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SCHWEIZ MINERAL. PETROGR. MITT. 73, 191-203, 1993

From magmatism through metamorphism to sea floor emplacement
of subcontinental Adria lithosphere during pre-Alpine rifting
(Malenco, Italy)

by Volkmar Trommsdorff, Giovanni B. Piccardo® and Attilio Montrasio’

Abstract

Major ultramafic masses of the Penninic domain of the Alps and of Liguria are subcontinental Adria lithosphere
that was emplaced as the floor of the Tethyan ocean during Mesozoic spreading. Field relationships among three
lithologic complexes of the Penninic/Austroalpine border region from Val Malenco demonstrate the evolution of
such pre-Alpine crust-mantle rifting: 1. The Malenco ultramafics, pre-rift subcontinental mantle of the Adriatic plate
and substratum of 2. the Margna continental crust and 3. the Jurassic to Cretaceous Forno ophiolite suite.

Lithologies 1 and 2 are crosscut by the post-Variscan, pre-Alpine, tholeiitic Fedoz gabbro that intruded at the
crust-mantle boundary. Ductile flaserization of the gabbro and a retrograde metamorphic evolution beginning with
granulite facies and ending with greenschist facies mark the pre-Alpine exhumation of Fedoz gabbro, Malenco
ultramafics and lower Margna crust. Unit 3 formed after opening of the Tethyan ocean and overlies partly Malenco
ultramafics which are also crosscut by its MORB dykes.

These and further observations permit recognition of the following sequence of events:

1. Thinning of the later NW-Adria plate in the Permomesozoic and concomtitant intrusion of Fedoz gabbro.

2. Ductile flaserization and later dynamic recrystallization of the gabbro under granulitic to amphibolitic
conditions in a low-angle asymmetric extensional shear zone following partly the crust-mantle boundary. Extension-
al uplift and retrograde metamorphism of Malenco mantle, lower Margna crust and Fedoz gabbro.

3. Emplacement of denudated, partly antigorite-serpentinized Malenco mantle on the floor of the opening
Jurassic ocean. Formation of a passive continental margin.

4. Ophicarbonate deposition in fractures and on top of the ex-subcontinental, ultramafic ocean floor.

5. Formation of the Forno ophiolites on top of the ultramafic ocean floor. Oceanic mineralization. Sedimenta-
tion from the middle Jurassic to mid-Cretaceous.

6. Alpine deformation and metamorphism in all units.

Similar relationships hold for the Penninic-Austroalpine border region in Piemonte and in Liguria. The Platta
ophiolites north of Malenco are visualized as a northern continuation of the Forno ophiolites.

Keywords: ultramatfics, ophiolite, extensional metamorphism, mantle denudation, Adriatic plate, Penninic/
Austroalpine border, Malenco serpentinite, Central Alps.

Introduction

Many ultramafic bodies along the arc of the Alps
have been referred to as "ophiolitic" because of
their association with gabbros, basalts, and oce-
anic cherts and because they were emplaced at
shallow levels during opening of the Jurassic Li-

gurian-Piemont basin. Many ultramafic bodies of
the Alps, however, show features that distinguish
them from typical ophiolite sequences. Major oc-
currences of such ultramafics (Fig. 1) are Erro-
Tobbio, Voltri group, Ligurian Alps (PicCARDO et
al., 1980, 1990, 1992; Vissers et al., 1991; Hoo-
GERDUUN STRATING, 1991); Lanzo (NicoLas, 1969,
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Fig. I Major occurrences of ultramafic rocks (black) in the Central, Western Alpine and Northern Apennine arc.
MA = Malenco; ZS = Zermatt-Saas (Breithorn); A = Aosta (M. Avic); LA = Lanzo; VO = Voltri (Erro-Tobbio).
AA = Austroalpine nappes east of Malenco, SE = Sesia zone; DB = Dent Blanche nappe; G = Geneva.

ERrNsT, 1978; PoGNANTE et al., 1985; BoDINIER et
al., 1991; Boupier and Nicoras, 1985); M. Avic,
Aosta Valley and Breithorn, Zermatt-Saas area
(DAL Piaz, 1969) and Malenco (TROMMSDORFF
and Evans, 1974). Among the peculiarities of
these "ophiolites” are the absence of a true basal-
tic layer, at the same time the presence of a direct
superimposition of the ultramafics by ophicar-
bonate rocks or oceanic sediments, and finally the
presence of intrusive gabbroic bodies and cross-
cutting MORB type gabbroic to basaltic dykes
in the ultramafics. To explain these features

Lemome et al. (1987, Fig. 5) drew for the Ligurian
ultramafics a major, oblique, normal detachment
fault (WERNICKE, 1981, 1985) that cuts across the
lithosphere and leads to the denudation of sub-
continental upper mantle rocks, which then be-
come exposed on an ocean floor. LEMOINE et al.
(1987, Fig. 5) postulated such a crust-mantle de-
tachment fault dipping towards Europe and fol-
lowing the crust to mantle boundary below the
European (Briangonnais) continent. For such a
model it is essential to provide proof for the
former association of the inferred lithospheric
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mantle with continental crust and for the retro-
grade path of metamoerphism during detachment
faulting of both the lower continental crust and its
substratum, the lithospheric, subcontinental man-
tle. Whereas the tectonic process of mantle denu-
dation through rifting 1s at present under study
along passive continental margins (e.g. Galicia:
BoiLLor et al., 1988; BoiLLoT et al., 1990) and pre-
oceanic rifts (Northern Red Sea: VOGGENREITER
et al., 1988; BoHANNON et al., 1989; Piccarpo et
al., 1988, 1993) the situation in the Alps is ob-
scured by the tectonic and metamorphic signa-
tures of the Cretaceous to Tertiary orogeny. It is
the purpose of this paper to provide field evi-
dence for A) the lithospheric subcontinental char-
acter of the Malenco ultramafics with respect to
the Austroalpine Margna unit; B) the intrusion of
mantle-derived magmas during the pre-Alpine
extension; C) the uplift and denudation of the
Malenco mantle during pre-Alpine rifting; D) its
subsequent association with MORB type basaltic
magmas. The pre-Alpine, syn-extensional, retro-
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grade metamorphic history of lower granulitic
Austroalpine crust, of the Fedoz gabbroic suite
and of the subcontinental Malenco ultramafics
will also be addressed in this context.

Regional setting

Three major lithologic complexes characterize
the Penninic-Austroalpine boundary in Val Ma-
lenco, Italy (Fig. 2). They are from east to west: 1)
the topping Margna unit, a system of west facing,
recumbent anticlines of Austroalpine basement
and Mesozoic cover; 2) the Malenco unit, an ul-
tramafic body and pre-oceanic substratum of
granulitic Margna basement (not of the Margna
nappe, which is Alpine!) with later oceanic
ophicarbonate zones that formed in the Jurassic;
and 3) the ophiolitic Forno unit consisting of
metamorphosed Jurassic oceanic sediments and
mineral deposits as well as of basaltic pillow lavas,
volcanoclastic rocks and associated mafic dykes

v
E PLATTA

%

AUSTROALPINE

Fig. 2 Geological Map about the Malenco ultramafic body (stippled). Occurrences of Fedoz gabbro are in black. D
= Monte Disgrazia; B = Monte Braccia; U = Pass d'Ur. The Margna nappe overlies the Malenco ultramafics,
I anzada-Scermendone zone and Suretta nappe (LA) underlie the Malenco ultramafics. The Forno unit overlies
part of the Malenco ultramafics that became denudated in the Jurassic Tethyan ocean. The black and white striped
pattern refers to a major ophicarbonate zone within the Malenco unit. The southwards ending Platta ophiolites are
indicated on the figure.
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that also crosscut marginally the Malenco unit.
Malenco unit and Margna basement belong to the
pre-Alpine lithosphere of the Adriatic plate. Both
units are crosscut by a Gabbro (Fedoz gabbro)
of post-Variscan metamorphism, pre-Alpine
(Gaurschi, 1980) age which forms major bodies
in the granulitic core of the Margna unit (Fedoz
suite of Staus, 1917). Along their contact zone
the Malenco and Margna units are frequently im-
bricated with mylonites and tectonic breccias oc-
curring in between the two lithologies. The ophi-
olitic Forno unit represents a part of the Piemont
ocean that formed adjacent to the Austroalpine
margin in the late Jurassic.

