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Leucogranite genesis connected with low-pressure high-tempera-
ture metamorphism in the Sila basement (Calabria, Italy)

Alfredo Caggianellil, Aldo Del Moro?, Patrizia Di Battista', Giacomo Prosser?
and Alessandro Rottura?

Abstract

A Late-Hercynian intrusion of two-mica leucogranite from the Sila (Calabria, Italy) has been examined for petro-
graphic, geochemical, and radiogenic isotope characteristics. The main objective was to analyse leucogranite genesis
and its relation to partial melting of the Sila high-grade migmatitic paragneiss, which is affected by low-pressure
metamorphism. The studied leucogranite is strongly peraluminous and is characterized by the presence of andalusite
and sillimanite. Tt is very similar in major element composition to experimental melts produced by muscovite dehy-
dration melting reaction from meta-sedimentary rocks. The leucogranite has high Rb and low Sr contents, whereas
Zr and LREE concentrations are moderate to low. Variations in Sr, Rb, Zr, and LREE are inversely correlated to
corresponding variations in migmatitic paragneiss. Maximum Zr and LREE contents in two leucogranite samples
coherently indicate a saturation temperature of ca. 750 °C for both zircon and monazite. The estimate is in good
agreement with peak temperatures of 740-770 °C obtained for high-grade rocks underlying the granite. These obser-
vations suggest a melt—restite connection between leucogranite and migmatitic paragneiss. Sr isotopic data are in
agreement with this hypothesis whereas differences in the Nd isotopic composition between leucogranite and
migmaltitic paragneiss are attributed to disequilibrium retention of monazite in the residue. Mass-balance calcula-
tions, performed combining average major oxides analyses of leucogranite and migmatitic paragneiss, allow torecon-

struct a composition similar to standard shale, except for the higher Na,O/CaO ratio.

Keywords: Leucogranite, crustal anatexis, low-pressure metamorphism, monazite, Al-silicates, Calabria.

1. Introduction

According to recent experimental studies (Mon-
tel and Vielzeuf, 1997; Patifio Douce and Harris,
1998; Castro et al., 1999; Patino Douce, 1999), per-
aluminous leucogranitic melts are typically pro-
duced by crustal anatexis. Geochemical and iso-
topic characteristics of worldwide leucogranites
of different ages are generally in support of this
hypothesis (e.g. Le Fort et al, 1987; France-
Lanord et al., 1988; Inger and Harris, 1993; Harris
et al., 1995; Williamson et al., 1996; Harrison et al.,
1999; Visona and Lombardo, 2002). However, there
are also many examples in favour of an origin from
highly fractionated melts of associated granodior-
ite-monzogranite magmas (¢.g. Monier et al., 1984;
Clarke et al., 1993; Tommasini et al., 1999).
Late-Hercynian two-mica Al-silicate leuco-
granites occur in the Calabria — Peloritani terrane
(Bonardi et al., 2001). The main outcrops are lo-
cated in the Sila and Aspromonte massifs (Cala-

bria) and in the northeastern Peloritani Moun-
tains (Sicily). Previous studies have produced
controversial interpretations of the genesis of
these leucogranites. For the Sila leucogranites
Lorenzoni et al. (1979a,b) and ID’Amico et al.
(1982-83) favour an origin by partial melting of a
metapelitic source. More recent interpretations
(Messina et al., 1991a; Rottura et al., 1993; Ayuso
et al., 1994), based on a geochemical and isotopic
approach, suggest an origin by differentiation
from the associate hybrid magmas of tonalitic to
monzogranitic composition, which mainly con-
tributed to the formation of the Sila batholith. In
this paper, in view of recent experimental studies
(e.g. Patifo Douce and Harris, 1998) and new ide-
as on the tectono-metamorphic evolution of the
area (e.g. Grassner and Schenk, 2001), we recon-
sider the possibility that at least some Sila leu-
cogranites may represent purely crustal melts.
The study 1s focused on the genesis of a leu-
cogranite intrusion cropping out in Sila in the vi-
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Fig. 1 Geological sketch map of the Sila Grande area. Study area framed in inset.

cinity of Lago Cecita (Fig. 1). This leucogranite
shows compositional features quite similar to
those of experimental melts obtained from mica-
ceous source rocks (Patific Douce and Harris,
1998). In addition high-grade metapelites in the
Sila massif underwent partial melting during the
late Hercynian low-pressure metamorphism
(Grassner et al., 2000). This close association in
space and time between low-pressure metamor-
phism and granitoid magmatism allows us to ad-
dress two distinct perspectives: (i) the connection
between magmatic heat advection and peak meta-
morphismy; (ii) the connection between genesis of
acidic melts and partial melting in high-grade
rocks. The first topic has been treated by Cag-
gianelli and Prosser (2002), the second topic is the
subject of this paper.

2. Geological setting

The Calabria — Peloritani terrane is located be-
tween the Southern Apennines and the Sicilian
Maghrebides (Bonardi et al., 2001). It mainly con-
sists of crystalline nappes deriving from late-Her-
cynian continental crust and Alpine ophiolites. In
the Sila massif (Fig. 1), a section of the continental
crust from upper to intermediate depths is ex-
posed (Grissner et al., 2000; Grdssner and
Schenk, 2001; Caggianelli and Prosser, 2001). The
crustal section has been exhumed and tilted
northeastwards during the Oligocene—Miocene,
as documented by fission track dating on zircon
and apatite (Thomson, 1994).

The upper level in the crustal section, as de-
scribed by Borghi et al. (1992), consists of two tec-
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tonic units juxtaposed prior to the intrusion of
late-Hercynian granitoids. The upper tectonic unit
is made up of phyllites with minor metavolcanic
rocks, and is affected by a sharp contact aureole.
The lower tectonic unit consists of micaschists
and paragneisses that record peak metamorphism
at'l =550-600 °C and P < 400 MPa. Here, contact
metamorphic effects are difficult to discern from
effects of regional low-pressure metamorphism.
The age of metamorphismin both tectonic units is
estimated at about 330 Ma by a Rb-Sr isochron
on metavolcanic rocks (Acquafredda et al., 1992).

