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ABSTRACT

This structural and petrological study examines relationships between Alpine
deformation and metamorphism in the Camughera-Moncucco, Antrona and
northeastern Monte Rosa units, and it correlates major late stage deformation
structures, such as the Vanzone antiform and Simplon normal fault. D1/D2
deformation and related top-N or top-NW thrusting started under high-pres-
sure conditions (12.5-16 kbar) at relatively high temperatures (c. 620-700°C).
Petrological and structural data, together with published radiometric data, sug-
gest that top-SE shearing within the structural top of the high-pressure units in
the upper Penninic Alps is coeval with top-N or top-NW thrusting at their
structural base. This suggests differential ascent of high-pressure units relative
to the surrounding units during nappe stacking and associated crustal shorten-
ing. Barrovian metamorphism in the upper Penninic Alps is related to a first
phase of backfolding, active between c. 35 Ma and c. 29-26 Ma ago (D3). D3
involves dextral shearing, combined with top-WSW shearing and orogen-par-
allel extension. Unroofing by orogen-parallel extension delays cooling during
decompression and leads to isothermal decompression after the high-pressure
stage. Towards deeper structural levels in the east, D3 deformation becomes
progressively younger and prevailed at increasingly higher temperatures.
Hence, compared to the higher structural levels further west, the brittle-ductile
transition occurs later in the Ossola valley. Masera synform and Brevettola
antiform form an open fold pair and represent the eastern continuation of the
major Vanzone antiform (D4). Normal faulting across the Simplon line over-
laps in time with the formation of these major D4 backfolds. Displacement
along the Simplon normal fault decreases to insignificant values towards the
southeast. Contemporaneous dextral shearing, however, occurs within the
southern limbs of the Vanzone and Brevettola antiforms.

ZUSAMMENFASSUNG

Diese strukturelle und petrologische Arbeit untersucht die Beziehungen zwi-
schen alpiner Deformation und Metamorphose in den Camughera-Moncucco
und Antrona Einheiten sowie in der nordostlichen Monte Rosa Decke. Zu-
sitzlich werden grossraumige spitalpine Strukturelemente, wie die Vanzone
Antiform und die Simplon Abschiebung, in einen Zusammenhang gebracht.
Die D1/D2 Deformationsphase ist mit nach N oder NW gerichteten Uber-
schiebungen assoziiert, welche anfanglich unter Hochdruckbedingungen
(12.5-16 kbar) und relativ hohen Temperaturen (c. 620-700°C) aktiv waren.
Petrologische und strukturelle Daten, sowie publizierte radiometrische Daten,
vermuten, dass SE gerichtete Abschiebungen im oberen Teil der penninischen
Hochdruckeinheiten gleichzeitig mit nach NW gerichteten Uberschiebungen
an deren Basis aktiv waren. Dies legt es nahe, dass die Hochdruckeinheiten
wihrend der Deckenbildung und Krustenverkiirzung relativ zu den umgeben-
den Einheiten differentiell aufgestiegen sind. Die Metamorphose vom Bar-
row-Typ in den oberen penninischen Einheiten steht in engem Zusammen-
hang mit der ersten Riickfaltungsphase, welche nach ca. 35 Mio Jahren und
vor ca. 29-26 Mio Jahren aktiv war (D3). D3 beinhaltet dextrale Scherung,
kombiniert mit nach WSW gerichteter Scherung und Dehnung parallel zum
Orogen. Abnehmende Uberlagerungsmichtigkeit durch orogen-parallele
Dehnung verzogert die Abkiihlung wihrend der Dekompression und fiihrt zu
isothermaler Dekompression, nach dem Hochdruckstadium. Zu den tieferen
strukturellen Ebenen im Osten hin wird die D3 Deformation fortschreitend
jiinger und ist hoher temperiert. Der sprod-duktil Ubergang im Ossola Tal
fand deshalb zu einem spiteren Zeitpunk statt als in den héheren strukturel-
len Ebenen im Westen. Masera Synform und Brevettola Antiform bilden ein
offenes syn-D4 Faltenpaar, welches die ostliche Fortsetzung der Vanzone
Antiform reprisentiert. Der Versatz an der Simplon Abschiebung stirbt nach
Siidosten hin graduell aus. Gleichzeitige (syn-D4) dextrale Scherung ist aber in
den siidlichen Schenkeln von Vanzone Antiform und Brevettola Antiform zu
finden.

Introduction

For a long time high-pressure metamorphism in the upper
Penninic units of Western Switzerland was supposed to be of
Cretaceous age (e.g. review by Hunziker et al. 1992). Conse-
quently, parts of the tectonic structures observed west of the
Lepontine dome were correlated with a Cretaceous high-pres-

sure metamorphic event. Also, fast exhumation was widely be-
lieved to have occurred before the Tertiary (Steck & Hunziker
1994).

Recently, an increasing amount of isotopic studies, com-
bined with structural arguments, pointed towards a Tertiary
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a) Tectonic map of the western part of the Pen-
ninic Alps modified after “Tektonische Karte
der Schweiz” (Spicher, 1976) and outline of
the study area. The mapped mineral zone
boundaries characteristic for Barrovian meta-
morphism are: 1: sillimanite and staurolite
mineral zone boundaries after Niggli (1970),
2: staurolite mineral zone boundary after
Reinhardt (1966), 3: staurolite and sillimanite
mineral zone boundaries after Keller et al.
(2005a), albite-oligoclase: isograde after
Bearth (1958). The abbreviations of tectonic
units are: MR=Monte Rosa nappe. CM=Ca-
mughera-Moncucco unit, ZS=Zermatt-Saas
ophiolites, AN=Antrona ophiolites, PG=Port-
jengrat unit, ML=Monte Leone nappe,
AM=Aar Massive, GM=Gotthard Massive,
A=Antigorio nappe, PCZ=Pioda di Crana
zone, MA=Maggia nappe. BN=Grand St-
Bernhard nappe system, SL=Sesia zone,
BR=Berisal nappe

b) River system (black lines) and towns/villages
(grey shaded areas and circles, partly connect-
ed by roads). White areas: lakes, black trian-

age for high-pressure metamorphism in the Penninic units of
the Western Alps (Froitzheim et al. 1996; Gebauer 1999). In
the Western Alps west of the Lepontine dome re-equilibration
occurred under greenschist facies conditions and in the con-
text of backthrusting, dated as late Eocene to Early Oligocene
(Hunziker & Bearth 1969; Hunziker 1969; Barnicoat et al.
1995; Markley et al. 1998). This suggests that Tertiary-age
high-pressure metamorphism was immediately followed by
fast exhumation.

The studied area is situated southeast of the Simplon line
(Fig. 1) and at the eastern margin of the Lepontine dome
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gles: mountain peaks, parallel lines: passes.

(Merle et al. 1989), where the metamorphic zonation indicates
a metamorphic grade that increases downward and eastwards.
While the relatively higher structural units in the west reached
greenschist facies conditions during decompression (Bearth
1958; Colombi 1989; Frey et al. 1974, 1999), the relatively
lower units in the east reached Barrovian P-T conditions upon
decompression from the high-pressure stage (Engi et al. 2001a;
Keller et al. 2005a). Such along-strike changes in metamorphic
grade upon decompression suggest that the P-T history related
to a particular deformation phase may also change from west
to east and into the Lepontine dome.



From a regional point of view, there is a wealth of studies
on the structure and tectonics of the Camughera-Moncucco
(CM) unit and adjacent units (Blumenthal 1952; Bearth 1957a;
Reinhard 1966; Laduron 1976; Klein 1978; Steck 1984, 1987) in
the working area (Fig.1). At least 4 phases of deformation are
observed (Gosso et al. 1979; Milnes et al. 1981). Early shearing
and mylonitisation started under eclogite facies conditions in
the Monte Rosa unit and adjacent Furgg Zone (Keller &
Schmid 2001; Dal Piaz 2001). This nappe stacking continued
during D2, related to exhumation, since D2 deformation under
greenschist facies conditions is still associated with the same
kinematic regime (Keller & Schmid 2001). So far high-pres-
sure metamorphism was not yet documented in the underlying
CM unit. A major switch in the kinematic regime occurred
after D2, resulting in the formation of a first set of backfolds
(D3) and contemporaneous dextral shearing. A second back-
folding phase D4 formed the major Vanzone antiformal back-
fold (Bearth 1957a; Laduron 1976). However the location of its
axial trace becomes ambiguous towards the east. According to
Milnes et al. (1981) the Vanzone backfold is supposed to be-
come increasingly tighter towards the east, associated with a
complete transposition of older foliations. On the other hand,
Klein (1978) proposed open folding during D4 (his “Brevetto-
la antiform™) further to the east.

The relative timing and kinematics during the formation of
the major Vanzone antiform and normal faulting in the Sim-
plon fault zone, respectively, represent a second yet unre-
solved issue. Klein (1978) proposed that the Miocene-age Sim-
plon normal fault (Grasemann & Mancktelow 1993) postdated
the Vanzone antiform (and its eastern equivalent, the Brevet-
tola antiform), supposedly cutting its axial plane. Steck &
Hunziker (1994) argue along a similar direction and regard the
formation of both generations of backfolds (i.e. the D3 Misch-
abel and the D4 Vanzone folds) as Oligocene in age, and
hence predating the Simplon normal fault. Furthermore, these
authors associate the formation of both sets of backfolds with
dextral shearing that started as early as 35 Ma ago. A different
view is taken by Milnes et al. (1981) and Mancktelow (1992),
who propose that the formation of the Vanzone antiform is
contemporaneous with the formation of the Simplon normal
fault, and hence Miocene in age (Grasemann & Mancktelow
1993).

In summary, this study focuses on the gneissic units situat-
ed southwest of the Simplon line, and aims at revealing rela-
tionships between deformation and metamorphism. Thereby
examining as to how far Tertiary age high-pressure overprint
and associated deformation also affected the units southwest
of the Simplon line. Furthermore cause and nature of the late
Alpine Vanzone antiform are investigated. In the context of
late stage backfolding and possibly associated normal and/or
strike slip faulting, the mapping of the axial trace of the Van-
zone antiform in the vicinity of the Simplon normal fault and
the Centovalli fault zone turned out to be crucial regarding the
significance and the timing of these late Alpine structures.
New fission track data obtained from the area of the Ossola

valley (Hess 2003) provide additional constraints regarding the
latest stages of the exhumation history.

Geological setting

The Antrona ophiolitic unit separates the Monte Rosa nappe
and CM unit from each other. According to Schmid et al. (2004)
the three units are part of the Penninic and Sub-Penninic nappes
located southwest of the Lepontine dome and of the Simplon
line (Fig. 1). Due to S-vergent backfolding and associated axial
plunge towards SW the former nappe pile can be seen as a dis-
torted profile in map view (e.g. Klein 1978; Milnes et al. 1981;
Escher et al. 1997). The Sub-Penninic CM unit forms the core of
the Vanzone antiform (e.g. Bearth 1957, Fig. 1). Further west
the middle Penninic Monte Rosa nappe is overlain by the upper
Penninic Zermatt-Saas ophiolites (Fig. 1).

Zermatt-Saas ophiolites, Monte Rosa nappe, Antrona ophi-
olites and CM unit have experienced regional high-pressure
metamorphism (Frey et al. 1974, 1999; Keller et al. 2005a). Dur-
ing decompression upon the high-pressure stage the eastern
and structurally lower parts of the Monte Rosa nappe, the
Antrona ophiolites and the CM unit experienced amphibolite
facies metamorphism, whereas the western and structurally
higher part of the Monte Rosa nappe only underwent green-
schist facies overprint (Frey et al. 1974, 1999; Keller et al.
2005a). Bearth (1958) was the first to recognise this metamor-
phic zonation by mapping the albite-oligoclase boundary in the
study area (Fig. 1). This zonation indicates a metamorphic field
gradient, whereby temperatures increase eastwards and down-
wards. Temperatures estimated for the Antrona ophiolites of
the study area range between 600-700°C (Colombi 1989, his
Fig. 6-2E). Concerning the high-pressure stage in the Antrona
ophiolites, a minimum pressure around 14-16 kbars at
480-720°C is obtained (Colombi & Pfeifer 1986). Within the
CM unit several occurrences of staurolite and kyanite are
known (Merlyn 1977 his Fig. 14). However, according to Keller
et al. (2005a) the CM unit west of the Ossola valley reached P-T
conditions of about 12.5-16 kbar at 620-700°C during a high-
pressure stage. There, sillimanite grade at P-T conditions of
about 650°C at S kbar, was reached during almost isothermal
decompression and after the high-pressure stage (Fig. 1).