Field relationships, lithology and petrology
MARGNA UNIT

The basement of the lowermost Austroalpine
(MontraAsio and TROMMSDORFF, 1983; HERMANN
and MUNTENER, 1992) Margna unit comprises a
metasedimentary suite of pelitic, carbonate and
mafic rocks that underwent a high-grade Variscan
amphibolite facies metamorphism (GUNTLI and
LINIGER, 1989). This suite (Fedozserie of Staus,
1917; CornELIus, 1923) is crosscut by granitoid
rocks (Malojaserie of STauB, 1923) and, later, by a
gabbro complex (Fedoz gabbro) as discussed be-
low. Granitoid rocks become dominant in higher
sections of the Margna unit where they approach
up to 50% of its total volume (SpiLLMANN and
BucHi, 1993). They include as roof pendants gar-
net-amphibolites which are interpreted as be-
longing to the pre-granitic metamorphic base-
ment of the Margna unit. Geochemically, the
granitoid intrusives show close affinities to the
late-Variscan intrusive rocks of the nearby Berni-
na nappe (GuntLI, 1987; BENNING, 1990). The
Permo-Triassic sedimentary cover of the Margna
unit starts with terrigenous clastic deposits fol-
lowed by platform carbonates due to the trans-
gression of the Tethyan ocean (HErRMANN and
MUNTENER, 1991). In the Jurassic, fault-controlled
sedimentary breccias recorded from the Margna
unit (CorNELIUS, 1935; HERMANN, 1991) and from
adjacent Austroalpine units (FrorrzremM and
EBERLI, 1990) indicate the disintegration of the
Adriatic continent and the beginning formation
of a passive continental margin.

FEDOZ GABBRO

Within the granulitic core of the Margna unit a
gabbroic intrusion covering an area of about
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10 km? is dominant. This so called "Fedoz gab-
bro" (Staus, 1917) shows intrusive contacts
crosscutting the Variscan foliation of the meta-
sedimentary Fedoz suite and associated granitoid
rocks of the Margna basement (GauTschi, 1980).
It will be demonstrated later that the Fedoz gab-
bro also forms dykes in the Malenco ultramafics
(see also HERMANN et al., 1993). The Fedoz gab-
bro forms a locally stratiform complex intruded at
> 20 km depth (Gautschi, 1980), with a wide va-
riety in grain size (from dm to < mm). Chemically,
it shows a tholeiitic differentiation trend ranging
from relatively Mg-rich (11%) gabbros through
olivine (fa 26)-gabbronorites to diorites (GAUT-
scH1, 1980). Especially the coarse-grained vari-
eties of the Fedoz gabbro almost invariably show
a flaser-texture. Postmagmatic events in the Fe-
doz gabbro have been thoroughly studied by
GaurscHr (1980). A flaser texture with ductile de-
formation of clinopyroxene (Cpx), plagioclase (an
50), orthopyroxene (Opx), ilmenite (GAUTSCHI,
1980; HERMANN et al., 1993) has been demon-
strated to belong to a granulitic stage. Still granu-
litic, static recrystallization with CPx, OPx and
green spinel, partly as coronas about olivine and
plagioclase (800 °C / = 6.5 kb) occurred after for-
mation of the flaser texture. Later stages in the
evolution of the gabbro involve the static forma-
tion of garnet and pargasitic amphibole (locally
coronitic) corresponding to amphibolite facies
conditions followed by greenschist facies condi-
tions. During the latter event, the gabbroic dykes
in the Malenco ultramafics have become rodingi-
tized. Clearly distinct from this post-Variscan pre-
Alpine retrograde evolution of the Fedoz gabbro
are later, Alpine, upper greenschist facies, events
in which barroisitic and actinolitic amphiboles
dominate together with an albitic plagioclase,
chlorite and zoisite. This upper greenschist event
corresponds to the Alpine metamorphism as typ-
ical for the Mesozoic cover and basement of the
whole Margna nappe (GUNTLI and LINIGER, 1989;
SPILLMANN, 1989).

It is remarkable that the highest grade phe-
nomena found in the Fedoz-series rocks are found
in the vicinity of the gabbro contact. These phe-
nomena comprise incipient melting of metapelitic
rocks at the post-Variscan intrusive contact near
Lago Pirola and the occurrence of wollastonite,
olivine and humites (BANGERTER, 1978; ScHu-
MACHER, 1975) in metacarbonates of unknown
age, some tens to hundred meters from the con-
tact.

From the summary of observations a general
sequence of events can be established for the
Margna rocks. 1) High grade (amphibolite facies)
metamorphism of the pre-granitic basement of
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the Margna, Variscan or older. 2) Intrusion of
granitoid rocks (belonging to the late-Paleozoic
suite) into high levels of the Margna basement.
Intrusion and differentiation of the Fedoz gabbro
(late Variscan to Mesozoic). 3) High temperature
ductile deformation i.e. flaserization of the gab-
bro. 4) Granulite facies reequilibration of the
gabbro (800 °C - 6.5 kb) most likely during slow
cooling. 5) Amphibolite stage in the gabbro. 6)
Alpine metamorphic cycle, upper greenschist
facies.

Events 2 to 5 record processes of ductile de-
formation and of retrograde metamorphic evolu-
tion during post-Variscan, pre-Alpine times.
These processes will later be ascribed to exten-
sional attenuation accompanied by simple shear
of the future Adriatic lithosphere.

UR-"BRECCIA"

Along the border between Malenco serpentinite
and Margna basement east and north of Val Ma-
lenco a tectonic "breccia" can be observed in
many localities. The matrix of this "breccia" is
formed by felsic micaschists rich in sphene, chlo-
rite, albite and quartz containing cm to meter
sized knobs and components of metasomatized
ultramafic (Malenco derived) and gneissic (Mar-
gna derived) rocks. According to the type locality
at Pass d'Ur (Fig. 2) the rock has been called Ur-
breccia. Petrographic and structural investiga-
tions of the breccia (SIDLER and BENNING, 1992)
demonstrate a metasomatic event with mobility of
Na, Ca and Si at the contact Margna-Malenco.
They suggest a very early formation of the brec-
cia, possibly before overthrusting of the Aus-
troalpine nappes. The subsequent deformational
and metamorphic history of the breccia is poly-
phasic. The primary sense of shear associated
with brecciation is undetermined. The fact that
Malenco derived components have been integrat-
ed in a felsic matrix of the breccia indicates a
relatively brittle behaviour of the components.
This indicates that the ultramafics had not yet (or
only little) been serpentinized at the time of brec-
cia formation. In agreement with this statement
are observations of BURKHARD and O'NEIL (1988)
who propose that one and the same marine water
has caused concurrent serpentinization and
metasomatic activity at the Malenco-Margna
boundary.

