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ABSTRACT

A combined geological and deep refl€ction
and rcfraction-seismic profile crossing the Central
Alps helps to unravel the crustal structure of this
classical orogenic belt which had been the focus of
pioneering geologists since he middle of the l8th
century. New insights werc gained by integrating
the stratigraphic, structural, geocfuonologic and
metamorphic rccord of the Alpine nappe systems
and of the nofihem and southem foreland basins
with new geophysical data on the deep structure of
the Alps.

The Central Alps developed in rcsponse to
Middle and Late Cretaceous dextral oblique panial
or complete closure of oceanic basirs, which had
opened during Middle Jurassic to Early Cretaceous
times, and to Paleogene orthogonal full-scale colli-
sion of the Apulian block with the European cra-
ton. Neogene continued convergence, accompanied
by dextral transpression, resulted in thrusFpropa-

gation into the forelands and partial destruction of
the flexural northem and southem foreland baslns.

Across the Cenual Alps, Cenozoic N-S plate
convergence amounting to 500 to 550 km was
accompanied by subduction of substantial amounts
of continental and oceanic lithospheric material.
Following Paleogene collision of the Alpine oro-
genic wedge with the little attenuated northern
foreland, Neogene back thrusting governed the
evolution of its southem parts. Imbrication of the
nonhem and southern foreland crust. re\ulring in
uplift of basement cored extemal massifs, is a con-
sequence of continued post-col l isional crustal
shortening and lithospheric ovefthickening.

The Molasse Basin was displaced together
with the Jura Mountain fold-and{hrust belt which
represents the northernmost external unit of the
Central-Alpine orogen. The Molasse Basrn rs a
remnant of a fore-arc forcland basin. The thtn-
skinned ext€mal South-Alpine thrust belt scooped
out an Early Mesozoic rifl induced basin. causing
partial destruction of the southern, conjugate retro
arc foreland basin.

ZrcH. P. A.. S('llm, S. M., P'lIIlw, A. & ScsbMN, G., 1996. - St w1urc and evolurion oa th. C.ntEl AlDs ed |!.r
nonhm and ,outhen lorelrd bdens ,r ZmlrR, P A & HoRvlG. F. ledsj. P.n-1erhy6 MeBo'r 2: SruduE and Prospd6 ot Atpir.
Ba.in, and roElands. .|/du Mh aatn. HLtt. aat.,l70 2ll-,lJl I Encl$ur. I Pans I S B N : 2 - 8 5 6 5 3 - 5 0 7 4 .

Thn oticle in ludes ! d.lotule.



212 P. A. ZIECLER rf ,4t.: CENTRAL ALPS

INTRODUCTION

This paper discusses the structure and evolu-
tion of tbe Central Alps on the basis of a regional
geological-geophysical cross section which
extends from the Molasse Basin of Eastern
Switzerland into the Po Basin near the city of
Milano. Suppofiing structural cross-sections are
provided for tbe eastern and central parts of the
Swiss Molasse Basin and the southern margin of
the Southem Alps.

The geotransect, given in Enclosure 1, inte-
grates surface and sub-surface geological data with
refract ion-seismic and deep ref leclron-sei(mic
data. Geophysical data were acquired in the con,
text of the Swiss National Researcb Project 20
(NFP 20; Pfiffner et al., 1988, 1996) and during
the recording of the Eurcpean ceotraverse (Blun-
dell et al., 1992). This transect crosses the Central
Alps where the extemal massifs plunge axially to
the east-northeast and straddles the westero sro-
sional margin of the Austoalpine nappes (Fig. 1).
This permits axial projection info the plane of the
section of major structural units, including the
basement-involving Aar and Gotthard massifs, the
supra-crustal Helvetic and Penninic nappes and the
orogenic lid, formed by the Austoalpine nappes.
Coftespondingly, this profile gives also a possible
reconstruction for the eroded parts of the Alpine
orogen (Schmid et al., 1996a and 1996b).

The Central Alps developed in response to
Crctaceous and Ceflozoic convergence of Africa-
Arabia and cmtonic Europe. This involved pro-
gressive closure of three oceanic basins which had
opened dudng the Mesozoic break-up of Pangea
and tbe development of the Tethys (Fig. 2). The
oldest ofthese oceanic basins is the Hallstatt-Meli-
ata Ocean which opened during the Middle Trias-
sic along the east€rn margin of rhe continental
Apulia terrane (Italo-Dinarid Block); this ocean
may have formed part of th€ Hellenic Dinarid
basin, referred to also as the Vardar Ocean. The
second oceanic ba. in is rhe Sou(h Penninrc
(Piemont-Ligurian) Ocean which opened during
the Middle Jurassic between Apulia and the conti-
nental Brianqonnais domain. The third oceanic
basin is the North Penninic (Valais) Trough which
opened durinB the Early Cr€taceous, thus separat-

ing the Briangonnais terrane from the Helve!c
Shelf; the latter formed the southern continental
margin of cratonic Europe.

In Enclo\ure L di f lerenr srgnalures are gi \en
fbr continental basement complexes which are
attributed to the proximal and distal parts of the
European margin, the Middle Penninic Briangon-
nais terrane and the Austoalpine and South Alpine
parts of Apulia. Ophiolitic sequences, correspond-
ing to the floor of the former North Penninic Valais
and the South Penninic Piemonr-Ligurian occan,
are highlighted in black. The Hallsra(-Meliata
ocean is not involved in the area of the Central
Alps, although its Late Jurassic closure did play a
significant role in the evolution ofthe Austroalpine
nappes (stampfl i  er al . ,  l99l ;  Froi tzheim er al . ,
1996)

Enclosure 1 illustrates clearly that during the
the Alpine orogeny the European and the Apulian
margins were intensely deformed and that these
deformations were not rcstricted to their sedimen-
tary cover but involved large scale imbdcations of
the basement which propagated far into the forc-
land. The autochthonous basement of the Molasse
Basin extends only some 20 km beneath the exter
nal units of the Alps and rises to the surface in the
imbricated Aar Massif. The Oligocene ro Viocene
synorogenic clastic wedge of the Molasse Basin
attains a thickness of some 4000 m and is under-
lain by a relatively rhin sequence ofMesozoic shelf
series. Late Miocene and Pliocene compressional
deformation ofthe Jum Mountains, attibuted to in-
sequence thrust propagat ion into the foreland,
caused uplift and erosion ofthe western and cenral
parts of the Molasse Basin (Laubscher, 1974; see
also Philippe et al. and Roure and Colletta, this
volume). Explorat ion for hydrocarbons jn the
Swiss Molasse Basins has yielded only oit and gas
shows and one very small gas accumulation (Brink
el al., 1992). In contrast, the southern maryin ofthe
Central Alps is characteriz€d by a relatively wide,
thin skinned foreland fold-and-thrust belt involv-
ing a lhick. southwird raperin8 wedge of Me\o7oic
and Paleogene series overlain by synorogenic clas
tics (Cassano €t a1., 1986). To the north, this thin-
\k inned lhrusr belr  give\ way lo d system ol major
basement imbricat ions such as the Orobic and
Mezzoldo (Colitignone unit) blocks (Laubschef,
1985; Schdnborn, 1992; Ro€der and Lindsay,
1992). The discovery of major hydrocarbon accu-
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FIG. 2. Palinspastic skclch map of Alpine domain ar end-.Ilra$ic times (afie.
Schmid el al., 1996b). LA: Lower Austroalpinc domain, MG-Magua exrcnsional
allochlhon, NCA: Nodhem Calcdeous Alps, SAr South Alpine pasice conrinental
nargin, SE-Scsia cxtensional allochlhon, UA: Upper Auslroalpine domain. ceo-
sraphic rererence: B (Bolosna). C (Corsica), c (ceneva), I (Insbruck), M (MaF
scilles),s (sudinia), T (Torino), Z (zijrich).