Mapping of the Boundaries between tectonic units

The tectonic boundaries drawn in this study (Fig. 2) follow in
great part those outlined in the new tectonic map of the West-
ern Swiss Alps (Steck et al. 1999, 2001), based on the principle
that Permo-Mesozoic cover rocks or ophiolitic remnants of
former oceanic crust define major nappe contacts. Deviations
of Figure 2 from the interpretation given in the new tectonic
map of Steck et al. (1999) are discussed below.

(i) The Furgg zone (Bearth 1953, 1954a, 1954b, 1956a, 1957b;
Wetzel 1972) is attributed to the continental Portjengrat
unit as suggested by Keller & Schmid (2001), rather than

Structural and metamorphic evolution SW of the Simplon line 21
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to the Monte Rosa nappe. Based on this interpretation the
area around the north-eastern termination of the Monte
Rosa nappe is subdivided into Monte Rosa nappe, Port-
jengrat-Furgg unit and Antrona ophiolites (Fig. 2).

(i1) This study verified the observations by Bearth (1939) that
the Antrona ophiolites (metagabbros, amphibolites and
serpentinites) continue along strike much further to the
cast than shown in the tectonic map of Steck et al. (1999)
in the Bognanco valley. There, interrelationships between
tectonic boundaries have long been debated (e.g. Bearth
1939, 1956b; Blumenthal 1952; Amstutz 1954). At the lo-
cality “Bosco™ (Fig. 1b), situated on the southern slope of
the Bognanco valley, rocks derived from the Antrona
ophiolites still have a thickness of more than one hundred
meters (Fig. 2). Further to the east, and along strike of
Bosco, ophiolites are again found slightly west and east of
the locality S. Marco (Fig. 1b; see also Bearth 1956b). The
easternmost continuation of this ophiolitic suite (serpen-
tinites) is found on the floor of the river Bogna at the
mouth of the Bognanco valley, near Cisore (Fig. 1b, see
also Novarese & Stella 1913; Bearth 1956b). Hence, rocks
derived from the Antrona ophiolities can be traced all
along the lower Bognanco valley and define the contact
between CM unit and Monte Leone nappe (Fig. 2).

(1i1) Steck et al. (1999) attribute crystalline rocks situated
around Terme di Bognanco to the CM unit. However,
these rocks are separated by Antrona ophiolites from the
CM unit and are therefore laterally connected with and at-
tributed to the Monte Leone nappe, as previously mapped
by Bearth (1939, his Fig. 6).

Lithostratigraphy of the Camughera-Moncucco unit and
Antrona ophiolites

Concerning the lithostratigraphy of the eastern part of the
Monte Rosa Nappe and the Portjengrat-Furgg unit, the reader
is referred to Bearth (1954a, 1954b), Jaboyedoff et al. (1996)
and Keller & Schmid (2001). This study primarily addresses
the lithology of the CM unit and the Antrona ophiolitic unit.
The lithostratigraphy of all these units, including that of the
Monte Leone nappe described by Bearth (1939, 1956b), is an
important base of the tectonic map and the cross-sections
given in Figures 2 and 7.

Camughera-Moncucco unit

The CM basement unit may be subdivided into the Moncucco
zone and the overlying Camughera zone, the two being partly
separated by a series of aligned lenses of marbles and quarzites
of supposed Mesozoic age, the so-called “Salarioli-Mulde”
(Bearth 1939, 1956b). Both units predominantly comprise dif-
ferent types of paragneisses and orthogneisses of supposed
pre-Mesozoic age. Since the same rock types are found in both
zones, a difference can only be made on the basis of the rela-
tive abundance of paragneisses and orthogneisses, respectively
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Ogaggia (see Fig. 2 for location and synthetic lithostratigraphic profile of the
Camughera-Moncucco unit.
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(Figs. 2, 3, Bearth 1956b): orthogneisses (partly coarse-grained
augengneisses) are preferentially found in the Camughera
zone, paragneisses dominate in the Moncucco zone (Fig. 2). A
Rb-Sr age obtained for orthogneisses from the Moncucco zone
gives 271+4.8 Ma, indicating a late Hercinyan age for the intru-
sion of the metagranites (Bigioggero et al. 1981). Mafic lenses
are found in paragneisses of both units, but more frequently in
the Moncucco zone (Figs. 2, 3). The paragneisses of the Mon-
cucco zone also contain peridotites, which are partly trans-
formed into talc schists (Bearth 1956b) and serpentinites.
These ultramafic rocks form a larger body, as well as several
smaller lenses and boudins mostly located south of this larger
body (Fig. 2; e.g. Bearth 1956b; Laduron 1976; Merlyn 1977).
One of these ultramafic boudins, located at I Mondei (“Cava
di Mica”; Fig. 2), is clearly intruded by a pegmatite. Rb-Sr
dating of coarse-grained muscovite originating from this peg-
matite gives ages of about 200 Ma (Ferrara et al. 1962). This
strongly supports the suggestion by Bearth (1956b), who at-
tributed a pre-Mesozoic age to the peridotites of the Moncuc-
co zone.

The supposed Mesozoic cover in the “Salarioli-Mulde”
mainly consists of marbles and quartz-mica schists, the latter
being mostly in direct contact with the pre-Mesozoic basement
(Fig. 3). Bearth (1939, his Fig. 7) also reports serpentinites to
be associated with the rocks of the “Salarioli-Mulde”, suppos-
edly found between Alpe Cavallo and Passo di Ogaggia
(Antrona Valley; Fig. 1b). However, we could not confirm the
existence of such serpentinites. Instead we found greenish
coloured metapelites, mainly formed by chlorite, but also con-
taining garnet and staurolite, completely surrounded by the
other lithologies of the “Salarioli-Mulde”. Hence, according to
our findings, the “Salarioli-Mulde” lacks ophiolitic rocks.
Note, that the CM unit is almost completely surrounded by the
Mesozoic rocks of the Antrona ophiolites in the study area,
while the “Salarioli-Mulde” is nowhere visibly interconnected
with the Antrona ophiolitic unit (see also Blumenthal 1952).
Furthermore, the “Salarioli-Mulde” wedges out at Passo
Salarioli south of the Antrona valley (Fig. 2), and a tectonic
contact between Camughera zone and Moncucco zone can no
more be observed farther to the east (see also Bearth 1939).
This, together with the lithological similarities described
above, indicates that the “Salarioli-Mulde” formed by infold-
ing or wedging of metasediments into a single Camughera-
Moncucco tectonic unit or nappe. In this study Mesozoic
ophiolites are restricted to the overlying Antrona ophiolite
complex.

So far several solutions have been proposed for mutually
connecting the different subunits forming the nappe pile of the
Simplon-Pennine Alps. In the view of Argand (1911) the Ca-
mughera zone represents the southern prolongation and the
root zone of his Bernhard nappe, which would correspond to
the Mischabel nappe in the present terminology. In this solu-
tion the Moncucco zone equals the Monte Leone nappe and is
separated from the Camughera zone by the sediments of the
“Salarioli-Mulde”. Later workers doubted a connection be-
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tween the Camughera zone and the Mischabel nappe and they
regarded Camughera zone and Moncucco zone as one single
unit, connected to the Monte Leone nappe, at least in the area
of the Bognanco valley (Staub 1937; Bearth 1939, 1956b; Blu-
menthal 1952). The relationship between the CM unit and the
other units within the study area will be discussed below.

Antrona ophiolite complex

Most of the Antrona ophiolite complex is composed of
metabasalts, associated with larger bodies of serpentinites and
metagabbros, as well as remnants of metasedimentary cover
rocks (Fig. 2). Figure 3 presents a lithostratigraphic profile from
Alpe di Oggagia (Fig. 1b), very close to the tectonic contact
with the CM unit. From bottom to top serpentinites are fol-
lowed by metagabbros and metabasalts (amphibolites). Then
follows a relatively homogeneous greyish quartz-rich garnet
mica schist, overlain by different types of carbonates, reaching
from pure marble to calcareous schist. Metapelites, quartz-rich
garnet mica schists and bands consisting of metabasalt or
metagabbro are interleaved with the carbonates at different
levels (Fig. 3). The paleogeographic origin of the Antrona
ophiolites (Piemont-Liguria vs. Valaisan) is still a matter of de-
bate (see discussion in e. g. Pfeiffer et al. 1989; Dal Piaz 1999;
Keller & Schmid 2001; Froitzheim 2001; Kramer 2002).

Alpine Deformation history

The relative timing amongst the individual ductile deformation
phases and related structures in the study area largely follows
the sequence of four deformation phases described by Milnes
et al. (1981) and is mainly based on fold overprinting criteria.
However, shearing events are also associated with these dis-
tinct folding phases (e.g. Miiller 1983; Steck 1984, 1990; Steck
& Hunziker 1994; Mancktelow 1992). Hence, we also used cor-
relations between folding and shearing (Keller & Schmid
2001) as a basis for establishing the kinematics of the deforma-
tion history. The combination of the above mentioned former
studies with the results of our study leads to the following
Alpine deformation history:

The first deformation phase D1 is associated with a first fo-
liation S1 and contains a stretching lineation X1. This fabric is
associated with shear zone formation, isoclinal folds F1 being
rare and being observed only within individual tectonic units.
Major F1 folds affecting nappe boundaries are not observed
or reported. D1 is associated with top-N to top-NW shearing
during nappe stacking and starts under eclogite facies condi-
tions within the entire study area (Keller & Schmid 2001;
Keller et al. 2005a).

D2 leads to isoclinal folding (F2) at different scales and
under the same kinematic regime as D1 (Keller & Schmid
2001). Thus, D1 and D2 merely represent progressive stages of
the early deformation history, related to nappe stacking. Note,
that the major parts of the decompression history are related
to nappe stacking.



Fig. 4. Outcop-scale structures within the Camughera-Moncucco unit, all from the same outcrop indicated in Fig. 10, synthesised in the sketch in the centre of
the Figure. For orientation data at this outcrop, see pole figure of structural elements also given in Figure 10.
a) D1/D2 shear band and oblique boudinage within paragneisses, indicating top-ENE transport.

b) Open chevron-type D4 crenulation within paragneisses.

¢) Open D3 fold, overprinting an isoclinal D2 fold within paragneisses. D1 is defined by an earlier foliation S1.

d) D3 shear bands within orthogneiss, indicating top-W transport.

A major switch in the kinematic regime occurred during
D3. It led to the formation of a first backfolding phase (D3)
with associated shearing: dextral in areas predominated by a
subvertical foliation, and top-WSW in flat-lying areas, respec-
tively (Steck 1984; Keller & Schmid 2001; Kramer 2002).

A subsequent backfolding phase (D4) clearly overprinted
D3 (Kramer 2002) and shaped the major Vanzone antiform,
whose axial plane crosses the CM unit. D4 deformation is also
associated with dextral shearing, as can be observed in the
southern limb of the major D4 Vanzone antiform in the work-
ing area. As will be deduced later, the formation of this an-
tiform overlaps in time with normal faulting across the Sim-
plon line.

