust in
the zone straddling the contact between foli-
ated granitoids and host migmatitic high-grade
metamorphic rocks (Festa et al., 2006; Liotta
et al., 2008). The compositions of granitoids
range from monzogranite to tonalite (Ayuso et
al., 1994), but minor mafic rocks (norite, dio-
rite, quartz diorite) (Caggianelli et al., 1994)
and strongly peraluminous leucogranite (Cag-
gianelli et al., 2003) can be also found. Emplace-
ment depths obtained by Al-in-hornblende
barometry range from 8 to 18 km, and confirm
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that the intermediate crust was a preferential
site for the emplacement of granitoid magmas
(Caggianelli et al., 1997; Liotta et al., 2004).
Using the “’Ar/*’Ar method on hornblende and
muscovite, Ayuso et al. (1994) estimated ages
ranging from 293 to 289 Ma for these plutonic
rocks. Graessner et al. (2000), using the U-Pb
method on monazite, obtained emplacement
ages of 304-300 Ma. Comparison of results and
techniques indicates that dates by the “Ar/*Ar
method can be considered as cooling ages, by
virtue of the distinctly lower closing tempera-
tures of the involved isotopic systems (for a
compilation, see Spear, 1993).

In Sila Grande, dikes transect essentially
intrusive rocks but can be also found in the
metamorphic basement (Fig. 3). In the earliest
studies, dikes were generally related to Ceno-
zoic volcanic activity (e.g., Rittmann, 1946;
Bertolani, 1957). According to this view, some
porphyritic rocks were considered to be crys-
tallization products of lava flows. De Fino and
La Volpe (1970) excluded an original subaerial
setting, and recognized that emplacement of
magma took place exclusively at moderate
depths along subparallel fissures transecting
the Paleozoic basement. Burton (1970, 1971a,
1971b, 1971c), relates dikes in the Calabria
region to Paleozoic magmatic activity. One
recent dating by the U-Pb method on zircon
indicates an age of emplacement of 284 Ma for
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microgabbrodiorite to microgranite

Remnants of the Hercynian belt

dated rocks: dolerite and

basaltic andesite
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EE: Late Hercynian dike swarms location and main strike

Figure 1. Pennsylvanian—Early Permian dike swarms in the regions of the central Medi-
terranean where remnants of the Hercynian belt crop out (CCR—Catalan Coastal
Range, Py—Pyrenees, FCM—French Central Massif, WA—Western Alps, M—Maures
Mountains, Co—Corse, S—Sardinia, CP—Calabria-Peloritani terrane). Rock names

are as in cited references.
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and Prosser, 2001). The investigated area
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Figure 3. Geological sketch map of the Sila Grande area. Dikes are more frequent in the zone extending from Lake Arvo (west) to

the town of San Giovanni in Fiore (east).

a porphyritic dike from Sila Grande (Liotta et
al., 2008). This represents the only available age
determination for this magmatic activity to date.

SILA GRANDE SHEETED INTRUSIONS
Distribution and Orientation

After the surveys carried out by De Fino
and La Volpe (1970) and Burton (1970, 1971a,
1971b, 1971c¢), new intrusive bodies in the Sila
Grande area were recognized, in particular
within our study. In addition, the geometry of
already mapped bodies is herein reinterpreted,
in some instances allowing us to recognize both
dikes and sills. Dikes are prevalent, and are par-
ticularly abundant in an east-west—oriented strip
(5 km wide) that extends westward for 22 km
from the town of San Giovanni in Fiore (Fig.
3). Sills are only represented by two subhori-
zontal felsic intrusions of fine-grained two-mica
granite located near Silvana Mansio village and
Mount Carlomagno (Fig. 3). In map view they

show an irregular shape with maximum and
minimum dimensions of 1.5 km and 0.8 km,
respectively, and are at least ~35-40 m thick. All
sheeted bodies are hosted in the Hercynian crust
section, transecting mostly granitoids and more
rarely the migmatitic paragneisses (Fig. 3).

A database of orientation and geometrical
features has been prepared, including both
new and literature field data for 353 dikes.
Although some dikes are inclined, the great
majority show subvertical and subplanar
sharp walls. Map view suggests that most of
them have a nearly tabular shape (Fig. 3). A
rose diagram indicates a strong preferred ori-
entation of dikes along an east-west strike.
Other significant groups are oriented along
east-southeast—west-northwest, northwest-
southeast, north-northwest—south-southeast,
and east-northeast-west-southwest directions
(Fig. 4). Outcrop conditions are not suited to
define precisely the dike extent. The maximum
length estimated on the map is ~2 km (Fig. 3).
However, the possibility that some dikes are
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Figure 4. Rose diagram representing ori-

entations of dikes from Sila Grande.
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part of a longer, single sheeted body cannot be
excluded. The thickness of some dikes (up to
~15 m) argues for a length decidedly >2 km
according to the typical thickness/length ratio
of dikes in the upper crust of 0.01, given by
Lister and Kerr (1991).

Petrography and Chemical Classification

The Sila Grande dikes display a notable
compositional variety, as evidenced by the
presence of both felsic and mafic types. Fel-
sic dikes are more frequently exposed, and are
represented by microgranite and micrograno-
diorite. In these rocks plagioclase ranges from
albite to An-poor oligoclase, and biotite is the
only mafic mineral. In microgranite scarce
biotite coexists with white mica, whereas
in microgranodiorite biotite occurs in larger
amounts, and white mica is absent or rare. In
the more felsic dikes, quartz and K-feldspar
are frequently present in granophyric texture.
Accessory magmatic minerals are represented
by columnar to acicular apatite and zircon,
whereas sphene, chlorite, and opaque minerals
appear to be of postmagmatic origin.

Mafic dikes are made up of dark fine-grained
rocks consisting of plagioclase, quartz, green
amphibole, biotite, and rare augite. An abun-
dance of amphibole, together with the labrador-
ite composition of plagioclase (An . ), indi-
cates that these rocks are intermediate between
microdiorite and microgabbro. For this reason
the name “microgabbrodiorite” is adopted
here. Accessory minerals include opaque min-
erals, columnar to acicular apatite, and zircon,
whereas epidote, chlorite, and calcite are con-
sidered to be of postmagmatic origin.

Textures in both felsic and mafic dikes are
commonly porphyritic, but in some cases (espe-
cially in microgranodiorite and microgranite)
approach an equigranular type (Figs. 5A-5C),
as is typical of felsite. The gradual increase of
grain size from the margins inward is a com-
mon feature in dikes (Figs. 5D and 5E). Clear
evidence of multiple magma injections, such
as internal contact and irregular grain size
distribution, were not observed. On this basis,
the dikes appear to be the product of a single
magma intrusion event.

Furthermore, a relation of near parallel-
ism between margins, and the elongation of
subhedral feldspars, up to 1 mm in length, is
observed in some dikes, and particularly in
microgranodiorites where flow texture is some-
times observed (Fig. 6A). Quenching textures
are represented in felsic dikes by feldspar and
biotite spherulites (Fig. 6B), and in mafic dikes
by ocelli consisting of hornblende microlites
often radiating around resorbed quartz xeno-
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Figure 5. Scanner images of rock slabs. (A) Typical porphyritic texture in microgab-
brodiorite (sample SPL14). (B) Typical porphyritic texture in porphyritic microgranite
(sample FLV13). (C) A lower grain-size contrast between phenocrystals and matrix min-
erals can be observed in microgranite (sample FLV17). (D, E) Increase of grain size from
margin (D, sample FLV16S) to center (E, sample FLV16I) in a microgranite dike.

Figure 6. Thin-section microphotographs. (A) Preferred orientation of feldspars in
microgranodiorite (plane polarized light, sample SPL1). (B) Feldspar spherulite in a
microgranite dike (crossed polars, sample SPL12). (C) Acicular hornblendes around
ovoidal quartz (crossed polars, sample FLV19). An outer shell of pale green chlorite can
be also observed. (D) Amygdule filled by alternating calcite and chlorite shells (crossed
polars, sample SPL14).
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crysts (Fig. 6C). Additional evidence of fast
cooling of magma is suggested by the com-
mon elongated shapes of micas and of acicu-
lar amphibole and apatite. Textures related to
fluid exsolution are represented in mafic dikes
by amygdules. They are filled by calcite or
by alternating chlorite and calcite shells, and
have a maximum diameter of 3 mm (Fig. 6D).
Amygdules occupy ~1% rock volume.

