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Mit Hi[e einer(rukturgeologiscbe. An.lyse der osalpinen Einheiteo in Craubiinden wurds die Aufeinander
fol8e von zwei oroaenen Zykler, kretazischcn und tenfiien Alrers. nachgewiesen. Beide Zyklen umfase.
Uberschieblngstekronik. gefolgr von extensionaler UberprggunS. Wahre.d beider Exrehsionsphrse., in der
sprten Kreide und in lr hen bis ntuleren Oligozin, war die DehnlngsichlunE etqa parallel zum heurige.
Steich cn d€s Oiogc.s orie nden.

Die lektonische Enrwicklun8 wird in tunr Phasen ei.geieil. (1) sFitkietazishe Deckenstapeluns und si-
nislrale Transpre$ion (Trupchun-Phase). Der ostalpine Deckenslapel ensrand durch schrage, sestsenchtele
Inbrikation des nordNesrliche! pa$iven Konrinenlalnndes des apulische. Mikrokontinen6, begleiFt von si
nishalerTr,nspresion an der Ost west verlaulenden Albula-Steilzone. (2) sptitkretazische Exrension (Ducan
Ela-Phase). Der Decke.slapel surde durch os bis s do$genchkte Abschiebun8en iiberptigl. Gleichz€itig
mit bedeutenden flachlieAenden Abschiebuneen bildctcn sich in eined tieleren Stockwerk lieEende Falten,
Diese Falien enrsbnden durch Ost West Dehnung und venikale verkurzuq rorher steilsrehender Schicbren.
Abscbiebungen u.d liegende lalten rerden deshal6 ak ve^chiedene Aussnkungen der gleichen Exre.sioc
phase a.geseben. (3) Frtihterti,irc Kohionstekronik (Blahun ?hase). Di€ spa*rctaznchen Extensionslruk-
turen wurden durcnost- bn sndoftt r€ichend€ lalte n iiberprdgt. Di€se entra.den $ah4chein lic h wAbrend der
f ihte*i5rcn, nordgeichtelen Ubershiebun8 des aesamlen ostalpincn Deckensapeh ( orogener Deckel )
0be. die rieleien penninhchen Einheiren. (4) Frnh bis nnlelolisoz.ne Exr€rsion (Turbo-?hase). Dise z*eire
Episode von On-W€n-Dehnung betraf voi rlle6 die Grenzone zwhche! dem oroge.en Deckel und dem un-
terlieAende. ?enni.ikum, und filhrle lokal zu ciner oxtcnsionaled Entkoppelung dieser b€iden Stockserke
(Turba Mylonitzone). (5) SpAtoligoz:ine postkollkionale vcrkijuu.s (Dor *hs-Phase). Diese lette Fal-
tmgsphrse dero$alpinen Decken 2eigl NW SE Verkiirzung an

ln Masstab des gesamten o$alpinen Bereichs gesehen, nigie.ten sowohl die krctazische Verlurung als
auch die dalauifolgende spiilkrctazische Exl€nsion von Ost nach Wen. DieseExre.sion $irddeshalb als Folge
der Instabihlit eines qesrriirts lo6to$enden Orogerkeiles interpretiert. In Gegensao duu *ar die tefliAre
Ost West Extension begleitetron Nord-Sijd'verkiiu ung.

Der Nrchweis von 2wei oioge.en zykle. wide^pricht der klassnchen Aufiasu4der alpinen Orogenee
im Sinne einer koniinuiediche. tekro.onerano+he. Eniwicklung von kretazncher Subdukrion und Hoch
drucknetamorphose zu le iarer Exhumatio. und Barow.Typ-Melanorphose. Vielnehr ponrliere. {ir, das
es zweimal, in dei Kreide und in Tedilr. 2u Decke.stapeluna iD Zusannenbang nn Subduktion und zur
nachfolgc.dcn Exhunation, veibunde. nil Extensio., gekotonen rr.

Tle skucruralanaltsis ol rhe Ariroalpine mits in Graubiinden reveals the exislene ollwo oroge.ic rycles,
Cretaceous and Teniary in ag€. both includi.g thru$ing tollowed by extensional overpnnt. Slcfi exlensional
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tulhingoccured in the Late Creraceotrs a.d in rhe Early to Mid-Oligocene. ln borhepisodes. the diecrion oi
extension wrs oanllelto rhe strikc ofthe Albine chain.

Firc stages of the tecto.ic evolutjon are recogntzcd: (1) Late Cfctaccous nappe inbricatio. and sinistal
rranspre$ion (Tlupchun phase) The Auslroalpine nappe pile was a$enrbled by obliquc cas.oveFwen i6bri-
cation of the northwest nlrgin of the Apulirn microcontinenr and Nas affected by sinistml tmnspre$ion, local-
i^.1in rhe edr wdn kendingAlbulr seepzone. (2) Late cre taceo us e xtension (Ducan Elaphase).Tne nappe
pilc was ov.rprinred byrop.east to top{oulheasl direcled nomal faulling. Rccunbcnt folds developing ridul
laneously with and in the lootwalls ol large low angle normal faulrs renecl east west exlension and vciical
shortening ofinirially $eeply orienred lay€* Nornrl taulring rnd rccunbenr folding are lheretole vieped as
dilrerent expre$io.s orrhe samc exto.sion pocess. (3) Early Tertiary collisional deromation (Blaisun phase)
Tne Late Cretaceous cxrensional fcaturcs wereovcrpi.tcd by eas- to south€asl{tiki.g lolds which are pidb
obly coeral with EarlyTe iary northNard lhrudins of the e.tirc Au$roalpine nappe pile ("oioee.ic lid') over
tbe dccpc! Penninic unih. (4) Eany ro Mid Oligocene extension (Turba phase), Thn sccond cpisode ofcas-
Nestextension rlfecred the borndary-ne ber*eei the.rog€nic lid lnd the underlying Penninic unils,locally
leadingtoan c{cnsio na I d ccoupli ns bcrwccr thcsc tso lclels (Turba mylonnczone). (s) Late Oligocenepost
collisionalslroltenins (Domleschs pfiase).'l-ie dneclion olshorteninschaDsed to Nw.sE at this lim€.

On the scale oltbe emne Ausroalpine Ealn. borh Creraceous shodening and follo$iry Lale Creraceous
dxtdnsion nignred weiward. This lte elensio.al eyenr is rherelore imerprered ro be calsed by instabilityoi
a we$ward advanci.g orogenic qcdgc.In conlrast, Tcrtiary ca$-wcst exlc.sion Nas contenpoianedus *ith on
goirg north {o uth s horteni ng.

The rc@snition of tro orqenic cycles contradicls lhe clasical view lhat llre Alpini oroAeny i.volves a
continuous rectononetmorPhic evolurion lrom Creraceous snbducrion and high-pEsure nelanorphisn ro
Te iliary erb undtio. a.d B.rowrype detamorphisn. Insead, ir is posulded rh nappe fornation related to
subducrion and exhumatio. a$ocialed *ith exlension occured lwice duri4lhc Alpinc orogeny.

I Introduction

Graubnnden (SE Swilzerland) is a key area for the reconstruction ofthe Alpine tectonic
evolution. In this area, the Austroalpine nappes represent remnants of the southem con
tinental margin of the Alpine Neotethys ocean. They overlie Penninic units, partly de-
rived from oceanic crust, fron the norihem continenlal margin, and from continental
fragmenis within the oceanic realm- ln other parts ofthe Alps. the Austroalpine-Penninic
contact can only be studied in isolated windows (e. g. Tauem window) or klippen, or has
been overprinled by late poslcollisional faults such as the lnsubric li.e. The well-
exposed, north south trending Austloalpine-Penninic bou.dary in Graubiinden, how-
ever. allows a correlation between the structures and deformalional histo es of all major
unils involved in ttle fomation of the Alps. (For a comprehbnsive int.oduction into the
reeional geology and its problems, the reader is referred to Trnmpy & Haccard 1969. A
sbo overiew is given in Triinpy 1980.)

Although an excellent data set on the regional geology and slratigrapby has been as-
senbled by several generations ofgeologists. the structural architecture of the Austroal-
pine units in Graubrinden is still poorly understood. This has several reasons. Firstly, A1,
pine deforlnation occured under nonmetanorphic to greenschist facies co.ditions and
affected lithologically helerogeneous units. Therefore the deformation is variable in style
and intensity. Competent rock units like the Upper Triassic dolornite remained unde
formed or were affected by brirtle faults. while shaiy fornations took up large amounts of
strain. As a resull. the correlalion of structures between different rock units or areas is
dilTicult. Secondly, the Auslroalpine nappe pile was formed by imbrication of a passive
continental margin ofJurassic age- The crustal slruclure of this narsin had already been
slrongly disturbed du ng the ifliDg phase. The inte.ference of rift-related faults with Al
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pine tbrust faults resulred in a conplicared geornetry of rhe nappe pile. Thirdly, this
nappe pile was overprinted by several phases ofpost-nappe refotding and faulting,large,
Iy obscuring the oiginal configuration. These conplexities have resulted in longlasting
and vigorous controversies about the corielarion of nappes, e. g_ across rhe Engadine line
(a najorpost,nappe fault), and about rhe direcrions ofthrusting.