THE MALENCO ULTRAMAFIC BODY

This is one of the largest ultramafic masses in the
Alps. It covers an area of about 130 km” (Fig. 2). It
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is overlain by and intensely interfolded and imbri-
cated with the Margna rocks which form most of
its northern, eastern and southeastern border.
Below the Malenco ultramafics, in the Lanzada
tectonic window, follows the Penninic Suretta
unit which continues in a complex sliced up zone
around the southwest end of the ultramafic mass
(MonTRASIO, 1984). Near Monte Braccia (Fig. 2)
the Malenco ultramafics are crosscut by Flaser-
gabbro, which is in continuation with, and shows
the identical chemistry, deformational and
metamorphic history as the Fedoz gabbro. These
outcrops will be discussed in a separate pa-
ragraph. Along its western and northwestern
border the Malenco ultramafics are intruded
by basaltic rocks of the ophiolitic Forno com-
plex which also will be discussed later. The Oli-
gocene Bregaglia intrusive approaches very
closely all the western border of the Malenco
ultramafics where they are contact metamor-
phosed over a distance of 1.5 to 2 km (TromwMs-
pORFF and Evans, 1972).

Most of the Malenco ultramafics are formed
by a schistose, antigorite-olivine-diopside-chlo-
rite-magnetite rock. In some areas, however, to
the W and N of Monte Braccia and SW of Monte
Disgrazia (Fig. 2) primary structures and relic
mineralogies are still preserved. The ultramafics
in these areas contain abundant relics of the
mantle minerals particularly clinopyroxene: they
are predominantly spinel lherzolites showing fre-
quently clinopyroxene enriched and clinopyrox-
ene depleted banding. Where the Alpine defor-
mation and serpentinization are less developed
granular to low strain (tectonites) and high-strain
(mylonites) banded mantle textures are pre-
served. Particularly within granular and low-
strain rocks, various generations of pyroxene rich
(i.e. clinopyroxenite to websterite) bands are lo-
cally present. They sometimes crosscut as dykes
the main pre-Alpine foliation in the less deformed
rock types but they are usually parallelized and
strongly deformed in the foliated rocks.

In places, large bodies with layered structures
and cumulate textures are recognizable (HONEG-
GER, 1977). The former are present by parallel
spinel and clinopyroxene rich lherzolite and
dunite layers alternating within dm with pure
clinopyroxenite and less commonly websterite
layers. The latter are evidenced by ovoidal olivine
and spinel, sometimes with honeycombed tex-
tures. Dunitic pods with spinel cumulates are also
widespread.

All the above pre-Alpine features indicate
that the Malenco mantle was mainly represented
by rather fertile lherzolites, early equilibrated
under spinel facies conditions (i.e. at lithospheric
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mantle depths), similar to many other fertile lher-
zolites from the Alps — Apennine chain (Piccar-
Do et al., 1990). The Malenco mantle was subject-
ed through time to strong deformation at mantle
depths and moreover became intruded at differ-
ent times and depths by melts derived from deep-
er mantle sources.

The entire Malenco serpentinite shows various
degrees of deformation and serpentinization. The
spectrum ranges from massive, layered lherzolites
with less than 20% serpentine to schistose, com-
pletely serpentinized rocks. The predominant
rock-type is a schistose titanian clinohumite bear-
ing magnetite-chlorite-diopside-olivine-antigorite
rock (TrRoMMsDORFF and Evans, 1972) which be-
cause of its perfect schistosity is mined in large
quarries and used as a building stone, for tiles,
floors, staircases, pathways etc. Most of the meta-
morphic minerals within the serpentinite occur in
several generations. Antigorite occurs deformed
and undeformed and is aligned along several
schistosities that formed during metamorphism. It
can be demonstrated, however, that even early
generations of serpentine minerals, replacing
mantle olivine, are antigorite. Chrysotile on the
other hand is quite rare (MELLINI et al., 1987) and
is mainly restricted to various generations of
veins. In many localities of Val Malenco ¢cm to dm
thick veins and nodules are observed containing
patchily distributed, often several cm large, crys-
tals of titanian clinohumite (ticl; DE QUERVAIN,
1938; TrRomMMsDORFF and Evans, 1980). The veins
occur in several generations within early exten-
sional cracks (pre-Alpine?) that are deformed or
augen-shaped containing diopside + olivine + ti-
tanian clinohumite + magnetite (+ antigorite) and
late, undeformed extensional veins and fissures
containing essentially chlorite + titanian clinohu-
mite. Similarly titanian clinohumite occurs also in
the serpentinite as a rock-forming mineral, pref-
erably in lherzolitic and pyroxenitic rocks. The
source for the titanium lies in the breakdown of
titanian tschermaks component of the magmatic
clinopyroxene (TROMMSDORFF and Evans, 1980;
Piccarpo et al., 1988). The lower stability limit of
ticl assemblages is close to the lower stability limit
of forsterite (Evans et al.,, 1976; TROMMSDORFF
and Evans, 1980) and lies at 3000 bars at tem-
peratures above ~370 °C. As ticl breaks down
to olivine + geikielite at 3 kb and ~520 °C
(Trommsporrr and Evans, 1980) its stability field
may have a width of about 150 °C.

The conditions of ticl formation may be a use-
ful indicator of the late stages of the pre-oceanic
retrograde evolution as well as of the climax of
Alpine metamorphism.
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FEDOZ GABBRO DYKES

East of Monte Braccia (localities Val Fiiraas and
Alpe Girosso) up to 50 cm thick dykes of Fedoz
gabbro have been detected within the Malenco
ultramafics. These dykes occur within some tens
of meters from the contact of the ultramafics and
are in continuation at Alpe Girosso with the main
gabbro intrusion. Although some shearing has
taken place a Ur-breccia is missing in the whole
area of Monte Braccia. The dykes are discordant
to the layered structure in cumulate pods (Fig. 3).
The dykes frequently show a ductile flaser texture
(pre-Alpine). In thin section the same pre-Alpine
retrograde history as for the main gabbro body is
observed. Ductile deformation of clinopyroxene
and plagioclase is followed by recrystallization of
diopside and plagioclase Ang,. During further
pre-Alpine retrogression pargasite and perhaps
spinel (now chlorite) dominate. The first serpen-
tinization in the surrounding ultramafics was ac-
companied by marginal rodingitization of the
dykelets with overgrowth of grossular, diopside
and chlorite over the preexisting mineralogy and
over the flaser texture. Apart from elements that
are mobile during rodingitization the bulk chem-
istry of the gabbro dykes is identical to that of the
Fedoz gabbro. The same holds for their mineral
chemistries (work in progress).

The fact that Fedoz gabbro still preserves pri-
mary intrusive contacts with both Margna base-
ment and Malenco ultramafics demonstrates that
both units were, during the time of gabbro intru-
ston, in close juxtaposition with the Malenco ul-
tramafics forming the substratum of the Margna
crust.