The chemical compositions of the sampled
felsic and mafic magmatic rocks are given in
Table 1. Chemical classification according to
the TAS (total-alkali-silica) diagram is proposed
in Figure 7A. Dikes display a wide composi-
tional range from basaltic andesite to rhyolite,
and are mainly represented by dacite and rhyo-
lite. In comparison to host calc-alkaline gran-
itoids, dike magmatism drifts toward trends of
alkali-calcic serial affinity (Frost et al., 2001)
(Fig. 7B), characterized by a moderately high
Na,O content (Fig. 7C), consistent with late
orogenic to postorogenic timing.

Rare earth element patterns, from the results
of the analyses shown in Table 2, are provided
for three dikes and host granodiorite. All pat-
terns are fractionated, with Ce /Yb, increas-
ing from the mafic (Ce /Yb, = 6.69) to the
felsic types (8.55 and 12.66) and to granodio-
rite (14.26). A negative Eu anomaly increases
in magnitude from the mafic (Eu/Eu* =
0.747) to felsic compositions (0.508 and
0.345), with granodiorite having an interme-
diate value (0.611) (Fig. 7D). These varia-
tions are compatible with a variable extent of
plagioclase and amphibole fractionation. The
spider diagram in Figure 7E shows a signifi-
cant depletion in K, Ta, Nb, Sr, and, Ti for all
rock samples. A major role of plagioclase in
magma-fractionation processes is confirmed
by the more pronounced Sr negative spike
observed in felsic dikes.

LEVEL OF EMPLACEMENT

Most dikes transect granitoids, and this sug-
gests that magma ascent reached at least the
intermediate level of the continental crustal
section. However, relevant textural features
indicate an even shallower level of emplace-
ment, and a significant time lag from the intru-
sion of the main granitoids. Magma quenching
textures, such as alkali-feldspar spherulites
(Fig. 6B), acicular hornblende around quartz
ocelli (Fig. 6C), and vesiculation textures, such
as amygdules (Fig. 6D), point to fast magma
cooling at a shallow crustal level. In addition,
the presence of amygdules, restricted to mafic
dikes, is in agreement with the lower solubil-
ity of volatiles in basic melts with respect to
acidic melts.

Dike magmatism in the Sila Grande
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In a tentative attempt to define quantitatively
the emplacement level, a petrological approach
was adopted. A depth estimate was obtained
by combining Al-in-hornblende barometry
(Anderson and Smith, 1995) with hornblende-
plagioclase thermometry (Holland and Blundy,
1994). This approach was applied both for a
mafic dike and for the granodiorite wall rock
(Table 3). In the mafic dike, amphibole compo-
sition in the groundmass ranges from edenite to
hornblende, whereas plagioclase is labradorite
(Ang, ). Simultaneous solution of the baro-
metric and thermometric (edenite-richterite
exchange) equations allowed us to estimate
a level of emplacement for the mafic dike of
5 + 2 km (pressure, P = 130 + 60 MPa). In
granodiorite, amphibole rims are edenitic
hornblende, and plagioclase rims are andesine
(An,, ). By the same approach, we calculated
a level of emplacement for granodiorite of
13+2km (350 +60 MPa). Results are considered
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reliable, because the pressure-temperature equi-
librium values (130 + 60 MPa at 840 =40 °C and
350 £ 60 MPa at 760 + 40 °C) plot beyond wet
solidus conditions for andesite to basalt (Wyl-
lie, 1978; Green, 1982) and for a granodiorite
(Schmidt and Thompson, 1996), respectively.
Therefore, the significant difference in emplace-
ment depths indicates that intrusion of the mafic
dike took place after considerable exhumation of
the host granodiorite, that, according to the more
conservative choice allowed by error ranges, is
not <4 km. In addition, as indicated by the pres-
ence of amygdules, basic magma reached satura-
tion in volatiles somewhere during ascent. Satu-
rations at the pressure-temperature conditions
of the emplacement level both in H,O and CO,
can be set by VolatileCalc software (Newman
and Lowenstern, 2002), and are, respectively,
3.3 wt% and 600 ppm for a basaltic magma.
These are minimum estimates for original vola-
tile content of the magma. By lowering magma

density, volatiles may have been the determining
factor in favoring magma ascent up to shallow
crustal levels. If water was the dominant volatile,
as suggested by the elevated content of hydrous
minerals, then it contributed also to depression
of the liquidus temperature, allowing a consider-
able cooling of magma before full crystallization
(Sisson et al., 1996).

AGE OF DIKE MAGMATISM

Owing to outcrop conditions, no geological
method can be applied with confidence to infer
the emplacement sequence of the various dikes.
Thus geochronology is the only option to shed
light on this subject. To this end, we selected
three different dike samples representative of the
main compositional and textural types. In addi-
tion, we dated a granodiorite wall rock to define
the time lag of dike magmatism with respect to
the main late Hercynian magmatic event.
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Figure 7. Compositional characteristics of the studied dikes based on major oxides. (A) Chemical classification of the dikes in the TAS
(total-alkali-silica) diagram (analyses recalculated anhydrous following Le Bas et al., 1986). (B) Chemical classification of dikes in terms
of rock series according to the modified alkali-lime index (MALI) by Frost et al. (2001). (C) Na,O versus SiO, diagram showing dike
data points in comparison to the trend (gray curve by polynomial regression) of host Pennsylvanian plutonic rocks (Caggianelli et al.,
1994). Compositional characteristics are based on trace elements for three dikes, and one host granodiorite. (D) Rare earth element
patterns (chondrite normalizing values after Boynton, 1984). (E) Spider diagram (chondrite normalizing values after McDonough and

Sun, 1995).
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TABLE 2. TRACE ELEMENT CONTENTS FOR

SELECTED SAMPLES
Granodiorite Felsic dikes Mafic dike

ppm FLV2 FLV16l FLV17 FLV19
La 42.0 27.3 34.5 35.6
Ce 82.7 57.5 95.4 73.7
Pr 10.40 7.31 9.16 9.88
Nd 35.7 24.7 31.6 34.9
Sm 7.23 4.95 6.38 7.25
Eu 1.32 0.77 0.65 1.72
Gd 5.79 4.23 4.99 6.56
Tb 0.88 0.70 0.85 1.07
Dy 4.58 3.85 4.72 6.16
Ho 0.80 0.72 0.85 1.18
Er 2.01 1.98 2.26 3.29
Tm 0.26 0.28 0.32 0.46
Yb 1.50 1.74 1.95 2.85
Lu 0.21 0.24 0.28 0.42
Cs 2.0 3.2 4.8 0.3
Rb 147 118 188 38
Ba 1200 371 495 695
Th 17.10 9.74 14.00 5.84
u 1.48 2.60 3.1 0.89
Ta 0.71 0.66 1.09 0.65
Nb 10.0 6.8 9.4 11.9
Sr 150 108 54 322

Hf 4.8 4.2 3.8 5.7
Zr 176 156 111 243

Tl 0.85 0.62 1.10 0.10
Y 22.2 19.9 23.4 31.4

Note: Trace element chemistry was performed by Activation Laboratories Ltd.
(Canada), and determined by inductively coupled plasma—mass spectrometry on
the fusion solution; ppm—parts per million.

