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SCHWEIZ MINERAL. PETROGR. MITT. 77, 51-72, 1997

Mafic granulites in the Cretaceous sedimentary mélanges
from the northern Apennine (Italy): petrology and
tectonic implications

by Alessandra Montanini’

Abstract

The Late Cretaceous ophiolite-bearing mélanges of the External Liguride Units from the northern Apennine are
characterized by blocks of mafic and felsic granulite-facies rocks. These granulites are the only record of deep conti-
nental basement rocks in the northern Apennine.

The granulite-facies rocks include (1) two-pyroxene granulites, (2) amphibole-rich pyroxene granulites, (3) gar-
net-bearing pyroxene granulites, (4) pyroxenites and (5) rare felsic granulites. Granulitic assemblages of the mafic
rocks consist of plagioclase + clinopyroxene and variable amounts of orthopyroxene, brown amphibole (Ti-rich par-
gasite), garnet, green spinel, magnetite, ilmenite. Amphibolites formed through retrogression of mafic granulites are
quite common. The felsic granulites generally show assemblages made up of quartz + feldspar (mesoperthite) + gar-
net + rutile, but charnockitic rocks composed of antiperthitic plagioclase + pyroxenes + Fe Ti oxides with or without
additional quartz and garnet have been locally found. Most rocks show a retrograde metamorphism closely related
to deformations progressively changing from plastic to brittle.

The igneous protoliths of the mafic granulites are interpreted as originated in the deep crust through cumulus
of pyroxenes and plagioclase (+ olivine) from variably evolved mafic magmas with subalkaline (tholeiitic) affinity.
During post-magmatic cooling, subsolidus re-equilibration occurred in granulite-facies conditions (P ~ 7-8 kbar,
T ~ 800 °C). Granulite-facies re-equilibration was followed by a retrograde metamorphic evolution from amphibo-
lite- to subgreenschist-facies conditions. Some granulitic rocks have experienced a first retrograde event related to
plastic high-T shear zones. Subsequently, a widespread retrograde metamorphism coupled with brittle deformations,
overprinted the high-T assemblages. Retrogression to lower temperature conditions is mainly evidenced by growth
of amphiboles whose compositional evolution proceeds towards decreasing edenite, tschermakite and Ti-tscher-
makite substitutions. Replacement of Ti-rich pargasite by low-Ti hornblende or hastingsite characterizes the amphi-
bolitic stage, whereas the change in amphibole composition from hornblende to actinolite records the transition be-
tween amphibolite- and greenschist-facies. The extensive hydration caused substantial changes of whole-rock com-
position (increase of K, Rb, Ba, K/Rb and loss of Ca, Na).

The retrograde metamorphic evolution and the deformations are related to exhumation of the deep crust. It is
proposed that the mafic granulites could belong to the deep crust uplifted and sheared during the rifting which led
to the opening of the Ligure-Piemontese Basin.

Keywords: granulite-facies, retrograde metamorphism, amphiboles, mineral chemistry, geochemistry, northern
Apennine, Ligure-Piemontese Basin.

Introduction ophiolites (mantle ultramafics and MOR-basalts)

are frequently associated with igneous and meta-

In the northern Apennine, granulite-facies rocks  morphic rocks of upper and lower continental
are commonly found as blocks in ophiolite-bear-  crust,i.e. Hercynian granites (MERLA, 1933; EBER-
ing mélanges of Upper Cretaceous age belonging  HARDT et al., 1962) and mafic granulites (BRAGA
to the External Liguride Units. It has been re- et al,, 1975). Similar relationships between conti-
ported for a long time that the External Liguride  nental crust and ophiolites have been also de-
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scribed in some sectors of the Austroalpine do-
main of the central Alps (e.g. Malenco-Forno
nappe, MUNTENER et al., 1995; MOUNTENER and
HERMANN, 1996). A key to the interpretation of
this puzzling association may be given by the
comparison with the present-day occurrence of
continental crustal basement in contact with man-
tle peridotites in well known settings of ocean-
continent transition like the Iberian passive mar-
gin (BoiLLot et al., 1995) and the Red Sea
(SEYLER and BONATTI, 1988).

The northern Apennine granulitic rocks pro-
vide meaningful, although fragmentary, informa-
tions about the composition and pre-alpine histo-
ry of the deep crust in the southern sector of the
Adria continental margin, their most likely
source-area. Recent geochronological work
(MELI et al., 1996) has pointed out that the age of
the mafic granulites from the External Liguride
Units can be broadly compared with that of deep-
seated gabbroic intrusions of Permian age (large-
ly recrystallized in granulite-facies conditions) oc-
curring in the Southalpine and Austroalpine do-
mains (Ivrea Main Gabbro: PiN, 1986; Fedoz gab-
bro: HANSMANN et al., 1995; Matterhorn-Mt. Col-
lon gabbro: DAL Piaz et al, 1977) which have
been related to the pre-Alpine extensional tec-
tonics (Pin, 1990; DAL P1az, 1993).

This paper is aimed to provide a detailed
knowledge of petrography, mineralogy, geochem-
istry and metamorphic history of the granulitic
rocks. Based on these data, tectonic implications
of their metamorphic evolution and the possible
role of the association of granulite-facies rocks
and ophiolites belonging to the Jurassic Ligure-
Piemontese Basin are discussed. It will be shown
that the evolution inferred for the granulitic rocks
of northern Apennine can be inserted into the
well documented history of passive rifting (e.g.
LEMOINE et al., 1987) which led to the opening of
the Ligure-Piemontese Basin.

Geolegical setting

The Liguride Units (Fig. 1a) consist of oceanic
rocks (ophiolites and deep sea sediments) of Late
Jurassic-Middle Eocene age. They originated
from a segment of the Mesozoic Tethys, the Juras-
sic Ligure-Piemontese Basin (JLPB), and were
overthrusted towards NE onto the platform se-
quences of the Insubrian passive continental mar-
gin (Tuscan and Umbro-Marche Units). They are
the highest units in the nappe pile of the northern
Apennine. According to lithostratigraphic and
tectonic features they were subdivided (ELTER
and PERTUSATI, 1973) into Internal and External
Liguride Units:

1. The Internal Liguride Units Units (IL) are
composed of an ophiolitic sequence and their
original sedimentary cover of Jurassic-Early Pale-
ocene age (ABBATE et al., 1984). They have been
interpreted as fragments of the JLPB oceanic
lithosphere which were included into an accre-
tionary prism during Alpine convergence (MAR-
RONI, 1994} and metamorphosed under very low-
grade conditions (LEONI et al., 1996). The ophi-
olitic sequence includes: (i) mantle ultramafic
rocks, chiefly represented by depleted lherzolites
(RAMPONE et al., 1996); (ii) gabbroic complexes
intruded into the mantle rocks and crystallized at
intermediate pressure (5-7 kbar, COTTIN, 1984)
from primitive basaltic magmas with MORB
affinity (HEBERT et al., 1989); (iii) MOR-basalts
and sedimentary ophiolitic breccias.

2. The External Liguride Units (EL) consist
of turbiditic sequences (Helminthoid flysch) of
Upper Cretaceous-Focene age (ABBATE and
SAGRI, 1982) and their "basal complexes" which
frequently contain ophiolite-bearing sedimentary
mélanges. The origin of these deposits is thought
to be related to the transpressive tectonics which
affected the EL domain in the Upper Cretaceous
(ELTER and MARRONI, 1991). In contrast with the
IL, the ophiolites occur exclusively as "slide
blocks" (NAYLOR, 1982) or "olistoliths" in the
mélanges. The EL units are generally unmeta-
morphosed, although a very-low grade metamor-
phic imprint has been found in the westernmost
units (i.e. Casanova Complex, VENTURELLI and
FrEY, 1977). The EL ophiolites are characterized
by (i) mantle ultramafics consisting of relatively
undepleted lherzolites which have been interpret-
ed as subcontinental mantle (RAMPONE et al.,
1995); (ii) sporadic occurrence of gabbroic rocks,
(iii) oceanic basalts with N- and T-MORB affinity
(VENTURELLI et al., 1981). A peculiar feature of
the EL ophiolites is their association with conti-
nental crustal rocks. The peridotitic slide-blocks
are frequently associated with granulite-facies
rocks in the mélanges, although no primary rela-
tionships between peridotite and granulitic rocks
have ever been found. In contrast, primary con-
tacts between granite slide blocks and ophiolitic
basalts can be frequently observed in the Casano-
va Complex (Fig. 1b) where stretched slices of
granitic rocks are either intruded by basaltic
dykes or covered by basaltic lava flows and radio-
larian cherts (MONTANINI et al., 1995; MoLLI,
1996).

