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Abstract

The Misox zone in the Central Alps is formed by metasediments and metavolcanics from the Valais ocean basin. It separates the
underlying Adula nappe, derived from the distal European continental margin, dominated by pre-Mesozoic basement, and including
Tertiary-age eclogites, from the overlying, eclogite-free Tambo basement nappe of Briangonnais origin. These three units were emplaced
on each other during pervasive, top-north directed mylonitic shearing, termed Zapport-phase in the Adula nappe and Ferrera phase in the
Misox zone and Tambo nappe. In the Adula nappe, the Zapport phase deformation occurred at ca. 35 Ma and was preceded by (1)
subduction-related imbrication of basement and sediments and (2) eclogite-facies mylonitisation. Neutron diffractometry of five samples
of eclogite mylonite from the Adula nappe yielded omphacite textures indicative of constrictional strain. The Zapport phase is postdated
by top-east shearing during the Niemet-Beverin phase (35 to 30 Ma), which in the Adula nappe is very weak and only detectable from
quartz textures, but becomes stronger towards the upper part of the Misox zone and in the Tambo nappe.

The main exhumation of the Adula eclogites, from ca. 20 kbar to ca. 7 kbar, occurred before and during the Zapport phase. The
southward-increasing pressure gap existing between the Adula nappe and the Tambo nappe is explained by a Briangonnais lower crustal
and mantle wedge originally situated between the Adula nappe below and the Tambo nappe above. When this wedge sank off into the
asthenosphere, the Adula nappe was exhumed from below into the top-north Zapport shear zone.
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1. Introduction

Tertiary-age, high-pressure
and ultra-high-pressure meta-
morphic rocks including eclog-
ites, metapelites, and garnet
peridotites are found in the Adu-
la nappe in the eastern Central
Alps (Fig. 1). The peak meta-
morphic conditions of these in-
crease from the northern end of
the nappe (12 kbar/500°C) to
| the southern end (32 kbar/
840°C), in accordance with the
assumed southward subduction
direction (HEINRICH 1986, BE-
CKER 1993, NimiS and TROMMS-
DORFF 2001, SCHMID et al. 1996).
The Adula nappe is overlain by
the Tambo nappe across the
metasedimentary Misox zone,
and underlain by the Simano
nappe. Neither Tambo nor Si-
mano include Alpine eclogite-
facies rocks. Thus, the Adula
nappe represents a high- to ul-
tra-high pressure sheet em-
placed between two lower-pres-
sure sheets. Such emplace-
ment, according to current mod-
els (CHEmEnDA et al. 1995,
ERNnST 1999), would imply con-
temporaneous activity of a
thrust at the base and a south-
dipping normal fault at the top of
the Adula nappe. To test the lat-
ter prediction, we conducted
field and microstructural work in
the middle Adula nappe and the
units overlying it, the Misox zone
and the Tambo nappe (Central
Alps in eastern Switzerland,
Figs. 1, 2). Our study corrobo-
rated earlier results (MEYRE and
PuscHNIG 1993, PARTZSCH 1998)
that this zone is dominated by
top-north shearing instead of
the expected top-south normal
faulting. The detailed structural
analysis finally leads to a tecton-
ic scenario that explains high-
pressure exhumation in the
framework of top-north directed
shearing.

During field work the area
from San Bernardino pass in
the north to about 3 km south
of the village San Bernardino
was mapped (PLEUGER 2001,
HUNDENBORN 2001, KREMER
2001, BaBinka 2001). It com-
prises the northern section of
the Misox zone and adjacent
parts of the underlying Adula
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Gotthard ,massif*; Gr: Gruf unit; He: Helvetic nappes; Lu: Lucomagno-Leventina nappe; NPB: North Penninic (Valaisan) Bundnerschiefer; Pl: Platta-Arosa nappe; Si: Simano nappe; Su: Suretta

nappe; Ta: Tambo nappe; Vo: Valaisan ophiclites. Black quadrangles in map and cross-section indicate the study area,

metamorphism (outlined). Cross section is from ScHMID et al. (1996) and shows European basement units (small crosses), Briangonnais basement nappes (small x pattern), ophiolites (black),
sediments from the Valais basin (stippled), and Austroalpine/South Alpine units (vertical ruling). Aa: Austroalpine nappes; Ad: Adula nappe; Av: Avers Bundnerschiefer; Be: Bergell intrusion; Go:

Fig. 1
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Fig. 2.

Tectonic overview of the eastern Lepontine area. Aa: Austroalpine units; Ar: Areua slice; CL: Cima Lunga unit; CO: Chiavenna ophiolite;
F: Flysch; FL: Forcola Line, Go: Gotthard “massif"; IL: Insubric Line; Kn: Knorren mélange; Lo: Lostallo window; MC: Mesozoic cover of
the Suretta and Tambo nappes; MG: Mesozoic cover of the Gotthard "massif"; NB: Axial trace of the Niemet-Beverin fold; TM: Turba
mylonite zone; ZB: Bellinzona-Dascio zone. AC: Alp de Confin; AIA: Alpe Arami; AT: Alp de Trescolmen; CG: Cima di Gagnone;
Eh: Einshorn; MD: Monte Duria; Me: Mesocco, PF: Passo della Forcola; SB: San Bernardino. Rectangle: Study area.

nappe and the overlying Tambo nappe (Figs. 3, 4). The
structures of all these units were investigated in order to
compare and, if possible, correlate different stages of de-
formation which have been defined by previous authors
who mainly focussed either upon the Adula nappe or the
overlying units (LOw 1987, MaRQUER 1991, MEeYRe and
PUSCHNIG 1993, SCHREURS 1993, MAYERAT DEMARNE 1994,
PARTZSCH 1998).

As a result, four phases of ductile deformation were rec-
ognized within each unit; a first deformation phase of the
Adula nappe can only be inferred mediately (see below).
They are referred to as D1 to D5 for the Adula nappe and,
to avoid confusion, F1 to F4 in the case of the overlying
units. All of them, except D1 and D2 of the Adula nappe,
are ascribed to postcollisional nappe stacking and further
shortening whereas features related to the subduction
stage are hardly preserved. Two processes mainly control-
led the development of the present nappe stack: First, a

strong top-north shearing which is dominant throughout
the whole area and led to nappe stacking, and second, a
top-east shearing which is distinctly discernible in the
Tambo nappe and upper parts of the Misox zone but con-
tinuously fades towards the Adula nappe where it could
only be detected by means of textural studies of quartz. In
combination with this top-east shearing, south-vergent
backfolds of all scales developed in front of the Tambo
nappe.

2. Overview of the regional geology

The described units are part of the eastern flank of the
Lepontine structural dome and therefore dipping towards
the east with average angles around 30°. Hence, in the field
the sequence of Eastern Swiss Penninic basement nappes,
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comprising from bottom to top the Lucomagno-Leventina,
Simano, Adula, Tambo and Suretta nappes, is exposed
from west to east. To the north they are enveloped by North
Penninic Bundnerschiefer which are rooted to the south in
the Misox zone and, in the case of the Tambo and Suretta
nappes, by the Schams nappes. To the south, these Pen-
ninic nappes are limited by a mylonitic steep belt associat-
ed with the Insubric line and to the southeast by the Bergell
intrusion {Fig. 2).

Following the generally accepted statement that during
Tertiary Alpine orogeny the Penninic nappes were subduct-
ed in southward direction, the reconstruction of the situation
before the onset of continental convergence yields the se-
guence of the present nappe stack, seen from bottom to
top, arranged from extemnal (northern) to internal (southern)
positions. With respect to the Valais ocean, time brackets
for the continental break-up and the beginning of imbrica-
tion are inferred from the onset of sedimentation on oceanic
basement in the Early Cretaceous (FLORINETH and FROITZ-
HEM 1994} and the age of the youngest sediments, respec-
tively, which is late Paleocene to Early Eocene within the
Arblatsch flysch (ZIEGLER 1956, EIERMANN 1988).

