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Tne paleoEeo8raphic evolutio, ol the Aips duringlhe Mesozoic sas mntrolled by rh.e€ basins partly underlain
by oceanic lilhosphere. Thae basins ale of dilier€nt as€, bmnins younser fron sE ro Nw: tbe Meliata,Hall,
statt b6in (opened in lhe Middle Tria$ic, closed in the Lrte rura$ic),lhe Piemont-Lignria basin (opened in
rhe Middle Juraiq closed in the Paleocene !o Early E@ne), andlhevakn basin (opened in the Ijre Juia$ic
ro E.rly cietaceous, closed in the Eocene). Alpi.e oioeeny i.!6lved subduction. colGion, and collapse pro-
ce$es lhat @ried al different li6es in the difleronr palcogeographic realns. Two orcgenic rycles, a Creta-
ceous and a Tedary one. cao be distinguished. Creta@ous oroge.y €nconpa$es couision betseen rhe Auy
rroalpine conrinental m$ and a cominemal liagnenr to the eas1, aiter closing oI the Meliata,Hatlsrartbasin. tn
ll s ollision, lhe Auslroalpi.e u.its repre*nted rhe lorer plaie. ln tbe Lare Cretaeous, Piemont Ligurian
oeaniclilho fiere lqelfiervilh pa oftne MaBna-Sesia continental rnsnem was subducted under the Apu,
liln (Ausroalpine South Alpine) naryin, Ecloeite netanorphGm ir lhe Austroalpine and in the Sesi a zone is
considdred Lo be CreraceoN id age. Tne direcrion oI sho.tening during the Cleta@ous orogeny was ean rest.
In contan. sho{e.i.g in the Teniary orogeny was nonh south-directed in the Central and Eastern Alps. It
amountcd to about 500 km and led to the closure of rhe Pienonr Liguria. basin, the progre$ive hcorpordrion
ofBianqonnais unils in the orogenic wedAe, the closure of tbc Valais basin, rnd the inftrporation olEuropcan
codrine.ral nargin unns. Subsrantial volunes of ocer.ic dnd @ntinental crut were subducted during the Ter
tiary orogeny, and partly exhumod again. This second eclogitic stage is latest Crelaceous lo Eocene ih age md
aftected Pienonl-Lkulia opnioliles,lhe i.t€mal nosifs', valais opbiohes, and distal European marsin u.its
soch as the Adlla nappe.

ZUSAMMENFASSUNG

Die nesozoisclE Paldogeographie der Alpen vurde durch die Offnung und Schlie$ug von drei Becken mit
teilweise ozeanisched Untergrlnd geprigt. Das Alter diese! Becken dmr von SE nach NW $r Das Meliata
Hallstaft-Becken dffn€le sich in der Mnteltid und r$de in spa&n Jura geschlosenid6 piononllieurische
Bectenexhtie e ah ozeanndrer BeEich zrhchen den mitleren Jura und den Palaiozain bis fttien Eozhn: das
Vrlais Becken schlie$lich wurde etwa an der Jura-Kreide-Crenze gedtlner nnd id Eozan geschlo$en. Die
alpine oroge.ese nor,$L Subdlktions, Kollnions und (ollaplProzesse, w€lche in den venchiedenen
palsogeographischen Bereiche. zu veGchiedelen Zeiten ablieten. Ztrei orogene Zykle., von kreruischem und
l€rliaren Alter, las€n sich unte6ch€iden. Die kreldische Orogenese unlast die Kollision zwischen der osr
alpinen kontinenhler Kruste u.d eihen atdlich davongelegene. kontinemalen Fragment, in Zusannenhang
ftn der Schliesu.E des Meliata Halhtatt'Becke.s. Die oslalpir€n Einheiten selltdn bei dieser Kollision die
untere Plane dar. I. der spfien Krddehn vurde pieoo.t ligurisc[e ozeanische Uthosphtre zuannen nit
Teilen des MaBna'Sesia-Konrincnlalfmgnent unter den apuli$hen (ostalpin-siidalpinen) Kohtine.talrand
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subduzien. Diese Prozese tuhncn zur kreidezenlichen eklogitlaziellen Melanorphosc im Onalpin und in der
Sesia Zone. Die vertnzu.E$ichlung siihrend der Kreide-Orogenes€ war Osl-Wesl. In Gegensatz dMu war
did tertiire Oroaenese in den Zentral- und Ostalpen von Nord-Sod-Konveigenz gepr:igt. Diesc Ko.vergeo
bel ie f sich aul e rsa 500 kn nnd tiihrre n ach e i.ander zur Schliossung de s piefton I ligurisch e n Beckens, zur pro-
grcsivon Akkietion der Bnantrnnat Einheiten an den Orogenkeil, zur Schliesung des Vdah Beckens und
zur A]*retion vo. Einhene. des enrop$schen Kontinentakandes. Betr:ichdiche Volunina von mani$her
und kontinentaler Kruste wurden rahrend der tertitren Orogedese subduie.t und teilqcise qiedei exhhie.t.
Dieses zweite eklognische Stadiun dauerte von der sFitesten Kreide bis ins Eozrn und tnhne zu eklo8ilfaztet-
lcr Mctanorphose in piedoncligurischen Ophidhen. in den lnlernDa$ivcn ', in Vrlais-Ophiolithen sowie in
Einheiten des distalen europ,inchcn Kontinentalrandes, nanenrlich der Adula,Deckc.

1. Introduction

The 2nd workshop on Alpine Geology. held in Basel in January, 1995, brought a most
interesting exchange of ideas between geologists working in diffe.ent parts of the Alps.
Once more it became evident thai the eastern part, east of a line from Bodensee (Lake
Constance) to Lago di Como, appears tundamentally diJferent from the western parr, re-
garding structure and tectonomeiamorphic evolution. As a consequence. "western" and
"eastern" views of the Alps diverged substantially.

The western part of the orogen, including the Weslern, Central and parts of the
Southern Alps. is generally regarded as resulting from the subduction of the Penninic
ocean (or oceans) and the foliowing continental collision between Europe and the Apu-
lian (Adriatic) continent. Different opinions exist about the age and paleogeographic po-
sition of subduction and collision (Cretaceous vs. Tertiary. one or two sites of subduc-
tion), pardy due to conflicting radiometric age determinations ofhigh-pressure metanor-
phic rocks (e.g. Paquette et al. 1989, Tilton er al. 1991). In the eastein part of the Alps,
however, Cretaceous orogeny including high pressure metamorphisn is well established
(e.g. Thirni & Jago'rtz 1992, 1993). As ar inteiesting new perspective, some authors pro-
posed that Cretaceous orogeny was.ot related to subduction and collision along the Pen,
ninic oceans, but along another ocean origina y located more internally in respect to the
Penninic oceans, the Meliata Hallstatt ocean (e.g. Thoni & Jagourz 1993, Neubauer 1994,
Neubauer et al. 1995b). This hnothesis elegantly explains lhe occurrence of Cretaceous
high-P metamorphic ierranes within the Austroalpine realmi The Austroalpine was part
of the lower plate during this early collision and was overridden by another contircntal
plate from the South or East. How can this hypoihesis be reconciled with the tectonichis-
tory of the Central and Western Alps? Since the Alps are one mountaio range, the two
parts cannot have evolved conpletely independently.

The boudary zone between the Eastern and Cenlral Alps in Eastern Switzerland
(Graubiinden) and Northern ltaly fonns a key area for reconciling the tectonic histories of
the two contrasting parts ofthe Alps.In the first part of the present paper, we will there
fore review Mesozoic rifting and paleogeography in this area, and compare this evolution
with that in other parts ofthe Alps.In the second part, we will show how two orogenies,
of Cretaceous and Terliary age, are superimposed in the Austroalpine-Penninic boun-
dary zone of Graubiinden. Finally. the age and tectonic setting of high pressure meta,
morphism in the AIps will be discussed in the franework of paleogeography. It wiu be
emphas;ed that the stages of the pfeorogenic and orogenic evolulion, like rifting, ocean-
ic spreading. subduction. collision. and collapse, did not occur everywhere at the same
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time, bui a1 completely difierent times in the different paleogeographic realms of the
Alps (see also Oberhansli 1994).

2. Mesozoic rifting and pal€og€ographJ

Ophiolite units occur in differen. struclural levels of the Alpine nappe pile. This fact may
be explained in two ways. The "one-ocean concept" assurnes that a single ocean existed
and eas consumed by subduction, and ahat the multiple sutures presently observed result
from .ectonic processes like out-of{equene thrusting and nappe refoiding, either in an
accretionary wedge setting or after continental collision (e.s. Polino et al. 1990). In con
trast! the lrmulti-ocean concepf' assumes that the different ophiolite sutures represent
different oceanic basins (e.g. Plaft 1986). Structunl and stratigaphic sludies of Mesozoic
passive conlinenlal nargin units and ophiolites are of geat nnportance for solving this
controveny. On one hand. such studies help deciphering whether oceanic and continen-
tal units represent originally neighbounng domains. or were onlyjuxtaposed tecto.ically.
We will show iD the following that fossil ocean-continent transitioN can be reconstructed
in some instances, indicating that more than one oceanic basin existed in the Alpi.e re-
gion. On the other hand, such studies have demonstrated that the Alpirc o@anic basins
were, at least in part, no large Atlantic-type oceans, but smaller scale basins, oflen
floored by exhumed subcontinental mantle rocks instead of typical oceanic lithosphere
(Lemoine et al. 1987). Therefore, the term "ocean", as used in the foliowing. simply re-
fers to a basin floored by oceanic crust and/or exhumed mantle, irrespectively of the
width of the basin.

2.2 Lote J utussic Ea y Cretaceous rifting and fotmation of the valais bosil

In Graubiinden the remnanh oftwo Penninic oceanic basins are preserved. The northern
one (Valais basin) is represented by Brindnenchiefer units (P1.1:"NPB"). These occur in
two large out€rop areas, east of the Aar massif and in the Engadine window. The
Biindnerschiefer fom a large volume of calcareous shales and areDites, subdivided into
seve.al thnst sheets. In the main outcrop area the Bnndnerscbiefer gade inro flysch de
posits which are lithologicauy not very different from the Biindnerschiefer and are dated
as Late Cretaceous to Early Tertiary (up to Early Eocene; Nanny ]94A, Zie\let 7956.
Eierrnann 1988). Steinmann (1994), using lithological criteria and chemical srratigaphy,
concluded tbat most of tlle Biindnerschiefer are Cretaceous in age. Everywhere rhese
series of Biindnenchiefer are allochthonous, the base of several individual thrust sheers
being foned by m€lange zones. Intercaiated basic rocks. often pillow basalts, indicate
deposition either on oceanic or on thinned continental crust. Geochemical criteria (Diirr
et al.1993, Steinrnann 1994) suggest a partly oc€anic basement.

The Brianqonnais terrane, a continentai fragment south of ihe Valais basin, is r€pre-
sented by two basement-and-cover nappes (Tambo and Suretta) and by the detached
cover nappes of Schams, Falknis, and Sulzfluh in the Graubiinden area. The Mesozoic
strata of these nappes are in lypical B angonnais or Subbrianeonnais facies
("Subbrjangonnais" in a paleogeogmphic sense refers to the northe.n nargin of the
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Fia. 1. Fosil man-ontinent tansiiiod betsc€n rhe Brianqonnan temne and the Valais @ean in the Tasna
.appe. {a), cros.seclion of Piz Minscnun areli (b), reconsttudio. ror Early CretaceoB tine. Aftow and box in
(b) i.dicate the position or the Piz Minschun cross sectio. (a). Afier Florinelh & Froitzheim 0994).
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Brianqonnais terrane). In eastern Switzerland both paleogeogaphical donains are char-
acte zed by important hiatuses and breccia formations (Riick 1995). The Tasna nappe in
the Engadine window is also jnterpreted to originate from the Briangonnais lerane
(Triimpy 1972). A recenl study in the Tasna nappe (Florineth 1994, Florineth & Froitz-
heim 1994) revealed a preseNed transition between continental crust ofthe Bian9onnais
terane and oceanic crust of the Valais basin. In the area of Piz Minschun (Fig. 1), a
northward-tapering wedge of granitic-gneissic basenent rocks is underlain by serpenti-
nite (Piz Nair serpenlinite) and unconfomably overlain by Cretaceous sediments, in-
cluding thin "Neoconia." shale. Upper Barremian to Lower Aptian turbiditic limestone
(Tristel Formation, Schwizer 1983), Aptian-Albian "Gault" sandstone and black shale,
and Upper Cretaceous Couches Rouges with polymict breccias. Towards the North, the
same sedimentary sequenc€ directly rests on the Piz Nair serpentinite onginally repre-
senting subcontinental lherzolite according to mineral chemistry Glo neth 1994). To-
wards the contact with the Cretaceous sedimenls, borh the graniric,gneissic basement and
the serpentinite show intense cataclastic deformation (chloritic breccia and ophicalcite,
respectively). The Cretaceous sediments rest with a depositional contact on these cata-
claslicrocks. The conlact is interpreted as a rifting,related. extensional detachment fault.
the hanging wall of which had been completely renoved by progressive displacement be,
fore the sediments were deposited on top (Fig. 1b). The Piz Nair serpentinite represents
a "peridotite ridge" oftectonically exhumed, subcontinental mantle material, compamble
to the one found along the west Iberian margin of the Atlantic (Boiltol et al. 1987). Di,
rectly underlying the Piz Nair serpentinite along an Alpine, top north directed thrust
fault, pillowed basalls, representing a more central part of the Valais ocean, crop out in
the Ramosch zone. These pillowed basalts in turn overlie a rn6lange zone (Roz-Cham-
patsch zone) situated above North Penninic Biindnerschiefer.