D1/D2 structures

The S1/S2 foliation mainly documents shear zone formation
during progressive D1/D2 deformation, associated with the
X1/X2 stretching lineation that indicates original top—N to top-

NW shearing (Keller & Schmid 2001). D2 isoclinal folding is
merely regarded as a late stage perturbation during progres-
sive D1/D2 deformation, overprinted by two additional folding
phases (D3 and D4), both related to backfolding (Fig. 4). S1 is
distinct from S2 only in the hinges of F2 folds, while the trans-
position of S1 by S2 is complete in F2 fold limbs. Hence the
axial planes of F2 folds are parallel to the main S1/§2 compos-
ite foliation. The orientation data for the composite S1/S2 foli-
ation and the D2 folds are presented in Figs. 5 and 6. A major
large-scale D2 fold structure was only found in the north of
the study area and within the Portjengrat unit (Figs. 2, 7; see
also Klein 1978; Milnes et al. 1981 and Keller & Schmid 2001).

D3 structures and major folds

During D3 deformation S1/S2 structures as well as nappe
boundaries were deformed by open to tight asymmetric similar
folds (F3) and by associated shearing (see discussion below).
At higher structural levels an S3 axial plane foliation is only
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D2 fold axis D3 fold axis

D2 axial planes

D3 axial planes

Fig. 6. Orientations of D2 and D3 structural elements (except for stretching
lineations and transport directions, given in Fig. 10). There is southwards in-
crease of reorientating D3 axis and D3 axial planes during D4 deformation
(compare subarea I and III). Orientation data from subarea I are taken from
Keller & Schmid (2001).

sporadically established (Klein 1978; Keller & Schmid 2001).
Towards deeper structural levels, however, D3 deformation in-
tensity increases and micro-structural observations indicate
that the main foliation is the product of the first three defor-
mation phases (S1-S3), hence D3 overprint is more complete
(see below). Figure 6 illustrates how the D3 structures change
from a more unidirectional distribution in subarea I to great
circle distributions in subarea III, indicating progressive over-
printing of D3 structural elements by D4 deformation towards
the south. The major D3 folds within the study area will now
be discussed on the base of the tectonic map (Fig. 2), the main
S1/82 foliation map (Fig. 5), and cross-sections (Fig. 7).

The northern part of the study area exhibits a well-known
major D3 synformal structure, the Antrona fold, whose north-
ern limb exposes an overturned D1/D2 nappe stack (Figs. 2, 7)
(Klein 1978; Keller & Schmid 2001). The axial trace of this fold
(see Klein 1978 for a more detailed description and mapping of
the location of the axial plane trace) runs within the northern-
most Monte Rosa nappe in the west (Figs. 2, 7; Klein 1978;
Keller & Schmid 2001; Kramer 2002), enters the Antrona unit
towards the east, and finally is cut by the Simplon normal fault
in the east (Figs. 2, 7).

A major D3 antiformal fold structure, the Antronapiana
antiform, was mapped within the Antrona unit south of the
axial plane trace of the Antrona synform, in the vicinity of pro-
file D-D’ (Fig. 2). This fold is indicated by the changing asym-
metry of parasitic D3 folds, particularly well recognized along
profile D-D’ of Figure 7. The asymmetry of parasitic D3 folds
within the Antrona unit adjacent to the margin with the CM
unit points to a continuation of the axial plane trace of the

Antronapiana antiform (Figs. 2, 7). The axial plane trace of
the Antronapiana antiform can be followed southwards into a
thin prolongation of the main ultramafic body (Fig. 2), and still
further south it can be mapped as refolded by the Vanzone an-
tiform (Fig. 2).

Antronapiana antiform and Antrona synform represent a
fold pair. According to Klein (1978) and Keller & Schmid
(2001) the nappe stack in southern limb of Antrona synform is
in an upright position. This, together with the facing direction
of the folded lithostratigraphic ophiolitic sequence of the
Antrona unit (Fig. 3, scheme in Fig. 7) suggests that the D3
Antronapiana fold brings parts of Antrona unit into an over-
turned position. The question whether the D1/D2 tectonic con-
tact between Antrona unit and the CM unit was also inverted
during D3 folding, cannot be answered unambiguously. We
propose that D3 shearing along the contact between Antrona
unit and CM unit only locally overturned the southern limb of
the Antronapiana fold, but not the nappe contact (scheme in
Fig. 7). Apart from shear indicators (see below) such intense
syn-D3 shearing is also evidenced by discordant lithological
contacts between rocks derived from the Antrona unit and
those derived from CM unit, respectively. Also note, that am-
phibolites and serpentinites are found again between the over-
turned top of the sedimentary cover of the ophiolitic sequence
below the axial trace of the Antronapiana antiform, and imme-
diately above the contact to the CM unit (Fig. 2).

The original nappe pile, with the Antrona unit being struc-
turally situated above the CM unit, as seen everywhere in the
western part of the study area and in the northern flat-lying
limb of the D4 Vanzone antiform, however, becomes inverted
in the Bognanco valley further to the east. There, along the
southern slope of Bognanco valley, i.e. near profile G-G’ indi-
cated in Figure 2, the Antrona unit laterally changes into a po-
sition structurally below the CM unit in the eastern part of the
Bognanco valley. The changeover occurs between profile
traces F-F’ and G-G’ and is indicated in profile G-G’ of Fig. 7.
This changeover also affects the orientation of the main S1/S2
foliation (Fig. 5), that changes from a dip to the NW in the
west to the SE-dip typical for the eastern part of Bognanco
valley. This changeover necessitates the existence of a N-clos-
ing post-D1/D2 fold with a sub-horizontal axial plane. Such a
fold is indeed indicated by the asymmetry of parasitic folds
with subhorizontal axial planes, found in the lower limb of this
fold, and sketched in profile G-G’ of Figure 7. The sub-hori-
zontal axial plane orientation differs from the sub-vertical one
of the D4 Masera synform (Fig. 7). Hence, given the lack of
D3/D4 overprinting criteria in this area, we favour the inter-
pretation that this fold structure formed during D3 deforma-
tion.

An important corollary of the existence of this mega-fold,
no matter whether it formed during D3 or D4, is that the
Antrona unit appears to have been tightly folded into a struc-
tural position below the CM unit, but above the underlying
Monte Leone nappe in Bognanco valley. The Monte Leone
nappe is commonly regarded as part of a nappe stack with
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normal polarity, overlain by the Antrona unit (Fig. 7). Hence,
given that the nappe polarities indicated in profile G-G’ are
correct, CM unit and Monte Leone nappe occupy the same
original position and have to be connected via a hypothetical
synform, which infolds the Antrona unit between those two
gneissic units, both attributed to the Sub-Penninic nappe pile
derived from the distal European margin (Schmid et al. 2004)
(Fig. 7). This solution is in accordance with the proposition of
Staub (1937), Bearth (1939, 1956b) and Blumenthal (1952),
who also connected the CM unit with the Monte Leone

nappe.

D4 structures

Lithological variations and deformation gradients led to the
formation of different types of F4 folds. Open chevron folds,
ranging from small-scale crenulations to sizes of tens of me-
ters, predominate in the northern limb of the major Vanzone
D4 antiform and at a large distance from its major axial trace.
Towards its major axial plane, D4 deformation intensity in-
creases and open similar folds have also been observed. Fur-
thermore, D4 folding is also seen to be associated with dextral
shearing, particularly pronounced in the Antrona valley be-
tween the localities Ruginenta and Rivera. There, parasitic
folds change asymmetry across the major D4 axial plane, while
associated dextral shearing does not (see Figs. 8a—c). Slightly
west of the locality Sogno (above Villadossola), located in the
southern limb of D4 Vanzone antiform, where many D4 folds
associated with dextral shearing can be observed, it is evident
that D4 folds often nucleate within small-scale dextral D4
shear zones. These shear zones are associated with a sub-hori-
zontal stretching lineation X4. F4 fold axes, which nucleate
within such dextral D4 shear zones are often sub-vertical, as
can be mainly observed in the southern limb of the Vanzone
antiform. In the vicinity of the axial plane and within mica rich
schists a new axial planar foliation S4 occasionally develops
(Fig. 8e). Overprinting criteria often allow to unambiguously
distinguishing between F3 and F4 folds (Fig. 8b, d). In summa-
ry, all this evidence indicates that D4 back-folding and dextral
shearing is kinematically linked.

Acxial traces and kinematic significance of major D4 folds

The eastern continuation of the major D4 Vanzone antiform
within the Camughera-Moncucco unit

While the location of the axial trace of the Vanzone antiform is
unambiguous within the Antrona ophiolitic units, mapping of
its eastern continuation remained ambiguous and controver-
sial so far (compare Klein 1978, with Milnes et al. 1981 and
Steck et al. 1999, 2001). Remapping of the major D4 structures
led to the following results presented with the help of the folia-
tion map (Fig. 5) and interpretative cross-sections (Fig. 7). The
hinge of the Vanzone antiform, still well defined at the western
termination of the CM unit (Fig. 2) in Anzasca valley (Bearth

1957a; Laduron 1976), enters the Antrona valley at Passo
Salarioli. In the floor of the Antrona valley the trace of the
major axial plane was mapped between Prato and Rivera (see
Figs. 1, 2) based on the changing asymmetry of parasitic folds.
Note, however, that a second large-scale D4 antiform, referred
to as “Cavallo antiform” (Fig. 2), could also be mapped along
a distance of approximately 1 km along strike further north.
Both D4 antiforms are connected by a relatively tight synform,
as is indicated by the asymmetry of parasitic D4 fold structures
(profile D-D’ of Fig. 7).

Further to the northeast the axial plane of the Vanzone an-
tiform was mapped along the southern slope of Testa dei Rossi
(Fig. 1), where the major fold hinge is completely exposed.
Here the orientation of the main S1/S2 foliation is seen to con-
tinuously change from a moderate NW-dip, typical for the
northern limb, into a SE-dip indicative for the southern limb
near the hinge zone, just before the southern limb becomes re-
cumbent and also turns into NW-dip further to the south. The
Vanzone axial plane strikes NE from Testa dei Rossi, entering
the Brevettola valley north of a major ultrabasic lens within
the Moncucco unit (Figs. 1, 2), where intense D4 folding is ob-
served.

In the upper part of Brevettola valley another F4 antiform
first appears, namely the Brevettola antiform (Fig. 2, Klein
1978). There it is seen to affect the orientation of the main
$1/S2 foliation. Since there is no evidence for the existence of
two antiforms further to the NE, it is concluded that the
Brevettola D4 major antiform laterally completely replaces the
Vanzone antiform. Only in the upper Brevettola valley, i.e.
within a transition zone, are the two antiforms connected by a
synform. Possibly, this doubling (Cavallo and Vanzone an-
tiform) of the antiform into two closely spaced hinges is caused
by the increased thickness of the CM unit, which here becomes
wider than half the wavelength of major D4 folds, thereby lo-
cally forcing the formation of an additional major fold.

Still further east, the axial trace of the Brevettola antiform
almost turns into an E-W strike (Fig. 2) along the southern
slope of the Bognanco valley. Mapping of the axial trace was
based on the change in orientation of the S1/S2 foliation from
flat lying to steeply SE-dipping in the north to an overturned
NW-dip in the south (Figs. 4, 7). Finally, the axial plane of the
D4 Brevettola antiform crosses the Ossola valley around Pre-
mone (Fig. 2) and reappears in the northern realms of
Trontano on the eastern side of the Ossola valley. Just north of
the turn of the Brevettola antiform into an approximate E-W
strike the northerly adjacent Masera synform, not present fur-
ther west and described below, starts to appear (Fig. 2).