Late-Hercynian granitoid intrusions make up
the central part of the cross-section; their cumula-
tive thickness amounts to 7-9 km. Granitoids
have calc-alkaline affinity and are represented by
tonalite, granodiorite, monzogranite and leu-
cogranite (Messina et al., 1991a), with a tendency
for the more felsic types to prevail at shallow crus-
tal levels. Tonalite usually shows a strong mag-
matic to subsolidus fabric, outlined by preferred
orientation of plagioclase and biotite. A weaker
fabric is characteristic of granodiorite and mon-
zogranite, except for porphyritic types where
magmatic alignment of feldspar megacrysts is
well recognizable. Estimates of the ages of the
Sila granitoid magmatism, determined by 4°Ar/
¥Ar method on hornblende and muscovite, pro-
vided values spanning from 293 to 289 Ma ( Ayuso
et al., 1994). More recently, Gréssner et al. (2000)
dated Sila granitoids by the U-Pb method on zir-
con and monazite. They obtained ages on average
10-15 Ma older than *Ar/*Ar estimates by Ayu-
so et al. (1994). In Sila, two-mica leucogranites
represent later intrusions crosscutting the other
granitoids (Lorenzoni et al., 1979a, b; Caggianelli
and Prosser, 2001). They are medium to coarse
grained and the preferred orientation of minerals
is hardly recognizable. A muscovite age of 291 Ma
was obtained by Ayuso et al. (1994) for a leu-
cogranite from the zone studied here. Ayuso et al.
(1994) concluded that all of the granitoids ulti-
mately came from a mantle-derived parental
magma that underwent contamination with crus-
tal material. They also indicated that the entire
chemical spectrum of the Sila granitoids could be
produced by a combination of crystal fractiona-
tion and mixing between mantle- and crust-de-
rived melts.

The lower level in the crustal section has a
thickness of about 7 km and consists mainly of
migmatitic paragneiss with minor metabasite and
marble (Dubois, 1971; Lorenzoni and Zanettin
Lorenzoni, 1983; Gréssner and Schenk, 2001).
Peak metamorphic conditions estimated for the
migmatitic paragneiss are typical of low-pressure
metamorphic belts and of the European late-Her-

cynian crust (Viezeuf and Pin, 1989). Gréssner
and Schenk (2001) estimated P = 400-600 MPa
and T = 740-770 °C, while Gréssner et al. (2000)
dated the age of metamorphism at 300-304 Ma by
U-Pb method on monazite. After peak metamor-
phism the lower part of the crustal section under-
went minor decompression followed by isobaric
cooling.

According to Caggianelli and Prosser (2002)
peak metamorphism in migmatitic paragneiss can
be related to the heat released by thick granitoid
sheets intruded in the intermediate continental
crust. Emplacement of granitoids took place dur-
ing late orogenic extension which affected the Eu-

ropean Hercynian belt after collision (Matte,
1991).

3. Petrography

The Sila two-mica leucogranites have equigranu-
lar medium to coarse grain size, rarely porphyritic
for the presence of larger K-feldspar. Preferred
orientation of feldspars is rarely discernible. The
granitoids are leuco-monzogranitic in composi-
tion and devoid of magmatic mafic enclaves, in
contrast to other Sila granitoids. Instead, they
rarely contain millimetre-size clots of chlorite and
white mica probably replacing former cordierite
(Lorenzoni et al., 1979a).

K-feldspar can be interstitial or poikilitic en-
closing all of the other phases. It commonly dis-
plays perthitic exsolutions and grid twinning. Pla-
gioclase is euhedral to subhedral with composi-
tions ranging from Abg to Abg,. Quartz usually
occurs in polycrystalline rounded aggregates, and
the contacts between single grains are lobate. Bi-
otite and muscovite content are generally low,
down to 2% of the rock volume. The more felsic
samples, displaying aplitic texture with micro-
graphic intergrowth, contain elongate and ran-
domly oriented biotite flakes (Fig. 2a), suggestive
of rapid crystallization in an undercooled magma
(e.g. Vernon, 1991). Muscovite shows textural fea-
tures pointing to either primary or secondary
crystallization. Possibly primary muscovite is rep-
resented by interstitial crystals and by euhedral
flakes in textural equilibrium with biotite. Sec-
ondary muscovite grew at the expense of feldspar,
Al-silicates and biotite. In the latter case, it typi-
cally shows opaque trails along cleavage planes.

Al-silicates are represented by andalusite and
fibrolitic sillimanite. Andalusite occurs as partial-
ly resorbed crystals in muscovite (Fig. 2b), or as
inclusion within feldspar (Messina et al., 1991b).
Andalusite inclusions in K-feldspar are in some
cases rimmed by muscovite and quartz (Fig. 2c).
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Fig. 4 Ba-Rb-Sr diagram for Sila leucogranites show-
ing an extreme depletion in Sr and a variable Rb/Ba.
The hatched area encloses data points representative of
other Sila granitoids.

This texture indicates that the andalusite-K-feld-
spar interface became unstable during cooling
owing to the well-known reaction:

K-feldspar + andalusite + H,O
= muscovite + quartz

Fibrolitic sillimanite occurs both as wide-
spread and randomly oriented needles within

quartz and feldspars, or in the shape of mats en-
closed in muscovite. In the latter case fibrolite
needles may outline a relic crenulation (Fig. 2d).

