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Abstract The Zone of Samedan is part of a fossil, early
Mesozoic rift system originally situated in the distal,
Lower Austro-Alpine domain of the Adriatic passive
continental margin. An early Mesozoic configuration of
asymmetrical rift basins bounded by relative structural
highs compartmentalized Late Cretaceous active mar-
gin tectonics; Jurassic half-grabens were folded into ar-
cuate synclines, whereas relative structural highs en-
gendered thin, imbricated thrust sheets. West-directed
thrusting and folding initiated at the surface and contin-
ued to depths favoring mylonitization under lower
greenschist-facies conditions. At this time Liguria-Pie-
montese ophiolites were accreted to Lower Austro-Al-
pine units directly underlying the Zone of Samedan.
Late Cretaceous orogenic collapse of the Adriatic ac-
tive margin involved the reactivation of west-directed
thrusts as low-angle, top-to-the-east, normal faults.
These faults accommodated extensional uplift of Ligu-
ria-Piemontese ophiolites and Lower Austro-Alpine
units beneath and within the Zone of Samedan. During
Paleogene collision, some Late Cretaceous faults in the
Zone of Samedan were reactivated under lower anchi-
zonal conditions as north-directed thrusts. The latter
stages of this early Tertiary thickening were transitional
to brittle, high-angle normal faulting associated with
top-to-thc-cast cxtcnsion and spreading above the
warm, uplifting Lepontine dome.

Key words Rifting - Basin inversion - Active margin -
Passive margin - Austro-Alpine - Alpine tectonics -
Tethys

Introduction

How did the ancient Tethyan passive margins evolve
and what was their role in shaping the Alpine orogeny?

M. R. Handy
Institut fiir Geowissenschaften, Justus-Liebig-Universitit,
Senckenbergstr. 3, D-35390 Giessen, Germany

In Argand’s (1934) classical treatise on Alpine orogen-
esis, Tethys and its rifted continental margins were re-
garded as comprising a series of parallel, E- to W-
trending oceanic troughs (“geosynclines”) and swells
(“geanticlines”) which formed during N-S to NW-SE
convergence of Europe and Africa in carly Mesozoic
time. Thus, basins and highs were viewed as cylindrical,
contractional features which were the embryonic ante-
cedents of the large, recumbent folds (i.e., nappes in
the sensc of Heim 1922) observed in some parts of the
Alps presently.

The advent of the plate tectonic paradigm led to the
presently accepted idea that oblique opening of Tethys
in an E-W direction accommodated sinistral rotation of
Africa with respect to Europe in carly Mesozoic time
(Dewey et al. 1973; Laubscher and Bernoulli 1977).
This inspired Kelts (1981) to infer a transform geome-
try for the Tethyan margins, similar to that seen pres-
ently in the Gulf of California. Evidence for early Me-
sozoic transform margins in thc Alps includes the re-
gional distribution and petrology of Alpine ophiolite-
bearing sequences (Lemoine et al. 1987), sedimentary
features in these sequences (Weissert and Bernoulli
1985) and in Jurassic basinal sediments (Riick 1990), as
well as the kinematic reconstruction of early Mesozoic
extensional faults (Handy 1987; Froitzheim 1988;
Froitzheim and Eberli 1990; Bertotti 1991) and basins
(Eberli 1988; Castellarin and Picotti 1990; Channell et
al. 1990; Steffen et al. 1993). Still, examples of pull-
apart rift systems in the Alps are rare. A prime objec-
tive of this paper, therefore, is to present structural and
stratigraphic evidence for the early Mesozoic geometry
and evolution of part of such a rift system preserved in
the Zone of Samedan, Lower Austro-Alpine units.

The Lower Austro-Alpine units at the transition
from the eastern to western Alps (Fig. 1) are attractive
for a detailed study of basin evolution for two main rea-
sons: Firstly, they represent the northwesternmost mar-
gin of the Apulian microplate (Biju-Duval ct al. 1976)
or Adriatic promontory (Channell and Horvath 1976)
of the African plate. This Early Mesozoic passive mar-
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Fig. 1 Gueological map of the boundary between the eastern and
western Alps. The major Alpine fectonic units are marked ac-
cording to their early Mesozoic provenance (sce text). Boxed arca
shown in greater detail in Fig. 2. Le Tepontine dome within the
lower Penninic nappes: /77, Torio-Tonale part of the Insubric
Line: NCA northern Caleercous Alps

gin (Triimpy 1975) became the site of subduction and
accretion in Mid- to Late Cretaceous time (Winkler
and Bernoulli 1986: Winkler 1988) and was thrust west-
ward onto the Picmontese ophiolites (Ring ¢t al. 1989).
Sccondly. the transition from passive to active margin
tectonics is particularly well preserved in the Lower
Austro-Alpine units because these units largely cs-
caped the penetrative Tertiary deformational and me-
tamorphic overprint which affected the underlying Pen-
ninic and Helvetic nappes of the European continental
margin (Fig. 1). The area investigated below contains
some excellent examples of structural basin inversion
(as defined by Harding 1985) during these Alpine de-
formational cvents. Thus, a sccond major goal of this
paper is to document the effect of inherited passive
margin architecture on the evolution ol part of the
Adriatic active margin during the carly stages of Alpinc
orogeny. It is shown below that this margin cxperi-
enced a complicated history of repeated thickening and
extension during Late Cretaccous and Tertiary time.
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Following a brief exposé of the local geology, this
paper is divided into two parts: The first part outlines
the Alpine structurce and kinematics in the Zone of Sa-
medan and reviews structural and stratigraphic evi-
dence for early Mesozoie rifting. In the sccond part,
this information is usced to constrain the Mesozoic
geomelry and cvolution of basins in the studv arca.
This local evolution is then discussed in the context ol
plate tectonic reconstructions for the Mesozoie Tethys.
Although primarily devoted to Mcsozoic tectonics, this
paper also cxamines Tertiary structures insomuch as
these are necessary 1o reconstitute the earlier history.

Local geology and terminology

The Zone of Samedan (Figs.2 and 3) is a wedge of
Lower Austro-Alpine, Mesozoic sediments between
two Lower Austro-Alpine basement nappes: the Err
basement unit below and the Julier-Bernina basement
unit above (Cornclius 1932, 1950; Finger 1978; Staub
1948). Together, these Lower Austro-Alpine rocks
overlie the Liguria-Piemontese Platta ophiolites, the
Valais Arblatsch flysch and cquivalent units to the
north, and middle Penninic (Brianconnais) bascement
and cover rocks (Fig. 2). This entire nappc pile 1s (rans-
ected by the Engadine line. a Late Oligocene to Mio-
cene fault which accommodated sinistral strike-slip
(Triimpy 1977) and/or differential uplift (Schmid and
Froitzheim 1993). Tertiary doming and erosion ol the
Lcpontine area in the western Alps (Hurlord et al.
1989: Milnes 1978) arc responsible for the exposure in
map view ol progressively deeper structural levels [rom
cast 1o west (Figs. L and 2).

Various movements allected the contacts between
major tectonic units structurally underlving the Zone of
Samedan: The Adriatic-Piecmontese suturc represented
by the contact between the Lower Austro-Alpine units
and Platta-Malenco ophiolites (Fig. 2) accommodated
Late Cretaceous, west- to southwest-directed thrusting
(Liniger 1992; Liniger and Nicvergelt 1996), whercas
the basc of the Piemontese Platta ophiolites was a Pal-
cogene, north-directed thrust. This thrust transported
the Austro-Alpine margin and Piemontese ophiolites a
minimum distance of 50-75 km onto Palcocene to Eo-
cene flysch of Valais affinity covering the Europcan
margin (c.g.. I'tig. 3 in Milnes 1978; Ring ct al. 1989). In
Oligocene time, north-directed thrusting viclded to top-
to-the-cast, mylonitic extension (the Turba mylonite
zonce, marked T in Fig. 2) associated with incipicnt Ter-
tiary doming to the west (Nievergelt et al.. 1996). Al-
though all of these events affccled the Zone ol Same-
dan, pre-Tertiary sructures are reasonably well pre-
scrved because the Austro-Alpine units formed part of
the cold, rigid orogenic lid of the Tertiary Alpine orog-
cn (Froitzheim ct al. 1994; Laubscher [983: Liniger and
Nicvergelt 1990).