mulat ions, such as the Malossa gas/condensate
field, testifies to the hydrocarbon polential of the
South-Alpine external thrust belt (Anelli et al., this

The two cross-sections through the Molasse
Basin, given in Fig. 4, are based on indusrry-type
reflection-seismic profiles which are calibrated by
wells drilled during the search for hydrocarbons
(Steuble and Pfiffner, 1991; Pfiffner and Erard,
1996). The prcfiles through the Southern Alps and
the adjacent Po Valley Basin, given in Fig. 6, are
parr l )  consrrained by indu\rr)-r lpe ref lectron-seir
mic profiles and well dala (Schdnbom, i992).

EVOLUTION OF TIIE CENTRAL ALPINE
OROGEN

The crysfalline basement of the Alpine area
was consol idated during the Variscan orogeny
which terminated at the end of the Westphalian
(von Raumer and Neubauer, 1993). However, dur
ing the rermrnal  Srephanian and Exr ly Pefmirn
phases of the Hercynian suturing of Godwana and
Laurussia, crustal  shortening persisted in the
Appalachian orogent rhis was accompanicd by
dextral  shear movements betwecn Afr ica and
Europe, causing the collapse of the Variscan oro-
gen and the subsidence of a system of wrench



induced troughs in wbich thick continental clastics
accumulated. Following the Early Permian assem-
bly of Pangea, a fundamefltal plate boundary reor-
ganization underlies the development of the Tethys
and Arctic-North Atlantic rift systems (Ziegler,
1990).

Opening of The Alpine Tethys Segment

During Late Permian and Triassic times, the
Tethys rift systems propagated westward and mter-
ferred in the North Atlantic domaine with the
southward propagating Arctic North Atlantic rift
system. In the East Alpine-Carpathian-Dinarid
domain, rifting activity culminated in the intra-Tri-
assic opening of a first system of oceanic basins,
namely the Hallstatt-Meliata and Vardar oceans;
these were possibly connected (Fig. 2). Following
Middle Jurassic development of a discrete trans-
form-divergent plate boundary between Gondwana
and Laurasia, progressive opening of the Central
Adantic was accompanied by a sinistral transten-
sional translation of Africa-Arabia relative to
Europe. This led to the opening of a second oceal-
ic basin in lhe Alpine domain.  (he Ligur ia-
PiemonFsouth Penninic oceanic basin, resulting in
the isolation of the Apulian (ltalo-Dinarid) rrucro-
contionent. Opening of the Ligurian Sourh Pen-
ninic Ocean went hand in hand with the gradual
closure of the earlier formed Vardar and Hallstatt-
Meliata oceans (Fig. 2). Latest Jurassic-earliest
Cretaceous collision of the Apulia terrane with the
eastem margins of the vardar and Hallstatt-Meliata
oceans and continued sinistral translation between
Europe and Aftica entailed the onset of counter-
clockwise rotation of Apulia. This sequence of
events indicates that opening ofthe Ligurian-South
Penninic Ocean was neither spacially nor kinemati-
cally related to the opeling of the Hallstatt-Meliata
and Vardar oceans (Ziegler, 1988, 1990; Dercoun
er al.,  1993).

Early Cretaceous gradual opening of the Nonh
Atlantic and couter-clockwise rotatlon of Apulia
were accompanied by the transtensional opening of
a third oceanic basin in the Alpine domain, the
North Penninic Valais Trough- The trace along
which this youngest oceanic basin opened is shown
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in Figure 2, giving a latest Jurassic-earliest Creta-
ceou5 palinspaslic skelch map of lhe Alpine region.
Opening of the Valais Trough entailed separation
of the continental BrianEonnais terane from
Europe. It is questionalble whether the Bdangon-
nais terrane formed part of the larger Iberian ter-
rane, as postulared by stampfl i  (1993), who
visualizes a kinematic link between the opening of
the Bay of Biscay and the Valais Tmugh. In this
respect, data presente by vially and Tr6molidres
(this volume) suggest that the Colsica-Sardinia
block remained attached to Eurcpe during the Crc
taceous opening of the Bay of Biscay and that the
suture between Europe and Iberia projects from the
Pyrcnees to the south of Sardinia (after palinspastic
restoration of the Corsica -Sardinia bloch see also
Ziegler, 1988). The eastem continuation of the
Valais Trough is probably found within or near the
nonhem margin of lhe earlier lormed Piemont-Lig-
uia Ocean (Rhenodanubian flysch and Upper
Schieferhi i l le of the Tauern window, Outer
Carpathian flysch belt). Correspondingly, the Bri-
aneonnais terrane is essentially confined to the
Central and Western AIps. Relative movements
between the European and Africa-Arabian conti-
nents and intervoning microplates or terranes, lead-
ing to the opening and closing of oceanic bas,ns ,n
the Alpine domain, is discussed in greater detail by
Stampfli (1993), Stampfli and Marchant (1996),
Froirzheim er al. (1996) and schmid et al. (1996a
and 1996b).

Cretacmus Omg€ny

Induced by the Cretaceous counter-clockwise
rotation of Apulia, mass transport along its north-
we\tern margin,  facing the Sourh Pennrnrc
Piemont-Ligurian Ocean, was directed westwards.
In the area of the Austroalpine units of Austria,
closure of the Hallstatt-Meliata Ocean had
occurred during a first stage in the Early Creta-
ceou\ (Neubauer, 1994r. During rhe Cenomanian
to early Turoniar second stage of the Cretaceous
orogeny, a dextral tbrust wedge propagated west-
wards into the Central Alpine domain (see Schmid
et al., 1996a and 1996b for a discussion of con-
straints on timing of orogenic activity along our