The occurrence of Al-silicates in Sila leu-
cogranite was first reported by Lorenzoni et al.
(1979a) who suggested a xenocrystic origin for
these phases. More recently, Messina et al. (1991a,
b) and Ayuso et al. (1994) proposed a magmatic
origin for the Al-silicates. In general, andalusite in
felsic peraluminous granite is considered as an ac-
cessory mineral of magmatic origin (e.g. Hills,
1938; Clarke et al., 1976; Crisci et al., 1979; Clarke,
1981; ID’Amico et al., 1982/83). An analogous ori-
gin was suggested for fibrolite by Puglisi and Rot-
tura (1973) in leucogranite from northeastern
Peloritani mountains (Sicily). Pichavant et al.
(1988) confirmed a magmatic origin of sillimanite
in the Macusani ignimbrites. In the Sila two-mica
leucogranite, a xenocrystic or restitic origin
should be considered at least for the crenulated
mats of sillimanite. Ascent and emplacement of
leucogranite magma mostly took place through
thick granitoid bodies. Therefore, it can be exclud-
ed that sillimanite formation is related to assimi-
lation of wall rocks. A magmatic origin seems un-
likely for the randomly oriented fibrolite needles,
as well. In fact, according to experimental results,
sillimanite needles enclosed in the main phases
can be produced during muscovite dehydration
melting reactions (Patiio Douce and Harris,
1998). In conclusion, we infer a restitic origin for
the fibrolite, probably related to partial melting
reactions taking place in the underlying high-
grade metapelites.

The original presence of cordierite is suggest-
ed by the occurrence of pinite pseudomorphs en-
closed in muscovite. Apatite is the most common
accessory phase and is followed in abundance by
zircon, monazite and xenotime. Among the acces-
sory phases, apatite displays a larger grain size.
Zircon and monazite typically are found as inclu-
sions in biotite but also in feldspar and quartz, and
are contained in very low amounts in the more
felsic types.

4. Geochemical and isotopic features and their
implications for leucogranite petrogenesis

4.1. Major and trace element geochemistry

The samples of the studied two-mica leucogran-
ites have silica contents ranging from 70.57 to
76.75 wt% (Table 1). The sum TiO,+FeO+MgO
ranges from 2.58 to 0.62 wt%. Low values of this
sum are typical of leucogranites and of experi-
mental melts generated by muscovite dehydra-
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Table I Major and trace element composition of Sila two-mica leucogranite. Average compositions of associated
monzogranite (AMG;n = 6) and experimental glass (AEG;n = 5; Patifio Douce and Harris, 1998) obtained by partial
melting of a metapelitic source are shown for comparison. Analyses of major oxides (by ICP AES) and trace ele-
ments (by ICP MS) for the Sila samples were performed at Actlabs®.

BOC27 BOC28 BOC38 BOC39 BOC41 BOC42 BOC44 BOC45 BOC46 BOC47 BOC73 AMG AEG

wt %

SiO, 7280 7313 7218 7292 7333 7520 7675 7561 7098 74.04 70.57 72.18 74.66
TiO, 0.06 005 018 012 013 006 003 004 021 005 011 023 014
ALO; 1470 1455 1376 1331 1365 12.82 13.38 1371 1443 1394 1546 1484 15.63
Fe, 04 114 073 209 191 167 107 057 08 18 098 212 224 1.03
MnO 002 001 004 004 003 002 001 003 001 003 003 004 004
MgO 012 012 052 031 035 014 008 0.08 037 016 029 051 027
CaO 045 024 036 020 023 012 013 026 042 029 054 077 073
Na,O 330 263 269 329 310 313 330 393 294 307 331 335 375
K, 0 484 610 558 491 551 539 440 411 552 549 585 392 387
PO 027 018 012 010 008 008 007 008 025 010 015 014 -
LOI 0.84 081 116 173 064 065 088 076 155 079 081 118 -
tot 08,72 9855 0867 0884 0872 9867 99.59 9946 9854 9894 0924 9941 100.12
Ppm

Cs 5.0 2.1 3.6 2.7 39 2.8 4.1 42 6.0 3.4 0.9 32

Ba 13 45 359 185 169 218 32 18 251 135 272 628

Rb 304 248 210 218 219 214 322 243 301 251 167 158

Sr 12 12 43 29 25 40 13 13 48 33 38 127

Rb/Sr 253 207 4.9 7.5 8.8 54 248 187 6.3 7.6 4.4 1.2

La 2.5 3.0 231 163 193 971 5.8 57 246 72 211 344

Ce 5.0 55 493 354 397 199 12.0 121 458 156 431 636

Pr 0.6 0.8 5.3 4.2 4.5 22 1.8 1.5 6.0 1.8 4.9 7.7

Nd 2.3 32 206 154 179 8.9 71 6.0 234 6.9 192 292

Sm 0.9 1.2 5.0 3.8 5.0 2.4 23 2.4 5.8 2.1 5.1 5.7

Fu 0.07 013 038 023 026 027 009 010 045 024 03 0.84

Gd 1.2 1.0 4.6 3.5 52 2] 27 32 4.6 2.4 43 4.8

Tb 0.3 0.2 0.8 0.7 1.0 0.5 0.6 0.8 0.6 0.5 0.6 0.6

Dy 14 1.0 4.6 4.0 6.2 2.8 35 53 2.4 2.9 32 32

Ho 0.2 0.1 0.8 0.7 1.2 0.6 0.7 1.1 0.3 0.5 0.5 0.5

Er 0.6 0.4 2.5 2.2 3.5 1.7 22 3.5 0.7 1.7 1.2 1.4

Tm 0.1 0.1 0.4 0.4 0.6 0.3 0.4 0.6 0.1 0.3 0.2 0.2

Yb 0.5 0.5 2.4 22 33 1.8 2.5 3.8 0.4 1.6 0.8 12

Lu 005 008 035 031 050 026 037 063 003 028 006 015
SREE 157 172 1201 893 1082 537 421 467 1152 440 1046 1535

Y 8 5 27 23 38 19 24 36 10 18 16 17

Th 1.3 27 152 108 151 6.1 4.6 6.3 16.0 5.3 6.5 144

U 53 3.0 2.5 2.3 2.8 2.2 2.8 4.5 4.4 2.9 1.8 22

7r 21 33 96 59 48 45 31 54 94 43 49 124

Hf 1.0 1.9 3.3 22 2.0 1.8 1.7 31 3.1 1.8 22 3.7

Ta 2.2 0.6 2.1 2.0 2.1 1.2 22 1.5 1.6 0.7 1.5 0.9

Tl 1.6 1.5 1.1 1.3 13 1.1 22 1.3 1.7 1.3 1.0 1.1

Sc 3 2 5 5 4 2 5 2 2 2 4 5

Co 3 4 5 4 5 4 7 2 4 4 2 5

Ga 23 18 18 18 16 14 22 16 21 15 24 19

M! 113 120 117 125 132 125 126 122 129 123 1.30

D2 094 097 095 1.02 108 102 105 1.00 104 1.01 1.03

Ty3 676 646 678 754 711 700 693 711 750 693 699

Trep4 688 622 636 765 729  T51 694 675 763 685 755
Tregs 606 603 e6le 740 705 726 672 654 738 663 730

I M parameter in Watson and Harrison (1983) equation.