The Misox zone comprises all sedimentary units between
the Adula and the Tambo nappe including incorporated
cristalline slices (GANSSER 1937). At the boundary to the
Adula nappe, a mixed zone of gneiss, marble, cargneule,
amphibolite and greenschist occurs (Pescion zone, Figs. 3,
4: termed “Adulatrias” by GANSSER 1937). The lower and the
upper Uccello zones, overlying the Pescion zone, represent
the sediments of the Valais ocean and its ophiolites. They
mainly consist of several types of impure marble and calcs-
chist (BUndnerschiefer). Only the lower Uccello zone is rich
in basic rocks. In the study area these are greenschists;
from the village Mesocco to the south they are replaced by
amphibolite facies rocks (TEUTSCH 1982). Metagabbros are
reported from the northern lower Uccello zone by GANSSER
(1937). Lenses of paragneiss, orthogneiss and marble col-
lectively referred to as “Gadriolzug” (Figs. 3, 4; GANSSER

1937) are intercalated with these Bundnerschiefer and sep-
arate the lower from the upper Uccello zone. According to
STEINMANN (1994}, the lower Uccello zone continues north-
ward into the Aul Schuppenzone, and the Upper Uccello
zone becomes the TomUll nappe. The Grava nappe, the
most voluminous of the Blndnerschiefer nappes farther
north, wedges out into the Gadriolzug towards our study
area. In addition, three smaller units accompany the front of
the Tambo nappe: The Areua slice, probably originating
from the Briangonnais basement; the Schams nappes, also
of Briangonnais origin, which occupy larger areas northeast
of the study area and envelop the front of the Suretta and
Tambo nappes; and a mélange of unknown origin, the Knor-
ren mélange (GANSSER 1937, MAYERAT DEMARNE 1994,
Figs. 2, 3). The Areua slice is present in the study area as
thin lenses of orthogneiss at the base of the Schams unit
and as a thicker orthogneiss layer at the top of the same
unit (Figs. 3, 4).

The protoliths of the Adula nappe, paragneisses, me-
tapelites and Late Variscan granitoids (JAGER et al. 1967,
HANNY et al. 1975) were situated at the European distal
margin (SCHMID et al. 1990). Due to imbrication during sub-
duction, marbles and Blndnerschiefer of strong affinity with
the Misox zone were incorporated as thin layers into the
Adula nappe (VAN DER PLAs 1959, EGLI 1966, Figs. 2, 3, 4).

The Tambo nappe is derived from the Briangonnais conti-
nental domain which separated the Valais ocean from the
Piemont-Liguria ocean. It is dominantly composed of par-
agneisses which already suffered Variscan deformation and
to a minor extent of Late Variscan laccolithic granitoid com-
plexes (MARQUER 1991, MAYERAT DEMARNE 1994). SCHMID et
al. (1997, a,b) reconstruct the paleogeographic setting and
structural evolution of the tectonic units comprised in the
study area. This reconstruction is generally in line with our
results, the only exception being the contemporaneity, as-
sumed by SCHMID et al., of the Zapport deformation phase
in the Adula nappe with the Niemet-Beverin phase in the
Tambo, Suretta and Schams nappes (see below).

Fig. 3
Geological map of the study area.
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Fig. 4
Geological cross-section of the study
area along Swiss map coordinate
735070 (trace of cross-section in
Fig. 3).

Fig. 5
Deformation structures from the Adula
nappe.

a) Layer of Mesozoic marble sliced
into the Adula nappe during D1. Ham-
mer is at the boundary between marb-
le and overlying orthogneiss. Internal
imbrication of dolomitic and calcitic
layers was formed during the Zapport
phase (D3) and indicates top-NNW
(sinistral in this view) shear sense. Co-
ordinates 732440/149930, view fo-
wards east-northeast.

b) D2 deformation: Thin section of an
eclogite (sample R56; Swiss coordi-
nates 733920/149815) containing
mainly garnet (polygonal grains with
dark outline) and omphacite. Trescol-
men-phase (D2) foliation and lineation
are horizontal in the picture. Horizontal
white layer in the middle is quartz. The
omphacite grains are elongated within
the lineation. Note that inclusion-rich
garnet cores are round whereas inclu-
sion-free garnet rims are elongate, in-
dicating that the garnet shape fabric
formed by preferential growth. Green
hornblende (dark) has grown from a
late brittle fracture steeply inclined to
the right. Scale bar is 500 um; plane
polarized light. Omphacite texture of
this sample is shown in Fig. 7.

c) D2 deformation: Thin section of an
eclogite (sample R54; Swiss coordi-
nates 733920/149815) containing
garnet, omphacite, and eclogite-fa-
cies barroisitic hornblende (elongate,
paikilitic grain between the two ar-
rows). Foliation and stretching lineati-
on horizontal. As in Fig. 5b, green
homblende (dark) has grown from a
late brittle fracture steeply inclined to
the right. Scale bar is 500 um; plane
polarized light. Omphacite texture of
this sample is shown in Fig. 7.

d) D3 deformation: Orthogneiss mylo-
nite from the Adula nappe. Asymmet-
ric K-feldspar porphyroclast indicates
sinistral (top-N) shearing. Swiss coor-
dinates 734 710/146080.

e) D3 deformation: Isoclinal fold of the
Zapport phase in orthogneiss. Swiss
coordinates 732250/149740. NE is 1o
the right, fold axis orientation is 161/
05, outcrop is about 1 m high.

f) D5 deformation: South-vergent kink
fold of the Carassino phase in or-
thogneiss. N is to the left. Swiss coor-
dinates 732870/151570.
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3. Structural analysis of the Adula nappe

3.1 Overview

Recent studies on the structural evolution of the Adula
nappe have been carried out by Low (1987) for the north,
PARTZSCH (1998) for the middie and NAGEL (2000} for the
south of the nappe. Whereas intense polyphase folding can
be observed in the northern and southern parts, apart from
a late undulation the main features of the middle Adula
nappe are mylonitic foliations and lineations. They are only
locally affected by folding which, however, in most cases
allows to recognize clear overprinting relations and to clas-
sify the deformation phases D2, D3, and D4 according to
the nomenclature bestowed upon them by Low (1987) and
MEYRE and PUSCHNIG (1993).

The present geometry of the nappe is one of a forward-
dipping duplex (see BOYER and ELLIOTT 1982) with layers of
mostly para- and orthogneiss alterating at different scales.
The majority of eclogite and amphibolite lenses appears
aligned within distinct layers of paragneiss or metapelite
which themselves alternate with orthogneiss at different
scales (Figs. 3, 4). In addition, a lens of olivine-rich peridot-
ite occurs at Sass de la Golp in the main eclogite-bearing
layer (Fig. 3).

Whereas the northern and middle parts of the nappe
occupy a coherent area, the situation along the southern
steep belt is more complex. To the southwest the Adula unit
continues into the Cima Lunga unit, framing the southern
part of the underlying Simano nappe. To the southeast the
Gruf unit is attached to the Adula nappe. The Gruf unit itself
is limited to the north and south by the Tambe nappe and
the Bergell pluton, respectively. The existence of the Lostal-
lo window (Fig. 2; KUNDIG 1926) in the central southern part
of the Adula nappe, exposing rocks of the Simano nappe,
has not been generally accepted {(e. g. SPICHER 1980) but
recently NAGEL (2000) and NAGEL et al. (in press) presented
convincing structural evidence for this window.

3.2 D1/Sorreda Phase

This first deformation stage can only indirectly be inferred
from the presence of impure marbles and Blndnerschiefer,
focally accompanied by basic rocks, deep within the Adula
nappe. They are always in tectonic contact with the gneissic
rocks of the Adula nappe and possess strong lithologic
affinities with the Mesozoic rocks of the Misox zone (Fig. 5a;
VAN DER PLAS 1959, EGLI 1966). Therefore, a first imbrication
of alpine age must be inferred. Although most of the slivers
of this “Internal Mesozoic” occupy distinct structural levels,
it seems doubtful if tracing these levels over larger areas
would visualize the D1 structure, because of later D3 imbri-
cation. Possibly the high-frequency layering of para- and
orthogneisses is due to the twofold imbrication. A D1-folia-
tion as recorded by LOw (1987) cannot be confirmed in our
study area, but curved and planar internal foliations of gar-
net porphyroclasts observed in thin-sections are assumed
to be relics of D1.