The relations obsewed in the Tasna nappe directly confirm earlier suggestions regard
ing the Valais basin (Kelts 1981, Stampfli 1993. Stdnrnann 1994): First, the Valais basin
was indeed floored, at least in part, by oceanic crust. Second. the fting involved exhuma-
lion of subcontinental maDtle by extensional fauliing- Third. the contiDental break-up in
this part of the Valais basin occuned in the Early Cretaceous, prior to lhe Late Barre,
mian. Apart from lhe Tasna nappe, the rifting phase preceding the break-up is recorded
by Upper Jurassic breccia deposits in the Falknis nappe (Falknis Breccia, Triinpy 1916,
Gruner 1981) and. probably, by parts of the Vizan Breccia in ih€ Schams nappes (Schmid
et al. 1990, Riick 1995). The Vizan Breccia represents the entire time interval ffom Middle
Jurassic to Early Cretaceous (Ruck 1995). The lower part ofthis breccia forma.ion (Mid-
dle Jurassic) was formed during the rifting phase of the Piemont-Liguria oceaD. and the
upper, Upper Jurassic-Lower Cretaceous parl duriDg the Valaisrifting.

Thus, the Brianqonnais units of Graubiinden were dfted away frorn the European
continent during the Late Jurassic to Early Cr€taceous, which is in accordance with the
larger-scale considerations of Frisch (1979) and Stampfli (1993). These authors connected
the opening of the Valais o@an with opening of the Atlantic west of the Iberian plate,
opening of the BayofBiscay, and formation of transtensional basins in ihe Pyrenees. Tbe
Briangonnais became part of a microcontinent including lberia, Sardinia, and Conica
(Fie.2).
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Fis, 2. Paleqeosraphy in the Alpine realm recomtrucled ror the Jurasic-Cie taceous boundary tine. CA, C€n,
tal A!{i6alpiner MGj Ma.gnaj NCA, Northem Calqreou AlpsiSA, Southem Alp$ SE, SesiaiB, Bologna;
C, Coisicai G, Geneva: I,I.sbruckiM. Ma^eille. S, Sa.diniaiT,TorinojZ, Ziirich. After Der@urt et rl. (1936),
Stampai (1993), and Schmid €r al. (in pr$ a).

2.3 Extension of the Valais o.ean to||a swestandeNt

Towards west, the main outcrop area of Bnndnerschieler in Graubiinden is connected in
a rather complicated way with the Valais zone in the upper Rh6ne valley (SW of Aar
massif in Pl. 1). In Graubiinden, t}le suture of the Valais ocean, from which the
Biindnerschiefer was expelled, is found in the Misox zone between the Tambo nappe
(Briangonnais) above and the Adula nappe below (Schrnid et al. 1990). From here. the
sulure can be followed between the different Penninic gneiss nappes of the L€pontine
area in the way depicted in Plate l. to join the Valais zone in the West. As a conse
quence. the deeper Penninic gneiss nappes (Adula, Snnano, kvetrtina Lucomagno.
Antigorio etc.) represent the fonner southern rnargin of the European continent towards
the Valais ocean- At least parts of them formed the original basement of the Helvetic
nappes (Schmid et al. in press b). Fron the upper Rh6ne valley, the Valais zone can be
followed fu.ther southwest to Savoie where it wedges out for still unknown reasons,
betwee' the Briangonnais units and the external massifs (European crust).



Alpine paleogeo8raphy and ecloAites

Towards east, the paleogeographic relations are rnore difficult to reconstruct sin@ the
Penninic nappes are largely covered by the huge thrust mass of Austroalpine units. Pen-
ninic units first reappear in the Tauern window. The deepest unit of lhis windo$' is repre
sented by continental dust ofthe Zentralgneis cores with their autochthonous cover (e.g.
Hochstegen limestone). These are overlain by detached basenent and cover nappes, also
ofcontinental origin. The zentralgneis, together with these continental nappes, forms the
Venediger nappe (Frisch 1976). Above folow thick Bundrcrschiefer series with interca,
lated basic volcanics (Glockner nappe), strongly similar to the Valais Btindnerschiefer of
Graubiinden. Along the sou.hern border of tne window and overlying the Glockner
nappe, remnants of Pienont Liguian o@anic cnst are mixed with Ausfoalpine slivers
to form the m6lange of the Matrei zone. At present, most authon regard the Venediger
nappe as Middle Penninic (Bnanqonnais, e.g. Frisch 1t9), and the Glockner nappe and
Matrei zone as South Penninic (Piemont-Ligurian). It was noticed, however, that the fa-
cies of the cover of the Venediger nappe is untypical for the Briangonnais units (e.g.
Faupl & Wagreich 199, p. 392). Lamrnerer (1988) demonstrated that the lithostratigra,
phy of the Zentralgneis cover is very similar to that of the Helvetic nappes in Switzer-
land, probably reaching up into the Turonian. Therefore, we prefer to conetate (as pro
posed by Trnmpy 1988) the VeDediger mppe with the units representing the European
margin in Slvitzerland (Helvetic nappes and lower Penninic nappes of the Lepontine
area), and the Glockner nappe with the Valais units, that is, the Bundnerschiefer of
Graubijnden. According to this working hypothesis, only the Matrei zone would corre-
spond to the Piemonfligurian units ofthe Central andwestern Alps. Since no continen-
tal nappes occur between the Glockner nappe and .he Matrei zone, Brianqonnais units
would be conpletely missing in the Tauern doss section. This could be explained in two
waysr Ei.her, the front of the Brianeonnais nappes is south of the Tauem window, that is,
the Briangonnais was mostly or conpletely subducted, or, the BriaDqomais as a paleo-
geogaphic domain ended primeily between the Engadine window and the Tauern
window, ard the Valais and Piemonrligurian basins merged eastward into ajoint basin
(Fig.2).

Penninic units also occur in a narrow stripe along the northern front of the Eastern
Alps. Melange zones, derived from the Piemont-Ligurian basin and the adjacent, distal
margin of the Apulian plate, directly underlie the No hem Calcareous Alps at their
northern margin (Walsertat zone, winkler 1988, and Ybbsitz zone, Decker 1990). These
m6langes are in tum underlain by the Rhenodanubian flysch whose paleogeographic af-
filiation is still contoversial. On one hand, strong facies analogies exist between the
Upper Cretaceous to Lower Tertiary pet of the Rhenodanubian fl)sch and the Wagital,
Schlieren and Gurnigel flysch uni.s futher west, for which a Piernont-Ligurian origin is
assuned (Winkler et al., 1985), and narked differences exist between the Rhenodanu-
bian flysch and the Biindnerschiefer and overlying flysch in Graubiinden. On the other
hand, Hesse (1973) proposed, using sedinentological criteria, that the westem part of the
Rhenodanubian flysch was deposited in a basin north of the Tasna and Falknis nappes,
that is, north of the B ansonnais. In Plate 1, we follow Hesse and other authors (e.g.
Winkler 1988, Faupl & Wageich 1992) and corelate the Rhenodanubian flysch with the
Valais basin. The solution of the problem may again be that the Bianqonnais terane
ended east of Graubiinden, and that Valais and Piemont-Liguian basin merged into one
single Penninic basin (e.g. Fig. I in Laubscher & Bemoulli 1982).
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2.1 Ea y to Middlelurutsic Piemont-Ligurian riftinq in rhe Graubiinden area

The passive rnargin between the Apulian continent and the Piemont-Lisurian ocear is
preserved in the Austroalpine and Upper Penninic nappes of Graubiinden and adjacent
Italy and in the Southern Alps (Trumpy 1975, weissert & Bernoulli 1985, Froitzheim &
Eberli 1990, Bemoulli et al. 1993. our Fig.2.3). Piemont-Ligurian units in craubiinden
include the Arosa zone along the base of the Austroalpine to the North, and the Platra
nappe to the South. In the southern part, the Penninic Austroalpine boundary is compli
caledr The Margna-Sella nappe, of continental origin and wilh a Mesozoic facies similar
to the one of the Austroalpine units, is sandwiched belween two unils of Piemont-Ligu-
rian ophiolites: ihe southen exlension of the Platta nappe above and the Lizun Forno-
Malenco ophiolites below. All these units suffered thet main deformation in the Lare
Creiaceous and were welded to the Auslroalpine margin at this time (Liniger & Niever
gelt 1990). This is not the case for anolher Piemont Ligurian ophiolite unit, ihe Avers
Btindnerschiefer, because the latter p.esently occurs in a deeper struclural level, separat-
ed from the Austroalpine by Tertiary flysch (Arblatsch flysch, Ziegler 1956. Eiermann
1988). The Piemont-Ligurian units of Graubnnden are characterized by the sediment se-
quence ftdiola te Calpionella limestone - Palombini shale and linestone (weisserr &
Bernoulli 1985). This sequence is very similar to the cover ofoceanic uDits in Liguria aDd
in the Westem Alps. Using this analogy, the age of the radiolarite, the first sediment
overlying the oceanic crust, can be assumed to be the same as in Liguia and in the West-
ern Aips:late Middle Jurassicto Late Jurassic (e.g. De Wever et al.1987).

Sedimentological (Eberli 1988, Furrer 1993) and structural work (Froitzheim & Eberli
1990, Conti et al. 1994, Manatschal 1995) in the Austroalpine nappes have shown rhat the
extension direction during the rifting of the Austroalpine-Penninic passive margin was
approximately east-west in present day coordinates. Rifting proceeded in two phases.
The firsl phase occurred in the Liassic. from Hettangian to Pliensbachian, approximately.
Du ng the first phase, east-dipping normal faults bounding half graben formed in the
pioximal. con.inentward part of the rnargin (Benina, Ela and Ortler uDits, Fig. 3). Dur
ing lhe second rifting phase, beginnng in the Toarcian and ending with contine.tal break-
up in the Middle Jurassic (Bajocian - Batlonian), westward dipping normal faulls
formed in the distal part, near ttle future ocean. These included large-displacernent de
tachnenl faults (Froitzheim & Eberli 1990, Manatschal 1995). A typical "outer basemenr
high" fo.med between rhe west-dipping and the east dipping fault systems. in the area
tbat laterbecame the Bernina nappe (Fig.3).

2.5 The Margna-Sella extensiondl a ochthon

The position of the Margna-Sella nappe belween two ophiolite sutures can eirher be ex-
plained by a primary complicalion of the passive margin, or by subsequent Alpine defor
mation conplicaling a sinple prinary situation. In their studies of the slructural evolu-
tion ofthe Margna nappe, Liniger (1992) and Spillmann (1993) found no evidence for the
second solution, and favoured a primary rnargin conplication. Froitzheirn & Manarschal
(in press) propose thal the Margna Sella nappe represents an extensional allochrhon.
separated from the Austroalpine margin by delachment faulting (Fig. 3). Accordingly,
the southern parl of the Platta nappe, between the Austroalpine and the Margna-Sella
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Fis. 3, Reconstrucled c.o$ sectioo of ln e Pieo on t Lisuria basin in the Cenlral and Easl€rn A lps, at lhe I ime ol
continentalbreakup(MiddleJura$ic)ilronIionzheinetal.(1994).toiIu ber expla nation see lext.

nappe, would not represent typical oceanic crust formed at a nid'o@an ridge. but a
"window" of subcontinental nantle lithosphere where basaltic volcanism occured o$iing
to the streiching of tlis lithosphere. Conplete exhumalion of subcontinental mantle in
the Malenco unit (Trommsdo f et al. 1993) and in the Platta nappe (Manatschal 1995,
Froitzheim & Manatschal in press) is explained by progressive displacenent along a
systen of $'est-dipping deta€hment faults active during the second rifting phase. The
hanging wall of the detachment system was represented by the Brian9onnais (still at-
tached to Europe at that time), which moved westward away from the Aushoalpine units
and l€ft lhe Margna-Sela klippe back on the surface of the exhuned mantle. Ongoing
separation of the Apulian plate from Europe along the PienoDrligurian basin may have
resulted in the installation of a mid-ocean ridge and th€ fonnation of oceanic lithosphere
west ofthe MargDa-Sela allochthon. The latterremained close to the Apulian margin.

2.6 The Apulian margin in the Southem Alps

After correcting for the effects of Alpine folding, the trend of the Jurassic rift-rela.ed
faults in the Austroalpine is approximately north-south in present-day coordinates
(Iroitzheim & Eberli 1990, Conti et al. 1994, Manatschal 1995). Sin@ the boundarJ
between Austroalpine units and Southern Alps (Insubric line) strikes east-wesi, the
southem prolongation of the Austroalpine - Penninic passive margin can be found in the
Southem Alps (Weissed & Bernouli 1985, Bernoulli et al. 1993). The proxinal margin
basins of the Austroalpine Ortler and Ela nappes have an equivalent in the Generoso
and Monte Nudo basins of Lombardy. There, the timing and geometry of normal faulting
are the same as in the Central Austroalpine of Graubunden. Major Liassic normal faults
in l-onbardy,like the Lugano fault (Bemoulli 1964, Bertotti 1991) trend east-northeast,
which implies that little post-Liassic relative rotation occurred between the westem Aus
hoalpine units in Graubtinden and the South€rn Alps in Lornbardy. The outer basenent
high of the Bemina nappe is found again in the eastem pet of the Canavese zone, and
the distal palt ofthe margin in the westem Canavese zone (Bernoulli et al.1993).