PERI TETHYS MEMOIR 2: ALPINE BASINS AND FORELANDS
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transect). Subduction prccesses during both stages
are indicated by the occu.rence of Crctaceous aged
HP/LT eclogi les whrch must be relared ro rhe act i -
vation of subduction zones along the former Melia-
ra Ocean a\ wel l  as alon8 lhe no(hwesrcrn mrrgin
of Apulia (Froitzheim et al., 1996). Late Cr€ta-
ceous west-vergent imbrications and penetrative
deformations, part ly associated with metamor-
phism, are also observed in the Western Alps
(France, I taly) and in the Eastern Alps (Aus-
troalpine nappes), as discussed by Polino et al.
(1990),  Ring et al .  (1989) and Froi tzheim et al .
(1994). The Austroalpine nappes were emplaced as
thin allochthonou\ flakes onto the South Penninic
ophiolites. This Late Cretaceous orogenic activity
was accompanied by lhe shedding of clastics into
the gradually closing South Penninic Trough. The
Insubric Line marks the boundary between Aus-
troalpine nappes, which are characterized by Creta
ceous metamorphism, and the South Alpin€
domain which lacks such an ov€rprint (Laubscber,
1991). However in the South-Alpine domain, there
is also good evidence for a Late Cretaceous first
stage activation of the south-verging, basement
involving Orobic and Gallinera foreland thrusts
(Schttnborn, 1992). These rising ramp anticlines
acled a\ rhe source of lhe Turonian lo Campanian
flysch series which were deposired in the Lombar-
dian Basin, located to the South of the South-
Alpine domain (Bichsel  and Haring, 1981t
Bersezio and Fornaciar j ,  1987; wi ld i ,  1988;
Bernoulli and Winkler, 1990).

Paleogen€ Orog€ny

In conjunction with the Late Cretaceous and
Paleogene step-wise opening of the Arctic North
Atlantic, sinistral motions between Europe and
Africa decreased during the latest Crctaceous and
Paleogene; with this the rotational movement of
Apulia decreased gradually and westward mass
transport along its northern margin came to an end,
However, ,n connecl ion ui th rhe pfogrecsive
break-up of Gondwana, Africa Arabia commenced
ro conver8e during lhe Senonian wirh Europe in r
counrer-clock\ i \e rorxtronal mode; rhis morion
persisted during Cenozoic t imes (Ziegler,  1988,

1990) and controlled the collisional and post,colli
sional phases of Alpine orogeny.

During the late Senonian, rhe Austroalpine
nappe stack was affected by tensional tectonics.
This so-cal led Ducan-Ela extensional phase is
viewed by Froitzheim et al. (1994) as reflecting the
gravitational collapse of an ov€rthickened orogenic
wedge upon relaxation of the stress systems con-
trolling its development. Exhumation and cooling
of the Austroalpine onits during the Ducan Ela
phase had severe implications for the subsequent
evolulron of lhe Central  Alps. Durrng rhe Cenoloic
orogenic phases, the Austroalpine units remained
largoly undeformed and acted as a relatively rigid
orogenic lid (in the sense of Laubscher, 1984),
floating on viscously deforming Penninic units.

ln our transect, the South Penninic Ocear was
not closed before the end of the Cretaceous. The
evolving orogen, which during the Late Cretaceous
had been confined to the southeastern margin of
the Piemont-Liguria Ocean and the Austroalpine-
South-Alpine domain, col l ided in the Central
Alpine region during the Paleocene with the south
ern margin of the Middle Penninic Brianconnars
tenane (Figs. 3a and 3b; for timing constraints see
Schmid et al., 1996a). However in the Western
Alps, collision of the evolving oroBen with the Bri-
angonnais terrane did not occur b€fore the
Oligocene, as evident by ophiolitic nappes ovenid-
ing late Eocene pelagic ser ies (Barfdty et al . ,
1992).

During the Senonian, and particularly during
the Paleocene, the European Alpine foreland was
subjected to horizontal  compressional stresses
which gave rise to important intra,plate deforma-
tions, including the upthrusting of basement blocks
and the inversion of Mesozoic tensional basrts as
far North as Denmark and the Central North Sea
(Zieglet,1990, ZleElet et al., 1995). Inthe areaof
the Centml Alps, large parts of the Helvetic Shelf
wer€ uplifted at the end of the Cretaceous and sub-
jected to erosion; this is confirmed by latest Cr€ta-
ceous and Paleocene fission track data from the
Black Forest area (Wagner and van den Houte,
Iq92,.  Regional upl i f l  and large radius deformarion
of the Helvetic Shelf caused the removal of much
oi its previously deposited Cretaceous cover and
truncation and karstification of the Jurassic plaF
form carbonates panicularly in the area of the Jura
Mountains, the Molasse Basin and the North Hel-



vetic domain (T impy, 1980). Althougb the Pale-
ocene deformation of the I- le lvet ic Shelf  of
Switzerland was nol as intense as further to the
East in the area of the Bohemian Massif and the
southward adjacent Austian Molasse Basin (Zim-
mer and Wessely, this volume), its positive deflec-
t ion must be related to compressional stresses
which were exerted on the Alpine foreland rn
response to its collisional coupling with the evolv-
ing orogen (Ziegler, 1990; Ziegler et al., 1995)-
However,  as by the end of the Cretaceous the
Alpine orogenic front was still located along the
southern margin of the Briangonnais terrane, it
must be assumed that the lilhosphere of the Valais
Trough had sufficient strength to p€rmit tbe trans-
mission of large stresses through it and into the
European foreland.

Along our transect,  subduct ion of the Bri-
angonnais microcontinent had commenced during
the Paleocene and by the early Eocene this teffane
was completely subducted together with the ocean-
ic pats of the Valais Tough (Schmid et al., 1996b;
Figs. 3a and 3b). By early Eocene times, the south-
ern margin of the European foreland, corespond
ing to the Adula nappe, sta ed to be overridden by
the advancing more internal nappe systems of the
Central Alps: subsequently it was subducted to
great depth, as indicated by a Tertiary aged eclogite
facies metamorphism (Figs. 3c and 3dt for timing
of eclogite facies metamorphism in the Alps see
Froitzheim et al., 1996). By late Eocene time, the
Austroalpine and North Penninic nappes had
advanced into the area of the future Gotthard mas-
sif which coresponds to the crystalline substratum
of the future Helvetic cover-nappes (Fig. 3c). This
led to tbe progr€ssive flexural subsidence of the
Helvetic Shelf under tbe load of the advancing oro-
genic lid, resulting in the development of a classi
cal flexural foreland basin. By late Eocene time,
marine transgressions had advanced northwards
across the truncated Mesozoic strata to the south
ern margin oi  the present day Molasse Basin
(Pfiffner, 1986; Lihou, 1995). Flexural subsidence
of this foreland basin was accompanied by the
developmen! of an affay of relatively small, essen
t ial ly basin paral lel  normal faul ts (Hefb, 1965,
1992).  Synsedimentary faul t ing is indicated by
rapid lateral  facies and thickness changes of
Eocene sediments, containing ldrge slump blocks
ofcarbonates (Menkveld Cf€ller, 1995); this points

2t7

to a considerabl€, fault-related relief in the Hel-
velic facies domain. During the Eocene Oligocene
phases of nappe emplacement onto the European
foreland, the latter was apparently mechanically
decoupled from the orogen, as there is no evidence
tor contemporaneous intraplate compressional
deformations,