The direction ofthrustingin rhe Aust.oalpine became controversiat soon after the ex_
isten€e of large-scale thrusting in the Eastem Alps had been revealed by Temier (1903).
Ternier himself assuned a nonhwestward transporr ofrhe Austroalpine nappes (1903, p.
762). Rothple.z (1905), however, postulated west-direcred rhrusting (see Oberhauser
1991), which was rejected by mosr authon (e- g. Heim 1922, p.867). Spitz & Dyhrenfu h
(1913. 1914) also postulated wesr-directed thrusring based on the observarion of west_
ward-convex fold arcs in Graubiinden, rhe ..Rhiitische Bijgen',. tn conrrast, Heim (1922,
Fig.227), Eugster (1923, Fig.32) and Staub (1924, Fig. 34) affived at a picture of overall
east- to no(heast-trending fold arays by correlaring folds in rhe Eta nappe with folds in
the northweslern pan ofthe Engadine Dolomires. They deduced north- to northwest di_
rected thrusting. Recenlly, the view of Spitz and Dyhre.turth and their Dredecessor
Rorhpletr  har won ne$ credi t  by srrucrural  and microsrructurat  work on mytnires hom
thrust faults in the Eastein Alps in general (Ratschbacher 1986)..and along rhe south-
westem border of the Oetztal nappe in padcular (Schmid & Haas 1989). These studies
have shown that internal thrusting within rhe Austroalpine compl€x was in fact predoni_
nanl ly direded ro$drdr wee. Srrain analysis in rhe Arosa zone ar the base of  rhe Au-
stroalpine indicated westward thrusting followed by norlhward thrusting (Ring et a1.1988,
Ring et al. 1989). On the other hand, microstrucrural work also revealed thal sone of the
faults and shear zones, which had previously been interpreted as thrusts, had the .!r.!tong,,

sense of shear, i. e. top-east (e. g. Miiller 1982), and do if, fact represent low-angle exten,
sional faults (Nievergelr et al. 1991 and in press, Werling 1992, Liniger 1992, Handy et al.
1993). Even some spectacular recumbenr folds like rhe Eta ..frontal fold,, are not related
lo thrustingand crustal shorreningr but to crustal extension (Froitzhein 1992).

Al lhough lhese recenl  srructurat  observar ions hare targety improved r}e tnowledge
about the tectonic evolution of the Austroalpine, they have not yet been integrated into a
general picture. The purpose of ttle presenr paper is rherefore ro define rhe remporal and
spatial relations between the deformational srructures of the Austroalpine units, ard pro-
pose a struciural evolution scheme thar;s not only loca y valid, but applies to the whole
area of the Austroalpine in Graubunden. Of course, the proposed scheme is only a first
attempt towards a final synthesis. It will have to be tested and certainly modined in the
future.

After a sho overiew of the Austroalpine nappes (chapter 2), the paper focuses on
the area of the southwestem Silvretra, Ela and Err-Carungas nappes, serving as a ..type

area". There, stuctures of and overprinting relarionships between differetrr deforrnation
phases are especialy well prese ed (chapter 3). As a base of our analysis of this area, we
used the excellent regional studies and geological naps of earlier authors. in rhe Silvrer
ta-Ela-Err eea mainly those of Brauchli (1921), Brauchli & claser (1922). Eugster
(1923,1924), ott (r925).Frei (19s), Frei & ort (1926), Egsenberger (1926), Eusster &
Frei (1927), Eugster & Leupold (1930), Comelius (1932,193s,1950), Bearth eral. (1935),
Stdcklin (1949) and Heierli (1955). The rcsults of these autho.s had been comDlemented
and in parl corecred b) srrdrigraphic-sedimenrologic work of a 

'esearch 
gr;up ted by
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R. Triilnpy (Furrer 1993. Eichenberger 1986, Naef 1987. Eberli 1985. 1988. and numerous
diploma theses). All these studies provide a very detailed dala sel concerning the general
geology of the area. Within this framework, \re studied and mapped outcrop-scale deror-
malion slruclures with an emphasis on structural overprinling. Direclion and sense ofdis-
placement of najor fault structures were determined by microstructural examination of
mylonites and cataclasites.

Based on the structural analysis ol the southwestern Silvretla. Ela and Eff-Carungas
nappes, a sequence of deformational phases willbe developed and regionalnarnes willbe
introduced for these phases (chapler 4). In a next step the results from the Silvretta-Ela-
Err region will be compared to and complemented wilh slroclural observations in the
Engadine Dolonites (chapler 5). Finaily. we will attempt a synthesis of the tectonic
evolution ofthe Austroalpine units in Graubnnden (chapler6).

2 Austroalpine redonic unias in Grrubiind€n and thcir position in the Juraiiic passiv€
continental nargin

In this paragraph we give an overview of the Austroalpine nappe pile. Because the quan-
tity of nappes and minor tectonic units must be confusing 1o readers no! farniliar $ith
the area, a block diagran (P1.1) is attached, showing all the mentioned units and their
mutual relations in a simplified way. The term "nappe", as used in this paper. simply
means a tectonic unit that is internally (nore or less) coherent but conpletely separated
fton overlying, underlying and adjacent u.its by major Alpine (Crelaceous or Tertiary)
faults.

The Austroalpine nappes resulted from tectonic imbrication of a passive rnargin of
Jurassicto Early Cretaceous age, and the major tectonicunits roughly co(espond to paleo-
geographi€ domains oftbis nargin (Fig.lbt Froitzheim & Eberli 1990). The followingmajor
units or "nappe systems" can be distinguished in this way (Fig.1. Pl.1): (1) The Upper
Austroalpine nappe system. also called Cential Aust.oalpine (Triinpy 1980), represent
ed by the Otztal, Silvretta, Canpo and Languard basement nappes, the Sesvenna -
S-charl nappe (Sesvenna basement and its partly detached sedimentary cover in the
S charl unit of the northen Engadine dolomites). and completely detached sedimentary
cover units like the Quattervah nappe, Ortler nappe and the Arosa Dolomiles. These
nappes were derived from the proximal, continentward parr of the passive nargin, char-
aclenzed by east-dipping normal faults active in the Liassic (Furrer 1993, Eberli 1988,
Froirzheim 1988, Conli et al. 1994). (2) The Bernina system, comprising the Bernina
nappe s.l. with the exception of the Corvatsch and Sella units, furlher cornprising the
Mezaun unit and the Corn slice, the Julier nappe and klippen of tbe Samedan zone
(e. g. Piz Padella), mosr of the Albula zone, the Ela nappe and the Rothorn nappe (Roi-
horn basenent and sedimentary cover). Tbese u.its were derived from the "outer base
nent high" of the passive margin and from a number of basins east of this high which
were bounded by east-dipping norrnal faults, active in the Liassic and a second time in
the Middle Jurassic (Furrer 1993, Eberli 1988). (3) The Err systen, conprising the Err-
Carungas nappe, lhe Samedan zone with the exception of the klippen of Bernina nappe.
the Corvatsch nappe, most of the Murtiritl unil and the Tschirpen nappe. This paleogeo-
graphic domain is characterized by one or more top west directed extensioDal detach
nent faulls (Froilzheirn & Eberli 1990), overlain by tilt blocks. active in the Middle
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Jurassic, and by the widespread occurrence ofbasenent clasts in Middle to Upper Juras-
sic breccias. (a) The Platta nappe, including ophiolites and thi. sliveK of continental
basemenl, Triassic and Jurassic sedimeDtary rocks in Auslroalpine facies, representing an
oceanic donaiD between the margin s. str. and the Margna Sella continental fragment.
(5) The Margna'Sella system, conlinental basemen! with a Mesozoic sedimentary cover
in Austroalpine facies. derived from a conlinental fragment that became separated from
the marsin by extensional faulring in the Middle Jurassic. This fragrnenl rnay have been
connecred to the Austroalpine farther south. (6) The Malenco'Forno-Lizun ophiolites of
the South Penninic ocean.

All lhese units togelher form the "orogenic lid" (Laubscher 1983), a nappe pile thal
was assembled in the Cretaceous and thai overrode the deeper Penninic units as a coher-
ent thrusl mass during lhe Early Tertiary. The lid includes not only Austroalpine units
but aho the South Penninic ophiolite units mentioned above (Liniger & Nievergelt 1990).

Bernina and Err systens are lraditionally termed Lower Ausrroalpine. The Margna-
Sella systern may be referred to as "Ulhapenninic' foliowing a suggestion by Triimpy
(1992). Following Liniger (1992), we assume that the present position of the Plaha ophio
lites between the Lower Austroalpine above and the Margna-Sella system below does
.ot result from Alpine backfolding or backthrusting but reflects the origindl paleogeo-
graphic arrangement of these unils. The Ela nappe is Upper Austroalpine according to
most authors (e. g. Spicher 1972) but belongs to th€ Lower Austroalpine Bernina system
in ourview (Schnid & Froitzheim 1993, see also chapter5.2).