2 D parameter in Montel (1983) equation.

3 Zircon saturation temperature in °C calculated with Watson and Harrison (1983} equation.

4 Monazite saturation temperature in °C calculated with Montel (1993} equation assuming 4 wt% water in melt.
5 Monazite saturation temperature in °C calculated with Montel (1993) equation assuming 8 wt% water in melt.
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tion reaction from a metapelite source (Patifo
Douce, 1999). The rocks are strongly peralumi-
nous with values of A/CNK (ALOy/[CaO
+Na,0+K,0] molecular ratio) varying from 1.15
to 1.28. K,O and Na,O are negatively correlated,
and the K,0O/Na,O ratio ranges from 1.0 to 2.3.

In the CIPW normative feldspar diagram (Fig.
3), our two-mica leucogranite samples plot close
to the Ab-Or join, as a consequence of the very
low An contents. In addition, they plot close to the
field of experimental melts obtained by musco-
vite dehydration melting (Patifio Douce and Har-
ris, 1999), from which they differ in their lower An
and slightly higher Or contents.

To investigate compositional variability of the
studied leucogranite intrusion, we focused mostly
on Ba, Rb and Sr contents, considering that the
behaviour of these trace elements is determined
by the rock-forming minerals and is not influ-
enced by accessory phases (McCarthy and Hasty,
1976).

The two-mica leucogranite samples show high
contents of Rb and low contents of Ba, Sr, and Zr.
These characteristics are distinctive with respect
to the associated monzogranites having compara-
ble silica content (Table 1). In particular, Sr con-
centration in leucogranite ranges from 48 to 12
ppm, and is significantly lower than in associated
monzogranites, with an average value of 127 ppm
(Table 1). The Rb-Ba-Sr diagram (Fig. 4) shows
that Sr is low and that the Rb/Ba ratio is charac-
terized by a wide variation from 0.6 to 23, being
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decidedly higher than in the associated mon-
zogranites (0.25).

Data points in the Rb/Sr-Sr and Rb/Sr-Ba dia-
grams (Fig. 5) define linear trends, characterized
by an increase of Rb/Sr and a concomitant de-
crease of Ba and Sr, very similar to those found in
Himalayan leucogranites. Inger and Harris (1993)
examined two alternative hypotheses to explain
these trends: (i) partial melting by vapor-absent
breakdown of muscovite or, (ii) K-feldspar crystal
fractionation (Fig. 5). Textural and mechanical
reasons led Inger and Harris (1993) to exclude the
hypothesis that K-feldspar crystal fractionation

Tuble 2 Selected EDS analyses of monazite (20 = 4).

A. Caggianelli et al.

occurs in the leucogranite system. Instead, co-
variation of Rb/Sr vs. Ba is related to the propor-
tion of K-feldspar in the residue during the melt-
ing process. Melts with high Rb/Sr and low Ba and
Sr would be related to a K-feldspar-rich residue,
whereas melts with lower Rb/Sr and higher Ba and
Sr would be related to a K-feldspar-poor residue.
Growing proportions of K-feldspar in the resi-
due are related to the progressive incongruent
melting of muscovite in response to low appq. By
contrast, high ag,owould consume large amounts
of feldspar in the melting reaction. In the Sila
massif, both Ba-poor leucogranites and the pres-

Migmatitic paragneiss Leucogranite
BOC65 BOC38

wt%

P,Os 29.05 27.62 27.76 28.79 27.89 28.06 28.71 2822 27.31
Si0, 0.24 0.18 0.05 0.03 0.43 1.13 0.78 0.72 0.87
TiO, <0.01 0.29 014  <0.01 <0.01 <0.01 0.07 <0.01 <0.01
ThO, 3.87 2.64 1.98 4.56 3.72 8.02 6.60 5.61 3.79
vo, 0.93 0.69 0.75 0.98 0.55 0.30 0.97 0.04 0.04
AL, 0.09 006 <001 0.25 <0.01 <0.01 <0.01 <0.01 0.01
Y,0; 1.07 0.68 1.96 3.14 1.90 1.89 2.72 1.13 0.93
La,O; 15.63 14.66 16.01 14.06 15.47 10.71 11.82 12.46 13.50
Ce, 04 28.67 27.54 2741 26.71 27.98 23.77 25.86 26.96 29.73
Pr,0,4 2.46 4.03 327 2.33 334 323 2.90 375 3.57
Nd,O5 11.81 12.68 12.03 11.06 11.40 12.69 12.37 13.19 13.86
Sm, 05 1.65 297 2.96 2.45 2.53 322 272 224 2.79
Gd,05 1.02 217 241 174 1.59 1.47 0.90 0.93 0.81
FeO 0.92 0.32 0.29 014 <0.01 0.44 0.09 0.49 0.42
MnO 0.01 0.17 0.66 0.51 0.35 046 <001 <0.01 0.04
MgO <0.01 018  <0.01 0.24 0.05 020  <0.01 <0.01 <0.01
CaO 0.68 0.63 0.33 0.87 0.51 2.00 1.09 1.33 0.14
PbO 0.28 0.28 0.06 0.57 0.30 0.44 0.57 0.52 0.22
total 98.39 97.80 98.05 08.42 98.01 98.04 08.18 97.59 98.02
formula(20=4)