Fig. 3 Relations at outcrop Val Fiiraas, east of Monte
Braccia (see Fig. 2). Spi = spinel layering cut by dunite
(DU), Px = pyroxenite layers, FG = Fedoz gabbro dykes
with rodingitized (R) rims. Ti—Cl refers to titanian clino-
humite in extensional cracks. Drawn from the field.
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OPHICARBONATE ROCKS

They occur in several localities along the margins
and within the Malenco serpentinite. They form
breccias with serpentinite components embedded
in a matrix of carbonates, mostly calcite but also
dolomite, or veined rocks with calcite fillings of-
ten occurring in several systems of extensional
fissures. There is general agreement that these
types of ophicarbonates are rapidly formed
deposits above, or fissure fillings within, the frac-
tured ultramafic ocean floor respectively (LE-
MOINE et al., 1983; BErRNoOULLI and WEISSERT,
1985). Stable isotope signatures of the carbonates
from veins and breccias of the ophicarbonate
suite in Val Malenco are clearly marine (Poz-
ZORINI, in prep.). This is also partly true for the
stable isotopes of antigorite within the compo-
nents of the ophicarbonate breccias. These com-
ponents are massive or schistose with a genera-
tion of antigorite predating ophicarbonate for-
mation and representing probably antigoritiza-
tion during mantle uplift below a continental
margin. From the most prominent ophicarbonate
occurrence of Val Malenco, forming a several km
long and tens to hundreds meter wide SE-NW
trending vertical zone north of Monte Disgrazia
(Fig. 2; TROMMSDORFF and Evans, 1977), an asso-
ciation of Fe~Cu-Ni-Zn sulfide deposits has been
described (DE Caprtani et al., 1981). The entire of
the phenomena described here in connection with
ophicarbonates has very likely evolved as a conse-
quence of mantie-denudation processes along the
Austroalpine continental margin. Stable isotope
compositions have been determined for Malenco
ultramafics by BURkHARD and O'NEIL (1988).
Relatively high 8D values (-42 to -34%.) and low
50 values (4.4-7.4%o) for antigorites from Ma-
lenco ultramafics outside the Bergell contact au-
reole were interpreted as strong evidence for
dominance of marine water during serpentiniza-
tion. If formation of antigorite is assumed to have
happened at about 400 °C, water/rock ratios of 0.2
result for the serpentinization in the eastern Ma-
lenco area. BURKHARD and O'NEIL (1988) also
analyzed carbonate that occurs in small amounts
within the Maienco serpentinite and aside from
ophicarbonate rocks. This carbonate also has
clear marine signatures of stable isotopes (3'°C =
-3.3 to -2.2%. PDB; 3"*0 = 10.3-14.9%). Finally
amphibole from the brecciated and metasoma-
tized contact zone between Malenco ultramafics
and Margna nappe, the Ur-breccia (8D = —3%o)
gives similar ocean water signatures as estab-
lished for antigorite from the adjacent ultramaf-
ics. These authors interpret this situation in that
serpentinization and metasomatism took place
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concurrently in presence of the same fluid prior to
orogeny and when Margna and Malenco units
were in close juxtaposition.

THE MONTE DEL FORNO OPHIOLITE UNIT

This unit (FERRARIO and MonTRASIO, 1976) occurs
between the eastern border of the Oligocene
Bregaglia intrusive and the western border of the
Malenco and Margna nappes (Fig. 1). Although
throughout affected by Alpine regional meta-
morphism and by the contact metamorphism of
the Bregaglia intrusive the Monte del Forno unit
still shows most features of an ocean floor se-
quence (PEReTTL, 1985). It consists of metabasaltic
rocks and their metamorphosed sedimentary
cover on top of a serpentinized mantle. Within the
thick metabasaltic suite pillow lavas and pillow
breccias are locally well preserved (MoONTRASIO,
1973). The sea floor hydrothermally altered part
of the mafic suite includes a several km long zone
with sulfide Fe—~Cu—Zn mineralizations (PERETTI
and KorpeL, 1986). Major and trace-element geo-
chemical data (Gaurschi, 1980) as well as the
Pb-isotopic signature of unaltered mafic rocks
(PeEreETTI and Korper, 1986) demonstrate their
MORB character. An additional mafic suite with
a somewhat more primitive Forno chemistry
(GautscHl, 1980) occurs south of Monte della
Disgrazia (Fig. 2). Both mafic suites are in direct
contact with the Malenco ultramafics. Their dykes
crosscut the ultramafics near their borders and
have become rodingitized subsequently. Thus,
there are at least two rodingitization events,
which concur with polyphasic serpentine growth
in the ultramafics. The Forno dykes are clearly
distinguishable from the Fedoz main gabbros and
dykes by their finer grain size, the lack of flaseri-
zation and less clearly on basis of their major
element and trace element chemistry (GAUTSCHI,
1980) which for many elements remains un-
changed during rodingitization (Evans et al.,
1981). The sedimentary cover of the mafic rocks
of the Forno unit (PErRETTI, 1985) begins with a
basal quartzite of up to 25 m thickness which may
represent metamorphosed radiolarian cherts. The
quartzite contains metamorphosed manganese
ore deposits (PeETERS et al., 1973; FERRARIO and
MonTrAsIO, 1976) and thin greenschist and calc-
silicate intercalations. The quartzite is overlain by
metapelites and finally by diopside-quartz schists.
Although no stratigraphic age for the whole suite
can be established, this metasedimentary se-
quence is perfectly analogous to Jurassic to
Cretaceous ophiolites plus sedimentary cover in
other parts of the Alps.
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Post-Variscan, pre-Alpine history of the
Malenco-Margna system

Our data from the field unequivocally demon-
strate that Malenco ultramafic rocks formed the
lithospheric subcontinental mantle below the
Margna basement during pre-Alpine, post-Varis-
can times. Proof for this is the post-Variscan in-
trusion of tholeiitic Fedoz gabbro which, at Monte
Braccia, still crosscuts both the Malenco ultramaf-
ics and the Margna rocks. Most of the Fedoz gab-
bro crystallized within the lower crust of the Mar-
gna unit as a partly layered complex. After this
intrusion the Malenco mantle, the lower Margna
crust and the Fedoz gabbro underwent various
stages of retrograde metamorphism. Ductiie de-
formation of clinopyroxene and plagioclase led to
a flaser-texture of the gabbro prior to static re-
crystallization, both under granulite facies condi-
tions. This recrystallization produced equigranu-
lar domains of diopsidic clinopyroxene and of
plagioclase (Any,) after the preexisting flaser min-
erals. Very high grade conditions in the Margna
basement with incipient melting of pelites within
meters from the gabbro contacts and spinel peri-
dotite facies conditions in the Malenco ultrama-
fics also correspond to granulite facies. Fixpoints
are along the pre-Alpine trajectory of retrograde
metamorphism: a coronitic stadium (T ~ 800 °C,
GaurtscHi, 1980) in the metagabbro with coronas
about olivine and about ilmenite; a stage in am-
phibolite facies with coronitic garnet and amphi-
bole (pargasitic to tschermakitic) growth; a stage
of antigorite (+ diopside and perhaps titanian
clinohumite) growth (< 520 °C, Evans et al., 1976)
in the ultramafics with concomitant rodingitiza-
tion of flaserized gabbro dykes, corresponding to
greenschist facies (HERMANN et al., 1993).

It is possible that the origin of the breccia be-
tween the Margna and Malenco units (Ur-brec-
cia) predates serpentinization of the Malenco
mantle. As reasons may be taken that, at the time
of breccia formation, the ultramafics (compo-
nents) behaved relatively brittle and the Margna
gneisses (matrix) relatively ductile, and that the
same oceanic water serpentinized and metasoma-
tized ultramafics and breccia respectively.

Partly serpentinized Malenco mantle then be-
came exposed at the Tethyan ocean floor. So far,
no proof can be given for a corresponding expo-
sure of Fedoz gabbro. Fractures within the newly
formed serpentinitic ocean floor were filled with
calcite and ophicarbonate breccias were rapidly
formed near the roof of the fractured mantle.
Sulfide deposits within the ophicarbonate suite
mark the increased oceanic hydrothermal activity
during or shortly after ophicarbonate deposition.
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The serpentinites and ophicarbonate deposits
then became transsected by fine-grained basaltic
dykes and overlain by a suite of mafic volcanics
and pillow lavas, part of the Forno complex.
Chemical and isotopic characteristics of these
mafics are those of MORB (Gautschi, 1980;
PererTr and KorpeL, 1986). Abundant slices of
mylonitized Margna basement with Fedoz gabbro
and of metacarbonate rocks in between the Forno
suite and the Malenco ultramafics occur at Alpe
Zocca and south of Val Sissone (MonTRrASIO and
TroMMSDORFFE, 1983). This would nicely fit into
the scenario of mantle denudation but so far we
were unable to prove, whether this imbricate
structure is due to Alpine or pre-oceanic tecton-
ics.