The pre-orogenic features of the External Lig-
uride domain have been inferred only through
the nature of the slide-blocks included in the
mélanges, i.c. mantle ultramafics, oceanic basalts
and continental crustal rocks (MoLLl, 1996). In
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Fig. I (a) Tectonic sketch map of the Northern Apennines; abbreviations: AL = Alpine Units, AP = Alpi Apuane
Unit, TU = Tuscan and Canetolo Units, MA = Monte Antola Unit, IL = Internal Liguride Units, EL = External Li-
guride Units, TPB = Tertiary Piemontese Basin, EPL = Epiligurian Units (modified after MoLL1, 1994). (b) Geologic
sketch map of the studied arca (simplified after "Carta Strutturale dell' Appennino Scttentrionale”, CNR 1982) and

distribution of the main granulite outcrops.

particular, the western part of the EL domain has
been considered as the continent-ocean transition
between the IL oceanic domain and the thinned
continental margin represented by the eastern EL
(ZanzuccHl, 1988; ELTER and MARRONI, 1991);
the coupling of continental crust rocks and ophio-
lites has been related to the Jurassic rifting stage
which most probably involved tectonic denuda-
tion of the subcontinental mantle (PICCARDO et
al., 1992).

Field relations

The distribution of the main outcrops of granulitic
rocks is reported in figure 1b. Most of them are
hosted in the Mt. Ragola Complex which has been
described by MARRONI and TRriBuzIO (1996) and
is well exposed in the Mt. Ragola and Casale-
Cerignale area (Fig. 1b). Unpublished biostrati-
graphic data for the sedimentary sequence of this
complex give a Santonian-Early Campanian age
(MARRONI, pers.comm.). The granulitic rocks may
be found as (1) slide blocks and (2) clasts of poli-
genic clast-supported breccias; other lithologies

occurring as blocks in the Mt. Ragola Complex
are pyroxenites, peridotites and limestones. The
granulitic rocks occurring in the breccias are cen-
timeter- to meter-scale angular or subrounded
blocks. Shear zones (millimeter- to meter-scale)
are clearly recognizable both in slide blocks and
clasts. In the Casale outcrop pluridecametric slide
blocks composed of mafic and felsic granulites
have been found; these rocks are characterized by
a widespread cataclastic fabric along with the oc-
currence of porphyroclast-free ultracataclastic
zones ranging in width from few miilimeters to
several meters.

Other granulite-bearing mélanges are associ-
ated with the large serpentinite bodies of Mt. S.
Agostino area and with the minor ophiolitic out-
crops of Brallo, S. Margherita and Zebedassi (Fig.
1b). In these localities the granulitic rocks have
been found as decimetric clasts of matrix- or clast-
supported poligenic breccias resting upon slide
blocks of serpentinite (BRAGA et al., 1975). In the
westernmost outcrops (Zebedassi, S. Margherita,
Fig. 1b) the granulitic rocks are associated with
minor clasts of gneisses, micaschists and felsic
metavolcanic rocks.
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Analytical techniques

Detailed petrographic observations have been
carried out on 150 thin sections of granulitic rocks.
Mineral analyses were made on 22 selected sam-
ples using an electron microprobe JEOL-6400
equipped with TRACOR energy-dispersive mi-
croanalytic system; operating conditions were
15kV accelerating voltage and 0.62 nA probe cur-
rent. Whole-rock major element analyses have
been obtained by XRF on glass disks using the
method of FAIRBAIRN and HURLEY (1971); trace
elements (Ni, Co, Cr,V, Cu, Zn, Ga,Rb, Sr, Zr,Nb,
Y) have been performed by XRF on powder pel-
lets following the correction procedures of LEONI
and SAITTA (1976). REE abundances were deter-
mined by ICP-MS spectrometry at the laboratory
of CRPG (Vandceuvre-les-Nancy).

Petrography

The granulite-facies rocks include different mafic
and felsic lithologies which are discussed in detail
in table 1. Two-pyroxene mafic granulites are the
most frequent rock type; minor anorthosites and
pyroxenites have been found as modal variation
of the dominant mafic compositions. A common
origin for the different types of two-pyroxene
granulites is indicated by the occurrence of com-
posite layered rocks.

The mafic rocks consist of plagioclase + pyrox-
enes =+ olivine + garnet and variable amounts of
amphibole and oxides (green hercynitic spinel, il-
menite, magnetite); accessory phases are sul-
phides, biotite, apatite, zircon. Olivine is likely to
be a relic of the original igneous assemblage,
whereas garnet originated through subsolidus re-
action in the most Fe-rich rocks. The felsic rocks
include quartzo-feldspathic granulites (feldspars
+ quartz + garnet + rutile) and charnockitic rocks
(antiperthitic plagioclase + quartz + pyroxenes +
garnet + Fe—Ti oxides).

The primary magmatic textures of the mafic
rocks have not been preserved and the igneous
origin of the protoliths can be largely inferred on
geochemical grounds (see below). Only one sam-
ple of a two-pyroxene granulite (MZ209B) re-
tains large (2-5 mm) subhedral grains of ortho-
and clinopyroxene with mutual exsolution lamel-
lae suggesting slow cooling after magmatic crys-
tallization. Different degrees of textural equili-
bration related to the granulite facies metamor-
phism can be observed: the mafic granulites range
from inequigranular rocks with variable amounts
of lobate grain boundaries and 120° triple junc-
tions to equant granoblastic-polygonal. In addi-

tion, granulite-facies equilibration yielded two
types of subsolidus corona structures:

1. Spinel-pyroxene symplectites in the
olivine-bearing rocks at the plagioclase-olivine in-
terface (Fig. 2A); the olivine-plagioclase reaction
frequently goes to completion with disappearance
of olivine.

2. Garnet (z brown amphibole) as rims or
small euhedral grains around clinopyroxene and
spinel (Fig. 2B); garnet (+ plagioclase + mag-
netite) may also be found as exsolution along the
clinopyroxene cleavage planes.

Evidence of plastic deformation under gran-
ulite-facies conditions is given by (i) the occur-
rence of weakly deformed mafic rocks showing
undulose extinction, bending and kinking in py-
roxenes and curved multiple twins in plagioclase;
(ii) formation of strongly foliated, protomylonitic
to mylonitic microstructures (Fig. 2E-F) where
clinopyroxene + Ti-rich brown amphibole recrys-
tallize in pressure shadows of clinopyroxene por-
phyroclasts; (iii) lobate quartz-feldspar grain
boundaries in the felsic granulites. Mylonitic to ul-
tramylonitic zones (extensively modified by low-
temperature transformations) also occur in the
felsic granulites.

The amphiboles of the mafic granulites have
several mode of occurrence which can be summa-
rized as follows: (i) grains with curved grain
boundary including hercynitic spinel or Fe-Ti ox-
ides (spinel-rich mafic granulites); (ii) inclusion-
free polygonal grains (amphibole-rich pyroxene
granulites); (iii) minor constituents of the pyrox-
ene-spinel symplectites, (iv) interstitial grains in
contact with garnet (coronas around clinopyrox-
ene in garnet-bearing pyroxene granulites), (v)
thin rims between ilmenite and plagioclase {opx-
rich mafic granulites), (vi) granulation around
clinopyroxene (mafic gneisses and mylonites).