P 0.98 0.96 0.96 0.97 0.96 0.95 0.97 0.96 0.95
Si 0.01 0.01 <0.01 <0.01 0.02 0.05 0.03 0.03 0.04
Ti <0.01 0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
Th 0.04 0.02 0.02 0.04 0.03 0.07 0.06 0.05 0.04
U 0.01 0.01 0.01 0.01 <0.01 <0.01 0.01 <0.01 <0.01
Al <0.01 <0.01 <0.01 0.01 <0.01 <0.01 <0.01 <0.01 <0.01
Y 0.02 0.01 0.04 0.07 0.04 0.04 0.06 0.02 0.02
La 0.23 0.22 0.24 0.21 0.23 0.16 0.17 0.19 0.20
Ce 0.42 0.41 0.41 0.39 0.42 0.35 0.38 0.40 0.45
Pr 0.04 0.06 0.05 0.03 0.05 0.05 0.04 0.06 0.05
Nd 0.17 0.19 0.18 0.16 0.17 0.18 0.18 0.19 0.20
Sm 0.02 0.04 0.04 0.03 0.04 0.04 0.04 0.03 0.04
Gd 0.01 0.03 0.03 0.02 0.02 0.02 0.01 0.01 0.01
Fe 0.03 0.01 0.01 <0.01 <0.01 0.01 <0.01 0.02 0.01
Mn <0.01 0.01 0.02 0.02 0.01 0.02 <001 <0.01 <0.01
Mg <0.01 0.01 <0.01 0.01 <0.01 0.01 <0.01 <0.01 <0.01
Ca 0.03 0.03 0.01 0.04 0.02 0.09 0.05 0.06 0.01
Pb <0.01 <0.01 <0.01 0.01 <0.01 <0.01 0.01 0.01 <0.01
Scat 2.01 2.03 2.03 2.03 202 2.04 2.00 2.02 2.02

Analyses were done by a Cambridge S360 SEM equipped with a Link AN 10000 ED detector hosted in
Dipartimento Geomineralogico, University of Bari. Operating conditions were 15 kV accelerating potential, 1 nA
probe current. Standards used: Minerals and pure components manufactured by Micro-Analysis Consultants Ltd.
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ence of K-feldspar in the residual assemblage of
migmatitic paragneiss (Gréssner and Schenk,
2001) are consistent with partial melting under
moderate to low a;,6.

Two-mica leucogranite samples show a wide
range of ZREE (from 15 to 120 ppm) with mostly
parallel and weakely fractionated patterns, and 9
out of 11 samples having [La/Yb]y lower than 7
(Fig. 6a). Only sample BOC 46 shows a highly
fractionated pattern ([La/Yb]y = 40) resulting
from the dominant contribution of monazite. Typ-
ically, the leucogranites display a prominent Eu
negative anomaly with average Euw/Eu* of 0.23.
The observed profiles, despite their wide range in
REE contents, are comparable in shape with se-
lected patterns of Himalayan leucogranites (Fig.
6a). Compared to associated Sila granitoids (Fig.
6b) the leucogranite data show significant differ-
ences with higher contents in ZREE (from 101 to
264 ppm), steeper REE patterns ([La/Yb]y =20.4
on the average) and less pronounced Eu anoma-
lies (Ew/Eu* = 0.66 on the average).

4.2. Zircon and monaZite saturation
in leucogranite melt

Most leucogranites are characterized by moder-
ate to low contents in Zr and LREE. In the Sila
leucogranite, Zr and LREE are almost exclusive-
ly carried by zircon and monazite. Therefore, leu-
cogranite melt saturation in zircon and monazite
can be estimated following models by Watson
(1979) and Montel (1993), respectively.

The Zr concentration required to stabilize zir-
con depends on temperature and on the composi-
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tion parameter M = (2Ca + Na + K)/(SixAl)
(Watson and Harrison, 1983). The typical value of
M for a granitic composition is ca. 1.3. For the
analysed Sila two-mica leucogranite samples, M
has an average value of 1.24 + 0.06. The equation
provided by Watson and Harrison (1983) is:

In (ZT yireon ! ZT mer) = —3.8-0.85X(M-1) +
12900/T [K]

where Zr ;. 18 set to 476,000 ppm.

According to Montel (1993) solubility of REE
In a granitic melt equilibrating with monazite de-
pends on temperature, H,O content and a compo-
sition parameter D = (Na + K + Li + 2Ca)/(AlX
(Al+Si)). For the Sila two-mica leucogranite sam-
ples the average value of Dis 1.01+ 0.04. Itshould
be pointed out that Li content was not measured
for the studied samples, as its influence on D is
generally negligible. The equation provided by
Montel to calculate REE solubility is:

ln(REEtOt/XREEP04) = 950 +2‘34XD +
0.3879 % (H,0)12-13318/T [K]

where REEtot = 2, REE; (ppm)/at. wt. and is
calculated for La to Gd excluding Eu; H,O is in
wt% and Xgpppas 18 the mole fraction of REE
phosphate in monazite. According to Montel
(1993), the typical value of Xgpppos IN Monazites
from peraluminous granites is 0.83. Nine mona-
zite EDS analyses in leucogranite sample BOC 38
(Table 2) provided values of Xpggpos Spanning
from 0.80t0 0.97 and an average of 0.90, used here
for calculations. For the H,O content, we assumed
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Fig. 7 Zr-2LREE diagram with saturation temperatures for zircon and monazite according to models by Watson
(1996) and Montel (1993), respectively. The upper oblique line indicates simultaneous saturation in zircon and
monazite when water content in the melt is 4 wt%. The lower line is for a water content of 8 wt%.
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values ranging from 4 to 8 wt%, compatible with
estimates of water concentrations in model haplo-
granite partial melts formed under fluid-absent
conditions (Clemens and Watkins, 2001 ).

Zr and LREE show positive covariation in the
Sila two-mica leucogranite (Fig. 7). Saturation
temperatures for zircon range from 646 to 754 °C.
Saturation temperatures for monazite range from
622 to 765 °C and from 603 to 740, for water con-
tents of 4 and 8 wt%, respectively.