Roughly parallel to the exhumation of the
Malenco unit went the breaking up of the more
distal continental basement of the Margna unit
with deposition of Jurassic breccias on the Trias-
sic platform sediments. Upper Jurassic radiolari-
an cherts with manganese nodules and flyschoid
Cretaceous sediments complete the cycle of
Mesozoic sedimentation on top on the Margna
(HerMANN, 1991).

Discussion and conclusions
PRE-OCEANIC STAGE

Post-Variscan, late Paleozoic mafic intrusions
into the Lower Austroalpine and Southalpine
crust have been attributed to partial melting of
rising asthenosphere in connection with litho-
spheric extension beneath an extending crust
(VosHAGE et al., 1990; Quick et al., 1992; for a re-
view see DaL Piaz, 1993). Correspondingly, the
relatively well constrained history of the Malen-
co-Margna system may be used to construct ten-
tative schemes (Fig. 4A, B) for the situation
around the time of gabbro intrusion (i.e. late
Paleozoic to Jurassic). If a depth of intrusion is
accepted at somewhat above 20 km (from Gaut-
schi's value of about 6.5 kb for the granulitic
reequilibration) then this depth also marks the
position of the crust to mantle boundary. In this
case the intruded Adriatic crust was already
thinned. If an asthenospheric mantle source is as-
sumed for the primary melts of the Fedoz gabbro
suite, as suggested from the bulk rock chemistry,
it must be inferred that during early extensional
stages the asthenospheric mantle under the future
Adria plate underwent upwelling in combination
with lithospheric thinning (Piccarpo et al., 1992,
1993) and progressive partial melting on decom-
pression.
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Fig. 4 Possible situation during intrusion and during
flaserization of Fedoz gabbro. A) Intrusion of gabbro at
the base of thinned Adria crust. B) Ductile flaserization
of the gabbro in a low angle, extensional fault system.
AC = Adria crust; AM = Asthenospheric mantle; IF =
Fedoz gabbro; LM = Lithospheric mantle.

Taking into account all the petrographic and geo-
logical-structural features, it can be concluded
that early tholeiitic melts have intruded the ex-
tending lithosphere of the future Adria plate
along the crust-mantle contact whereas there is
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evidence that the later MORB type melts (i.e. the
Forno basalts) have been intruded subsequently
when the Malenco lithospheric, subcontinental
mantle was already exposed on the seafloor.

An active tectonic environment for the time
after gabbro intrusion must be postulated from
the granulitic, ductile flaserization of the gabbro.
We preferred to link this flaserization with ductile
shearing caused by extensional faulting of the
Adriatic crust (Fig. 4B). The schemes in figures 4
and 5 take account of the fact that the known
Fedoz gabbro was not exposed to the earth sur-
face during the pre-Alpine rifting.

JURASSIC SCENARIO

The field data presented in this paper permit to
construct a scenario of the Austroalpine conti-
nental margin during the Jurassic (Fig. 5): Partly
serpentinized mantle (SE) forms the Tethyan
ocean floor. These mantle rocks are part of the
former Austroalpine subcontinental mantle that
became denudated through normal faulting and
ductile detachment. Ophicarbonate breccias
(OC) in fractures and on top of the mantle and
Jurassic breccias (JB) at the margin and on top of
the Austroalpine continent mark the broken up
surface of the thinned Adriatic plate. The basin
east of Margna indicates the south-end of the
northwards opening Platta ocean, which joins the
Forno basin north of the ending Margna peninsu-
la (see also LINIGER, 1992). West dipping normal
folds occur along the continental margin of the
Forno-Platta basin. East dipping, high angle nor-
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Fig. 5 Jurassic scenario for the Malenco region. 'E’ and

'W' correspond to the inferred, approximate directions

east and west. FG = Fedoz gabbro, SE = serpentinized ex-subcontinental lithosphere, OC = ophicarbonate rocks in
fracture zones and on top of the ultramafics. The fractured Margna and Austroalpine rocks carry Jurassic breccias

(JB). East of Margna the southwards ending basin of the
Austroalpine crust.

Platta ocean is indicated crosses mark granulitic lower



200

mal faults occur within the Austroalpine. Low
angle detachment faults control the Austroalpine
margin (Frorrzremv and EBErLL, 1990) and use
partly the crust-mantle interface (Ur-breccia, U)
to unroof the lithospheric, subcontinental mantle.
Fedoz gabbro and surrounding Margna rocks are
on their decompressional, retrograde metamor-
phic path caused by the faulting away of the Aus-
troalpine continent.

The situation as outlined in this discussion
bears similarities with other regions in the Alps.
As early as 1917 Staus has compared the Margna
and Dt. Blanche nappes (Fig. 1) on basis of their
lithologies and tectonic positions. In particular,
the Permian gabbro of Mt. Collon in the Dent
Blanche nappe has been compared with the Fe-
doz gabbro by Staus (1917) and GauTscai (1980).
The gabbro masses of Mt. Collon and Matterhorn
have been studied by DAL Piaz et al. (1977) and
DAL Piaz and Ernst (1978), who pointed out the
sub-alkaline character with olivin-tholeiite affini-
ty of the primary melts, their mantle origin (initial
Sr ratios < 0.704) and the late Paleozoic age (248
m.y.} of emplacement. DAL Piaz et al. (1977) in-
terpreted the Dt. Blanche gabbros as products of
proto-Alpine extensional processes which led to
the thinning of the Hercynian continental crust
and to the subsequent opening of the Mesozoic
(Tethyan) ocean basin. Antigorite serpentinites
with fractures of ophicarbonate and overlaying
ophicarbonate rocks containing components of
platform sediments (DRIESNER, 1991, 1993) occur
in middle Val d'Aosta near Chatillon (ELTER,
1987). The serpentinites bear striking similarities
to those from Val Malenco and they most likely
represent denudated and rifted subcontinental
mantle.

Large peridotite-serpentinite units in the
Western and Ligurian Alps (i.e. Lanzo and Erro-
Tobbio) and Northern Apennine (i.e. External
Ligurides) show overall similar characteristics
and are close to Austroalpine crust. They have
been interpreted as lithospheric mantle emplaced
at the sea-floor of the Liguria-Piemont basin dur-
ing early stages of continental breakup (Lanzo:
PoGNANTE et al., 1985; and N-Lanzo; BODINIER et
al., 1991; Erro-Tobbio: Piccarpo et al., 1990,
1992; Vissers et al., 1991; External Ligurides:
Piccarpo, 1977, Piccarbo et al., 1990, 1992;
RAMPONE, 1992). The P-T evolution of the Liguri-
an lherzolites during rifting has been related in
particular to progressive unroofing of litho-
spheric, subcontinental mantle forming the foot-
wall of a mantle scale, low angle, extensional de-
tachment zone (VIssers et al., 1991; PicCARDO et
al., 1992). Taking into account the vast evidence
for pre-oceanic, extensional tectonics in the mar-
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ginal regions of the Adria plate (DaL Piaz and
Ernst, 1984; Hopces and Fountamn, 1984;
Hanpy, 1987; Brobpie and Rurter, 1987, 1989;
BencioLint, 1989; LARDEAUX and Sparra, 1991;
Dat P1az, 1993 (and references therein); Quick
et al., 1993; FrorrzueiM and EBerLI, 1990; BER-
NouLLl et al., 1990; LEmoiNe and TrUMPY, 1987),
and the indications of sea-floor emplacement of
lithospheric subcontinental mantle in the Liguri-
an basin as discussed above; and in view of the
field evidence for lithospheric, subcontinental
mantle denudation presented here for the Malen-
co region, we propose that denudation of Adriatic
lithospheric, subcontinental mantle and its expo-
sure in the Tethyan ocean basin was a major
process during pre-Alpine rifting.