3.3 D2/Trescolmen Phase

The eclogite lenses in the study area have roughly ellip-
soidal shapes (between prolate and “plane strain”) with the
long axis parallel to the D3 lineation in the surrounding
rocks. Fish-mouth structures occasionally found at the ter-

minations of eclogite lenses indicate that they were indeed
formed by boudinage. Eclogite lenses contain D2 foliations
and lineations that are unconformable with the D3 main
foliation and stretching lineation of the surrounding rocks.
The D3 main foliation in the surrounding rocks dips east at
an average of 29° (Fig. 6b), and the D3 lineation is north-
northwest-south-southeast (see below; Fig 6¢). In contrast,
the foliation of the mafic lenses, including eclogite and
variably amphibolitized eclogite, shows a larger spread
(Fig. 6a). The pole figure shows foliations that are parallel to
D3 of the surrounding rocks, but also aberrant orientations,
most of them steeply dipping east. The latter are found in
the least retrograded boudins, whereas the former occur in
the amphibolitized eclogite. A similar situation applies to the
lineations (Fig. 6a). Lineations in the least overprinted ec-
logites are east-west and curve towards north-south with
increasing degree of amphibolitization. Hence, the D2
structures corresponding to deformation under eclogite
facies conditions are (almost) exclusively preserved within
the comparatively rigid eclogitic cores of larger mafic bod-
ies. At their amphibolitic rims and within the other rocks of
the Adula nappe, D2 structures are completely extinguished
by the strong amphibolite-facies D3 mylonitization. MEYRE
and PusCHNIG (1993) introduced the term “Trescolmen
phase” for isoclinal folds within eclogite boudins at the
locality Trescolmen. Later PARTZSCH (1998) extended the
term to all eclogite-facies structures in the Adula nappe. We
follow this terminology.

The eclogites consist of garnet, omphacite, rutile, quartz,
and paragonite (see also MEYRE et al. 1997). Additionally, a
barroisitic hornblende occurs in several of the eclogites.
This amphibole formed under retrograde, but still eclogite-
facies conditions (Fig. 5¢; HUNDENBORN 2001). The rocks
have mostly well-developed foliation and lineation. The
stronger the foliation and lineation, the finer is the grain size
of omphacite and garnet. Hence, deformation was associ-
ated with grain-size reduction. Foliation and lineation are in
thin section defined by aligned omphacite, slightly elon-
gate, hypidiomorphic garnet grains, and by alternation of

Fig. 6

Lower hemisphere Schmidt projection piots of structural elements
in the study area.

a) Poles to foliation (squares) and stretching lineation (circles) in
basic rocks of the Adula nappe, formed during the Trescolmen
(D2) and Zapport (D3) phases.

b) Poles to foliation of the Zapport phase in the Adula nappe,
except for basic rocks. Maximum is located at 94/29.

¢) Stretching lineation of the Zapport phase in the Adula nappe,
except for basic rocks. Maximum is located at 166/10.

d) Poles to fold axial planes (squares) and fold axes (circles;
maximum; 68/24) of the Leis phase (D4) in the Adula nappe.

e) Poles to fold axial planes (squares) and fold axes (circles) of the
Carassino phase in the Adula nappe.

f) Poles to Ferrera phase (F1) foliation in the Misox zone and Tambo
nappe (maximum at 105/33).

g) Ferrera phase (F1) stretching lineation in the Misox zone and
Tambo nappe (maximum at 177/16).

h) Poles to Niemet-Beverin phase (F2) fold axial planes (squares;
maximum 40/35) and fold axes (circles; maximum 72/27) in the
Misox zone and Tambo nappe.

i) Niemet-Beverin phase (F2) stretching lineation (maximum 68/20)
in the Misox zone and Tambo nappe.

j) Poles to Domleschg phase (F3) fold axial planes (squares) and
fold axes (circles) in the Misox zone and Tambo nappe.
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a) D2 and D3 structures in b) D3 foliation in all other ¢) D3 stretching lineation

basic rocks rocks in all other rocks
N
Structural elements of
the Adula nappe d) D4 fold axes (dots) and e) D5 fold axes (dots) and
fold axial planes (squares) fold axial planes (squares)
N

Structural elements of
the Misox zone and
the Tambo nappe

f) F1 foliation g) F1 stretching lineation

N N N
h) F2 fold axes (dots) and i) F2 stretching lineation j) F3 fold axes (dots) and
fold axial planes (squares) fold axial planes (squares)
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Fig. 7

Texture of omphacite in deformed eclogites obtained from neutron diffraction. Upper
hemisphere, equal-area projection. Pole figures were calculated from the orienation distri-
bution function obtained from seven reflections in four clusters. Trace of the foliation and
lineation (x direction) is horizontal east-west in the pole figures, y direction is at the centre,
and z direction is north-south. Sample locations of R56 and R54: see caption of Fig. 5.
WK147 is from Alp de Confin (731 100/146 010), WK159 and WK160 are from | Corn de
Golin near Capanna Buffalora (732 625/134 775), For further explanation see text.

garnet-rich and omphacite-rich lay-
ers. The garnet grains have a round,
inclusion-rich core and an inclusion-
free rim. The rim is relatively thick in
the direction of the lineation, and thin-
ner elsewhere. This suggests that the
core grew before the deformation that
produced the microstructure, and the
rim grew synkinematically and prefer-
entially in the lineation direction, lead-
ing to the elongate shape (Fig. 5b).
The eclogite-facies amphiboles form
large (up to 0.5 cm), elongate, poikilit-
ic grains. In most cases, they are
aligned parallel to the D2 lineation.
For these, we assume that they grew
during D2. In some places, however,
the high-pressure amphibole is ran-
domly oriented and has grown across
lineation and foliation. There, the am-
phibole has grown after D2 deforma-
tion stopped. We conclude that the
D2 deformation which produced the
foliation and lineation ended when the
rocks were still under eclogite-facies
conditions. Green, amphibolite-facies
amphibole overgrows the eclogite
paragenesis along brittle fractures
cutting the foliation (Fig. 5b, c).

Neutron texture studies have been
carried out on two samples of eclog-
ite from the study area (R56 and R54,
Swiss coordinates 733 895/149 920
and 733 920/149 815, respectively),
and, additionally, on three eclogite
samples from the Adula nappe out-
side the study area (WK147, WK159,
and WK160). The measurements
were done on the texture diffractome-
ter SV7-b at the reactor FRJ-2 at For-
schungszentrum Jllich (JANSEN et al.
2000). Since the recorded neutron di-
agrams showed strongly overlapped
Bragg reflections of various mineral
phases, the BEARTEX programme
system (WENK et al. 1998) was em-
ployed to calculate 3-dimensional ori-
entation distributions from the experi-
mental observation and to obtain pole
figures also for non-observed reflec-
tions.

In the case of R56, without eclogite-
facies amphibole, the {010} pole fig-
ure of omphacite shows a girdle dis-
tribution on a great circle perpendicu-
lar to the stretching lineation, with a
maximum perpendicular to the folia-
tion (Fig. 7). The {100} pole figure
reveals a girdle distribution as well,
with a maximum in the y-direction,
Consequently, the {001} poles are
concentrated close to the x-direction.
On close inspection, however, they



form two submaxima within the foliation plane and a small
distance away from the x-direction, in accordance with the
omphacite § angle of 106.85°. The girdle distributions of the
{100} poles and b-axes, although they are not even, indi-
cate strain lying within the field of constriction.

The omphacite texture in R54, an eclogite containing
high-pressure amphibole, resembles the one of R56 with
the only difference that it appears rotated by 90° around the
x-axis of the strain (Fig. 7). The {100} and {010} maxima
are located close to z and v, respectively, and the two {001}
submaxima are at a small distance from x in the x-z plane.

Three more omphacite textures were measured on sam-
ples from the Adula nappe outside the study area. WK147 is
from a large eclogite boudin at Alp de Confin, less than one
km west of our study area. This boudin was described in
detail by PARTZSCH (1998). There the foliation is stegp and
strikes east-west, and the stretching lineation dips shallowly
east. WK159 and WK160 are from | Corn de Golin near
Capanna Buffalora, 9.5 km south of our study area. The
textures of all three samples are very similar to the ones of
R56 and R54, WK159 is an extreme L type (HELMSTAEDT et
al. 1972), where {010} is evenly distributed on a great
circle. In WK147, the {010} maximum on the great circle is
perpendicular to the foliation, as in R56, and in WK160, it is
obligue to the foliation.

It can be stated that all samples measured so far from the
Adula nappe correspond to the L type of HELMSTAEDT et al.
(1972), suggesting constrictional deformation (GODARD and
VAN ROERMUND 1995). Since this texture is observed in ec-
logites with and without the retrograde high-pressure am-
phibole, we assume that the constrictional deformation last-
ed from the pressure peak to the the earliest stage of
exhumation.

The fact that the eclogite and amphibolite boudins are
elongate in the direction of the D3 lineation (i. e. north-
northwest-south-southeast; see also MEYRE and PUSCHNIG
1993) suggests that the boudins were rotated before or
during D3. Under this assumption, the east-west trend of
the lineation in the least retrograded eclogite lenses would
not represent the original configuration. A possible scenario
of shearing and later boudinage of the eclogites is given in
PARTZSCH (1998). He assumes that the stretching direction
during the Trescolmen phase was north-south. This is rea-
sonable but has not yet been corroborated by direct evi-
dence.