A widespread retrograde metamorphism,
from upper amphibolite to subgreenschist condi-
tions, overprints the granulitic assemblages. Ret-
rogression is commonly (but not exclusively) re-
lated to deformation changing from plastic to brit-
tle.

Mafic granulites have been locally trans-
formed into mylonitic amphibolites consisting of
plagioclase + greenish-brown amphibole + il-
menite + magnetite; clinopyroxene, green spinel
and garnet may be present as relics of the gran-
ulitic assemblage. They are medium-grained rocks
with porphyroclasts of plagioclase and amphibole
(sometimes with clinopyroxene cores) into a re-
crystallized matrix formed by the same minerals
along with Fe-Ti oxides.

The subsequent stage of retrogression in both
granulites and mylonitic amphibolites is accom-
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Tab. 1 Summary of petrographic features of the granulitic rocks.

Rock type

Textural and microstructural features

Assemblage and reaction textures

1 -TWO-PYROXENE GRANULITES

Opx-rich mafic
granulites

Spinel-rich mafic
granulites

Mafic gneisses and
mylonites

Symplectite-bearing
granulites

Medium-grained rocks. Granoblastic tex-
ture with well-developed 120° triple junc-
tions. No preferred orientation of miner-
als.

Medium-grained inequigranular rocks.
Curved grain boundaries prevail, although
120° triple junctions are common. Rare
occurrence of plagioclase and pyroxene-
rich layers. No preferred orientation of
minerals clearly recognizable.

Medium to coarse-grained inequigranular
rocks. Curved grain boundaries prevail.
Textures ranging from gneissic to proto-
mylonitic and mylonitic. Most of these
rocks show aligned clusters of augen-
shaped pyroxenes along with undeformed
spinel in a highly sheared plagioclase ma-
trix.

Medium-grained inequigranular rocks.
Microstructure incompletely equilibrated
with prevailing curved grain boundaries
and opx-spinel simplectitic intergrowths.
Rare kinkbands in olivine and pyroxenes.
Occurrence of plagioclase and amphibole
rich-layers.

plagioclase + opx + cpx + ilmenite + biotite
+ greenish-brown amphibole (hastingsitic
hornblende) + apatite +zircon. -

plagioclase + cpx + opx + red-brown
amphibole (Ti-rich pargasite) + spinel +
Fe-Ti oxides (ilmenite, magnetite} =+
biotite. Opaques typically enclosed into
large amphiboles with curved grain
boundaries or rimmed by amphibole.

plagioclase + cpx + opx + spinel + brown
amphibole (Ti-rich pargasite). The amphi-
bole (frequently recrystallized) typically
occurs as partial replacement of clinopy-
roxene around the margins or along the
cleavage plains. Synkinematic crystalliza-
tion of cpx + brown amphibole in pressure
shadows of clinopyroxene porphyroclasts.

plagioclase + cpx + opx + spinel + brown
amphibole (Ti-rich pargasite) + magnetite
+ biotite + sphene + sulphides. Coronas
consisting of a inner shell of opx-spinel or
cpx-spinel symplectites (+ small amounts
of brown amphibole) and an outer rim of
clinopyroxene, occur at the contact be-
tween plagioclase and relic igneous
olivine (Foy; 14)

2-AMPHIBOLE -
RICH PYROXENE
GRANULITES

Medium-grained rocks with granoblastic-
polygonal equilibrium textures. No pre-
ferred orientation of minerals.

plagioclase + cpx + red-brown amphibole
(Ti-rich pargasite) + opaques + apatite.

3 - GARNET-
BEARING
PYROXENE
GRANULITES

Medium-grained rocks with protomylo-
nitic microstructure (highly strained clino-
pyroxene showing bending and kinking,
along with relatively undeformed garnet +
spinel in a sheared plagioclase matrix).

plagioclase + cpx + garnet + green spinel +
brown amphibole + magnetite + ilmenite +
sulphides. Garnet occurring as (i) coronas
of clinopyroxene and spinel, (ii) exsolu-
tion lamellae into Al-rich clinopyroxene.

4 -PYROXENITES

Medium to coarse-grained inequigranular
rocks with abundant triple point grain
boundaries. Evidence of shear given by (i)
small recrystallized clinopyroxene rim-
ming Jlarger deformed clinopyroxene
grains, (ii) thin mylonitic bands.

cpx + opx + spinel + brown amphibole +
plagioclase. Amphibole originates along
clinopyroxene cleavages or at the contact
between clinopyroxene and spinel.

5 - FELSIC
GRANULITES

Medium-grained rocks with granoblastic
texture, often inequigranular due to gar-
net and/or antipertithic plagioclase por-
phyroclasts; lobate grain boundaries be-
tween quartz and feldspars in weakly de-
formed rocks.

Quartzo-feldspathic granulites: grz +
feldspar (mesoperthites) + garnet + pla-
gioclase + rutile + apatite + Zzircon.
Charnockitic rocke: antiperthitic plagio-
clase + qtz + orthopyroxene + clinopyrox-
ene = garnet + Fe—Ti oxides + apatite.
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panied by cataclastic deformations clearly post-
dating ductile deformation and recrystallization.
The cataclastic effects range from grain-scale
cracking (mainly affecting plagioclase) to perva-
sive brecciation into centimeter-sized clasts; in
places, ultracataclasites overprint already plasti-
cally deformed rocks (Fig. 2H).

This cataclastic stage is characterized by
growth of green and bluish-green amphibole (+
epidote) as (i) aggregates and fibrous crystals
within plagioclase, (ii) fibrous rims or epitaxial
overgrowths on clinopyroxene and brown amphi-
bole, (iii) filling of veins linking the amphiboles (i)
and (ii) (Fig. 2D). Amphiboles with compositions
ranging from hornblende to actinolite frequently
occur in the same rock as irreguiar or patchy in-
tergrowths, whereas exsolution of one amphibole
from another has never been observed. Other
minerals occurring as filling of dilatant cracks are
sericite, epidote and chlorite. The veins often cut
the foliation defined by the plastic deformations
at high angles. Retrograde assemblages are best
developed in proximity of the brittle failure zones.
The felsic granulites show replacement of the
high-grade assemblage by albite + quartz + chlo-
rite + sphene + actinolite.

Finally, very low-grade assemblages (pumpel-
lyite + actinolite + albite + chlorite + sericite) have
locally developed under static conditions in some
malfic granulites.

Mineral chemistry

PYROXENES

The pyroxenes of the mafic granulites (Tab. 2) can
be usually classified as aluminian ferroan diopside
and aluminian ferroan enstatite according to the
recommended IMA nomenclature (Rock, 1990).
Ortho- and clinopyroxene display a continuous
variation in Fe/(Mg + Fe) ratios (respectively

0.19-0.41 and 0.08-0.33) giving rise to a consider-
able enrichment trend in the pyroxene quadrilat-
eral (Fig. 3).

A conspicuous feature of most pyroxenes is
the high AL,O; content (up to 8.9 wt% in clinopy-
roxene and 6.1 wt% in orthopyroxene), which
give rise to pronounced Ca-Tschermak and Mg-
Tschermak substitutions. Concentrations of TiO,
in clinopyroxene vary from low (< 0.3 wt% in the
orthopyroxene- and amphibole-rich pyroxene
granulites, analyses 1-2, 5) to moderate (1.2-1.6
wt% ) in the other rocks; Na,O ranges between 0.8
and 1.6 wt%. Chromium is not detectable or low
in both clino- and orthopyroxene (Cr,0O,;< 0.30
wt% ). The low CaO content of orthopyroxene co-
existing with clinopyroxene (0.25-0.95 wt%) is
typical of slow-cooled pyroxenes of granulites
(RIETMEJIER, 1983); a wide field of immiscibility
between Ca-poor and Ca-rich pyroxenes, due to
subsolidus equilibration, is clearly recognizable in
figure 3. The arrangement of the tie-lines in figure
3 indicates recrystallization at equilibrium under
the same temperature conditions.