A short digression is nceded here to elucidate some
Alpine terminology: Traditionally, the modilicrs Aus-
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Fig.2 Geological map of the boundary between Austro-Alpine
and Penninic units in the castern part of the Central Alps. The
outlined area is depicted in greater detail in Figs. 3 and 6. Map
based on Spicher (1980) with modifications from Schmid and
Froitzheim (1993) and Schreurs (1993)

tro-Alpine, Penninie, and Helvetic have referred both
to Alpine structurcs and to early Mesozoic palcogeo-
graphic provenance. This dualistic usage is implicitly
genetic and stems from Argand’s dated notion that the
present structure of the Alps derives from cylindrical
folding of carly Mesozoic troughs and swells. To re-
main clear without inventing a new nomenclature, the
old adjectives above are simply uscd together with the
terms “domain” for paleogeographic arcas having a
common carly Mesozoic lacies and “unit” for rocks
presently nested together within the Alpine orogen.
This distinction is important because, as discussed be-
low in the final section, some units comprise originally
scparate carly Mesozoic palcogeographic domains
which were juxtaposed later during Alpine strike-slip
movement (c.g.. Kelts 1981; Triimpy 1982, 1992).

Structure of the Zone of Samedan
Alpinc structure and kinematics

The name Zonc of Samedan betrays earlier interpreta-
tions of the Mesozoic scdiments between the Err and
Julier bascment units as the remains of a single basin
which was folded and imbricated during Palcogenc
north-directed thrusting (Cornelius 1932, 1950; Staub
1948). Our studies have shown, however, that the Zone
actually comprises several basins and relative highs pre-
served within two structurally and stratigraphically dis-
tinct domains north and south of the Julier pass road
{scc map in Fig. 3). These domains individuated during
early Mcsozoic rifting and later during two phases of
Latc Cretaceous Alpine deformation, herein lermed
D1 and D2.

The part of the Zone of Samedan north of the Julier
pass road contains primarily two imbricated F1 syn-
clines (sections B-B’ and C-C’ in Fig. 4), whereas the
part south of the road comprises thin thrust sheets em-
placed on top of an isoclinal Fl anticline which is re-
folded by two large, tight F2 folds (scction D-D’ in
Fig. 4). The difference in large-scale structure between
these two segments is associated with facies and thick-
ness variations of their constitucnf sediments. The F1
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synclines north of the pass road fold the Mesozoic cov-
er of the Err basement, including Triassic pre-rift plat-
form carbonates and two thick, Middle Jurassic syn-rift
basinal formations: the Bardella and Saluver forma-
tions (Finger 1978; Furrer et al. 1985). The core of the
longer, structurally higher syncline in Fig. 3 contains
tectonic klippen with similarly aged platform and basin
sediments of the overlying Bernina unit (section A-A’
in Fig. 4). In comparison, the Grevasalvas thrust sheets
in the southern Zone of Samedan (units labelled Gr in

Fig. 4. Cross sections through
the Zone of Samedan. Traces

of these cross sections shown A

in Fig. 3. Sections A-A"’ to C-

C’ are oriented perpendicular 2500

to the inferred axis of the

Middle Jurassic Nair basin

(see text and Fig. 8). Sections 2000
A-A’ and B-B’ are oriented

normal 1o the D1 and D2 1500 4 m

movement directions, whereas

Pizzatsch

Fig. 3) contain complete, but relatively thin, Mesozoic
sequences which also include slivers of Err basement.
The doubly folded F1 anticline in the south comprises
mostly late Middle Jurassic to Early Cretaceous radio-
larian cherts, pelagic limestones, and marly shales. The
anomalous thickness of these post-rift sediments in this
area is attributable to a combination of early D1 thrust-
ing and subsequent F1 and F2 folding (see doubly
folded, early D1 thrust labelled 1 in section D-D’ of
Fig. 4).

S8°E

A
Sass da
Muoﬂas

sections C-C’ and D-D’ are, LITHOLOGIES
respectively, oblique and pa-
rallel to these directions. See
text for description of insets
to B-B’ and C-C’. Sections
C-C’ and D-D’ simplified
from Fig. § of Handy et al.
(1993). Age abbreviations next
to lithological descriptions:

God Drosa Flysch
sandstones, silicecus shales

Emmat & Chaadls Fms.
shale, limeslcne, sandstone

Aplychus

Satuver Group

megabreccia (reck falis)

Biais-Radiclant & Russenna Fms.

micrebreccia. shale (dislal lacies)
breccia ¢ sand [proximal facios}

N Piz Nair s
5 ¥ Sass Pitschen
A7’ Corviglia N

Na

KU Upper Cretaceous; KL MU JL Kossen & Agnall Fms. RN S
Lower Cretaceous; JM Middle siliceous fimestone £ shato
Jurassic; JL Lower Jurassic; | BUTH e e orescia
TRU Upper Triassic; TRM o .

A . “hM-ﬁun Vaitalscha & Haib! Fms. . . S45°E
Middle Triassic; TRL Lower =" =" cargneule ¢ breccia, gypsum, shato N45°W Comn \Fuo,c

A S .
Triassic. Abbreviations for Ghtztors & Fuorn Fms. 3000 Al wGotsena ta

. . . T?L colored sand- & sillstone I !
cover units are identical to - C
those in Fig. 3. See text for ex- é % ) i gpetes, graniofd rock 2500
. <

pl.agatlon of fIaulti1 lgbe[led 2 Juier granitoid rock
with squares 7 an SL — mylonitic

JM 'i:‘lg:;agacg)t:\’i;nlcne. serpentinile, 2000 1 m
S81°W NB8I°E | SéB°W N68°E
3000 Piz dEmmat
Roccabella .4  Dadora '
D 4 Fy g
2500
2000 m
® relative motion of hangingwall into section
TECTONIC SYMBOLS © relative moticn of hangingwall out of section
= Jurassic normal fault —, —.— axial trace of targe F1 folds
— ——— axial trace of large F2 folds
'&Q_
D1 thrust fault COVER UNITS
=L . Pa Padella unit '
TR D1 thrust fault reactivated P SC Schiattain-Clavadatsch unit JBL:eII:w%a
as a D2 low-angte normat tault Ju Julier unit
&
. D3 thrust faul Gr Grevasalvas unit
y 3 thrust fautt Na  Nair unit Err
\ Ba Bardella unit
\ : e Va Vairana unit
\ Post-D3 high-angle normal fault Ro  Roccabella unit
Co Cotschna basin (Grevasalvas unit)




The structural map in Fig. 3 shows that the orienta-
tion of small-scale D1 and D2 structures varies with lo-
cation in the Zone of Samedan. In the Err cover units,
F1 axes and axial planes arc sharply around the bend in
the northern part of the Zone of Samedan near Fuorcla
Cotschna (insct to Fig. 3). The Fl axial plancs lic paral-
lel to a penetrative ST mylonitic tfoliation formed under
lower greenschist-facies conditions (Handy et al. 1993).
Within the thin thrust sheets in the southern Zone of
Samedan as well as in the Margna bascment unit, Fl
axes plunge gently to the northeast or southwest
(Fig. 3), parallcel to a well-developed minceral stretching
lincation, L1. The sense of shear parallel to L1 in these
areas Is consistent with top-to-the-west to -southwest
thrusting during D1 (Fig. 3). Similar shear senscs arc
observed in the northern Zone of Samedan, although
top-to-the-WNW (o -NW shear scnscs arc [ound there
locally as well (¢.g., near Fuorcla Cotschna in Fig. 3).
Unfortunately, L1 stretching lincations arc often im-
possible to distinguish from L2 lineations in the area
just east of the town of Samedan.