Acknowledgements

This paper has benefiited from constructive reviews by
Danijel Bernoulli, Niko Froitzheim, Jorg Hermann,
Othmar Miintener, Peter Spillmann, Rudolf Trimpy
and especially Giorgio Vittorio Dal Piaz. Diego Poz-
zorini, Marco Scambelluri and Daniela Sidler helped at
various stages during preparation of the manuscript and
Claudia Biichel prepared and repaired with great pa-
tience the typescript. To all these friends we wish to
express our sincere thanks. We also acknowledge sup-
port by Schweizerischer Nationalfonds (20-30768.91 to
V. Trommsdorff) and Italian MURST and CNR (to G.
Piccardo).

References

BANGERTER, G.C. (1978): Strukturen und Metamor-
phose im Grenzbereich des Malencoserpentins und
der Margna-Decke im Gebiet um den Monte Brac-
cia. Unpubl. Diplomarbeit Universitéit Ziirich.

BencioLint, L. (1989): Evoluzione tettonico-metamor-
fica del corpo ultramafico di Arpisson (Lembo Au-
stroalpino del Mt. Emilius, Alpi occidentali). Ph. D.
thesis, Universitit Padua.

BEnNING, L. (1990): Metamorphose und Struktur im
Malenco-Serpentinit und in der Margna- und Sella-
Decke, zwischen Pass d'Ur und Pizzo Scalino (Val
Malenco, Prov. di Sondrio, [talien) (Teil 2). Unpubl.
Diplomarbeit ETH Zirich.

BernouLLl, D, and WEIsSErT, H. (1985): Sedimentary
fabrics in Alpine ophicalcites, South Pennine Arosa
zone, Switzerland. Geology 13, 755-758.

BernouiLl, D., BErTOTT, G. and Froirzaem, N. (1990,
in press): Mesozoic faults and associated sediments
in the austroalpine-south alpine continental margin.
Mem. Soc. Geol. It., 45.

BerToTTI, G. (1991): Early Mesozoic extension and Al-
pine shortening in the Western Southern Alps: The



EMPLACEMENT OF ADRIATIC LITHOSPHERE DURING PRE-ALPINE RIFTING

geology of the area between Lugano and Menaggio
(Lombardy, Northern Italy). Mem. Sci. Geol., Univ.
Padova v. XLIII, 17-123.

Bopinier, J.L., Menzies, M.A. and THIRLWALL, M.F.
(1991): Continental to oceanic mantle transition -
REE and Sr-Nd isotopic geochemistry of the Lanzo
Lherzolite Massif. J. Petrol., Special Lherzolite Is-
sue, 191-210.

Bonannon, R.G., Nagser, C.W., Scumipr, D.L. and
ZIMMERMANN, R.A. (1989): The timing of uplift, vol-
canism and rifting peripheral to the Red Sea: a case
for passive rifting? J. Geophys. Res., 94, 1683-1701.

Bormrot, G., GIRARDEAU, J. and Kornerosst, J. (1988):
41, Rifting of the Galicia margin: Crustal thinning
and emplacement of mantle rocks on the seafloor.
In: "Proc. ODP, Sci. Results", 103, editors: G.
Bomror, EL. WiNTERER et al.,, 741-756. Ocean
Drilling Program, College Station, TX.

BoiLLor, G., BEsLIER M.-O. and Comas, M. (1991): Seis-
mic image of undercrusted serpentinite beneath a
rifted margin. Terra Nova, 4, 25-33.

Boupier, F. and Nicoras, A. (1985): Harzburgite and
Lherzolite subtypes ophiolitic and oceanic environ-
ments. Earth and Planet. Sci. Letters 76, 84-92.

Bropie, K.H. and Rurrer, E.H. (1987): Deep crustal
extensional faulting in the Ivrea zone of Northern
Italy. Tectonophysics, 140, 193-212.

Bropig, K.H., Rex, D. and Rutrer, E.H. (1989): On the
age of deep crustal extensional faulting in the Ivrea
zone, Northern Italy. Geol. Soc. London, Spec.
Publ., 45, 203-210.

BuUrkHARD, D. and O'NEmn, J. (1988): Contrasting ser-
pentinization processes in the eastern Central Alps.
Contrib. Mineral. Petrol, 99, 498-506.

CornELIUS, H.P. (1923): Uber einige Gesteine der
"Fedozserie" aus dem Disgraziagebiet (Rhitische
Alpen). Neues Ib. f. Min., Geol. u. Paliont., Beilage
Band LII, Abteil A., 1-50.

CorneLs, H.P. (1935): Geologie der Err-Julier-
Gruppe. I. Teil. Beitr. z. geol. Karte der Schweiz, 70,
21 p.

DaL Piaz, G.V. (1969): Filoni rodingitici ¢ zone di rea-
zione a bassa temperatura al contatto tettonico tra
serpentine e rocce incassanti nelle Alpi occidentali
italiani. Rendiconti Soc. Min. e Pet. Italiana 25, 263—
315.

DaL Piaz, G.V., DE VeccHi, G.P. and Hunziker, J.C.
(1977): The Austroalpine layered gabbros of the
Matterhorn and Mt. Collon-Dents de Bertol.
Schweiz. Mineral. Petrogr. Mitt. 57, 59-88.

Dar Piaz, G.V. (1993): Evolution of Austroalpine and
Upper Pennine Basement in the North-Western
Alps from Variscan Convergence to Post-Variscan
Extension. In: voN RAUMER, J.F. and NEUBAUER, F,
(eds): "The pre-Mesozoic Geology in the Alps",
Springer Verlag.

DaL P1az, G.V. and ErnsT, W.G. (1978): Areal geology
and petrology of eclogites and associated meta-
basites, of the Piemonte ophiolitic nappe, Breuil-
St. Jacques area, Italian Western Alps. Tectono-
physics, 51, 99-126.

De Caritant, L., FERRARIO, A. and MoONTRASIO, A.
(1981): Metallogeny of the Val Malenco metaophi-
olitic complex, Central Alps. Ofioliti, 6 (1), 87-100.

Driesner, TH. (1991): Petrographische und isotopen-
geochemische Studien an Ophikarbonaten der Stein-
briiche von Chitillon und St. Denis, Aosta Tal,
Italien. Unpubl. Diplomarbeit Universitat Ziirich.

DriesNer, TH. (1993): Aspects of petrographical, struc-
tural and stable isotope geochemical evolution of
ophicarbonate breccias from ocean floor to subduc-

201

tion and uplift: an example from Chatillon, Middie
Aosta Valley, Italian Alps. Schweiz. Mineral. Pe-
trogr. Mitt. 73, 69-84.

ELTter, G. (1987): Carte géologique de la Vallée
d'Aoste. Cons. nat. delle Ricerche, Centro di studic
sui problemi dell orogeno delle Alpi occidentali.
S.E.L.C.A. Florence.

Exrnst, W.G. (1978): Petrochemical study of some lher-
zolitic rocks from the Western Alps. J. Petrol. 19,
341-392.

