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Abstract. The Pennine zone of the eastern Central 

Alps (South, Middle, and North Penninc from top to 
bottom of sequence) underwent a complex structural 
and strain history. A first phase (D•) is characterized 
by E-W oriented stretching and is of Cretaceous/ 
lower Tertiary age. D• structures affected most, but 
not all, of the South and Middle Penninc units, were 
probably obliterated in the North Penninc Adula 
nappe, and are absent in the basement nappes 
underneath the Adula nappe. Further deformation led 
to N/NW directed nappe movement (D2) , followed by 
incipient strike-slip motion along the Periadriatic line 
(late D2). Subsequently, large-scale folding (D3) 
affected mainly the nappe fronts. In the Adula nappe 
F 3 folds verge towards the foreland, whereas the 
overlying units were backfolded towards the 
hinterland. The D2/D 3 events were accompanied by a 
complex strain pattern that is best seen in the Adula 
nappe and includes plane to prolate strains in the 
upper frontal part and oblate strains in both the lower 
frontal part and the interior of the nappe. D 3 
backfolding was associated with the beginning of 
backthrusting at the Periadriatic line and was 
accompanied and/or followed by rapid uplift in the 
Lepontine dome and subsequent unroofing of the 
latter which led to E/NE directed extensional 
movements (D4) in the eastern Central Alps. The D• 
event is related to the anticlockwise rotation of the 

Adriatic plate relative to Europe. This caused dextral 
transpression between the Adriatic and the European 
plates and partitioning of the deformation into 
convergence and strike-slip. It is suggested that the 
North Pennine nappes below the Adula nappe were 
situated along a major strike-slip fault and escaped 
this event. D: resulted from continental collision 
between Adria and Europe. D 2 displacement directions 
are subperpendicular to the Alpine arc and are best 
approximated by WNW/NW oriented motion of Adria. 
The structures and the strain pattern of D 3 are 
interpreted as the result of gravitational force. Late D: 
strike-slip deformation at the Periadriatic line, D 3 
backthrusting at the southern steep belt, and the 
unroofing stage (D4) are generally attributed to dextral 
transpression between Adria and Europe. This 
approach implies that the Alpine evolution of the 
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Central Alps was largely governed by tangential 
convergence between the Adriatic and the European 
plates. 

INTRODUCTION 

A major topic of recent controversy in Alpine 
geology is the relationship between the kinematics of 
nappes and large-scale plate convergence [Choukroune 
et al., 1986; Ring et al., 1988; Platt et al., 1989]. The 
Central and Eastern Alps were classically considered 
to reflect N-S oriented convergence between Africa 
and Europe [e.g. Tollmann, 1977]. Paleomagnetic data 
[e.g. Dercourt et al., 1986] and modern kinematic 
studies (Figure l a) reveal strong Cretaceous/lower 
Tertiary (early Alpine) west directed nappe movement 
that is difficult to reconcile with N-S convergence. In 
the Central Alps early Alpine deformations are 
apparently missing, and major thrusting is generally 
attributed to mid Tertiary orogenic phases [e.g., Merle 
et al., 1989; Schmid et al., 1990]. On the other hand, 
high-pressure metamorphism and preliminary age data 
in the eastern Central Alps (Figure l a) are thought to 
reflect an early Alpine event [e.g., Heinrich, 1982, 
1986; Frey et al., 1983], but its relationship to the 
tectonic evolution has remained enigmatic. 

This paper uses structural, strain, and geochrono- 
logical data to study the Alpine kinematics of the 
eastern Central Alps and discusses their meaning for a 
tectonic model for the whole Central Alps. I will 
concentrate on the kinematic evolution of the Suretta, 
Tambo, and Adula nappes (Figure 2), but data from 
the Simano and Schams nappes as well as the 
surrounding Biindnerschiefer will also be 
incorporated. Special attention is focused on early 
Alpine deformations and the superposition of related 
structures and strains by later deformation events. 

BOUNDARY CONDITIONS 

Jurassic paleotectonic reconstructions of the Pennine 
realm show a strike-slip controlled extensional setting 
(Figure I b) [e.g., Weissert and Bernoulli, 1985; Schmid 
et al., 1990]. Compressional motion commenced in 
Early Cretaceous time in the internal units and 
prograded to the foreland [e.g., Frisch, 1979]. 
Paleomagnetic work indicates a large component of 
sinistral strike-slip between the European and the 
African plates during the Cretaceous and lower 
Tertiary [Savostin et al., 1986; Westphal et al., 1986]. 
Left-lateral strike-slip caused counterclockwise 
rotation of the Adriatic subplate (northern promontory 
of Africa) which moved independently of the African 
plate between 130 and 60 Ma [Zijderveld et al., 1970; 
Dercourt et al., 1986]. Paleomagnetic data depict 
dominantly N-S directed convergence between Europe 
and Africa since the Eocene [Dercourt et al., 1986; 
Dewey et al., 1989]. The kinematic model of Platt et 
al. [1989] explains major displacement directions for 
distinct time periods in the Alps by the interaction 
between the relative plate motion vector of Adria and 
movements driven by local body forces. This approach 
indicates broadly west-northwest directed motion of 
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Fig. 1. (a) Sketch map of the Alps showing uppermost 
Austroalpine-Southalpine unit (northern part of 
Adriatic plate), oceanic and continental Pennine unit, 
and Helvetic nappes; Central Alps between Simplon 
Centovalli fault and Arosa zone; and Cretaceous/ 
lower Tertiary high-pressure metamorphism (hatched). 
Boundary of mid-Tertiary amphibolite-facies 
metamorphism (solid line) defines Lepontine dome in 
Central Alps. Arrows illustrate principal thrusting 
directions for distinct time periods (data from 1, 
Ratschbacher [1987]; 2, Schmid and Haas [1989]; 3, 
Ring et al. [1989, 1991]; 4, Merle et al. [1989]; 5, Steck 
[1989]; and 6, Choukroune et al. [1986]). The data 
show that Cretaceous/lower Tertiary west directed 
thrusting is apparently missing in the Central Alps. 
Mid Tertiary (circa 40 Ma) nappe motion shows arc- 
normal pattern, followed by movements parallel to the 
arc. The boxed area indicates the location of Figure 2. 
(b) Paleogeographic reconstruction of Central Alps for 
the Jurassic (modified after Schmid et al. [1990]). Note 
the northern position of Lepontine nappes. 
Abbreviations are BS, Biindnerschiefer; FS, Falknis- 
Sulzfluh zone; Av, Avers Biindnerschiefer; and P1, 
Platta nappe. 

Adria relative to Europe since the Late Cretaceous and 
thus denotes that Adria moved independently of 
Africa during the entire Alpine orogeny. 

THE NAPPE PILE 

Recent work in the Schams nappe by Schmid et al. 
[1990] revealed that the Niemet-Beverin fold (Figures 
2 and 3) is a large-scale backfold which inverted the 

upper parts of the Suretta and Schams nappes and also 
parts of the North Pennine Biindnerschiefer (Figure 
3). Spatial relationships before the onset of Alpine 
deformation (Figure lb) have been reinterpreted, and 
the nappe pile will accordingly be described from the 
originally external to the internal units. 