Prominent chemical zoning involving ALO;,
FeO, MgO and, to a lesser extent, TiO, and Na,O,
can be observed in both pyroxenes. The zoning is
developed only in the outer rims of the crystals
(within a few tenths of microns) whereas the in-
ternal parts are relatively homogeneous. The rims
are usually enriched in MgO and depleted in
Al,O; and FeO towards the rims (Tab. 2, analyses
14, 6-9, 13-16); clinopyroxene sometimes shows
rims slightly depleted in TiO, and Na,O. No ap-
preciable Ca zoning can be usually detected in or-
thopyroxene, whereas the clinopyroxene rims
may be enriched in CaO.

FELDSPARS

The plagioclase compositions in most mafic gran-
ulites and amphibolites cluster in a narrow range

Fig. 2 Photomicrographs of mafic granulites. Abbreviations: cpx = clinopyroxene; opx = orthopyroxene; pl = pla-
gioclase; ol = olivine; spl = spinel; amph = amphibole; grt = garnet. Field of view = 3.0 X 2.0 mm (A-D), 4.8 X 3.2 mm
(E-H). (A) Symplectite-bearing granulite = orthopyroxene rim around plagioclase in contact with olivine and de-
velopment of cpx-spinel symplectites; plane-polarized light. (B) Garnet-bearing pyroxene granulite = growth of gar-
net and brown amphibole around a large deformed clinopyroxene grain. Plane-polarized light. (C) Amphibolite =
relic of flattened clinopyroxene partially replaced by hastingsitic greenish brown amphibole (Amph1) and fibrous
light green amphibole (Amph2). Plane-polarized light. (D) Symplectite-bearing granulite = Ti-rich pargasite (red-
dish-brown to pale brown: Amphl, Tab. 3, analysis 4} zoned towards a Ti-poorer magnesian hastingsitic hornblende
(olive green: Amph2, Tab. 3, analysis 10) which grades into a blue-green magnesio-hornblende (Amph3); this latter
occurs also as filling of cracks in plagioclase. Pargasite rims an opaque spinel grain. Plane-polarized light. (E) Mafic
gneiss = plastically deformed clinopyroxene, brown amphibole and plagioclase (partially replaced by sericite).
Crossed Nicols. (F) Mylonite from mafic granulite = large clinopyroxene porphyroclast with fine-grained tails of
recrystallized clinopyroxene + brown amphibole. Crossed nicols. (G) Quartzo-feldspathic granulite = mylonitic fab-
ric with porphyroclasts of quartz and antiperthitic plagioclase. Crossed Nicols. (H) Quartzo-feldspathic granulite =
angular clasts of strongly foliated ultramylonite cut by a dark, fine-grained, ultracataclasite. Crossed Nicols.
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Fig. 3 Composition of the pyroxenes from the mafic
granulites. Symbols: 1 = opx-rich mafic granulite,2 = am-
phibole-rich pyroxene granulite, 3 = spinel-rich mafic
granulite, 4 = symplectite-bearing granulite, 5 = mafic
gneiss, 6 = garnet-bearing pyroxene granulite, 7 = relic
pyroxenes in the amphibolites.

between Ang, and Any,; the Or content is always
low (K,O < 0.3 wt%). A distinct reverse zoning
(with cores enriched in Na,O and outer rims de-
pleted in CaO and Al,Q;) is recognizable in the
rocks showing well preserved plagioclase with no
retrograde alteration to sericite. For instance, the
plagioclase composition in the sample MZ229E
varies from An, in the core to Ang; in the rim; sim-
ilarly, the plagioclase of an orthopyroxene-rich
granulite (sample 225C) ranges between Any, an
Ang,.

The appearance of albite (+ sericite + pumpel-
lyite + quartz) in the mafic granulites showing ex-
tensive retrogression is rare.

The feldspars occurring in the quartzo-feld-
spathic granulites are mesoperthites composed of
K-feldspar, albite and Ba-rich alkalifeldspar (up
to 7.2 wt%), whereas the charnockitic rocks con-
tain relatively sodic plagioclase (An,g ) with ex-
solved blebs of K-feldspar.

AMPHIBOLES

Twenty selected analyses of amphiboles occurring
in the mafic granulites are reported in table 3.
They are calcic amphiboles spanning a wide range
of compositions from Ti- and alkali-rich (parga-
site, ferroan pargasite and magnesio-hastingsite)
to Ti-free and alkali-poor amphiboles belonging
to the actinolite-tremolite series.

The brown and greenish-brown amphiboles of
the primary granulitic assemblage (analyses 1-9)
are Ti-rich pargasite and hastingsite showing a

wide range of TiO, (1.83-4.15 wt%), Na,O
(1.66-3.80 wt%) and K,O (0.60-2.18 wt%) con-
tents; Na* and K# show a rough negative correla-
tion. The large variations of (K/Na)* are largely
dependent on bulk-rock chemistry, whereas the
highly variable TiO, is probably controlled by co-
existence or lack of a Ti-phase. The high values of
TiO, and alkalis are typical of amphiboles from
granulitic terrains (RAASE, 1974; GLASSLEY and
SORENSEN, 1980; RAASE et al., 1986), because the
Ti-tschermakite substitution is favoured by high
temperatures (SPEAR, 1981).

The brown-green amphiboles of the mylonitic
amphibolites (analysis 11-13) or those rimming
Ti-richer pargasite in the mafic granulite (analysis
10, Fig. 2D) are relatively low-Ti hastingsitic am-
phiboles.

The bluish-green, green to colorless amphi-
boles vary from hornblende to actinolite (analy-
ses 15-20, Tab. 3). The transition from hornblende
to actinolite is marked by gradually decreasing
concentrations of TiO, (1.0-0 wt%), ALO,
(10.7-1.9 wt%) and Na,O (2.10-0.22 wt%), with
no compositional gap. K,O is always very low (0.2
wt% ). Small amounts of chlorine (commonly not
detectable in pargasite and hornblende) have
been found in the actinolitic amphiboles (Cl =
0.1-0.2 wt%). The general trends of the amphi-
boles (Fig. 4) are towards an increase of Si and a
decrease of Ti, alkalis and Al, although a consid-
erable scatter may occur as a consequence of dif-
ferent whole-rock compositions. In particular, the
variations can be described in terms of decreasing
pargasite ((Na + K)* + 2AlY + AV & (Fe?", Mg),
Si), tschermakite ((AIV'+Fe3” + Al'Y < Mg, Si)
and Ti-tschermakite (Ti, 2ZAl"Y < Mg, 28i) substi-
tutions. In contrast, NaM*is not correlated with Ca,
Siand AI'Y, which rules out any significant role for
the glaucophane substitution.

The Mg/(Mg + Fe?*) ratios of the amphiboles
ratios range between 0.59 and 0.94; this high vari-
ability is only slightly enhanced by the large un-
certainty in the Fe?* and Fe®* recalculation, since
the ratio Mg/(Mg + Fe) calculated assuming total
iron as FeO varies between 0.56 and 0.86.

OXIDES

The oxides of the primary granulitic assemblage
include green hercynitic spinel (analyses 5-10,
Tab. 4), ilmenite (analyses 1, 3) and magnetite
(analysis 4). Retrograde reactions involving
breakdown of Ti-rich amphiboles yield ilmenite
(amphibolite 234F, analysis 2), which in turn is re-
placed by sphene + magnetite. Green spinel has
very low Cr contents (Cr,O; < 1 wt%) and vari-
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Fig. 4 Compositicnal variations of the amphiboles. P = pargasite, E = edenite, TSCH = tschermakite, TI-TSCH =
Ti-tschermakite. Granulite facies amphiboles = brown Ti-rich pargasitic amphiboles (A). Retrograde amphiboles =
hastingsitic amphiboles replacing clinopyroxene (), green and blue-green hornblende as replacement of clinopy-
roxene and brown amphibole (@), blue-green hornblende from veins (O), pale green actinolitic amphiboles (#). The
reported fields include the amphiboles from ophiolitic gabbros (1 = Northern Apennines, CORTESOGNO and
LuccHETTL, 1984; 2 = Chenaillet Massif, Western Alps, MEVEL et al., 1978} and from the Ivrea zone mafic granulites
(3 =undeformed rocks, CAPEDRI, 1971;4 and 5 =low- and medium-T shear zones, BRODIE and RUTTER, 1985). Trends
for amphiboles from high-, medium- and low-P regional metamorphic terrains after LAIRD and ALBEE (1981).

able Mg/(Mg + Fe?) ratios depending on the
whole-rock composition.