The structural evolution of the eclogites can be summa-
rized as follows: Under peak pressure and during beginning
exhumation, more or less coherent basic layers were de-
formed by constrictional coaxial shearing (D2). The defor-
mation undergone by the gneissic country-rocks at that
time is not preserved because of a strong D3 overprint.
Additionally, the generation of isoclinal folds within the bou-
dins (MEYRE and PUSCHNIG 1993) was probably associated
with D2. The boudinage occurred between D2 and D3 or
during D3. Also during D3, the boudins were rotated and
reoriented with their long axes parallel to the D3 stretching
lineation. Simultaneously, the outer parts of the boudins
were re-equilibrated under D3 amphibolite facies condi-
tions. The amphibolitic rims of the boudins were almost
completely overprinted by the D3 foliation and stretching
lineation; only the eclogitic cores of the boudins behaved
rigid as indicated by the britile fractures along which green
hornblende has grown (Fig. 5b, c).

3.4 D3/Zapport Phase

The penetrative D3 foliation and D3 stretching lineation
are by far the dominant structures of the middle Adula
nappe. They are only absent in eclogitic cores of mafic
boudins. At least at the scale of a single outcrop the mylo-
nitic foliation is parallel to the layering which is mostly the
alternation of para- and orthogneisses, except in the hinges
of D3 folds (see below). From the map and more obviously
from the cross section (Fig. 4) it becomes visible that indi-
vidual layers can be followed into higher positions with
respect to the nappe’s roof going from north to south. This
observation, already made by JENNY et al. (1923), is valid for
the whole Adula nappe and constitutes its geometry of a
forward-dipping duplex (see BOYER and ELLIOTT 1982). On
an average, foliation and layering strike north-south and dip
towards the east (94°) around 29° (Fig. 6b). Deflections
from this orientation result from late D5 undulations. In most
cases the D3 stretching lineation is formed by aligned ag-
gregates of guartz or quartz and feldspar. Therefore, it is
always more strongly developed in orthogneisses than in
paragneisses. The trend of the lineation is north-south to
northwest-southeast (Fig. 6c¢; maximum 166/10). Shear
sense indicators such as asymmetric porphyroclasts in
K-feldspar augengneisses (Fig. 5d) and C'-type shear
bands in paragneisses and metapelites unambiguously
prove top-north-northwest directed shear movements dur-
ing D3.

Apart from C'-type shear bands which are locally abun-
dant enough to make up an extensional crenulation, D3-
related folds are very rare. Only small-scale tight to isoclinal
folds with amplitudes of cm- to dm-dimensions could be
observed (Fig. 5e). Their axial planes are always parallel to
the D3 foliation, the compositional layering is folded. The D3
fold axes are parallel or subparallel to the D3 lineation. The
vergence is variable but no superordinate pattern can be
recognized by its distribution. This supporis the impression
that D3 folding is only related to local deflections of the
apparently almost homogeneous overall strain and does
not have much imprint on the geometry of the middie Adula
nappe.

Neutron texture studies on quartz are consistent with the
results of fieldwork and, additionally, indicate overprinting of
the Zapport phase mylonite by minor, top-east to -northeast
directed shearing at a later stage (PLEUGER et al., 2002).
Two paragneissic samples from the Adula nappe have been
studied one of which shall be presented here. The other
sample yielded similar results but has a weaker texture.
Sample A48 comes from a quartz-rich (ca. 90%) paragneis-
sic layer (Swiss coordinates 732 560/150 470) and contains
additionally phengite, garnet, chlorite and some minor con-
stituents. The phengite- and chlorite-{001} pole figures
(Figs. 8c, d) reflect the fact that tabular grains of these
minerals define the foliation. The slight asymmetry of the
chlorite {001} maximum is caused by the fact that some of
the chlorite is aligned in shear bands dipping shallowly to
the left. Quartz is dynamically recrystallized, mainly by sub-
grain rotation, to a grain size of about 100 to 500 um. The
c-axis pole figure of quartz (Fig. 8e) vields a girdle distribu-
tion steeply inclined to the right (eastsoutheast) and indi-
cates a sinistral, top-north-northwest directed sense of
shear. A strong single maximum, situated between the cen-
tre and the periphery of the pole figure, is superposed on
the girdle. Around this maximum discrete maxima of the
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Fig. 8
Texture of quartz, phengite, and chlorite from sample A48, a paragneiss from the Adula nappe. Upper hemisphere, equal area projection.
Phengite and chlorite pole figures result from averaging higher-order reflections of the (001) plane, quartz pole figures were calculated
from the orientation distribution function derived from the 100, 101/011, 110, and 111 reflections.

a) Schematic representation of sample orientation and strain x-, y-, and z directions in geographic coordinates.
b) Orientations of principal strain axes (x, y, z) and the trace of the foliation in the pole figures.

c) Pole figure of the phengite {001} pinacoid with maximum at the pole of the foliation plane.

d) Pole figure of the chlorite {001} pinacoid with maximum at the pole of the foliation plane.

e) Pole figure of the quartz c-axes, indicating sinistral, top-N shearing.

f) Pole figure of quartz {a} prism, showing the orientation distribution of the a axes.

g) Pole figure of the superposition of positive and negative rhombchedra {r+z} of quartz.
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a) Inverse pole figure of quartz in sample A48 (paragneiss from the Adula nappe) as calculated from the orientation distribution function,
showing the orientation density of the y axis of strain in the framework of the crystallographic directions.

b) Orientations of some crystal directions and of the rotation axes of common quartz slip systems within the inverse pole figure (modified
after Neumann 2000). Note that the maximum in (a) does not coincide with any of the positions predicted for common slip systems.

quartz-{a} and -{r+z} pole figures (Fig. 8f, g) occupy the
great circle and small circles, respectively. As shown by the
inverse pole figure (Fig. 9) the position of the c-axis maxi-
mum can neither be the result of basal <a> nor of rhomb
<a> slip. Therefore, grain-shape analyses with SURFOR
and PAROR methods (PANOZZO 1983, 1984) have addition-
ally been carried out on an x-z section (Fig. 10a) and an y-z
section (Fig. 10b) in order to find out whether the texture
reflects an overprint by a second phase of deformation. The
SURFOR-analysis of the x-z section (Fig. 11a) shows two
maxima of grain boundary orientation distribution shallowly
and steeply inclined to the right. The x-z PAROR-analysis
(Fig. 11b), conseqguently showing one maximum inclined to
the right, indicates a sinistral sense of shear, i. e. top-north-
northwest. Both the SURFOR- and, more obviously, the
PAROR-analyses of the y-z section (Fig. 11c, d) reveal sin-
gle maxima inclined to the left which is southwest in geo-
graphic coordinates. These distributions substantiate a late
top-northeast shear. Looking back at the quartz-c-axis pole

figure, it appears most likely that the girdle distribution and
the strong single maximum, caused by basal <a> slip,
were formed during the north-northwest verging D3 move-
ments (with the strong maximum originally located at the
periphery of the pole figure) and later reoriented by more or
less perpendicular, roughly east to northeast directed shear,
corresponding to the Niemet-Beverin phase of the higher
units (see below).

3.5 D4/Leis phase

From the northern Adula nappe, where Leis phase defor-
mation led to a fold system with wavelengths of km-scale
and a stretching lineation parallel to the east-northeast-
trending fold axes (LOwW 1987), structures related to the Leis
phase die away towards the upper middle Adula nappe.
Only few folds in the study area can be ascribed to D4. They
deform the D3 foliation and their geometry differs signifi-
cantly from that of D5 folds. In accordance with Baum-
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GARTNER and LOw (1983) two different types of Leis phase
folds can be distinguished: First, recumbent tight, almost
isoclinal folds one of whose limbs is often cut off parallel to
the D3 foliation and, second, upright tight to open folds with
fold axial planes almost perpendicular to the average D3
foliation. Apart from these two extremes, folds with an inter-
mediate geometry appear quite frequently. All the D4 folds
have wavelengths of some dm to m. In some cases a
crenulation and an axial plane foliation are developed close
to the fold hinges. The D4 fold axes dip moderately towards

east-northeast (Fig. 6d); no D4 stretching lineation was
observed.