TABLE 3. COMPOSITION OF AMPHIBOLE AND PRESSURE-TEMPERATURE ESTIMATES

Granodiorite Mafic dike
SPL15 FLV19
Rim Microlites
Weight percent

SiO, 43.77 42.93 46.90 48.99 49.06 48.02 43.90 44.43
TiO, 1.40 1.19 1.33 1.27 1.29 1.42 1.83 1.91
ALO, 9.02 9.70 7.57 6.80 5.25 6.72 10.52 9.15
FeO 18.74 19.54 20.02 18.10 16.10 18.99 18.25 18.68
MnO 0.67 0.39 0.10 0.52 0.40 0.36 0.26 0.31
MgO 9.39 9.43 9.00 10.26 12.29 10.85 9.91 10.55
CaO 11.92 11.55 10.60 9.28 10.72 9.31 10.18 9.54
Na,O 1.85 2.00 2.27 1.92 1.89 2.44 2.74 2.64
K,0 0.98 1.00 0.43 1.1 0.32 0.33 0.69 0.45
Total 97.74 97.72 98.22 98.23 97.32 98.44 98.29 97.67

>0 =23 ¥O0 =23
Si 6.627 6.494 6.993 7.213 7.222 7.029 6.510 6.595
Ti 0.159 0.135 0.149 0.140 0.143 0.156 0.204 0.213
Al 1.611 1.731 1.332 1.181 0.912 1.161 1.841 1.603
Fe 2.372 2.472 2.496 2.224 1.982 2.324 2.263 2.318
Mn 0.086 0.049 0.013 0.065 0.050 0.045 0.033 0.039
Mg 2.119 2.125 2.000 2.253 2.697 2.367 2.191 2.333
Ca 1.934 1.872 1.693 1.465 1.691 1.460 1.617 1.517
Na 0.543 0.587 0.656 0.548 0.539 0.692 0.786 0.759
K 0.189 0.193 0.082 0.208 0.060 0.062 0.131 0.086
cations 15.641 15.659 15.414 15.298 15.295 15.296 15.577 15.463
*P (MPa) 369 339 106 147 143 135 112 114
T(°C) 743 781 811 764 845 873 871 909

Note: Analyses were done on by a Cambridge S360 scanning electron microscope equipped with a LINK AN 10000 ED
(energy dispersive) detector (Consiglio Nazionale della Ricerche, Chimica dei Plasmi instrument hosted in Dipartimento
Geomineralogico, University of Bari, Italy). Operating conditions were 15 kV accelerating potential, 1 nA probe current.
For standardization were used several minerals and pure compounds manufactured by Micro-Analysis Consultants Ltd.
(www.macstandars.co.uk).

*P (pressure) estimates were obtained by Al-in-hornblende barometry according to the Anderson and Smith (1995) equation.

TT (temperature) estimates were obtained with hornblende-plagioclase thermometry (Holland and Blundy, 1994)
assuming equilibrium with An,, and An,, plagioclase for granodiorite and in the mafic dike, respectively.
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Methodology

Zircons were concentrated using standard
mineral separation techniques from fresh
representative samples of ~3-6 kg. Zircons
free from cracks were preferentially selected,
mounted in epoxy resin, and polished to obtain
the exposure of their maximum surface along
the c-axis. Grains were examined with cath-
odoluminescence (CL) imaging techniques
using the JEOL scanning electron microscope
at the CNR-IGG (Consiglio Nazionale della
Ricerche-Istituto di Geoscienze e Georisorse),
Unita di Pavia (Italy). CL images of zircons
were used in order to select the most suitable

307+5

FLV 16l
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location of the analytical spots for U-Pb geo-
chronology (Fig. 8).

Age determinations of zircons were per-
formed (CNR-IGG, Unita di Pavia) using a 193
nm ArF excimer laser ablation microprobe (Geo-
Las200QMicrolas) coupled to a magnetic sector
inductively coupled plasma—mass spectrometer
(Element from ThermoFinnigan). The analyti-
cal details are given in Tiepolo (2003). Analyses
were carried out in single spot mode and with
a spot size of ~25 pm. The laser was operated
with a frequency of 5 Hz and with a fluence of
12 J cm. Mass bias and laser induced fraction-
ation were corrected by adopting zircon 91500
(1062.4 + 0.4 Ma; Wiedenbeck et al., 1995) as

556+13

the external standard. The same spot size and
integration intervals were considered on both
standard and studied samples. Data reduction
was carried out through the GLITTER software
package (van Achterbergh et al., 2001). Time-
resolved signals were carefully inspected to
detect perturbation of the signal related to inclu-
sions, cracks, or mixed age domains. Within the
same analytical run, the error associated with
the reproducibility of the external standard was
propagated to each analysis (see Horstwood
et al., 2003), and after this procedure each age
determination was accurate within the quoted
error. The concordia test was performed for each
analytical spot from 2°Pb/?¥U and *"’Pb/*>U

Figure 8. Representative cathodoluminescent (CL) microphotographs of zircons. The location and size of LA-ICP-MS (laser ablation—
inductively coupled plasma-mass spectrometer) spot analyses, their concordant ages (in Ma), and 26 uncertainties are indicated.
Circles represent spot analyses, with a diameter of ca. 25 pm.
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ratios using the function in the software pack-
age Isoplot/Ex3.00 (Ludwig, 2003). Concordia
ages and associated 20 errors are reported in
Table 4. The discordant data were not taken into
consideration because of doubtful interpreta-
tion. The Isoplot/Ex3.00 software was also used
to draw probability density plots and concordia
diagrams (Fig. 9).

Analytical Results and Age Interpretations

Ages were interpreted in light of internal
features (Fig. 8). Euhedral, concentric, oscilla-
tory zones have been considered as evidence of
magmatic growth (Paterson et al., 1989; Vavra,
1990; Miller et al., 1992; Hanchar and Miller,
1993). Inner zones with truncations and/or
with abrupt changes of the zoning pattern with
respect to the surrounding areas have been inter-
preted as inherited domains.

Sample FLV2 (Granodiorite)

FLV2 is characterized by very large zircons,
often having dimensions of ~200 X 80 um (3.2
aspect ratio). Crystals preferentially developed
the steep pyramid forms in longitudinal sec-
tions. Usually, the zircons contain inclusions
and the larger crystals are fractured.

CL images of ~110 crystals revealed that the
zircons are very luminescent. They show a well-
developed growth zoning with pronounced fine
oscillatory zoned bands. In some cases these
bands enclose one large uniform central zone.
Generally, the outer part of the crystals is less
luminescent with respect to the inner part. Zir-
cons could contain small rounded inclusions of
apatite and/or inherited cores (Zr110; Fig. 8A).
In few cases, the oscillatory zoning is inter-
rupted by discontinuities (Fig. 8A).

We collected 52 U-Pb data from 43 different
crystals; 36 U-Pb analyses on oscillatory zon-
ing domains yield concordant ages ranging from
326 + 6 Ma to 272 = 5 Ma (Table 4; Fig. 9),
whereas a single spot on the core yields an U-Pb
concordia age of 361 + 6 Ma (Fig. 8A), suggest-
ing an inherited origin for this core. U-Pb concor-
dia ages show a major cluster with weighted aver-
age age of 306 = 1 Ma (mean square of weighted
deviates, MSWD = (.81, probability = 0.70; n =
20), and two minor clusters ca. 325 and 280 Ma
(Fig. 9). The two ages of ca. 325 Ma refer to
bright oscillatory cores surrounded by dark oscil-
latory rims, and thus they have been interpreted
as inherited ages. The younger ages of ca. 280 Ma
may be the result of partial U-Pb resetting due to a
subsequent tectonometamorphic event.

Sample FLV 19 (Mafic Dike)
Zircons in this sample show well-developed
prismatic faces with steep pyramidal termina-

Dike magmatism in the Sila Grande

tions. The typical dimensions range from 100
to 200 um in length, and from 40 to 80 um in
width with aspect ratios between 2 and 4. Gen-
erally, the zircons are very luminescent. Rarely,
low luminescent crystals or areas are visible.
CL images revealed well-developed oscillatory
growth zoning without significant luminescence
variations from core toward rims. In few cases,
zircons contain small rounded inclusions and/or
inherited cores (Fig. 8B).

We collected 50 U-Pb data from 36 differ-
ent crystals; 45 U-Pb analyses yield concordant
ages ranging from 313 + 7 Ma to 273 + § Ma
(Fig. 9), and three ages were 556 + 13 Ma,
428 + 24 Ma, and 353 + 8 Ma (Table 4). These
three older ages clearly correspond to inherited
cores. A large population of U-Pb concordia
ages defines a prominent peak in the density
diagrams ca. 296 Ma with a weighted average
age of 295 = 1 Ma (MSWD = 0.93, probability
=0.56; n = 24) (Table 4; Fig. 9).