D2 deformation also occurred under lower green-
schist-facies conditions (Handy et al. 1993), but is more
heterogencous on the outcrop scale than DI1. It is
marked by tight 2 folds and by an S2 axial plane schis-
tosity which in the Zone of Samedan generally dips
more gently than S1. Like Si, S2 follows the bend in
the northern Zone of Samedan (Fig.3). S2 becomes
pervasively mylonitic and parallel to S1 along nappe
contacts. Kinematic indicators in D2 mylonites are oft-
en ambiguous (e.g., conjugate shear bands, dual-sense
rotation of clasts), but the drag direction of S2 surfaces
along the more steeply inclined D1 nappe contacts indi-
cates top-down-to-the-east to -ENE sense of shear
(Fig. 3). Such nappe contacts are often marked by tec-
tonic and stratigraphic repetitions which have been tec-
tonicaily thinned or even partly faulted out, suggesting
that D1 thrusts were reactivated as D2 low-angle nor-
mal faults (examples cited below),

Within the Zonc of Samedan, noncoaxial D2 exten-
sional shearing localized between the Err cover and the
Julicr-Bernina units, along the basc ol the Err sedi-
ments, and in the lower part of the Err basement. De-
lormation of the Julier basement lid was primarily cata-
clastic, except at its base where lower greenschist-facies
D2 mylonite and cataclasite coexist (Handy ct al. 1993).
In the northern Zone of Samedan, Upper ‘I'riassic mon-
omict carbonatc breccias with a fine-grained, mylonitic
matrix (presumably a member ol the Kossen forma-
tion) in the normal limb of the upper Il syncline con-
tain east-plunging D1 or D2 stretching lineations de-
fined by elongate breccious components (Fig. 3). The
stratigraphic thickness in both the normal limb of this
syncline and the overturned limb of the underlying Fl
syncline is reduced and locally appears to have been
faulted out during cast-dirccted D2 normal faulting
(sections B-B’, C-C’ in Fig. 4). D2 cxtensional faulting
is also manifest in the southern Zone of Samedan,
where pre- and syn-rift sediments are missing and post-
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rift sediments directly overlie Err basement rock (sec-
tion D-D’ in Fig. 4). D2 mylonitization is pervasive
and mylonitic along and within the base of the Err
basement unit. Between extensionally reactivated Dl
thrusts, F2 folds verge uniformly antiform-to-the west
(section D-D’; Fig.4) and opposite shear senses ap-
pear in their attenuated upper and lower limbs (Handy
et al. 1993). This obscrvation, combined with the gener-
al coaxiality of IF1 and IF2 folds throughout the area
(equal area plots in Fig. 3), suggests that F2 folds are
similar folds which flattecned the previously steepened
S1 schistosity, as proposed by Froitzheim (1992).

Beneath the Zone of Samedan, a broad zone of non-
coaxial mylonitic D2 shear affects the entire Platta
ophiolite unit and the uppermost part ol the underlying
Margna basement and cover units (IFig. 3). Extensional
uplift of the Platta and Margna units along this shear
zone is probably responsible for the prescrvation ol a
sharp increase in Late Cretaceous metamorphic grade
from upper anchizone in the Err units of the Zone of
Samedan to epizone in the underlying Platta and Marg-
na units (Klahr 1994, see his Fig. 7.4).

The physical conditions of metamorphism in the
Zone of Samedan during D1 and D2 are not well con-
strained. A temperature range of 250-400°C is esti-
mated for D1 from the observation of dynamically re-
crystallized quartz and brittle {eldspar clasts within my-
lonitic granitoids. This syn-tectonic temperature esti-
mate is relatively crude because it is based on the mi-
croscopic identification of deformation mechanisms in
fault rocks and the extrapolation of experimental flow
laws for these mechanisms to geological strain rates
(e.g., Carter and Tsenn 1987).

Post-D2 deformation locally folds and imbricates D1
and D2 structures, but does not significantly alter the
structure of the Late Cretaceous nappe pile in the Zone
of Samedan. A D3 thrust in the southern Zone of Sa-
medan ramps northwards along the base of the struc-
turally highest Grevasalvas imbricate, transporting this
unit and the overlying Julier basement lid a maximum
distance of 2 km to the north (Fig. 5). This thrust can be
traced as far as Fuorcla Cotschna (location in Fig. 3),
where Err basement rocks arc cataclastically infolded
beneath Middle Triassic corneole along the D3 thrust
plane (section C-C” in Fig. 4). Herwegh (1992) obscrv-
es that this D3 thrust truncates, and therefore syn- to
post-dates F3 folds in the southern Zonc of Samcdan
(scc photo in his Fig. 5). In the absence of D3 stretch-
ing lineations, the transport direction is assumed to be
perpendicular to the ENE- to WSW-trending F3 axial
plancs, whercas the nct displacecment of 2 km is the dis-
tancc parallcl to the transport dircction between dis-
placed lithological contacts in the hanging- and foot-
walls of the thrust (sec map reconstruction in Fig. 6 of
Herwegh 1992, profile B-B’ in Mattenberger 1994).
Another possiblc D3 thrust with cataclastic fault rocks
accommodates an unknown amount of displacement
along the Err-Platta contact and appears (o ramp
northward within the Err basement tnit (fault labelled
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not follow the bend in the northern Zone of Samedan
(equal area plots in Fig. 5). The ESE-WNW trend of
the I3 axial planes is consistent with NNE- to SSW-
directed shortening during ID3. The strong flexural slip
component of F3 {olding in most lithologics (Figs. 11a
and b in Handy ct al. 1993), the cataclasitic behavior of
quartz-bearing rock along D3 thrusts, and the restric-
tion of crystal plastic deformation to fine-grained car-
honate rock all point to low-temperature, lower anchi-
zonal conditions during D3.

['4 folds are gencrally open (Fig. 11c¢ in Handy ct al.
1993) and accommodated minor NW- to SE-directed
shortening perpendicular to their axial surfaces (Fig. 5).
They are observed only locally on the outcrop scale and
effect variations in the orientation of F3 axial surfaces.
F5 kink folds with N-S trending axcs indicate a late
phase of minor E-W shortening.

Brittle normal faulting modified the essentially Late
Cretaceous structure of the Zone of Samedan. N-§ and
NE-SW to ENE-WSW trending, moderately to steeply
dipping (40-70°), normal faults displace D1 and D3
thrust contacts (Fig. 5). The N-S faults dip consistently
to the east, whereas the NE-SW to ENE- to WSW-
trending faults have conjugate dip azimuths: The large,
NNW-dipping Lunghin fault just north of the Silsersee
dips towards a series ol SSE-dipping [aults to the north
(scctions A-A’ and B-B’ in Fig. 4, narrowly spaced
contours at top of Err bascment in Fig. 5). This conju-
gate, asymmelrical fault system delimits a large, ENE-
to WSW-trending graben which contains the structural-
ly highest units of the arca (Julicr basecment unit, Gre-
vasalvas unit) and is juxtaposcd with lower units both
to the north (Err bascment and cover units) and south
(Platta and Margna units). Thus far, thec NE-SW to
ENE- toWSW-trending fault set has not been recog-
nized regionally (Froitzheim et al. 1994) and appears
restricted to the Zonce of Samedan. Locally, the NE- to
SW-trending faults offset, and therefore appear to post
date the N- to S-trending normal faults (e.g., Julier
basement lid 1 km north of the Julier pass; Fig. ).
However, these cross-cutting relationships only reflect
the latest movements, so the nucleation of these two
fault systems may have been broadly coeval. The pres-
ence of voung, oblique-dip slickenfibers on some steep.
normal [ault surfaces (arrows on dashed fault traces in
Fig. 5) suggests that they may have served as restrain-
ing and releasing bends during Miocene strike-slip
movement along the nearby Engadine fault in the up-
per Engadinc valley.