Within orthogneiss folds of upright and intermediate ge-
ometry are often situated at the northern edges of quartzitic
boudins. Although they may genetically differ from proper
D4 folds because their formation should have been strongly
influenced by the competence contrast between the boud-
ins and their surroundings, these folds suggest that the
abundant boudinage of quarzitic layers within orthogneiss
probably took place during D4, If so, top-north movements

within the Adula nappe were still

active during the Leis phase be-
cause the boudins are sometimes
displaced against each other
along shear bands indicating that
sense of movement. Furthermore,
the fact that by far most D4 folds,
especially the recumbent ones,
are north-vergent, adds some
weight to this view which is in line
with results of PARTZSCH (1998)
who proved Leis phase top-north-
west movements for the lower part
of the middle Adula nappe. How-
ever, within our study area, the
Leis phase resembles a weaker
and still diminishing continuation
of the Zapport phase rather than
an independent stage of deforma-
tion.

3.6 D5/Carassino phase

Within the studied area, an un-
dulation and flexural folding are
the latest ductile deformations.
The intensity of undulation is not
equal, but within some structural
levels upright gentle folds with
wavelenghts of some Dm and
comparatively small amplitudes
can be observed. From these
structural levels the intensity of
folding, which appears to be inde-
pendent of the lithology, decreas-
es upwards and downwards.

The D5 flexures are mostly
south verging (Fig. 5f) and have
fold axes plunging towards north-
east to southeast (Fig. 6e). Along
the short limbs of the antiforms
layering and D3 foliation are low-
ered by an amount of some cm to
dm. They are restricted to orthog-
neissic layers where they can be
traced some Dm along the fold

Fig. 10
Thin section photographs of sample A48,

a) x-z section (parallel to stretching lineation, perpendicular to foliation). NNW is to the left.
Sinistral (top-NNW) shear sense indicated by mica fish (lower right) and quartz grain boundary

obliquity. Scale bar is 500 pm.

b) y-z section (perpendicular to stretching lineation and foliation) of the same sample. NE is to
the right. Note deformation bands dipping to the left. Scale bar is 500 pm.

axes.

Late undulation and flexures
within the middle Adula nappe
have been atfributed to the Car-
assino phase by Meyre and
PuscHNIG (1993). The Carassino
phase was defined by Low (1987)
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recognition of a regionally consistent deforma-
tion history of the units above the Adula nappe.
b) Therefore it is possible to correlate our deforma-
tion phases F1 to F4 with those defined and
discussed by MILNES and ScHMUTZ (1978), PFIFF-
NER (1977), SCHREURS (1995), and SCHMID et al.
(1997b).

Early work, especially precise mapping and
description of the units between the Adula and
the Tambo nappes, has been carried out by GAN-
SSER (1937). The lowermost part of the Misox
zone is marked by its gradual transition from the
Adula nappe. Above a structural level character-
ized by the sporadic appearance of cargneule,
thin slices of Bundnerschiefer, impure marble
and greenschist appear between dominant Adu-
la gneisses; the proportion of Adula gneisses
decreases upward. Following GANSSER (1937},
slivers of Adula gneisses do not occur above the
first larger greenschist horizon which is therefore
the upper boundary of what he calls “Adulatrias”,
referring to a characteristic, several m thick band
of probably Triassic dolomite marble that is com-
mon to all complete outcrops of this unit. This
term, however, is misleading in that the main
character of the unit is that of a tectonic mélange
whose rocks are mostly gneisses and Blndner-

30)

Fig.11

Rose diagrammes of crientation distributions (PaN0zzO 1983, 1984) of recrys-
tallized grain boundaries (SURFOR) and grain long axes (PARORY) in sample

A48 (see Fig. 10).

a) SURFOR analysis of the x-z section;
b) PAROR analysis of the x-z section;
¢) SURFOR analysis of the y-z section;
d) PAROR analysis of the y-z section.

schiefer. Therefore we use the term Pescion zone
since it is, within our study area, best exposed in
the stream bed of Ri di Pescion (Fig. 3). Another
excellent outcrop of this zone is above Tallialp
(Swiss coordinates 734750/152050), 50 m north
of our study area.

The Pescion zone is overlain by an alternation
of some m to Dm thick layers of impure marble,

for the northernmost part of the Adula nappe where it com-
prises a huge north verging flexure and its parasitic folds.
As in the case of the Leis phase, Carassino-phase struc-
tures fade out towards the middle Adula nappe. The relative
age of the undulation remains uncertain due to the lack of
clear overprinting relations with D4. Geometric similarities of
late, i.e. upright, D4 folds to the coaxial undulation suggest
that the latter directly succeeded D4 or can even be reck-
oned among the D4 structures. Therefore, some uncertain-
ties remain when the deformations described above are
correlated with the Carassino phase.

4. Structural analysis of the Misox zone and
the Tambo nappe

4.1 Overview

The deformation phases of the Tambo nappe and Misox
zone will be discussed together since they yield the same
set of structures and can unequivocally be correlated. This
was already shown by MAYERAT DEMARNE (1994) who car-
ried out structural work within the northernmost Tambo
nappe and the units in front of it, hence a study area partly
identical with ours. This and other works by BAUDIN et al.
(1991, 1993) and MARQUER (1991) in the Tambo nappe and
SCHREURS (1993, 1995) in the Schams nappes led to the

BUndnerschiefer (i. e. more or less calcareous
phyllites and micaschists with intercalations of impure mar-
ble), and greenschists being in tectonic contact with each
other. From this lower Uccello zone the upper Uccello zone
differs in containing only very few lenses of greenschist.
Both zones are locally separated by incoherent slices of
orthogneiss, paragneiss, serpentinite, and Triassic dolomite
marble making up the *Gadriolzug” (GANSSER 1937; Fig. 3,
4). To the south the Misox zone can be followed into Val de
la Forcola where it wedges out between the Adula and
Tambo nappes at Passo della Forcola (Fig. 2). Further to the
southeast the Adula and Tambo nappes are separated by
the Miocene Forcola normal fault (MEYRE et al. 1999b). The
Chiavenna ophiolite, situated between the Tambo nappe
and the Gruf unit, again represents remnants of the Valais
ocean (SCHMID et al. 1996).

Four more units of the Misox zone reach into the north-
eastern part of the study area (Val Vignun} structurally over-
lying the upper Uccello zone: Orthogneisses belong to the
Areua slice which occupies two different structural levels
separated by the westernmost offshoots of the metasedi-
mentary Schams nappes. In the study area the Schams
nappes lithologically resemble the lower and upper Uccello
zones but can be distinguished by slivers of cargneule,
white marble, and dolomitic breccia. Those rocks can be
ascribed to the subunit 1b of the Gelbhorn unit in the sense
of RUCK (1995) by comparison of lithology. Between the
upper level of the Areua slice and the Tambo nappe ap-
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pears the Knorren mélange. It mainly consists of parag-
neiss, impure marble, quartzite and a gneissic breccia.
Finally, slivers of cargneule occuring at the base of the
Tambo nappe constitute the Andrana zone (STROHBACH
1965).

4.2 F1/Ferrera phase

The penetrative F1 foliation is the main foliation through-
out the studied parts of the Misox zone. Its average orienta-
tion is 105/33 (Fig. 6f) but in front of the Tambo nappe,
which does not reach as far north as the Adula nappe, it is
bent into a northeast-southwest striking and steeper orien-
tation due to the widening of the Misox zone. It runs parallel
to the contacts of the units described above and their inter-
nal layering. An F1 stretching lineation plunges shallowly to

the south (maximum 177/16, Fig. 6g). Locally even two
lineations at small angles to each other can be discerned
but no statement on their relation is possible. Stretching
lineations are best developped within the marbles and
gneissic rocks whereas in the phyllites they are difficult to
distinguish from an F1 crenulation or absent. Within the
upper part of the Misox zone, the lineation is sporadically
extinguished by F2 overprint. Shear sense indicators related
to this F1 stretching lineation are not as frequent as in the
Adula nappe but unequivocally point to top-north shear
movements as well. For these reasons F1 must be held
responsible for nappe stacking of all the units described in
chapter 4 and of the Tambo nappe where a mylonite horizon
at its bottom yields the F1 foliation and stretching lineation.
Furthermore, in the outcrop above Téllialp (Swiss coordi-
nates 734750/152050) the F1 foliation and stretching linea-

9
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Fig 12

Deformation structures from the Misox zone and the Tambo nappe.

a) Isoclinal F1 (Ferrera phase) fold in Bundnerschiefer of the Misox zone (Upper Uccello zone). View towards SE. Fold axis is subparallel to

the stretching lineation. Swiss coordinates 735 630/149 675.

b) F1 deformation: Thin section of Blindnerschigfer from the Misox zone (Upper Uccello zone) showing main F1 foliation (horizontal) and
early F1 foliation (steep, folded). A: Folded internal foliation within and brittle fracture across albite grain; B: inclusion-free albite grown in
strain shadow; C: Niemet-Beverin (F2) crenulation. Scale bar is 500 um. Swiss coordinates 736 010/150 430.

c) F2 (Niemet-Beverin phase) fold in Bindnerschiefer of the Misox zone (Upper Uccello zone), folding the F1 foliation. Vergence towards
south corresponds to the lower limb of the north-closing Niemet-Beverin megafold. Swiss coordinates 735 885/150 970.

d) North-vergent F3 (Domleschg phase) fold deforming mica schist of the Tambo nappe. Width of the picture is 60 cm. Swiss coordinates:

736 560/146 895.




tion can continuously be followed through the Pescion zone
into the Adula nappe where these structures belong to the
Zapport phase (D3).