Major D4 folds mapped in Bognanco valley

According to Mancktelow (1990), the mylonitic foliation of the
top of the Monte Leone nappe, that is part of this Simplon nor-
mal fault zone, gradually changes orientation from a SW-dip to
a SSE-dip in the area around Fonti di Bognanco (Fig. 5). Note
that this change in orientation occurs near the western termi-
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Fig. 8. D4 fold structures within paragneisses from the Camughera-Moncucco unit in Val Antrona. Figure 8a is from north of the axial plane of the Vanzone
antiform; Figures 8b, ¢ are from an outcrop situated south of the Vanzone axial plane; Figures 8d, e are situated south of Vanzone axial plane. Note the changing
asymmetry of D4 folds across the hinge of the Vanzone antiform, while the sense of shear (Fig. 8a, ¢) remains the same.

a) Nucleation of the D4 folds evidently being associated with dextral shearing (in map view) and with the injections of quartz veins, which are refolded during
later stages of ongoing D4 deformation. b) Overprinting relations between D3 and D4 folds. ¢) S-type D4 flanking fold (Grasemann & Stiiwe, 2001) around
rotated quartz vein, indicating dextral shearing (in map view) during vein formation and D4 folding. d) Overprinting relations between D3 and D4 folds.

e) Formation of a new axial planar foliation S4 in the vicinity of the trace of the major axial plane of the Vanzone antiform (in map view).
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nation of the Masera synform, a minor low-amplitude synform
(Figs. 2, 5). Also note that the Masera synform bends the main
S1/S2 foliation of the northern CM unit into parallelism with
the foliation in the eastern part of the footwall of the Simplon
normal fault at the southern rim of the Monte Leone unit. All
this strongly suggests a genetic link between the strongly bent
eastern continuation of the Simplon normal fault and the
Masera synform. Further to the east the axial plane of this syn-
form is found immediately south of Maggianigo (Figs. 1, 2, 5).
Finally it crosses onto the eastern side of the Ossola valley,
where it corresponds to the “Masera synform” as defined by
Milnes et al. (1981).

It is concluded, that D4 deformation on the southern side
of the Bognanco valley is characterized by the open Masera-
Brevettola synform/antiform pair, oriented parallel to the foli-
ation found at the southern rim of the Monte Leone unit. This
fold pair, together with the strongly attenuated eastern conti-
nuation of the Antrona ophiolitic unit in lower Bognanco
valley, geometrically defines the eastern continuation of the
Simplon normal fault (see Fig. 2 and profile G-G’ of Fig. 7).

Evidence for dextrally transpressive shearing during D4
deformation

Approaching the major axial plane of the Vanzone and
Brevettola antiforms from the south and perpendicular to the
strike of the axial planes, the orientation of the main S1/S2 fo-
liation successively changes from a steep and overturned NW-
dip to a SE-dip, finally turning into sub-horizontal orientation
(Fig. 5). The SW-NE strike and the steep NW-dip in the south-
ern limb of the Vanzone antiform gradually swings around to
the WSW-ENE strike seen to both sides of the Ossola valley.
This is consistent with the observation that dextral shearing is
associated with D4 folding (see previous discussion of Fig. 8).
All this suggests that dextral shearing occurs at a large scale
within the southern limb of the Vanzone-Brevettola antiform
pair. The stretching lineation X4, associated with this syn-D4
dextral shearing, plunges moderately to the SW in the western
part of this southern limb area and changes into a sub-horizon-
tal WSW-ENE orientation further to the E (see orientations of
X4 given in Fig. 10).

The orientation of D4 fold axes also changes laterally (see
Fig. 9). A moderate plunge to the SW is observed in the west-
ern part of the study area (i. e. subarea V of Fig. 9), while fur-
ther east (subarea VI of Fig. 9) D4 fold axes often nucleate at
dextral shear zones and hence exhibit subvertical to steeply
NW or NE dipping fold axis orientations. The fold axes within
subarea VI, which are not directly associated with dextral
shearing, moderately plunge to the SW. Consequently the ori-
entation of D4 fold axes in subarea VI (Fig. 9) indicates a con-
tinuous transition from a near-vertical plunge to moderate
SW-plunges that are parallel to the X4 stretching lineations of
subarea V (compare Fig. 10). This pattern indicates that F4
fold axes may rotate in a clockwise sense during D4 dextral
shearing.

In the northern limb of the Brevettola antiform, and along
the Masera-synform, the plunges of D4 fold axes are gentle to
subhorizontal. Their strike gradually changes from SW-NE to
W-E (Fig. 9). This change in orientation occurs immediately
south of the gradational swing in orientation of the Simplon
normal fault. It again suggests a direct genetic relationship be-
tween D4 folding and normal faulting along the Simplon line.

The D4 fold axial planes (S4) steeply dip to the NW in the
southern limb of the Vanzone-Brevettola antiform pair (Fig.
9), also indicating a NW-dip of the above described broad belt
that is affected by syn-D4 dextral shearing. However, they
steeply dip to the SW in the northern limb of this antiform
pair, indicating a convergent fan of axial planes to be associat-
ed with large scale D4 folding.

Stretching lineations and change in the kinematics of shearing

All observed stretching lineations and transport directions are
compiled in Figure 10. Transport directions are inferred from
macroscopic and microscopic shear indicators (e.g. Simpson &
Schmid 1983). Figure 10 includes orientations of X1/X2 lin-
eations that were refolded by minor D3 folds. Such reorienta-
tions of older lineations allow for the construction of move-
ment directions related to D3 folding (Ramsey & Huber 1987).

Generally, two principally different kinematic regimes can
be inferred for the study area. A first kinematic regime is relat-
ed to D1/D2 mylonitization. Related stretching lineations and
associated senses of shear change orientation from place to
place, due to intense overprinting during subsequent deforma-
tions. The original transport direction during D1/D2 move-
ment was inferred to have been approximately top-N (see ex-
tensive discussion in Keller & Schmid 2001).

The second kinematic regime is related to backfolding dur-
ing D3 and D4 deformation. In the northern and inverted
steep limb of the D3 Antrona backfold this second kinematic
regime is characterized by dextral shearing (Fig, 10; Jaboyed-
off et al. 1996; Keller & Schmid 2001). Interestingly, this same
transport direction is inferred for subsequent syn-D4 shearing
in the southern limb of the D4 Vanzone antiform. This earlier
discussed dextral shearing is directly indicated by rotated
feldspar porphyroblasts (Fig. 11b). In between these two steep
fold limbs, and within the flat-lying nappe stack, this second
kinematic regime is characterized by syn-D3 top-WSW oro-
gen-parallel shearing (Figs. 10, 11a). S to WSW directed move-
ments related to D3 backfolding were also deduced from re-
folded X1/X2 stretching lineations, measured in the same part
of the study area (Fig. 10).

Note that, dextral shearing during this second kinematic
regime occurs within steeply inclined and overturned portions
of the original D1/D2 nappe stack, while top-WSW character-
izes the flat-lying and upright parts of this original nappe stack.
Also note that D3 top-WSW shearing appears dextral in map
view once it becomes rotated into the southern and overturned
limb of the D4 Vanzone antiform (Figs. 10, 17b). All this is
kinematically consistent with a relative transport of the entire
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Fig. 11. Illustration of selected transport direction criteria.
a) D3 shear bands, indicating top-WSW transport within metagabbro.

b) D4 o-clasts, indicating top-ENE respective dextral transport within orthogneiss of CM unit. Note that the photomicrograph was taken from the bottom to the

top, i. e. the opposite of map view.

Monte Rosa nappe towards the WSW during D3 and D4 de-
formation, and with respect to the deeper structural units ex-
posed in our area of investigation (Fig. 17b).

On a regional scale the reorientation of X1/X2 stretching
lineations is expected to be particularly strong within inverted
limbs of major backfolds. In the case of the northern rim (or
top in profile view) of the Monte Rosa nappe the original top-
N D1/D2 transport direction was reoriented into the presently
observed orientation of the D1/D2 transport direction which is
top-WSW. This reorientation is directly linked to the overturn-
ing of the northern limb of the Antrona synform (subarea I in
Fig. 10; Keller & Schmid 2001). The southern limb of the
Antrona synform, being in its original position presently often
exhibits top-NNW D1/D2 shearing, but top-WSW and top-S
shear sense indicators have locally also been observed (sub-
area [ and IV in Fig. 10, see also Keller & Schmid 2001). The
reorientation of X1/X2 stretching lineations measured around
small-scale D3 folds indicates a diversification of X1/X2 orien-
tations ranging from an ENE-plunge over a northern plunge to
a WSW-plunge (Fig. 10). This range of orientations is in line
with the overall pattern of X1/X2 orientations observed in sub-
area IV of Figure 10, as well as with the one presently ob-
served at the northern rim of the Monte Rosa nappe (subarea
Iin Fig. 10, see also Keller & Schmid 2001, their Fig. 12).

We conclude that, although 4 phases of deformation can
be defined by superposition criteria, the kinematic regime only
dramatically changed once. Top-N nappe stacking during pro-
gressive D1/D2 was followed by a regime of back-folding dur-
ing D3/D4, formed in a dextrally transpressive regime and as-
sociated with the relative top-WSW movement of higher over
lower structural units in the flat-lying parts of the D1/D2
nappe stack. This second kinematic regime involved an oro-
gen-parallel stretch and shaped the “Simplon ductile shear
zone” as defined by Steck (1990), denoting the totality of dex-
tral movements which were initially distributed within an ap-
proximately 10 km thick deformation zone. This deformation
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zone shaped the arc of the Western Alps by WNW-directed
indentation of the Adria microplate (Schmid & Kissling 2000:
Ceriani et al. 2001).

Late stage Brittle deformation associated with the Centovalli
fault zone

Brittle deformation associated to the Centovalli fault zone, an
about 2 km wide zone of intense brittle deformation, can be
found in the Vigezzo valley. Within and south of the mouth of
the Vigezzo valley and along the eastern flank of Ossola val-
ley, brittle deformation structures associated with the Cento-
valli fault zone are clearly seen to post-date and overprint D4
folds, including the fold hinge of the Brevettola antiform. Dex-
tral offset on fault planes predominates, but a map scale sinis-
tral offset of the Masera synform along an antithetic R2 brittle
Riedel shear could also be mapped (eastern margin of Fig. 2).
Westwards and across the Ossola valley brittle deformation
becomes less intense and follows the river Bogna along the val-
ley floor of lower Val Bognanco. In the area around Fonti di
Bognanco in Val Bognanco a branch of brittle deformation
follows the river Bogna uphill, i. e. towards the west into the
upper Val Bognanco, whereas another branch is associated to
the brittle deformation in the hanging wall of the Simplon nor-
mal fault (Bearth 1956b).

Early stages of metamorphism related to top-N nappe
stacking during D1/D2 deformation

The early Alpine deformation history is particularly well docu-
mented by a anastomosing top-WSW (D1/D2) shear zone
from the top of Monte Rosa nappe, situated in the northern
limb of the D3 Antrona synform (Keller & Schmid 2001).
Keller et al. (2004) provide a detailed study of this shear zone,
which documents the high-pressure overprint of pre-Alpine
metamorphic pelites during an early stage of D1/D2 deforma-



Fig. 12. Photomicrographs of thin sections. Microstructures depicted in Fig. 12a-e are all from the same outcrop illustrated in Figure 4. For the location of Figure
12g, h see Fig. 10.

a) Kyanite and staurolite overgrowing the main S1/2 foliation, defined by phengite, biotite and plagioclase. Staurolite slightly postdates kyanite as it grows at the
rim of kyanite. Garnet is strongly corroded. b) Staurolite growing at the rim of garnet and over phengite. Biotite grows in the pressure shadow of garnet and
defines the composite S1/2 foliation. ¢) Staurolite growing at the rim of kyanite and garnet. d) Schistosity S3, defined by biotite (Bt) in fold limbs of D3 folds. Note
that chlorite (Chl) shows no preferred orientation. e) Chlorite growing statically at the rims of garnet, staurolite and bioite. Epidote is associated with chlorite.
f) Chlorite, refolded by D4 folds. g) Staurolite and plagioclase as porphyroclasts with asymmetric augen structures within the S1/2/3 foliation plane. Asymmetric
augen structures indicate D3 dextral shearing in map view. h) Shear bands marked by chlorite, which also grows along biotite likely indicate dextral shearing
during D4 in map view.
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tion. In the central parts of the shear zone the Alpine meta-
morphic overprint is complete and the S1 foliation is mainly
composed of Grt + Phe + Pg + Qtz. The P-T conditions for this
transformation are estimated at around 650°C at 12.5 kbar. For
the chemistry of the minerals, related to this early syn-D1 stage
of Alpine metamorphism in the Monte Rosa nappe, the reader
is referred to Keller et al. (2004). Radiometric age estimates on
micas corresponding to the syn-D1 stage will be given later
when discussing the timing of Alpine structures.