Table 1 summarizcs the Alpine structural cvents in
the Zone ol Samedan and the criteria used to constrain
their ages. These age criteria are discussed extensively
in Handy ct al. (1993) and therclore arc treated only
cursorily below. Two episodes of crustal thickening and
extension are distinguished: (a) Late Cretaceous, west-
1o southwest-dirccted thrusting and nappe stacking
(D1), followed by E-W extension and differential uplift
(D2); and (b) middle to late Paleogene, north-directed
thrusting and folding (D3) transitional to both E-W
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and N-S to NE- to SW-directed extension (D4). The
same sequence of cvents here is also recognized region-
ally in the Lower Austro-Alpine units, as summarized
in Froitzheim et al. (1994). D3 deformation in the Zonc
of Samedan is interpreted to have been broadly cocval
with the alorementioned northward thrusting of the
previously sutured Platta and Austro-Alpine units onto
Palcocene to Eocene f{lysch ol Valais affinity (Ar-
blatsch {lysch in Fig. 2). D4 high-angle. normal faulting
in the Zone ol Samcdan manifests a change from this
Paleogene, N-S shortening to lateral, inhomogeneous
spreading above the Turba low-angle normal fault at
the basc of the Platta ophiolites to the west (Fig. 2;
Nievergelt et al., in press). The regional significance of
4 and F5 folding is more difficult to ascertain; F4 may
reflect NW- to SE-directed shortening during Insubric
backfolding along the Iorio-Tonale Line (Fig.1;
Schmid et al. 1989) and/or local shortening during in-
trusion of the Bergell granitoids to the south.

Early Mesozoic rift features

Early Mesozoic rift tectonics are manifest as stratigrap-
hic variations preserved within D1 nappes and as rclic
extensional structurcs. Representative stratigraphic co-
lumns for the D1 cover nappes in the Zone of Samedan
appear in Fig, 6.

Middle and Upper Triassic cvaporites (Vallatscha
and Raibl formations) and Upper Triassic platform car-
bonates (Hauptdolomit formation) in tectonic units
north of the Julicr pass road are up to 400 m thick,
whereas the same rocks in the Grevasalvas units attain
a primary stratigraphic thickness of only 15-20 m. Like-
wise, Lower Jurassic limestone of the Agnelli formation
occurs in Err cover units north of the pass road, but not
to the south. These stratigraphic variations among tec-
tonic units probably reflect tectonically induced differ-
cncees in early Mesozoic sedimentation, rather than Al-
pine tectonic omissions, because D2 extensional shear-
ing and D4 normal faulting atfected primarily the con-
tacts, rather than the bulk, of the D1 nappes. Differen-
tial subsidence therefore began in the Middle to Late
Triassic, before the onset of rifting and rapid subsi-
dence in Early to Middle Jurassic time (e.g., Triimpy
1975).

Most vestiges of early Mesozoic extensional tecton-
ics are preserved within the folded and imbricated re-
mains of two thick, Middle Jurassic basinal sequences
in the northern Zonce of Samedan (Fig. 3): the Bardella
formation to the west and the structurally higher Saluv-
cr formation to the north and cast (Finger 1978; Furrer
ct al. 1985). These two formations occupy F1 synclines
within, respectively, the Bardella and Nair cover units
in Fig. 6. A third Middlc Jurassic basinal sequence, the
Padclla formation (Eberli 1988; Furrer ct al. 1985),
forms part of a thrust sheet (the Padella unit marked Pa
in Fig. 6) within the northeastcrnmost Bernina klippe
overlying the Err cover units. In all of these formations,
inverse-to-normally graded, poly- and monomict brec-
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Ged Dresa Flysch
sandstones, siliceous shales

Emmat & Chanels Fms.
shale, limestone, sandstone

Blais-Radiolarit & Russenna Fms.
radiolarite, Aplychus limesione

Saluver Group

microbreccia, shale (distal facies)
breccia * sand {proximal facies)
megabreccia (rock falls)

Kossen & Agneifi Fms.
siliceous limestone £ shale

Hauptdelomit Fm.
dolomite £ dolomitic breccia

Vallatscha & Raibl Fms.
cargneule £ breccia, gypsum, shale

Chazfora & Fuorn Fms,
colored sand- & siltstone

Neir Metavolcanites
rhyolitic, dacitic & andesitic schists

Fig. 6 Stratigraphy of cover units in the Zone of Samedan and
vicinity. Sediment thicknesses from own observations and from
Dietrich (1970), Finger (1978), and Liniger and Guntli (1988).
Age abbreviations next to stratigraphic columns: KU Upper Cre-
taceous; KL Lower Cretaceous; JU Upper Jurassic; JM Middle
Jurassic; JL Lower Jurassic; TRU Upper Triassic; TRM Middle
Triassic; TRL Lower Triassic; P Permian

cias alternate with sandstones which grade upsection
into fine-grained argillaceous shales (Finger 1978). This
overall fining up sequence is typical for syn- to post-rift
turbiditic megacycles developed within extensional ba-
sins of rifted continental margins (e.g., Williams 1993;
Prosser 1993). g



Table 1 Alpine history of the Zonc of Samedan and adjacent
units above the Turba mylonite zone. Numbers of references in
alphabetical order: 1. Dietrich [1970], 2. Dirr (1992], 3. Finger
[1978]. 4. Troitzheim [1988], 5. Froitzheim [1992], 6. Froitzhcim
and Eberli [1970], 7. Froitzheim et al. [1994], 8. Furrer ct al.
[1985], 9. Handy ct al. [1993], 10. Handy ct al. [1996], T1. Liniger
[1992], 12. Liniger and Guntli [1988], 13. Liniger and Nicvergelt
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[1990], 14. Nicvergelt et al. [1996], 15. Peretti [1985], 16. Résli
[1946], 17. Schmid ct al. [1989], 18. Schmid et al. [1990]. 19.
Schmid and Froitzheim [1993], 20. Trommsdor{{ and Nievergelt
[1983], 21. Trimpy [1977], 22. Zicgler [1956]. For purposcs of re-
gional correlation, phascs D1-D4 are listed with the regional
names suggcested by Froitzheim et al. [1994]

Regional event Local Structures and Conditions in Kinematics in Deformation  Age criteria
phasc sediments fault rocks fault rocks age (Ma)
Pre-F1 slump 108-100 Youngest sedi-
folds and veins in ments in Platta,
Aptian-Albian Carungas, and
marls and sand- Roccabella units
stonces are Aptian-Al-
bian age [1]
Subduction and DI E-dipping pre-FI Cataclastic Top-to-W thrust- 100-88 Cenomanian-Tu-
collision: “Trup- thrusts [3, 7, 9] ing ronian God-Dro-
Nappe stacking chun™ sa flysch beneath
and accretion pre-F1 thrusts 3,
8. 16|
S1, F1, Lsl, E- Greenschist {a- Top-to-W, -SW, 89-76 K-Ar white mica
dipping thrusts cies, mylonitic locally also forming S1 in ax-
[2,4,5-7,9, 11, -WNW to -NW ial planes of I'l
13] shear Emmat fold [10]
Collapse: D2 S2, F2, Ls2, D1 Greenschist fa- Top-to-E shear 80-69 K-Ar white mica
Extensional “Ducan-  thrusts reacti- cies, mylonitic and flattening and Ar/Ar am-
Uplift Ela” vated as normal phibole in axial
faults [5, 7, 9, 11} planes of F2
folds [10]
Collision: D3 S3. F3, S-dipping Anchizonc. cata- Top-to-N to 50-30 F3 cut by Bergell
Nappe stacking “Blai- thrusts [2, 7, 9, clastic in quart- -NNE thrusting granitoids [14,
and thickening sun” 11-13] Zose rocks, my- 20], F3 deforms
lonitic in calcite Paleocene-Eo-
rocks cene Arblatsch
(lysch (7. 18, 22]
Doming: D4 E-dipping normal  Cataclastic Top-to-E exten- 35-30 Turba mylonite
Spreading (Tur- “Furba™ faults |7, 9, L1, sion 7one syn- 1o
ba extension) 13, 14] post-dates
Schams D2 [7.
11, 14]
N- and S-dipping Cataclastic N-S extension =35-30 S-dipping normal
normal faults [9] faults cut E-dip-
ping faults [9]
Oblique conver- F4,F5 (7,9, 11, Unmetamorphic. NW-SE shorten- (30?7) Cooling ages
gence 13] cataclastic ing, E-W short- 25-12 along the lorio-
ening Tonale line {17]
Lateral extru- NE- to SW- Cataclastic Sinistral strike- 25-12 Engadin line cuts

sion’?

trending slicken-
sides on normal
fault surfaces [9]

slip and vertical
block rotation
[19]

Bergell grani-
toids [19. 21]

In contrast to the deep basinal formations described
above, the basinal sequence in the thrust sheet forming
the base of the Bernina klippe (i.e., the Schlattain and
Clavadatsch units marked SC in Fig. 6) is very shallow
and therefore is interpreted to represent part of a rela-
tive structural high in Middle Jurassic time (Handy et
al. 1993, and below). Similarly, the thin Grevasalvas
units contain only rcduced Mesozoic sediment thick-
nesses (Fig. 6) and the dcformed remains of one or
morce small, relatively shallow Middle Jurassic basins
(Handy ct al. 1993). The Grevasalvas units therefore

represent a relative structural high which was imbri-
cated during west-directed D1 thrusting and again dur-
ing north-directed D3 thrusting (see reconstruction in
next section).