In the context of Jurassic rifting and ocean fornalion, the westerDmost part of the
SoutbeB Alps merits particular interest. The western Canavese zone, the most distal
edge of the former Apulian passive margin, is in contact with the Sesia nappe across the
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lnsubric line which here trends NNE SSW. The Sesia nappe, together with the Dent
Blanche nappe further to the northwest, is generally regarded to represent the Austroal-
pine in this western part of the Alps, because ir overlies the Pienont-Liguian ophiolites
of the Zermatt-Saas zone (e.9. Dal Piaz et al. 1977). However. several authors (e.g. Mat-
lauer et al. 1987) have insisted thal ophiolites occur in a siruciural position belween rhe
Canavese zone and the Sesia nappe. This is the case for sliven ofradiolarite and serpen
tinite in the Torrente Levone profile (Elter er al. 1966). Funhermore, the Lanzo perido-
tiie body, representing former ocean floor according to Bodinier (1988), is found in a po-
sition to tbe southeast ofand above the Sesia nappe (Blake et al. 1980). For such reasors.
Aubouin et al. (1977) aDd Mauauer et al. (1987) placed rhe suture ofthe Piemonrliguria
ocean between the Southern Alps and Sesia. and not between Sesia and the
Brianqonnais. As in GraubnDdeD. lhe problem of the double suture can be solved by as-
suning thai the Sesia and Dent Blanche nappes represent an extensional altochthon
close to the Apulian margin, sirilar to or even connected wirh the Margna atlochthon in
Graubiinden (Froitzheirn & Manatschal in piess). This assunption is expressed in Figure
2. In fact, strong lithologic similarities efst between Margna nappe and Sesia/Dent
Blanche (Staub 1917). In particular. structurally and geochenically very similar gabbro
intrusions occur in both units (Stiinitz 1989, p.224).

As an important implication of tlis hypolhesis, we do no longer att.ibute the Sesia
and Dent Blanche nappes to the Austroalpine in rhe strict sense, which means that rhere
are no Austroalpine units presened in the Westem Alps. We propose thar this lack of
Austroalpine units results from paleogeography ther than from erosion. The trend of
the Apulian margin was strongly oblique with respect to the present mountain chain.
This is certainly a prine reason for the different tectonic evolutions in the Western and
Easten Alps.

We arrive at ihe paleogeographic picture of a continuous Apulian passive rnargin in
the Southem Alps and in the Austioalpine, bordered to the northwest by a slripe ofmaF
ginal oceanic lithosphere and an extensional allochthon (Margna, Sesia) of continental
crust. This reconstruction is remarkably similar to the one already proposed by Cornpag-
noni el al. (1977, their Fig. 3). As we will see below, the siruation is of grear importance
for the orogenic evolution of the Alps, because it explains why the Sesia unit could be
subducted under the Apulian nargin in the Cretaceous, before the closure of t}le Pie
mont-Ligurian ocean.

Due to extremely intense Alpine defomation. the reconstruction of the opposing,
northwestern margin of the Piemont-Ligurian ocean is rnore difficult. Some auihors (e.g.
Milnes et al. 1981, Platt 1986) assume that an oceanic space existed between rhe Penninic
"internai massifs" (Monte Rosa, Gran Paradiso, Dora Maira) and the B anaonnais. The
conesponding suture would in this case be represented by the Antrona ophiolites (Pl. 1).
According to the majority of authors, however, the internal massifs represent the foimer
margin between Briangonnais and Pienont Liguria ocean (e.g. Lenoine et al. 1986), and
the position of the Antrona ophiolites would have to be €xplained by Alpine out-of-
sequence thrusting or nappe folding. This interprelalion is adopted here (P1.1).
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2.7 Triassic paleogeognphy and the Meliata-Hallstau ocean

The distribution ofTnassic facies in the Southem Alps and in the Northern Calcareous
Alps (NCA) is characterized by a trend from terestrial to narginal marine conditions in
the northwest to open marine conditions in the southeast (see Fig.4 in Laubscher & Ber-
noulli 1977, and Prey 1980, p. 27). This trend towards open marine conditions is directed
away from the later-forming Piemont-Ligurian ocean (located northwest of ihe Austro-
alpine) and is obviously unrelated to the formation of this ocean. Therefore, Lein (1987)
interpreted the Triassic ofthe NCA as recording a passive-margin evolution related to an
ocean located southeast ofthe Austroalpine realn.

It was long thought that, in the Triassic period, the oceanic lithosphere ofthe Tethys
did not reach funher west than Turkey (e.g. Triirnpy 1982), and in any case not into tlle
Alps. However, Middle Triassic radiohnte associated with ophiolites (seryentinite, gab-
bro, pillow basalt) was found in the Meliata unit of the westem Carpathians (Kozur &
R6ii 1986). Recently. Mandl & Ondrejickowa (1991) and Kozur & Mostler (199) found
Middle Triassicto Camian radiolarite, partly associated witb slivers ofserpentiniie, also iD
the eastem part ofthe NCA- These authors assume that a Triassic ocean, called Meliata-
Hallstati ocean Gozur 1991). reached into the eastem NCA. Even remnanh of the
opposing, southern nargin of the Meliata,Hallstatt ocean were identified in this area
("Sud-Rudabanyaikum", Kozur & Mostler 199), but the tectonic situation srill seems

Remnants of a pre-Jurassic ocean were also assumed to occur in the Central Aus-
troalpine units, that is, in the basement-dominated nappes betweetr the NCA and the
Southern Alps. east of the Tauem window (Thtttri & Jagoutz 1993). The rocks under
question are eclogites found within polymetamorphic basement of the Koralpe and
Saualpe east of the Tauern window. The eclogitic metamo+hism of these rocks in as
sumed to be Cretaceous in age. An unaltered gabbro relic yielded a protolith ag€ of 275 +
18 Ma (Thoni & Jagoutz 1993) and exhibits the geochernical characteristics of a MORB-
type source (Miller et al. 1988). Therefore. Thoni & Jagoutz (1993) concluded thar the
basic rocks are remnants of a Permian oceanic crust. The association of the eclogites with
polyrnetarnorphic continental basement and the lack of any pelagic sediments, however,
sheds severe doubt on the oceanic nature of the rocks. Permian gabbro intrusions in the
Iower crust are widespread ihroughout the Alps (Dent Blanche nappe, Dal Piaz et al.
1977, Iwea zone, Voshage et al. 1990, Margna nappe, Hansmann et al. 1995) and are not
necessarily related to oceanic tithosphere. IDstead, these gabbros probably intruded dur-
ing the transtensional collapse ofthe Variscan orogen. We conclude thar rhe exisrence of
Permian ophiolites in the Eastern Alps remains tobeproven.

The break-up o{ the Meliata'Hallstatt ocean is assumed to have occured during the
Middle Triassic. This is the age of the oldest pelagic sediments found in association with
ophiolites in the Meliata unit (Kozur 1991). The paleogeography of this ocean is highly
debated. According to Kovacs (1982) the Meliata-Hallstatt ocean may be corelated with
the Vardar ophiolites in the Hellenides. This corelation is strictly reje€ted by Kozur
(1991). Closure ofihe Meliata-Hallstatt ocea. al.eady oc.ured in rhe I-ate Ju.assic (Ox-
fordian; Kozw 1991). At this time, the Austroalpine - West Ca.pathian block coltided
with theTisia microplate, the "Pannonian nedian massif" ofthe older literature (see Ko-
vacs 1982).
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2-8 Di.l the Meliata-Hollstatt ocean.rtend west|9ar.ls between the Austroalpine and the

This queslion is of fundamental interest for the paleogeography of the Alps and for tbe
reconskuction of their orogenic evolution. In the Graubiinden transect, those units that
originaied - in our opinion - from the Apulian plate, can be grouped into three conplex-
es: The Southern Alps south of the Insubric line, ihe Central Austroalpine nappes, loet
ed between the lnsubric line and the southern border ofthe NCA. and the Norihern Cal,
careous Alps themselves (Pl. 1). Channell et al. 0992) proposed a western extension of
rhe Meliata-Hallslatt ocean between the NCA and the Soutnem Alps. Accordingly. the
Austroalpine realm would not have been part of the Apulian plare, as classically as'
sumed, butwould represent an independent plate. the Austroalpine plate.

There are two possible sutures along which the remnants of such a Triassic oceao
could have been subducted: The Insubric line, and the boundary between Central Aus,
troalpine and NCA. For the following reasons the first solution has to be excluded right

(1) No remnants of ophiolites exist along that part of the Insubric line which separales
South Alpine fron Aushoalpine units.

(2) The Triassic rocks to both sides ofthe Insubric line show the same trend of westward
shallowing. Tbey are generally developed i. a ter.estrial to marginal maine facies in
the westernmost parts of the Austoalpine realm (Fuffer 1985, Naef 1987) and ofthe
Southern Alps (Laubscher& Bernoulli 1977, Fig.4). This is also the case in the imme,
diate vicinity ofihe Insubric line.

(3) As mentioned above, the domains ofthe Jurassic-age Apulian passive nargin are vir-
tually identical in the Central Austroalpine of Craubnnden and in the Southern Alps.
Ii is highly improbable that a later, Jurassic passive margin would have fomed across
a Triassic ocean without changing its geometry.

The second possibiliiy is unlikely as well. In the eastem part of the Easlern Alps, the
remnants of the Meliata-Hallstatt ocean do in fact oc€ur close to the southern boundary
of the NCA (Pl. 1). the Triassic lacies in tbe southernmost units of the NCA being more
pelagic than in the Central Austroalpine units to the Souih. Going towards west, howev
er, all indicalions for an oceanic suture are lost. The Triassic facies in the NCA becomes
increasingly shallow ma ne westward. A( the westen end of the Austroalpine nappes,
comparable Triassic facies zones occur jn the Central Ausrroalpine and in the NCA (Fur-
rer 1993). Therefore, it an ocean had existed belweeD lhe NCA and the Cetrtral Aus
troalpioe, this ocean would have ended towards west, as depicted by Thoni & Jagoutz
(1993). Such ending leads lo severe kinematic problems, in that spreading needs to be
transferred by a transform fault to another ocean, for which there is also no evideoce in
the Eastern Alps. In conclusion. the boundary between Centraj Austroalpine and NCA
does probably not represent an oceanic suture but an Alpine, sinisrral sirike-slip zone
along which the nappes of ihe intemal easlern NCA with their pelagic facies and rem-
nants of the Meliata Hallstatt suture were transported relatively westward and juxta-
posed to the Central Austroalpine units with their less pelagic facies (cf. Fig. 13 in Laub
scher 1991).
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We come to the conclusion that aD extension of the Meliata Hallstatt ocean berween
the Austroalpine realm and the Southern Alps is improbable, and that, within the Alps.
this Triassic ocean was unconnected to the Piemont-Ligurian ocean. Such a connection
between the two oceans may, however, have existed further to the East in the Carpathian

In summary, the paleogeographic evolution of the Alpine reaLn in Mesozoic tines is
controlled by the sequential formation of three basins which were at least partly under-
Iain by oceanic crust and/or exhuned mantle. The nost internal one is the Meliata-Hall
statt basin that opened in the Middle Triassic. The Piemont-Ligurian basin opened nexr,
in the Middle Jurassic. and the break-up in the rnost external Valais basin occured in the
Inte Jurassic to Early Getaceous, when the Meliata-Hallsratr basin had already been

3 Crerac€ous orogeny

3.1 Craaceous oloqeny as ftcorde.l in the Awtrcalpine nappes in Glaublrnden

The Austroalpine units of Graubiinden expeienced a sequen@ of Alpine defonnation
phases that can be coffelated on a regional scale (Froitzheim et al. 1994). The first, Late
Cretaceous phase (Trupchun phase, ca. 100 to 80 Ma) involved westward (Sw to NW)
imbrication of basement cover f,appes and concomitant west- to northwest facing folding
(Ring er aI.1988. Handy et al. 1993, Froitzheim et aI.1994). The Trupchun phase affected
not only Austroalpine units, but also the South Penninic Arosa, Platta and Malenco,For-
no-Lizun ophiolites and the Margna extensional allochthon (Liniger & Nievergelr 1990).
These units were accreted to the Aushoalpine margin. Thrusting was accompanied by
important sinistral transpressive sheaiing along an east-west striking lineament (Albula
steep zone, approximately coinciding with the Ela nappe in Pl. 1). still in the Late creta-
@ous, the nappe edifice was stretched in an ESE-WNW direction, and EsE-dipping nor-
mal faults formed with displacements of up to 5 to 10km (Ducan-Ela phase, ca. 80 to
67 Ma). This extensional phase separates the Cretaceous orogeny fron the Tertiary orog-
eny, beginning in the Paleog€ne.

3.2 Loryeacale framewo* of Crcta.eous orogeny in the Austoalpine units

It was long assumed - and is still widely ac.epted that Cretaceous orogeny in the Aus
troalpin€ resulted from southeastward subduction ofthe Piemont-Ligurian oceaf,ic litho-
sphere under the Apulian margin, and the formation of an accretionary wedge above this
subduction zone. This model has only recently been chaleng€d (e.g. Thijni & Jagoutz
1993, Neubauer 1994). There are, in fact, stong arguments againstitl

(1) High-pressure netanorphism is generally assumed to occur in th€ downgoing slab
du ng subduction or in the lower plate during continent collision. The Cretaceous
eclogites of the Austroalpine, however, are located in the hanging wall of the as,
sumed subduction zone (Neubauer 1994).