Of the eleven leucogranite samples only five
could be simultaneously saturated in zircon and
monazite for water contents in the magma be-
tween 4 and 8 wt%, as shown in Fig. 7. Two of
them indicate equilibrium temperatures close to
750 °C, a realistic value for the initial thermal con-
dition of the magma. This temperature is consist-
ent with estimates of the peak metamorphism
(T =740-770°C at P = 400-600 MPa) for the Sila
migmatitic paragneisses (Grassner and Schenk,
2001) which are regionally considered as the resi-
due left after removal of peraluminous granitic
melts (Schenk, 1990; Caggianelli et al., 1991). As
outlined before, the Sila leucogranite has charac-
teristics consistent with an origin by muscovite
dehydration melting of metapelites. At the low-
pressure conditions recorded in the migmatitic
paragneisses from Sila, a temperature of 750 °C

may be appropriate to trigger muscovite dehydra-
tion melting, owing to the positive slope in a P-T
diagram of the reaction:

Ms + Qtz + P1 = Als + Kfs + melt.

Lower temperatures deduced for the other
samples can be explained with (a) leucogranite
magma evolution by crystal fractionation at de-
creasing temperatures, and/or with (b) undersatu-
ration of the leucogranite melt related to partial
retention of monazite and zircon in the restite.

Mechanism (a) implies crystallization of zir-
con and monazite in a temperature range of >110
°C. Considering realistic H,O concentrations (4 to
8 wt%), leucogranite melt should be water satu-
rated at the estimated shallow level of emplace-
ment (about 250 MPa according to Caggianelli et
al., 1999). Experimental investigations on melt-
ing/crystallization of natural granites in H,O-sat-
urated conditions carried out by Winkler and
Schultes (1982) indicate a crystallization temper-
ature interval of 50-60 °C, considerably lower
than 110 °C. Moreover, the saturation tempera-
tures of zircon and monazite may be affected by
variations in the M and D parameters in the equa-
tions given above. However, the variations in ma-
jor oxide composition observed in the analyzed

Table 3 Srisotopic data for select samples of Sila two-mica leucogranite and two samples of migmatitic paragneiss.
§7S1/%8r initial ratios were calculated at 290 Ma, based on age data by Ayuso et al. (1994).

Rb Sr STRb/SSt 8781/%8r £ 20 (F7S1/8081 )590 £ 200

two-miica leticogranites

BOC38 210 43 14.22 0.770586 £ 9 07119t 6
BOC44 322 13 73.43 0.959749 + 36 0.6567 £ 30
BOC4s 243 13 55.29 0.935576 £ 51 0.7074 £ 23
BOC46 301 48 16.29 0.788752 £ 18 07133+ 8
BOC47 251 33 2221 0.803946 £ 32 0712312
BOCT3 167 38 12.78 0.761462 + 18 0.7087 £ 5
migmalitic paragneisses

BOCes 110 83 3.84 0.728151 £ 20 071232
BOC89 28 101 0.803 0720772 £ 12 071751

Table 4 Ndisotopic data for select samples of Sila two-mica leucogranite and two samples of migmatitic paragneiss.

Sm Nd 147Sm/144Nd 143Nd/144Nd + 20’ (143Nd/144Nd)290 (SNd)ZQO + 20’

two-nica leucogranites

BOC38 5.04 20.6 0.148 0.512155 £ 11 0.511874 76104
BOC44 23 7.08 0.196 0.512293 £ 19 0.511923 -6.7+0.6
BOCA45 2.35 5.99 0.237 0.512345 £ 16 0.511895 72x07
BOC46 578 23.4 0.149 0.512122 £ 9 0.511839 -83+0.2
BOC47 2.1 6.85 0.185 0.512233 + 9 0.511881 75105
migmalitic paragneisses

BOC65 14 711 0.119 0.511969 = 9 0.511743 -102+04
BOCS89 7.15 34 0.127 0.512070 £ 7 0.511829 -85+04
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samples are modest and thus of insignificant influ-
ence. In addition, evolution by crystal fractiona-
tion would require a simultaneous saturation in
zircon and monazite during evolution, a condition
not satisfied by six out of eleven samples. Finally,
some of the estimated saturation temperatures
for monazite are too low for melt to be present.

According to mechanism (b) the low concen-
tration in Zr and LREE in some leucogranites
may be linked to processes taking place in the
source region. High concentrations of Zr and
LREE detected in some migmatitic paragneiss in-
dicate significant retention of zircon and mona-
zite in the residue (Table 2). Average Zr and
LREE concentrations amount to 263 and 254
ppm, with maximum values of 383 and 460 ppm,
respectively. Residual biotite containing monazite
or zircon has not been observed in leucogranite.
Most leucogranite melts could thus be undersatu-
rated in zircon and/or monazite leading to under-
estimation of temperatures by accessory phase
thermometry.

4.3. Sr-Nd isotopes

Six leucogranite samples were analysed for Rb-Sr
1sotopes. Data points do not fit a reliable line on a
Rb-Sr isochron diagram. A better solution is
gained if sample BOC 44, characterized by the
highest value of ¥Rb/3°Sr, is excluded from calcu-
lation. In this case an age of 284 + 14 Ma is ob-
tained with a corresponding ¥Sr/*Sr initial ratio
of 0.713 £ 0.006 (Fig. 8). The quite large errors in-
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dicate that Sr isotope mobilization took place to
variable extents in leucogranite. Nonetheless, the
calculated line satisfactorily fits data points repre-
sentative of the migmatitic paragneiss, considered
as potential restites after removal of leucogranite
melt. This result, considered together with field
relations and the available “°Ar/**Ar date of 291
Ma (Ayuso et al., 1994), might suggest that the
studied leucogranite has an age younger than the
other Sila granitoids (300-304 Ma, according to
Grassner et al., 2000). For this reason we decided
to calculate intial ratios at 290 Ma (Table 3).
87Sr/%Sr initial ratios range from 0.6567 to
0.7133 (Table 3). The unrealistically low values
and wide range confirm Sr isotope mobilization,
and in particular ¥Sr loss. As stressed by William-
son et al. (1996), this is typical of rocks with high
8TRb/AeSr (from 12.78 to 73.43 in the analysed
samples). Three out of six samples (BOC3S,
BOC46 and BOC47) display clear crustal features
(from 0.7119 to 0.7133) and may be compared
with potential restites. Two Sila migmatitic para-
gneisses have ®Sr/%Sr initial ratios at 290 Ma of
0.7123 and 0.7175 (Table 3), while five migmatitic
paragneisses from the Serre massit (southern Ca-
labria) show values ranging from 0.7115 to 0.7147
(see Caggianelli et al., 1991). Nonetheless, we con-
sider these data with extreme care, owing to the
errors affecting estimates of ¥’Sr/*Sr initial ratios.
eng Values, calculated at 290 Ma, span from
-6.7 to 8.3 in leucogranite and from —8.5 to -10.2
in the Sila migmatitic paragneiss (Table 4). There-
fore, leucogranite retains a less pronounced Nd