Detachment of the sedimentary cover of the
Gotthard massif, resuhing in the development of
the Helvetic nappes, commenced during the late
Eocene; by early Ol igocene t ime. the Helvet ic
nappes, together with the overlying North Pennlruc
and Austroalpine nappes, had advanced into the
area of the future Aar massif (Figs. 3c and 3d).
During the Paleocene and Eocene phases of the
Alpine orogeny, substantial parts of the crust of the
Briangonnais, the North-Penninic realm and the
distal parts ofthe European foreland were subduc!
ed. Howevet the entire upper crustal volume ofthe
more proximal and less attenuated part ofthe Euro-
pean crust (Gotthard and Lucomagno-Leventina
units) was accreted to the orogenic wedge during
the Oligocene and later phases. Resulting posF
Eocene ercessive lh ickening ot  rhe orogenic
wedge implies that, following the main collisional
event, only lower crusfal material was subducted.
Ovenhickening of the orogenic wedge was accom-
panied by south-direct€d back-folding north of,
and back thrusting along, the Insubric Line, caus-
ing rapid exhumation of rhe formerly deeply bur-
ded supra-crustal units in the Penninic (Lepontine)
area during the Oligocene, as well as by thrust
propagation into the northem foreland crust, result-
ing in step-wise imbrication of the Gotthard and
Aar massifs and detachment of rhe Helvetic cuvor-
nappes. In the Southem Alps, late Oligocene dex
tral transpressive movements along the Insubric
Line induced in ths 6166 6J 1L. Lago Maggiore
restraining bend East West directed compressional
delormal ion\ r l - rg\ .  Je and 3l l  Schumacher er r l . .
r996).

Oligocene posFcollisional overthickening of
the Alpine orogenic wedge was associated with the
onset of northwestward movement of the r igid
Adriatic indenter, south of the Periadriatic line
(Schmid et al., 1989). This indenter is composed of
stacked Apulian and European lower crustal and
mantle material at its westem end (Ivrea Zone and
Iwea geophysical body, Fig. 3e). In map view this
indeotation is associated with dextral strike slip

PERI-TETHYS MEMOIR 2: ALPINE BASINS AND FORELANDS
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FIG. 3. Relro-deforned crosssections through the Centml Alps showing step,
wise evolution of rh€ Alpine orogen (afler Schmid e1 at., 19%b).
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movements along the Insubric line. Note that, due
to tbe subsequent dextral strike slip movements,
Fig. 3e depicts a section through the Ivrca zone
(after Zingg et al., 1990), presently located wesr of
the transect given in Enclosure L Only by Miocene
times (Fig. 3f) may the present-day section tfuough
the Southern Alps be depicted in our transect
(Fig. 30. In profile view, Oligocene differential
uplift of the southem PeDninic zone can be related
ro upwards directed material flow in its southem
steep belt and its deflection into a North-directed
horizontal movement of the Tambo-Suretta pair of
nappes (Schmid et al.,  1996a and 1996b). This
induced spectacular refolding of some of the ea i-
er formed Penninic nappe stnrcturcs. These defor-
mations werc contemporary with the activation of
the Glarus thrust along which the Helvetic nappes
were transported to the North. During the
Oligocene, the northern foreland basin subsided
rapidly, expanded northwards into the area ol the
present-day Molasse Basin and r€ceived the detri
tus of the r ising Alps. In the South-Penntntc
domain, the tonalitic and granodioritic Bergell plu-
ton intruded syntectonical ly during early
Oligocene post-collisional sbortening (Ros€nberg
et al., 1995). These magmas werc derived by par-
tial melting of the mantle lithosphere and were
conlaminated by crustal material du ng their
ascent; their genemtion is thought to be related to
detachment of the subducted lithospheric slab and
ensuing upwelling of the asthenosphere to tbe new
base of the l i thosphere (von Blankenburg and
Davies, 1995). Considering the total amount of
Creraceous to early Oligocene crustal shorte ng
along our Central Alpine lransect, this slab may
have had a length in excess of 400 km.

Although slab-detachment probably con-
tributed to the rapid early Oligocene uplift of the
Alpine orogen (Bott, 1993), thickening of the oro
genic wedg€ due to continued nofthward conver-
gence of  Apul ia wi th cratonic Europe was
presumably the dominant mechanism. This process
continued during the late Oligocene and Miocene
but included now an orogen parallel dextral slip
component that is difficult to quantify. However,
late Oligocene to Miocene lateral movements
along lhe Insubric Line alon€ amount to some
50 km. Along the tmnsect given in Enclosure 1,
lale Oligocene lo Recent cru\lal rhorlening in a
North-South direction is estimated to amount to

some 120 km (Schmid er al., 1996b) and resulted
in the developm€nt of a correspondingly long new
subduction slab. Based on seismic tomography,
such a slab is at present still attached to the lithos-
phere of the Alpine orogen (de Jonge et al., 1993)
and exerts a negative load on it (Bott, 1993). Of
tbis total amount of late Oligocene ro recent short-
ening along our transect, about 50 km were accom-
modated by imbrication of the European crust,
55 km by imbrication of the Sourh Alpine base
ment and 15 km by back-thrusting along the Insub-
ric Line.

Neogene Orogeny

Dudng the late Oligocene and early Miocene,
northward transport of the Helvetic nappes contin-
ued. By early Miocene time the Glarus thrxst had
probably broken surface and by mid-Miocene rime.
Helvetic detritus appeared in the Molasse sedi-
ments. Uplift of the Aar Massif along a crustal
scale ramp commenced at the end of the
Oligocene, persisted into late Miocene and
Pliocene times and was probably directly linted to
thrust deformation of the Sub-Alpine Molasse
(Figs. 3e-g). Crustal shortening in rhe Aar Massif
amounts to about 20 km. Folding of the Jura
Mountains, which form the northwestem margin of
the western and central Molasse Basin, com-
menced during the late Miocene (Serravallian/Ior,
tonian, tllMa) and persisted into Pliocene and
possible into recent times (Laubscher, l9a7, 1992;
Bu*hard, 1990; Philippe et ai., this volume). The
origin of this external crescent-shaped fold belt,
which separates from the Alps near Geneva, rs
under dispute. Shortening in the Jum Mountanrs, as
derived mainly from surface g€ological €riteria,
boreholes and l imited reflection-seismic data,
decreases from approximately 30 km in its sourh-
weslern pad( to /ero al i t \  northcaslern termina-
tion. This amount ofshortening may be taken up at
an intra-Triassic sole thrust wbich extends from the
Jura through the Molasse Basin and mmps down to
the basement at the northern margin of the Aar
Massif (thin-skinned model of Laubscher, 1961,
1992; Philippe et al-, this volume). Alternatively,
shortening may be transferred to an intracrustal a