(2) On the scale of the entire Austroalpine realm, thrusting propagated from E to W (or
SE to NW). In the middle part of the NCA, the chromite-bearing, clasric Rossleld
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Fig 4 Diagrannatic cro$ sections showing the proposed sequ€ne of events durin8 the Crctaceous. Note fiat
rhe secrions are driented WNW ESE. parallel to rhe nain direction 6f Creraceols aee thrusting in lhe Aus

foimation of Valanginian'Hauterivian age was deposited in a trench at the foot of an
accretionary wedge (Faupl & Tollmann 1979), indicating orogenic shortening already
in the Early Cretaceous.In contrast, in the westenmost part ofthe Austroalpine, pe-
lagic sedimentation without indications for thrusting continued into the Upper Creta-
ceous (Cenonanian to possibly Early TuroniaD in the Ortler zone, Caron et al. 1982).
Consequently, orogenic activity began nuch later (only after 90 Ma) in the western
most pari ofthe Austroalpine which paleogeographically is closest to the Piemont-Li'
gurian ocean (see also Neubauer 1994, documenting the sane rrend). Had the Creta-
@ous orogeny in the Austroalpine realm resulted from subduction olthe Piemont'Li'
gurian ocean, one could hardly imagine that thrusting would have started far away
from this ocean and then advanced torvards the ocean.

(3) Intrusion of basanitic "EhNaldite" dykes in the NCA at 100 Ma (Albian) precludes
tbe existence of a subducting slab beneath the NCA at that time (T.ommsdorff et al.
1990).

For these reasors, the interpretation of the Austroalpine thrust belr resulting from conti
nenl collision after the closing of the Meliata-Hallstatt ocean and propagating no hwest
ward into the lowerplate (Neubauer 1994) is more conviDcing than the classical model. It
is adopted in ourFig.4 (a, b).

Although Austroalpine and South Alpine units belong to the same Jurassic-age pas-
sive margin, their tectonic evolutions diverge fron the Cretaceous period onward. Creta-
ceous events comparable to the o.esfound in the Austroalpine are notreported from the
SoutherD Alps.It is true thatsome thrusling and foiding ofprobably Late Cretaceous age
(Zanchi et al- 1990) occurred in the Southern Alps west of the Giudicarie line. Different
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ly from the Austroalpine, howcver, these drrusts were direcled rowards the South
(Schiinborn 1992) and were not nearly as importanl as thc wcst directed rhrusts in ihc
Austroalpine realm. In lhe area of lhe Dolomitcs. that is. the Southem Alps east of the
Giudicarie line, Crelaceous thrusting is apparently missing allogether (Doglioni & Boscl-
lini 1987).

To explain tbis difference. ]le propose that the Teriiary-age. dexlral Insubric line had
a Cretaceous-age forerunner which acted as a sinistral tear-fault, separating a west-di-
rected thrust belt to the north (Austroalpine) trom a more stable area to the South
(Southern Alpt. The sinistral Albula steep zone (see above) is a snaller scale analogue
of this tear-faull. Other important sinistral strike-slip taults ofLare Cretaceous age, srrik-
ing Sw NE, were found by Neubauer e1 al. (1995a) in the Austroalpine unils east of the
Tauern window. The weslward movement of AustroalDine thrusl sheets relative to the
Piemonl-Liguian oceaD implies tbat dextral strike-slip movemenr or oblique conver
gence prevailed along the northern, more east-west striking margin of the Austroalpine.
Tbus, lhe Austroalpine belt appears as . westward advancing thrust system bounded by
strike-slip faults or transpresive zones both to the South and to the North.

3.1 Latc Gcn, cou.,ubdu, Liok ia thp Pi nont-LtBuhnn a,can

Although we explain Cretaceous orogeDy in the Austroalpine units by westward propa-
gation ofa thrust wedge as a consequence ofcontinental collision along the Meliata-Hall-
statt ocean (in accordance with Neubauer 1994), we have 10 respect the facr thar rhe sub
duction of Piemont'Ligurian lithosphere did begin in the Cretaceous. The onset of sub-
duction is constrained by the sedimentary record. i.e., by the first orcurrence of flysch-
type sedime.ts containing ophiolite detritus, which may be interpreted as being sled
from an accretionary wedge. In the Piemonrligurian units of the Eastern Alps. this is
difficult because ophiolite detritus found i6 these units nay also have been shed fron the
suture of the Meliata Hallstatt ocean. A more suitable area for dating rhe onsel of sub
duction is Liguria. because this area was far from the Austroalpine thrust belt. The oldest
detital units containing ophiolite debris in Liguria are Canpanian in age (Casanova
complex, Elter 1993, p.209). Elter (1993) proposes that ophiolitic detrilism may have
started earlier. already in the Albian, but that these sediments were later subducted. On-
set ofsubduction in the Pienonrligurian basin in the Albian to Late Creraceous would
also be in accordance with the constraint imposed by the "Ehrwaldite" dykes in the NCA
(see above). The subduction zone in Liguria was p.obably inira-oceanic a.d east dipping
during the Late Cretaceous, because an eastern sub-basin with parrly oceanic subsrrarum
(exlernal Ligurides) renainded open until the Tertiary (Hoogerdujn Srrating 1991). Fur,
ther north, in ihe Piemont region, this subduction zone had to be close to the Apulian
margin (see Figs. 1 and 3 of Elter & Pertusati 193), in order to allow for Late Creta
ceous subduction of the Sesia continental fragment (Fig. 4c). Alternatively, two subduc,
tion zones may have been active in the Piemont-Ligurian basin, one intra,oceanic and
one close to the Apulian margin (Avigad et al.1993).
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4.1 Te iaty orcgenr as rcconie.l in a crcss section at the westem maryin of the Easteln Alps

Teiiary structures in the Austroalpine nappes in Graubunden record a change in the
shoftening direction in respect to Creta@ous orogetry. After the easrsoutheast-directed
Late Creta@ous extension, renewed shortening began in the Early Tertiary (Blaisun
phase, Froitzheim et al.1994). recorded by the formation of east-southeast striking gentle
folds and by north- to north-northeast directed thrusting of the Austroalpine - Upper
Penninic nappe edifice, internally stacked dudng the Cretaceous, over deeper Penninic
units. The direction of sho ening within this relatively igid nappe stack (orogenic lid in
ihe sense oI Laubscher, 1983) and the transpot direction along the basal thrust over the
deeper Penninic units (N to NNE) differed from the shortening direction duing Creta-
ceous thrusting (W to NW) by about 90'. This change indicates a reo entation of plate

We attribute the tectonometamorphic evolution within most of the Penninic nappes
(wilh lhe exception of the Piemont-Ligu a dornain) to the Tertiary cycle. In particular
we assune that collision between the Austroalpine and the Briangonnais occuned in this
new framework of north-south directed shotening, starting in the early Paleocene (Fig.
5a and Schmid et al., in press b). During the Paleocene and Eocene, Briangonnais, valais
and distal European continental naigin units were accreted to the orogenic lid (Fig. 5).
This process began in the southernmost units and proceeded towards noIth (Schmid et al.
in press b). The onset of the accretion process in th€ different units is constrained by the
age of the youngest sediments. These are Paleocene otr the southe.n margin of the
Brianqonnais in western Switzerland (Breccia nappe, Chessex 1959), Paleocene to pos
sibly Eocetre in the Brianeonnais of eastem Switzerland (Falknis and Sulzfluh nappes,
Allemann 1956),latest Paleocene to Edly Eocene id the valais units of eastern Switzer-
land (Arblatsch flysch, Eiermann 1988), and Late Eocene on the distal European nargin
(South Helvetic units, Herb 1988, Lihou 1995). All of t}te lower crustal and substantial
volumes of the upper crustal material of the BriaDsonnais terrane and the distal Europe-
an margin must have been subducted during this time. This follows from area-balanced
profile reconstructions (Fig. 5 and Schmid et al., in press b) based on stratigraphic and
structural data extensively discussed in Schmid et al. (in press a). Some of this subducted
material was later exhumed to form the eclogites of the Adula nappe attdbuted to the
distal European nargin (Fig. 5a). Another result of this rcconstruction is the large
amount about 500 km of Tertiary N S @trvergence between Europe and the Apulian
plate. This is in agreement with plate tectonic reconstructions (Dewey et al. 1989).

The impressive amount of convergence is a corollary ofthe paleogeographic position
inferred for the middle and lower Penninic basement nappes (Briangonnais for the Tam-
bo and Suretta nappes, European margin for th€ Adula and all structurally lower
nappes). Our reconstruction also implies thal the eclogites found in the Adula nappe are
of Te(iary age. Therefore the structual setting of these eclogites merits a brief discus-
sion, while the geochronological evidence will be discussed later.

Figure 5c sketches the Adula nappe at ils position during peal pressure conditions, as
determined by Heinrich (1986) for the northernmost part near vals (11.5 kb) and for the
souihernmost part at Alpi Arami in the Cina Lunga subunit (27 kb), respeclively. Peak
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pressures systenatically decrease frorn south to north in the Adula nappe. which is com-
patible with S-directed subduction. Eclogite facies relics are restricted to a few mafic
boudins predoninanlly found in the highest structural leveis of the nappe. The pressure
peak was preceded by a first defornation phase (D1) leading to the imbrication of thin
slices of continental basenent, mafics of unknown age. Triassic rocks (Inw 1987), and
basal parts of the Valais Biindnerschiefei (Partzsch el al. 1994, see also Trommsdort
1993). Therefore an Alpine age ofthe eclogiie-facies netanorphism is undisputable. The
formation of the dominant penetrative foliation of the Adula nappe (D2) sta ed under
eclogite- and continued under amphibolite facies conditions (Partzsch et al. 1994). Out-
side the eclogite boudins. this foliation carries a N-S oriented stretching lineation and can
be continuously traced ftom the Adula nappe into the overlying Valais Biindnerschiefer
which also contain eclogite facies boudins in .heir basal parl. This points to a conmon
tectonometamorphic evolution ofboth Adula nappe aDd Valais Biindnerschiefer, at leasr
during the decompression stage (Parlzsch et al. 1994). civen rhe faci that sedimentarion
in the Btindnerschiefer basin mntinued into the Eocene. a Tertiary age of the eclogite-
facies metamorphism becomes at leastvery likely.

4.2 Teftiary orcBeny in the Eastern andw^te Alps

The large amount of Tertiary N-S convergence deduced for the cftubnnden cross-sec-
tion has consequences also for the Eastern and Wes.ern Alps. Although still far from be-
ing properly understood, these will be briefly discussed in the following.

For the Eastern Alps, we depart fiom the classical view that the Tauem wi.dow was
closed in the Cretaceous (e.g- Frisch 1976) on srructural and paleogeographical grounds.
Assuming an amount of Tertiary N-S convergence in the Eastem Alps comparable to
that ofthe Graubtinden area, we have toplace the front ofthe Northern Calcareous AIps
far south ofthe Tauern window at the start of Tertiary orogeny. Strucrural work ofKuu
et al. (1995) supports this assumption. According to these authors. the imbrication of
Penninic units witbin the Tauern window (Ve.ediger nappe and clockner nappe) was N-
to NNE-directed. ln contrast, the Cretaceous-age thrusting within rhe overlying Aus
troalpine nappes was west-directed (e.g. Ratschbacher et al. 1989). This sequence is the
same as tlat observed al the westem end ofthe Austroalpine in Graubiinden (W-direct-
ed thrusting in the Trupchun phase. N- to NNE-directed rhrusting in the Blaisun phase:
see above).In Graubiinden, the N- to NNE-directed thrustingwhich ernplaced the Creta-
ceous nappe stack on the deeper Penninic units, is dated as Tertiary beause Paleogene
fossils were found in lhe footwall (e.g. in the Engadine window, Rudolph 1982). Conse
quently we assume tbat the Tauern window \ras closed in the Early Teitiary, when the
Austroalpine units, together with Piemont,Ligurian ophiolites at thei. base, were trans-
ported northward as one large thrust mass. During rhis northward transporr, the clock-
ner nappe (probably ofvalais origin, as discussed eadier) and the Venediger nappe (dis-
tai "Helvetic" European margin according to L.amnerer 1986, 1988) were accreted to rhe
orogenicwedge. Differently fron the Central Alps,Tertiary N-S convergence in the East
ern Alps was partly compensated by eastward €scape (or "extrusion", Rarschbacher et al.
1991). This process started already during the Paleogene (see Eisbacher & Brandner, tlis
volune, for a Tertiary aged overprinr related to sinistral strike-slip motions in the NCA).

Whereas the tectonics of the Central and Eastern AlDs mav be reconciled in the wav
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proposed above. the deduced 500km of Tertiary N-S shortening between Apulia and lhe
European foreland result in a najor problem regarding the tectonic evolution of the
Western Alps. ln ttljs area. the rnain shortening direction during the Tertiary was appar-
ently E-W (Plait et al. 1989). An earlier phase of north to nortbwest-directed movement,
however, is docunented by stretching lineations in eclogite-facies rocks (Choukroune et
al. 1986). Choukroune et al. auributed this northward shearing 10 the Creta@ous oroge-
ny - probably because. at lhat time, a Cretaceous age was generally assumed for eclogite-
facies metanorphisrn in lhe Alps. Moni6 & Philippot (1989), on the other hand, det€r
mined an Eocene age foi the bigh-pressure event in eclogites of the Monte Viso area.
bearing a north-south stretching lineation. Consequently. it h at least possible that the
high pressure event in the western Alps was related to Early Tertiary south directed
subduction. as in the Central Alps ofSwitzerland. The westrvard thrusting in the Western
Alps would then be younger, starling at about40 Ma (Choukroune et a1.1986).