3 Alpine deformalion of lhe southwest€m Silv.e.ls, Elt end Err"Crrunges nappes

In the following, an area of $e Auslroalpine nappe edifice west of the Engadine line is
described in detail (Fig.2). The structural archileclure of this area records the sequence
of Alpine defornation events in a particularly clear way.
In this area, three najor tectonic units of the Austroalpine are exposed (Figs. 1, 2): Sil
vretta nappe, Ela nappe and E[ Carungas nappe. The Silvrerta nappe is a large Upper
Austroalpine thrust sheet consisring predomina.tly of basenent rocks, nostly gneiss and
amphibolite. Cover rocks ofPermian 10 Lale Triassic age are only preseded at its south
weslern edge in the Landwasser and Ducan synclinal areas (Fig.1). Along its southern
border, the Silvrelta nappe is underlain by the Ela nappe, a detached and folded thrust
sheet ofUpper Tnassic dolornile and Lower Jurassic to Cretaceous shale and limestone.
lacking rocks older than Late Triassic. The Ela nappe is underlain by the Err-Carungas

Fis.1. (a) Tectonic nap or rhe Austoalpi.e and nnderlyinA upper ?enninic nappes in CEubiinden, Snall$
rnAles dldng rectonic boundiri€s poinr in llE direction ollhe stluclurally higher unit. wilfiont indicaring the na
rure of thc boundaly Gome are nol thrusls but lor angle nomal laulls). A Dol, Aiosa dobnnes: cv, coF
vatsch nappq Me, Mezaun unitt Mu. Muiir6l urii: Pg, Phyllitgnciss zonei Rh, Rothom nappei Sz- Samedan
zoner Ts. Tschi+e. nappeiGL, Gollo li.er ST, Schli.iA lhrus! TBT, Trupchun Braulio thrurq TMZ, Tu.ba ny
l.nite zonei zT, zebiu thrusl (Ch), Chuli (Da), Davosi (Sl), Sr. Morirzi (TI). val Trup.hrn.
(b) Recoieructed e t's6t qos section ofthe southeanern cominemal nargin orthc sonth Pcnni.ic occan
in rhe LareJura$ic and bounda es ofrhe ndin Alpi.e tecto.icu.its. Ge one try of co. t i.ent-ocean transilion
reconslructed assuning recronic denudarion ol subconti.ental mandc olong lop-wer exlensional detachment
faulb. according ro dodel ofbndne er al. 0937). For tunhe.explanalion see texr,
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FiA.2. Tcctonic nap ot the southwescr. Silvretta natpe, Eta.appe.nd norther. Etr-Cr.trneas nappc. ceo
logical base oap compiled using naps ofBrauchti & claser (1922). Fici & o( (1926), EuAser & Frei (1927).
Eug$ei&Irtrpold(1930).Cornetirs(1932),Bcarlhetrt.(1935)_sriickli.(1949).unpublish€dmapsbyD.Bol.
lingcr,M. Eberle.G. P. Eberli, U. Eiche.beraer, S. F ank. H. Furrer. T. C!otrowski, H. Lozza,A. Rohrbach,M
Weh, D. Wu6torrnd osn mappin8.
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nappe. belonging to the Err system of lhe Lower Auslroalpinc nappes. This nappe in-
cludes pre'Mesozoic basement as well as a cover serics ofPermian to Cretaceous age.
East otlhc Albula pass. (souiheastern corner ofmap, Fig.2), an additional, minor unit irs
exposed beiween the Ela nappe above :nd the Err Carungas nappe below. the Albula
zone (Eggenberger 1926, Hcicrli 1955). This is a srack of thin. inbricaled slivers compris
ing slratigraphic series fron pre Permian basement to Carnian evaporile. and occasional-
ly also Jurassic and possibly Creraceous strata (see Fig.5a in Schmid & Froitzheim 1993).
From the Albula pass towards lhe wcst, the Albula zone is only represenied by a fiin
laycr of Carnian cargneule at the base of the Ela nappe. Slill further 10 the wesl, thk layer
becomes indiscernible from the basalcargneule ot the Ela nappe.
Teclonic conlacls bclwccn thc three major rhrust sheets (from lop to bollom: Silvretta,
Ela, Err Carungas) are sleeply north-dipping or subverlical (c. s. Fig.3b). He.ce this
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Fig.3. Profiles fron lhe Silvre a rhrough rhe Ela into the northeln Er-carungas nappe.I.otite traccs and
legend in Fig.2 CE, Compa$ elenent, UE, Uerrschelenenr of rhd Ela nappe.

stack of imbricates is now found side by side, with the highesr unit to ihe north. Upper
Penninic units appear under the Austroalpine in the western part of the map (Fig.2): the
Platta nappe to the south and the Arosa zone to the north. Both units conpise ophio-
l i te(  de' ived from oceanic cr ls l  ot  lhe Sourh Pennrn c ocean.
In the following, the structures obse.ved in the three thrust sheets are described, pro
ceeding fron top (Silvretta nappe) io base (Err Caru.gas nappe). A shorl general de-
scription precedes the structural analysis ofeach nappe.
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3.1 Southi,estern Silvreaa ndppe (Ducan area)

3.1.1 Generaldescription

The Ducan area ofthe Silvretta rappe (NE part of map. Fig.2) is characterized by a Per-
mian to Upper Triassic sedinenlary cover series, preserved in a northeast-trending syn-
cline (Duncan syncline). The syncline is bordered on both sides by pre-Mesozoic base-
menl. The sedimentary seque.ce of the Ducan area conpris€s volcanoclastic and clastic
Permian to Lower Triassic rocks, Middle Triassic dolomite and limestone. evapoire-
bearing Raibl Group of Carnian age. Hauptdolonit (Norian), and Kdssen Formation
(Rhaetian), preserved in the core of the syncline (Eugster 1923. Eichenberger 1986). The
syncline faces northwest. Ils norlhweslern, nornal limb is strongly altenuated or cut off
by normal faults. The Mesozoic formations of this northwesiern limb overlie the base
ment along a tectonic contact. the Ducan nornal fault (Figs.3c.4).In contrast. the south'
easter.. vertical to ove urned limb is well preserved, only cut by minor normal faults.
The transglessive co.tact ofPermian on basement is slillpreserved in this lirnb.

At the southwestern temination of the Ducar sy.cline, the Permo-Mesozoic fill of
the syncline directly .ests on the Ela nappe, and the Silvretta basement is omitted. West

@
' ro@-> ?-#b

Fis.4. (a) Cros sedion ol the entrlpfr oI the Ducan syncline, aner EichcnbeBer (1936), wuste! (141)
and osn obsetuations (tnce ol seclion id FiE.2, same leseod ssne as Fis,2). DS, axisl trae or Dr Ducm syn
cline, DNF, Ducan .ormal faull. Solid aros indicate ninor tolds *ith srong vergence relative to laige-scale
Iolds. southerst-dippi.a mrmal laulls, including lhe Ducan nomal frdt. croscut the Dr rolds. Tbe syncline-
a.ricline pan in the middle ofthe secrion. deloroi.g lhe.ornal raull, is lenlalively corelated wnh lale NE-
slrikitrs folds (Donleschg phase).

{b) Explanalion ror verge.ce or Dr rolds: Minor lolds were slhhtly earlier loned lnd subsequently rorated
ddnng f.mation ol large scale folds. Tbis is i.lerpreled as two slages in a continuols process.
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and East ofthe Ducan syncline, however. the Silvretta basement reappeals. This peculia.
situation was interpreted by Trijmpy (19t30. p.80) in the following way: the Silvreua
nappe was first folded (Ducan syncline, Landwasser syncline) and then detached and
transported westward along a thrust which truncated the base ofthe two synclines. As we
will show below, we anive at a slighdy different picture: the southwestern Silvretra nappe
shows the imp.ints ofearly thrusting and folding followed by Dormalfaulting. Finally,lhe
normal faults were deformed in a second foldiDg event.

3.1.2 Dr folding and thrusting in the Silvretta nappe

Minor tolds with amplitudes of 10 to 100 metres are obseNed in the Ducan syncline
(Fig.4 and profiles in Eugster 1923, Eichenberger 1986, Fu.rer et al. 1992). The folds
have nortbeast- to norlh-trending axes and ge.erally face northwesl to west. They are as-
socialed with an axial plane cleavage in limestones and shales of the Middle and Upper
Triassic, represe.ting the oldest penetrative deformational structure in the sedimentary
rocks of the Ducan area. Most of the minor folds can be interpreted as parasitic folds of
the Ducan syncline. However, in at least two localities the folds have the wrong vergencc
in respect to theirposition in the syncline (folds indicated by thick arrows in Fis.4a). The
enveloping surfaces of the folds in these localities are vertical to overturned, that is.
soulheast dipping. The arial surfaces of the folds dip northwest, and the facing direclion
is downward and northwest. In the absence of superposition criteria. these folds can be
interpreted as originally no hwest vergent folds that were subsequently rotated anti-
clockwise, looking northeast,when the large-scale Ducan syncline developed into its final
sbape (Fig.4b). This is supported by the observation that "wrong-vergence" folds are re,
slricted to steep to overturned limbs of the major folds. Allhough this interpretation im-
plies a slighuy older age for lhese rninor folds in respect to the Ducan syncline, it is as
sumed that both were generated during the same process of west- to northwest directed
shearing deformation (Dt.