F1 folds are always isoclinal and characterized by fold
axial planes parallel to the F1 foliation {Fig. 12a). Within the
study area, wavelengths and amplitudes do not exceed the
order of a few dm and m, respectively. Fold axes trend
either parallel or perpendicular to the F1 stretching linea-
tion. Particularly in the latter case, the F1 mylonitic foliation
is folded and a new axial planar foliation, being parallel to
the former in the limbs, can be distinguished close to the
fold hinges. On the other hand sporadically appearing intra-
folial folds give examples of folds predating the shearing.
Therefore, the Ferrera phase includes several episodes of
repeated shearing and folding (see also MAYERAT DEMARNE
1994) which can readily be explained by its long duration
(ca. 55-35 Ma; MARQUER et al. 1994),

Two F1 foliations also become visible in some thin-sec-
tions of samples from the Misox zone. The thin-section of a
Bundnerschiefer from Val Vignun (Fig. 12b) may serve as an
example. The main F1 foliation, made up by white mica and
graphite, trends horizontally whereas an older foliation is
outlined by white mica within the microlithons and by graph-
ite and small inclusions in albite clasts. In this case the older
foliation is probably connected with the occurrence of intra-
folial folds in the outcrop where the sample was taken. Note
the partly brittle deformation of albite (A) and that solution
transfer processes contributed to the formation of the main
foliation as can be seen from the dissolution of albite per-
pendicular to the main foliation and the growth of inclusion-
free albite seams in strain shadows (B). The crenulation (C)
of the main foliation is due to F2.

Although the F1 main foliation thus overprints earlier
structures in some localities, we must forbear from defining
subphases of F1 or even a new deformation phase since
the above-mentioned multiform overprinting relations are
local peculiarities that cannot be correlated among each
other. Furthermore, all the described structures can be ex-
plained by ongoing north-vergent shearing. Note that the
overprinting of early thrusts by Ferrera-phase folds has led
to the definition of an Avers phase, predating the Ferrera
phase, by MILNES and SCHMUTZ (1978). This phase, howev-
er, can only be clearly defined in the case of the detachment
of the Avers Blndnerschiefer, east of our study area
(SCHMID et al., 1997b).

4.3 F2/Niemet-Beverin phase

The main structure of the Niemet-Beverin phase is the
Niemet-Beverin megafold by which the Schams nappes
and part of the Bindnerschiefer are wrapped around the
Briangonnais crystalline basement (MILNES and SCHMUTZ
1978, SCHMID et al. 1990, 1997b). The fold axial plane can
be traced through the Suretta nappe where Ferrera phase
isoclinal folds are refolded (SCHREURS 1995). Huge south
vergent parasitic folds of the Niemet-Beverin fold in front of
the Tambo nappe are spectacularly exposed in the western
slope of the Guggernull mountain (GANSSER 1937, MAYERAT
DemMARNE 1994). The northern end of the eastern border of
our study area corresponds roughly to the lower limb of
the lowest of these folds whose axial plane strikes through
the summit of Einshom (Fig. 2) southward across Val Vig-
nun.

Again parasitic folds of these occur within the parts of
the Misox zone and the Tambo nappe that belong to the
study area. They overprint F1 structures. While their wave-
lengths commonly lie within the order of a few dm, their
amplitudes are quite variable. Tight to close folds (Fig.
12c¢) dominate within the Tambo nappe and upper parts of
the Misox zone. In an overall view, F2 folds become more
and more open and finally gentle towards the bottom of
the Misox zone although their geometry also depends on
the lithology. In some cases an F2 axial planar foliation
cross-cutting the folded F1 foliation can be distinguished.
Fold axes plunge to the east-northeast (maximum 72/27;
Fig. 6h).

An F2 stretching lineation on the F1 foliation trends in
the same direction as the fold axes (Fig. 6i). Parallelism
between lineation and folds is directly observed where
both occur. A south-vergent F2 crenulation of mica rich
layers of Bandnerschiefer (Fig. 12b) runs parallel to the
lineation and can in some occasions hardly be distin-
guished from it. The F2 stretching lineation is best devel-
oped in the Tambo nappe and the upper part of the Misox
zone. C'-type shear bands indicate top-east-northeast
movements. We interpret the reactivation of the F1 foliation
as F2 shear plane to be caused by the rheologic anisotro-
py that resulted from F1 foliation. The generation of F2
folds may partly be due to the fact that the F2 deformation
could not entirely be accommodated by shearing within
the F1 foliation plane.

4.4 F3/Domleschg phase

F3 folds are common within the Tambo nappe and upper
parts of the Misox zone but become scarce towards the
lower Uccello zone. Their dimensions and geometries, in-
cluding the orientation of fold axes (Fig. 6j), are comparable
to those of close F2 folds from which the F3 folds (Fig. 12d)
differ in being north-vergent. An F3 crenulation coaxial to F3
folds is developed within mica-rich layers of the BUndner-
schiefer where it clearly overprints the S-vergent F2 crenula-
tion. Apart from these folds, including here and there a fold
axial planar foliation, no F3 related structures can be report-
ed.

Folds similar to our F3 folds are widespread throughout
the Suretta, Tambo and Schams nappes (MILNES and
SCHMUTZ 1978, BAUDIN et al. 1993, MAYERAT DEMARNE 1994,
SCHREURS 1995) and can be attributed to the Domleschg
phase defined by PFIFFNER (1977) for the Bundnerschiefer
of the Domleschg area.

4.5 F4

Within the Misox zone and the Tambo nappe flexures of
the same kind and orientation as the D5 flexures of the
Adula nappe affect mostly the competent rocks. They are
best exposed east of the southern Piz Uccello summit
where the surface is formed by the foliation of a thick layer
of impure marble. In this outcrop the respective southern
limbs are lowered by up to 2 m along the flexures. In other
locations north-vergent flexures do also occur but less fre-
quently. Overprinting relations of small-scale F4 flexures
with preceding deformation phases can unambiguously be
distinguished within incompetent layers of Bundnerschiefer
where locally crenulations of F1, F2 and F3 coexist.



5. Tectonic evolution, time constraints, and
metamorphism

The Early Eccene age (ZIEGLER 1956, EIERMANN 1988) of
the latest sedimentation in the Valais ocean in eastern Swit-
zerland signifies the beginning subduction of the Adula
nappe whose position at that time was the distal European
margin (SCHMID et al. 1990, 1997b). Due to the strong later
overprint the prograde history of the Adula nappe remains
rather obscure. According to LOW (1987) the Sorreda phase
imbrication and mylonitization took place under conditions
of 6-8 kbar and 380-450° but it seems inevitable that similar
deformations continued until the Trescolmen phase.

The high pressure metamorphism in the Adula nappe and
the attached Cima Lunga unit has been dated by several
authors: around 40 Ma (MURALT 1986), 48-39 Ma (SANTINI
1992), 40-35 Ma (BECKER 1993} and 35 Ma (GEBAUER 1996).
Indeed, an age of about 40 Ma is likely since older ages
would demand improbably high subduction rates and
younger ages would not provide enough time for the exhu-
mation of the Adula nappe below the Tambo nappe which
must have ended earlier than 30 Ma (see below). HEINRICH
(1986) recognized a strong pressure and a temperature
gradient from north (ca. 13 kbar/500°) to south (ca. 30kbar/
830°). Table 1 shows his results complemented by more
recent data. However, one must not infer the dip angle of
the subduction zone from the geobarometric data since the
eclogitic boudins, from which the samples were taken, oc-
cupy different structural levels that were telescoped to a
considerable amount by D3 imbricate stacking.