To explain this westward thrusting, large amounts of strike-slip faulting and indepen-
denr motion of blocks such as rhe Adriatic or South-Alpine block south of the Insubric
line are inevitable, as pointed out by Laubscher (1991). Much ofthe E-W-sho ening rnay
be due to an independent W-ward motion of the Adriatic block during the Tertiary. de-
coupled from the Centr;l Alps by dexlral novements along the Insubric line and its pre-
cursors. Although such dextml decoupling may explain the E-W shortening, a substantial
northward translation ofthe Adriaticblock relarive to the westem foreland ofthe AIps is
also necessary. This means that the West€rn Alps probabty acted as a N S striking, sinis-
trally transpressive belt, as proposed by Ricou & Siddans (1986). As an alternative expla-
nation, Platt et al. (1989) assume a general west-northwest directed plate movement vec-
tor of Adria, deflected into north- and west-directed components of tectonic transpo
during the Te iary (in the Western and Central Alps, respectively) due to sravitational
forces. We doubt that this model can explain the very substantial amount of N S shorten-
ingdeduced for the eastem part of the Centml Alps.

5. Timing of eclogite facies metamoryhism: rrdiometric &ls

During the Alpine orogeny, eclogites formed in rocks originating trom all paleogeo
graphic domains of the Alpsr the Apulian conrinental crusl (Austroalpine nappes). the
Piemont-Liguria ocean, the Briangonnais s.1., the Valais ocean ard the distal Eurcpean
nargin (Pl. 1). In the continental units. pre,Alpine eclogites aho exist but these are not
discussed here. Alpine. coesite-bearing ultra-high-pressure rocks have been repo ed so
far from units of the Bianeonnais s.l. (DoIa Maira) and fron Piemont,Ligurian ophio-
lites (Zematt Saas). Conprehensive reviews of eclogite,facies rocks in the Alps are pro
vided by Droop et al. (1990) and DalPiaz et al. (1993).

Information on radiometric ages concerning Alpine eclogite facies metamorphisn for
some selected areas and localities is presented in Plate 1 and will be discussed below.
Whenever possible, data obtained from high-retenlivity sysierns (U,Pb, Sm-Nd) were
preferred over }Ar-40Ar or K-Ar ages from phengites. As re€ently discussed by von
Blanckenburg & Davies (1995, p. 126), the latter group of age data is often affected by
excess argon and is yielding rnuch too high age values. An indeasing number oI studies
favours the presence of excess argon in phengites frorn the Dora Maira nassiJ (Arnaud
& Kelley in press; Hammerschmidtet al.1995) and the Sesia Zone (Ruffet et al- 1995).
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5.1 Austoalpine units

The Crelaceous age of Alpine eclogites in the Austroalpine u.its is well established.
These eclogites are found in basemcnt rocks of the Cenlral Auslroalpine cornplex
(belween the NCA and the Insubric line). ln the Koralpe area, eclogite was formed from
a Pcrmian gabbro protolith, as shown by Thdni & Jagoutz (1992. 1993) who determined
Pernian ages in a rnetagabbro relic lhat escaped eclogitizalion. Therefore, the eciogite is
Alpine. The same auihors bracketed the age of the high-pressure mehmorphism
between 150 and 100-90 Ma. using Sm'Nd. Rb'Sr and Pb Pb determinations (Thoni &
Jagoutz 1993).

The Sesia nappe is the largest eclogite facies terrane in tbe Alps. Pressures and tempera
lurcs during the eclogite stage reached 14-16kb and 550'C (Lardeaux & Spalla 1991).
Until recenily. an Early Crelaceous age for lhe eclogite metamorphism was generally
assumed, based on a Rb-Sr whole-rock isochron and Rb Sr and K Ar mineral ages
(Oberhansfi et al. 1985). Recently, Ramsbotham et al. (1994) deremined Rb-Sr phengite
ages between 46 + 2 Ma and 63.3 + 0.5 Ma, and an U Pb age ofsphene at 66.4 r 0.4 Ma in
rhe inremal part of the Sesia zone in the Orco valley. These authors interpret the 66 Ma
age as related to the high-pressue event. The latter interpretation is supported by recent-
ly determined U Pb SHRIMP ages of zircon (about 65 Ma; D. Gebauer, penonal corn-
munication). Peak pressures may have been reached sonewhat earlier. that is, in the
Late Cretaceous, but an Early Crelaceous age for the eclogite facies event appears un-
likely in the light ofthese new data.

5.3 Pimont Ligurian .one

ln the Western Alps. units with Piemo.tligurian ophiolites and associated calcschists

Gchistes tush€s) can be subdivided in two groups, a structurally lowerone (Zermatt-Saas
zone) that suffered eclogite'facies metanorphisn (Bearth 1959. 1967), and a higher orc
(Cornbin zone) with only blueschist facies (Kienasr 1973). Coesite inclusions in garnet
found in the Valtournanche area of the Zermatt-Saas zone even indicale ultn-high-pres-
sure netamorpbism (26 to 28 kbar,5SM30'C, Reinecke 1991). Like in the Sesia nappe.
a Cretaceous age ofthe high'P metamorphism was generally assumed. but recently Bow-
tell et al. (1994) determined a latest Cretaceous to Early Tertiary age (52 a 18 Mai Sm-
Nd garnet omphacite whole rock isochron) for the Pfulwe localily near ZernalL In addi
tion, concordant phengite 3'Ar-{0Ar plateau ages of 48 51 Ma from eclogitic meragab-
bros in the Montc Viso ophiolitic nassil docunenl a mid-Eocene age of the high-pres-
sure metamorphism there (Mo.i6 & Philippot 1989).

5-4 Brian?onnais s.str. ond "inlenal ndssik"

In the westem Alps, lhe Brianeonnais s.slr. was affected only by blueschist-facies meta-
morpbism. This event is clearly of Tertiary age, because the metamorphosed sediments
reach into the Paleocene to Eocene (Ellenberger 1958. Michard 1977). The so-called



N. Fronznein. S. SchDid & M. Fiey

internal massifs (Dora Maira, Gra. Paradiso. Monle Rosa). interprered by nost authors
to rcpresent the former passive margin between rhe Brianconnais s.str. and rhe Piemont-
Ligurian ocean, bear eclogites and. in the Dora Maira rnassii even pyrope quarrzile with
coesile, indicating maximum pressure of about 30 kbar (Chopin 1984, Chopin et al. 1991,
Schertl et al. 1991). Conilicling ages exist for the ullra-high-P event: U-Pb and Rb-Sr (Pa
quette et al. 1989) as well as Ar Ar datjng (Monii and Chopin 1991) yielded Cretaceous
ages (120-90 Ma), while Sm'Nd and U-Pb work ofTilton et al. (1991) yielded a. age of
38 Ma. The Tertiary age is supporred by U Pb SHRIMP work on zircon (cebauer et al.
1993).

5.5 Valais snd distal Eurcpean naryin

The paleogeograpbically mosi exlemal occurrences ofAlpine eciogite are in valais units
and in units from the distal part of the European margin: in the Roignais-Versoyen unir
(Schiircb 1987), in the Adula nappe and in the Eclogite Zone of the Talern window. An
Eocene age (35 aa Ma) was recendy established for the high-pressure neramorphism in
the Cima Lunga unit ofthe Adula nappe (850-900'C and 35 42 kbar according ro Beck
er 1993), based on Sm,Nd garnet-clinop,'roxene whole rock nochrons (Becker 1993) and
U Pb SHRIMP data on zircon (Gebauer 1994): for details see Plate 1. The high-pressure
meramorphism in the middle Adula nappe reached tenperatures of 600-650'C ar mini-
mum pressures of 20 23 kbar (Met're et al. 1995). The age of this nerarnorphism is not
yel dated unequivocally. but the large majority ofavailable radionerric data also point ro
an Eocene age. The Eclogite zone in the southern part of the ceDtral Tauern window is a
metasedimentary series oI Mesozoic age with intercalated eclogiie lenses, located at the
base of the Glockner nappe, directly overlying the Venediger nappe (Frank er al. 198?).
Peak nelanorphic conditions were ca. 600'C at 20 kbar, followed by a blueschist to
eclogite facies stage at T< 450'C and P> 10 kbar. followed by a greenschist facies over-
priDt du.ing exhumation at 525 "C/5 6 kbar (Zimmermann et al. 1994). Phengire reAJ-
aoAr ages ranging belween 32 and 36 Ma were attributed to the blueschisr ro eclogire
facics event mentioned above (Zirnnermann et al- 1994).

In corclusion, there is an increasing body of radiometric evidence indicaring that
high-pressure netamorphism in the Alps occurred in the Cretaceous as well as in the
Tertiary period- Whereas the Crelaceous age of eclogites in the Austroalpine units is
well'established, an Early Tertiary age appears more likely for eclogites and ulra-high-
pressure rocks in the Central and western Alps, with the exception of rhe Sesia zone
whichreached peak pressures probably in the Late Cretaceous.

6. Discussion

In order to discuss the limin8 of eclogite iormation in the ftamework of paleogeography,
we make the asumption that eclogites and ultra-high pressure rocks formed eirher wirh-
iD a subducring slab of oceanic lithosphere or in the lower plate during continental colli,
sion. These may nol be the only ways to produce high pressure rocks, bur withoul any
doubt the sinpiest. Such an assumption poses a s€nous constraint on possible models of
tbe tectonometamorphic evolution ofthe Alps.

Following Neubauer (199a). we assume that Crelaceous eclogire metanorphisn in
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the Central Austroalpine units occufed after the Late Jurasic closure (Kozur 1991) of
the Meliata-Hallstatt ocean, when the continental crust ftom the opposjng, southeastem
margin of this ocean was thrust westward or northwestward over fte Austroalpine (Fig.
4a, b). Parts of the suture aid even sedinentary rocks from the opposing rnargin are pre-
served in the eastern part of the Northern Calcareous Alps (Kozur & Mostler 1992). In
lhe footwall of the suture, a W- to Nw-directed thrust belt formed and propagated west-
ward. The thrust front reached tbe formerly passive margin betwee. the Austroalpine
and the Pienont Liguria ocean in Graubnnde. after 90 Ma. In our opinion, lhe upper
plate which was canied over ihe Austroalpine crust is not represented by the Southern
Alps, as proposed by Channell et al. (19%). but has to be looked for in the Pannonian ar-
ea. that is. to the east of the Austroalpine realm. The Tisia rnicroplate of Kovacs (1982) is
a good candidale. The Crelaceous eclogiles were overprinted by Barrowian-tlpe neta-
morphisrn and exhumed already in the Late Cretaceous. For exarnple, the Saualpe-Kor
aipe eclogites cooled through 300" at 70 r 10 Ma (Thoni & Jagoutz 1993). We explain this
exhumation with Lale Cretaceous ex.ension: The upper plate of the collision couple slid
back 10 the east, as indicated by the ubiquitous Late Cretaceous east-directed low-angle
exteosional faults in the Central Austroalpine (Krohe 1987, Ratschbacher et al- 1989,
Froitzheirn et al. 1994, Neubauer et al. 1995a). This explains why almosr no remnants of
the upperplate are found today i. the Eastern Alps.

Subduction of the Pienont-Ligurian oceanic lithosphere staned in the Late Creta,
ceous, as evidenced by the sedimenlary record in Liguia. There, the oldest preserved
ophiolite detritus shed fron an acqetiona.y wedge (Ruga del Bracco) is dated as Carnpa
nian (Elter 1993). We assume that the subduction zone dipped under fte Apulian mar-
gin. The Sesia unit was parl of an extensional allochthon near the Apulian margin and
was therefore the first co.tinental unh to be subducted. lt reached a depth of around
45 km probably during the Lare Cretaceous (Rarnsbothan et al. 1994)- An Early Creta-
ceous age ofthe high-pressure metamorphism in the Sesia nappe (Oberhansli et al. 1985)
is possible, but would require a "stealthy" subduction tlat left no impint in the sedimen
tary record of adjacent paleogeogaphic domains.

Following the subduction of Sesia, the renaining part of the Piemont Ligurian litho-
sphere was subducted. At some time during the latest Cretaceous or Early Te iary, the
direction ofshortening changed ftom east-west to north'south in the Central and Eastern
Alps. Subduction ofZernatfzone ophiolites must have started in the Late Cretaceous to
allow the time Decessary foi these rocks to reach depths ofup to 100 km (Reinecke 199i)
by Early Tertiary time (Bowteli et al. 1994). In the Eariy Tertiary. t}le internal margi. of
the Brianqonnais tenane entered the subduction zone. Parts of the upper crust were
sheared off and transported towaid the external zones, like the k6alpes nappes. Large
quannties of Bianeonnais G.l.) dust nust have been subducted (Schmjd et al. in press
b). If we a$une, as do most authors, that the "internal massifs" represent the former
margin between the Brianqonnais and the Piemont-Liguria ocean, the high and ultra,
high-pressure metamorphism in the "internal nassih" cannotbe Cretaceous. because the
pelagic sedimentalion in this domain reached iDto the Paleocene (Breccia nappe. Ches-
sex 1959).