The Adula, and also the North Pennine nappes 
below it (the latter called here Lepontine nappes), 
represent distal European basement of pre-Alpine age. 
The surrounding mid Jurassic to mid Cretaceous North 
Pennine Biindnerschiefer (calcareous and/or sandy 
shale) are basin deposits including fragments of 
oceanic crust (e.g., Chiavenna ophiolite) [Schmutz, 
1976; Schmid et al., 1990]. Hemipelagic sedimentation 
grades into flysch-like deposits from the mid 
Cretaceous [Isler and Pantic, 1980] until the Eocene 
[Ziegler, 1956]. 

The contact between the North Pennine 

Biindnerschiefer and the Middle Pennine nappes is 
marked by a number of ophiolitic m•lange zones 
[Schmid et al., 1990]. The rootless Schams (made up of 
the Gelbhorn and Tschera-Kalkberg units) and 
Falknis-Sulzfluh cover nappes show the transition 
from the North Pennine trough to the Middle Pennine 
microcontinent. The Gelbhorn and the Falknis units 

are breccia-rich basin deposits; the Tschera-Kalkberg 
and the Sulzfluh units comprise platform sediments 
[e.g., Schmid et al., 1990]. The basement of the Tambo 
and Suretta nappes is of pre-Alpine age. 

The Avers or South Pennine Biindnerschiefer 

(including the Lizun ophiolites) as well as the 
ophiolitic Forno, Malenco, and Platta nappes are 
remnants of the South Pennine ocean and are 

separated from the overlying Austroalpine units by the 
heterogeneous Arosa zone, which is part of the Alpine 
suture [e.g., Ring et al., 1990]. 

The Adula, Tambo and Suretta nappes as well as 
parts of the Biindnerschiefer, suffered Cretaceous 
and/or lower Tertiary high pressure metamorphism 
[e.g. Heinrich, 1986; Ring, 1992]. This event is missing 
in the Lepontine nappes. During the mid Tertiary the 
whole Central Alps were affected by a Barrowian-type 
regional metamorphism, reaching upper amphibolite- 
facies conditions within the Lepontine dome, and 
subsequent retrograde overprint. Table 1 summarizes 
the P-T data for the studied nappes. 

DEFORMATION STRUCTURES 

To outline the intricate structural history, four 
principal deformational events have been distin- 
guished. The discrimination into four major events is 
made to facilitate analysis. Each event produced 
various sets of structures under a relatively constant 
regional stress field and metamorphic type. However, 
this does not imply that, for instance, D3 structures 
can always be clearly separated in time from D4 
structures. The three events result from an orogenic 
evolution that progressed in time and space. 

The term Dz covers structures corresponding to E- 
W oriented tectonic flow, accompanied in general by 
metamorphism with a very low geothermal gradient 
[Merle and Guillier, 1989; Ring, 1992] (Table 1). D2 
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Fig. 2. Tectonic sketch map of the eastern Central Alps (modified after Schmid et al. 
[1990]). Dashed line is the axial trace of Niemet-Beverin fold; A-B is line of cross section 
(Figure 3). Boxes mark locations of maps in Figure 5. Abbreviations are SP, South Pennine 
units; MP, Middle Pennine units; NP, North Pennine units; Si, Simano nappe; Ad, Adula 
nappe; Tb, Tambo nappe; Su, Suretta nappe; and Sch, Schams nappe. 
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Fig. 3. N-S cross section (modified after Schmid et al. [1990] and Pfiffner et al. [1990]). See 
Figure 2 for legend and abbreviations. Arrows indicate stratigraphic top. Note the long, 
thin basement nappes. 
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TABLE. 1. Metamorphic Data From the Various Nappes Studied 

Cretaceous/lower Mid Tertiary Retrograde 
Tertiary Metamorphism Metamorphism 
Metamorphism (D1) (D2 and D3) (D4) 

Reference 

Simano -- 530-680' C about 400' C 

5.6-7.9 kbar 

Adula 

central: 550-650' C 500-620' C 300 - 400' C 

15-22 kbar 

southern: 650-900'C 5-6 kbar 

17-35 kbar 

North Pennine 420-560' C 450-500' C about 350' C 

Biindnerschiefer about 12 kbar about 5 kbar 

Tambo 370-480'C about 400'C 280 - 300øC 

8-10 kbar 2-3 kbar 

Suretta 380-420'C lower greenschist- 7 
8-10 kbar facies (chlorite-zone) 

South Pennine 310-380'C lower greenschist- 7 
Biindnerschiefer about 12 kbar facies (chlorite zone) 

Ring 
[1992] 

Heinrich 

[1982, 1986] 
and L6w 

[1987] 
Ring 
[1992] 
Ring 
[1992] 
Ring 
[1992] 
Ring 
[1992] 

For further data, see Frey et al. [1974, 1983] and Oberhiinsli [1978]. 

summarizes structures that belong to N/NW directed 
thrusting and were subsequently folded by D3. Both D: 
and D3 were attended by temperature-dominated 
metamorphism. D•, D:, and Da are outlined for three 
areas to demonstrate their different evolutions. The 

latest deformation (D4) took place under retrograde 
metamorphic conditions and led to extension of the 
stack. D4 is described for the entire nappe pile. 
Finally, the deformation at the southern and northern 
steep belts will be described. An Alpine age of the 
structures is verified by intercalated Mesozoic cover 
and ophiolitic rocks. 

Suretta and Tambo Nappes and Biindnerschie fer 

D• structures. A pervasive transposition foliation, s•, 
developed subparallel to bedding and thrusts and is the 
main fabric element. It is defined by mica, chlorite, 
opaques, quartz, and feldspar encloses intrafolial 
folds, boudins, and augen structures, and is 
axialplanar to folded, isoclinal quartz veins (F•). In the 
Suretta and Tambo nappes an older (?) foliation 
consisting of white mica, ohiorite, and opaque seams 
can be recognized in rare cases at a low angle to s•. 
However, in most cases both foliations are parallel. 

A WNW-ESE to WSW-ENE oriented mineral 

stretching lineation (Figures 4 and 5), defined by 
elongated feldspar clasts, alignment of mica, 
glaucophane, actinolite, strain shadows around garnet, 
and quartz and calcite fibers in syn-D• extension 
veins, occurs on the s• surfaces. Locally, this lineation 
curves into a NW-SE to N-S direction. Aggregate 
lineations made up of quartz rods (Figure 4a), 
boudins, and axes of strongly folded quartz veins are 
parallel to the mineral stretching lineation. 

First generation folds are isoclinally folded quartz 
veins and quartz boudins, and intrafolial, sheath, and 
flame folds. Fold style varies from parallel in some 
quarzites to class 3 [Ramsay, 1967] in incompetent 
rocks (e.g., Bfindnerschiefer). D• affected only parts of 
the North Pennine Bfindnerschiefer (shaded in Figure 
4). 