sole thrus!, incorporating Permo Carboniferous
s€diments and the upper parts of the crystalline
basemenl, which extends from the the Jura Moun-
tains through the area of the Molasse Basin
beneath the Aar Massif  ( thick-skinned model;
Zlegler, 1982, 1990; Pfiffner and Erard, 1996;
Pfiffner, 1995). Burkiard (1990) noies that short
ening in the Sub Alpine Molasse increases north-
exqtvr 'ards as \hor lenrng rn lhe Jura Mounlain\
decreases in the same direction. He postulates a 7l]
c lock wrse rolal ion of Ihe Mesozoic and Ceno/oic
sediments of the Molasse Basin above a basal
dctachment horizon and along a system of wlench
faults.  Folding of the Jura Mountains entai led
Dplift and partial destruction of tbe Molasse Basin.
The degree of uplift ofthis basin increases towards
the southwest as shortening in the Jura Mountains
increases. According to both the thin-skinned and
the thick-skinned model, the Molasse Basin and
rhe Jura lold-and-lhrusl  bel t  form pan of a major
allochthon which represents the most external ele
ment ofthe Central Alpine orogen.

Back-thrusting of the South Penninic nappes
over the South Alpine domain along the lnsubdc
Line persisted during the late Oligocene under a
dextral  t ranspressive scenario;  howev€r,  by
Miocene times, movements along the Insubric Line
\rere purely dexlral  rSchmrd et al . .  l98q: Fig..3e
g).  Pebbles and boulders of the Bergel l  pluton
appeared durinB the latest Ol iBocene-earl iest
Miocene in the deeper water Lombardian foreland
basin (Goniolite Lombardia: Giger and Hurford,
1989)- In most of the Southern Alps, Teniary-aged
thrusting did not resume before the mid Burdi_
gal ian (Schdnborn, 1992).  The external,  thin-
skinned Lombardy thrust bel t  js sealed by lhe
M€ssinian unconformity and is covered by up to
2.5 km of la lest Miocene and Pl io-Pleistocene,
only slightly folded clastics. Uplift of the inrernal
parts ot the Sou$ern Alps is related to the stacking
upper crustal thrust sheets which were detached at
a mid-crustal level. Tbe corresponding lower cnrst
and mantle lilhosphere forms the Adriatic or Apu-
lian wedge which interfaces with the south-dipping
European lower cmst beneath thc Central  Alps
(Encl. I and Fig. 3g). The geometry oithis wedge
is. according to the resolulion of the geophysical
data avai lable, only schematical ly out l ined in
Enclosurc l. In fact, this highly refleclive wedge
may have a morc complicated internal structurc
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(Hitz, 1995). However, ior material balance rea-
sons, imbrication of lower crustal material within
this Adrjatic wedge is a corollary of some 46 km
Miocene-aged N-S shortening taking place within
the South Alpine upper crustrl fold- and thrustbelt
(Schdnborn, 1992; Schmid et  a l . ,  1996a and
1996b). Hence, shortening at upper crustal leveis
south of lhe Insubric line is kinematically linked to
thickening within Ih€ Apul ian wedge located
beneath the southern part of the Cenlral Alps. For
mation of this Neogene wedge post-dates back-
thrusting along the Insubric line and thrusting of
the H€lvetic nappes; howevet it is contemporane-
ous lvith shorlening in the external massifs and the
Molasse-Jura allochthon (Laubscher, 1991).

The Central Alpine orogen is at present tec-
tonically still active as evident by eafthquale activ-
ity and an uplift rate of about I mrt/year within
the Central Alps, earthquake hypocentres are con-
centrated in the upper crust whereas in the Molasse
Basin they ar€ dist.ibuted over the entire crusl.
Focal mechanisms indicate that the crust of the
Molasse Basin is affected by sinistral and dextml
shear with the priflcipal horizontal compressional
stress trajectories trending NW-SE, compatible
with the overal l  stress f ied of Central  Europe
(Pavoni, 1990; Deichmann and Baer, 1990; Balling
and Banda, 1992;Griinthal and Strohmeyer, 1994).

MOLASSE BASIN

The Swiss Molasse Basin is l imi led to the
northwest by the Jura Mountains and to the soutb-
east by the Alps (Fig. i). Its sedimentary fill con-
sists of a southeastward expanding. up to four
ki lomerre. lh ick wedge of ol igocene and Mio.ene
sandstones, conglomerates and shaies, der ived
from the Alpine orogen, which rests uncon-
formably on truncated Mesozoic carbonates, shales
and clastic rocks, ranging in thickness between 1.5
and 3 km. The latter overlay a Variscan basemenl
complex and. more local ly,  several  k i lometres
thick Permo-Carboniferous clastics contained in
fault  bounded, wrench-induced troughs (Fig. 4,
Encl.  l ) .

PERI-TE-IHYS MEMOIR 2: ALPINE BASINS AND FORELANDS
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The Mesozojc evolution of the area occupied
by the Swiss Molasse Basin was dominated by
r€gional tensional stress regimes relat€d to the
break-up of the Late Palaeozoic Pangea. Its latest
Cretaceous and Tertiary evolution was governed by
the developmenr of rhe Alpine orogen and th€ fold
ing of the Jura Mountains. The Cenozoic Rhine-
Rb6ne rift system influenced the evolution of the
Molasse Basin only marginally (Trijmpy, 1980;
Zieeler 1990. 1994).

Basin Evolution

The crystalline basement underlying the Swiss
Molasse Basin was consol idated dur ing the
Variscan orcgeny which t€rminated at the end of
the Westphal ian. Stephanian-Autunian wrench-
faulting gave rise to the subsidence of often na ow
and deep fault-bounded troughs in which continen
tal  c last ics, part ly coal-b€aring and containing
lacustrine shales, accumulated. At the same time
the Variscan fold belt was uplifted and deeply
eroded. Lxre Permrxn. Tria'sic and L.arly Jurassic
series transgressed, under a regional tensional set-
ting, over this erosional surface from the Northeasf
and the Southwest and onlapped against the Ale-
mannic High, coinciding partly with the area of the
present Aar Massif. This led to the gradual estab-
lishment ol a broad basin which occupied the area
of the futurc Swiss and German Molasse Basin,
extended northwestwards into the Paris Basin and
was linked to the North with the Northwest Euro-
pean Basin (Ziegler, 1990: Bachmann et al., 1987).
Following Mid-Jurassic crustal separation in the
South-Penninic domain, the Alemannic High sub-
sided and a wide carbonate and shale platform
occupied during lhe Middle and Late Jurassic and
the Cretaceous the Helvetic Sbelf. This boad shelf
occupied large parts of southern Germany and
extended through the area of the future Swiss
Molasse Basin into the Paris Basin. Early Creta-
ceous tectonic instability of this shelf, reflected by
subsidence anomalies (Funk, i985; Loup, 1992),
can be related to the transtensional opening of the
Valais Trough and to rifting activity in the North
Sea and the Bay of Biscay. Palaeogeographic
rcconstructions suggest that the entire Helvetlc