Along the transect through Eastem Switzerland the Biangonnais was progressively
incorporated into the orogenic wedge during the Paleocene to Early Eocene. The Valais
ocea.ic lithosphere was subducted during the Early Eocene, while the distal margin of
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the European plaie (Adula nappe) did probably not enter rhe subduction zone before the
end ofthe Earty Eocene. An earlier subduction ofthe Adula unit is not possible since the
sedimentalion of flysch in the more internai Valais basin lasted into the Early Eocene
(Nanny 1948, Ziegler 1956, Eiermann 1988). By the Late Eocene (40 Ma), the Adula
nappe was subducted to rhe depth corresponding to peak pressure conditions. We as-
sume a similar timing for the eclogite zone oflhe Tauern window.

The paleogeographic reconstruction ofthe Alps based on the sedimentary record and the
timing of high and ultra-high pressure metamorphism in basement and cover units are
two intimately r€lated aspects of the same problem. At present, any attempt to reconcile
the lwo can only be preliminary and incorrect in many details. Nevertheless, we think
thal the following working hypothesis is reasonable:

(1) The Alpine orogeny is controlled by subduction and collision processes along three
partly oceanic basins. from internal to external: Meliala-Hallslaft (opened in the Mid,
dle Triassic, closed in the Lale Jurassic), Piemont Liguria (opened in the Middle Ju-
rassic. closed in the Paleocene ro Early Eocene). and Valais (opened in the Lare Ju-
rassic to Early Cretaceous. closed in the Lale Eocene).

(2) Eclogite-facies netanorphism is related to the closure of these oceans and relaied
subduction processes- It occuned within dowDgoirg oceanic slabs during subduclion
or within lower continental plates during continent collision. Since the tining ofsub,
duction and closure of the lhree oceanic basins is strongly differe.t, eclogite formation
must also be ofdifferent age in the differenr paleogeographic donains of the Alps.

(3) Two orogenic cycles can be distinguished. Cretaceous orogeny encompasses tbe for-
mation of a weslward-directed thrust belt in the Austroalpi.e units after continenl
cotlision along the Meliata Hallstatt ocean and the subduction of Piernont-Ligurian
o@anic lithosphere together with parts of the Margna-Sesia continental fragment.
Eclogile melanorphisn in these units is therefore Getaceous (to Early Terliary in
the case ofthe Piemoni Ligurian units).

(4) Tertiary orogeny was dominated by north-south convergence in the Central aod East-
em Alps. E-W-sho ening predominates in the Western Alps, possibly due to the in-
dependent morion of the Adria or South Alpine block and/or sinistral transpression
paiallel to the N-S trending chain of the Westem Alps. ln the Central and Eastern
AIps, ihe N-S shortening can be characterized as the formation of an orogenic wedge
through progressive incorporation, from south towards north, of the Brianeonnais,
Valais and distal European margin units. A Tertiary age is assumed for high pressure
metamorphism in these paleogeographic units.

D. Bcrnoulli,l. Neubauer,H. Wcisscn and an anonymous rcviewerare tha.ked for tbeir very conslructive rc-
lies oI an earlier reNion ol lhis manusripl. we also bcnefited lron discu$io.s *ith Ch. Meyie and J.
l.rtzsch rea! ingongoing research on the Adula eclosites. This work is parlly llE result olpai a.d oneoing
piojec6 supponed by the schweizerische Ndionrlronds: projecls 20 29869 90 and 21'39182.93 (N.r. and s.sch.)



Al pi ne p alcoa€oaraphy a nd ecl o8ires

REFERENCES

ALE|AN, 1. 1956: Geologie des Fii6tenrums Liechlenstein, 3. Teil. Hist. ve!. Fiistentum Liccbrcnstein, va-

ARNAUD, N.O. & KELLEY.S.P. in pie$, Eridence for e*ces argon duringhigh presu.e nerano.phism in rhe
Dora Mana (Wester. Alps.Itrly), nsing an ultra-violer laser ablation nicroprobe. Contr. Mineral. Petlol.

AuBourN,J., BhNcrEr. R., LsEsE, B. & wo^b*, J.1977: Alpes occid€ntales €l Alpes orientales - k zone
du Ca navese existe-t elle1C, R, somn. Soc. E€ol. Flance 19?73,155 158.

AvrcaD. D.. CHoprN, C., GoFr, B. & MTCHARD, A. 1993: Tectonic nodel for the evohion of the vestem
Alps. Geology 21, 659-{62.

BE^Rrx.P.1959: Ubcr Eklogitc, G lauk opharschiele r und n€lamorphe Pillotrlaven. Schqciz. nineral petrogr.
Mitr.39.267 286.

- 1967: Die Ophiolithe derZone von Zermatr Saas Fee. Benr, geol, Karte Sch$eiz N.F.132.1-130.
BECKER, H.1991; Garner peridotne rnd eclogite Sn Nd nineral ages rron tbe Leponrine done (S'ns Alpt:

New evide.ce lor Eoce.e high-presure metamotphisn in the central Alps Geology 21,599-602.
BEnNolLLr, D. 19&: zur C€olqi€ d6 Monte Cen*oso (Lonbardische Alpen). Beitr. eeol. Korl€ Schrciz

BERNo!LLr- D.. BERrorr. G. & FRorzHErM. N. 1993: Mesozoic laults and asocided sediden6 in the Aus
toalpine-Soulh Alpi.e pasive continental nargin. Men. Soc. geol. ital.45 (1990).25-33.

BERldr,G.1991: Eady Mesozoic exte.sion a.d Alpine sholte.ing in lhe trestern southem Alps: The geolo-
sy oithe area betreen Lusano and Menassio (Lombardy, Nonhe.n llaly). M€m. Sci. s€ol. (?ado!a) 43,
tl-t23.

B$KE M.C.. FUDRAL. S. & RouRE. L 1980: Relations sructurales e.te le na$itde tinzo et le nasif de Se
sia dans la rdgion de Lamo. Alpes Gcide.rales. Itolie. Bull. soc. gaol. France (7). xxl, 145-150.

BLANCKENBIRG, F. voN & DavrEs. J.H. 1995: Slab breatotf: A nodel lor syn@llisional masnotism and tecro.-
ics in tbe AlDr. Tecroni6 14. 120 131.

BoDrN rER. J. 1933: Geochenisrry and petogenesis or r he L.nzo peridotile body, we ste m Alps. Tectonop hysics

Borldr, G. ND 23 onrRs 1937: Tectonic denudation ol rhe upper nande along pasilc nargins: a nodel
based on drillinsresutts (ODP les r03, restem Calicia msrgin, Spain). Tectonoph'6i6 132, 335-342.

BorqELL, S.A,, CL|F, R.A. & BARNrcoAr, A,C.l994rSn Nd isoropic evidence on the a8e oi eclogitization in
the Zemai Sars ophiohe. L metamorph- Geol. 12, 137-196.

cARoN, M., DossEGcER, R., srElcER, R. & TRoMFy. R.1932: Ds Alrer der jungse. scdinenre der onler
Decke (Obelonalpin) in der val Trupcnun (SchweiarncEr Natio.alpark, Graubnnden). Eclosae seol,
Helv.75-159 169.

CHANNEU. J.E.T.. BNDNER. R.. SPTELER. A. & SloNER, J.S. 1992: ?rleonag.erisn rnd paleogeographt oI
fie Nonhern Calcar€ous Alps (Austria). Teclonic 11,7t-310.

CHEssEx, R. 1959: Ceolqiedela ltaule vall6€ d Abondance (Haute'Savoie, Fra.ce). EcloEa€ eeol. Helv. s2,
295-400,

CrroprN, C, r984r C,6ne and pure plrope in bigh grade blueschits oI rhe westem Alps: a fr6t recod and sone
conse q ue.ces. conh Midenl. ?e trol. 36, 107-113.

CHoPIN, C., HENRY, C. & MTCHARD, A.1991: Ceolqy and pelrology of lhe coesite'beori.E terain, Dora-MaiE
Masit wesrem '{16. Eui J. MinetuL3,263 29!.

Ctsou{RoNE. P., BaLLEVRE. M., CoBBoLD, P.. GAmER, Y.,MERLE. O. & VurcH^RD.J. P.1936: Defomation
and morion in lhe Westem Alpine arc. Tecloni6 5, 215-226.

coMFAcNoNr, R., DaL Praz, C.V., HUNaKER,J.C., Cosso, C., LMBAoo, B. & WrLLrAMs, P.F.197?: The Se-
sia-Lanzo zone, a sli€ olcontirenlal mslwith Alpine hid pre$ure-los temperature a$enblascsid rhe
weslem llslian Alps, Rend. Soc. ital. Mineral, Perrol.33 (1),241 334.

CoMr, P.. MANATSCHAL, G. & PF6ER, M. 1994: Syniilr sedidentrtion, Jnnsic a.d Alpide tectonie in rhe
central Onler napp€ €aster. Alps. ltaly). Eclosae seol. Helv. 87, 63-90.

DALPrAz,G.V., Cosso, C., PENNAccHroNr, C. & SpALLA, M.I.1993: Ceolosy ol eclqites and related rocks in
tbe Alps, In: Eclo€rtes and rclated.ocks (Ed. by L MoRTEN). Acad. Nat. Sci.. Scntti e Docunenli XIII,

D^L ?IAz, G.V., DEVE .HT, G.P. & HuNzrkEi,J.C.1977: Tb€ Auslroalpi.e lay€icd gabbros ol th€ M.teihorn
ond Mt Collon-Denls de Beno[ Schwet. nineral. p€lrogr. Mitt. 57. 59-33.



t06 N froiLuhe m.5 Schmid& M. Frey

DECKER. K. 1990: Plate rectonics and pchgic racies: L e Juiasic ro Elny Creiaceous decp{ea sedinenrs of
rhe 

.Ybbsnz.phiolite 
unit (Eastern Alps, Austia). sedinenr. Geol. 6?, 35 9q,

DERcouRr, J. aND 13 dHERs 1986: Ceolqical erolutior of the Tcthys beh lron the Adanlic to rhe Pamis
sincc t hc Lias. Te cton oDhlsics l23.24l 315

DE wEvER. ?., BAUMGARTNEi ?.O. & PoLLrNo. R. 1987: Precision sur les datarions de lr bNe des Schistes
Lustrds postophio|niques dans lcs Alpes coniennes: c.R. Acxd, Sci. (Parn) 305, sir.2..137 -191.

DEsEy, LE. EELMAN. M.L.. TlRco, E.. HmoN_ D.H.w' & KNon. S.D. 1989: Kinemarics i. rbe vesem
Mcdrlcra.ca.. In: Alpine Tectoni.s (Ed. by M.P. CowARD el al.). Spec. Publ. geol. Soc. Londo. 45,
265 283.

DoclroNr.C. & BoSELLJNT. A 1987: Eoalpirc and resoatpine recronici in the Sourhem Alps. ceol. Rdsch.76.

DkooP, G.TR., bMB^RDo, B. & ?ocNANrE, U, l9t0: foflnano. and diskiburion of eclogite facies rocks in
rlrc Alps. In: Ecloeite Lcies iocks (Ed. by D.A. CARSNELL). Blackie, Glasgos and London, 225 259.

DURR, S.8., RrNc, U. & FRIS.H, w' 1993: Geocbenistry and geodynanic siAnitiabce ofNonh Penninic ophio-
lites lron the Cent.al Alps, Schwciz. nimral. perrogr. MiL 73, 407 -.119.

EBtRLr, G.P. 1933: Thd evolntion of the southern conrincnral maiein ofrhe Jurassic Terhys Occan.s rccorded
in the Allaau Formflrion ol rhe Ausroalpine nappes ofCmubunde. (Switzciland). Eclogae geol. Helv.3l,

EIERMANN, D.R. 1988: Zur Stellung des Manegnayzuges. E.logae geol. Heh.8l,159-272.
ErsBAcH E R. G. H. & B RANDN ER, R. I 996 | Supe rp6ed foldrhrust structures rnd high an gle iaults, Northwcsern

calcaieous Alps, AusLria. Eclogae geol. Heh, 89, 553-571.
ELENBERGER, F.19s3: Etude gaologique du pays de vsnoise (Savoie). M,im. cane e6ol. France,
ELER. C., ELTER, P.. SrlRANr, C. & WETDM^NN. M. 1966i Sur la prolongation du domaine ligure de l Apennin

dans le Monferal et les Alpes etsui l'origine de la nappe de laSinne s.1. des Prdalpes roma.des er cha
blaisiennes. Arch. Sci. (Geneve) 1.279 3??.

ELTER, P. 1993: Detrirismo oliolitico e snbduzioner nfle$ioni sui mpponi Alpi e Appenido. Mcn. Soc, geol.

ELTER, P. & PERrusArr, P. 1973: Considerazioni sullimile Alpi-Appennino e sulle sue rclazioni con l'arcodelle
Alpe occidemali. Men. Soc. geol. ital,12,35t 3?5.

|AUPL, P. & ToLwaNN, A.1979: Die Rosfeldschichlenr Ein Beispiel fur Sedir.entarion in Be.eich einer tek-
lonisch aklive. Tiefs.crinne aus derkrlkalpinen Unterkrcide. CeoL Rdsch. 63, 93-120.