Towards the southwestern termination of the Ducan syncline. the strike of minor Dr
folds changes from northeast .o north and eventually norrhwest (Spitz & Dyhrenfurth
1913). The sane is true for the hinge of the Ducan syncline which thus describes a west-
ward convex arc. one of the "Rhaetic arcs" of Spitz & Dyhrenfurth (1913). Therefore.
sedirnentary rocks oI the Ducan syncline can be followed towards the east and along the
base olthe Silvretta nappe into the area north ofAlbula pass (Fig.2). The bending ofthe
fold axes is not smooth but associated with intense briltl€ deformation (Eugsrer 1923,
p. r0r).

A nothwest- to west-lrending stretching lineation was found in strongly sheared Per-
mian to Lower Triassic sandstones and conglonerates of the Ducan syncline in Val Tisch
(coord. 782.8/164.7) and in the Landwaser area, northwest ofthe Ducan syncline (coord.
767.35/177.05). This lineaiion is interpreted to approxinate the sheari.g direction duing
Dr folding. Hen@, Dr folding is related to lhe west- to no hwestward directed rransporl
of the Silvretta nappe.

3.1.3 D, nornal faulting in the Silvreua nappe

The Ducan area, like the southwestern Silvretta nappe in general, is cut by numerous
southwest to south{triking. southeast- to east-dipping faults. Offset of marker horizons
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generally indicales soufteasi'direcled nornal fault movement (Figs.3c,4). The most in
portani of these faults is the Ducan nornal fauh or "Ducan Scherflache" of Eugster
(1923), Iorning the norihwestern boundary of the sedimentaly rocks of the Ducan syn-
cline. The Ducan normal fault cuts obliquely through the Ducan syncline, as can be seen
in Inap view (Fig.2) ftom rhe truncatio. ofthe axial trace ofthe sy.cline (DS) by the Du-
can nornalfaull (DNF) norlheast ofBergiin. This relation indicates that the normal fauil
overprints and therefore postdales the Ducan syncline. This is confimed by snall-scale
overprinting relations, like normalfault related drag folds deforming the Dr cleavage

Geometric relations along the southerD conlinuation of the Ducan normal lault indi-
cate tha! normal faulting nor only postdates Dr folding but also tbe emplacement of the
Silvretta nappe on top ot the Ela nappe. At a triple point 2 km northeas! ofBergiin, the
Ducan normal fault truncates the basal thrust of the Silvretla nappe (snall insert map in
Fig. 5. see also Fig.2). The contoui lines of both taults in Figure 5 show that the normal
fault ("A") does not change its oientation at this iriple point and that the Silvretta basal
thrusi ("B") e.ds abruptly against the normal fault. South of the triple point, the Ducan
nornal faull changes its oientation from a southeastward dip inro a steep northward dip,
tbus outlining an eastward plunging synforn (Di fold, see below). Further lowards easl,
the Ducan normal fault continues in a north dipping orientation along the base of the
Silvretia nappe. This tectonic boundary ("C") is interpreted as representing the Silvretta
basal tluust, reactivated by lhe Ducan normal fault. According to this interpretation, the
Ducan normal fault formed as an easl-dipping, listic fault with a steeper upper segnenl
that cul through the Silvretta nappe. and a lower, shallowly dipping segment that fol
lowed the basal thrust of the nappe. The part of the Silvreua nappe located in the hang-
ing wall of the Ducan normal fault slipped back towards east. Thereby the sediments of
the Ducan syncline weie downthrown directly onto the Ela.appe a.d the Silvretta base'

3.1.4 Fault rocks frorn the Ducan normal fault and the base oflhe Silvretta nappe

In order to test the h)?othesis outlined above, namely that the Ducan fault represenls a
top east to -southeast directed normal fault which partly reactivated the basal thrust of
the Silvretta nappe. we investigated microstructures in fault rocks along the Ducan nor-
mal fault at Biielenhorn and along the Silvrelta-Ela boundary no h and northeast of Al-

On the west side of Biielenhom (Fig. 3c), the hanging wall of the Ducan normal fault
consists of Upper Triassic Hauptdolomit and the footwall of pre-Pernian orthogneiss
("younger orthogneiss", Maggeui & Flisch 1993). Along the contact between dolomite
above and gneiss below, a thin layer ofsirongly sheared fault rocks is exposed. The lower
part of this, 40 cm thick, is cataclasite derived from Permian to Lower Triassic claslic
rocks. The upper part. I to 2 meters thick, h iniensely sheared lineslone (Middle Triassic
S-charl Fornation). The preservaiion of a normal. allhough extremely thinned strati-
graphic seque.ce suggests that defomation \ras ductile on the scale ofthe fault zone.

The faull rock shown in Figure 6a, derived from limestone of the S-charl formation,
has an irregular, anastomosing foliation oriented roughly parallel to the shearzone boun-
daries. It exhibits a weak. east'southeast trending slickenside lineation. The plane of the
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rig.5. Contour nap of th€ Duan nomal rauh {snall insen nap: A) and rhe basal lfilusl ot the sitvrera nappe
(Bl. (c) is tbe basal lhrust, reactivalcd by tbe Dncan nomal fault. Not€ tru.@lion of the Sityrexa brsat thrlst
by the Ducm nomal tallt at tiple point, and lolding ot the Ducan nornal taul aromd an east{triking D3
fold. Nunbcs arong contonr lines indicate elevation in netes above Fa levet, aros wirh nunbes indicate
dip di.ection and ansle or rectonic bohdaries.

section is perpendicular to the foliation and parallel to the slickenside lineation. Stylolites
and calcite veins are abundant in this rock. Two types ofveins can be disringuished: fifft,
extension veins filled with calcite crystals showing no signs of deformation (vr), and sec
ond, calcite veins strongly overprinted by cataclastic shea ng (vt. The unsheared veins
of the first tlpe are generally at high angles to the fault-zone boundaies, whereas most
of the sheared veins are ar lower angles to the faulr-zone boundaries. The stylolites are
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FE. 6. Thin section nicroAraphs of fault rocks fron tbe Ducan nornal fanlt and the ba3e 6f tbe Silvreta ndppe.
In all micrographs, we$ is ro the lefi and the fauh-rcne boundaries arc horizontal.
(a) Cataclr$ic truh rock ol th€ Duan normal rault, shovi.s stylolites (st) and lro selsoiveins, one silh unde-
torned calcile rilli.e {vt, llre othe! includiry da* zones ol calaclasticauy sheared calcite {vt. The !*o sets ale
inrerprelcd as conjusate nicrcfaults. Conjugare nicroradN and syblnes indiste orientation oI oL as sho*n.
compatible with dextral shea. sense. Protolitb is Middle Tria$ic line$one. Wen sid€ ot Buelenhoi. (cooid.

(b) Mtlo.ite rron ihe base or the silvrcna nappe (rilst type. see lex, formed lrom a sneissic protolnh. Large
muscovie nica tuh'(lower left) indicates sinntral (lop west) sbea.ing. Northren or Piu Belvan (coord.

(c) Ouatu nicronrudure ftom sanc sample as in (b). Crain boundary nisration led to prelelied srain bound-
ary orienrations parauel lo thc folialion plarc (horizontal) and al a hhh angle lo the loliation plane (inclined to
the right), indicatinE sinistral (top-west) shea!ins.
(d) Myloniticto calaclastic laull rcck rron Lhe brse or$e Silvrena nappe Gecond rype, see rexo. sheaibands
( sb) indi ca re d€nhl (t.p eNt) she ari ng. cin uosche I (coord.?93.0s/163.35 ).
(e) Same smpie rsin (d). Briule,synthetic Ricdcl shear ollsetlins quanz erains in a dextral (top'easl) sense.
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roughly perpendicular to the bisecling plane of the acute angle included by the two sets

ofveins. Whe.e the sheared veins offset other veins, the offset is top east-directed.

Mutual crosscutting relations between veins ofthe two sets and stylolites (Fig.6a) in-

dicate ahat all these structures originate from the same deformation process. It is there'

fore assumed that the deformation of the fault rock included fracturing events inlermit-

tent with penods of pressure solution deep. During the tuacturing events. the two sets of

fractures formed as conjugate microfaulls in respo.se to stresses associated with fault

slip. In the periods of pressure solution creep, calcite was solved along the stylolites and

deposited in the fractules wbich opened up to form veins. The veins of the synthetic sel
(vr) were again cataclastically sheared in a subsequent fra€turing event The angular rela-

tion between fault-zone boundaries, stylolitic seams. and veins indicaies a toP-east_south-

The microstructural study of cataclasites from the northwestern parl of the Ducan

normal fault thus confirms that the seditnentary rocks of the hanging wall werc down-

thrown towards east-southeast, that is, paraliel to the dip of the fault, onto the gneiss of

the footwall. Mylonites fron the base of the Sihretta nappe along the presumed easl

ward continuation ofthe Ducan normal fault will be described next
Between Fuorcla Pischa north ofAlbula pass and Cinuos chel h the Upper Engadine

valley, the Silvretta nappe is formed by ortho and paragneiss. The anphibolite-facies

metamorphisn of these rocks is of Variscan age (370 350 Ma. Maggetti & Flisch 1993)'

They overlie Jurassic and Cretaceous sediments ofthe Ela nappe. Thin slivers ofTriassic
dolomite and cargneule occur in between ("Subsilwettide Linsen", Fig.7, Heierli 1955).