Contemporanecusly with the Trescolmen phase in the
mafic boudins, Zapport-phase overprint started in the sur-
rounding rocks (e. g. LOW 1987, MEYRE and PUSCHNIG
1993). Zapport-phase top-north shear movements led to an
almost isothermal rapid decompression (PARTZSCH 1998,
NAGEL 2000). At the end of the Zapport phase, a fair pres-
sure gradient from north to south still existed. Minimal geo-
thermobarometric data for the end of D3 yield 7 kbar/500°
(LOw 1987) for the north, 6.5-8.5 kbar/640-700° (PARTZSCH
1998) for the middle and 11-13 kbar/600-650° (NAGEL et al.
2002) for the south. By interpolation of the first two data sets
the D3 conditions for the Adula nappe in the study area can
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be estimated at about 7kbar/550°. Qur observations indi-
cate a relatively low temperature at the end of the Zapport
phase, because chlorite derived from garnet break-down
occurs in some samples in strain shadows of garnet grains
and along shear bands, indicating that at least a late stage
of Zapport deformation proceeded when garnet was no
longer stable. The results referred above are consistent with
radiometric ages of non-eclogitic samples becoming pro-
gressively younger from north to south (see compilation
and review in PARTZSCH 1998). Because the ages represent
cooling ages (e. g. STECK and HUNZIKER 1994) they cannot
directly be linked with D3. If temperatures slightly in excess
of 500° are supposed for the study area, Rb-Sr white mica
ages should, with respect to their closing temperature (500
+50° PURDY and JAGER 1976), best approximate D3 ages;
43 =9 Ma (JAGER et al. 1967) and 36 +4 Ma (MURALT 1986)
have been obtained using this method on Adula rocks
slightly north of the study area. The time span thus given
can be reduced to 40-35 Ma if 40 Ma is assumed for the
pressure peak and one takes into account that F2 must
have ended earlier than 30 Ma (see below).

Our structural observations have shown that the F1 main
foliation and stretching lineation of the Misox zone and
Tambo nappe must definitely be correlated with the D3
foliation and stretching lineation. On the other hand, the
structural ensemble of the Ferrera phase is much richer
than that of the Zapport phase. No age data for the Misox
zone are available. Age data of the Ferrera phase within the
Suretta nappe, which underwent a similar history as the
Tambo nappe (MARQUER et al. 1994), range from about 55
to 30 Ma: K-Ar amphibole ages of 55 =1 Ma and 49 =1 Ma
on gneisses of the Suretta nappe are maximum F1 ages
(HURFORD et al. 1989); K-Ar and Rb-Sr ages of white mica
aligned in the F1 foliation plane range from 50 to 30 Ma
(PurDY and JAGER 1976, STENITZ and JAGER 1981,
SCHREURS 1993, CHALLANDES 2000) and are interpreted as
formation ages (HURFORD et al. 1989, SCHREURS 1993).
Therefore, only late stages of the Ferrera phase can be
correlated with the Zapport phase while earlier stages of the
long-lasting heterogeneous Ferrera phase were coeval with
the Sorreda and Trescolmen phases. Ages around 50 Ma
suggest that the Briangonnais nappes entered the subduc-

tion zone earlier than the

more external Adula nappe.

Table 1
Conditions of high-pressure metamorphism in the Adula nappe. The F1 peak metamor-
5 phic conditions of the Tam-
Northern Vals 11-13 kbar / 450-550" (HEINRICH 1986) bo nappe have been deter-
Adula nappe 12-15 kbar / 470-540° (LO\W 1987) mined based on the Si con-
Alp de Confin | 12-22 kbar / 450- tents in phengite by BAUDIN
Middle 550° (HEINRICH ca. 25 kbar / 600-650" and MARQUER (1993). Their
Adula nappe 1986) (MEYRE et al. 1997) results ShOWd '”tcreas'ﬂg
. pressures and tempera-
'?Esi(e)lmen ??3_20%2&2%1@ tures from 10 kbar/350° for
the northern Tambo nappe
1986) to 13 kbar/550° for the
Cima di 15-25 kbar / 600- 30 kbar / 7400 mIMIS & south. Within the Misox
Southern Gagnone 700" (HEINRICH TROMMSDORFF 2001) zone TEUTSCH (1982) found
Adula nappe 1986) for the Ferrera phase am-
Monte Duria 30 kbar / 830" (NIMIS & phibolite facies conditions
18-35 kbar / 750- | TROMMSDORFF 2001) g%%cgg‘g , fr\(i”; g 6'|8 Fkbar/
Alpe Arami | 900° (HEINRICH 52kbar /840" (Nnms & | P
1986) TROMMSDORFF 2001) the area around Mesocco




and greenschist facies conditions north of Mesocco. One
glaucophane-bearing metabasalt in the Misox zone, 1 km
north of our study area, yielded high-pressure conditions of
>12 kbar and 460°-560° (RING 1992). With respect to the
kinematic mode! developed below it is noteworthy that the
peak pressures of the Adula nappe (ca. 25 kbar in our study
area, MEYRE et al. 1997) by far exceed those of the higher
units as well as those of the underlying Simano nappe (6-8
kbar; ENGI et al. 1995) and that the contact between the
Adula nappe and Misox zone has not been significantly
altered by post-Zapport deformations, at least in our study
area.

In the Niemet-Beverin phase the north-directed shearing
was replaced by west-east extension, occurring under 5-8
kbar/350-5650° within the Tambo nappe (BAUDIN and MAR-
QUER 1993). Vertical shortening of the units affected by F2
deformations led to the further exhumation of the nappe
stack and the south-vergent folding at the base of the Tam-
bo nappe and in the Misox zone (see also BAUDIN et al.
1993). The east directed shear movements affected all units
between the Misox zone and the Turba mylonite zone at the
bottom of the Platta unit. The Turba mylonite zone is truncat-
ed by the Bergell granodiorite (NIEVERGELT et al. 1996)
whose emplacement is dated at 30 Ma (GULSON 1973, VON
BLANCKENBURG 1992); hence a valuable time mark is given
for the end of F2. Whereas macroscopic structures of the
Niemet-Beverin phase die out towards the bottom of the
Misox zone, the overprint of Zapport phase quartz textures
by top-east rotation can, by comparison of strain orienta-
tions, only be ascribed to the Niemet-Beverin phase. This
does not only put further emphasis on the statement that
the Zapport phase predates the Niemet-Beverin phase
(however, see e. g. PARTZSCH 1998 and SCcHMID et al. 1996
for a differing view) but, moreover, provides a minimal time
bracket for D3 (and F1) at about 35 Ma.

From structural observations in the study area no state-
ment can be made on the age relation between the Leis
phase and the Niemet-Beverin phase. Looking at results
from the middle Adula nappe only, one might be tempted to
regard the Leis phase as the weaker direct continuation of
the Zapport phase under strongly heterogeneous, but still
north-directed movements. However, NAGEL et al. (in press)
point out that their D3, which they strongly assume to be
identical with the Leis phase, affects the 30 Ma Bergell
granodiorite whereas their D3 folds are truncated by the
24-25 Ma old Novate granite (LIATI et al. 2000). An age of
about 30 to 25 Ma for the Leis phase has also been postu-
lated by ScHMID et al. (1996) and PARTZSCH (1998) who
correlate the Leis phase with the Domieschg phase of the
higher units. This is confirmed by similar F3 ages reported
by MARQUER et al. (1994) and the fact that our D4 and F3
exhibit reasonably similar structures.

Looking at geobarometric data, a severe change with
respect to the preceding deformation phases can be stated
in that the north-south pressure gradient in the Adula nappe
no longer persists during the Leis phase: 7 kbar/500° for the
north (Low 1987), 4.7-6.7 kbar/530-590° for the middle
(PARTZSCH 1998) and 4-6 kbar/650-700° for the south of the
nappe (NAGEL et al. 2002) on the contrary manifest an
inversion of the pressure gradient. This differential uplift of
the southern part of the nappe is acommodated by the D4
and F3 folds by which the respective northern parts are
lowered.