Sh€1f was once covered by Late Cretaceous car-
bonate-dominated sediments. Duing the latest
Cretaceous and Paleocene large parts of the Hel
vetic Sh€lf were uplifted and mildly deformed in
response rc compresslonat stresses exertecl on lt
from the collision zone between the Alpine orogen
and the Brianqonnais block. This upl i f t ,  which
reflects broad lithospheric buckling and smaller
scale crustal deformations, caused the development
ofa r€gional unconformity, which in the area ofthe
Molasse Basin cut deeply into the Cretaceous and
Late Jurassic strata, causing karstification of car-
bonate rock and leaching of Triassic salts, rcsult
ing in the development of salt pillows (Ziegler
1990). Thrust-loading of the Helvetic Shelf com-
menced apparcntly during the Eocene, as evident
by the gradual developmenr of a foreland basin in
the proximal parts of which syn-orogenic clastics
accumulated in deeper waters whereas in its distal
parts fluvio-deltaic sands, deived from the fore-
land, and shallow water carbonatos were deposlted,
Progressive northward displacement of the basin
axis was accompanied by overstepping of its north
ern margin and the development of a system of
essentially basin parallel normal faults (Herb,
1965, 1992; Menkveld-Gfeuer, 1995).In the south-
ernmost parts of the Molasse Basin, sedimentation
commenced during the latest Eocene to earli€st
Oligocene. rapidly spread northward during the
middle Oligocene and persisted under altemating
shallow marine and continental conditions into
early late Miocene times.

The main phase of folding of the Jura Moun-
tains spans late Miocene to Pliocene times (Laub
scher, 1987, 1992; Kiihlin, 1993; Bollinger et al.,
1993). At the same time the Molasse Basln was
uplifted and its sedimentary fill subjected to ero-
sion with the degrce of uplift and erosion increas-
ing towards the southwest in tandem wtth
increasing shortening in the Jura Mountains. The
seismicity of lhe Molasse Basin and of the Jura
Mountains, as w€ll as geodetic data indicate that
crustal shortening is at present still active (Pavoni,
lq90: Deichmann and Baer lqg0: Jouanne et al . ,
199s).
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Figure 4 gives two rcflection-seismically con-
trclled cross-sections though the Swiss Molasse
Basin; the eastem section crosses the basin to the
east of the Jura Mountains whereas the westem
\ecrion exlends from the lolded Jurr Mounraini to
the Alps. These sections show that the southeastem
parts of the Molasse Basin werc imbricated during
the uplift of the Are Massif and are panly overrid
den by sedimentary nappes (Pfiffner and Erard,
I906). Moreo!er, they i l lusEale har rhe Mesozoic
and basal Teniary series of the Molas\e Ba\in are
cut by numerous normal fauhs, some of which
were compressionally reactivated at a later stage.
However, some nomal and wrcnch faults appear to
cul to lhe surface. Compressionally reactlvated
faults play an increasing impo(ant role in the cen
tral and western parts of the Molasse Basin. Some
ofthese sti.rctures are related to paiial inversion of
Permo-Carbonifercus troughs (Brink et al, 1992:
Goin el al., 1993; Pfiffner and Erard, 1996). Ramp
anticljnes, involving Mesozoic carbonates carried
to surface by thrusts soling out in Triassic evapor-
ites, play only a significant role to the southwest of
Lake Geneva (Goin et al., 1993; Philippe et al.,
this volume).

Small-scale extensional faults. cutting up from
the basement through lhe Mesozoic series and
dying out in the lower part of the Oligocene sedi-
ments, must be rclated to flexure of the forcland
during ils thrust-loaded subsidence. This type of
faulting is well expressed in the German and Aus-
trian Molasse Basin where reflection seismic data,
calibrat€d by numerous wells, permit datjng of
iault activity as ranging from early to late
Oligocene with fault activity younging towards tbe
no h in conjunction with gradual northward dis
placement of the basin axis (Bachmann and Miiller,
1992; Roeder and Bachmann, Wessely and Zim-
mer, this volume). On the other hand, faults cutting
up from the basement through Mesozoic and Ter-
r iary strata ro lhe surface were presumabl] actj \e
during the main folding phase of the Jura Moun
tains or may even post-date it. Some ofthese faults
probably form part of wrench systems which
accommodaied rctation of the Molasse Basin dur
ing the deformation of the Jura fold-and{hrust belt
(Burkhard, 1990; Brink et al., i992).

Based on recently released reflection-senmic
data, Ol igocene normal faul ts,  which were not
reactivated in later times, are also evidenl ln rn€
central and western parts of the Swiss Molasse
Basin (Brink et al., 1992; Gorin et al., 1993; Pfiffn-
er and Enrd, 1996). This raises doubts abour rne
appl icabi l i ty of  the thin-skinned distant,push
model, proposed by Laubscher (1961, 1974) (see
Philippe et al., this volume) for the development of
the Jura Mountains. However, it must be kept in
mind, that for the French Jura Mountains an initial
phase of thin-skinned tbrust ing, fol lowed by a
pha\e of basemenl- invol\ ing shodening is envis
aged (Jouanne et al., 1995). Pfiffner and Erard
(1996), following the earli€r pmposed model of
ZieElet (1982, 1990), envisage tbat duing the fold-
ing of the Jura Mountains comprcssional reactiva
tion of Permo-Carboniferous troughs, underlying
part ofthe Jura and the Molasse Basin, was accom-
panied by the development of an intra-crustal
detachment along which the uppermost crust of the
Molasse Basin, together with i ts sedimentary
cover, was transported northwestwards. Pfiffner
(1995), bas€d on balanced cross-s€ctions through
the Jura Mountains, estimates that a minimum of
about 2.5 km of crystal l ine basement and/or
Permo-Carbonif€rcus sediments, were incorporat,
ed into this thick-skinned detachment. However,
the distribution of earthquale hypocentres tn the
Nortb-Alpine for€land sirggest that the whole crust
underlyig the Molasse Basin is presently undergo-
ing brittle deformation; moreover, focal mecha
nisms indicate that these deformations are
controlled by northwest directed compressional
stresses (Deichmann and Baer, 1990). In contrast
lo the thin-skinned model, the thick-skinned model
accounts ful ly for the observed upl i f t  of  the
Molasse Basin.

Decoupl ing ol  rhe Mesozorc and Cenozoic
strata from their  autochthonous basement has
occured in the French pan of the Molasse Basin,
is also evident in many pans of the Jura belt (Bux-
torf, 1907, 1916; Guellec et al-, 1990; Philippe et
al., this volume) and has been confirmed by recent
ly released reflection-seismic data frcm the central
Jura (Sommaruga, 1995). The southeastward con-
tinuation of such detachments beneath the Molasse
Basin and the occunence of ;ntra-basement thrusts
below the Jura is at present debated. Sheared Trias-
sic evaporites have also been encountered in a
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number of boreholes drilled in the east-central
parts of the Molasse Basin, thus attesting to the
activafion of ar intra-sedimentary decoupling layer
(Jordan, 1992). On the other hand, locked normal
faults suggest that basement involved rotation of
the Molasse Basin may have contributed to the
shortening observed in the Jum iold and thrust belt.
The Iack of acceq\ Io lhe entire re0eclion serirruc
data base, acquired by the Petroleum Industry in
the Molasse Basin, impedes the evaluation of the
relative contribution of rhin- and thick skinned
defomations to the folding ofthe Jura Mountains.