Sample FLV 161 (Felsic Dike)

Combining optical observations with CL
images, zircons in this sample are characterized
by longitudinal sections with well-developed
prismatic faces and flat pyramidal terminations.
The dominant dimensions are ~140 x 50 pm
(aspect ratio = 3) with rare cases of 250 x 50 um.
CL images revealed that they are very lumines-
cent with variable intensity from outer toward
inner portions. The oscillatory growth zoning
from core toward rims is a typical internal feature
of the crystals, and is locally interrupted by dis-
continuities related to dissolution. Inherited cores
showing internal features discordant with respect
to the regular growth zoning of the surround-
ing rims rarely occur. Alternatively, they can be
spongy or may show irregular zoning (Fig. 8C).

We collected 50 U-Pb data from 37 differ-
ent crystals; 20 U-Pb analyses yield concordant
ages ranging from 309 + 6 Ma to 266 + 6 Ma,
with a single value at 393 + 9 Ma. The larger
population of U-Pb data defines a major and
minor cluster ca. 278 Ma and 304 Ma, respec-
tively. The ages of the major cluster refer mainly
to rims with well-developed oscillatory zoning
or to cores of zircon grains showing continuous
oscillatory zoning, and have a weighted average
age of 278 = 2 Ma (MSWD = 0.69, probability
=0.70; n = 9) (Table 4; Fig. 9). The ages of the
minor cluster refer mainly to core with differ-
ent luminescence properties with respect to the
rims, except for two data obtained from near-
rim domains enclosed within the dissolution
surface. According to zircon internal features
and to U-Pb data, the older ages refer to the zir-
con core and/or domain of inherited origin. The
inherited ages are coherent with the dominant
ages of the granodiorite.
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Sample FLV 13 (Felsic Dike)

In accordance with the lower grain size in the
entire matrix, zircons are smaller than those of
the other samples, with dimensions ranging from
150 um x 100 um to 65 pm x 50 pm. Optical
and cathodoluminescent investigations revealed
that the zircon grains have longitudinal sec-
tions with well-developed prismatic faces, and
poorly developed flat pyramidal terminations.
CL images indicate that the zircons are weakly
luminescent, and do not show a pronounced
oscillatory growth zoning. In some cases, outer
domains are more luminescent with respect to
the inner domains, and, rarely, inverse lumines-
cence properties have been observed (Fig. 8D).

We collected 34 U-Pb data from 21 different
crystals; 15 U-Pb analyses yield concordant ages
ranging from 284 + 5 Ma to 260 + 4 Ma with
a major concordant population with weighted
average age of 277 + 1 Ma (MSWD = 0.58,
probability = 0.86; n = 13) (Table 4; Fig. 9).

On the basis of these data, the Sila Grande
can be interpreted to be the result of a
sequence of late Hercynian magmatic events,
starting with emplacement of granodiorite at
306 = 1 Ma, followed by the injection of the
mafic dikes at 295 + 1 Ma, and ending with the
felsic dikes at 277 + 1 Ma.

DISCUSSION AND CONCLUSIONS

Tectonic Exhumation of the Sila
Grande Basement

Results obtained in this study can be used
to constrain amount of exhumation of the Sila
basement from Pennsylvanian to Early Permian
time. Toward this end, depths of emplacement
estimated for the mafic dike and for the grano-
dioritic wall rock are combined with related
emplacement ages. Assuming that intrusion
of the mafic dike took place with a time lag of
11 = 1 m.y. with respect to granodiorite, and that
the difference in emplacement depth amounts
to 8 £ 3 km, an average exhumation rate of
0.7 £ 0.3 mm/yr is estimated. This value can be
compared with the duration of the late Hercynian
decompression documented for Hercynian lower
continental crust exposed in Calabria. Accord-
ing to Schenk (1989) and Graessner and Schenk
(2001), the lower crust underwent decompres-
sion of 200-140 MPa in a time span of 10 m.y.
(from 300 to 290 Ma; Schenk, 1989). These data
indicate an exhumation rate of 0.5-0.7 mm/yr.
Therefore, the late Hercynian exhumation docu-
mented here for the upper crust is consistent with
the decompression rate of the lower crust.

Given that dike magmatism and exhumation
were simultaneous, we examine here the ques-
tion of whether tectonic deformation is the main
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TABLE 4. ISOTOPIC RATIOS AND AGE ESTIMATES