D 2 structures. D: is accompanied by a subhorizontal 
N-S to NW-SE oriented mineral stretching lineation 
(str:, Figures 5 and 6). S: planes are rare, and str: is 
defined by sericite and chlorite. In the southwest, 
where syn-D: metamorphism was more intense, str: is 
also defined by biotite. Where s: is prominent, quartz 
and feldspar are elongated in s: parallel to str:. 
Amphibole, tourmaline, and muscovite (partly biotite) 
grew on s• and were deformed by str:, although these 
minerals locally escaped D:. In places (e.g., north- 
northwest of Monte Spluga, Figure 5b) two different 
stretching lineations occur on s• (pervasive str• defined 
by feldspar and quartz; less penetrative str: indicated 
by sericite and calcite). Calcite and quartz fibers in 
extension veins, which show crosscutting relationships 
with syn-D• grown fibers, also characterize str:. Figure 
6 shows how s•, s:, and str: steepen and curve into an 
E-W orientation toward the Periadriatic line. 

D3 structures. Thrust planes, s•, str•, and str: are 
refolded on a kilometer scale by the recumbent north 
closing Niemet-Beverin backfold (Fa). The fold axis 
strikes ENE-WSW and plunges gently toward the east 
[Milnes and Schmutz, 1978; Schmid et al., 1990]. 
Associated with this mega-fold are isoclinal to open 
parasitic folds ranging from the centimeter to 100 m 
scale (Figure 7a). Second order folds are largely 
restricted to the upper, inverted limb of the Niemet- 
Beverin fold [Schmid et al., 1990]. The axes of smaller 
folds can curve into a N-S orientation, and their sense 
of vergenee is variable. Where Fa axes are subparallel 
to the axis of the Niemet-Beverin fold, the length 
ratios of the inverted, upper limbs to the upright, 
lower limbs is up to 15:1. 

In F 3 hinges a fan-shaped cleavage (spacing 0.5 mm 
and more) is observed (Figure 7a), and s3 therefore 
dips to both the north and the south (Figure 5). 

In some areas F 3 folded str•, causing rotation of str• 
(Figure 5), but in general the orientation of F 3 is 
subparallel to str• and did not substantially affect the 
orientation of str•. On the upper limb of the Niemet- 
Beverin fold, where small-scale F 3 axes are curved, 
str• locally rotated into a N-S orientation. Veins with 



Ring: Kinematics of the Eastern Central Alps 1143 

Fig. 4. D• stretching lineations (arrows point down plunge): (a) str• marked by strongly 
elongated quartz rod; and (b and c) photomicrographs (crossed polars) of shear bands 
indicating top-to-west shearing. Areas affected by D, in North Pennine Bi•ndnerschiefer 
are shaded. 

E-W trending fibers (str•) are also deformed by F 3. F 3 
also deformed str,. but rarely; i.e., F3 axes are most 
often normal to str,. and str,. was not reoriented to any 
large extent. 

Schams Nappe 

A detailed study of the structural and sedimentary 
evolution of the Schams nappe is given by Schmid et 
al. [1990]. They reported a first phase of isoclinal 
folding and NNW/NW directed thrusting (D,). Fabric 
elements are a penetrative F,. axial planar cleavage and 
a stretching lineation defined by elongation of breccia 

components. This period was followed by large-scale 
backfolding of the Schams nappe together with parts 
of the North Pennine Bfindnerschiefer around the 

overlying Tambo and Suretta nappe towards the S/SE 
(Niemet-Beverin fold, F3). D 3 structures overprinted 
D: structures and left the most severe deformation 
imprint, especially in the upper inverted limb of the 
Niemet-Beverin fold (eastern Schams nappe). A final 
folding phase was coaxial with F3 but is thought to be 
of minor tectonic importance [Schmid et al., 1990]. 

At the northern front of the Tambo nappe, breccias 
belonging to the Tschera-Kalkberg unit contain N-S 
and E-W elongated components. Dolomitic rocks of 
the same unit contain E-W oriented mineral fibers in 
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Fig. 6. D2 stretching lineations (arrows point down plunge): (a) Photomicrograph (crossed 
polars) showing S-C structure indicating north directed thrusting. (b) Stereographic 
projection demonstrating steep attitude of s• (full circles), s2 (open circles with dot), and str: 
(open star) near Periadriatic line (for legend, see Figure 5a). 

extension veins that predate N-S trending fibers, 
suggesting that parts of the Tschera-Kalkberg unit 
may have been affected by E-W oriented stretching 
during D, (Figure 5b). 

Adula Nappe 

A N-S to NW-SE oriented prominent mineral 
stretching lineation (str:, Figures 5 and 6) occurs on a 
penetrative composite foliation. This foliation and str: 
are defined by white mica, biotite, amphibole, 
feldspar, staurolite, kyanite, and quartz. At the 
northern front of the Adula nappe str: curves into an 
E-W orientation. Second generation folds are 
recumbent and in general of similar style. F2 limbs are 
strongly sheared, hinge lines are curved, and their axes 
are subparallel to str:. 

During progressive deformation the pervasive 
foliation, str: and F: are refolded at the northern 
Adula front around a northwest closing kilometer- 
scale fold (F3). Minor fold axes trend NE-SW to ENE- 
WSW. The folds are tight, and their hinges contain an 
axial planar cleavage which crenulated the penetrative 
foliation. The foliations intersect to form pencil 
structures. 

F 3 folding was towards the foreland. It caused 
reorientation of str: and F2 in the northern Adula 
nappe (Figure 7b). The refolding at the Adula front is 
related to the formation of the Niemet-Beverin 

backfold because both folds occur at the kilometer- 

scale, deformed F• structures, and predated D 4 
structures (see below). 

Unambiguous remnants of D• could not be detected. 
Garnets in the northern Adula nappe contain a pre-D: 
internal foliation defined by high-pressure minerals 
(e.g., rutile and glaucophane) [LOw, 1987]. North of 
San Bernardino (Figure 5b) subhorizontal E-W 
oriented quartz fibers up to 1.2 m long occur in steep, 
N-S oriented extension veins. However, N-S oriented 
quartz fibers of similar dimensions also occur, and no 
overprinting criteria were found to establish a time 
sequence of fiber growth. 

D4 Deformation 

An E-W to ENE-WSW oriented stretching lineation 
(str4, Figure 8), associated with thrusts, extension 
veins and folds developed. Str4 is defined by biotite, 
chlorite, white mica and epidote in the Adula nappe 
and by white mica and chlorite in the Tambo and 
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axial-traces of 

large-scale F3 

Fig. 7. D 3 stretching lineations and axes of large-scale F 3 after Milnes and Schmutz [1978], 
Schmid et al. [1990], and L6w [1987]. (a) Mesoscopic semi-open F 3 with axial plane 
foliation; (b) sketch and stereographic projection (lower hemisphere) illustrating deflection 
of str2 into E-W orientation in northern Adula nappe (Figure 6). The large-scale north 
closing F 3 fold at Adula front is slightly overturned; hence four lineation loci occur. 

Suretta nappes. Normal faults, kink bands, and joints 
represent a later stage of D4. The structures are more 
widespread in the west than in the east, where they 
become concentrated into narrow zones. Similar 
structures which developed under very low 
metamorphic to nonmetamorphic conditions were 
reported by Ring et al. [1991] from the Pennine/ 
Austroalpine boundary area further to the east. 
Deformation commenced under ductile conditions in 
the west and south and became progressively more 
brittle through time and towards the east and north. 