Within metapelites from the CM unit the assemblage Grt +
Phe + Pg + Qtz is again found to represent a first metamorphic
stage, documenting peak metamorphic conditions of pressure
and temperature within 12.5-16 kbar and 620-700°C (Keller
et al. 2005a). Hence, the early (D1) formed Alpine mineral
assemblage Grt + Phe + Pg + Qtz is identical with that found in
the eastern and deeper parts of Monte Rosa nappe (Keller et
al. 2004; Keller 2004). Thus, it is concluded that S1 is formed
during peak metamorphic conditions and at the same P-T con-
ditions within the CM unit and the eastern and deeper parts of
the Monte Rosa nappe contemporaneous with progressive
nappe stacking. The ongoing D1/D2 deformation, however, is
linked to decompression.

Correlation between polyphase deformation and
metamorphism

In order to establish correlations between individual phases of
deformation and metamorphism we selected an outcrop,
where overprinting relations of deformation phases are partic-
ularly well recognized (Fig. 4). This outcrop is located within
the staurolite mineral zone of the Camughera-Moncucco
metapelites (Fig. 1). Details concerning mineral assemblages,
mineral compositions and bulk rock composition of the
metapelites at this outcrop are reported in (Keller et al. 2005a,
their sample LK13). Here, we address the correlation between
mineral assemblages and different deformation phases.

Figure 4 (centre) depicts a composite sketch of all the
deformation features observed at this outcrop. Folding phas-
es (F2, F3 and F4) are seen to overprint the early S1 foliation
(Fig. 4). Two generations of stretching lineations and associ-
ated shear sense indicators are also present. X1/X2 repre-
sents an older stretching lineation and is overprinted by D3
folding, whereby the angle between X1/X2 and the F3 fold
axis is quite small. However, a small systematic spread of
X1/X2 orientations around the F3 fold hinge is still observ-
able (see stereoplot labelled “see Fig. 4” in Fig. 10). X1/X2
lineations presently dip moderately to between E and NE.
Larger systematic spreads of X1/X2 orientations around F3
fold hinges are observed at other outcrops (Fig. 10). Asym-
metric boudinage, probably related to the X1/X2 stretching
lineation, presently indicates top-ENE D1/D2 transport di-
rection of the hanging wall (Fig. 4a). A second and younger
stretching lineation plunges slightly to the west and is associ-
ated with shear bands indicating top-W transport (Fig. 4d).
This later sense of shearing and associated stretching lin-
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eation X3 is correlated to D3 folding because the same kine-
matic regime is also observed in the overturned limb of the
megascopic D3 Antrona synform, interpreted to have formed
by shearing during D3 folding (Jaboyedoff et al. 1996; Keller
& Schmid 2001). The great circle defined by the refolded
X1/X2 stretching lineation intersects the axial plane of the
corresponding D3 fold, and the intersection dips gently to the
west, giving the movement direction related to D3 folding
(Ramsay & Huber 1987). Hence, the D3 movement direc-
tions inferred from refolded X1/X2 stretching lineations is
similar to the orientation of X3, which supports the interpre-
tation of top-W shearing during D3 deformation at this out-
crop. Note, however, that the angle between the constructed
great circles is quite small causing their intersection to be
affected by small angular variance.

The main S1/S2 foliation is well preserved in metapelite
sample LK13, which contains garnet, phengite, biotite, kyanite,
staurolite, plagioclase, chlorite, epidote as major minerals and
opaque minerals. Garnet, phengite, plagioclase and biotite de-
fine the S1/S2 foliation. Paragonite occurs as relict inclusions in
garnet and plagioclase. Its disappearance is related to ongoing
decompression (see later discussion of Fig. 13). Staurolite
grows at the rim of kyanite. Staurolite and kyanite grew under
static conditions since they postdate the formation of the main
S1/S2 foliation (Fig. 12a, ¢). Garnet is inferred to have decom-
posed in order to form staurolite. This is based on the observa-
tion that garnet predates staurolite, overgrowing the rim of
garnets (Fig. 12b, c). Chlorite and associated epidote grew as
the latest minerals (Fig. 12e). Chlorite overgrows the main
$1/2 foliation, its growth nucleating at grain boundaries of pre-
existing garnet, staurolite and biotite (Fig. 12e). A sample
taken from the hinge zone of a D3 fold reveals that the S3 axial
plane foliation is predominantly defined by bioite, indicating
its growth during D3 deformation (Fig. 12d). In this specimen
chlorite is seen to also overgrow the S3 foliation (Fig. 12d).
Staurolite is found to be stable in D3 fold hinges and hence in-
terpreted to have grown during D3. Apart from this outcrop
staurolite is stable during intense D3 deformation, as it defines
the foliation in the deeper structural parts, where the foliation
is a composite one, formed during the first three deformation
phases (see below). Yet another sample, taken from the hinge
zone of a D4 fold, shows that D4 folding postdates the for-
mation of chlorite, which is folded during D4 deformation
(Fig. 12f).

Figure 13a shows the equilibrium diagram calculated in the
system KNCFMASH for the bulk rock composition of the Al-
poor metapelitic sample LK13 (see Keller et al. 2005a) and
serves as a basis for discussing the P-T evolution associated
with progressive deformation. The grey shaded area marks
peak P-T conditions of metapelites from the study area. This
P-T area is defined by the overlap of two stability fields of first
stage assemblages (Keller et al. 2005a). Within errors this P-T-
area is compatible with the indication that maximum pressure
is likely to range between 14.5 kbar and 16 kbar (black dots
in Fig. 13a), derived from a comparison of calculated end-
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Fig. 13. Equilibrium phase diagrams for the measured bulk rock chemistry of the CM metapelitic sample LK13 taken from the outcrop depicted in Figure 4 (com-
pare micrographs given in Figure 12a—e). The diagrams are calculated with the program DOMINO (De Capitani 1994) and they postulate distinct stable phase
assemblages and corresponding mineral composition based on thermodynamic properties defined in the database (JUN92). Bulk rock chemistry is determined by
powder X-ray diffraction and normalized to 100 cations, all iron is taken as Fe?*.

a) Equilibrium phase diagram for the specific bulk rock chemistry of sample LK 13, illustrating the stable mineral assemblages and the proposed P-T-d loop.

Water and quartz are stable with all mineral assemblages indicated. Numbers 1, 2, 3, 4 refer to mineral parageneses of sample LK13 discussed in the text.
Stippled contours give the calculated Mg-Celadonite content in phengite. Black dots without tie lines indicate the measured Xwg-cel in the cores of phengite.
Grey shaded area indicates peak P-T conditions after Keller et al. (2004) and is defined by the overlap of two first stage assemblages from metapelites with

different bulk rock composition.

b) Mineral abundance isopleths of biotite. The diagram is calculated for the measured bulk rock chemistry of sample LK13 with the program DOMINO (De
Capitani 1994). The postulated isopleths are given in moles of a stable phase based on the thermodynamic properties defined in the database (JUN92). Bulk
rock chemistry is determined by powder X-ray diffraction and normalized to 100 cations while all iron is taken as Fe?*.

member isopleths of MgCel with measured Xwmgcel in phengite
cores (0.21 to 0.28).

The P-T conditions of ongoing D1/D2 deformation are re-
flected by the stability fields of the assemblages Grt + Phe + Pg
+ P + Bt + Qtz, later replaced by Grt + Phe + P1 + Bt + Qtz, as
paragonite disappears in the matrix during decompression (as-
semblages 1 and 2 in Fig. 13a). Note, that the stability limit of
Pl and Bt depends on the P-T conditions, but also on bulk rock
chemistry. In Al-poor metapelites, such as described here, Pl
and Bt may be stable towards higher pressures than in Al-rich
metapelites (Nagel et al. 2002; Keller et al. 2005a). Both assem-
blages compose the main S1/S2 foliation that obviously formed
during a first stage of progressive decompression. The P-T
field related to D1/D2 deformation is limited towards lower
pressures of around 10 kbar by the stability fields of kyanite
and staurolite (assemblages 3 and 4 in Fig. 13), since both these
minerals overgrow the main S1/2 foliation in specimen LK 13.

The assemblages Grt + Phe + Pl + Bt + Ky + Qtz and Grt +
Phe + P1 + Bt + St + Qtz are correctly predicted by the phase
diagram of Fig. 13a (assemblages 3 and 4). The calculated sub-
horizontally oriented mineral abundance isopleths predict the

growth of biotite within the stability field of the former two as-
semblages during further decompression (Fig. 13b). Since this
is in accordance with the observation that substantial amounts
of biotite grows during D3 folding, we conclude that the as-
semblages 3 and 4 depicted in Figure 13a indeed reflect the P-
T conditions of D3 deformation. For the CM unit Klein (1978)
also suggested the formation of biotite during D3 folding (his
D2). Towards lower pressures the assemblage Grt + Phe + Pl +
Bt + Ky + Qtz is limited by the predicted disappearance of
kyanite and the growth of staurolite that only coexists in a very
narrow P-T interval with kyanite (Fig. 13a). Formation of stau-
rolite at the expense of kyanite is indeed observed during de-
compression, as was discussed earlier (Fig. 12a, c). In sample
LK13 this former replacement is far from complete. This is in-
terpreted to be due to sluggish replacement of kyanite by stau-
rolite for kinetic reasons when sample LK 13 underwent ongo-
ing syn-D3 retrogression through the P-T area defined by the
assemblage 4 (Fig. 13a), where kyanite can only be metastable.
Since LK 13 and surrounding metapelites are devoid of silli-
manite, the P-T conditions inferred for D3 are limited towards
lower pressures by the stability fields, which involve the
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growth of sillimanite (Fig. 13a). This indicates that the rocks
must have started to cool in the course of ongoing syn-D3 de-
compression. Because chlorite flakes are seen to overgrow the
S3 axial plane foliation, and at the same time the previously
formed staurolite (Fig. 12e), we take the stability field of as-
semblage 4 (Grt + Phe + Pl + Bt + St + Qtz) to limit D3 defor-
mation towards lower temperatures. Stability of chlorite at the
expense of staurolite is expected to set in at around 570°C and
5.5 kbar (Fig. 13a), i.e. the P-T conditions suggested for the
termination of D3 deformation.

During further retrogression chlorite is expected to grow at
the expense of staurolite, garnet and biotite. According to Fig.
13a the decomposition of staurolite and garnet should theoret-
ically progresses to completion as assemblage Grt + Phe + P1 +
Bt + Chl + Qtz becomes stable. This is not observed, again for
kinetic reasons (slow decomposition progress of garnet and
staurolite), these two minerals remaining metastable. The pos-
tulate that D4 deformation is likely to immediately follow the
termination of D3 (P< c. 5.5 kbar, T< c. 570°C) is indirect but
reasonable, given the similar kinematic scenarios for both D3
and D4 discussed earlier. Hence Figure 13a proposes in that
further cooling of the metapelites below 570°C and down to
temperatures of around 280°C, expected for the brittle-viscous
transition of quartz (Stipp et al. 2002), predominantly occurred
during D4 deformation.