Analysis Sample Zircon Position Isotopic ratios Concordia ages

205Pp/2%8Y +1o 207Ph/235Y +1o 207Pp/2%Ph +1o 208Pp/232Th 1o Age +20

(%) (%) (%) (%) (Ma) (Ma)
Se03c005 FLV2 1 rim 0.0492 0.04 0.3565 0.70 0.0525 0.12 0.0146 0.03 310 5
Se03c009 FLV2 6 core 0.0519 0.05 0.3787 0.91 0.0528 0.14 0.0146 0.04 326 6
Se03c010 FLV2 9 rim 0.0442 0.03 0.3136 0.45 0.0516 0.09 0.0135 0.03 279 4
Se03c011 FLV2 10 rim 0.0442 0.03 0.3153 0.46 0.0518 0.10 0.0141 0.03 279 4
Se03c012 FLvV2 10 core 0.0487 0.04 0.3517 0.73 0.0525 0.12 0.0141 0.03 306 5
Se03c013 FLV2 13 rim 0.0490 0.05 0.3546 0.97 0.0523 0.16 0.0157 0.04 308 6
Se03c014 FLV2 13 rim 0.0485 0.05 0.3505 1.22 0.0526 0.20 0.0128 0.03 305 6
Se03c015 FLV2 13 core 0.0471 0.04 0.3370 0.69 0.0518 0.12 0.0153 0.03 297 5
Se03c017 FLV2 18 rim 0.0490 0.04 0.3540 0.76 0.0524 0.13 0.0166 0.04 309 5
Se03c018 FLV2 19 rim 0.0491 0.04 0.3466 0.61 0.0513 0.11 0.0156 0.04 309 5
Se03c019 FLV2 22 rim 0.0431 0.04 0.3057 0.83 0.0515 0.15 0.0134 0.03 272 5
Se03c020 FLV2 29 rim 0.0492 0.05 0.3541 1.25 0.0520 0.20 0.0203 0.06 310 6
Se03c021 FLV2 26 rim 0.0442 0.03 0.3111 0.46 0.0511 0.10 0.0127 0.03 278 4
Se03c022 FLV2 27 core 0.0450 0.05 0.3209 1.22 0.0516 0.21 0.0139 0.04 284 6
Se03c023 FLV2 36 rim 0.0430 0.04 0.3136 0.78 0.0528 0.15 0.0136 0.04 272 5
Se03c024 FLV2 36 rim 0.0449 0.04 0.3194 0.59 0.0516 0.11 0.0142 0.04 283 5
Se03c025 FLV2 41 rim 0.0447 0.03 0.3162 0.39 0.0513 0.09 0.0150 0.03 282 4
Se03c026 FLV2 39 rim 0.0487 0.04 0.3453 0.69 0.0516 0.12 0.0152 0.04 307 5
Se03c028 FLV2 42 rim 0.0486 0.04 0.3486 0.52 0.0518 0.10 0.0141 0.03 306 5
Se03c030 FLV2 56 rim 0.0490 0.04 0.3468 0.51 0.0515 0.10 0.0131 0.03 308 4
Se03c031 FLV2 59 core 0.0460 0.03 0.3302 0.54 0.0522 0.11 0.0140 0.03 290 4
Se03c036 FLV2 62 rim 0.0486 0.04 0.3511 0.46 0.0525 0.09 0.0145 0.03 306 4
Se03c037 FLV2 68 core 0.0485 0.04 0.3489 0.50 0.0520 0.10 0.0145 0.03 305 4
Se03c040 FLV2 80 rim 0.0455 0.04 0.3269 0.41 0.0522 0.09 0.0133 0.03 287 4
Se03c041 FLV2 80 rim 0.0453 0.03 0.3204 0.41 0.0514 0.09 0.0142 0.03 285 4
Se03c044 FLV2 87 core 0.0491 0.04 0.3548 0.61 0.0525 0.11 0.0159 0.04 309 5
Se03c046 FLV2 89 core 0.0516 0.05 0.3668 0.79 0.0519 0.13 0.0155 0.03 324 6
Se03c047 FLvV2 91 core 0.0484 0.05 0.3446 0.82 0.0520 0.14 0.0138 0.03 304 6
Se03c048 FLV2 94 rim 0.0486 0.04 0.3504 0.78 0.0523 0.13 0.0149 0.03 306 5
Se03c049 FLV2 95 core 0.0479 0.04 0.3502 0.57 0.0531 0.11 0.0137 0.03 302 5
Se03c051 FLV2 100 rim 0.0443 0.04 0.3127 0.82 0.0514 0.15 0.0133 0.03 279 5
Se03c052 FLV2 101 rim 0.0481 0.04 0.3512 0.46 0.0530 0.09 0.0142 0.03 303 5
Se03c053 FLV2 102 rim 0.0439 0.03 0.3130 0.47 0.0516 0.10 0.0123 0.03 277 4
Se03c054 FLV2 105 rim 0.0487 0.04 0.3517 0.48 0.0524 0.09 0.0154 0.03 306 4
Se03c056 FLV2 104 rim 0.0482 0.04 0.3496 0.50 0.0528 0.10 0.0141 0.03 304 4
Se03c057 FLV2 110 rim 0.0488 0.04 0.3517 0.45 0.0526 0.09 0.0145 0.03 307 5
Se03c058 FLV2 110 core 0.0576 0.05 0.4230 0.86 0.0537 0.13 0.0181 0.04 361 6
Se02a005 FLV19 3 core 0.0689 0.20 0.5744 3.37 0.0605 0.12 0.0220 0.09 428 24
Se02a006 FLV19 3 rim 0.0472 0.05 0.3394 0.60 0.0522 0.10 0.0155 0.03 297 7
Se02a007 FLV19 2 rim 0.0467 0.05 0.3345 0.60 0.0520 0.10 0.0157 0.03 294 7
Se02a008 FLV19 5 rim 0.0461 0.05 0.3322 0.68 0.0524 0.11 0.0140 0.03 290 7
Se02a009 FLV19 6 rim 0.0446 0.05 0.3142 0.55 0.0511 0.09 0.0118 0.02 281 6
Se02a013 FLV19 10 core 0.0563 0.07 0.4149 0.94 0.0536 0.13 0.0223 0.06 353 8
Se02a015 FLV19 12 rim 0.0467 0.05 0.3356 0.63 0.0522 0.10 0.0191 0.04 294 6
Se02a016 FLV19 13 rim 0.0483 0.06 0.3527 0.92 0.0530 0.14 0.0147 0.03 304 7
Se02a017 FLV19 16 rim 0.0462 0.05 0.3325 0.66 0.0522 0.11 0.0140 0.02 291 7
Se02a018 FLV19 16 core 0.0488 0.06 0.3516 0.70 0.0523 0.11 0.0133 0.02 307 7
Se02a019 FLV19 19 rim 0.0498 0.06 0.3612 0.92 0.0527 0.14 0.0153 0.03 313 7
Se02a020 FLV19 19 core 0.0497 0.06 0.3607 0.73 0.0527 0.11 0.0158 0.03 312 7
Se02a021 FLV19 24 core 0.0448 0.05 0.3305 0.73 0.0537 0.12 0.0123 0.02 283 6
Se02a022 FLV19 23 core 0.0477 0.05 0.3432 0.68 0.0523 0.11 0.0155 0.03 300 7
Se02a023 FLV19 20 rim 0.0485 0.05 0.3507 0.63 0.0525 0.10 0.0172 0.03 305 7
Se02a024 FLV19 20 core 0.0499 0.06 0.3617 0.73 0.0526 0.11 0.0131 0.02 313 7
Se02a025 FLV19 21 rim 0.0472 0.05 0.3421 0.63 0.0526 0.10 0.0160 0.03 297 6
Se02a026 FLV19 22 core 0.0474 0.05 0.3436 0.68 0.0526 0.11 0.0132 0.02 298 7
Se02a027 FLV19 28 core 0.0470 0.05 0.3387 0.66 0.0523 0.11 0.0148 0.02 296 7
Se02a028 FLV19 27 rim 0.0464 0.06 0.3347 0.78 0.0524 0.13 0.0141 0.03 292 7
Se02a029 FLV19 27 rim 0.0436 0.05 0.3123 0.68 0.0519 0.12 0.0137 0.02 275 6
Se02a031 FLV19 26 rim 0.0433 0.06 0.3079 1.45 0.0516 0.25 0.0144 0.08 273 8
Se02a035 FLV19 25 core 0.0475 0.06 0.3434 0.80 0.0524 0.13 0.0140 0.02 299 7
Se02a036 FLV19 25 rim 0.0461 0.05 0.3336 0.76 0.0525 0.13 0.0138 0.02 290 7
Se02a037 FLV19 25 core 0.0493 0.08 0.3538 1.78 0.0522 0.27 0.0120 0.05 310 9
Se02a038 FLV19 29 core 0.0488 0.06 0.3523 0.98 0.0523 0.15 0.0153 0.03 307 7
Se02a039 FLV19 35 core 0.0470 0.06 0.3428 0.88 0.0531 0.14 0.0160 0.04 296 7
Se02a040 FLV19 37 rim 0.0480 0.06 0.3455 1.32 0.0523 0.21 0.0146 0.04 302 8
Se02a041 FLV19 37 rim 0.0461 0.05 0.3306 0.70 0.0520 0.11 0.0135 0.02 290 7

(Continued)
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TABLE 4. ISOTOPIC RATIOS AND AGE ESTIMATES (Continued)