Steep Belts 

Originally flat-lying structures which formed during 
D• and D2 steepened and were rotated into an E-W 
orientation at the southern steep belt [Milnes, 1974a; 
Merle et al., 1989] (Figure 6c). The rotation of the s: 
foliation was followed/accompanied by backfolding 
and backthrusting and formed a kilometer-scale gently 
south-vergent antiform [Heitzmann, 1987]. Incipient 
backthrusting commenced during the waning stages of 
amphibolite-facies metamorphism (> 500øC) [Hurford, 
1986]. The main formation of the southern steep belt 
was contemporaneous with mylonitization under 
retrograde conditions [e.g., Heitzmann, 1987]. On 

steeply inclined faults near the Periadriatic and 
Engadine lines, subhorizontal slickenside striations 
occur. They postdate the backthrusting. From these 
data it appears that the southern steep belt formed 
broadly coevally with the formation of F 3 and str 4 in 
the flat-lying area. 

At the northern steep belt all structures (D•-D4) 
were rotated into a subvertical position and were 
backfolded and backthrusted towards the south [e.g., 
Probst, 1980]. A rare crenulation cleavage is associated 
with the backfolds and was replaced by cataclastic 
zones which attest to brittle conditions during the final 
stages of this event. Slickenside striations associated 
with subvertical faults plunge steeply. 

STRAIN 

Finite Strain 

The structural analysis showed that D• structures are 
widespread in the Suretta and Tambo nappes and also 
appear in the Biindnerschiefer. The intensity of D: and 
D 4 increases downwards (i.e., to the west), while D 3 
dominates in the upper, inverted limb of the Schams 
nappe and in the frontal Adula nappe. It is the major 
goal of strain analysis to map this strain superposition 



Ring: Kinematics of the Eastern Central Alps 1147 

northern 
.. .. 

belt 

.::::.-..... 

.. 
.. 

backthrusts. ;//.:/! 

str 4 ';:/• 
...... 

..... 

strike-slip 

components 

Fig. 8. D 4 stretching lineations (arrows point down plunge), axes of large-scale antiforms 
[after H•inny et al., 1975], normal faults, strike-slip components at Periadriatic and 
Engadine lines (see also Schmid et al. [1989] and Merle et al. [1989]), and late backthrusts 
at northern steep belt (see also Probst [1980] and L6w [1987]); area between steep belts is 
also called flat-lying area. (a) Photomicrograph of chlorite-filled shear band, (b) set of 
normal faults. Both indicate E/NE vergent movement. 

and to discriminate among the single events. Therefore 
samples which show strong D• structures were 
collected from the Suretta and Tambo nappes; these 
are assumed to represent the D• strain. The Adula and 
Schams nappes (apart from the westernmost part of 
the latter) are thought to mirror Dz/D 3 strain. The 
D•/Dz/D3 superposition was analyzed in rocks which 
show strong deformation of D• fabrics by D2 and 
especially by D 3 (e.g. in the hinge zone and on the 
upper limb of the Niemet-Beverin fold). The very 
incompetent Biindnerschiefer are assumed to reflect 
the total strain. 

A combination of the conventional Rf/• method 

[Dunnet, 1969] and the AMS method (AMS is 
anisotropy of the magnetic susceptibility [e.g., 
Kligfield et al., 1981; Hrouda, 1982; Hirt, 1986] was 
used in regional finite strain analysis. Rf/• data were 
calculated from the shapes of deformed breccia 
components, pebbles, quartz rods, and feldspar-augen. 

The AMS method. The coincidence of the orien- 

tation of the principal AMS axes with the finite strain 
ellipsoid has been demonstrated in numerous studies 
[e.g., Graham, 1966; Ruf et al., 1988; Mims et al., 
1990; and review by Hrouda, 1982]. In general the 
maximum susceptibility axis was found to be parallel 
to the X axis and the minimum susceptibility axis 
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perpendicular to the XY plane of the finite strain. 
Wood et al. [1976] suggested that a quantitative 
relationship between the magnitudes of the principal 
susceptibility and the finite strain axes exists; this was 
empirically confirmed for different rock types by 
Rathore [1979, 1980], Kligfield et al. [1981, 1982], 
Hirt et al. [1988], Borradaile [1991], and others. 
However, it should be noticed that the use of the AMS 
for quantitative finite strain analysis is accompanied 
by a number of problems, mainly the unknown initial 
magnetic fabric and the influence of rock composition 
on the magnetic fabric [Borradaile, 1987, 1988]. 

Sampling and laboratory methods: At every location 
(Figure 12a) between one and three oriented samples 
(1-3 kg) were taken. Whenever possible, Rf/• 
measurements were carried out at the same site. 

Drilling was done in the laboratory and yielded 
between 5 and 28 cylindrical specimens (2.2 cm long, 
2.5 cm diameter) at each site. Measurements of the 
bulk susceptibility and the determination of the 
principal directions and magnitudes of the 
susceptibility tensor were done with a Digico 
anisotropy delineator (Univerist•it Leoben, Austria) 
and with a KLY-2 susceptibility bridge (Geofyzika 
Brno, Czechoslovakia). The Digico anisotropy unit 
measures the susceptibility along the core axes and the 
susceptibility differences of the rock sample. The 
combination of both measurements enables calculation 

of the shape and magnitude of the AMS ellipsoid. The 
KLY-2 bridge measures the susceptibility in 15 
different positions to calculate the shape and the 
magnitude of the AMS ellipsoid. Susceptibilities 
calculated with the Leoben Digico magnetometer were 
corrected according to equations given by Hrouda et 
al. [1983]. Figure 9 compares the Digico and KLY-2 
measurements. The susceptibility magnitudes 
determined with both instruments are linearly related 
with a nearly perfect regression coefficient (R2=0.989). 
Susceptibilities measured with the Digico 
magnetometer, however, are about 30% lower than the 
comparable KLY-2 magnitudes. The degree of 
anisotropy, on the other hand, is about 25% higher 
when determined with the Digico spinner. The 
directions show a perfect coincidence, with deviations 
of a few degrees only. 

Magnetic mineralogy: AMS measurements were 
carried out in very different lithologies (metabasalt, 
shale, gneiss, marble, and quarzite); hence the 
magnetic mineralogy varies. Isothermal remanent 
magnetization (IRM) curves (Figure 10) show that 
magnetite and sometimes secondary Fe-hydroxides are 
the ferromagnetic minerals. Metabasaltic rocks from 
the BQndnerschiefer units and the Adula nappe (8.A2 
and 39.A2 in Figure 10) have high bulk susceptibilities 
(> 1000, in SI. 10 '6) and between 3-8% opaque minerals 
suggesting that magnetite is the dominant carrier of 
the AMS. Marbles and quarzites form the Middle 
Penninic cover show bulk susceptibilities between -5 
and 50, have no or only traces of opaque minerals, and 
contain 2-8% phyllosilicates. Therefore mainly the 
paramagnetic phyllosilicates but to some degree also 
the diamagnetic phases (quartz, calcite) contributed to 
the AMS. The gneisses of the basement nappes and the 
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Fig. 9. Comparison of the Digico and KLY-2 
measurements: (a) relationship between the principal 
susceptibility magnitudes (ki, where i = 1, 2, 3). 
Regression coefficient R2=0.989; magnitudes 
determined with the Digico are about 30% lower than 
the KLY-2 measurements, (b) relation of anisotropy P 
(=Km•x/Kmi,) for the two instruments; R2--0.759. 

shales of the BQndnerschiefer units have intermediate 
bulk susceptibilities (100-500). The rocks are mainly 
composed of phyllosilicates, quartz, and feldspar, 
while opaques are generally less than 1%. Thus the 
paramagnetic minerals are largely responsible for the 
susceptibility anisotropy [Rochette, 1987]. 