Mylonites with a clear foliation and stretching lineation, derived from gneissic prololiths,

occur along the base of the Silvretta nappe. The rnylonites have a thickness of a few me'

tres to several tens of mehes. They can be distinguished from the amphibolite facies pre-

Alpine gneisses by their lower temperatue, greenschist facies overprint. The foliation of

the rnylonites dips towards north at different angles, mostly between 30' and 50', parallel

to the base oI the Silvretta nappe, and the stetching lineatiof, trends east 10 southeast.

Two types of mylonites were observed within the sane fault zone, characterized by a dis-

tinctly different defornational behaviour of quartz. Figures 6b and c represent the fi'st

type of rnylonite. Crystal plastic flow in quartz aggiegates is accommodated by extensive

and pervasive syntectonic recrystallization. Both subgrain rolation and grain boundary

'nigration 
recrystallization are obsened, the latter mechanism leading to preferred grain

boundary orientations parallel and at a high angle to the foliation plane (Fig 6c) Mica

fish (Fis.6b), asymmetric porphyroclasts, shear bands, Fain boundary prefered onenh-
tion, and €rystallographic preferred orienlation indicate a top_west io top-northwest

sense of shear for these nylonites. A coaxial component of ihe deformatio! is indicated

by sets of conjugate shear bands with opposite sense of displacenent.
The second type of rnylonite (Fig.6d, e) has nicrostructures indicative of distinctly

lower temperatures. In these rnylonites, recrystallization of quartz is restricted to narrow

bands. Outside of these batrds, old quartz grains exhibit undulous extinction and contaitr

deformation lamellaet often they are fractured. Cata€lastic shear fractures are common
(Fig. 6e). Crystallographi€ prefened orientation in a narrow recrystaUized quarlz band,
grain shape prefered orientation, asynmetric porphyroclasts, pressure shadows and
shear bands (Fig. 6d) indicate a top-east to {outheast movement The mylonites of this

se@nd lype obviously formed near the frictioDal viscous transition (Schmid & Handy
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1991) and overprinted the dynamically recovered and recryslalized mylonites of the firsi

The nyloniles which formed at higher lemperatures, indicating top_west to top_no h
west shear. are interpleted to be relaled to inirial detachmenl and thrustins ofthe silvrer_
ra n0ppe The )ounge' .  lo$eFremperarure.  ropcasr myton es ro caracta; i res are inrer-
preted as resulting from back-slipping of ihe Silvrerta nappe towards east, along rhe orig
inal thrust. This sorface acted as a prolongation of the Ducan normal fautl towards t;
east and towards greaier depth.

3.1.5 Dr folding in the Silvreua nappe

The contours of the Ducan nonnal fault in Figure 5 outline an east-trending, open syn
ibrm with an axis south of Bergn.. Olher, nore gentte easr- ro southeast trendins folds
af lecr ing rhe Du"dn norrndl  faut .  are ourt ined rurrhcr nor lh.  Thcse lotds ,eprecenr d aecond
folding phase in the Silvretta nappe, associated with the third reqional deformarion evenl
(D. ' .  A neeply J ipprng. we\r-nof lh$esr {r i t ing cteavage in sd;d,rone. and conglomer-
ates of the Chafora and Fuorn Formarions ar the base of the Ducan sedimenra.v se_
quence can be asc' ibed lo rhi i  rotding phasc. t -hese clasr ic ,edimenrs are orren de\o;d oI
a cleavage related to Dr folding so thar the Dr cleavage is the oldesr penerrative structure
observed. This cleavage is almosr perpe.dicular to the axes ofDr fotds. D cleavase atso
overpr inrs Fuorn-Fomaron-der i \cd caractdsires aiong rhe Ducrn norm,t  r iutr  ar
Biielenhorn. This gives addirional evidence for a post normal faul.ing (pos!Dr) age of
these folds.

In summary, we can distinguish three deformation phases in the sourhwesrern Silvret
ta nappe, ofwhich the first i.cludes top wesr to top northwest thrusring and relaled fold_
ing around northeast{triking axes, the second, top-eastsoutheast normat fauttins and
rhe rhird.  addr l ional  shor lening accommodared by easr lo ,oulhea{-srr ik inp fo ld;  We
ari \e al  dn explanalon for rhe relar ionship berwecn Srtrrelra basat lh,usl ;nd Ducrn
syncline that is different from the one of Triinpy (1980)rin our view, the Ducan syncline
wa, nor tormed belorF rhe derachmenr and rhrusl ing oi  rhe Si lvrcrra nappe. but dur ing
this process. It is true thar the Ducan syncline is truncated jn the southwest bv the basai
surface of the Silvretta nappe. This basal surface, however, does not reoresent the olis_
rndl  rh 'un bul  rathcr a segmenr oI  lhe D, Ducan normat td ul l

3.2.1 Generaldescription

The Ela nappe is a derached and intensely folded sedimentary sequence. Ir unrlerries rhe
Silvretta nappe to the soulh. The Cafian Raibt croup (dolonite, shale, sandstone and
evaporite-derived cargneule) forrns the d6collement hodzon at the base of rhe naDDe.
\or ian Haupldolomir  is  lhe 

'e latrvet)  
comperenl  -bdckbone..ot  ,he ndppe, whe;;as

Rhaerian Kossen Formarion and tnwer ro \4rddle Jurr$rc A gau Formarion are domi
.ated by shales, marls and limestones which generally are sirongly folded. Thus rhe rocks
of the Allgiiu Fornation are particularly welt suited for structural analvsis. UDDer Juras_
' ic and Crelaceous tormarion,.  rnctuding radiotar ian cherr .  Apr lchu, l imsrone and pa-
Iombinj shale, occur in the topmosr paris ofthe nappe, immediately below the base ofthe
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Silvretta nappe. They are separaled from the latler by thin lenses of Triassic rocks, re-

feried to as "Subsilvrettide Linsen" earlier. We subdivide the Ela nappe into an uPper

unit (Uerrsch element) aDd a lower unit (Conpass element. see Fig.2. snall map) The

Conpass elenenl includes the "Cualdauna-Schuppe" as defined by Heierli (1955) and

Eberli (1985) a.d the overlying Allgau Formation of Igl Conpass (Fig.2, coord

7t9;7ll9.q. We chose such a subdivision because a major tbrust su ace is located

between the A gau Formation of Igl Compass and the overlying Triassic dolornite of Piz

Uerisch.This th.ust was in part overprinted by low'angle nomal faulting Gee below)
In the no hweste.n parl ofthe nap (Fig.2), the thickness of the Ela nappe decreases

ontil it is represenled by only a few metres of limestone in the (recendy destroyed) ou1-

crop at Belfort near Tiefencastel (Fig.2: coord. 765.9/171 1; Trnrnpy 1980, p.237). The
geomerric relations in this area, although badly exposed, suggest that the Ela nappe is

continuous with the Rolhorn nappe ("Rothornschuppe". Brauchli 1921) exposed in the

northwestern corner of the map area (Fig.2). The latter comprises a gneissic basenent

and its Triassic cover.
Three generations of folds can be distinguished in the Algau Formation of the Ela

nappe between Bergnn and the Albula pass. ALI three are observed on different scales,

from thin section to cross-sectional view ofthe nappe (Fig.3b).

3.2.2 Dr foldingand thrustingin the Ela.appe

Early folds in the A gau Formation of the Ela nappe are tight to isoclinal a.d associaled
with a well-developed axial plane cleavage and a mostly east'west trending lineation.