0.95

0.85

875r/86Sr

0.75

Age =284 + 14 Ma
Initial 87Sr/86Sr = 0.7129 + 0.0060

leucogranites

I
O
® Mmigmatitic paragneisses

Boc 44

- MSWD = 9979 =
| | | 1 | |
20 40 60 80
87Rb/86Sr

Fig. 8

$781/398r versus ¥Rb/%Sr plot. The isochron was calculated for leucogranites, excluding sample Boc 44. Data

points representative of the migmatitic paragneisses lie close to the isochron line.
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Table 5 Results of mass balance calculations to reconstruct the source rock composition in a partial melting model.
All compositions were recalculated on an anhydrous basis. Average compositions of migmatitic paragneiss (column
1) and two-mica leucogranite (2) were combined imposing weight fractions of melt (F) of 0.2, 0.3 and 0.4 (columns 5-
7). Compositions of Calabrian pelite calculated by Schenk (1990) (8) and PAAS (Taylor and McLennan, 1985) (9)

are included for comparison.

Leucogranites Migmatitic F=02 TF=03 F=04 PAAS Calculated
(n=11) paragneisses (n = 12) Calabrian
Av. o Av. 53 pelite
wi %
SiO, 75.07 1.66 39.22 9.81 63.29 63.98 65.56 64.17 63.4
TiO, 0.10 0.06 1.30 0.38 1.06 0.94 0.82 1.02 0.68
Al O, 14.29 0.77 22.11 6.48 20.55 19.76 18.98 19.31 191
FeO 1.24 0.53 8.96 251 742 6.64 5.87 6.64 6.4
MnO 0.03 0.0 0.13 0.05 0.11 0.10 0.09 0.11 -
MgO 0.24 0.15 297 0.86 242 2.15 1.88 2:25 2.8
CaO 0.30 0.14 (.88 0.68 0.76 0.71 0.65 1.33 1.8
Na,O 323 0.35 1.47 0.88 1.82 2.00 217 1.23 2.5
K,O 537 0.64 2.87 1.05 337 3.62 3.87 3.98 33
PO 0.14 0.07 0.10 0.03 0.11 0.11 0.12 0.16
PP
Cs 35 1.4 2.6 12 2.8 29 3.0 15.0
Ba 154 117 579 226 494 452 409 650
Rb 245 47 112 45 139 152 165 160
Sr 28 14 105 60 90 82 74 200
La 12.6 8.4 62.4 21.1 524 47.5 42.5 38.0
Ce 25.8 17.0 121.0 39.1 102.0 924 82.9 80.0
Pr 3.1 19 13.4 42 11.3 10.3 9.3 8.9
Nd 11.9 7.6 517 16.0 43.7 39.8 358 32.0
Sm 33 1.7 10.0 29 8.7 8.0 73 5.6
Eu 0.23 0.12 1.65 0.50 1.37 1.22 1.08 1.1
Gd 32 1.4 8.7 2.4 7.6 7.1 6.5 4.7
Tb 0.6 0.2 12 0.4 1.1 1.0 1.0 0.77
Dy 3.4 1.6 7.1 2.2 6.4 6.0 5.6 44
Ho 0.6 0.3 1.4 0.5 1.3 1.2 11 1.0
Er 1.8 1.1 44 1.5 39 3.6 32 29
Tm 0.3 0.2 0.6 0.2 0.6 0.5 0.5 0.4
Yb 1.8 1.2 4.0 1.3 35 3.3 31 2.8
Lu 0.26 0.20 0.60 021 0.53 0.50 0.46 043
*REE 69 39 288 89 244 222 200 183
Y 20 10 42 15 38 35 33 27
Th 8.2 5.2 21.6 6.5 18.9 17.6 16.2 14.6
U 31 1.1 32 1.1 32 32 32 31
Vs 52 24 276 58 231 209 186 210
Hf 22 0.7 7.7 1.5 6.6 6.1 5.5 5.0
Nb 8.2 35 179 7.0 16.0 15.0 14.0 19.0
Ta 1.6 0.6 1.4 0.7 1.4 1.5 1.5 -
Tl 1.2 0.3 0.8 0.5 0.9 0.9 1.0 -
Sc 3 1 23 3 19 17 15 10
Co 4 1 24 7 20 18 16 -
Ga 19 3 30 11 27 27 26 -

isotopic crustal signature compared to migmatitic
paragneiss. This mismatch may be related to mon-
azite behaviour during partial melting. More or
less effective retention of monazite in the residue,
owing to biotite armouring (Nabelek and Glas-
cock, 1995) or slow dissolution in melt (Watt and
Harley, 1993), could be responsible for the low

concentrations of LREE in leucogranite magma,
as outlined in the previous section. According to
Nabelek and Glascock (1995), disequilibrium
melting involving monazite could potentially af-
fect the Nd isotopic ratio of melts relative to coex-
isting residue. Similar conclusions were reached
by Chavagnac et al. (2001) who attributed lack of
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‘re-setting’ of the Sm—Nd systematics during mig-
matization to retentivity of accessory minerals,
such as apatite and monazite during anatexis.
With the minor contribution of monazite, the Sm/
Nd and "3Nd/*Nd ratios of the melt could be sig-
nificantly influenced also by major phases partic-
ipating in the melting reaction. Figure 9 shows
that samples with lower contents in LREE and
thus in monazite are characterized by higher val-
ues of Sm/Nd and 3Nd/*Nd, and less negative
enq Values. This covariation supports the hypoth-
esis that monazite behaviour during melting de-
termined the *Nd/*Nd mismatch between
melt and residue.