Correlation between AMS and finite strain: Linear 
regression analysis correlates the AMS magnitudes 
with the strain magnitudes. Hirt [1986] showed that all 
correlation methods tested gave the same results. In 
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analysis: (a) samples 8.A2 and 39.A2 are characterized 
by steep intensity increase and complete saturation in 
weak fields of about 0.2 T (magnetite ferromagnetic 
component [e.g., Tarling 1983]). Curves for samples 
16.B4, 44.C3, and 84.C3 have intermediate shapes 
interpreted to reflect two ferromagnetic components. 
(b) After heating samples 16.B4 and 44.C3 to 200øC, 
they show a typical magnetite curve; therefore the 
second ferromagnetic component is thought to be a 
Fe-hydroxide (goethite). 

axes, and thus of the finite strain ellipsoid, from the 
AMS measurements. 

Limiting factors: The degree of anisotropy of the 
magnetic ellipsoid does not increase indefinitely with 
increasing strain but will approach a limiting value 
[Hrouda, 1982]. At high strains the AMS could 
therefore lead to underestimation of the total finite 

strain. However, many conventional strain markers 
(e.g., pebbles) are more rigid objects in a less rigid 
matrix and therefore also indicate less than the total 

finite strain. On the scale of a nappe, for instance, 
conventional strain markers are often obliterated in 

high-strain zones, and the strain measurements have to 
be carried out in areas of lower strain intensity. As it 
thus appears that the absolute magnitude of the finite 
strain is often of secondary value, this study 
concentrates on the strain geometry and the 
orientation of the finite strain axes. 

Results. In the more internal parts of the Suretta and 
Tambo nappes the X axes of the finite strain ellipsoid 
coincide with str•, while the Z axes are subnormal to s• 
(Figure 12c, stereoplot). Where strain intensity was 
moderate, plane strain geometry prevails, and with 
increasing magnitude strain attains prolate geometry 
(Figure 12c); these strains are attributed to Dz only. 

Towards the frontal parts of the Suretta and Tambo 
nappes, and in the hinge zone of the Niemet-Beverin 
fold, the X axes occupy intermediate positions 
between str• and str:/str3 (Figure 12d, stereoplot). The 
strain geometry becomes flattened where s3 is 
subparallel to s• and constrictional where s3 crenulates 
s• (Figure 12d) [see Ring et al., 1989] for a model of 
such strain superposition). 

In the Adula and eastern Schams nappe the X axes 
nearly parallel str2 or str3, in the flat-lying parts of the 
nappes the Z axes are steep, at the nappe fronts they 
have been rotated into a flatter orientation (Figure 
12e, stereoplot) suggesting that the Z axes track the F 3 
folding. The strain geometry is close to planar in the 
eastern Schams nappe, planar to constrictional in the 
upper frontal Adula nappe, and flattening in the 
interior and deep frontal part of the Adula and in the 
upper Simano nappe (Figure 12e). These strains are 
interpreted as reflecting the progressive D•/D 3 
deformation. 

The BQndnerschiefer depict a uniform oblate to 
plane strain geometry (Figure 12f). The directions of 
the X axes scatter around NE-SW (Figure 12f, stereo- 
plot) and coincide with the orientation of str 4. 

this case the variations in the AMS magnitudes result 
primarily from the finite strain and only secondarily 
from the magnetic mineralogy. Following the critical 
arguments of Borradaile and Mothersill [1984], 
individual axes of the AMS and the finite strain 
ellipsoid were correlated separately (Figure 11). This 
procedure was done independently for the basement 
and the cover rocks to avoid a common correlation of 
paramagnetic with ferromagnetic dominated rock 
types. Nevertheless, both yielded similar results and a 
good correlation of the AMS with Rf/(I) data (Figure 
11). The correlation coefficient for each axis enabled 
estimation of the magnitudes of the three finite strain 

Incremental Strain 

Incremental strain data stem from sequential vein 
formation and accompanying fiber growth during 
sucessive deformation phases in brittle rocks. The first 
fibers in extension veins signify E-W oriented 
stretching (Figure 12a). This phase did not affect most 
of the Schams nappe. NW-SE and N-S trending fibers 
followed, and finally the extension direction changed 
to NE-SW and ENE-WSW. During the latest stages the 
length of the mineral fibers increased, which can be 
interpreted as a consequence of decreasing tempera- 
tures and therefore increase in brittle deformation. 
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QUARTZ C AXIS FABRICS 

Suretta and Tambo Nappes and Biindnerschief er 

Samples from different vertical positions in the 
nappe pile along an E-W profile (Figure 12) were 
measured (Figure 13) in order to relate the quartz c 
axis fabrics to the kinematic history. Their mesoscopic 
deformation features can be read from Table 2. 

The c axis patterns in samples 51, 5, 24, and 57 
possess type I crossed girdles [Lister and Williams, 
1979]. The quartz c axis distributions of samples 11 
and 91 resemble incomplete cleft girdles. No distinct 
pole-free areas developed in 11. 

Despite a certain overprint by later deformations a 
top-to-west sense of shear seems evident from 
specimen 51 and probably also from specimen 5 (D•). 
Samples 24 and 57 display a top-to-east shear sense. 
However, in contrast to specimens 51 and 5, the 
maxima distribution of samples 24 and 57 suggests 
that their quartz fabrics developed under lower 
temperature conditions and are thus interpreted as 
recording a late stage of deformation (D4). 

Samples 11 and 91 show no distinct asymmetry. The 
superposition of D•/D3 strain on D• in these samples 
may have led to a pronounced reorientation of the 
kinematic framework and therefore also of the quartz 
c axis distribution. Since the stretching directions of 
D• and D•/D3 are almost perpendicular to each other, 
the transposition of both strains did not develop any 
distinct pole-free area in the quartz c axis pattern of 
sample 11. 

Adula Nappe 

The c axis patterns in samples 43 and 63 display 
single girdle distributions, whereas the pattern in 
specimen 56 is more symmetric and resembles a type 
I crossed girdle [Lister and Williams, 1979]. The fabric 
asymmetries illustrate a uniform top-to-N/NW 
directed shear sense (D:). It is suggested that the type 
I crossed girdle of sample 56 reflects a coaxial 
overprint of a distinct asymmetric D2 fabric (similar to 
that in 43 and 63) by D3 folding. 