GARNET

The garnets of the mafic granulites are pyrope-al-
mandine-grossular-solid solutions (Py = 37.0-28.1
mole %, Alm = 42.4-48.8 mole %, Gr = 12.7-22.2
mole %). The garnets analyzed in felsic granulites
are grossular-poor and have a much higher al-

mandine content. Representative analyses (1-3)
are reported in table 5. All the garnets have low to
negligible spessartine content (< 3.2 mole %).

Most garnets of both mafic and felsic gran-
ulites do not show appreciable zoning. A slight de-
crease in pyrope (37.0-34.7 mole %) with a corre-
sponding increase in almandine (43.2-45.6 mole
%) and grossular (12.7-16.4 mole %) can be
sometimes observed from core to rim in the maf-
ic granulites. This is probably due to diffusion dur-
ing retrograde evolution.
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Tab. 4 Selected analyses of Fe-Ti oxides. Il = ilmenite, Mag = magnetite, Spl = hercynitic spinel. Fe,O, calculated
normalizing formulae to ZR3 =Ti + Al + Cr + Fe* =1 for ilmenite and 2R2 =1, 3R3 = 2 for spinel and magnetite.
(-) = not detected. Samples: 225C = opx-rich mafic granulite, 234F = amphibolite, 229E-T125 = spinel-rich mafic gra-
nulites, 2074H = mafic gneiss, 252M = symplectite-bearing granulite, AM1 = garnet-bearing pyroxene granulite.

1 2 3 4 5 7 8 9 10

225C 234P 229E 229E 229E T125 2074H 252M AMI

Ilm Ilm Tim Mag Spl Spl Spl Spl Spl
TiO, 454 49.5 51.6 5.15 0.12 - - - -
AlLO, - 0.14 0.17 1.90 58.0 65.4 64.5 63.0 51.0
Cr,0, - - - - 0.27 0.76 0.87 0.17 -
Fe,0, 5.48 3.09 1.12 57.6 5.72 2.85 0.73 222 14.2
FeO 46.6 452 44.8 357 26.0 10.2 16.4 18.4 26.7
MnO 1.03 1.92 2.62 0.22 0.43 — — = -
MgO 0.34 1.02 (.46 (.32 9.77 20.9 16.7 15.2 8.96
Total 98.82 100.87 100.77 100.89 100.31 100.11 99.20 98.99  100.86
Ti 0.909 0.937 0.974 0.145 0.002 - B = -
Al - 0.004 0.005 0.084 1.871 1.931 1.968 1.952 1.691
Cr - - — - 0.006 0.015 0.018 0.004 -
Fe- 0.108 0.059 0.021 1.626 0.118 0.054 0.014 0.044 0.301
Fe? 1.030 0.952 0.94 1.120 0.594 0214 0.356 0.405 0.628
Mn 0.023 0.041 0.056 0.007 0.010 - = = =
Mg 0.013 0.038- 0.017 0.018 0.398 0.780 0.644 0.595 0.376

Tab.5 Selected analyses of garnet, micas, epidote, pumpellyite. Grt = garnet (1 = rim of clinopyroxene; 2-3 = cores
of unzoned grains), Bt = biotite, Ms = fine-grained muscovite (sericite), Ep = epidote, Pmp = pumpellyite, Chl = chlo-
rite. (-) = not detected. Structural formulae of garnet calculated on basis of 12 O (3R2 =Ti + Al + Cr + Fe3 = 2).
Structural formulae of hydrous minerals normalized to O = 11 for micas, O = 25 for epidote (total iron as Fe,0,), O
= 49 for pumpellyite (2R3 =Ti + Al + Cr + Fe* = 10), O = 14 for chlorite (assuming all iron is ferrous). Samples:
D828-AMI1 = garnet-bearing pyroxene granulites, L12 = quartzo-feldspathic granulite, 225C-AM12 = opx-rich gra-
nulite {(AM12 strongly retrogressed), 2374 = mafic gneiss, D838-234F = amphibolites, 201 A = symplectite-bearing

granulite, C4 = amphibole-rich pyroxene granulite.

1 7 3 4 5 6 7 8 9 0 11 12 13 14

D828 AM1 L12  225C D838 2374 234F 234F 201A 2374 234F C4  253M AMI2

Gt Grt Grt Bt Ms Ms Ep Ep Ep Pmp Chl Chl Chi Chl
SiO, 392 392 386 375 504 476 384 384 389 384 262 294 302 33.8
TiO, - - - 601 - - - - - 027 - - - -
ALO, 221 228 228 140 287 348 265 248 300 273 201 171 158 126
Cr,0, 020 - » o = - - - - - -~ = = -
Fe,0, - - - - - - 996 128 681 - - - - -
FeO 215 214 257 126 202 031 - = - 122 288 223 216 180
MnO 088 072 046 - - 022 028 014 - - 03 02 - 023
MgO 881 873 107 160 28 057 - - 012 348 133 189 21.7 247
CaO 697 733 092 - - 039 234 228 233 228 02 - -~ 011
Na,0 - - - - — 135 - — - - - = = S
K,O = - - 101 112 103 - - - - - - - -
Total  99.66 100.18 99.18 9621 9514 95.54 98.54 98.94 9924 9396 889 881 89.30 89.44
Si 2995 2975 2963 2.825 3355 3.176 6014 5992 593512016 271 3.018 3.047 3331
Ti - N ~ 0341 — - = s = DB = o= o= =
AlY - - 0037 1175 0645 0824 - - - 1.229 0.982 0.953 0.669
AIVI 1991 2040 2026 0.069 1.608 1.914 4579 4.875 5396 — 1.276 1.087 0.926 0.795
Cr 0.002 - - - - - - - - 10011 - - - -
Fe* 1372 1359 - - . - 1506 1.169 0.782 - I
Fe2* 0002 - 1650 0794 0.112 0017 - - — 0319 2547 1914 1.823 1.484
Mn 0.057 0046 0050 - - 0012 0019 0037 - - 0.034 0023 — 0019
Mg 1.003 0988 1224 1797 0280 0.057 — s 0.027 1.623 2.096 2.891 3.263 3.628
Ca 0571 0596 0076 - - 0028 3826 3912 3.809 7.644 0024 - - 0012
Na - - e - — 0.175 - - s om = = ow =
K 0971 0951 0877 - - - - - - - -
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MICAS

Biotite is an uncommon mineral in mafic gran-
ulites. The analyzed biotites have relatively high
TiO, content and show Mg/(Mg + Fe?*) ratios
comparable with bulk-rock ratio {e.g. biotite from
the sample 225C, Tab. 5 which has Mg/(Mg + Fe?*)
= 0.69 identical to the whole-rock ratio reported
in Tab. 6).

Fine-grained muscovite (sericite) usually
forms as replacement of plagioclase (analyses 6,7,
Tab. 5). Small amounts of sericite (analysis 5) can
also occur together with actinolitic hornblende +
opaque minerals as reaction rims between Ti- and
K-rich pargasite and green hercynitic spinel. A
moderate phengitic substitution ({(Mg, Fe?+)V1SiV
< AIVTAIY)is frequently observed (FeO up t0 2.0
wt%, MgO up to 2.8 wt%; Si = 3.014-3.390 atoms

p-fu.).