Hydmcarbon Habitat

During the exploration for hydrocarbons in the
Molasse Basin some 8500 km of reflection-seismic
lines were recorded and 33 wells dlilled, resulting
in the discovery the very small Entlebuch gas accu-
mulat ion (see Fig.  l l  rec.  res.  1.6 BCF gasl
Lahusen, 1992; Brink et al.. 1992; Gunzenhauser
and Bodmer, 1993). However, as most of the wells
yielded minor oi l  and gas shows, hydrocarbon
charge do€s not appear to be the primary constrain-
ing factor in the hydrocarbon potent ial  of  the
Molasse Basin.

Coals and lacustdne shales of the Permo-Car-
boniferous series, contained in wrench-induced.
partly invefted troughs, provide non-predictable
potential source-rocks; these have reached maturity
in most of the area. Early Jurassic organic shales
are generally mature for oil generation under the
Molasse Basin and enter the gas window near the
Alpine deformation front where they are less well
developed. The basal Oligocene "Fischschiefei'
(Sannoisian), the primary oil source-rock in the
Bavarian and Austrian Molasse Basin, may occur
only beneath the Alpine nappes where they have
probably reached maturity. The Val de Travers tar
deposit of the western Jura Mountains indicates
that bydrocarbon generation and migration had
occurred alrcady prior to the deformation of the
Jura fold and thrust belt.

Potential rcservoirs are the Triassic Bunter
sands and Muschelkalk dolomites which are sealed
by \al ts.  Rhrel i rn srndq. \el led by Early Jurcssi(
.hales. are poorly developed. Karsl i f red Jura.sic

carbonates, partly developed in a reefal facies, are
only sealed by early Oligocene marine shales in the
deepest parts of the basin where they host the
Entlebuch gas accumulation. Elsewhere these car-
bonates are d;rectly overlain by Oligocene sands
and therelore are nor \ealed. The OIigo-Miocene
Molasse series lack well defined reservoir seal
parrs.

Remxrning pro\pecls in the Molas\e Basin ere
related to sub-salt Triassic reservoirs, charged by
Permo-Carboniferous source-tocks, and to Meso-
zoic carbonates and sands, charged by Early Juras
sic source-rocks and sealed by basal Oligocene
madne shales. Triassic prospects in the northwest
ern parts of the basin are difficult to define by
reflection seismic data. Similarly, in the southeast
ern-mo\( pans of the ba. in.  del inrnon of Jurassic
carbonate prospects is impeded by the complex
ovelburden of the Alpine nappes and by topo-
graphic constraints. In view of these difficulties
and past discouraging results, €xploration activity
in the Molasse Basin rccently has been discontin
ued,

SOUTH.ALPINE THRUST BELT

The arcuate central South-Alpine thrust beit
bas a width of 80 km and is bounded to the North
by the Insubric Line (FiB. 5). Its internal parts con-
sist of stacked, basemenlinvolving thrust sheets,
whereas its extemal parts arc characterized by thin-
skinned thnst sheets which are detached from the
basement at Triassic levels (Fig. 6; Roeder and
Lindsey, 1992; Schdnborn, 1992). The Po Plain
hosts a remnant Ol igo-Pl iocene foreland basin
which is underlain by a thick Paleogene and Meso-
zoic succession. Th€ external parts of the South-
Alpine thrust belt and the Po Basin have been
extensjvely and successfully explored for hydro-
carbons (Pieri and Groppi, l98l; Cassano et al.,
1986; Anelli et al., this volume).
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FIG. 5. Teclonic map of Lombardian fold-and-thrust bel1, showing llaces of
crcss-s.ctions given in Fig.6 andEncl. I (modilied afier Schonbom, 1992)

Basin Evolution

Following termination of the Variscan orcge-
ny, the area of the Southem Alps was affected by
wrench tectonics (Arthaud and Matte, 1977), con-
trolling the accumulation of up to 1.5 km thick lat-
est Westphalian to Early Permian continental
clastics in SW-NE trending transtensional basins
and a widespread infusive and extrusive magma-
tism (Cassinis and Peroll i ,  lqa3). Lale Permian
continental clastics were deposited on a regional
peneplane under tectonically quiescent conditions;
these grade upwards into shallow marine Early Tri-
assic sands, carbonates and evaporites (Asserto and
Casati. 1966).

During the Middle Triassic, developm€nt of a
complex pattem of carbonate platforms and inter-
vening anoxic basins was accompanied by
[anstensional/transpressional teclonics and wide-
spread volcanic activity, probably related to open-
ing of the Hallstatt-Meliata Basin (Stanpfli ei al.,
1990). Tectonic and volcanic activity persisted dur-
ing the Camian 1ow-stand in sea-level during
which terrigenous clastics were shed into basinal
areas from the south (Brusca et al., 1981). By end-
Camian times, the South-Alpine domain was occu-
pied by a uniform evaporitic platform, refl€cting
renewed tectonic quiescence.

However, rifting activity resumed during the
deposition of the Norian Hauptdolomite, as evident
by its lateral thickness changes describing the
development of northerly trending platforms and
intervening basins; amongst the latter, the Lom-
bardy Basin is of special interest as its configura-
t ion control led the geometry of the external
South-Alpine thrust belt (Castellarin and Picotti,
1990). During th€ Rhaetian, up to 2500 m of black
shales, capped by shallow water carbonates, were
deposited in this basin under rising sea{evel condi-
tions (Gnaccolini, 1975); offsetting pladorms were
characterized by considerably thinner series. Rift-
ing activity intensified during Early Jurassic times,
as indicated by the accumulation of up to 4 km of
hemipelagic carbonates in basinal areas, containing
slump breccias derived from active faulFscarps,
and of shallow water carbonates on platforms
(Bernoull i ,  1964). Erosion on some platforms
reflects extensional footwall uplift (Gaetani, 1975).
Duing the Toarcian and Middle Jurassic, rifting
activity abated in the central South-Alpine domain
and shifted westward towards the margin of the
Piemont Trough. In the Lombardy Basin, which by
now had subsided below the Dhotic zone. carbonat€
turbidites, fol lowed by the pelagic Rosso
Ammonitico werc deposited. The flanking plat
forms were drowned during the Callovian and
Oxfordian. Late Bathonian crustal separation rn the
Piomont Basin was followed by regional subsi
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dence of the South-Alpine domain in which Late
Jurassic series are represented in basinal areas by
radiolar i tes and on palaeo highs by Rosso
Ammonit ico type l imestones (Winterer and
Bosellini, 1981; Be(otti et al., 1993).