Tectonic and metamorphic evolution of the working area in a
regional context

For the western part of Monte Rosa nappe Chopin & Monié
(1984) derived P-T conditions for the high-pressure stage of 16
kbar at 500°C. For this part of the Monte Rosa nappe Dal Piaz
& Lombardo (1986) derived pressures in the range between
8-10 kbar and < 14 kbar, at temperatures of 440°C-530°C.
Borghi et al. (1996) derived P-T estimates in the range of
518-546°C at 11-14 kbar for an earliest Alpine mineral assem-
blage containing Grt + Cld + Chl from a pelitic sample from
this same area. Based on the published P-T estimates derived
from pelitic rocks we propose that the P-T conditions for the
high-pressure stage of the western part of the Monte Rosa
nappe probably were in the range of 500-550°C at 14-16 kbar,
the lower pressures obtained by Borghi et al. (1996) probably
indicating early stages of decompression.

Within the structurally lower units exposed further east,
which include the Antrona ophiolites, the CM unit and the
eastern and deeper parts of the Monte Rosa nappe, higher
temperatures at almost identical pressures are indicated to
have prevailed during the high-pressure stage. For Antrona
ophiolites a minimum pressure around 14-16 kbars at
480-720°C was obtained (Colombi & Pfeifer 1986). The CM
unit and the eastern and deeper parts of the Monte Rosa
nappe reached P-T conditions of about 12.5-16 kbar at
620-700°C during the high-pressure stage (Fig. 13 and Keller
et al. 2005a; Keller et al. 2004, see also discussion). Note how-
ever, that the area under consideration additionally exhibits a

“Barrovian-type” metamorphic field gradient, which is charac-
terized by an eastward and downward increase in tempera-
tures (Bearth 1958; Colombi 1989; Frey et al. 1974, 1999).
Hence the temperature differences between west and east de-
scribed above must have persisted at lower pressures during
the later stages of metamorphism. In theory, these tempera-
ture differences related to ‘Barrovian-type metamorphism’
could be entirely inherited from the precursory high-pressure
stage (see discussion). Indeed, decompression is near-isother-
mal in the more eastern and structurally deeper parts of the
study area, where sillimanite grade at about 650°C and 5 kbar
is reached during decompression (Keller et al. 2005a). Note
that this is not the case in the structurally higher units in the
west (e.g. Borghi et al. 1996).

The relatively high temperatures at low pressures in the
eastern part of the study area are reached during D3 deforma-
tion (Fig. 13a). D3 exhibits a NE-SW oriented and orogen-par-
allel extensional component, characterized by top-WSW, re-
spectively dextral shearing. Because of this syn-D3 component
of extensional unroofing, and following Thompson & England
(1984), it is proposed that exhumation during D3 deformation
progresses much faster in the deeper structural units (i.e. the
CM unit) than could be achieved by erosion only.

D3 deformation within the staurolite mineral zone occurs
over a considerable P-T interval, where the continuous
decomposition of phengite forms biotite, staurolite and pla-
gioclase within a wide range of metapelitic compositions
(Keller et al. 2005a). Hence, overprinting in the course of
ongoing D3 folding and shearing may progress to completion,
thereby causing the main foliation to be a composite folia-
tion formed during the first three deformation phases D1 to
D3. Indeed it was frequently observed that staurolite and
plagioclase are host porphyroclasts of asymmetric augen
structures within the foliation plane in the more eastern parts
of the study area, thus defining such a composite main folia-
tion (Fig. 12g). Hence, D3 deformation appears to be more
pervasive within deeper structural levels. Within the southern
limb of the Vanzone antiform such asymmetric augen struc-
tures often indicate dextral shearing. Hence, it is suggested
that the main foliation in the eastern area to both sides of the
Ossola valley is a composite one formed during the first three
deformation phases. Many D3 top-WSW shear indicators
may have been passively rotated into the southern limb of
the D4 Vanzone antiform where they would appear dextral
in map view.

There are also shear bands marked by chlorite, which
grows at the grain boundaries of biotite (Fig. 12h). Such obser-
vations likely indicate the decomposition of biotite during on-
going retrogression and dextral shearing during the D4 defor-
mation, which is characterized by a very similar kinematic sce-
nario, as was previously discussed.

Overprinting criteria, orientation data of structural ele-
ments and correlation between metamorphism and deforma-
tion all indicate that the overprinting of the first backfolding
phase (D3) by the second backfolding phase (D4) occurred at
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lower temperatures compared to those prevailing during D3
deformation. D4 deformation definitely postdates the forma-
tion of staurolite. Hence, on a regional scale the relative timing
between staurolite growth and D4 deformation is documented
by the folded outline of the staurolite mineral zone boundary
(Fig. 1), tracing the major D4 Vanzone antiform.

In summary, the exhumation history may be subdivided
into the same two stages that were previously deduced for the
kinematics of deformation. During a first stage of D1/D2
nappe stacking decompression is near-isothermal in the work-
ing area. The second stage of decompression in the working
area is initially associated with a Barrow-type field metamor-
phic gradient, that is immediately followed by more rapid cool-
ing during ongoing D3 and D4 deformation in a dextrally
transpressive scenario, probably due to partial unroofing by an
orogen-parallel extensional component of this second kine-
matic stage.

Chronology of Alpine structures

Based on selected published radiometric data, which in part
directly date deformation phases, we discuss the timing of the
tectonic and metamorphic evolution of the study area and sur-
rounding units based on the compilation of data presented in
Fig. 14. We also present new fission track data, established for
the area along the Ossola valley (Fig. 15, Tab. 1).

Top N-NW thrusting and nappe stacking (D1/D2)

The first two deformation phases (D1/D2) of the Alpine oro-
genic cycle are related to top-N nappe stacking in a context of
underthrusting of the European plate below the Adriatic mar-
gin (e.g. Steck 1984, 1987; Lacassin 1987; Steck & Hunziker
1994; Schmid & Kissling 2000). This top-N shearing (top-NW
according to some authors) is associated with nappe stacking,
which starts under high-pressure metamorphic conditions in
the eclogite bearing units and is immediately followed by a
first stage of exhumation. Within the working area the forma-
tion of the eclogitic part of D1/D2 shear zone from the Monte
Rosa nappe (Keller et al. 2004) was dated as 47 Ma (+-1) by
3 Ar-“9Ar dating (Bucher 2003). For the Zermatt zone a simi-
lar age of 51+18 Ma is obtained for the high-pressure meta-
morphic stage by using Sm-Nd dating of garnet (Bowtell et al.
1994). A younger age (c. 44 Ma) is obtained from SHRIMP
dating of zircon (Rubatto et al. 1997).

However, at the structurally highest level exposing eclogite
facies units, namely at the southwestern top of the Monte Rosa
and Zermatt zone, Rb-Sr dating of the top-SE movement,
linked to the Gressoney shear zone, yielded ages that are sup-
posed to date the activity of the Gressoney shear zone, ranging
between 45 and 36 Ma. These ages are interpreted to also date
the timing of exhumation of eclogite facies rocks, attributed to
normal faulting along this shear zone (Reddy et al. 1999). As-
suming that the interpretation of the Rb-Sr isotope ages and
associated tectonic inferences are correct, D1/D2 top-N shear-
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ing and associated high-pressure metamorphism at deeper
structural levels, including our working area, would overlap in
time with top-SE extensional shearing at structurally higher
levels such as the Gressoney shear zone. Hence both the top-
SE and the top-N shearing would be related to the exhumation
of eclogite facies rocks. This indicates differential ascent of the
eclogite facies units with respect to over- and underlying tec-
tonic units. In addition to the Gressoney shear zone, a top- SE
extensional stage is also attributed to the Combin fault consid-
ered to substantially exhuming eclogite facies rocks (Ballevre
& Merle 1993). Hence, we speculate that exhumation of the
eclogitic rocks in the upper Penninic units occurred by active
extrusion within a subduction channel that formed during
overall crustal shortening (e. g. Dal Piaz et al. 1972; Chemenda
et al. 1997; Engi et al. 2001b; Bucher et al. 2004).

First phase of backfolding (D3)

In the structurally higher parts, i. e. in the Zermatt area, green-
schist facies top-SE backthrusting related to the D3 Mischabel
fold gives an age of about 40 Ma, dated with “°Ar/*°Ar and
Rb/Sr data on white micas and amphiboles (Barnicoat et al.
1995). Field relations suggest that albite veins postdate the ac-
tivity of syn-Mischabel fold shearing, whereby an absolute age
of around 35 Ma (U-Pb) is obtained for vein alteration zones
(Barnicoat et al. 1995). Also in the Zermatt area a similar time
interval (42-37 Ma) has recently been obtained by Rb-Sr dat-
ing of apatite-muscovite pairs for the active stage of green-
schist facies top-SE shearing, P-T estimates indicating that
shearing started at 400-475°C/4-5 kbar and terminated at
300-350°C/3-3.5 kbar (Cartwright & Barnicoat 2002). Zircon
fission track ages (34-24 Ma) from the structural top of the
Monte Rosa nappe suggest that these structurally higher parts
cooled below c. 250°C during early Oligocene times (Hurford
et al. 1989, his Fig. 8; Bistacchi et al. 2001). Based on these
published data it is suggested that greenschist facies syn-D3
top-SE backthrusting and backfolding started in the late
Eocene and terminated in the early Oligocene in these struc-
turally higher parts, immediately following Eocene D1/D2 top-
NW shearing. Then ductile deformation is followed by
Oligocene brittle deformation in these structural higher parts
(Bistacchi & Massironi 2000).

However, in the structurally deeper parts (i.e. the eastern
part of the Monte Rosa nappe and CM unit), characterized by
top-WSW and dextral shearing, respectively, D3 deformation
occurred at significantly higher temperatures (i.e. under Bar-
rovian P-T conditions). For the Monte Rosa nappe Engi et al.
(2001a) provide monazite ages, interpreted by the authors to
date an early stage during decompression, ranging between 38
and 32 Ma ago. However, the ages obtained for monazites
from staurolite and sillimanite bearing metapelitic samples
(sample Bi9801 and P0o9703 of Engi et al. 2001a, their Fig. 3)
from the eastern part of the Monte Rosa nappe range between
37 and 26 Ma and are interpreted to date different re-equili-
bration stages during decompression. These Barrovian P-T



Tab. 1. Zircon (Z) and apatite (A) fission track ages

Samples Altitude [m] N N N; rs [10* cm2) 1i [10* cm?) ra [10* cm?) Na P (c?)[%] Age + 2s [Ma]
MH11/00 A 450 30 26 1516 16.20 946.9 799 7700 99.43 24+1.0
MH11/00 Z 450 12 404 1611 1561 6224.8 379 2679 33.66 54+14
MH12/00 A 400 10 36 1368 131 4978.8 849 7700 89.07 39+14
MH12/00 Z 400 4 97 285 2623.6 7708.5 325 2679 77.32 6.4+20
MH13/00 A 350 25 19 797 17.5 733.4 999 4000 98.05 42+20
MH13/00 Z 350 16 316 823 1490.8 3882.6 396 2679 38.99 87+22
MH14/00 A 350 11 16 515 19 611.1 843 4000 98.28 46+24
MH14/00 Z 350 20 2136 4487 3985.5 8372.2 355 2679 4.65 9.6 +22
MH15/00 A 520 25 6 450 54 401.6 947 4000 95.37 22+18
MH15/00 Z 520 6 110 393 21252 7592.6 396 2679 45.58 6.4 +20
MH16/00 A 420 13 29 1225 41.3 1746.3 1101 7700 99.17 46+18
MH16/00 Z 420 13 424 1401 1703.2 5627.8 813 2679 2291 55+14
MH17/00 A 400 18 30 1163 29.8 1155 1151 7700 100.0 52+20
MH17/00 Z 400 14 440 1320 1656.7 4970.2 373 2679 97.59 71+18
MH20/00 A 300 15 32 1225 46 1761.7 1103 4000 99.74 50+18
MH21/00 A 300 30 43 1667 27.9 1082.7 1156 4000 97.82 52+1.6
MH21/00 Z 300 7 268 533 2376.6 4726.7 302 2679 94.42 87+22
MH22/00 A 350 16 74 2799 101.5 3838.8 1208 4000 100.0 56+14
MH22/00 Z 350 11 331 624 2174.8 4099.8 384 2679 25.29 11.3+3.0
MH23/00 A 300 28 70 2787 42.7 1698.4 1312 4000 97.85 58+14
MH23/00 Z 300 20 1969 3190 4044.8 6553 337 2679 47.0 12.0£2.6
MH24/00 A 300 18 47 1947 49.8 2062.4 1364 4000 99.70 57+18
MH24/00 Z 300 20 1031 3027 2776.9 8152.9 361 2679 4.42 71+1.6
MH25/00 A 400 15 41 1914 59.4 2770.9 1416 4000 99.01 53+1.6
MH25/00 Z 400 14 595 1586 2165 5770.9 380 2679 16.27 8020
MH26/00 A 300 16 39 2000 58.1 2981.5 1468 4000 97.92 50+1.6
MH26/00 Z 300 10 350 870 2840 7059.4 331 2679 90.41 77+18
MH27/00 A 400 38 30 1813 11.1 668.4 1520 4000 99.97 44+16
MH27/00 Z 400 10 331 835 1950.8 4921.2 367 2679 87.42 8420