5. Possible source rocks

Assuming that metasediments underlying grani-
toids represent restites after removal of leu-
cogranite magma, mass balance calculations were
performed to reconstruct the original source rock.
This was done by adding increasing amounts of
the average leucogranite composition to the aver-
age restite (‘Table 5). The major problem with this
approach is related to the variability in composi-
tion of the restite, as represented by migmatitic
paragneiss. It is assumed that this variability de-
pends in large amount on the efficiency of restite—
melt separation. This assumption seems justified
by the good fit of data points to linear trends in
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major oxides scatter diagrams, a feature coherent
with the melt-restite unmixing model. To obtain a
composition close to the average post-Archean
Australian shale (PAAS by Taylor and Mclennan,
1985) 0.2 to 0.4 weight proportions of leucogran-
ite are needed. The optimum value as estimated
by least squares calculations is 0.3 (2 R? = 1.095).
Considering major oxides the model source rock
appears different from PAAS for the lower CaO
and higher Na,O contents. Regarding trace ele-
ments, Cs, Ba and Sr are depleted, whereas Sc and
Y are enriched. In Fig. 10, the REE pattern of the
model source rock is compared with leucogranite,
restite and PAAS patterns. In comparison to
PAAS the model pattern is characterized by a
more pronounced Eu anomaly and by higher con-
tents in HREE. The increasingly negative Eu
anomaly in going from the model source to the
leucogranitic melt precludes a massive participa-
tion of plagioclase in the melting reaction. The
wide difference between restite and leucogranite
confirms that a major role in the distribution of
REE was played by accessory phases such as
monazite and zircon which preferentially parti-
tioned into the residue.

Similar studies carried out by Schenk (1990)
and Caggianelli et al. (1991) in the Serre massif
(Fig. 1) also indicate a restite — granite connection.
For example, Schenk (1990) obtained a composi-
tion very close to average pelite (Table 5), by
combining 60% of migmatitic paragneiss and
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Fig. 9 (a) Sm/Nd and (b) "¥Nd/*Nd are negatively correlated with LREE in leucogranites and migmatitic
paragneisses. This feature is attributed to preferential retention of monazite in the residue.
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40% of peraluminous granite. The higher melt
fraction compared to this study can be related to
more widespread biotite dehydration melting
reactions in the Serre massif.

6. Conclusions

In general, extreme compositions, such as those of
the Sila two-mica leucogranite, are compatible
both with crystal fractionation from a hybrid
granodiorite — monzogranite melt, or partial melt-
ing of crustal material. Discriminating between
these alternative hypotheses is a difficult task be-
cause the two processes are theoretically able to
produce similar compositions. However, careful
analysis by Ayuso et al. (1994) revealed that AFC
modelling could not reproduce the Rb-rich and
Co-poor compositions of the Sila leucomon-
zogranites. For this reason they admitted that a
significant sedimentary component was present
in the source region of peraluminous monzogran-
ite and that the mantle component was restricted.
The data collected in this study, in light of the
new experimental evidence (Patific Douce and
Harris, 1998) and the new tectono-metamorphic
evolution proposed for the Sila massif (Grassner
and Schenk, 2001), appear consistent with an or-
igin by partial melting of crustal material. In this
context, some important points emerge from this
study:

— Leucogranite major element composition is
close to experimental melts obtained from a me-
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tapelite source through muscovite dehydration
melting.

— Zircon and monazite saturation models indi-
cate a temperature of ca. 750 °C.This is in agree-
ment with the estimated peak metamorphic con-
ditions in the underlying migmatitic paragneisses
(Gréssner and Schenk, 2001). Low concentrations
of Zr and LREE observed in most leucogranites
are thought to be related to zircon and monazite
retention in the residue. This is supposed by pet-
rographic observations and by the high contentin
Zr and LREE in the migmatitic paragneisses, con-
sidered as the restite counterpart.

—High #Rb/*Sr ratio in leucogranites is a
source of error in the Sr isotopic analysis. How-
ever, excluding the sample with the highest #’Rb/
881, a reasonable isochron (284 + 14 Ma) can be
obtained. Interestingly, data points representative
of the migmatitic paragneisses lie close to this iso-
chron, indicating that they could really represent
the restite after extraction of the leucogranite
melt. On the other hand, the general assumption
of the same gy, in melt and restite could be inade-
quate in the studied case. In fact, different values
of eyg data in leucogranites with respect to restites
could be related to disequilibrium distribution of
monazite during the melting process.

— Combining the average compositions of leu-
cogranites and migmatitic paragneisses, by mass
balance calculations, a possible source rock can be
reconstructed. With respect to a standard shale
(PAAS), it was obtained a composition with a

average compositions

migmatitic paragneisses

—v— PAAS
two-mica leucogranites

_O_

[T sita upper crust metapelites
model source rock (F=0.2 - 0.4)

| | | | |
La Ce Pr Nd

Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

Fig. 10 Model REE pattern of the source rock (grey) reconstructed combining, by mass balance, average composi-
tions of migmatitic paragneiss and leucogranite, and imposing a degree of partial melting (F) varying from 0.2 to 0.4.
Patterns of PAAS (Taylor and MclL.ennan, 1985) and Sila upper crustal metapelite are shown for comparison.
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higher Na,O/CaO ratio, a more pronounced neg-
ative Eu anomaly and a higher content in HREE.
The degree of partial melting, estimated by least
squares method, is 0.3.

—The close spatial association of the leu-
cogranite to the main Sila tonalite—granodiorite
to monzogranite bodies, is a last important point.
This association is found also in other segments of
the Hercynian belt, such as those exposed in the
basement of the [talian southern Alps (12’Amico
and Rottura, 1982/83; Rottura et al., 1998). Even
there, leucogranites represent pure anatectic
melts associated to hybrid tonalites and granodi-
orites. We propose that the genesis of the leu-
cogranite magma is related to low-pressure meta-
morphism and crustal anatexis triggered by the
intrusion of the main hybrid magmas in the inter-
mediate to upper crust.
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