This lineation is a cleavage'bedding intenection lineation but at the same time a streich-

ing lineation as indicaied by deformed narkers, such as conglomerate pebbles and belem-

nite rostra. In contrast to the Silwetta nappe, lineation and cleavage are ubiquitous

throughout the Ela nappe. Fold hinges are rarely found but always oriented panllel to

the lineation. In general, they strike about eat-west and gendy plunge towards east or

west (Fig.7a). The facing ofDr folds is generally towards south i. those parts of the Ela

nappe where the stratigraphic succession is in an overall up ght position Cuning D1

fold hinges or sheath folds have not been observed it the Ela nappe, in contrast to the

underlying Err-Carungas nappe where they are connon (see below)
The strong overprinting of Dr folds by younger structures, most impo.tantly recum_

bent D, folds, nakes it difficult to reconstruct the large scale geonetry of Dr' Neverthe
less a reconstruction is atlempted in Figure 8. Even after retro defomation ofD, folds. a

two,stage evolution of D] structures needs to be proposed in order to explain the geo-

metric relations. We assume that the south-facing folds (see above) were formed in an

early stage of D1 (Fig. 8a). In the Ela nappe, such south-facing Dr folds are restricted to

outcrop-scale structures and are only found in the Algau Formation However, large

south-facing Dr folds with basement in lhe anticlinal co.es and sednnents in synclines are
found in the sourhem part of the Rothorn nappe (NW comer of naP, Fig.2, coord
'7641176). the presumable northwesien continuation of the Ela nappe. These were al-

ready described by Brauchli (1921). The Uerbch elenent ofthe Ela nappe canbeviewed

as a south-facing, isoclinal syncline with a tbick Dornal limb and an extremely thinned in-

verse limb, represented by the "subsilvrettide Linsen". (According to Heierli 1955 and

Pittet 1993. these slivers include inverse lying stratigraphic sequences.) The internal
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Fig.?. Orientations of Dj and D: fold axes i. the Eta and northeln Ed-Camgas oappes. Aros indicate
Dlunse dirc.tion oI fold aies,lengrh ot arow conetares to plunge angle (lone6t atroqs ior norircnrat lold u-
6. storlesl ffiows tor subvenical rotd des). Be, Bet8 n; CE, Conprs €tenenl; ssl-, ..Subsitvrettide Linsen,,l
UE. Uensch elenent brick sisnalure lor Halprdolonit or rhe Eta rappei trac6 ot cro$ secrions of Fig. 3 are
indiaredi otber l@lities ca. be identincd by conparison *ith Fig, 2,
(a) Dl lolds. Note that lhese tend nonheasr in the SitvEtta nappe a.d in th€ En-caimgas lappe, and tnat the
Ela happe represenrs a "cbannel of ea$ *est-lre.ding Dr folds between rhe tso other nappe;, Ontv in the ba
.alpd'rol rhe A.l8au l-ornrion of rne Fta rdppe. ned he undertyins Hruprddtomr. no:; ,orrh{Ih rrend

(b) D: folds. AiioN $ilhout shrtr indiqre taci.C dnections or F, rotds, Faci4 is eirher towards donh or sourh
tor east-qat-tendins Iolds, ond generally losards northeast lo sourhean tor nore n6rrh southrreddine fol,js.
T1i.l znowsq'h 
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Fig.3. Dia8tannalic cross sections showi.g evolulion ol Di structures in the Ela nappe along prolile ol

Fig. 3b. LeAend of lithologies and fold axial surfaces as in Fig 2.
(a) Early slage ofDr: rhe Ela.appe is lhrun over rhe Er Carungas nappe lron oad to wcst, perpendicular to
r l  e plJr !  . r  

'h,  
!ec ' .on An rnrcrndlr \ ruJ fo 'n.  i '  the f l r .Jppe. bnng'nC rhc Lrcrrcn elemenl r{JE '  o\er rhe

Conpas el€nehl (CE). Di folds fomine dDring thh $ag€ race towards south. Tne 'Subsilvretdde Linsen'
( SSL) are interpreled as rc pEsen ling tbe extenely thi.ne d invc^e I im b of 5 soul h tacins syncli.e codprising

the e.lirc Ueltsch elenent.
(b) Lale slase ofDr, stiucluies i. the Ela rappe are steepened by upnghi rolds. th€ Tschitra anricline (TA) and

a slncline sourh of i. Thc alca las larer orerpnnred by recunbenl Dl folds,lcodinS to the geomelry seen in

thrust within the Ela nappe thal broughr the Uertsch element over the Compass elenent
is also ascribed to this stage (Fig.8a). We relat€ the south-facingDr folds and the internal
thrust to formation and transport of the Ela nappe. and assume that the direction of
sheaing was towards west. This is indicated by the general east west orientation of the
Dl stretching linea.ion not only in the Ela nappe but also in the over- and underlying
units. Note that the termination of the Compass elenent towards no h (Fig.8a) has to
be interpreted in terms of a lateral ramp in this case.

Ho\r can the southward facing direction of Dr folds be reconciled with westuard
thrusting? We assume that the parallelism of the fold axes and stretching lineations is the
result of a systematic rota.ion of the former towards the shearing direction. lf folds had
been initiated with axes perpendicular or oblique to the shearing dire€tion, and with a
facing towards west, the present southward facing requires thai lhe fold axes were rotat-
ed uoirorml]  and counrerclock$ise in mapview.

The folds described above bave axial planes subpanllel to the thrust surfa€e along
which the Ela nappe was enplaced on the Err-Caru.gas nappe, and also to the intemal
thrusl of the Uertsch element over the Compass eiement. A differe.t class of Di folds
nust have developed after the Ela nappe had been emplaced on the En-Carungas
nappe- These younger folds deform the basal thrust of the Ela nappe (Fig.3b, Fig. 8b).
The folds are also attributed to D1, because a distinction between the two sub Senera-
tions is only possible in a ferv plaes. and becaose they probably formed in a continuous
process. One of the younger D1 folds is the east-plunging Tschitta anticline- Il forms a
half-window in which UpperJurassiclo Cretaceous sediments of the Err-Carungas nappe
appear under the Ela nappe (Fig.2, .oord.7191163, and Fig.3b). The younger folds are
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responsible for the general sl€cpening ofrock unirs not only in the Ela nappe, but aho in
the norrhernmost parls of the Err-Carungas nappe. In the following. this belt of steep
units will be termed "Albula sleep zone".

The development ofDr structures in the Ela nappe can be summarized as followsrthe
EIa nappe was detached from its basement along rhe Carnian evaporite, and transported
towards wesl. Early Dr folds and an internal thrusr of rhe Uertsch elcmenr over the Com-
pass element evolved during this detachment and transport of the nappe. Later on, afler
emplacement of the Ela nappe on the Er-Carungas nappe, upright folds developed.
leading 1o a general steepening ofrock units (Albula steep zone).

3.2.3 D, "collapse rolding" and rninor normal faulring in tbe Ela nappe

D, folds ofthe Ela nappe are rypicauy open to tight. rarely isoclinalwith subhorizonralto
moderately dipping axial surfaces (Figs.9a, 10b). In pelitic lirhologies, they are associatcd
with a solution or crenulation cleavage. Open D, folds often have no axiat-plane cleav-
agc. Many of the D, fold axes are oricnted easrwesr, paratlel to Dr folds and rhe Dl
stretching lincation (Figs.7b, 10a). However, the lrend of D, folds is hishly variable, and
almost north-south slriking axes occur as well. Figurega shows D? folds lrendins
obl iquely ro Dr i r lLcrure\  ard lheretor< delo-r ing lhe D l ineJt ion lhe tacrng direc-
tions ofeast-wcst t.endingD, folds vary deperding on their posirion in respecr ro updghl
Dl tolds like the Tschitta anliclinc. Dz folds face north on ihe northern limbs of up ght
Dl anliclines, and south on the southern linbs (Fig.3b). The facing direclion of more
north-south oientcd D, rolds is generally towards easi (Fig.7b).

The most spectacular and obvious Dr structure is the easr-west srriking, north-facing.
recumbent Ela told narked by ihe thick Hauptdolomit of Piz EIa. previously rhis lold
was interpretcd to be related 1o the formation of the Ela nappe as a recumbent fold
nappe ("Stirnfalte" or fronral fold ofthe otder aulhors, e. g. Hein 1922, Fig.227;Eusster
1923. Fig. 32). However, the fold clearly overpr;nrs Dr folds, and the Dr cleavase is fotd-
ed around its hinge. It must therefore be younger rhan Dr. as was already proposed by
Spitz & Dyhrenfurth in their very remarkable a icle on rhe teclonics of the EIa - Silvret-
ta area (1913,p.498).

Large-scale D? folds deform lhe base of the Silvrerta nappe wesr of Bergiin, repre
senling the presened original thrust of the Silvrerta over rhe Ela nappe forned during
top west to top-northwest displacement. For example Figure 3a shows the Silvretta basal
thrust folded around the Ela D, fold Gee also cross section of piz Ela in Triinpy 1980,
p. 238). However. furrher east where the Silvrerta base was reacrivared by rop-easr dis
placement and where it coincides with the continuarion of the Ducan normal fault, axial
surfaces and cleavage of D, folds become subpanllel to the Silvretta base. Folding of the
Silvretta base by D, is no more observed. This is one piece of evidence amongsl olhers
indicating that Dr folding in the Ela nappe postdates the emplacement of rhe Silvretta on
the Ela nappe, but is contemporaneous with rhe exaensional faulting in ihe Silvretra

A crucial outcrop for undentanding the relation berween D, folds and extensional
faults at a smaller s@le is Igl Compass north of Albula pass (Fig.11). Here, the D, fold
axes stike .orth-northwesi. The Jurassic strata of Igl Compass form a large, northeasf
facing D, anticiine with a moderately northeasrdipping axial surface. Alons the fault