N=Abundance of dated crystals, Ni= Abundance of induced fission tracks, rs=Density of spontaneous fission tracks in the sample, ri=Density of induced fission
tracks in the detector, rq=Density of fission tracks in the dosimeter, Ng= Abundance of induced fission tracks in the dosimeter, P (c?)= c?-value in %

conditions are attained during decompression and are coeval
with D3 deformation, which suggests that D3 deformation at
deeper structural parts is active within the 37-26 Ma time span.
A lower age limit of around 26 Ma for this period correlates
well with the termination of dextral respectively top-WSW-
and high-temperature- shearing of the Simplon ductile shear
zone (Steck 1990), being constrained by U-Pb dating of the age
of post-D3 granitic dike injections into the Isorno-Orselina
zone and Monte Rosa nappe (Schirer et al. 1996; Romer et al.
1996; see also Steck & Hunziker 1994) between 29 Ma and 26
Ma ago.

Hence, the correlation of the Simplon ductile shear zone
(D2 of Steck & Hunziker 1994) with our third deformation
phase, i.e. the first backfolding phase and associated dextral
shearing, is supported by these timing constraints. From pub-
lished and own petrological data it is obvious that tempera-
tures prevailing during D3 deformation increase towards the
east, i.e. towards deeper structural levels. In addition, the ra-
diometric data indicate that D3 deformation is heterochro-
neous and becomes increasingly younger towards the east and
towards deeper structural levels. Consequently, the first stages
of exhumation (D3) related to the new kinematic regime of

back-folding and/or -shearing during D3/D4, associated with
dextral shearing and/or orogen-parallel stretch of the D1/D2
nappe stack in the working area, is of progressively younger
age towards deeper structural levels in the east.

Second phase of backfolding and normal faulting along the
Simplon line (D4)

D4 -folding occurred at lower temperatures (< c¢. 570°C) and is
related to dextral shearing, particularly in the southern limb of
the Vanzone antiform. It is also contemporaneous with nor-
mal faulting along the Simplon line (see below).

Gold bearing veins, the ages of which range between
around 32 Ma (Brusson) and 25 Ma (Ossola), tend to become
younger towards the deeper structural units in the east (Dal
Piaz et al. 1973; Diamond & Wiedenbeck 1986; Pettke et al.
1999). These veins are found all along the trace of the axial
plane of the major Vanzone antiform, suggesting a genetic link
with D4-deformation. The area around the southwestern top
of the Monte Rosa nappe in the Zermatt area is characterized
by a marked gradient in apatite fission track cooling ages.
While ages between 10-14 Ma are typical for the northern
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parts of the western Monte Rosa nappe, ages between
25-27 Ma are found in the southern parts (Hurford et al. 1989,
his Fig. 8). This suggests differential exhumation of the north-
ern limb of the Vanzone antiform relative to its southern limb
somewhere within the 27 to 10 Ma time interval. The structur-
al data concerning D4 deformation presented earlier suggest a
direct relationship between the formation of D4 backfolds
(i.e. the Vanzone, Brevettola and Masera folds) in the south
and normal faulting along the Simplon line on the other side.
According to Mancktelow (1992) normal faulting along the
Simplon line, associated to backfolding further to the north
(Berisal- and Glishorn- folds), was active between 19 Ma and
11 Ma ago. This confirms the postulate that backfolding and
orogen-parallel normal faulting are contemporaneous. In sum-
mary, all these data suggest that D4, (i.e. second backfolding
phase and associated dextral shearing) started to be active in
late Oligocene times (at about 27 Ma ago), and was still active
during the Miocene (19-10 Ma) when normal faulting occurred
along the Simplon line.

Normal faulting in the Simplon domain is marked by jumps
in zircon and apatite fission track ages and by a significant
jump in metamorphic grade from greenschist facies conditions
in the hangingwall to amphibolite facies conditions in the foot-
wall (Wagner et al. 1977; Soom 1990; Mancktelow 1992; Grase-
mann & Mancktelow 1993; Steck & Hunziker 1994; Ober-
hédnsli et al. 2004). Our own data from the Ossola valley, how-
ever, yielded no jump in zircon- and apatite- fission track ages
across the suspected eastern continuation of the Simplon line,
central ages ranging between 6.4-12 Ma and 2.2-5.8 Ma, re-
spectively (Fig. 15, Tab. 1; Hess 2003). Note that these ages be-
come continuously and progressively older going from north to
south. This indicates late regional uplift of the more northern
parts of the area around the Toce culmination. As there is no
discrete jump in zircon- and apatite-fission track ages that
would mark the eastern continuation of the Simplon line in the
area of the Ossola valley, the discrete Simplon normal fault
cannot have an eastward continuation in terms of differential
exhumation by tectonic unroofing. Hence, it terminates some-
where along the lower Bognanco valley, contrary to the find-
ings of Mancktelow (1990) and Steck (1999), who suggest a
continuation of the Simplon line across the Ossola valley and
into the Isorno valley.

Temperatures during mylonitisation along the Simplon
normal fault and its hypothetical continuation into the Isorno
valley increase from the northwest to the southeast and east,
but did not exceed 550°C (Mancktelow 1990). These increasing
temperatures, if reflecting exhumation of progressively deeper
units in the footwall, would suggest that the differential dis-
placement across this normal fault should increase towards the
east, differentially exhuming progressively more deeply
buried, i.e. higher metamorphic rocks north of this supposed
eastern continuation of the Simplon normal fault against lower
grade mylonites expected further south. Contrary the main fo-
liation is of a high metamorphic grade (sillimanite grade at
around 650°C) south of the eastern continuation of the Sim-



plon normal fault across the Ossola valley i.e. in the suspected
hanging wall of the normal fault. Hence, the lack of a signifi-
cant metamorphic “jump” across the supposed eastern contin-
uation of the Simplon normal fault in the Ossola valley also
contradicts the postulate of an eastward continuation of the
Simplon line.

Finally, a broad mylonitic belt in the sense of an eastward
continuation of the Simplon normal fault is not observed ei-
ther. Instead, older pre-D4 stretching lineations, steeply plung-
ing to the E to ESE, are observed in the Bognanco valley, indi-
cating that late stage syn-D4 deformation is not pervasive in
the Bognanco valley (Fig. 10, Steck & Hunziker 1994, their
Fig. 3).

We conclude that there is ample evidence that the Simplon
normal fault has no eastward continuation and terminates
somewhere along lower Bognanco valley. However, the associ-
ated displacements and strains associated with D4 Simplon
normal faulting must be partitioned into other contemporane-
ous structures along Bognanco valley. The abrupt change into
an E-W-strike of the mylonites related to the Simplon normal
fault near Bagni di Bognanco and the eastern termination of
this normal fault suggests transformation into dextral shearing
further to the south and east, the Simplon normal fault repre-
senting a tensile bridge, that links dextral shearing in the work-
ing area to that observed further to the NW along the Rhone
valley (Steck 1984, 1987). Note however that such late stage
dextral shearing is not localized within our study area, dextral
shearing being diffuse and associated with D4-folding of the
Masera and Brevettola folds, well documented in case of the
southern limbs of the Vanzone- and the Brevettola- antiforms
(Figs. 8, 10, 11). This second phase of backfolding and associat-
ed dextral shearing must have terminated before about 12 Ma
ago, when the southern part of the working area situated along
the Ossola valley cooled below the zircon fission track temper-
ature, no longer allowing for ductile folding. Since brittle de-
formation along the Centovalli line in Vigezzo valley was
shown to clearly overprint D4 folds, the Centovalli line must
have been active after the end of D4 deformation, i.e. after
12 Ma ago. Therefore it cannot represent the eastern continu-
ation of the Simplon normal fault either.

Discussion

Metamorphic history of the working area

The P-T estimates presented and cited in this study suggest
that the CM unit, including the deeper and more eastern parts
of the Monte Rosa nappe, underwent high-pressure metamor-
phism characterized by relative high temperatures (c. 620—
700°C at 12.5-16 kbar) or high T/P ratios (Keller et al. 2004;
Keller et al. 2005a) when compared to high-pressure metamor-
phism in the Western Alps. High T/P ratios, i.e high-T eclog-
ites (Newton 1986) are also indicated for the high-pressure
stage in the Antrona ophiolites (Colombi & Pfeifer 1986) as
well as for other structurally deep nappe systems, derived from
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Fig. 16. Simplified tectonic map of the Penninic Alps after “Tektonische Karte

der Schweiz” (Spicher, 1976) showing the various models and interpretations

of late stage faulting in the vicinity of the Simplon line (see text for refer-
ences).

a) Dextral shearing along the Rhone line is transferred via normal faulting and
dextral shearing along the Simplon line respective Centovalli zone to the
Periadriatic line.

b) Ductile deformation features of normal faulting along the Simplon line are
transferred into dextral shearing in the Isorno valley.

¢) Fault bounded extrusion of the hanging block of the Simplon normal fault
or the Pennine-Graian Alps block of Bistacchi & Massironi (2000).

the European margin and/or the Valaisan ocean according to
Schmid et al. (2004) such as the Gorduno-Mergoscia zone and
southern Adula and Cima Lunga (Spalla et al. 1996). In con-
trast lower T/P ratios are obtained for the structurally higher
units in the west (Zermatt-Saas Fee ophiolites), including the
western part of the Monte Rosa (Spalla et al. 1996). Hence, it
appears that the CM unit, Antrona ophiolites and the eastern
parts of the Monte Rosa nappe are part of the high-T eclogitic
belt positioned at relatively deeper structural levels.

In most structurally higher units in the west, characterized
by lower T/P ratios decompression is far from isothermal,
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a) Interpretative tectonic map serving for the
discussion of the kinematics during D4 defor-
mation (see text, and Fig. 1 for tectonic units
and mineral zone boundaries). Note that the
displacement associated with normal faulting
along the Simplon line decreases towards the
southeast as the upper block of the Simplon
line rotates around a pole indicated by the

i black dot. Dextral shearing occurs particularly

b

in the southern limb of the Vanzone- and
Brevettola- backfolds and modifies the meta-
morphic zonation that pre-dates D4 deforma-
tion. (Folds: 1=Vanzone antiform, 2=Brevet-
tola antiform, 3=Masera synform, 4=Toce
antiform, 5=Berisal synform, 6=Glishorn an-
tiform)

b) A card-sliding model to illustrate the kinemat-
ic history established in the study area. The
original is sheared first by top-NW move-
ments during D1/D2 deformation and associ-
ated nappe stacking. During D3 it is sheared
towards the west and the first backfolds are
formed. At lower structural levels this shear-
ing occurs in a flat lying- or SE dipping- nappe
pile. Note that top-west shearing appears dex-
tral in the overturned limb of D3 backfolds.
During D4 deformation the second genera-
tion of backfolds are formed and the Simplon
fault rotates the hanging wall with respect to
its footwall.