Analysis Sample Zircon  Position Age estimates Concordia ages

206Ppy /238 +1o 207Pp /235 +1c 207Ph/206Pp +1c 208Ph/232Th +1o6 Age +26

(Ma) (Ma) (Ma) (Ma) (Ma) (Ma) (Ma) (Ma) (Ma) (Ma)
Se03c005 FLV2 1 rim 310 2 310 6 309 7 293 6 310 5
Se03c009 FLV2 6 core 326 3 326 8 318 9 294 8 326 6
Se03c010 FLV2 9 rim 279 2 277 4 266 5 271 5 279 4
Se03c011 FLV2 10 rim 279 2 278 4 275 5 282 6 279 4
Se03c012 FLV2 10 core 306 3 306 6 306 7 282 6 306 5
Se03c013 FLV2 13 rim 308 3 308 8 298 9 315 8 308 6
Se03c014 FLV2 13 rim 305 3 305 11 312 12 257 6 305 6
Se03c015 FLV2 13 core 297 2 295 6 276 7 306 6 297 5
Se03c017 FLV2 18 rim 309 3 308 7 303 7 333 8 309 5
Se03c018 FLV2 19 rim 309 3 302 5 253 5 313 7 309 5
Se03c019 FLV2 22 rim 272 3 271 7 263 8 268 6 272 5
Se03c020 FLV2 29 rim 309 3 308 11 285 11 407 12 310 6
Se03c021 FLV2 26 rim 279 2 275 4 243 5 256 5 278 4
Se03c022 FLV2 27 core 284 3 283 11 267 11 278 7 284 6
Se03c023 FLV2 36 rim 272 2 277 7 318 9 272 8 272 5
Se03c024 FLV2 36 rim 283 2 281 5 268 6 286 7 283 5
Se03c025 FLV2 41 rim 282 2 279 3 256 4 301 6 282 4
Se03c026 FLV2 39 rim 307 3 301 6 266 6 304 8 307 5
Se03c028 FLV2 42 rim 306 2 304 4 278 5 283 6 306 5
Se03c030 FLV2 56 rim 308 2 302 4 262 5 264 5 308 4
Se03c031 FLV2 59 core 290 2 290 5 294 6 281 6 290 4
Se03c036 FLV2 62 rim 306 2 306 4 306 5 292 6 306 4
Se03c037 FLV2 68 core 305 2 304 4 285 5 291 6 305 4
Se03c040 FLV2 80 rim 287 2 287 4 295 5 267 5 287 4
Se03c041 FLV2 80 rim 285 2 282 4 257 4 285 6 285 4
Se03c044 FLV2 87 core 309 2 308 5 306 6 318 7 309 5
Se03c046 FLV2 89 core 324 3 317 7 279 7 310 7 324 6
Se03c047 FLV2 91 core 305 3 301 7 283 7 276 6 304 6
Se03c048 FLV2 94 rim 306 3 305 7 297 8 300 7 306 5
Se03c049 FLV2 95 core 302 2 305 5 331 7 274 6 302 5
Se03c051 FLV2 100 rim 279 2 276 7 260 8 267 6 279 5
Se03c052 FLV2 101 rim 303 2 306 4 330 6 284 6 303 5
Se03c053 FLV2 102 rim 277 2 276 4 270 5 248 6 277 4
Se03c054 FLV2 105 rim 306 2 306 4 301 5 308 6 306 4
Se03c056 FLV2 104 rim 304 2 304 4 321 6 283 6 304 4
Se03c057 FLV2 110 rim 307 2 306 4 311 5 291 6 307 5
Se03c058 FLV2 110 core 361 3 358 7 357 8 363 8 361 6
Se02a005 FLV19 3 core 429 12 461 27 623 12 440 18 428 24
Se02a006 FLV19 3 rim 297 3 297 5 295 5 311 6 297 7
Se02a007 FLV19 2 rim 294 3 293 5 284 5 314 5 294 7
Se02a008 FLV19 5 rim 290 3 291 6 301 6 282 5 290 7
Se02a009 FLV19 6 rim 281 3 277 5 244 5 237 4 281 6
Se02a013 FLV19 10 core 353 4 352 8 352 8 445 12 353 8
Se02a015 FLV19 12 rim 294 3 294 5 293 6 382 8 294 6
Se02a016 FLV19 13 rim 304 4 307 8 329 9 295 6 304 7
Se02a017 FLV19 16 rim 291 3 291 6 295 6 281 5 291 7
Se02a018 FLV19 16 core 307 4 306 6 300 6 267 4 307 7
Se02a019 FLV19 19 rim 313 4 313 8 315 8 307 6 313 7
Se02a020 FLV19 19 core 312 4 313 6 316 7 316 5 312 7
Se02a021 FLV19 24 core 282 3 290 6 356 8 248 4 283 6
Se02a022 FLV19 23 core 301 3 300 6 297 6 311 6 300 7
Se02a023 FLV19 20 rim 305 3 305 5 307 6 345 7 305 7
Se02a024 FLV19 20 core 314 4 314 6 312 7 262 4 313 7
Se02a025 FLV19 21 rim 297 3 299 5 310 6 321 7 297 6
Se02a026 FLV19 22 core 298 3 300 6 312 6 265 5 298 7
Se02a027 FLV19 28 core 296 3 296 6 297 6 296 5 296 7
Se02a028 FLV19 27 rim 292 3 293 7 303 7 283 6 292 7
Se02a029 FLV19 27 rim 275 3 276 6 283 6 275 5 275 6
Se02a031 FLV19 26 rim 273 4 273 13 266 13 288 17 273 8
Se02a035 FLV19 25 core 299 3 300 7 301 7 280 5 299 7
Se02a036 FLV19 25 rim 290 3 292 7 306 7 277 5 290 7
Se02a037 FLV19 25 core 310 5 308 16 292 15 241 9 310 9
Se02a038 FLV19 29 core 307 4 306 9 298 9 307 6 307 7
Se02a039 FLV19 35 core 296 4 299 8 333 9 321 7 296 7
Se02a040 FLV19 37 rim 302 4 301 11 298 12 293 8 302 8
Se02a041 FLV19 37 rim 290 3 290 6 287 6 271 5 290 7

(Continued)
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TABLE 4. ISOTOPIC RATIOS AND AGE ESTIMATES (Continued)

Analysis Sample Zircon Position Isotopic ratios Concordia ages

206pp/238Y +1c 207Pp/235Y +1c 207Pp/2%6Ph +1c 208Pp/232Th +1o Age +26

(%) (%) (%) (%) (Ma) (Ma)
Se02a042 FLV19 36 core 0.0462 0.06 0.3299 0.97 0.0520 0.16 0.0126 0.02 291 7
Se02a043 FLV19 36 core 0.0476 0.05 0.3427 0.74 0.0523 0.12 0.0141 0.03 299 7
Se02a044 FLV19 39 rim 0.0475 0.06 0.3432 1.14 0.0526 0.18 0.0156 0.04 299 8
Se02a045 FLV19 40 rim 0.0474 0.06 0.3422 0.76 0.0525 0.12 0.0141 0.03 299 7
Se02a047 FLV19 43 rim 0.0454 0.06 0.3268 1.13 0.0523 0.19 0.0147 0.04 286 7
Se02a048 FLV19 43 rim 0.0469 0.06 0.3401 1.16 0.0526 0.19 0.0151 0.04 295 7
Se02a049 FLV19 43 core 0.0902 0.11 0.7218 2.19 0.0582 0.18 0.0276 0.07 556 13
Se02a050 FLV19 49 rim 0.0449 0.05 0.3230 0.63 0.0522 0.11 0.0130 0.02 283 6
Se02a051 FLV19 50 rim 0.0462 0.05 0.3310 0.60 0.0520 0.10 0.0139 0.03 291 6
Se02a052 FLV19 54 core 0.0487 0.06 0.3532 0.86 0.0526 0.13 0.0131 0.03 306 7
Se02a053 FLV19 54 rim 0.0484 0.06 0.3470 1.04 0.0518 0.16 0.0138 0.03 304 7
Se02a055 FLV19 57 core 0.0471 0.05 0.3391 0.67 0.0522 0.11 0.0141 0.02 296 7
Se02a056 FLV19 58 rim 0.0474 0.06 0.3419 1.05 0.0525 0.17 0.0148 0.03 298 7
Se02a057 FLV19 59 core 0.0465 0.06 0.3330 0.88 0.0523 0.14 0.0133 0.02 293 7
Se02a059 FLV19 61 rim 0.0474 0.05 0.3410 0.62 0.0522 0.10 0.0104 0.02 298 6
Se02a061 FLV19 61 rim 0.0468 0.06 0.3368 1.17 0.0525 0.19 0.0127 0.02 294 8
se02b006 FLV16l 3 rim 0.0437 0.05 0.3101 0.41 0.0516 0.08 0.0137 0.03 275 6
se02b007 FLV16l 3 core 0.0490 0.06 0.3568 0.56 0.0529 0.10 0.0135 0.03 309 7
s5e02b008 FLV16l 4 core 0.0481 0.06 0.3504 0.56 0.0529 0.10 0.0156 0.04 303 7
se02b009 FLV16l 4 rim 0.0444 0.05 0.3179 0.35 0.0520 0.07 0.0140 0.03 281 4
se02b010 FLV16l 9 rim 0.0456 0.05 0.3277 0.42 0.0521 0.08 0.0140 0.03 288 6
se02b012 FLV16l 10 core 0.0439 0.05 0.3142 0.39 0.0520 0.08 0.0119 0.02 277 6
se02b015 FLV16l 8 rim 0.0453 0.06 0.3337 0.67 0.0534 0.12 0.0144 0.03 286 7
se02b017 FLV16l 15 core 0.0456 0.05 0.3255 0.42 0.0518 0.08 0.0149 0.03 287 6
se02b019 FLV16l 16 rim 0.0471 0.06 0.3420 0.61 0.0527 0.11 0.0133 0.03 297 7
se02b021 FLV16l 16 rim 0.0437 0.05 0.3116 0.47 0.0517 0.09 0.0144 0.03 276 6
se02b028 FLV16l 22 rim 0.0481 0.06 0.3480 0.63 0.0526 0.11 0.0140 0.03 303 7
se02b040 FLV16l 55 rim 0.0443 0.05 0.3159 0.41 0.0518 0.08 0.0130 0.02 279 6
se02b042 FLV16l 58 core 0.0436 0.05 0.3118 0.49 0.0518 0.09 0.0130 0.03 275 7
se02b044 FLV16l 59 core 0.0441 0.05 0.3136 0.47 0.0516 0.09 0.0135 0.03 278 7
se02b045 FLV16l 64 core 0.0421 0.05 0.2996 0.40 0.0516 0.08 0.0130 0.03 266 6
se02b046 FLV16l 64 core 0.0441 0.05 0.3154 0.45 0.0518 0.09 0.0132 0.02 278 7
se02b051 FLV16l 73 core 0.0628 0.08 0.4707 0.77 0.0544 0.10 0.0191 0.04 393 9
s5e02b053 FLV16l 82 rim 0.0446 0.05 0.3138 0.50 0.0510 0.09 0.0134 0.03 281 7
se02b055 FLV16l 85 core 0.0484 0.06 0.3494 0.42 0.0524 0.08 0.0144 0.03 304 6
se02b057 FLV16l 87 core 0.0470 0.06 0.3436 0.56 0.0531 0.10 0.0142 0.03 297 7
0c10d005 FLV13 1 core 0.0437 0.04 0.3117 0.54 0.0522 0.09 0.0136 0.03 276 5
0c10d006 FLV13 1 rim 0.0440 0.04 0.3066 0.53 0.0509 0.09 0.0128 0.03 277 5
0c10d009 FLV13 3 rim 0.0436 0.04 0.3115 0.51 0.0518 0.08 0.0136 0.03 275 5
oc10d011 FLV13 5 rim 0.0441 0.04 0.3144 0.53 0.0517 0.09 0.0131 0.03 278 5
oc10d014 FLV13 8 rim 0.0440 0.04 0.3116 0.59 0.0515 0.10 0.0125 0.03 277 5
oc10d015 FLV13 8 rim 0.0442 0.04 0.3144 0.53 0.0517 0.09 0.0130 0.03 279 5
oc10d016 FLV13 9 rim 0.0441 0.04 0.3140 0.56 0.0518 0.09 0.0139 0.03 278 5
0c10d017 FLV13 9 core 0.0450 0.04 0.3312 0.57 0.0533 0.09 0.0135 0.03 284 5
o0c10d020 FLV13 11 rim 0.0435 0.04 0.3140 0.52 0.0523 0.09 0.0130 0.03 275 5
0c10d026 FLV13 13 rim 0.0438 0.04 0.3141 0.49 0.0523 0.08 0.0127 0.03 276 5
oc10d028 FLV13 14 core 0.0442 0.04 0.3131 0.58 0.0516 0.10 0.0128 0.03 278 5
0c10d030 FLV13 15 core 0.0433 0.03 0.3119 0.47 0.0522 0.08 0.0125 0.03 274 4
oc10d034 FLV13 18 core 0.0412 0.04 0.2934 0.53 0.0517 0.09 0.0120 0.03 260 4
o0c10d035 FLV13 19 core 0.0442 0.03 0.3138 0.50 0.0515 0.08 0.0131 0.03 279 4
0c10d038 FLV13 22 core 0.0441 0.04 0.3140 0.75 0.0531 0.13 0.0128 0.03 278 5