STRAIN REGIME AND 
KINEMATIC INTERPRETATION 

D • Deformation 

In the Suretta, nappe shear sense indicators 
associated with strx are scarce. Nevertheless, west- 
vergent shear zones are locally devolped. Shear bands 
(Figures 4b and 4c), rotated feldspar augen, quartz 
clasts, and garnets, as well as asymmetric strain 
shadows around rigid objects, yield further evidence 
for noncoaxial deformation [e.g., Simpson and Schmid, 
1983; Passchier and Simpson, 1986] and west directed 
motion. In the upper, inverted limb of the Niemet- 
Beverin fold the sense of shear in the Suretta nappe is 
top-to-east indicating inversion of the shear sense due 
to later folding (F3) with B3 subparallel to str• and 
overprinting of D• shear indicators by D3. 

The finite strain study combined with the rotational 
analysis suggests simple shear in these D• shear zones. 
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In zones of intense D• increased extension in the X 
direction could not fully be compensated by 
compression in Z and led to local prolate strains. The 
scarcity of shear sense indicators may be the result of 
localized areas of coaxial strain. 

In the Tambo nappe, kinematic indicators are also 
rare; where developed, they are either top-to-west or 
top-to-east (Figure 5b). Apparently, top-to-east sense 
of shear indicators are more widespread in the 
western, i.e., in the lower Tambo nappe. Bulk coaxial 
stretching is suggested for large parts of the Tambo 
nappe, as indicated by this pattern of distributed 
noncoaxial flow with variable senses of vorticity. 

D2 Deformation 

Thrusting during D2 is top-to-N/NW which is best 
seen in the Adula nappe. Data stem from rotated 

clasts, inclined quartz c axis patterns (Figures 13g and 
13h), S-C structures, and shear bands (Figure 6a). The 
data are in accordance with observations of. Merle et 
al. [1989] in the Lepontine dome and Schmid et al. 
[1990] in the Schams nappe. I suggest dominant simple 
shear deformation for these shear zones. 

D3 Deformation 

According to Schmid et al. [1990, figure 11], and 
modeling by Merle and Guillier [1989, figure 9], the 
large-scale refolding of D3 was caused by a relative 
velocity profile within the viscous Pennine units 
underneath the rigid Austroalpine units (orogenic lid 
in the sense of Laubscher [1983]). The velocity profile 
led to a line of no shear strain (LNS) bounded by 
foreland-verging motion of hotter material below and 
relative backward shear of colder material above the 
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stage; for localities see Figure 12. (a) Quartz rod 
(similar to Figure 4a); (b and c) quartz veins; (d and e) 
quarzites; (f- i) quartz rods. 

the Adula front motion is top-to-N/NW, and shear 
strains are lower than in the hanging wall. Finite strain 
is either prolate or oblate, indicating the superposition 
of a pure shear component during refolding. 

D 4 Deformation 

Structures and shear indicators associated with str 4 
reveal an extensional regime with downdip motion of 
the upper block to the E/NE. Kinematic indicators are 
rotated calcite clasts, inclined quartz c axis patterns 
(Figures 13c and 13d), retrograde shear bands, and 
normal faults (Figure 8b and 8c). 

Steep Belts 

The south-vergent anticline at the southern steep 
belt accommodated about 10 km reverse movement of 

the northern block relative to the Southern Alps 
[Heitzmann, 1987]. Fiber-coated striated slickensides 
and Riedel surfaces in the Bergell granite show dextral 
strike-slip movement components near the Periadriatic 
line and left-lateral strike-slip movement components 
near the Engadine line. At the northern steep belt, 
subvertical and oblique slickenside lineations indicate 
that there were no significant strike-slip movements 
associated with southward backthrusting. 

AGE CONSTRAINTS FOR DEFORMATION AND 

METAMORPHISM 

LNS. The LNS coincides with the axial trace of the 

Niemet-Beverin fold [Schmid et al., 1990]. 
Above the LNS simple shear (top-to-S/SE) 

developed, and shear strains were high, which led to 
rotation of parasitic folds into the shear direction 
[Schmid et al., 1990]. Finite strain estimations (Figure 
12e; samples 2 and 9) and analysis of rotation in the 
southeastern Schams nappe support a simple shear 
regime in the flat-lying inverted limb. 

In the footwall of the Niemet-Beverin fold and at 

D• Deformation 

D• was accompanied by high-pressure 
metamorphism in the Avers Biindnerschiefer, the 
Suretta and Tambo nappes, and in parts of the North 
Pennine Biindnerschiefer [Ring, 1992]. In the Adula 
nappe, Pm• predated Truax, which may explain the 
absence of D• structures. In the Avers 
Biindnerschiefer, glaucophane overgrew s•, indicating 
that high-pressure/low-temperature conditions 
outlasted D•. 

TABLE 2. Structural Description of Samples Used for Quartz c Axes Analyses 

Sample D• D 2 D 3 D 4 Strain Geometry 

51 strong s, str, F ...... constrictional 

5 strong composite foliation (s1/2/3/4) flattening 
various generations of isoclinal folds 

strong composite foliation (Sl/2/3/4) 9. 
various generations of isoclinal folds 

57 s, strong str chlorite- 
(quartz rod) sericite-str 

at low angle 
to quartz rod 

11 strong s, str -- strong Scren , -- .9 
microfolding 

91 strong s, str - Scren -- .9 
43 -- S, str .... ? 

63 -- s, str -- -- plane 

56 -- s, str buckling -- flattening 

Cren is crenulation cleavage. See text for other notation. 
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In the Alps, Cretaceous ages are generally assumed 
for high-pressure metamorphism [e.g. Triimpy, 1980; 
Hunziker et al., 1989]. This is supported by the 
debatable Rb/Sr whole rock data of Hunziker et al. 
[1989] (76-180 Ma for the high-pressure event in the 
Adula nappe) and of Hanson et al. [1969] and Steinitz 
and Jiiger [ 1981 ] (80-110 and 110-125 Ma, respec- 
tively, for the Suretta nappe). Hurford et al. [1989] 
reported K-Ar ages of 50-55 Ma for glaucophane 
from the Avers Biindnerschiefer. Blue amphiboles 
from the Arosa zone immediately above are dated 
between 60 and 110 Ma (K-Ar method [Deutsch, 
1983]). 

D 2 Deformation 

North directed thrusting is associated with 
greenschist to upper amphibolite-facies medium 
pressure conditions which affected the entire Central 
Alps (Lepontine metamorphism). Diagnostic minerals 
(e.g., staurolite, kyanite, and biotite) lie in, but also 
overgrew, s2. 

The Lepontine metamorphism is imperfectly dated 
but is usually considered to have occurred at 20=40 Ma 
in the Lepontine domain [Milnes, 1978; Hsii, 1979]. 
Muscovite/phengite (Rb=Sr) data from the eastern 
periphery of the Lepontine dome (outside the stauroli= 
te isograd) yielded late Eocene ages (35=40 Ma) 
[Hunziker, 1970; Steinitz and Jiiger, 1981]. In the 
Schams nappe, preliminary K=Ar age determinations 
on white mica lying in the s2 foliation give early 
Oligocene ages (work of J.C. Hunziker and S. Huon, as 
discussed by Schmid et al. [1990]). Ages from within 
the Lepontine dome (U=Pb in monazite, K=Ar in 
amphibole) are much more recent (20=25 Ma) [e.g., 
H•inny et al., 1975; K6ppel and Griinenfelder, 1978; 
Deutsch and Steiger, 1985], suggesting that 
amphibolite grade conditions persisted until c. 20 Ma. 
Wagner et al. [1977] showed that the metamorphic 
peak is later in the north and west of the Lepontine 
dome. This indicates that the mineral isograds did not 
form at the same time. The initiation of dextral 
motion at the Periadriatic line is seen in connection 

with the Bergell intrusion [Merle et al., 1989], which 
has been dated at 30 Ma [e.g., K6ppel and 
Griinenfelder, 1975]. 