There is strong evidence from the facies distribution
and bedding angles in the aforementioned Middle Ju-
rassic formations that the rift basins in the Zone of Sa-
medan were asymmetrical half-grabens: Bedding in the
syn-ritt Bardella formation dips gently to the cast and
lenses out to the west (Fig. 7a). Intra-formational bed-
ding discordances form acutc angles which open to the



a Piz Bardella

Bardella

Err + + +

Fig. 7a, b Early Mesozoic extensional features in the Zone of Sa-
medan. a Cross section through Piz Bardella. Arrow showing an-
gular discordance between Middle Jurassic syn-rift clastics (JM).
Lower Jurassic-Upper Triassic limestone (JL-TRU), and Upper
Triassic dolomite (TRU). Lithological symbols as in Fig. 6. Steep
normal faults arc mid- (o fate Tertiary features (sce text for inter-
pretation). b Reconstructed cross scction through the Early Me-
sozoic Nair basin containing members A, B, and C of the Middle
Jurassic Saluver [ormation. The scction is oriented perpendicular
to the inferred strike of the basin axis and shows the trace of the
later F1 synclinal axial plane

east (Fig. SA in Handy et al. 1993). The Bardella for-
mation is therefore inferred to have been deposited
onto an cxtensional fault block which rotated above an
originally west-dipping, syn-sedimentary growth fault.
The 20° angle between bedding dips at the bottom of
the Bardella formation and the top of the underlying
pre-rift scdiments indicates that this putative extension-
al fault block rotated at lcast 20° about a north- to
south-trending axis in Jurassic time (Fig.7a). The
orientation of this rotation axis corresponds approxi-
mately with the current north-south strike of bedding
in the Bardella formation and is therefore inferred to
represent the local trend of the basin axis.

A Tault preserved in the Grevasalvas units bencath
the Julicer thrust at Fuorcla Cotschna (location in Fig. 6)
juxtaposes stceply southeast-dipping syn-rift Dogger
clastics dircetly above gently southeast-dipping base-
ment schist (inset with unit labelled Co in section C-C’
of Fig. 4; see field photos in Figs. 5B and C in Handy et
al. 1993, and Figs. 3-8 to 3-10 in Regli 1992). The Dog-
ger rift breccia contains components of reworked cata-
clasites identical to those found along the fault plane
(photomicrograph in Fig. 6D ol Handy et al. 1993).
Faulting was therefore coeval with clastic sedimenta-

tion in Dogger time. The scnsc of shear in the catacla-
sites along the southeast-dipping fault planc is top-to-
the-northwest (shear criteria in Fig. 6C of Handy ct al.
1993). This sense of shear. together with the omission
of Triassic stratigraphy along the fault plane, suggests
that the fault was originally a west- to northwest-dip-
ping normal fault which later attained a southeastern
dip during D1 and/or D3 Alpine thrusting. Froilzheim
(1988) and Froitzheim and Eberli (1990) describe simi-
far structures in parts of the Err and Ortler units fur-
ther 10 the north and cast.

The depth and asymmctry of a former rift basin con-
taining the Saluver formation is reflected in this forma-
tion’s differentiation into three members (Fig. 6; Finger
1978): A component-supported megabreccia with
house-size blocks of Julier basement rock (member A)
grades to coarse, polymict breccias and arkosic sand-
stones {member B) in formerly deep, proximal parts of
the basin, whereas fine-grained sandstones and dark
marly shales (member C) were deposited in the origi-
nally shallower, distal parts of the basin. Presently,
members A and B of the Saluver formation occupy the
overturned limb of an imbricated F1 syncline, whereas
member C forms the normal limb of this fold (sections
B-B’ and C-C’ in Fig. 4). Triassic strata are entirely
missing in the overturned limb, but are usually com-
plete (although tectonically thinned) in the normal
limb. Unfolding this F1 syncline about its subhorizontal
axis yields an clongate, asymmetrical basin with a more
proximal facies in the southcast than in the northwest
(Fig. 7b; see also map reconstructions in the next sec-
tion). In unfolding the synclinc, the F1 fold axis is as-
sumed to be parallel to the axis of the former rift basin
as indicated by the present strike of the contact be-
tween members B and C in the Saluver formation. The
limbs of the syncline are rotated by amounts required
to bring the bedding of the stratigraphically highest
syn-rift clastics into a subhorizontal orientation. The
restored cross-section of the Nair basin in Fig. 7b offers
an cxplanation for the missing Triassic strata in the
overturned limb of the F1 syncline: These pre-rift strata
are interpreted to have been omitted within the deeper
part of the Nair basin. where a putative, west- to north-
west-dipping, Middle Jurassic extensional fault accom-
modated top-to-the west downthrow and rotation of
pre- and syn-rift Saluver sediments in its hangingwall.
This normal fault or its reactivated Alpine successor
may form the present basement-sediment contact be-
neath the Zone of Samcedan (double-lined fault marked
with “?” in section B-B’ of Fig. 4).

Middle Jurassic clastics in the western part of the
Padella unit (Fig. 6) become thicker and more brec-
cious from west to east, where they are juxtaposed with
Upper Triassic platform carbonates along a steeply
west-dipping normal fault (photo in Fig. 8 of Froitz-
heim and Eberli 1990). This suggests that the Padella
basin was an asymmetrical half-graben which formed
above a west-dipping master normal fault (Froitzheim
and Eberli 1990). For the purposes of the paleogco-



Fig. 8 Equal area projection showing back rotation of average S1
and S2 foliation poles (circles) and F1 and F2 fold axes (crosses)
about a rotation axis (triangle) defined by contrasting orientation
of basement contours (Fig. 6) and foliation about F. Cotschna (lo-
cation in Fig. 3). The back rotation (arrows) brings the average S1
and S2 poles from NE of F. Cotschna {(open circle) into coinci-
dence with those to the SW (filled circle). Note, however, that the
fold axes in these two locations {open and filled crosses) are not
colinear, even after back rotation (see text for explanation)

graphic reconstruction discussed in the next section, the
former rift basins containing the Padella, Saluver, and
Bardella formations are henceforth referred to, respec-
tively, as the Padella, Nair, and Bardella basins.

Early to Middle Jurassic basinal clastics also occur
within the Margna unit structurally underlying the
Zone of Samedan (Liniger 1992, Liniger and Guntli
1988). Unfortunatcly, these sediments were isoclinally
folded and severely boudinaged during D1 and D2 my-
lonitic shearing, hindering realistic reconstructions of
thc original basin geometry in the Margna unit.

Middle Jurassic to Early Cretaceous radiolarian
cherts and pelagic limestones mark the end of rifting in
all Lower Austro-Alpine units. Breccious layers within
Middle to Upper Jurassic radiolarian chert rock of the
Saluver formation (Finger 1978; Staub 1948) indicate
that submarine basin Llopography remained pro-
nounced, even after the onset of post-rift subsidence in
late Middle Jurassic time. These clastic radiolarian
cherts grade upwards into thin, alternating layers of
fine, sandy limestone and marl (Aptian-Albian; Die-
trich 1970) before yielding to early Late Cretaceous
tlysch (Cenomanian-Turonian; Rosli 1945) beneath D1
thrust sheets forming the Bernina klippe in the north-
ern Zone of Samedan. The local transgression of this
flysch directly onto pre- and syn-rift sediments of these
thrust sheets (see stratigraphic columns for the Schlat-
tain and Clavadatsch units in Fig. 6) suggests that at
least part of the Bernina domain was exposed to ero-
sion prior to or during early D1 thrusting.