(Continued)
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TABLE 4. ISOTOPIC RATIOS AND AGE ESTIMATES (Continued)

Analysis Sample Zircon  Position Age estimates Concordia ages

206pp/238Y +1o 207Pp/235Y +1c 207Pb/2%5Ph +1o 208Pp/232Th +1o Age +20

(Ma) (Ma) (Ma) (Ma) (Ma) (Ma) (Ma) (Ma) (Ma) (Ma)
Se02a042 FLV19 36 core 291 4 290 8 287 9 253 5 291 7
Se02a043 FLV19 36 core 299 3 299 6 298 7 283 5 299 7
Se02a044 FLV19 39 rim 299 4 300 10 312 11 313 7 299 8
Se02a045 FLV19 40 rim 299 3 299 7 305 7 283 5 299 7
Se02a047 FLV19 43 rim 286 4 287 10 296 11 294 7 286 7
Se02a048 FLV19 43 rim 295 4 297 10 313 11 303 8 295 7
Se02a049 FLV19 43 core 557 7 552 17 535 17 550 14 556 13
Se02a050 FLV19 49 rim 283 3 284 6 292 6 260 4 283 6
Se02a051 FLV19 50 rim 291 3 290 5 283 5 279 6 291 6
Se02a052 FLV19 54 core 306 4 307 8 310 8 263 5 306 7
Se02a053 FLV19 54 rim 304 4 302 9 277 9 277 5 304 7
Se02a055 FLV19 57 core 296 3 296 6 296 6 283 5 296 7
Se02a056 FLV19 58 rim 299 4 299 9 306 10 297 6 298 7
Se02a057 FLV19 59 core 293 4 292 8 298 8 268 5 293 7
Se02a059 FLV19 61 rim 298 3 298 5 295 6 208 3 298 6
Se02a061 FLV19 61 rim 295 4 295 10 309 11 255 5 294 8
$e02b006 FLV16l 3 rim 276 3 274 4 266 4 275 5 275 6
se02b007 FLV16l 3 core 308 4 310 5 323 6 270 5 309 7
se02b008 FLV16l 4 core 303 4 305 5 326 6 312 7 303 7
se02b009 FLV16l 4 rim 280 3 280 3 284 4 281 5 281 4
se02b010 FLV16l 9 rim 288 3 288 4 291 5 280 5 288 6
$e02b012 FLV16l 10 core 277 3 277 3 285 4 239 4 277 6
se02b015 FLV16l 8 rim 286 4 292 6 348 8 290 6 286 7
se02b017 FLV16l 15 core 288 3 286 4 275 4 298 6 287 6
se02b019 FLV16l 16 rim 297 4 299 5 316 6 267 5 297 7
5e02b021 FLV16l 16 rim 276 3 275 4 273 5 289 6 276 6
se02b028 FLV16l 22 rim 303 4 303 5 311 6 280 6 303 7
se02b040 FLV16l 55 rim 279 3 279 4 276 4 261 5 279 6
5e02b042 FLV16l 58 core 275 3 276 4 277 5 262 5 275 7
se02b044 FLV16l 59 core 278 3 277 4 270 5 272 5 278 7
se02b045 FLV16l 64 core 266 3 266 4 269 4 261 5 266 6
5e02b046 FLV16l 64 core 278 3 278 4 278 5 265 5 278 7
se02b051 FLV16l 73 core 393 5 392 6 388 7 382 8 393 9
5e02b053 FLV16l 82 rim 281 3 277 4 242 4 269 5 281 7
$e02b055 FLV16l 85 core 305 4 304 4 304 4 290 5 304 6
se02b057 FLV16l 87 core 296 4 300 5 331 6 286 6 297 7
0c10d005 FLV13 1 core 276 2 275 5 292 5 273 6 276 5
0c10d006 FLV13 1 rim 278 2 272 5 236 4 257 6 277 5
0c10d009 FLV13 3 rim 275 2 275 4 278 5 274 6 275 5
0c10d011 FLV13 5 rim 278 2 278 5 272 5 264 6 278 5
oc10d014 FLV13 8 rim 277 3 275 5 263 5 251 6 277 5
0c10d015 FLV13 8 rim 279 2 278 5 273 5 261 6 279 5
0c10d016 FLV13 9 rim 278 2 277 5 276 5 279 6 278 5
0c10d017 FLV13 9 core 284 3 291 5 340 6 272 6 284 5
0c10d020 FLV13 11 rim 275 2 277 5 299 5 261 6 275 5
oc10d026 FLV13 13 rim 276 2 277 4 299 5 255 6 276 5
0c10d028 FLV13 14 core 279 2 277 5 267 5 258 6 278 5
0c10d030 FLV13 15 core 274 2 276 4 292 4 250 6 274 4
0c10d034 FLV13 18 core 260 2 261 5 270 5 241 6 260 4
0c10d035 FLV13 19 core 279 2 277 4 264 4 262 6 279 4
0c10d038 FLV13 22 core 278 3 277 7 331 8 257 6 278 5
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Figure 9. LA-ICP-MS (laser ablation—inductively coupled plasma-mass spectrometer) U/Pb zircon ages plotted on concordia (left col-
umn), and density (right column) diagrams. Weighted average ages refer to black ellipses in the concordia diagrams, and to bars in the
gray stripes in the density diagrams. MSWD—mean square of weighted deviates.
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cause for both processes. As suggested for other
locations, the preferred orientation of dikes is
strong evidence in favor of a tectonic control on
the pattern of brittle discontinuities that favored
magma ascent through dikes (e.g., Glazner et al.,
1999; Sadeghian et al., 2005; Dini et al., 2008).
Following this view, it can be shown that dikes
in the Sila Grande are oriented along a geomet-
rically coherent system of brittle discontinuities.
The angular relations among the main east-west
strike and the four secondary orientations (east-
southeast—west-northwest, northwest-southeast,
north-northwest—south-southeast, and east-
northeast-west-southwest) are shown in Fig-
ure 4. It can be seen that east-west strike can
be interpreted as a principal displacement zone
(Sylvester, 1988), while the secondary orienta-
tions can be interpreted as the associated brittle
structures: extensional discontinuities, and syn-
thetic or antithetic shears (see Fig. 10) (Petit,
1987; Sylvester, 1988). Thus the Sila Grande
network of discontinuities may be related to a
tectonic event with a significant horizontal com-
ponent of dextral simple shear. In addition, to
produce tectonic exhumation, a vertical orien-
tation of the principal stress is required for the
late Hercynian Calabria continental crust (Cag-
gianelli et al., 2007). Consequently, we propose
a dextral transtensional setting as the tectonic
framework for Pennsylvanian—Early Permian
exhumation and infiltration of magmas in the
upper crust. In agreement with this interpreta-
tion, the synoptic sketch of Figure 10 depicts the
evolution of the continental crust exposed in the
Sila Grande from 306 Ma (age of emplacement
of the granodiorite) to 277 Ma (age of the lat-
est dike). The block diagram in Figure 10A rep-
resents the starting point of the evolution. The
plutonics of the Sila Grande occupied the inter-
mediate part of the continental crust. A surface
located at a paleodepth of ~13 km is traced on
the basis of igneous barometry. The block dia-
gram in Figure 10B is a snapshot of the situation
ca. 295 Ma, the age of emplacement of the mafic
dikes. The paleosurface, originally located at
13 km, has now reached the shallower level of
~5 km as constrained by barometric estimates
on the mafic dike. Exhumation was activated by
transtensional tectonics with a dextral compo-
nent that produced a coherent network of brittle
discontinuities, representing a preferential path
for magma ascent into the upper crust. The
block diagram in Figure 10C represents a more
advanced stage of the evolution to 277 Ma,
when the network of discontinuities acquired
the current extent, and injected magmas were
dominantly acidic. Figure 10D reproduces the
present situation, after Mesozoic to Cenozoic
tectonic episodes responsible for the northeast-
ward tilting of the Sila crustal section.