D s Deformation 

Large-scale folding of originally flat-lying 
isotherms took place after the climax of 
metamorphism [Milnes, 1974b; Frank, 1983]. Schmid 
et al. [1987] showed that backfolding in the northern 
Western Alps and backthrusting at the Periadriatic line 
are contemporaneous in this transect. The same 
relationship is considered for the Niemet-Beverin 
backfold and backthrusting at the Periadriatic line in 
the eastern Central Alps [Schmid et al., 1990]. Age 
data for the backfolding/backthrusting event, which 
imply a late Oligocene to Miocene age, are discussed 
at length by Schmid et al. [1989]. 

94 Deformation 

D 4 extensional deformation took place along the 
retrograde path of the Lepontine metamorphism. Syn- 
to post-D 2 high-temperature conditions persisted until 
25 Ma, or even 20 Ma in the deeper units of the 
Lepontine dome (see above). A very rapid cooling and 
uplift (2-3 mm/y) started between 20 and 18 Ma in 
the southern Adula nappe [H•inny et al., 1975] and 
between 23 and 19 Ma in the eastern Lepontine dome 
[K6ppel and Griinenfelder, 1978; Werner et al., 1976; 
Hurford, 1986]. Uplift created two metamorphic core 
complexes: the Ticino dome in the eastern and the 
Simplon dome in the western Lepontine [Merle et al., 
1989]. 

Steep Belts 

It was shown that the formation of the southern 

steep belt occurred during the closing stages of 
amphibolite-facies metamorphism and can be linked 
with large-scale F3 folding [e.g., Schmid et al., 1990]. 
A late Oligocene to Miocene age must therefore be 
considered (see also Heitzmann [1987]). 

Backfolds at the northern steep belt postdate biotite 
dated at 15 Ma by Steiger and Bucher [1978] and Steck 
et al. [1979]. Mancel and Merle [1987] showed that 
backfolding at the northern steep belt inverted the 
shear sense associated with retrograde thrusting near 
the Simplon line. Retrograde deformation at the 
Simplon line is constrained between 19 and 6 Ma 
[Mancktelow, 1985]. Therefore a very young age of 
less than 10 Ma is assumed for deformation at the 

northern steep belt. 

SUMMARY AND DISCUSSION 

The Top-to-West Thrusting Event 

In the Eastern Alps, west directed thrusting during 
the Cretaceous and lower Tertiary is well established 
in the Austroalpine realm [Ratschbacher, 1986; 
Liniger and Guntli, 1988; Schmid and Haas, 1989] and 
for the Pennine-Austroalpine plate margin [Ring et 
al., 1988, 1989]. Early Alpine west vergent thrusting is 
also reported form parts of the South Pennine and 
Austroalpine nappes of the northern Western Alps 
(Figure 1) [e.g., Ball•vre et al., 1986; Steck, 1989]. In 
large portions of the Pennine units this event was 
accompanied by high-pressure metamorphism in a 
subduction zone setting [e.g., Fry and Barnicoat, 
1987], although the Platta nappe and the Arosa zone 
show no high pressure metamorphism. 

The present study implies that orogen-parallel 
movements also progressed into the Pennine units of 
the eastern Central Alps. Nevertheless, kinematic 
indicators are equivocal in the Tambo nappe. In the 
Adula nappe no structures were found which can be 
unambiguously attributed to D:. However, widespread 
high pressure-metamorphism seem to imply that the 
Adula nappe was also affected by this orogenic event, 
which commenced in the Cretaceous and may have 
lasted until the lower Tertiary. 
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Fig. 14. Compilation of stretching trajectories (lines) 
and displacement directions (arrows) in Central and 
adjacent Western Alps. Kinematic, metamorphic, •nd 
geochronological evidence from Lacassin [1987], 
Mazurek [1988], Steck [1989], Merle et al. [1989], 
Schmid et al. [1990], and this study shows that the 
structures can be attributed to D•; structures which 
were reoriented by later deformations are not shown. 

Neither comparable structures nor high-pressure 
assemblages were found in the Lepontine nappes [e.g., 
Merle et al., 1989], in the Gelbhorn unit of the Schams 
nappe, or in parts of the North Pennine Biindner- 
schiefer. In the latter, sedimentation continued until 
the Eocene [Ziegler, 1956] implying that some areas of 
the North Pennine Biindnerschiefer were subjected to 
high-pressure metamorphism while in others 
sedimentation continued. 

The Later Deformations 

From the late Eocene onward the nappe pile was 
thrust to the N/NW. Structures are most penetrative in 
the deeper nappes, i.e., Adula and Simano, where syn- 
D,. metamorphic temperatures were high. Thrusting 
directed towards the foreland led to the final closure 
of the sedimentary basins in the North Pennine realm. 
Figure 14 is a map-scale evaluation of 92 stretching 
trajectories over the Central Alps and the adjacent 
Western Alps. The stretching trajectories curve from 
NNE/N in the east to WNW/W in the west. Dextral 
strike-slip along the Periadriatic line began during the 
closing stages of 92 (mid Oligocene) and deflected the 
structures in the south (Figure 6). During the late 
Oligocene and Miocene, large-scale refolding (93) in 
the flat-lying area evolved into backthrusting at the 
southern steep belt. This was accompanied and/or 
followed by E/NE directed extensional deformation 
(94) at the eastern periphery of the Lepontine dome. 

The progressive Dz/D 3 deformation developed a 
complex strain pattern. Major portions of the Adula 
nappe and of the upper Simano nappe show flattened 
finite strain fabrics, whereas the upper frontal part of 
the Adula nappe shows plane to prolate ellipsoids. The 
basement nappes exhibit an unusual shape: they are 
very thin compared to their length in the N-S 
direction (e.g., Adula 3-5 km versus 50-60 km; Figure 
3). This feature can hardly be accounted by a push 

NW PL 

Fig. 15. N-S cross section through Central Alps 
showing interaction between indentation of Adriatic 
plate, vertical extrusion, and horizontal intrusion 
[after Merle and Guillier, 1989]. 

from the rear as the major mechanical cause of nappe 
transport [Chappie, 1978]. An extruding-spreading 
mechanism [e.g. Merle, 1989] seems to be more 
realistic. Merle and Guillier [1989] presumed that 
N/NW directed thrusting (92) probably started before 
accelerated uplift in the Central Alps. Strong uplift is 
interpreted as a consequence of accelerated horizontal 
compression from the Adriatic plate which led to 
vertical extrusion of viscous material from deep- 
seated levels and succeeding horizontal intrusion in 
higher levels of the crust (Figure 15). Horizontal 
intrusion led to large-scale refolding of the nappe 
fronts and may have prompted gravitational spreading 
of the nappes. 