Simplon normal fault

while the eastern areas are characterized by relatively high T/P
ratios during the high-pressure stage, exhibit near-isothermal
decompression (Nagel et al. 2002; Meyre et al. 1997, 1999;
Keller 2004) or even heating during decompression (Engi et
al. 2001b and refs. therein). This results in a metamorphic stage
often referred to as “Barrow-type” or “Lepontine”. In the fol-
lowing discussion we assume near-isothermal decompression
since in our working area (Keller et al. 2005a), as well as in the
southern Adula nappe (Nagel et al. 2002), the minerals indica-
tive for Barrow-type metamorphism (e.g. staurolite) definitely
grow at the expense of high-pressure mineral parageneses.

It is interesting to note that the eastern areas characterized
by high T/P ratios, except for the Antrona ophiolites, predom-
inately consist of crystalline continental crust, which has a sig-
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nificant potential for radiogenic heat production (Rybach &
Buntherbarth 1982). Recent numeric modelling predicts that
the presence of such material either within an accretionary
wedge or as accreted continental material within the subduc-
tion channel is crucial for explaining “Barrov-type” P-T condi-
tions, either during near-isothermal decompression, or during
a syn-decompression heating pulse (Jamieson et al. 1998; Engi
et al. 2001b; Goffé et al. 2003). In the case of isothermal de-
compression, assumed to have prevailed in the study area, and
assuming similar subduction rates and maximum depth of bur-
ial, this modelling suggests that the differences in the T/P ratios
between west and east most probably reflect differences in
rock properties within the subduction channel. Since there is
no evidence so far for a precursory HP/LT metamorphic stage



in the units characterized by high T/P ratios, we speculate that
the higher T/P ratios in the east indicate the presence of higher
percentages of radiogenic crustal material within the subduc-
tion channel, the temperature differences between west and
east being already established during peak-pressure condi-
tions. Orogen-scale transects through the Alps (Schmid et al.
2004) indeed depict relatively higher amounts of subducted
continental upper crust derived from the distal European mar-
gin (such as, for example, the Adula nappe) in the Central
Alps (NFP-20 East profile), as compared to the Western Alps
(ECORS-CROP profile), the area of the Monte Rosa nappe
occupying an intermediate position (NFP 20 West).

In conclusion, we propose that the temperature gradient
observed amongst the high-pressure units of the Western Alps
and the southern parts of the Lepontine dome, respectively,
are essentially inherited from the high-pressure stage, rather
than being the result of a separate heating pulse that over-
printed the high-pressure assemblages during a later metamor-
phic stage, i.e. the so-called “Lepontine event”.

The eastwards continuation of the Simplon normal fault

Our deduction that the Simplon normal fault has no eastward
continuation deserves some discussion, because the Simplon
fault zone is often regarded as a transfer zone (“pull-apart”)
where dextral strike-slip movements along the Rhone line are
transferred to the Periadriatic line in a overall dextral trans-
pressive regime (e.g. Steck 1984, 1987; Schmid & Kissling 2000;
Fig. 16a). Other workers suggest that ductile deformation fea-
tures associated to the Simplon normal fault continue towards
the northeast into the Isorno valley (e.g. Mancktelow 1990;
Fig. 16b). In this context it is interesting to note that the traces
of the axial plane of major D4 backfolds show a systematic en-
echelon arrangement, accompanied by a change in their strike
(Figs. 2,4, 9, 17). In the west the axial plane trace of the Van-
zone antiform strikes approximately NE-SW, while towards
the east the axial plane traces of the Brevettola antiform and
Masera synform tend to strike almost E-W. Note that this pro-
nounced change in strike occurs south of where the Simplon
normal fault swings into an E-W orientation near its termina-
tion in Bognanco valley (Fig. 17).

The spatial arrangement and the strike of the D4 axial
plane traces suggest different directions and amounts of short-
ening affected the study area during D4 backfolding. While N-
S shortening prevailed in the eastern parts, the western parts
underwent NW-SE shortening (Fig. 17). The change in orien-
tation of these D4 axial plane traces roughly coincides with a
point where the Adriatic Moho changes its topology, and
where the Periadriatic line changes from an E-W strike to a
NE-SW strike (Schmid & Kissling 2000 their Fig. 5). Because
of these remarkable relationships between deep- and shallow-
structural features we suggest that the arrangement of the D4
axial plane traces is controlled by the topological change of the
Adriatic Moho, i.e. by deep-seated structural features. It is
proposed that the different directions of shortening and the

eastern termination of the Simplon normal fault may both be
due to Miocene dextral transpressive indentation of the a bow-
shaped complex topology of the Adriatic lower crust repre-
sented by the Ivrea zone and geophysical anomaly.

Indentation of a plastic Austroalpine/Penninic orogenic
wedge by a rigid African promontory is often used in order to
explain the arc of western Alps after collision (e.g. Tapponier
1977; Regenauer-Lieb 1996; Ceriani et al. 2001). Analogue ex-
periments suggest that the indentation of India into Asia
caused rotation and extrusion of Indochina with respect to the
indentation of India (Tapponier et al. 1982). A similar scenario
for the Western Alps would be in accordance with recent pale-
omagnetic data obtained by Collombet et al. (2002), who sug-
gest a large counter-clockwise rotation of the western Alps rel-
ative to both Europe and Adria. Thus, we think that the rota-
tion of indented crustal segments and different amount of
shortening are also a viable processes for explaining why the
Simplon normal fault lacks a southeastern continuation. The
Simplon fault zone may also terminate because of a combined
effect of transformation into dextral shearing and decreasing
amount of extension towards the east. Based on all these con-
siderations we suggest that the Neogene Simplon fault repre-
sents a transfer zone joining differently shortened areas locat-
ed to the north of axial plane traces of the Vanzone and
Brevettola antiforms (Fig. 17). A rotational component would
cause displacement by normal faulting to be highest along the
northwestern segment of the Simplon line, where it is trans-
ferred into dextral shearing along the Rhone line. Conversely,
displacement by normal faulting drops towards the southeast-
ern termination of the Simplon fault zone, in accordance with
the presented structural observations, the regional metamor-
phic pattern and the fission track data. In the northwestern
Alps, situated at higher structural levels and more to the west
than the area discussed here the above scenario possibly ap-
pears in the form of a SW-directed lateral extrusion of the
hanging block of the Simplon normal fault, i.e. the Pennine-
Graian Alps block, bounded by the Ospizio Sottile, Simplon-
Rhone and Chamonix faults (Fig. 16c). This kinematic picture
is based on brittle deformation analysis and is found to be ac-
tive from the Miocene onwards (Bistacchi & Massironi 2000).
These authors, however, propose the connection of their Os-
pizio Sottile fault with the eastern continuation of the Simplon
normal fault (Fig. 16¢c), which is not confirmed by this study
and fully lacks any field evidence.

Conclusions

1) Composite D1/D2 deformation and related top-N or top-
NW thrusting started at high-pressure conditions (c.
12.5-16 kbar) and under relatively high temperatures (c.
620-700°C). Published radiometric data for the Eocene
high-pressure stage suggest that top-SE shearing at the
structural top of the high-pressure units is coeval with top-
N or top-NW thrusting at the base. This kinematic situation
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suggests a differential ascent of high-pressure units relative
to the surrounding units during nappe stacking and associ-
ated crustal shortening. Thus, exhumation related to
D1/D2 deformation rather occurs by extrusion within the
subduction channel than by crustal extension.

2) In the higher structural levels D3 backfolding and/or back-
thrusting start in late Eocene times under greenschist facies
conditions. Towards deeper structural levels D3 deforma-
tion progressively becomes younger. This is due to the fact
that higher temperatures prevailed longer in the east;
hence the brittle-viscous transition in the area of the Osso-
la valley is younger than at higher structural levels in the
west. Consequently, the main foliation in the Ossola valley
is a composite foliation formed during the first three de-
formation phases (D1-D3) and is affected by high-tempera-
ture metamorphism. High temperatures at relatively mod-
erate pressures at deeper structural levels are attained due
to a component of extensional unroofing during D3 defor-
mation that delays cooling during decompression and thus
causes approximately isothermal decompression. D3 defor-
mation ceased in late Oligocene times.

3) An open fold pair, consisting of Masera synform and
Brevettola antiform, forms the eastern continuation of the
major Vanzone antiform. This contradicts the proposition
of Milnes et al. (1981) that the D4 Vanzone antiform be-
comes an isoclinal fold towards the east. Structural argu-
ments, as well as published radiometric data, suggest that
the major Vanzone and Brevettola antiforms formed at the
same time as the Simplon normal fault. Two geometrical
features of D4 deformation change overall style in the Bog-
nanco valley, situated exactly south of the swing in orienta-
tion of the Simplon normal fault. Firstly, the Masera syn-
form nucleates and amplifies towards the east into a major
D4 fold. Secondly, the D4 fold axes change in strike from
SW-NE to W-E.

4) As the Simplon normal fault dies out towards the east, the
Masera synform nucleates and amplifies towards the same
direction. As hypothesised by Milnes et al. (1981) displace-
ment along the Simplon normal fault (Mancktelow 1990) is
additionally transformed into the southern limb of Van-
zone and Brevettola antiforms, where D4 folding is also as-
sociated with dextral shearing.

5) It is strongly suggested that paleogeographic reconstruc-
tions based on the undoing of all the major fold structures
observed in the nappe pile of the Simplon-Pennine Alps
and projected onto a single N-S orientated profile plane
may lead to ambiguous results. This suggestion is support-
ed by the fact that the two backfolding phases are associat-
ed with top-WSW and dextral shearing, and pervasive de-
formation becomes progressively younger towards the east,
i.e. towards deeper structural parts. Hence, there are large
out of profile movements during D3 and D4 deformation
that potentially produce suspicious results, if paleogeo-
graphic reconstructions are obtained by retro-deformation
in profile view only.
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6) The Antrona unit in Bognanco valley, which is structurally
positioned in the northern limb of the D4 Masera synform,
dipping towards the SE, strikes all the way to the mouth of
the Bognanco valley. Across the Ossola valley numerous
aligned lenses of ophiolitic rocks (amphibolites, serpen-
tinites and metagabbros) in a position identical to that of
the Antrona unit in the Bognanco valley, can be found in
the southern slope of the Isorno valley (see also Wieland
1966). There staurolite-bearing garnet-mica schists have
also frequently been observed (see also Bearth, 1956b).
Such staurolite-bearing garnet-mica schists are typical
rocks for the western parts of CM unit, situated west of the
Ossola valley. Thus, it is concluded that the rocks of
Antrona unit and the northern rim of the CM unit find
their eastern continuation in the southern slope of the
Isorno valley and not in the Vigezzo valley, as proposed by
most tectonic maps (e.g. Steck et al. 1999, 2001). Following
Bearth (1956b), we suggest that at least parts of the “Pioda
di Crana zone” represent the eastern equivalents of the
CM unit west of the Ossola valley.
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Appendix

Thermodynamic calculations

Equilibrium phase diagrams were calculated for specified bulk rock composi-
tions in the system KNCFMASH. Calculations were made with the DOMINO
software (De Capitani & Brown 1987; De Capitani 1994). Most thermody-
namic data were taken from Berman (1988, update 92); staurolite and chlori-
toid data are from of Nagel et al. (2002), while garnet uses the solution model
of Berman (1990). For the biotite binary (Phl, Ann) ideal mixing on three mix-
ing sites, and for chlorite the solution model of Hunziker (2003). For feldspar
we used the solution model of Fuhrman & Lindsley (1988), for staurolite the
solution model of Nagel et al. (2002). For muscovite/paragonite the solution
model of Keller et al. (2005b), and for chloritoid the binary ideal mixing on
one mixing site were used.
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