Sl,onen ng Jnd r \ rennon i r i ,he AunroJlPine unirs

Iig 9. (a) D1 D, overpinringin the Ela nappe Recuobem D, folds nr [menone ofrhe AllSt! Fornarion on
the soulhside oI lgl Conpa$ (coo!d. 782.9/162.5). The na*ed lineation cuNingxr.und the lold hingcs n rhe
D, slretching .nd cleavage/bedding inlersecrion lincario..
(b) Dr D: overprintis in rhe Er Crrungas naPpe. Uprishl Dl synrorn in UPperJuiasic radiolarite of the Ca
rungxs zonc. overplinled by weak Dr folds with subhoriTonral axialsutfaccs. Thc Di lold is a minor lold in rhe
northern limb ofrhe Tschitra anticline (conpare FiC.3b). Ourcrop under the rfind railtuad bridgc oler the road
fron Bergrn ro Albula pa$ near Punt Ota (coord. 77?.t'l163.3)

53t
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Oa dr.r &'r.er rnd d.N.!.,

. Er. napp. (ttt conp..5)

FiA.10. Equal-are., lowe. hemisphere stereoslaphic represe.larion of D, structures in Ela naDDe and Er-
carungas lappe. Nore parallelism in (c) between slip dnecdon of Ducan iomat rautt (open symt;h) and Dl
reloted shearzones ond nomal fauus in the Eta nappe (fiued symbots). For turther exptanalion sce rexr. Arre!

contact shown in the upper righr comer of Figure 11, the Jurassic strara are overlain bv
Tr ias, ic dolomite.  This.onrdcl  is  a rop- lo-rhe.easr-sourbeasr drrected normat faut t .  as rn-
drcaled by a\mmetr ic shear brnd./ lo l ;dt ion retdt ions and dlag totds in mytonir ic t ime-
stone along the fault. The normal fault overyrints a former rbrust, the thrusr of the
Uerlsch element over the Compass elemenr (see above). As a resutt, ir has older rocks in
the ha.ging wall than in the footwall. It is subparallel ro the Ducan normal fautt turther
north and has the same slip direction (Fig.10c). Therefore it is interprered as a normal
fault of the sarne generation as t}te Ducan fault. Tentatively, a second fault in a deeper
\rrucrurdl  level  is  a lso inrerprered as a oormal lautr  (Fig.  t r ) .  parasir ic Dr totds ,ubo;di_
nate 10 the northeast-facing aniicline are seen between the two faults. These minor folds
are associated witl extensional shear zones generally located in the ove urned linbs of
the folds and resulting in srretching and rhinning. or complete disruption. of the over_
tumed linbs. The regular arrangemenr ofthe shear zones in the ove(umed lirnbs of the
folds nakes it likely thatboth kinds of strucrures developed together.

The development of rhe Igi Compass structure is exptained in Figure t1b. Because Igl
Compass is located near the hinge of a large-sc_ale. uprighr Dl fold wirh an east_dipping
a:is (the Tschiua anticline). it is assumed thar the strara dipped east or northeast before
Dr. Defonnation in a broad shear zone with a normal-fault geometry, dipping roward east
at a shallower angle than the bedding, resulred firsr in shortening a.d buckling of the
competent layers. Larer, with progessive deformation, rhe layers rotared into the exren-
sion field ofthe incremenral strain ellipse and were disrupted by extensional shen zones.
In summary. the geometric relations between shear zones and folds at lgl Compass sug
gest that fold formation resulied from top-to the-east-southeast directed extensional
shearing, affecting initially easf to northeast-dipping layers (Froirzheim 1992).
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Fig.11. D: iructures ar Igl conpas (Era nappe nonh or Atbuta pas). (a) View of rst conpass from sourh.
Note reAular arangedent oi exle.sional shear zones in hinges oI tolds. sueeesting rhar folds and shear zones
ong'nated fion continuous proe$. (b) Modet for conlinuous developnent otDr folds rnd extensionatshear
zones by top east dir€cred shearinS delornation. srippled tayer is fi6t shoiened, lhon exrended. After Frojlz

This explanation can be extended to the D, folds of the Ela nappe in general (Froitz-
heirn 1992): These folds reflect east-sourheast directed extension wherebv Dreviouslv
sreetened la lers r  Albula sreep zone Iormed dur iog O ;  were . lorrcneo rn i  iuUverr icrr

3.2.,1 Dr folding in the Ela nappe

D3 tolds are open folds with steeply dipping axial surfaces, affecting the Sitvretta. Ela and
Err Carungas nappes together. Dr fold axes and axial surfaces in rhe Ela oappe strike
east to southeast. A cleavage related to Dr was nol observed. The style of Dj folding is
strongly depe.dent on the tithology of the rocks affecred. The thick Hauptdolomit ofrhe
Ela nappe wesl ofBergiin is unaffecred by D3 folding while the Allgiiu Formation of piz
Blaisun (Fig.2, coord. '785.71164.2) is parricularly inrensely folded by Dj (pirtet 1993,
Unniissig 1993). The syncline at the sulnmit of piz Blaisun, wirh UpperJurassjc radiotar
ite in the core, is such a D3 structure. This syncline has a vertical axial surface: others
have steeply north or south-dipping axial surfaces.

The structural analysis of the EIa nappe thus reveals the superposition ofthree major
deformation events. The firsr is relared to westward thrusring and subsequent steepening
of the rock units in the "Albula steep zone", the second one 10 east-southeast direcred
extension, aod the tlird one ro renewed shorrenins in a north-south to norrheasr-south
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3.3 Eft-Carungas noppe

3.3.1 General descriplion

Thc En-Carungas nappe includes the "Errdecke s.s.", the "Albulalappen" and the
underlyi.s 'Carunsasdecke" as defined by Stocklin (1949. Tf. l. "Tektonische
Ubersichf'). we treat these units as parls ofone nappe, because in Vald'Err (Fig.2), Ca-
rungas zone and Err.appe s. s. are conneclcd by a continuous syncline of Jufassic-creta-
ceous sedimentary rocks (Lozza 1990). Imporrant displacement horizons may exist, how
ever. in the lower part of the Caruneas zone (G. Eberli. pers. comm.: see also Ring et al.
1990). The basement of lhe Err nappe s. s. and the "Albulalappen" are fomed by Late
to Post'Hercynian granitoids and their wall rocks of gneiss and mica schist. A thin cover
ofTriassic rocks is preserved on top of this basement and along its northern border near
the Albula pass. The Carungas zone is exposed in an eastward nanowing stripe bet\leen
tbe Err nappe s. s. and the "Albulalappen" to the south and tbe Ela nappe io the north
(rnost of the area labelled "Mesozoic sedinentary rocks" in Fig.2). This zone is made up
of intensely tolded, exceptionally thick Upper Jurassic to Cretaceous sedimentary rocks
with thin anticlinal cores of Inwer 1() Middle Jurassic. Triassic and basement rocks. lo
the Middle Jurassic. the area of the present Err Carungas nappc was the site ofdranatic
rifiing activily. This is documented by erosional hiatuses (Stijcklin 1949), sedimentary
breccias with basement clasts, and preserved normal faults. Rem.ants of a low'angle de-
tachment fault ofpresumably Middle Junssic age are found on top of the Err nappe s. s.
around Piz d'Err and PizJenatsch (Froitzheim & Eberli 1990).

3.3.2 Structuralanalysis

Becauce o r le corp| |cJred r ' l r  conrtsurduon. rhe ear ly Alpine (pre-Dr) delormarron of  lhe
Err-Carungas nappe is o.ly poorly understood. In pelites and pelitic linestones (e. g. Ap-
tychus limesbnc) of the Carungas zone. a well developed early cleavage has often com-
plerely transposed sedinentary bedding. Dr folds associated with this cleavage are isoclinal
and some of them have the geometry ofsheath folds. The orientation of Dr folds is highly
variable, due to their sheath-fold geometry and lhe strong D, overprint. The most promi
nent Dr structure of the Carungas zone is the Tschilta anticline. In the east (Fig.3b) the
Tschitta anticline deforms the thrust at tbe base of th€ Ela nappe and has an uprighl, east-
west striking axial surface. Further towards the soulhwest. the axial surface becomes sub
horizontal (Fig- 3a). The continualion of the Tschitta anticline in Figure 3a is hypothetical.
In contms! to the sedimentary rocks ofthe canngas zone, the pre-Pemian basement nass
of the Err nappe s. s. is devoid of penetrative Dr structures (G. Manatschal, pers. comm.).

D? structures ofthe Err carungas nappe are snnihr to those ofthe Ela nappe: recum-
bent folds with an axial plane solution cleavage or crenulation cleavage. Typically, re-
cumbent D, folds overprint upright Dr folds in a tpye 3 pattern (Ramsay 1967i Fig.9b).
The fronral fold of Piz d'En (Fig. 3a, righ!-hand end of section.) is such a major, north-
facing D, anticline. D, folding also affected the boundary between En-Carungas nappe
a.d Platta nappe: a half-window exposing the Platta nappe in val d'En (Fig.z, coord.
7731160) represents the eroded core of a D, fold (Fig.3a). These folds are interpreted as
reflecting vertical shortening of previoDsly steepened layers during east- to soulheast-
directed extension,just like the D, folds of the Ela nappe.
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D, normal faults similar to those observed in the Silvretta nappe and also, but to a
much lesser extent. in the Ela nappe, have recenrly been found in rhe Er Carungas
nappe (web 1992. G. Manatschal. pers. comm.). Weh (1992) reported a subhorizontal,
top-southeasr directed cataclastic shear zone near Murtel Trigd (Fig.2, coord.77glt6t) in
the northen part of the Err basemcnt and ascribed i1 to exrensional faulting coevat wilh
D, folding. It is possible thal more such extensional faults and shear zones. retared to D,
deformation, exist in the northern Err-Carungas nappe.