EPIDOTE

The epidote occurring as filling of veins (e.g.
analysis 9, Tab. 5) can be classified as Fe-epidote
(xp, = Fe?/(Fe¥ + Al) = 0.25) according to the
compositional subdivision of HoLDAWAY (1972),
whereas those replacing clinopyroxene along with
magnesio-hornblende are Al-epidote (analyses 7,
10, xp respectively 0.19 and 0.13). The coexisting
amphibole has a relatively low TiO, content
(0.5-0.8 wt%). Formation. of epidote + horn-
blende after clinopyroxene instead of hornblende
alone 1s probably controlled by f,, conditions
(Liou et al., 1974).

CHLORITES

The analyzed chlorites (some of which are report-
ed in Tab. 5) span a wide compositional range be-
tween clinochlore and chamosite. A rough posi-
tive correlation between A1V and AlY is related to
decreasing amounts of combined AIV' and Ti-
tschermak substitution (TK substitution accord-
ing to LAIRD, 1988) from the sample 234F (my-
lonitic amphibolite) to the sample AM12 (strong-
ly retrogressed granulite); a simultaneous in-
crease of Si can be observed in the same direction
(8i = 2.57-3.43). Most chlorites fall in the fields of
low-grade pumpellyite-bearing rocks (LAIRD,
1988), excluding those from the amphibolite 234F
which could have originated in the lower amphi-
bolite facies. The reported trend can be only ten-
tatively attributed to decreasing metamorphic
grade as proposed by MARUYAMA et al. (1983), be-
cause the dependence of chlorite composition

from the metamorphic grade is not well under-
stood (LAIRD, 1988) and the chemistry of chlorites
may be also controlled by the composition of the
replaced mineral.

P-T conditions of the granulite-facies
metamorphism

Two-pyroxene thermometry have been applied to
seven samples of mafic granulites using the
method of WELLS (1977); only the core composi-
tions of adjacent clinopyroxene-orthopyroxene
pairs were employed for the calculations. The
more recent pyroxene thermometer of LINDSLEY
(1983) cannot be successfully applied to these
rocks because of large amounts of non-quadrilat-
eral components (Wo + En + Fs is usually well be-
low 90%).The obtained mean temperature (810 +
40 °C) is common to many known granulite-facies
rocks (BOHLEN, 1987). However, the interpreta-
tion of these results cannot disregard the zoning
shown by most pyroxenes. Although the zoning
seemingly affects only the rims of the pyroxene
grains, it cannot be excluded that some kind of
compositional readjustement due to high-T diffu-
sion have also changed the core compositions. So,
the obtained clinopyroxene-orthopyroxene tem-
peratures do not necessarily correspond to the
peak of granulite metamorphism and give only
minimum estimate of the thermal conditions of
granulite-facies equilibration.

Magnetite-ilmenite thermometry (SPENCER
and LINDSLEY, 1981) calculated for coarse-
grained intergrowth textures (sample 229E,
analyses 3—4 in Tab. 4) gives a T of 590 °C, incon-
sistent with the mean opx-cpx estimate for the
same sample (795 °C), but very close to those cal-
culated by OLIVER (1978) and ELLIS and GREEN
(1985) for oxide pairs in mafic granulites. This is in
agreement with the notion that in slowly cooled
rocks Fe-Ti oxide thermometry only records clos-
ing temperatures since the opaque minerals have
a closure temperature much lower than the sili-
cate minerals (HARLEY, 1989).

Accurate geobarometry of the mafic gran-
ulites is not possible because of the general lack of
suitable mineral assemblages. The felsic granulites
contain the relevant assemblage garnet-orthopy-
roxene-plagioclase-quartz but show extensive re-
placement of orthopyroxene by chlorite, whereas
the orthopyroxene is preserved only in garnet-
free rocks. In the mafic garnet granulites, the in-
volvement of Fe-Ti oxides in the garnet-forming
reaction prevents the formation of quartz, thus ex-
cluding the employment of the common geo-
barometers for mafic garnet-bearing granulites. It
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must be noted that the appearance of garnet in
some mafic granulites does not necessarily indi-
cate equilibration at higher P than garnet-free
rocks: it is widely accepted that garnet formation
at constant P is favoured by low mg-ratios of the
bulk rock (DE WAARD, 1965; GREEN and RING-
WOOD, 1967; MANNA and SEN, 1974; BINGEN et al.,
1984) and the garnet granulite AM1 (Tab. 6) has
one of the lowest mg-values among the analyzed
rocks.

However, a rough pressure constiraint can be
inferred from the occurrence of the corona reac-
tion between olivine and plagioclase (Fig. 2a) in
the symplectite-bearing granulites. Employing the
curve of JOHNSON and ESSENE (1982) for the uni-
variant olivine-out reaction in the CMAS system
(Fo + An = En + Di + Sp) and the range of two-
pyroxene temperatures calculated for the these
rocks (780-850 °C), the olivine-plagioclase reac-
tion could have occurred at P ~ 7-8 kbar. The geo-
barometer of GAspARIK (1987) based on the anor-
thite content of plagioclase in the assemblage
clinopyroxene + orthopyroxene + forsterite +
spinel + plagioclase (NCMAS system) gives con-
sistent values (~ 8 kbar) in the same temperature
range for An = 48-53 mole %. It must be noted
that the actual pressure could be slightly lower,
because the curve of JOHNSON and ESSENE (1982)
and the calibration of GAsSPARIK (1987) have been
obtained for iron-free systems.

The occurrence of the olivine-plagioclase re-
action leading to pyroxene-spinel symplectitic in-
tergrowths is commonly attributed to near-isobar-
ic cooling of mafic igneous rocks under granulite-
facies conditions (GRIFFIN and HEIER, 1973; MALL
and SHARMA, 1988; BALLHAUS and BERRY, 1991).
A stage of near-isobaric cooling after emplace-
ment in the lower crust can be therefore qualita-
tively deduced for the symplectite-bearing gran-
ulites (and interlayered rocks). A similar P-T evo-
lution can be also inferred for the garnet gran-
ulites from the occurrence of garnet as thin exso-
lution lamellae into clinopyroxene: the solubility
of alumina in clinopyroxene {which can be ex-
pressed through the equilibrium Ca,MgAl,Si;O,,
= CaMgSi,04 + CaAlSi,Oy) is strongly tempera-
ture dependent (HERZBERG, 1978, Fig. 7), so that
cooling at near constant pressure may give rise to
garnet exsolution in Al-rich clinopyroxenes origi-
nated at high temperature (see also GRIFFIN et al.,
1984; ELL1s and GREEN, 1985).

In addition, both pressure and temperature
decrease are recorded in all the mafic granulites
by the ubiquitous Al depletion of the pyroxene
rims coupled with a complementary zoning of the
plagioclase (KUSHIRO and YODER, 1966; see also
Loock et al.,, 1990 for a detailed discussion). Al-

though no inference about the relative chronolo-
gy of isobaric cooling and decompression can be
made, it is conceivable that zoning of pyroxenes
and plagioclase could have originated during the
first stages of retrograde evolution related to ex-
humation.

Geochemistry

Bulk rock chemical analyses of 19 mafic granulites
and amphibolites are presented in table 6; REE
abundances determined on relatively fresh sam-
ples are reported in table 7.

The mafic rocks display a wide range of mg-
values (100 Mg/(Mg + Fe?*) = 56-83) which show
rough correlations with several elements (e.g. pos-
itive for Ni and negative for TiO,, MnQ, V, Zn, Y,
2 REE, Fig. 5, Tab. 6-7). These chemical variations
argue for a magmatic origin with a differentiation
trend from Mg-rich to Fe-rich compositions; this is
also indicated by the projection in the conven-
tional AFM diagram.