The formation of the southern steep belt can be 
linked with the D 3 backfolding event and accompanied 
S/SE directed shearing of the upper Niemet-Beverin 
fold limb [Schmid et al., 1990]. Merle et al. [1989] 
detected a close interaction between backthrusting and 
accelerated uplift in the Lepontine area between 20-25 
Ma (Oligocene-Miocene boundary). Updoming was 
earlier in the eastern Lepontine dome and progressed 
westward [e.g., Wagner et al., 1977]. It led to W/SSW 
directed unroofing of the central and western 
Lepontine dome [Merle et al., 1989]. This study 
describes E/NE directed extensional deformation at 
the eastern periphery of the dome associated with the 
uplift history in the Lepontine. 

Top-to-N/NW directed thrusting and folding in the 
deeper units progressed towards the foreland. The 
external massifs were affected by deformation in the 
Oligocene and Miocene [e.g., Milnes, 1974a; Triimpy, 
1980; Pfiffner, 1986]. Uplift in the Helvetic zone 
triggered backthrusting at the northern steep belt 
during the late Miocene (see also Merle et al. [1989]). 

Tectonic model 

A tectonic model for the Central Alps has to explain 
(1) the Cretaceous to Eocene proximity of units which 
suffered high-pressure metamorphism accompanying 
deformation to units which were not affected by this 
orogenic event and in which sedimentation continued, 
(2) the inconsistencies of the kinematic indicators 
during D] in the deeper units of the studied nappe 
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stack, (3) the late Eocene and Oligocene radial nappe 
transport directions (from NNE/N in the Arosa zone 
to WNW/W at the termination of the Central and 
Western Alps; Figure 14) and (4) the late Oligocene/ 
Miocene E-W oriented extensional deformations that 

progressed from east to west. 
The anticlockwise rotation of the overriding 

Adriatic plate in the Cretaceous/lower Tertiary 
partitioned deformation into dextral strike-slip motion 
along its E-W oriented margin and west directed 
thrusting along its N(NE)-S(SW) trending segments at 
the irregular Pennine-Austroalpine plate margin 
[Ratschbacher et al., 1987; Ring et al., 1989]. Beck 
[1986] demonstrated that high angles (>40 ø ) of oblique 
convergence and a shallow dip of the subducting slab 
favor subduction related strike-slip. The rotation of 
Adria and the current paleotectonic reconstructions 
(e.g., Figure lb) suggest highly oblique convergence. 
The young (circa 40 Ma), relatively hot South Pennine 
oceanic crust is consistent with a shallow dip of 
subduction. The Jurassic transform faults dissecting 
the South Pennine ocean (Figure lb) are possible 
predecessors of the strike-slip faults which 
presumably accommodated the oblique convergence 
between the Adriatic and European plates. 

Subduction-related strike-slip motion can explain 
the relatively close proximity of high-pressure 
metamorphism and sedimentation in the North 
Pennine realm (Figure 16a). In this model the 

-telvetlc loreland N 
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Periadriatic line 

Fig. 16. Proposed tectonic evolution (schematic). (a) 
West directed overridding of the Austroalpine units 
(irregular northern margin of Adriatic plate)caused 
west vergent crustal stacking and related strike-slip 
faults. (b) Collison with arc-shaped European plate 
margin led to radial movement pattern. Small black 
arrows indicate displacement directions. 

Lepontine nappes were situated beyond a strike-slip 
segment and largely escaped thorough Cretaceous/ 
lower Tertiary deformation. Overthrusting and strike- 
slip motion were probably concurrent, as a result of 
dextral transpression in the Central (and Eastern) 
Alps. The oblique plate convergence excluded 
widespread high-pressure metamorphism in the E-W 
trending part of the Alps, whereas the Western Alps 
suffered frontal collision and extensive high-pressure 
metamorphism (Figure la). 

Kinematic indicators interpreted to be due to D• are 
fairly consistent in the Arosa zone [Ring et al., 1988, 
1989; Biehler, 1990; Dfirr, 1992] and in the Suretta 
nappe, and they are interpreted as the result of west 
directed simple shear crustal stacking. In the Tambo 
nappe, shear senses are obscure and may reflect bulk 
coaxial stretching for large parts of the Tambo nappe, 
and probably localized east directed tectonic transport 
at the base of the nappe. Ring [1992] showed a major 
early Alpine metamorphic hiatus between the Tambo 
nappe and the underlying Adula nappe (Table 1), 
which indicates that between 20-30 km of crust are 

missing between these two units. Platt [1986] 
demonstrated that accretion of material to the 

underside of the orogenic wedge (underplating) 
changes the stability of the wedge and causes the 
wedge to broaden (overcritical tapering of the 
orogenic wedge). Large-scale coaxial extension 
(accompanied probably by localized east vergent 
shearing) can explain excision of crust between 
tectonic units and ambiguous kinematic indicators 
associated with a regionally consistently oriented 
stretching lineation, and it can help to explain how the 
high-pressure rocks of the eastern Central Alps 
eventually reached the surface. 

During the late Eocene the rate of subduction 
slowed down from about 10 km/m.y. to about 4 
km/m.y. [Platt, 1986], perhaps as a result of collision 
between Adria and the European (Helvetic) 
continental margin (Figure 16b). This event (D,) was 
accompanied by an increase in the geothermal gradient 
[e.g., Merle and Guillier, 1989] which caused 
maximum ductility of the orogenic wedge. Thrusting 
was normal to the Alpine arc, i.e., radial, and probably 
obliterated the former D• strike-slip zones. The radial 
pattern may have been predetermined by the original 
shape of the European margin which behaved as a 
lateral ramp in the eastern Central Alps and as a 
frontal ramp in the northern Western Alps. According 
to Platt et al. [1989] the radial movement pattern is 
best approximated by roughly WNW/NW directed 
motion of the Adriatic plate relative to Europe. This 
geometric pattern subsequently caused the hanging 
wall to break apart along strike-slip faults 
(Periadriatic fault system). Radial motion of the 
hanging wall during high-temperature metamorphism 
favored extension of the crust and facilitated uplift of 
the Lepontine dome. According to Merle and Guillier 
[1989], vertical extrusion resulted from further 
horizontal compression between the Adriatic and 
European plates. Large-scale arc-normal F3 folding 
was probably controlled by local body forces 
(gravitation) as a consequence of vertical extrusion of 
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hot material. Subsequent extensional unroofing 
progressed from east to west and was parallel to the 
strike of the orogen. Right-lateral strike-slip motion 
and backthrusting at the southern steep belt and the 
extensional unroofing are interpreted in terms of 
dextral transpression between the west-northwest 
indenting Adriatic plate and Europe [Schmid et al., 
1989]. 

CONCLUSIONS 

This study demonstrates that large portions of the 
eastern Central Alps underwent E-W directed shearing 
during the Cretaceous and lower Tertiary, whereas 
other parts of the Central Alps escaped this event. 
This situation is explained by a large component of 
lateral motion between Adria and Europe which 
partitioned convergence into subduction and strike- 
slip motion. Tangential plate convergence along the 

E-W trending Alps is resonsible for the relatively 
small volume of high-pressure rocks in comparison to 
the Western Alps. During later stages of the Alpine 
orogeny the tectonic evolution of the Central Alps was 
still chiefly governed by oblique motion between the 
Adriatic and the European plates. 
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