FAU[, P. & WacRErcH, M. 1992: Creiaceous flysch and pelagic sequenes oi the Ea$ern Alps: cofeldions,
heavyninenls. and paleogeographic implications. Cietaceous Res13.337.403.

lLoRrNErH, D. 1994: N€ue Beobachrn.ge. zur OranbildunA und zur alpiner T€ktonlk in der Tasna Decke.
UnDlbl. dioloma thesis. ETH Zurich.

lloRrNErfl. D. & FRorzHErM, N. 1994: Tra$itio. fron.ontinemal to oceanic baemenl i. thc Tasna nrppe
(Engadi.d *indow. Cnubiinden, S eenand): eridence ror Early creraceou openinsoiihe valais ocoa..
Schtreiz. di.eial. petogr. Mitt. ?,1. .137 -.148.

FRAN(,W., Hbck, V. & MITLER. C.1937: Meradoiphic and tectonichGtory ol the central Tauem windor.In:
(;eodynani6olrhe Easter. Alps (Ed. by FLU6EL, H.w' & FaupL, P,). Deuticke, Vie.nr,34-54.

FRrs.H. w' 19?6, Ein Modell zur alpidhche. Evolutio. und Orogenese des Tauernfenste^. Ceol. Rd*h. 65,
315-393.

FR rscr r, w. l97t: Tectotric progrodation and plare rec roni c evo lurion of the Alps. Tectono physic 60, t 21 t39.
FRopHE M. N, & EuEAu, C.P.1990: Extensio.al detachme.t fauhing i. rhe evolulion oiaTethys pa$ive con

tinenral nargin, Eastern A1ps, Swilzerland. Bull. geol. Soc. Amet.1O2,1297 130a.
FRorzHErM, N., ScHMrD. S.M. & Comr, P. 1994: Repeated change 1106 cin*al shodenina to orcgen-paratlel

exlcnsio. in the Auskoalpi.e lnnsofGranbnnden. Eclogae geol. Heh.3?,559-612.
FRorrzHErM, N. &M$^ncH^LG. (inpre$)i Ki.enari6 of.tura$ic riftira, ma.tle exhunation, and pasile

narsin tormalion in lhe Austroalpineand Pe.ninic nappes (Eanern sviterland). Bull. seol. Soc. Aner.
FutrnER, H (ED.) 1935: Field wo.kshop on Tria$ic and.ru!a$ic sedimenrs in rhe Easeh Alps ofSwilzf,rland.

Mitt. aeol.Ihsl. ETH u. Univ. ZorichN.F.243.
1993: Srari8raphie und Facies derTiiavJura-Gienzschichten in den obeloslalpinen Decken Craub0ndens
Ph.D. rhesis Unir. Znrich.

GEB^UER, D. 1994: A ? Tf path lor sone high pre$ure ultamalidmanc rock.a$ociriions md their lelsic coun-
try{ocks based on U PB SHRIM? dating oI nagnatic ard netanorphic zircon domains. Examplg Swiss
entlal Alps. Ini. Mineral. Asoc. 16th General Mdering Pisa, abstlacl voluno. 139-1,10.



Alpine paleogeography and eclogiies

CiEBAUTTR, D., Trrror, G.R.. SclERrL, H.-P. & SCHREYER, W. l99li Eocenc/Oligocc.e ulrrahigh pft$ure
netamoryhism in the Dora Maira Massil (Wciern Alps) rnd ns eeodynamic inplications. Tem absracls.
abs.acr snppl. No. 4 to tera nova 5, 10.

GRUNER, U. l93lr Die juEsischen Brekzien de! fatknis-Decke und atre^:lqdvrtenle Einhcitcn i.
Graubijnden. Beirr. gcol. Kane schweizN,F 154,

HAVMERSCHMDT. K., S.HERTL, H.P.. FRrEDRrdsEN, H. & SorRlytrR, W. 1995: Excc$ Argon a connoD fea
tlre rn ullRhEh-presure rocks: a case (ucy on dicas fron the Dora MaiE masif, Westet. Alps, lraly.
Teiia rbsiacts. ab$ncr suppl. No. 1 ro Tera nova 7,3,19.

HAiDr, M.R., HLnwEcH, M. & RECLL R. 1993: Tektonische Enr*ic*lung der veitichen Zone von Sanedan
(Oberhalbstein, C.aubiindcn. schwciz). Eclogae ge01. Helv. 86, 785 817

HANSMAN, W., HERMAN,J.. MoNTENE\ O. & TRoMMSDoRF, V.1995, U Pb daringoisindc zncons fron a
grbbroic inkusion atthecr6t nantleboundary (val Malenco.Italy). Tem abstracls, abstracl suppt. No. 1
toTein nola?.352.

HErrnr.H, CA. 1936: Edogne hci€s regional metamorphism of hydrous matic rocks i. rbe Cdnrat Alpine
Adula naDoc.J. Pctrcl. 27. 123-154.

HERB, R. 1983: Eocaene Paleogeqraphie und Palaolektonik des Helverikuos. Eclogae aeol. Helv.31,611-65?.
HcssE,R.19?3: Flyscb-Ganlt ondFrlknis Tasna Cault (Unterkrei'le): Ko. t i.uicrlich er Ub€rganS vo n der dis-

talc. zurproxinalen Flyschtazies rul diner pcnniniscfien Trogebene der Alpcr ceologica etPaladontolo

sica SB 2, r 90.
HoooERDUTN SrRArrNc, E.H, l99l: The evolutior of rhe Picnonte-Ligurian ocean. A struclural nudy ot ophi-

olne c.hplexcs in Usuria (Nw ltaly). Ceol. ultraiect. z
KEL,K.1931:Acodpar isonofsoneaspectsoIsedinentat ionandtranslat ional tecloniFiromthecutfot

California and the Mesozoic Tethys, Northern Pe.ninic Malgin, EcloAae gcol. Helv.74,317,333.
KtENAsr, J.R. 1973: Sur l'exnterc de deusdnes diffdrehres au sein de I ensemble "*l stes ludrdsophiolites"

du vJ d Aosei quelques argunenls fondes sur l €tudo des roches ndrano+biques. C.R, Acad.Sci. (Park)
D 276.2.62r-2624.

(ovAs, S. 1932r Problcns of the Pan.o.bn Media. Masif rnd the plale teclo.ic concept. Co.tiburions
based on the distibulion oi L{le Paleozoic-Early Mesozoic isopic zdnes. Ceol. Rdsch.71,617-640.

KozuR. H. 1991, The evolution of tbe Meliata,llallstatt occan a.d its sig.ificance for the earlyevolution ofrhe
Eatern Alps and We$em Carpatbians. PalaeqeoAr. Palaeoclinarol. ?alaeoecol. 37.109 135,

KozuR,Il. & Mosux, H.1992: Ester palion tologischer Nachweis vor Meliaticun und Sod Rldabanyaicum
in den Ndrdlichcn Kalkalpe. (Oe$etreich) und ibre Beziehungen zu den Ablolgen in de. Westka.paten.
Ceol.Dalaont Mill.lnnsbluck l8-87-129.

KozuR,I{. & REn, Z. 1936: The fi^r palconlologicalevidence of Tria$ic ophiolites in Hnngary. N. Jb,6eot.
?aliiont. (Mh.) 1936 (s), 23,1-292.

KRoHE, A,1987: Kinenati6 oi Cretaeous napp€ tectonics i. ihe Austroalpine basnenr or thc Koralpe regio.
(eastern Autria). Tecronophlsi6 136, 1? 1-196.

Ku{z, w', NEUBAUER. F. & GENSER, J, 1995: Ki.enalic of th€ Penni.ic Glockner Nappe (Tauem Windov,
Ea$crn Alps, Austria) during oniineni collision and exhumation. 2nd Workhop on Alpine Ceolo8y,
Basel. 5.-7.1.1995. Abslracr Volune. 113-119.

LAMMERER. B.1986: Das Aulocbfton im yestlicbcn Tanemlensrer. Jb. geol. Bundesanst. (wien) 129,51-6?.
- 1933: Thrun-r€gine and tanspresion rcCime teclonic in the Truern Window (Earem AlpO. Ceol.

LARDEAUX,J.M. & SpALh, M.L 1991: Fron gta.uhes to eclogites in rhe Setia zone (lalian westen Atps)r a
reco.d ol tbe ope.irAand clNure offie ?iedmont ocean. J. netanorpb. Geol.9,35 59.

LalBscHER, H.P. 1933i Detachnen! snear, and conpre$ion in the central Alps. Mem. Aeol. Soc. Amer. 153,
19\-21t.
1991: Tle arc of thc Weiern Alps today. Eclogae Aeol. Helv.84,631-659.

LAUBSGER, H,P. & BERNoULLT, D.197?: Mediretranean andTerhys.In: The Ocean Basirs and Maigins4Al
The Eatem Medneranean. (Ed, byNA]RN,A.E.M., KaNEs, W.H. and SrEHLr, r.c.). Plenum,NewYork,
1Ja.

LA@scH€R, H.P. & BERNoULLL D.1932: History a.d delordarion oithe Alps.In: Mou.tain building proces
cs (Ed. by HsU. K,). Asdenic ?r€s, Lo.don erc..16+130.

LErN, R. 193?: Evolntion oflfie Northem Cal@leous Alps during Triasic rides.In: Ceodynanics ot tb. Ean-
ern Alps (Ed. byFracELH.W. & FaupL, P ). Deulicte, Vierna, 35 102.



N. Froilzhein. S. Schmid & M. Frey

LEMorrE, M. 
^ND 

10 orHEks 1936: Thc conti.cntaldaigin olrhe Mesozoic Telfi)s in the weslern Alps. Marine
and Petloleun Geol. 3/3. 179-199.

LEMoTNE, M, TRrcARr, P. & BoLLor, G. 1937: Uhramafic and gabbroic oce.n flooi ot rhe Ligurian Telhls
(Alps. Co^icx. Apennines): In selrcb ora genetic nodel. Ceolosy 15,622-625.

LrHou.J.C. l995iAnd*lookattheBbtengraruni tofeasternSwitzer land:Ear lyT€niaryrorelrndbasinsedi
ncnt lrom the South Helveiic realn. Eclogae geol. Helr.88! 91 114.

LrNrcER. M. 1992: Der ostalpin-penninische Gr€rbereich in Gebier der ntjrdlichen Margna-Dcckc
lcnub0nden. Sch*eiz). Ph.D. thesis- ETH Ziirich.

LrNaER. M. & NrEvERaELr. ?. 1990: Srockwerk-Tekronik in siidlichen Graubiinde.. Sch$eiz. minerat. pe-
troar. Mi . 70, 95-101.

LoN, S.1937: Die tektono-metamorphc E.twicklung der ndrdlichen Adula-Decke. Beilr. geol. Kane Schweiz

MANABCHAL. G. 1995i lu.a$ic nfting and fomation oia pa$ive continental nargin (?latta rnd Eii nappes.
Eanern Switzerlrnd): geomerry. ki.enatics and geocbenisrry of lault rccks and a comparison witb the
Callcia marAi.. Ph.D. lhesis ETH Znrich.

MANDL. C.W. & ONoRsrcKowA. A.1991: Uber eine lriadiscbe nefwa$erf.zics (Radiolarire. Tonschiefer) in
den Ndrdl iche. Kalkalpen ein Vorbeiicht. Jb. geol. Bundesanst. (Wien) 134,309-313.

MA.ralEr, M., M^LA!rErLLE, J. & MoNl6, P. 193?: Une coupe hhospherique des Alpes occidenlales dans
I hypolhEse ou Sesia n'estpasd oriaine sud-alpinc. c.R.Acad. sci (Paris) 304.43-13.

McyRE, C., DECAPTANT, C,, BnNo, O, & PARzscH,J.1995: Anewsolid solurio. nodel ror odpbacite and its
2pplication to eclogites fron the Adula nappe. Tem abstracts, abslract suppl. No. 1 ro Tera novr 7. 313.

M|.H^RD,A.1977:CbadiagesetmdtanorphismetautepresiondanslesAlpescolliennesn€ridionrles:)pro
pos des schistss djadone de la ba.ded'Acceglio. Bull. soc. g€ol. F.dne (7). XIX,833 892.

MILLER, C., SroscH, H.-C. & HoERNES, S. 1933: Ceoch€nisrry .nd origin ot ecbgnes fron the type loalily
Koralpc and Saudpe. Edrem Alps, Aut ia. Cnen, Ceol. 67, 103 118.

MrNEs, A.G., GRELLER,M. & MarER. R.1931: Seque nce and style olmajorpost nappe slructures. Sinplon-
Pemine Alps.J. slruct. CeoL 3, 411-420.

MoNrE, P. & CsoPN, C.199r:4ArJAr dati.S in coesile-bearinC ond associated unirs ol the Dora Maia nas
sit wesleln AlDs. Eur, J. Mineral,3-239 262.

MoNlr, P. & PHrlrppor, P.193q Mise ed deide.& de I'age eocene noyen du netanorpiisme dehaute-presion
dars la nappe ophiolitique du Monviso (alpes occidedrale, par la n€thode reAr,4oAr, c.R. Aad. sci.
(Pain) 309, s':rie lI, 245-251.

NAEF, H, 198?r Ein BeitlaB zur StraliBraphie der Trias-Seien im Unteroialpid craub0nd€ns (crisoniden).
Mitt. geol. I.s. ETH u. Univ. Zorich N.F. 276.