The major element compositions (e.g. high
Al,O; contents, mostly ranging between 19 and
22 wt%) do not match those of natural basaltic
melts. The very low contents of incompatible ele-
ments which are currently considered as immo-
bile (Zr, Nb, Y, P) strongly suggest that the ig-
neous protoliths of the mafic granulites were
mafic igneous rocks of cumulus origin with negli-
gible amounts of trapped melt. The abundance of
incompatible elements in cumulitic rocks is con-
trolled by the degree of fractionation and the
amount of trapped liquid, but their ratios reflect
those of the parental melts if the values of bulk
crystal/liquid partition coefficient are similar. The
ratios Z1/Nb (4.8-11.3), Y/Nb (1.6-8.3) and Zr/Y
(0.62-2.92) of the mafic rocks fall in the range ob-
served for subalkaline basaltic liquids; it should
be noted that the relatively wide range of Zr/Nb
and Y/Nb could be due to the scarce analytical
accuracy for Nb at low concentrations (Tab. 6)
more than to a real scatter of these ratios in the
parental liquids.

Ni is generally low, excluding the olivine-
bearing rocks (analyses 12-14, Tab. 6) and the
mafic gneiss 258M (analysis 9), which also show
the highest Co and Cr contents. It is likely that
these rocks represent cumulates originated from
the most primitive melts where olivine was the
liquidus phase.

Relatively slight Eu depletion or no Eu anom-
aly occur in the most REE-enriched sample C4
and in the sample 229E (Fig. 6, patterns 1-2),
whereas increasing positive Eu anomalies are ob-
served in the other rocks. Ce, Sm and Nd enrich-
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Tab. 7 REE analyses of selected mafic granulites. For
sample reference sce table 6.

1 2 3 4 5

225C 4 229E 235G 2098
La 5.48 10.0 272 3.02 1.16
Ce 11.9 289 8.02 6.81 2.08
Pr : 1.72 4.87 1.58 0.96 0.27
Nd 810 251 9.64 4.24 1.18
Sm 215 6.47 3.43 1.23 0.25
Eu 0.86 1.72 1.14 0.65 0.24
Gd 2.19 5.75 3.53 1.46 0.28
Tb 0.34 094 064 0.25 0.04
Dy 213 553 369 1.61 0.23
Ho 0.47 120  0.83 0.29 0.06
Er 1.16 291 2.03 0.72 0.15
Yb 1.11 275 1.89 0.66 0.13
Lu 0.15 0.41 0.26 0.09 0.01
~*REE 3776 96.55 394 21.99 6.08
(LafYb), 33 24 1.0 31 6.0

ments are probably controlled by the abundant
amphibole (sample C4) and clinopyroxene + am-
phibole (sample 229E).

The positive correlation between mg-values
and TiO,, as well as the trend in the AFM diagram
suggest that the protoliths of the mafic granulites
crystallized from tholeiitic liquids, which is consis-
tent with the observed iron enrichment trend of
the pyroxenes (Fig. 3). The igneous protoliths
were probably dominated by cumulus of pyrox-
enes and plagioclase (+ olivine, + amphibole), in
agreement with the REE distribution.

The high variability of K,O (0.824.23 wt%),
Rb (11-142 ppm) and K/Rb ratios (182-650) is re-
lated to the amount of hydration and, in particu-
lar, to the replacement of plagioclase by white
mica: the lowest values of K,O, Rb and the high-
est K/Rb occur in the unaltered samples (e.g.
229E, 209B, 201 A, Tab. 6), whereas the rocks with
plagioclase completely converted into sericite
(analyses 10, 17, 18, 19, Tab. 6) show high K,O, Rb
and the lowest K/Rb. Ba behaves coherently with
Rb in most samples. Replacement of plagioclase
should also produce CaO and Na,O depletion
which are more difficult to ascertain because
these elements are also controlled by the modal
proportions of amphibole and clinopyroxene.
However, the most severely retrogressed samples,
where plagioclase and clinopyroxene have been
almost completely replaced by sericite and horn-
blende (analyses 17-19), show the lowest abun-
dance of CaO (4.92-6.03 wt%) and Na,O (0.90-
1.69 wt%). Substantial chemical changes are
therefore related to the retrograde metamorphic
evolution.

Deformations and retrograde metamorphism

The retrograde metamorphic evolution of the
mafic granulites can be traced through the com-
positional variations of the amphibole, which is
very sensitive to the metamorphic conditions (e.g
SPEAR, 1981; APTED and Liou, 1983). The de-
creasing pargasite, tschermakite and Ti-Tscher-
makite substitutions, and the trend shown in the
diagram Na/(Na + Ca) — AI/{Al + Si) of LAIRD and
ALBEE (1981) (Fig. 4) mainly reflect retrograde
metamorphic changes which are the reverse of the
prograde reactions observed for regional meta-
morphic terrains of intermediate P/T gradients.
The change in amphibole composition from horn-
blende to actinolite should indicate the transition
between amphibolite- and greenschist-facies (e.g.
Liou et al., 1974; MARUYAMA et al., 1983). Al-
though the existence of a miscibility gap between
actinolite and hornblende is well assessed (see
SMELIK et al., 1991 and references therein), the ab-
sence of textural and chemical evidence (exsolu-
tions or compositional gap) suggests that the fre-
quent coexistence of actinolite and hornblende is
not the product of an equilibrium crystallization.
The retrograde and frequently incomplete meta-
morphic changes suggest that coexisting horn-
blende and actinolite simply result from relative-
ly fast cooling which hindered a complete compo-
sitional readjustement (GRAPES and GRAHAM,
1978).

The textural and mineralogical observations
have allowed to recognize several deformation
events in the granulitic rocks, although this recon-
struction is obviously hampered by the lack of the
original field relations.

High-T plastic deformations originated both
in granulite- and upper amphibolite facies, possi-
bly in discrete high-T shear zones. Weakly to
strongly deformed rocks (mylonites and ultramy-
lonites) have beeen recognized. In the mafic gran-
ulites syn-kinematic crystallization of clinopyrox-
ene + Ti-rich pargasite occurs, whereas in the am-
phibolites shearing is related to the development
of greenish-brown hastingsite + ilmenite after
clinopyroxene + Ti-rich pargasite + green spinel.
The Ti content of the amphibole coexisting with a
Ti phase may be employed to calculate the tem-
perature of amphibole formation (OTTEN, 1983).
The hastingsitic amphiboles replacing Ti-rich par-
gasite in the mylonitic amphibolites give T be-
tween 580 °C and 700 °C, compatible with retro-
gression in the amphibolite facies.

The lower-T brittle deformations are related
to development of (i) magnesio-hornblende
(showing Ti content compatible with amphibolite-
greenschist transition, RAASE, 1974) + epidote
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Fig. 5 Variation diagrams of TiO,, MnO, V, Ni, Zn and Y plotted against mgV index (= 100 Mg/(Mg + Fe*); mgV
calculated assuming Fe,0,/FeO = 0.15. Symbols: O = two—pyroxene granulites, ® = garnet granulite, /A = amphi-
bole-rich pyroxene granulite, + = amphibolites. Oxides are in wt% and single elements in ppm.

and (ii) typical greenschist assemblages (actino-
lite-sericite-epidote-chlorite). The occurrence of
brittle deformation at the depth required by the
relatively high temperatures of the amphibolite-
greenschist transition (T ~ 450 °C) can be attained
only if confining P is low, i.e. Py;y ~ P,y (BRODIE
and RUTTER, 1985). The variable extent of defor-
mations and retrograde effects and the chemical
changes related to hydration, are identical to
those reported for retrograde shear zones
(BEACH, 1980; CORBETT and PHILIPS, 1981; SANDI-
FORD, 1984). In addition, the replacement of pla-
gioclase by sericite is typical of low-T shear zones
(BEACH, 1980).

In synthesis, many lines of evidence indicate

that the complex history of retrogression and de-
formation of the granulitic rocks is related to in-
volvement into high- and low-T shear zones dur-
ing their progressive exhumation and emplace-
ment to relatively shallow crustal levels.