Evans, B., JoHANNES, W., OTERDOOM, H. and TRoOMMS-
DORFF, V. (1976): Stability of Chrysotile and Anti-
gorite in the Serpentinite Multisystem. Schweiz.
Mineral. Petrogr. Mitt. 56, 79-93.

Evans, B., TrRoMMsDoORFF, V. and Goigs, G.G. (1981):
Geochemistry of high grade eclogites and metarod-
ingites from the Central Alps. Contrib. Min. Petrol.
76, 301-311.

FERRARIO, A. and MoNTrASIO, A. (1976): Manganese
Ore Deposit of Monte del Forno. Its Stratigraphic
and Structural Implications. Schweiz. Mineral.
Petrogr. Mitt. 56, 377-385.

Froirzeem, N. and EBerL1, G. (1990): Extensional de-
tachment faulting in the evolution of a Tethys pas-
sive continental margin, Eastern Alps, Switzerland.
Geol. Soc. America Bulletin, 102, 1297-1308.

Gautschi, A. (1979): Geologie und Petrologie des Fe-
dozer Gabbros (Ostliche Zentralalpen: Prov. Son-
drio, N-Italien/ Kt. Graubiinden, Schweiz). Schweiz.
Mineral. Petrogr. Mitt. 59, 423427,

GAuTscHi, A. (1980): Metamorphose und Geochemie
der basischen Gesteine des Bergeller Ostrandes.
Ph.D. Thesis ETH Ziirich, No. 6672, 170 p.

GuntLr, P. (1987): Geologie und Petrographie der Mat-
gna siidlich des Silsersees, Oberengadin. Unpubl.
Diplomarbeit Universitét Ziirich.

GunrtLy, P. and Liniger, M. (1989): Metamorphose in
der Margna-Decke im Bereich Piz da la Margna und
Piz Fedoz (Oberengadin). Schweiz. Mineral. Pe-
trogr. Mitt. 69, 289-301.

Hanpy, M.R. (1987): The structure, age and kinematics
of the Pogallo Fault Zone, a deep crustal dislocation
in the Southern Alps, northwestern Italy. Eclogae
geol. Helv., 80, 593-632.

Hermany, J. (1991): Geologische Untersuchungen siid-
lich der Berninagruppe, Teil I. Unpubl. Diplomar-
beit ETH Ziirich.

HerMANN, J. and MUNTENER, O. (1992): Strukturelle
Entwicklung im Grenzbereich zwischen dem penni-
nischen Malenco-Ultramafitit und dem Unter-
ostalpin (Margna- und Sella-Decke). Schweiz. Mine-
ral. Petrogr. Mitt. 72, 225-240.

HEerMANN, J., MUNTENER, Q., Piccarpo, G.B., SCAMBEL-
LURI, M. and TroMMsSDORFF, V. (1993): Pre-alpine
extension recorded by deep gabbroic intrusions: ev-
idence from the Fedoz metagabbro (Val Malenco,
Italy). Terra Abstracts, Vol. 5, p. 426.

Hopces, A K. and Fountaly, D.M. (1984): Pogallo
line, South Alps, northern Italy, an intermediate
crustal level, low angle normal fault? Geology, 12,
151-155.

HonecGer, K. (1977): Der Malencoserpentinit und
seine Nachbargesteine Ostlich der Kette Pizzo Cas-
sandra — Pizzo Rachele. Unpubl. Diplomarbeit ETH
Zirich.,

HooOGERDULIN STRATING, E. (1991): The evolution of the
Piemonte-Ligurian ocean. A structural study of
ophiolite complexes in Liguria (NW Italy). Instituut
voor Aardwetenschappen der Rijksuniversiteit
Utrecht (Geologica Ultratraiectina No. 74), p. 127.

LarpEAUX, J.M. and Seaira, M.L. (1991): From granu-



202

lites to eclogites in the Sesia zone (Italian Western
Alps): a record of opening and closure of the Pie-
mont ocean. J. metamorphic Geol., 9, 35-59.

LEmoOINE, M., BourBon, M., Graciansky, P.C. pe and
Letorir, R. (1983): Isotopes du Carbone et de
l'oxvgeéne de calcaires associées a des ophiolites
(Alpes occidentales, Corse, Apennin): Indices pos-
sibles d'un hydrothermalisme océanique téthyrien:
Rev. Geol. Dynamique et de Geogr. Phys. 24, 305~
314.

LEMOINE, M., TricarT, P. and Boinrot, G. (1987): Ul-
tramafic and gabbroic ocean floor of the Ligurian
Tethys (Alps, Corsica, Apennines): In search of a
genetic model. Geology, 15, 622-625.

LeEmMoINE, M. and TrUMFPY, R. (1987): Pre-oceanic rifting
in the Alps. Tectonophysics, 133, 305-320.

LiNiGER, M. and GunTLr, P. (1988): Bau und Geschichte
des zentralen Teils der Margna-Decke. Schweiz.
Mineral. Petrogr. Mitt. 68, 41-54.

LiNiGER, M. (1992): Der ostalpin-penninische Grenzbe-
reich im Gebiet der nordlichen Margna-Decke.
Ph. D. thesis ETH Ziirich, No. 9769, 186 p.

MEeLLINI, M., TROMMSDORFF, V. and CoMPAGNONI, R.
(1987): Antigorite polysomatism: behaviour during
progressive metamorphism. Contrib. Mineral. Pe-
-trol. 97, 147-155.

MonTtrAsIO, A. (1973): Strutture a pillow nelle amfi-
boliti del M. Forno (Pennidico medio — Alpi Re-
tiche). Atti Acc. Naz. Lin. Rend. Sci. fis. mat. nat. 54,
114-123.

MonTrasio, A. (1984): The "Lanzada Scermendone
zone": An ophiolitic unit of continental affinity in
the southern Rhaetic Alps (Prov. Sondrio, Itaiy).
Schweiz. Mineral. Petrogr. Mitt. 64, 466-472.

Montrasio, A. and TRoMMsDORFF, V. (1983): Guida
all'escursione del massicio di Val Masino-Bregaglia
Val Malenco occidentale, Sondrio. Mem. Soc. Geol.
Ital. 26, 421434,

MUNTENER, O. (1991):. Geologische Untersuchungen
siidlich der Berninagruppe, Teil. II. Unpubl. Di-
plomarbeit ETH Ziirich.

NicoLas, A. (1969): Tectonique et métamorphisme dans
les Stura di Lanzo (Alpes Piémontaises). Schweiz.
Mineral. Petrogr. Mitt. 49, 359-377.

PereTTL, A. (1985): Der Monte-del-Forno-Komplex am
Bergell-Ostrand: Seine Lithostratigraphie, alpine
Tektonik und Metamorphose. Eclogae geol. Helv.
78, 23-48.

PereTTI, A. and KorpEL, V. (1986): Geochemical and
lead isotope evidence for a mid-ocean ridge type
mineralization within a polymetamorphic ophiolite
complex (Monte del Forno, North Italy / Switzer-
land). Earth and Planetary Science Letter 80, 252—
264.

PeETERS, T71., ScHwWANDER, H. and TROMMSDORFF, V.
(1973): Assemblages among tephroite, pyroxman-
gite, rhodochrosite, quartz: experimental data and
occurrences in the Rhetic Alps. Contrib. Mineral.
Petrol. 42, 325-332.

PETERS, T1. (1968): Distribution of Mg, Fe, Al, Ca and
Na in coexisting olivine, orthopyroxene and clino-
pyroxene in the Totalp serpentinite (Davos, Swit-
zerland) and in the Alpine metamorphosed Malenco
%erp%ntinite (N. Italy). Contrib. Mineral. Petrol. 18,

=75.