The Carassino phase was accompanied by further exhu-
mation leading to lower greenschist facies conditions (Low
1987, PAaRTZSCH 1998). It occurred at 25 to 20 Ma according
to SCHMID et al. (1996). Contemporaneously or later (25-18
Ma; MeYRE et al. 1998) brittle-ductile deformation lowered
the respective eastern sides along north-northwest-south-
southeast striking normal faults, e. g. the Forcola fault.
Within our study area late brittle deformation took place
along north-northwest-south-southeast striking quartz veins
at which the respective western sides were lowered by
obviously only small amounts in the sense of normal fault-
ing. These minor faults are probably related to the Forcola
normal fault which, however, does not continue as a major
fault into our study area.,

6. A kinematic scenario for eclogite
exhumation in the Adula nappe

The eclogite-bearing Adula nappe is overlain and under-
lain by the Tambo nappe and the Simano nappe, respec-
tively, in both of which no eclogites have been found so far.
It appears that the Misox zone is free of eciogite as well; at
least in the study area, we did not find any eclogite or
retrograded eclogite in the Misox zone. A glaucophane-
bearing metabasite is reported from a locality in the Misox
zone 1 km north of our study area (GANSSER 1937). Within
the Adula nappe, the eclogites appear to be restricted to the
upper part of the nappe (PARTZSCH 1998). Hence, the eclog-
ites (and, in the southern part of the nappe, garnet peridot-
ites) are found in a sheet only a few km thick but 50 km long
in north-south-direction. This eclogite-bearing sheet is com-
posed of a multitude of gneiss lenses imbricated in the way
of a forward-dipping duplex (Fig. 4; JENNY et al. 1923).
Petrological work (MeYRE et al. 1999a, NAGEL 2000) has
shown that the gneissic country rocks of the eclogite boud-
ins suffered comparable pressures as the eclogites. Current
models for eclogite exhumation (e. g., CHEMENDA 1995,
ERNST 1999) assume that such sheets of high-pressure
rocks are emplaced between lower-pressure rocks by the
contemporaneous action of normal-sense shear zones at
the top and reverse-sense shear zones at the base of the
sheet. For the Adula nappe, which had been subducted
towards ‘south as indicated by the southward increase of
peak pressures, such models would predict a top-south
normal shear zone in the roof of the nappe. This is clearly
not the case here, since all the shear-sense criteria related
to the main deformation phase (Zapport phase) in the study
area indicate top-north transport of the Misox zone and the
Tambo nappe over the Adula nappe. With respect to the
south-dipping subduction zone, this shear zone has a thrust
orientation. Nevertheless, shearing during the Zapport
phase accommodated the main part of the exhumation of
the Adula rocks.

This paradoxical situation may be explained if we assume
that the eclogite-bearing sheet was exhumed from below
into a top-north shear zone, as shown in Fig. 13. In this
figure, a speculative scenario is developed which, at the
present state of knowledge, appears to be the most suitable
to explain the structural and tectonometamorphic evolution.
It is based on the reconstruction of SCHMID et al. (1996), but
with one important modification: We assume that for some
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time between 50 and 35 Ma, the Valais ocean formed an
independent downgoing slab, in addition to the Piemont-
Ligurian slab further south (see also PFIFFNER et al., 2000,
Fig. 13). At ca. 50 Ma, the Piemont-Ligurian oceanic lithos-
phere had been subducted southward under the Adriatic
continental margin so that the Briangonnais microcontinent
collided with that margin (Fig. 13a). As a result of this
collision, the Piemont-Ligurian subduction zone became
(temporarily) locked and subduction of the Valaisan ocean-
ic lithosphere started further north. The location where the
lithosphere broke and the new subduction zone was in-
stalled may have been predetermined by a rifting-related,
Jurassic-age detachment fault dipping southeast under the
Briangonnais continent. Such a detachment fault is pre-
served farther east, in the Engadine window (Lower Tasna
detachment of FROTZHEIM and RUBATTO 1998; LTD in Fig.
13a). When the Valaisan lithosphere had been consumed,
the thinned European continental margin (Adula nappe})
descended in the subduction zone, forming a duplex of
basement and cover rocks (Sorreda phase). Subduction led
to peak pressure in the Adula rocks around 40 Ma
(Fig. 13b). When, after the thinned European margin, the
normal-thickness European continental crust entered the
subduction zone, this northern subduction became locked.
Further convergence was accommodated by a reactivation
of the southern subduction zone, possibly because now
less work had to be done to subduct the thinned crust of the
Briangonnais than would have been necessary for subduct-
ing the normal crust of the European margin. This time,
however, the main subduction thrust did not follow the top
of the Briangonnais basement but made a short-cut through
that basement, below the Tambo and Suretta nappes which
were thus accreted to the hanging wall (Fig. 13c; see also
Fig. 12 in PFIFFNER et al.,, 2000). At that stage, the Adula
nappe and the Suretta and Tambo nappes were separated
by a wedge of Briangonnais lower crust and mantle. The
presence of this wedge, which was later removed, explains
the southward-increasing pressure gap between the Adula
nappe and the Tambo nape: In the north, the wedge was
only narrow and the pressure gap small, whereas towards
south its thickness increased, and so does the pressure
gap. In the south, the peak pressures are 30 kbar for Monte
Duria in the Adula nappe (NimIS and TROMMSDORFF 2001)
and 18 kbar for the southern Tambo nappe (BAUDIN and
MARQUER 1993) corresponding to a pressure difference of
17 kbar, or a depth difference of 50 km.

From now on, the deeper Brianconnais basement, the
European margin and the Adula rocks were underthrust
together towards south under the orogenic wedge. At first,
this may have led to further burial and pressure increase of
the Adula rocks. We speculate that at some point the Bri-
angonnais lower crust and mantle, with the dense Piemont-
Ligurian slab still attached to it, accelerated its descent and
began to sink off into the deeper mantle. By this process,

Fig. 13

Sequence of hypothetical cross-sections showing the burial and
exhumation of the Adula eclogites in the framework of the Tertiary
Alpine continent collision. A: Adula; B: ascending Bergell melt;
LTD: approximate location of Jurassic-age, rifting-related detach-
ment fault corresponding to the Lower Tasna Detachment (FroiTz-
HEIM & RUBATTO 1998); S: Suretta nappe; T. Tambo nappe. No
vertical exaggeration.

the old Valaisan subduction channel enclosing the Adula
duplex became extended and the Adula nappe was re-
leased to begin its ascent, possibly partly driven by buoyan-
cy of the crustal gneisses relative to the bordering mantle
rocks (Fig. 13c). In this stage, a top-south shear zone must
have existed in the roof of the Adula nappe, but ist struc-
tures have been completely erased during subsequent, D3,
top-north shearing. The highly ductile Adula material was
exhumed into the top-north shear zone along which the
European margin was thrust under the Tambo and Suretta
nappe. This caused the pervasive Zapport-phase deforma-
tion of the Adula gneisses together with the overlying Misox
and Tambo rocks (Fig. 13d). When the Adula rocks entered
the top-north shear zone, they were continuously accreted
to the hanging wall, so that further top-north thrusting did
not result in their renewed burial and pressure increase. We
assume that the peridotite bodies in the Adula nappe, like
Alpe Arami, Cima di Gagnone, Monte Duria and, in our
study area, Sass de la Golp represent traces of the now
disappeared Briangonnais mantle. The fact that the Sass de
la Golp peridotite contains olivine (HUNDENBORN 2001) sug-
gests its origin from mantle and not from oceanic crust,
because in the case of oceanic crust the olivine would
probably have been replaced by serpentine.

This three-plate scenario (Adria, Briangonnais, Europe)
allows unroofing the Adula nappe during ongoing overall
convergence between Europe and Adria, as required by
plate tectonic reconstructions (see SCHMID et al. 1996). Still,
there is some component of extension involved in the sce-
nario, but this extension occurs in the subsurface between
slowly-descending Europe and more rapidly-descending
Briangonnais.

In the Niemet-Beverin phase, postdating the Zapport
phase, the study area was affected by a certain amount of
east-west extension. This deformation occurred when the
Adula eclogites had already been substantially exhumed
and emplaced below the Tambo nappe. Top-north shearing
during the Zapport phase already accommodated exhuma-
tion of the Adula nappe to greenschist-facies conditions, as
is demonstrated by chlorite growth along shear bands and
in garnet tails during the Zapport phase (see above). Addi-
tional exhumation of the Adula nappe together with the
Tambo and Suretta nappes was indeed accommodated by
the Niemet-Beverin phase. The major top-east to top-south-
east shear zone which formed during the INiemet-Beverin
phase (see SCHMID et al. 1990, 1997b, NIEVERGELT et al.
1996, NAGEL 2000) passes over the study aera in a higher
structural level. This leads to an upward increase in the
intensity of Niemet-Beverin deformation in the study area.
Whereas in the Adula nappe this deformation is only very
weak, it becomes pronounced in the Areua and Schams
slices at the front of the Tambo nappe where a clear Niemet-
Beverin stretching lineation can be found. Only in the south-
ern part of the Adula nappe, near the Insubric line, did the
shear zone strongly affect and refold this nappe (NAGEL
2000).
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