NANNY, P.1943: Zur Geologie der ?rtttigruschierer zwischen Rhllikon und ?lesur. Ph.D. rhesis, Univ. Zn ch.
NEUBAUER, F. 1994: Kontinenltol lision i n den Oslalpe n. Ceowisse nschaiied 12, 13G140.
NEUBAUER, F., DALLMEYER, R.D,, DUNKL,l. & Sorsl( D. 199sA: Late Cretaceous exhnmarion orrhe dela

do+hic Gleinaln dooe. Easlem Alpsi ki.enatics. cooli og historyand sedimentary rcsponsein i sinisral
wrench otridor. Tecronobhvsics 242. 79 93.

NEUrauEk, F., DAUMEIER, R.D. & FRfz, g. 19958: Who was Tedys? -Two ritrs and two continent conli
lent collisions erTlain the Alpine'Carpathian evolution. 2nd workshop on Alpi.e Geology. Basel.
5. 7.1.1995. Abshrci Volune. 5G51.

obERs/iNslr, R. 19'14: Subductcd a.d obducrcd ophioliles olrhe cenrd AIps: Paleolectonic implications de,
duced by lneir distribulion and metanorpiic overprint. Lithos 33, 109-113.

OrERHaNsLr, R., HwaKER, J.C., MaRrNm. G. & SERN, \{.8.1985: Cmcbenistry, s€ochronology a.d pe-
tology of Monte Mucrone: an exanple ot temian EEnitoids in the Sesia-La.zo zor€, westerd Alps.Ilaly.
Chen. Geol.52,165 134.

P^o!EOE, J.L., CHoPd, C. & ?€u.{r, J.J. 1939: U-?b zncon. Rb-Sr and So Nd geochronoloSy of high, to
very'high'presure rocks fron the western Alps. Conlr. Min€ral. Petrol. 101, 23&239.

PARr^or.J.H., FREY. M., KRUSPAN, P..MEYRE, Cts. & SctsMrD, S.M.1994: Die tettonometamorphe Enrwick-
lung der nirrleren Adula-Deckc (Zenhbrpe., Schweiz). E ended dbstnct in: 5. Symposiunr TSK,
Oaillingen, C6ttin8e! Arb. Ceol. Paliiont. Sb1, 12+126.

PLAT, t. 1986: Dynanics of orqenic we4es and the uplift ol bi8n-pre$ure nelanorphic rocks. Bull. geol.
S6c. Aner. 97. 103? 1053.



Alpinepaleogeographyandeclogites

PLATI, J.P., BEHRMANN- J H,. CUNNINCaAM, P.C., DEWEY, J,F., HELM^N, M., P^RISH. M.. SHEPLEY. M.C,.

wAr.L's. S & wEsrox, P.J.1989: Kinemali6 oflhe Alpine arc and lhe motion history ol Adria. N,rure

?oLNo, R., D^L Phz, G.V. & Gosso. G. 1990: Tecro.ic erosion at rhc Adri, nargin and a€rctionary proccs-
csforrheCr€laceousorogenyoltheAlps.Mim.Soc.giol.Francel56,345 367.

PREY, S. 1980: Das Fruhalpidikum. ln: Der seolosische Aurbau osletrcichs (Ed. by oBERHAISER, R.). Sprinser
Verlaa. Wien/Ne* York,21 34.

R^Ms8or Hd, W.,lNcER, S. C!tsF, B.. REx, D. & BARNroAr. A. 1994: Time conttraints on tie nelanorphic
ahd slructural evolulior ot lhe soutbcrn S4ia'Lanzo Zone, W€sern Iralian Alps. Minehl Mag. 58A,
758159,

RArscnBAcaER. L.. FR6CH, W..NEUIAUER, F.. ScrMrD. S M. & NEUGEBAUER, J.1939: Extension in compres
sionrl oiogenic belrs: rhe eatem Alps. Geology 17, 40.r-4O7.

R^]S.HB^.H€R. L.,Fns.r, W., LrNzEn, H.-G. & MERLE.O.1991r Lareral e*Lusion in the Easlem Alrs.rarr
2: struclural analvsis.Tectonics 10. 257-271.

RENEqE. T. 1991 veryji8h pre$ure nretamoryhnn and uplill ol coesile-bearins netdedinens tidd rhe
in Sraszone,We{emAlps.Eur. J.Mineral.3.7 17.

tuco!, L.E. & SlDD^Ns, A.W.B.1936: Collhion tocronisin the Wenern Alps.lr: Collisior Tectonics (Ed. by
CowARD, M.P. & RrEs, A.C.). Spec. Publ. scol. Soc. London 19, 229-2,14.

RrNc,U., RABCTBACIGR, L. & FRrscs, w 1988: Plate boundary kinemalisin lie Alps: Motion i. the Arosa
slt!rc bne. Geology 16,6% 598.

Ra.( P. 1995: Statietaphisch-sedinemologische Ume6u.bung der Schanser Decken. In: Die Schamser
Deckcn, Teil 1. Beiti. geol. Kanc Schweiz N.F. 167.

RuDorPH,J.1982: Tieleres Terliit in obelen Finbertal, Unt€redgadiner Fenser. N. Jb. Geol. ?alronl (Mh.)
l9813,t8l  t83.

RuFEr, G.,lEuuD. G..B^LLEVRE.M. & Kr6NAsr, J.-R.1995: Plateau ages and exce$ argon in pheneites: on
roAFreAr Iaser prcbe sludy of Alpine nicas (Scsio Zone, Wenerd Alps, north€rn Italy). Cben. Geol. 121 ,
327 343.

ScflERrL, H. P., SGREER, W. & cl{oprN. C.1991: The pyrope coesile rocks and lheir courtry reks ar Parigi,
Dora Mrira Massir. Wesein Alps: detailed perography, nineral cfiemistry and Pr-palh. Conlr. Mir€rat.

S.HMID, S.M., RUCK ?. & SCHREUS, G.1990: Thc signilica.ce of rhe Schrns nappes for tbe reconstruction ol
the psleoteclonic lnd orosenic evolulion oi the Pendnic zone alo.s the NIP-20 Eas trave6e (Cris6ns,
edstem S*ideiland). MEn. Soc. g€ol. France 156.263 287.

ScHMtD, S.M., PFTFFNER, O.A. & SCHREURS, G. (i. pre$ a): Riiring and couisio. in rhe Pcnnine zone ol Eastern
S$ilzerland. ln: Deep Slructure ol lhe Swhs Alps - Resul8 lron NF?-20 (Ed. bt ?FTFFNER, o.A. er al.).

scHMD, s.M.. PEFFNER, O.A., ScHdNBoRN. Di FRorrzHErM. N. & K'$LrNc, E, (inpres 6): Ceophysical-g.o-
logical tansect and tectonic evolntion of lheSwissltalirn Alps. Tectonics.

SGoNBoN, C. 1992: Alpirc teclonic a.d ki.ematic mod€k ol lhe c€ntral sourhem Alp' Mem. Sci. geol. (Pa-

S.HtRcH, M.E 198?: Les ophioliles de la zone du Ve6oyenr timoin d un basin d Cvolution mitamorphique
complex€. Ph.D. th€sis, Ge neva Unive6ity.

ScNzER, B. 1983: Die Tlislel-Fonotion. veBleiclEn'l€ Unre6uchung in Graubonden, Liechrenstein! Vor
arlbeig und Bayeh. Ph.D. thesis,Bem Univenity

SpTLLM^NN, ?. 1993: Die G€ologie des penninisch osralpinen Grenzbeleichs in siidlichen BernnraaebirAe.
Ph.D.lhcsis. ETH Z rich.

Srau8, R. 1917: Das A€quivalent der Denrblrnchedecke in Bonde... Vjschr. narl Gcs. Ztirich 62, 349 3?0.
STAMPFLT, G. 1993: Le Brianqonnais, lerai. exolique dans les Alpes? Eclogae geol. Helv. 36, 1 -'15.
SETIMANN, M.1994: Ein Beckenmodell tnr das Nordpenninikun der Ostschseiz. Jb. geol. Bundesans. (Wien)

137.615J2r.
SrUNrz, }t. 1989: Partitioning of netanorphisn and delomation in rhe boundary regiod of the Secondazona

dioritico kinzigilica",Sesiazrne,sestern Alp6. Ph.D. lfi esis, ETH Ziilicb.
THdNr.M. &JAaolrz.E.1992i Sone new aspats ol datiry eclogites in orqenic belts: Sm-Nd, Rb-Sr. and Pb

Pb isoropic resu lts tron th e Austoalpine Sr u pe rdd Koralpe type locality (Carinthia/Sly a, southeastorn
Austria). Ceochin. cosnochin. Acra 56,347 1163.



110 N. Froilzheim, S. Schnid & M. Frey

1993: horopic connrain( ror eo Alpine higb P netamorphism in tho Ausroalpi.e n+pes of the eastern
Alps: beaiingon Alpine orogenesis. Schweiz. mineial. petro8r. Mitt. 73, 177-139.

TrLroN. G.R., SCHIEIER, W. & SCHERTL, H. ?. l99l: Pb Sr Nd isolopic behavior of deeply snbducred crustal
rocks fron the Dora Maira Massi! Weslern Alps.Itrly IIr shar n rhe sge ofthe uhanieh.pressurc meta
morohism I Conlr. Mi.eral. Petrol. 103. 22-33.

TRoMMSDoRFF, V.1993r Meranorphism and lectonics in the Conral Alps:The Alpine lithospheic meta.Ae ot
cina Lunga and Adula. Mem. Soc. seor na1.45 (1990),39-49.

TRoMMsDosF, V., DrmRrcH, V.,lLA.s, M.. SlrLE P. & ULMER, P.1990:Mid Crclaceous, prinitive alk.l ine
Dagnatisnin the Northein Calcareous Alps: Si8ninconce lar Aunroalpine geody.ani6. Ceol. Rdsch.79,

TRoMMSDoRFF, V.. PrccaRDo, G.B. & MoNrRAsro, A. 1!D3: Frcn nagnatisn tbiough nebnorphism to sea
floor enplaccncnr ofsubmntin€nral Adna hhosphere duringpre Alpine riftin8 (Malenco, Iraty): Scb*ei2.
ni.eral. pelrogr. Min. 73, 191-203.

TRUMPY, D. 1916: Ceolqische Untereuchu.gcd in vedlichen Riuikon. Beik. geo1. Ksne Schtreiz N.F. 46,
I163.

TR|]MN, R. 1972: Zui Geologie des Unterdngadins. E.gebnGse der wissenscbafiliche. U.tennchn.gen in
SchseizerischerNarionalpark 12,71-47.
1975: Penninic Auslroalpine boundary in the Swns Alps: A presuded fomer continental margin a.d its
Drobleds: Aner. J. Sci. 2754. 209 238.

- 1932: Alpine paleogeography: a reappraisal. In: Mountain bui ldi ns ploce$es (Ed. by. rls!,K.). Acadenic
Pre$, London etc., 149-156.

- 1988: A po$ible Jurasic-Cr€raceons ta.sforn sysen in ihd Alps and the Calpathians. Spec. P.p. geol.
Soc. Amer,2r8- 93 109.

VosHAcE. H.. HotuANN, A.w', MAzzuccHELLr, M., RrvALEMr, c., SNrcor, S., R^aE( L & DEMARctsr, C.
1990: kotopic evide.ce fron tne Ivier Zone ror . hybnd lower qust forned by magnatic nnderplaring.
Nature 347. 731-?36.

WENSERT, H.J. & BERNolr-Lr, D.1985r A transfolm Darei. in rhe Mosozoic Terhys: Eridence f.on tfie Ssiss
AIps. GeoL Rdsch. 74,665 679.

WN(ER, w. 1933: Mid ro early hre cEtaceous flysch and melange fornations in rhe veser. pad of the
Ea$ern Alps. ?a le olectonic inplications. J b. geol. Bunddansi. (wien) 131,341 389.

wrN(LER, w., wrlDr, w, vaN srulvENsERG,J. & c^RoN. c.1935: wegital Fltsch et aurres llyscbs pehniques
enSuisseCenkaleiSt.alis6phie,tidine.loloeieetconparaisons.Eclogaegeol.Helv.?8,122,

Z^N.H|. A., CHrEs^, S. & GL6r, P. Y. 1990: Tectonic evolution oI the Soulhern Alps in tne Orobic chain:
slructural and Seochrorological indicarions lor pre-Teiiary conprc*ive tectonis. Men. Soc geol. ital. 45,
77 42.

ZIEoLER,w I956, CeoloEnch e Studien in de n flyscb8ebielen d es Ob€rh rlbdeins ( craub nden). EcloEae seol

ZIMMERMANN, R., H^MMERS.HM|Dr, K. & FRANZ G. 1994i Eoene fiigh ple$ure melamoqhism in tbe Pen.in
ic units ol tbe Tauen wirdov (Easlern Alpt: cvidene rron {ArreAr daring and pelroloaiql investiga-
lions. contr. Mineral. Pelrcl. 117. 175-136.

Manuscriot received June 12. 1995
Revnion acceDted October 6. 199s



cl lmz>o
' -T-raxa
_x!!

r!a(r)mv>
2;=
d5-

o

I

r
I

qT

r
i i

g

? Big EE€gEF6
;€e Eq:; i -E
x s E aeH

*'" ffiilffilEilE

"  i :

4e"t

ta L

N-:

*aq

tsg
F;

€g

77
Z'

E3

z.a

9F

-z
'4?

t t

Ei