Piccarpo, G.B., Messiga, B. and Civmino, F. (1980):
Antigorite serpentinites and rodingites of the Voltri
Massif: some petrological evidence for their evolu-
tion. Ofioliti 5, 111-114.

Piccarpo, G.B., MEssica, B. and Vannucer, R. (1988):
The Zabargad peridotite-pyroxenite association:

V. TROMMSDORFF, G.B. PICCARDO AND A. MONTRASIO

petrological constraints on its evolution. Tectono-
physics, 150, 135-162.

Piccarpo, G.B., RamMponE, E. and ScaMBELLURI, M.
(1988): The Alpine evoluticn of the Erro-Tobbio
peridotites (Voltri Massif, Ligurian Alps): some
field and petrographic constraints. Ofioliti 13, 169-
174.

Piccarpo, G.B., Ramrong, E. and Vannuccr, R. (1990):
Upper mantle evolution during continental rifting
and ocean formation: evidences from peridotite
bodies of the western Alpine-northern Apennine
system. Vol. spec. Soc. Geol. It 1, 323-333,

Piccarpo, G.B., Ramrong, E. and Vannucc, R. (1992):
Ligurian peridotites and ophiolites: from rift to
ocean formation in the Jurassic Ligure-Piemontese
basin. Acta Vule. 2, 313-325.

Piccarpo, G.B., RamMprong, E., Vannucal, R., SHIMIZU,
N., OrroLivi, L. and Botrazzi, P. (1993): Mantle
processes in the sub-continental lithosphere: The
case study on the rifted sp-lherzolites of the Zabar-
gad Island (Northern Red Sea). European J. Min-
eral. (in press).

Piccarbo, G.B., Ramrong, E., Vannucal, R. and Cim-
MINO, F. (1993): Le peridotiti di mantello e i processi
evolutivi del sistema litosfera-astenosfera: esempi
da rift passivi fossili (Bacino Giurassico Ligure-Pie-
montese) ed attuali (Mar Rosso Settentrionale).
Mem. Soc. Geol. It. (submitted).

PocNanTE, U., Rosii, U. and Toscani, L. (1985): Pe-
trology of ultramafic and mafic rocks from the Lan-
zo peridotite body (Western Alps). Lithos 18, 201-
214.

QuEervam, F., be (1938): Zur Kenntnis des Titanklino-
humites (Titanolivin). Schweiz. Mineral. Petrogr.
Mitt. 18, 591-604.

Quick, J.E., SmNicol, S., NeGrInI, L., DEMARcHI, (5. and
MaAYER, A. (1992): Synmagmatic deformation in the
underplated igneous complex of the Ivrea-Verbano
zone. Geology 20, 613-616.

Rawmpong, E. (1992): Studio petrologico e geochimico
delle peridotiti dell' Appennino Settentrionale. Ph.
D. Thesis, University of Genova.

Scaumacuer, Ta. (1975): Geologisch-petrographische
Untersuchungen des Malenco-Serpentinits und der
Margnagesteine bei Chiareggio. Unpubl. Diplom-
arbeit ETH Ziirich.

SibLER, D. (1990): Strukturen und Metamorphose in
der Margna- und Sella-Decke und im Malenco-Ser-
pentinit zwischen Pass d'Ur und Pizzo Scalino
(Provinz Sondrio, ITtalien) I. Unpubl. Diplomarbeit
Universitat Ziirich.

SipLER, D. and Benning, L. (1992): Die Entwicklung
der Strukturen im Sitidosten der Margna-Decke und
des Malenco-Ultramafitits (Provinz Sondrio,
Italien). Schweiz. Mineral. Petrogr. Mitt. 72, 57-68.

SpiLLMANN, P. (1989): Struktur und Metamorphose der
Margna-Decke im obersten Valmalenco. Schweiz.
Mineral. Petrogr. Mitt. 69, 147-150.

SpiLLMANN, P. and Buchi, HJ. (1993): The Pre-Alpine
Basement of the Lower Austroalpine Nappes in the
Bernina Massif (Grisons, Switzerland; Valtellina,
Italy). In: von Raumer, L.F. and NEuBauEegr, F.
(eds): "The pre-Mesozoic Geology in the Alps”,
Springer Verlag. .

Staus, R. (1917): Das Aquivalent der Dentblanche-
decke in Biinden. Vjschr. Natf. Ges. Ziirich 62, 349-
370.

Staus, R. (1921): Zur Tektonik der penninischen
Decken in Val Malenco. Jhb. Natf. Ges.
Graublindens, 25 p.

TrOMMSDORFF, V. and Evans, B. (1972): Progressive



EMPLACEMENT OF ADRIATIC LITHOSPHERE DURING PRE-ALPINE RIFTING

metamorphism of antigorite schist in the Bergell to-
nalite aureole (Italy). Am. J. Sci., 272, 423-437.

TroMMSDORFF, V. and Evans, B. (1974): Alpine Meta-
morphism of Peridotitic Rocks. Schweiz. Mineral.
Petrogr. Mitt. 54, 333-352.

TromMsDORFF, V. and Evans, B. (1980): Titanian hy-
droxyl-clinohumite: formation and breakdown in
antigorite rocks (Malenco, Italy). Contrib. Mineral.
Petrol. 72, p. 229-242.

TroMMSDORFF, V. and Evans, B.W. (1977): Antigorite
ophicarbonates: Contact metamorphism in Val Ma-
lenco. Contrib. Mineral. Petrol. 62, 301-312.

Vissers, RLM., DrUrY, M.R., HOOGERDULIN STRATING,
E.H. and VAN DeErR WaL, D. (1991): Shear zones in
the upper mantle: a case study in an Alpine lherzo-
lite massif. Geology, 19, 990-993.

VoGGENREITER, W., HotzL, H. and MEechiEg, J. (1988):
Low-angle detachment origin for the Red Sea rift
system? Tectonophysics, 150, 51-75.

203

VosHAGE, H., HorFrmMANN, A.W., MazzUcCCHELLL, M., Ri-
vaLENTI, G., SiNiGoI, S., Raczek, 1. and DEMARCHI,
G. (1990): Isotopic evidence from the Ivrea Zone for
a hybrid lower crust formed by magmatic underplat-
ing. Nature 347/6295, 731-736.

WERNICKE, B. (1981): Low-angle normal faults in the
Basin and Range Province — nappe tectonics in an
extending orogen. Nature, 291, 645-648.

WERNICKE, B. (1985): Uniform-sense normal simple
shear of the continental lithosphere. Canadian
Journal of Earth Sciences, v. 22, 108-125.

Manuscript received December 7, 1992; revised
manuscript accepted April 19, 1993.



SCHWEIZ MINERAL. PETROGR. MITT. 73, 1993 457

Erratum

From magmatism through metamorphism to sea floor emplacement
of subcontinental Adria lithosphere during pre-Alpine rifting
(Malenco, Italy)

by Volkmar Trommsdorff, Giovanni B. Piccardo and Attilio Montrasio
Schweiz. Mineral. Petrogr. Mitt. 73/2, 191-203

Fig. 5, p. 199
to be replaced by correct version:
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FORNO MALENCO A U STR O AL PI NE

GRANULITES

~ SPINEL
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Fig. 5 Jurassic scenario for the Malenco region. 'E' and 'W' correspond to the inferred, approximate directions
east and west. FG = Fedoz gabbro, SE = serpentinized ex-subcontinental lithosphere, OC = ophicarbonate rocks in
fracture zones and on top of the ultramafics. The fractured Margna and Austroalpine rocks carry Jurassic breccias
(JB). East of Margna the southwards ending basin of the Platta ocean is indicated crosses mark granulitic lower
Austroalpine crust.
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