The retrograde metamorphic imprint and re-
lated deformations must be largely pre-Alpine,
since the orogenic metamorphism in the External
Liguride Units did not exceed subgreenschist con-
ditions. However, the lowest grade conditions
recorded in the mafic granulites can be referred to
the pumpellyite-actinolite facies (T = 250-350 °C,
P > 1.5 kbar, FREY, 1987, Fig. 3.6) according to the
occurrence of pumpellyite (+ chlorite, actinolite,
sericite, albite) in some cataclastic rocks. The sub-



68 A. MONTANINI

Rock/Chondrites
100 T T T+ T T T T T T T T T

1T TTTITMT

|

BN =
[ I!IHH!

[ N

1¢

T !HIII‘

| E[HI['

T IIHIH‘
L

I U A Y S N NN S SN N SN RO NS SN M SO |
La Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

Fig.6 Chondrite-normalized REE patterns of selected
mafic granulites (normalizing values after EVENSEN et
al., 1978). 1 = amphibole-rich pyroxene granulite (C4);2
= spinel-rich mafic granulite (229E); 3 = opx-rich mafic
granulite (225C); 4 = mafic gneiss (235G); 5 = symplec-
tite-bearing granulite (209B).

greenschist assemblages could record a later,
orogenic (eo-Alpine 7) event. The ¥Ar/*°Ar age
(~ 80 Ma) obtained on the plagioclase of a mafic
granulite (MELI et al., 1996) and similar fission-
track ages recorded by the zircon of the felsic
granulites (BALESTRIERI et al., in press) support
this interpretation.

Comparison with the granulite-facies rocks
from the Ivrea Zone

Palinspastic reconstructions of the Apennine
chain indicate that the mafic granulites most prob-
ably came from the Adria continental margin
(ABBATE and SAGRI, 1982; ELTER and MARRONI,
1991; ELTER, 1993). A comparison with the rocks
belonging to the cross-section of deep crust ex-
posed in the Ivrea Zone (which was part of the
same continental block) leads to the following
considerations:

(1) The mafic granulites from the northern
Apennine have several mineralogical affinities
with the Ivrea metabasic rocks and, in particular,
with the Main Gabbro formation: (i) occurrence
of two-pyroxene and garnet granulites, (ii} high
Al O, content of the pyroxenes, (iii) composition
of the high-grade amphiboles (CAPEDRI, 1971;
SILLs, 1983), (iv) pyroxene-spinel coronas be-
tween olivine and plagioclase indicating isobaric
cooling from igneous temperatures {SILLS, 1983).
High- and low-T shear zones (possibly related to
extensional deformations and thinning of the
southern margin of the Tethys ocean) have been

recognized in the Ivrea Zone (BRODIE and RuT-
TER, 1987; ZINGG et al., 1990) and a remarkable
similarity can be observed between amphiboles
from these shear zones and those from the present
work (Fig. 4).

The Sm-Nd age obtained for a two-pyroxene
granulite from the northern Apennine (291 + 10
Ma with a initial Nd isotopic ratio corresponding
to eng = —4.4, MELI et al., 1996) is most probably
very close to the time of emplacement of the ig-
neous protolith which was followed by recrystal-
lization in granulite-facies conditions. Similar ages
and initial Nd isotopic composition are reported
in literature for the mafic rocks belonging to the
Main Gabbro (PN and SiLLs, 1986; VOSHAGE et
al., 1987; PiN, 1990). Moreover, the Ti-rich parga-
sitic amphibole of the same sample gives a
younger “Ar/*Ar age (228 + 2 Ma, MELI et al,,
1996) which record cooling below a blocking T of
~ 500 °C (HARRISON, 1981), probably related to
uplift and extensional thinning of the crust. Simi-
lar, Permian to Triassic post-peak cooling ages
have been determined in granulite- and amphibo-
lite-facies rocks from the Ivrea zone (e.g. BRODIE
et al., 1989; BORIANI and VILLA, 1995).

This brief comparison with the metabasic
rocks from the Ivrea Zone suggests that the maf-
ic granulites from the northern Apennine have co-
eval igneous protoliths derived from basaltic mag-
mas which emplaced at comparable crustal levels
and underwent a similar pre-Jurassic tectono-
metamorphic history.

(2) The quartzo-feldspathic granulites and the
charnockitic rocks are respectively similar to the
sillimanite-free stronalites described by BERTO-
LANI and GARUTI (1970) and to the charnockites
interlayered with metabasic rocks of the Ivrea
Zone (SiNIGOI et al., 1991).

Discussion and conclusions

The granulitic rocks enclosed in the ophiolitic
chaotic complexes of Cretaceous age from the
northern Apennine are predominantly composed
of different varieties of two-pyroxene mafic gran-
ulites; minor garnet-bearing pyroxene granulites,
pyroxenites and felsic granulites also occur. Am-
phibolites evidently formed through retrogres-
sion of mafic rocks are quite common.

The igneous protoliths of the mafic granulites
are interpreted as originated in the deep crust
through cumulus of pyroxenes and plagioclase
(with minor olivine and amphibole) from variably
evolved mafic liquids of likely tholeiitic affinity.
Genetic relationships within the mafic granulites
are strongly supported by the occurrence of tran-
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sitional rock types and composite rocks together
with remarkable mineralogic affinities and regu-
lar chemical variations. These rocks could have
therefore originated in the same deep-seated in-
trusion. During post-magmatic cooling subsolidus
re-equilibration occurred at intermediate pres-
sure (~ 7-8 kbar) and high temperature (~ 800
°C), i.e. granulite-facies conditions. Many of the
granulitic rocks have undergone a first retrograde
event related to shear zones which can be placed
both in granulite and upper amphibolite facies.
Subsequently, a widespread lower-grade retro-
grade metamorphism coupled with brittle defor-
mations and chemical changes caused by exten-
sive hydration overprinted the high-T assem-
blages and deformations. The preserved disequi-
librium assemblages record a wide range of meta-
morphic conditions from granulite-facies to sub-
greenschist assemblages. The retrograde meta-
morphic evolution and the deformations are most
probably related to exhumation of the deep crust.

To attempt a tectonic interpretation of the
granulitic rocks, the peculiar nature of the north-
ern Apennine ophiolites and, in particular, of the
ultramafic rocks associated with the granulites,
must be taken into account. The peridotites of the
External Liguride domain have geochemical and
isotopic features typical of subcontinental mantle
and record a history of subsolidus (non-adiabatic)
uplift at progressively decreasing P-T conditions
(RaMPONE et al., 1995). Their P-T evolution has
been related to the early phases of the Tethyan
rifting. According to the most recent petrological
and tectonic interpretations, the opening of the
Ligure-Piemontese Basin was related to a passive
rifting mechanism along low-angle detachment
faults with final tectonic denudation of the upper
mantle in a pericontinental position (LEMOINE et
al., 1987; P1cCARDO et al., 1992; TROMMSDORRF et
al., 1993; HOOGERDUIJIN STRATING et al., 1993;
FrOITZHEIM and MANATSCHAL, 1996). Following
this mechanism, mantle and deep crustal rocks are
expected to have been exposed together close to
the ocean-continent boundary (BOILLOT et al,,
1980,1995), although very few occurrences of low-
er crust together with exhumed subcontinental
mantle have been reported up to now (see for ex-
ample MUNTENER and HERMANN, 1996).

It is therefore proposed that the retrograde
path of the metamorphism related to develop-
ment of high- and low-T shear zones and the as-
sociation of blocks of lower continental crust with
subcontinental mantle (External Liguride ultra-
mafics) can be accounted for by exhumation
through passive rifting. The slide blocks of peri-
dotites, granulite-facies rocks and associated brec-
cias can be interpreted as lithologies coming from

the disgregation of peridotitic (subcontinental)
mantle exposed close to the ocean-floor together
with remnants of continental lower crust. Disgre-
gation and enclosing into sedimentary mélanges
occurred during the eo-Alpine (Upper Creta-
ceous) transpressive events which deformed the
Eastern part of the Ligurian domain {ELTER and
MARRONI, 1991).
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