During the latest Jurassic and Neocomian, the
area was covered by a blanket of coccolith lime-
stones (Maiolica). After a short break during the
early Aptian low-stand in sea-level, sedimentation
resumed with the deposition of black shales, grad-
ing upwards into hemipelagic marly limestones
(Scaglia). late Cenomanian onset of terrigenous
flysch influx from nonhern sources, presumably
rcflects uplift and emsion of the inlernal South-
Alpine domain to basement levels;  this f lysch
cycle culminated during the early Senonian and
lasted until Campanian times. During the late Cam
panian hemipelagic shaly carbonate deposrtron
resumed rScagl iar and lasled unl i l  la le Eocene
t imes (Bichsel and Hering, 1981; Bersezio and
Fomaciai, 1987; Bemoulli and winkler, 1990).

The turbiditic, partly conglomeratic "Gonfo-
l i te Lombardia" was derived from northern
\ource\ l  lh i \  \yn-oroSenic tucce<sion range\ jn age
from late Oligocene to middle Miocene, attains
thicknesses of up to 3500 m and shal€s oul towards
the south. It was d€posited in a typical foreland
basin. Deformation of the Soutb-Alpine external
thrust belt is Seravallian to Tortonian in age. All
thrusts and folds are sealed by the Messinian
unconfonniry which is relaled to xn evaporal ion-
induced draw-down of the Mediterranean sea-
level.  The up to 2.5 km lhick Messinian and
Plio-Pleistocene sedimentary fill of the Po Basin
essentially post-dates the deformation ofthe South-
ern Alps and is affected by gentle folding only
(Pier i  and Groppi,  1981).  Therefore, i t  can be
regarded as the fill of the North-Appenine lbreland
basin (Gunzenhauset 1985; Schitnbom, 1992; Cas
sano et al . ,  1986).

Basin Architecture and Hydrocarbon Habitat

The arcuate geometry of the thin skinned
external thrust belt of the central Southern Alps
was preconditioned by the configuration of the
Mesozoic Lombardian Basin. The availability of

Triassic detachment horizons and the rheological
composition of the carbonate dominated Tnasslc
and Jurassic series favoured the development of 10
to 20 km wide thrust sheets and in-sequence thrust
prcpagation (Schdnborn, 1992). Deformation of
this thrust belt rcsulted iII partial destruction of the
Oligo-Miocene flexural foreland basin (Figs. 5 and

Middle and Late Triassic basinal shales are
oi l -prone source-rocks (Bernasconi and Riva,
1993; Stefani and Burchell, 1993). Fractured, low
porosity Late Triassic and Early Jurassic dolormtes
form the reservoir of the Malossa gas/condensate
field which was drilled on a ramp anticline. The
Oligo-Miocene sandy Gonfolite Group contains
reservoirs which are charged by hydrocarbons gen
erated from Mesozoic source-rocks. The Pllocene
series of the Po Valley contain biogenic gas (see
Anelli et a]., this volume).

CONCLUSIONS

The Central-Alpine orogenic wedge consists
of a stack of nappes which involve continental and
oceanic crustal and supra-crustal rocks. This
wedge started to dev€lop during Cretaceous
oblique subduction of the Hallstatt-Meliata Ocean
and of the southeastefn parts of the South Pen-
ninic-PiemonFliguria Ocean (Cretaceous oroge-
ny). Final closure of the South Penninic Ocean and
th€ partly oceanic Valais Trough is attributed to the
Paleogene second orogenic cycle, post-dating the
latest Cretaceous collapse of the Eoalpine orogen.
The Cenozoic orogenic phases were govemed by
collision of the Apulian block with the European
craton. Cumulative T€rtiary-aged crustal conver-
gence across the Cenfral Alps amounts to some
550 km. Basement cored nappes typically involve
only 5 to l0 km of contin€ntal crustal material.
Moreover, only relatively small volumes of oc€an-
ic crustal material were incorporated into the
Alpine orogenic wedge. Therefore, sizable vol-
umes of l i thospheflc material.  including oceanic
and continental crust, werc apparently subducted.
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A Triassic to Early Jurassic rifting cycle pre-
ceded Mid-Jurassic opening of the South-Pennlnrc
oceanic basin- The North-Penninic Valais Trough
subsided in response to Early Cretaceous sinistral
translatory movements b€tween Europe and Apulia
which accompanied the gradual opening oi the
Atlantic Ocean. The Alpine orogenic cycle consists
of a pre-coll isional Cretaceous compressional
phase, characterized by a westward directed mass
transport, and a Cenozoic col l isional phase,
marked by northwards and southwards directed
mass hansport. The controlling factor is seen in the
moiion of the Africa-Arabia plate relative to the
Eurasian plate and their interaction with the inter-
vening Apulian microplxle. Duflng the Cenozoic
collisional phase, southward directed back-folding
and -thrusting, playing a significant role in the
architecturc of the Central-Alpine orogen, com-
menced upon incorporation of little attenuated
norlhern foreland crusl into lhe orogenic wedge.

Latest Cretaceous-Paleocene uplift of the
northern Alpine foreland is thought to be the
expression of compressional stresses which were
projected fiom the orogenic wedge into the fore
land, prio. to its collision with the Helvetic passrve
margin, inducing broad lithospheic deflections.
This suggests that the lithosphere of the Valais
Trough had suflicjent slrenBlh Io permit lransmi\-
sion of large stresses into the European foreland.

The Central Alpine transect illustmtes that
post-collisional convergence, resulting in suhsian
tial lithospheric overthickerfng, was accompanied
by tbrusts prcpagating into the foreland crust, caus-
ing its imbrication and the uplift ofbasement-cored
external massifs. Such extemal massifs, carried by
thrusts soling out at mid-crustal levels, occul both
on the European and the Apulian margin of the
Central-Alpine orogen. Their uplift, combined with
the development of the Lombardian and the
Molasse-Jum nappe systems, resulted in partial
destruction of flexural foreland basins which had
developed during earlier phases of nappe obduc-
tion. In the context of the overall kinematics of the
Alpine orogen, wilh the European plate dipping
south beneath the orogenic wedge, the Molasse
Basin evolved as a pro-wedge (in the sense of Wil_
let et al., 1993) or a fore-arc foreland basin (jn the
sense oi Ziegler, 1990), whereas the conjugate
South-Alpine Lombardy basir evolved as a retro-
wedge or "retro-ilrc" foreland basin (Wi]let et al.,
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1993, Ziegler, 1990, see also Doglioni, 1993). Both
ba\in\ were partly deslroyed by \ubsequenl incor
poration into the orogen. Thrust faults propagating
into the forelands caused uplift of these basins and
partial erosion of their sedimentary fill.
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Encl. 1. Alpine cross-section along the NFP,20-
East tlavelse, integrating geological and
geophysical data (from Schmid et al.,
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