In conclusion, the structural and stratigraphic rela-
tions in the Zone of Samedan indicate that asymmetri-
cal basins developed above west- to northwest-dipping
extensional faults at the westernmost edge of the
Adriatic continental margin. This accords well with the
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observations of Bernoulli et al. (1990), Eberli (1988),
Froitzheim (1988), and Froitzheim and Eberli (1990)
for other parts of the Lower Austro-Alpine margin ex-
posed [urther to the north (Fig. 2).

Mesozoic paleogeography and evolution of the Zone of
Samedan

Passive margin tectonics

Any attempt to reconstruct the early Mesozoic paleo-
geography in the Zone of Samedan must begin by clar-
ifying the relationship of the bend in the northern Zone
of Samedan to the change in orientation of D1 and D2
structures around Fuorcla Cotschna (Fig. 3). Do these
features stem from early Mesozoic extension, Alpine
tectonics, or both?

The bend in the Zone of Samedan is a large, ESE-
plunging open fold whose limbs are defined by the con-
trasting orientations of S1 and S2 about Fuorcla
Cotschna (equal area plots in inset to Fig. 3) and by a
change in strike of the Julier and Err basement con-
tours (Fig. 5). This fold probably pre-dates D2 and D3
deformation because it is unlikely to have formed dur-
ing subhorizontal flattening associated with D2 exten-
sional shearing, and because its interlimb angle is much
greater (150°) than that of the typically close to tight F3
folds. Thus, bending of the Zone of Samedan probably
occurred prior to or during D1. Unfolding the S1 and
S2 planes about the open fold axis on an equal area net
does not restore the F1 and F2 fold axes northeast and
southwest of Fuorcla Cotschna to a coaxial orientation
(Fig. 8). The change in orientation of D1 and D2 struc-
tures about Fuorcla Cotschna therefore pre- to syn-
dates open folding and may reflect primary variations
in the orientation of bedding within the basinal sedi-
ments with respect to the D1 shearing plane.

The present shape of the Zone of Samedan is there-
fore attributed to differential rotations of the northeas-
tern and/or southwestern parts of the Nair rift basin
about vertical axes during west- to southwest-directed
D1 thrusting, possibly combined with arcuation of this
basin during early Mesozoic rifting. Unfortunately, the
available structural evidence is insufficient to constrain
the relative contributions of rift arcuation and D1 rota-
tion in forming the present bend in the Zone of Same-
dan. The nature of this arcuation and rotation is dis-
cussed again below in relation to the paleogeographic
reconstruction in Fig. 9 and the present map pattern in
Fig. 3.

'The map in Fig. 9 was constructed by retro-deform-
ing the present nappe stack first in a N-S direction
along D3 thrusts described above, then in an east-west
direction approximately parallel to the trend of L1 and
L2 stretching lineations along D1 nappe contacts. It
should be emphasized that the reconstruction in Fig. 9
is only qualitative for two main reasons: Firstly, displa-
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Middle Jurassic Map View

Fig. 9 Map of part of the Lower Austro-Alpine domain at the
end of Middle Jurassic rifting (modified from Fig. 12A in Handy
et al. 1993). Letters occupy original position of cover units within
the Zone of Samedan. Blank areas and question marks indicate
areas for which structural and stratigraphic information is missing
or equivocal. Rose diagrams show back-rotated, paleo-transport
directions of clastic basinal sediments from the Bardella forma-
tion (data from Finger 1978) and from member B of the Saluver
formation (own data). The circles’ radii indicate 30 times a uni-
form distribution of data points. Lines ¢-a* and b—b" are traces of
restored cross sections in Fig. 10. Structural elements along the
rifted margins: Be Bernina high; Ju Julier high; Pa Padella basin;
SC Schlattain-Clavadatsch high; Na Nair basin; Ba Bardella basin;
Va Vairana unit; Ca Carungas basin; Co Cotschna basin; Gr Gre-
vasalvas high; Ro Roccabella high; Ma Margna extensional al-
lochthon; Liguro-Piemontese domain: P/ Platta ophiolites; Mo
Forno-Malenco-Lizun ophiolites; Brian¢onnais domain: Br

cements along D1 thrusts and D2 extensional faults are
unknown, precluding any reliable quantification of
Late Cretaceous, east-west shortening. Likewise,
north-directed D3 movements are only poorly con-
strained, although it was concluded above that north—
south shortening is minor compared with D1 shorten-
ing. Secondly, D2 extensional shearing and D4 normal
faulting eliminated an unknown amount of early Meso-
zoic stratigraphy along some D1 nappe contacts. For
example, most of the overturned limb of the F1 syn-
cline containing the proximal facies of the syn-rift Bar-
della formation (section C—-C’ in Fig.4) was [aulted
out.

The Mesozoic domain containing the Zone of Same-
dan is depicted in Fig. 9 to have comprised deep basins
in the west and north (Bardella, Nair, and Padella ba-
sins) bounded by relative structural highs to the east
and south (Julier, Bernina, and Grevasalvas domains).
The Margna basement nappe, currently embedded
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within Platta and Malenco ophiolites (Fig. 2), is inter-
preted to represent an extensional allochthon (or “mi-
crocontinent” of Trimpy 1975) of the Adriatic passive
margin (Fig. 9; sce also Liniger 1992). Piemontese
ophiolites of the Platta and Malenco units comprise
mostly altered mafic and serpentinized ultramafic rocks
and therefore are considered to be remnants of a lithos-
pheric ocean exhumed during the late stages of Jurassic
rifting (Lemoine et al. 1987; Trommsdorff et al. 1993).
The sigmoidal shape of the Nair basin in Fig. 9 reflects
structural arguments above that the present bend in the
Zone of Samedan may have originated partly during
early Mesozoic rifting. Basin arcuation like this can ar-
ise during strike-slip or oblique transverse shearing
(Hempton and Neher 1986; Schreurs 1994) and indi-
cates an overall regime of sinistral strike-slip motion in
map view.

The southward continuation of the Nair and Bardel-
la basins in Fig. 9 is not clear (see blank area to the
west of the Grevasalvas domain in Fig. 9) due to the
absence of deep basinal formations south of the Julier
pass road in Fig. 6. Either these rift basins were faulted
out during D2 extension (e.g., along the fault labelled 2
in section D-D" of Fig. 4) or they never existed in the
units currently exposed south of this road. The former
case implies a significant southward increase across the
Gelgia valley in the amount of D2 displacement along
the Err basement-cover contact, whereas the latter pos-
sibility implies the former existence of an east- to west-
trending fault separating the Bardella and Nair basins
in the north from the Grevasalvas domain to the south.
Handy et al. (1993) tentatively proposed such a fault,
namely, an early Mesozoic transfer fault whose trace in
the Gelgia Valley was supposedly obliterated by D3
and D4 deformation. '



Fig. 10a, b Restored Ep cross sections across the Adriatic passive
margin in the Austro-Alpine domain. Labels as in Fig. 9. Vertical
and horizontal scales are only approximate. Trace of sections
shown in Fig. 9. a Section a—a¢’ includes part of the rifted Adriatic
margin presently exposed in units north of the Gelgia Valley. The
part of the cross section west of the Bernina high is not shown in
Fig. 9. Upper crustal structure west of the Bernina high is adapted
from Bernoulli et al. (1990), Eberli (1988), and Froitzheim and
Eberli (1990). b Section b-b’ includes part of the rifted Adriatic
margin presently exposed in units south of the Gelgia Valley

Unfortunately, there is no direct evidence for or
against any of these explanations; the amount of D2 ex-
tension cannot be quantified and no diagnostic struc-
tures of strike-slip faulting (e.g., steep foliations) are
observed in the Gelgia Valley. However, indirect evi-
dence for the transform geometry in Fig. 10 comes from
changing sediment transport directions determined
from slide marks at the base of turbiditic sandstone
layers within polymict breccias and sandstones of the
Bardella (ormation (rose diagrams in Fig. 9): South-
westward to westward sliding directions in the stratigra-
phically lowest beds grade to northward sliding direc-
tions in the highest beds. This change in sediment
transport direction coincides with a decrease in the pro-
portion of basement components and an increase in the
proportion of carbonate components in the stratigra-
phically highest breccias (Finger 1978). These features
indicate that basin subsidence and tectonic relief ini-
tiated against normal faults to the east, but became pro-
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gressively greater along a relative structural high which
must have bounded the basin to the south. It is reason-
able to conclude that the Grevasalvas units represent
the imbricated remains of this former structural high, as
drawn in Fig. 9. Based on similar reasoning, the back-
rotated sediment transport directions in the northern
part of the Saluver formation indicate the former exis-
tence of a relative structural high to the east of the Nair
basin, depicted in Fig. 9.