Dike magmatism in the Sila Grande

0 km

Present situation after
Mesozoic - Cenozoic

exhumation and tilting

-6 km

0 km

-10 km
ca. 295 Ma

-10 km

Pennsylvanian - Early Permian exhumation and dike magmatism. Pathways for magma

ascent were generated by brittle deformation related to dextral, transtensional tectonics

ca. 306 Ma

mafic‘dike

granitoids

emplacement of granitoids of the Sila
Grande

Figure 10. Block diagrams summarizing the exhumation stages of the Sila Grande base-
ment since the Pennsylvanian. Depths from the paleosurfaces (A to C), and from the present
surface (D) are indicated in kilometers. The thick dashed line indicates the level of emplace-
ment of granodiorite estimated by geobarometry. The pattern of dike orientations on the
top (from Fig. 4) conforms to the array of brittle structures produced by an east-west dex-
tral strike-slip component. PDZ—principal displacement zone; R—Riedel synthetic shears;
R’—Riedel antithetic shears; T—extension discontinuities; P—synthetic shears.
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Figure 11. Comparison of the compositional characteristics of the Sila Grande dikes. (A) With those of Catalan Coastal Range, Corse,
and Sardinia in the TAS (total-alkali-silica) (Le Bas et al., 1986). (B) In terms of rock series according to the modified alkali-lime
index (MALI) by Frost et al. (2001). Sources of data: Enrique (1984, 1990) for the Catalan Costal Range; Atzori et al. (2000) for Sar-

dinia; Traversa et al. (2003) for Corse.

Tectonic processes may be responsible for
Pennsylvanian—Early Permian exhumation of
the entire Hercynian crust, by dominant ductile
thinning in the hot lower levels, and by fractur-
ing in the cool upper levels (Ziegler and Cloet-
ingh, 2003, and references therein).

Regional Significance of Dike Magmatism

The Sila Grande dikes were fed by magmas
similar in composition to those found in other
pieces of the Hercynian basement now dis-
persed throughout the central Mediterranean. In
Figure 11 data points of the Sila Grande dikes
are plotted together with those of dikes from
Sardinia, Corse, and the Catalan Coastal Range
(Enrique, 1984; Atzori et al., 2000; Traversa et
al., 2003). In the TAS diagram (Fig. 11A), data

points related to Sila Grande, Sardinia, and
Catalan Coastal Range are spread over a wide
compositional range, from basaltic andesite
to rhyolite. Dikes from Corse display an even
larger compositional interval, including basalt
dikes with silica content as low as 46 wt%. In
terms of the modified alkali-lime index (MALI
of Frost et al., 2001), dikes from the selected
locations mostly show calc-alkaline to alkali-
calcic characteristics (Fig. 11B).

This magmatism took place in a time span
from the Pennsylvanian to Early Permian. A
close match of the ages in the various regions
cannot be established owing to the different dat-
ing methods adopted (Ferrés, 1998; Carmignani
et al.,, 1999; Ronca et al., 1999; Atzori et al.,
2000; Rossi et al., 2002; Cocherie et al., 2005).
Notwithstanding this problem, it can be deduced

that most of this magmatic activity affected the
southern Hercynian domain between 295 and
270 Ma (Fig. 1). Compositional and timing
similarities suggest a common tectonic episode
of regional importance was responsible for the
widespread Pennsylvanian to Early Permian dike
magmatism in the southern Hercynian range.
The dextral transtensional tectonics recog-
nized for the Sila Grande appear to be compat-
ible with Pennsylvanian to Early Permian geo-
dynamical evolution characterized by a major
dextral translation between Gondwana and Lau-
rasia (Arthaud and Matte, 1977; Ziegler, 1993),
as sketched in Figure 12. This process affected a
large region, and was responsible for the clock-
wise rotation of the European Hercynian belt
from ca. 300 to 270 Ma (Stampfli and Borel,
2002; Deroin and Bonin, 2003; Vai, 2003). In

\ Laurasia
\\ —

Figure 12. Late Hercynian paleogeography

of southern Europe and dextral shear tec-

tonic system between Laurasia and Gond-

/ \\l wana (modified from Arthaud and Matte,
\ 1977; Deroin and Bonin, 2003). The origi-

nal locations of Calabria-Peloritani terrane

(CP), Catalan Coastal Range (CCR), Corse

(Co), Sardinia (S), French Central Massif

Gondwana \\ . ’\.\.?ﬁ/ L L (FCM), Western Alps (WA), and Maures
_ Tl T T T Mountains (M) are indicated.
-
Synthetic ‘/ Antithetic \‘\. Boundary between
Riedel shears Riedel shears \}‘ Laurasia and Gondwana
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this tectonic context, magmas transitional from
calc-alkaline to alkaline series were emplaced in
the basement now exposed in the Mediterranean
area both as volcanic and plutonic rocks, mark-
ing the end of the Hercynian orogenic cycle
(e.g., Rossi et al., 1993; Bonin, 1998; Rottura et
al., 1998; Orejana et al., 2008).

Dike magmatism in the Sila Grande fits well
in this geological scenario and provides further
evidence of the Pennsylvanian to Early Perm-
ian transtensional regime between Gondwana
and Laurasia.
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