In keeping with this transform geometry, the deep
structure of the passive margin probably varied along
strike, as shown in Fig. 10 for the two cross-sectional
traces in Fig. 9. No lower continental crustal rocks are
exposed in the Err, Julier, and Bernina basement units,
so the deep structure in Fig. 10 is inferred solely {rom
the upper crustal basin geometry reconstructed in
Fig. 9. In the north (Fig. 10a) the Bernina outer high
separated east-dipping normal faults in more proximal
parts to the cast from west-dipping normal faults in the
distal part of the margin studied here (Eberli 1988;
Froitzheim and Eberli 1990). To the south (Fig. 10b)
the Margna extensional allochthon is interpreted as a
former outer high which separated from the rest of the
Austro-Alpine margin during the latter stages of rifting.
These relations suggest that total extension in the south
probably exceeded that in the north.
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Active margin tectonics

The map in Fig. 11 shows how Late Cretaceous D1 de-
formation may have modified the early Mesozoic confi-
guration of the Zone of Samedan and adjacent units. In
this kinematic reconstruction, west- to north- and
southwest-directed D1 thrusting and folding is super-
posed on the generally NE- to SW-trending structural
grain inherited from early Mesozoic oblique rifting.
The resulting structural complexity as well as the posi-
tion of the Lower Austro-Alpine units in the apex re-
gion of the converging Adriatic, European, and north-
ern Calcereous microplates in Late Cretaceous time
renders any reconstruction of the kinematic framework
during D1 speculative (see next section). The wide
range of D1 movement directions observed in the Zone
of Samedan is compatible with a progressive change in
the principal shortening direction from ENE-WSW to
NW-SE during Late Cretaceous time, as inferred from
plate kinematic considerations reviewed below. When
combined with the early Mesozoic transform geometry
proposed above, such a changing kinematic framework
for D1 also provides a complementary mechanism to
early Mesozoic arcuation to explain pre-D2 bending of
the Zone of Samedan. Seen in paleogeographic map
view (Fig. 10), early D1 west- to southwest-directed
thrusting of the Julier high folded and imbricated the
Nair and Bardella basins to the east; northwest-directed
movement of this high during the late stages of D1 ro-
tated the northeastern and southwestern parts of the
Nair basin, respectively, clockwise and counterclock-
wise about vertical axes. Such indentation and rotation
would have accentuated any early Mesozoic bend in the
Nair basin. The open bends in the Err and Julier base-
ment contours observed in present-day map view
(Fig. 5) are possible relics of such late D1 differential
rotation. They may have resulted from clockwise rota-
tion of the northern part of the Err basement unit dur-
ing west- to northwest-directed thrusting on one or

Late Cretaceous Map View (Late D,)

~5 km
_
_ Y7 future Dy thrust fault
_/_ Dy thrust fault

Fig. 11 Map view of the Zone of Samedan at the end of D1 de-
formation in Late Cretaceous time (modified from Fig. 12B in
Handy et al. 1993). Lines a—a’ and b-b’ are traces of the cross
sections in Figs. 12 and 13. Labels as in Fig. 9

more south-dipping oblique, lateral ramps located with-
in the Err basement unit (e.g., fault labelled 3 in Fig. 3).
Handy et al.’s (1993) previous view that the open bend
in the Julier basement contours is due to hangingwall
drag along steep, N-S and ENE-WSW trending, D4
normal faults bordering the Julier basement lid is now
considered unlikely because this same bend also affects
the Err basement and therefore appears to be more
than just a manifestation of local drag.

The Late Cretaceous evolution of the Adriatic active
margin in the vicinity of the Zone of Samedan is shown
in a series of cross-sections in Figs. 12 and 13 whose
map traces arc labelled a—a’ and b-b’ in Fig. 11. The
boxed insets in Figs. 12 and 13 specifically outline the
contrasting evolution of structures, respectively, in the
northern and southern parts of the Zone of Samedan.

In Fig. 12a imbricates of the early Mesozoic, Julier-
Bernina high are shown to have been thrust westward
onto the Nair basin during the carliest stage of D1, pri-
or to their incorporation into the core of the F1 syn-
cline in the Nair basin. The source area of these thrust
sheets is located in the Bernina nappe, approximately
15 km east-southeast of the Zone of Samedan (Finger
1978). D1 thrusting of these units is inferred to have
initiated at or near the surface, as indicated by the fact
that the Bernina klippe override Late Cretaceous flysch
containing olistoliths derived from the hangingwall (see
photos in Figs. 2 and 3 of Finger 1978). Large F1 syn-
clines developed in the Nair and Bardella rift basins,
whereas anticlines and thrusts are inferred to have
formed in the adjacent basin rims and highs. Shearing
continued to depths compatible with high P/T green-
schist-facies conditions (Fig. 12b; Handy et al., 1996)
and led to the development of the S1 mylonitic folia-
tion observed prescntly in the axial planes of F1 folds.
Late D1 thrusting then separated the normal and over-
turned limbs of the large, arcuate F1 fold in the Nair
basin into two thrust sheets, as seen presently (Fig. 3).

In Fig. 13a the doubly refolded F1 anticline in the
southern part of the Zone of Samedan (Fig. 4; recall
section D-D’) is interpreted to have originated above
the thrust which carried Grevasalvas basement rock
onto proximal post-rift sediments. With subduction to
grealer depths, this anticline became isoclinal and my-
lonitic in the footwall of the overriding Grevasalvas
thrust sheets to the cast (Fig. 13b).

D1 thrusts then served as loci for D2 low-angle nor-
mal faults (Figs. 12¢ and 13c¢). As discussed previously,
the two large F2 folds which deform the F1 anticline in
the southern Zone of Samedan (section D-D in Fig. 4)
are interpreted to have formed in a flattening environ-
ment between such reactivated shear zones (Fig. 13c).
Smaller-scale F2 folds also deform the large F1 syn-
clines in the northern Zone of Samedan shown in
Fig. 12c. As Froitzheim (1992) notes, F2 folding under
coaxial conditions is only possible if the S1 schistosity
attained a steep dip prior to F2 folding. Syn- to post-
mylonitic steepening of the D1 structures is attributed
to a change in the plate kinemati¢ boundary conditions



Fig. 12a-c¢ Evolutionary cross
sections across part of the
Adriatic active margin pres-
ently exposed in units north of
the Gelgia Valley (a-a’ in

Fig. 11). Insets show detail of
boxed areas. Labels as in

Fig. 9

Fig. 13a—c Evolutionary cross
sections across part of the
Adriatic active margin pres-
ently exposed in units south of
the Gelgia Valley (b—b" in
Fig. 11). Insets show detail of
boxed areas. Labels as in

Fig. 9
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at the end of D1 in Late Cretaceous time (see below,
and in Froitzheim et al. 1994; Handy et al. 1993).

D2 low-angle normal faults in the Zone of Samedan
uplifted the Err, Platta, and Margna units with respect
to the Julier and Bernina units (Figs. 12¢ and 13c). The
amount of this D2 extensional uplift is poorly con-
strained; Si-in-phengite geobarometry on chlorite- and
biotite-phengite-K-feldspar-quartz-bearing assem-
blages oriented parallel to S1, 82, and S3 in cover rocks
of the Margna (Liniger 1992) and Err basement units
(Tietz 1993) bracket the D2-induced pressure drop at
between 400 and 600 MPa (Handy et al. 1996). If one
assumes an average mid-crustal density of 2.7 g/em?,
this pressure drop corresponds to 11-16 km of vertical
uplift in the footwall of the Julier and Bernina units.
Taken together with the average 20° dip of the D2-reac-
tivated D1 nappe contacts, such a pressure drop indi-
cates a total top-to-the-east, dip-slip displacement of
approximately 32-58 km! Detailed structural and mi-
crofabric studies indicate that most of this uplift was ac-
commodated within the Err and Platta units (Handy et
al. 1996). D2 extension started between 80 and 70 Ma
(Table 1; K-Ar white mica ages given by Handy et al.
1996), but probably did not continue much beyond 60—
65 Ma, the youngest age of Muttekopf-Gosau clastic
marine sediments deposited in syn-orogenic, piggy-
back extensional basins of the Inntal nappe in the
northern Calcereous Alps (NCA in Fig. 1; Eisbacher et
al. 1991, and references therein).

Relationship of local structures to Mesozoic tectonics
along the Adriatic continental margins

The pronounced relief, asymmetrical structure, and c¢l-
ongate, arcuate shape of the reconstructed rift basins in
the Zone of Samedan are all diagnostic {eatures of an
oblique, pull-apart environment (Christie-Blick and
Biddle 1985; Harding et al. 1985). The inferred arcua-
tion and former NE-SW trend of these basins imply a
sinistral sense of shear in map view, consistent with
large-scale tectonic reconstructions (Fig. 14a) calling

b

for sinistral transform opening of the Liguria-Piemon-
tese Tethys in Early to Middle Jurassic time (Laubscher
and Bernoulli 1977; Lemoine et al. 1987; Ricou et al.
1986; Weissert and Bernoulli 1985).

Southwest- to west-directed, early D1 shortening in
the Zone of Samedan from 110 to 80 Ma (Table 1) is
compatible with regional geological arguments re-
viewed in Stamplli (1993) for oblique dextral conver-
gence along the NNE- to SSW-trending active margin
between Adria and the Briangonnais domain. This
margin is represented in the area by the contact of the
Err and Platta units (Fig. 2). Such a ENE-WSW short-
ening direction during the early stages of D1 is also
consistent with regional paleomagnetic evidence for
sinistral oblique convergence between Adria and Eu-
rope from 110 to 80 Ma (Savostin et al. 1986) as well as
with Froitzheim et al.’s (1994) local observation that
D1, “Trupchun phase” westward thrusting of the Low-
er Austro-Alpine Err and Ela units (north of the Zone
of Samedan in Fig.2) was concomitant with sinistral
displacement along a broad, east-west striking zone of
mylonitic strike-slip shear (the “Albula steep zone”
marked A in Fig. 2). Thus, carly D1 deformation in the
Lower Austro-Alpine units is attributed to a shear cou-
ple resulting from E-W to NE- to SW-directed, oblique
dextral convergence between Adria and the Briangon-
nais domain to the west and NE- to SW-directed, obli-
que sinistral convergence between Europe and Adria
to the north. This situation is depicted in Fig. 14b,
where the Lower Austro-Alpine domain, including the
Zone of Samedan, is depicted to have undergone NE~
SW shortening in the apex ol the Adriatic microplate,

Fig. 14a-c Map showing Mesozoic evolution ol Alpine Tethyan
margins. a Passive margin formation associated with transform
opening of the Liguria-Piemontese Ocean (modified from Weis-
sert and Bernoulli 1985); b active margin tectonics associated with
subduction of the Liguria-Piemontese Ocean and spreading of the
Valais Ocean (modified from Frisch 1979, and Stampfli 1993); ¢
extensional uplift of the accreted and subducted Austro-Alpine
passive margin south and east of the subducting Valais Ocean
(modified from Ricou and Siddans 1986). Movement vector of
microplates relative to stable Europe from Savostin et al. (1986;
see text)

c 70 Ma
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adjacent to the northern Calcereous Alps microplate
and Iberian-Briangonnais microplate.

Several plate kinematic factors acting individually or
in concert may have induced late D1, NW-directed
thrusting, steepened the D1 structures, and ultimately
triggered D2 extension in the Zone of Samedan and ad-
jacent Lower Austro-Alpine units along the western
margin of Adria. Changes in the direction and rate of
convergence between any of the microplates involved
in the Late Cretaceous Alpine orogeny {(Adria, Europe,
and Brianconnais in Fig. 14¢) could have induced gravi-
tational instability of the thickened Adriatic lithos-
phere (Ratschbacher et al. 1989). In particular, the pal-
eomagnetic data reviewed in Savostin et al. (1986) indi-
cate a switch from sinistral to dextral convergence be-
tween Europe and Adria approximately 80 Ma ago.
This plate kinematic switch probably increased the
component of transverse, N-S shortening in the Lower
Austro-Alpine domain during the late stages of D1 and
is therefore expected to have steepened the F1 and S1
structures in the Lower Austro-Alpine units. The
change in convergence direction also coincided with a
decrease in the convergence rate from 1.5 to 1 cm/ycar
(Fig. 15a in Savostin et al. 1986), making Platt’s (1986)
model of an extending orogenic wedge one attractive
mechanism to explain D2 extensional uplift within the
Late Cretaceous Alpine orogen (Froitzheim et al. 1994;
Handy et al. 1993). An alternative explanation for D2
extension is that Late Cretaceous to Early Tertiary
southeastward subduction of the Valais oceanic domain
(Fig. 14¢) involved hinge roll-back towards the north-
west, extending and uplifting the overriding Penninic
(Briangonnais), Liguria-Piemontese and Austro-Alpine
units in the east.

Conclusions

Although the Zone of Samedan makes up only a smalil
part of the former Adriatic continental margin, it con-
tains at least two [eatures which may typify other an-
cient passive margins preserved within orogens: Firstly,
carly Mesozoic rifting introduced a complex structural
and stratigraphic mosaic which compartmentalized sub-
sequent active margin tectonics. Deep, asymmetrical
half-grabens became the sites of synclines, whereas re-
lative structural highs were imbricated to form stacks of
thin thrust sheets containing slivers of basement rock.
The axial planes of the synclines dip towards the dee-
pest parts of the former rift basins, such that distal and
proximal facies of the syn-rift basinal formations are
preserved, respectively, in the normal and overturned
limbs of the synclines. During the latter stages of short-
ening, these fold limbs became individual thrust
sheets.

Secondly, thrust surfaces which were active during
plate convergence were reworked during later episodes
of extension and shortening. In particular, late orogenic
collapse of the Adriatic active margin was accommo-
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dated primarily along a network of continentward-dip-
ping low-angle normal faults which are reactivated
thrusts. As shown above, such extensional faults
uplifted distal parts of the Adriatic margin, as well as
fragments of the Liguria-Piemontese oceanic crust
which were accreted during plate convergence. In light
of the evidence for Late Cretaceous extensional uplift
in the Zone of Samedan, Hsii and Briegel’s (1991) hy-
pothesis that the Liguria-Piemontese ophiolites and
Margna basement unit were brought to the surface as a
result of convergent offscraping within a subduction
zone mélange (Hsii and Briegel 1991, pp 139-140) be-
comes very unlikely (see also discussions by Platt 1992
and Hsti 1992). It is emphasized that D2 extensional
shearing did not raise the Platta and Margna rocks all
the way to the surface. Instead, it was the combination
of Late Cretaceous east-west extensional uplift (D2),
early Tertiary northward thrusting along the base of the
Platta ophiolites (D3), and early to mid-Tertiary nor-
mal faulting (D4) above the uplifting Lepontine dome
which ultimately led to their exhumation. The latter
two events represent the collisional stage of the Alpine
orogeny, during which the Adriatic margin formed a re-
latively cold and rigid orogenic lid overriding the
warmer stack of Penninic nappes derived from the Eu-
ropean margin (e.g., Laubscher 1983). Thus, the passive
margin features in the Zone of Samedan survived a
complex history of repeated crustal thickening and ex-
tensional collapse, first within an active margin and
then again in the hangingwall of a major thrust within a
collisional orogen.
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