D? and Dl structures are overprinted by uprighl, open folds with easl 10 southeast
shkjng and steeply north- 1o northeast-dipping axial planes (Dt. D3 folds in the Err Ca,
rungas nappe are associated with a weak axial plane solution cleavage. The broad anri-
forrnal arch described by the D, axial surfaces in Figure 3a is a D3 srruclure.

The ErFcarungas nappe thus shows a slructural evolution v€ry similar to thai of the
Ela nappe: early thrusting and foldine (Dt were followed by recumbent .,collapse fold-
ing" (Dr) and by still later. open Dr folding.

4 S€qu€nc€ ofstager ofthe orog€nic evolutior

ln the preceding paragraphs. we have descdbed the sequencc of deformation phases ob-
served in each of the three nappes, Silvlerta. Ela and En Caruogas. We wil .ow corn-
bine these data a.d propose a reconstruction otthe regional tectonic evolution. assuminq
thal  rhe delormdl ion phasc. Jre relared to dis l incr srage, ol  lhe orotsenrc evotul ion.

1.1 Ttupchun phate (Dt):Cretaceous top-trest thrustinT and foldin?

The Trupchun phase includes the Dr thrusts and folds of the three nappes. rr is narnerl
afler Val Trupchun, situated at the western end of the Ortler nappe (see chapter 5.3),
where structures ofthis phase are particularly well preserved.

We assume that the Dr folds ofthe Sitvretta.appe, such as the Ducan syncline. were
formed during initial detachment and westward transporr ofthe nappe. Their orienration

northeastern strike and northwestward facing fits well together with rhe westward to
northwestward direction of thrusting, as indicated by rhe lineation in the older, higher-
tempenturc mylooites at the base of the Silvreita nappe. Dr folds in the Eta nappe are
more complicated. In the Ela nappe, Dr includes two kirds ot folds: first. east-sr.ikinq.
soulh racing folds s i rh a\rai  p l rner.ubpdral le l  ro lhe basal  rhrust  ot  ,he Eta nappe. and
second, also east-striking. but uprighl folds deforming the basal thrust (Fis. 8).

The first "sub,generation" is comparable and probably coeval with the DL folds of the
Silvrerta nappe. The different strike of the fold axes, norrheast in the retatjvely rigid Sil-
vretta nappe and east in the ductile Ela nappe, can be explained with a rotation of fold
axes of the Ela nappe into the shear direction. The beginning otsuch a rotation is noticed
in the southwestem part of ihe Ducan syncline. where told axes curve arou.d fron
northeast-striking to north, and northwest,srriking. A possible explanalion for the anti
clockwise rotation of fold axes is a differenr rate of rop-west sheanng. higher in rhe north
and lower in the south. This implies that northern parts of the nappe pile advanced to-
wards wesl relative to more sourhem parts.

The slightly younger, upright Dr folds in rhe Eta nappe have no counrerpart in rhe
Silvretta nappe. These upright folds led to a steepening of all rock units in the Albula
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steep zone, conprising the presently exposed Ela nappe and the oorthernmost part ofthe
Err-Carungas nappe. Dr in the Err-Carungas nappe is very similar to Dr in the Ela
nappe, excepl for a slrong decoupling belween the basenent, rernaining undeformed,
and the sediments of lhe Carungas zone. where the occurrence of sheath folds indicates
relatively higher strains.

Strictly, it would be possible to splil the Trupchun phase in two phases, one for the in
itial thrusting and one for the formation of the Albula steep zone. Such a distinction,
ho$ever, is feasible only in a few places. Therefore we prefer to interpret the initial
thrusting and the formation ofthe Albula steepzone as a continuous process that only lo
cally led to geometric overpinting relations.

The age of the Trupchun phase is Lale Crelaceous. The youngest biostraligraphically
dated sedime.ts in the Carungas zoDe are Lower Cretaceous (StockliD 1949). Good con-
straints on the age ofthis phase exist in the Engadine Dolomites (see chapter5).

1.2 Ducan-Ela phate (Dr): Late Ctetaceous e6t-west erte8ion

Since Eugster (1923) recogn;ed ihe normal faults of the Silvretta nappe, several authors
have lried to explain these faults i. the context of crustal shorteni.g (Eugster 1923, Hein
1922, Eichenbsrger 1986). Eugster (1923) created the new term "Untervorschiebung"
("underfore thrust") for these faults, implying that they are basically related to thrusting-
The drawing by Heim (1922, Fig.229) suggests a systematic relation between folds lhe
Dr lolds ofthe Ducan area - and normalfaults. in the way lhat the normal faults are par-
allel to the axial planes of the folds. Such a systematic relalion, however, does not exist:
the Ducan normal fault cuts obliquely through rhe Ducan syncline.

The D, nornal faults of the Silvretla postdate Trupchun-phase crustal sho ening and
are related to subsequent east southeast directed crustal extension. for the following
reasons: (1) The faults clearly overprint the dominant Dr folds and the basal thiust of the
Silvretra, so that their formation canDot be related to folding and rhrusting as envisaged
by Heim (1922) and Eichenberger (1986). (2) The nomal raults are not restricted to
deformation within the Silyretta nappe. The Ducan normal fault additionally reactivated
the Silvretta basal thrusl, a process that transported the Silvretta nappe back towards
east-southeast relative to deeper units.

Fig.12. Model loi conrenpoianeous derelop
nenr of nomal laulls a.d secodd-generation
folds dulin8 crustal extension, Left: ea!lie!, up-
ri8lt lolds of rhe Trupchn. phasei right extension
and tbinni.g olthe crus inrhe Duca.-Ela phase,
lcadidg to nornol faulring in an upper layer and
to lomalion of recunbe.l second'seneralion
folds below. Tne conlact betseen the tso laye6
is a lo* rngle extensiond shearzore (ct. Silvreta



Sbonening md e{ension in the Austrcalpine unis

D, struc.ures in the EIa and E{,Carungas nappe are recumbent folds and. to a minor
extent, top-east-southeast directed low-angle norrnal faults. Ir was shown above rhat the
recunbent folds developed rogerher with the normal faults. and reflect horizontal exren-
sion and vertical shortening of steeply inclined layers. We assume that D, foldina of the
Ela and Frr  Carutrgds nappes and normal rautr ing wirbin rhe Si tvrerra nappe ;sur led
irom rhe same evenr ol cruslal e\rension. The differenr sr)te of defomalion can be ex_
plained in the following way: normal fautting in the Silvretta unit reflects brittle exten
sion in a higher crustal level, whereas D, folding within the EIa and Err Carungas nappes
documents ductile extension in a deeper crustat tevel. The low-angle par. of the Ducan
normal fault acted as a d€collenenl horizon separating the two levels (Fig. 12). Aparr
from the depth of budal, the style of exiension also depends on the lithological comp;si_
lion of the nappes (weh 1992): The Ela and En-Caruryas nappes, compdsing sedirnen
tary rocksx/ith dtreme conpetence contrasts (dolomite versus shale) and lacking a pre,
Mesozoic basement, are more likely to develop folds than the basenentdominated Sil-
vretta nappe. In addition, rock units had been steepened during Dr in the Ela and Ef_
Carungas nappes, but not in the Silwetta nappe. Such sreepening is a pre-requisite for
"collapsefolding" (Froitzheim 1992).

The ductile thinning in the Ela and Ed-Carungas nappes was nor coaxial, bur had a
component of top-east southeasr directed shearing, as indicated by the generaliy easr,
ward transport direction of the minor normal faults associated with the D, fotds This of_
tars an explanation for the easrward facing direction of north-sourh strikinq D, folds in
the Ela nappe (Fig.7br.

The extensional event responsible for nomal faulring in the Silvreita and D, foldinE
in rhe Ela aod Err-Caruogas nappes. rhe Ducan-Ela phase. is probably Lare CreLaceou.
in age. Evidence for this age will be provided below (chapter 6.1.3). At this s.age it is im_
portant to note that the Ducan-Elaphase predares renewed norh_south shorlenins durinq
the Blaisun phase.

4.3 Blaisun phase (D): Early Teiiatt no h,south sho,lening

This phase produced the east- to southeasr-sriking D3 folds observed in all three nappes.
This foldrng is panicularly ioren,e and beaur'tully exposed ar piz Bta,sun and is rher;iore
refer.ed to as "Blaisun phase,'. Wirhin rhe Ela nappe the inrensity ofBlaisun_phase fold_
ing dec'eases rowards wesr (compare Figs.3a and b).  Btaisun phase fotdrng;esulred jn
the prcsent synfomal shape of rhe Du€an normal fault. The age of the Biaisun phase is
Earlr Tefliary (see below. chaprer o2).

1.4 1:ufta phase (Dl: Renewe.l east-t est extensiun

Above we have discussed the three most imporrant stages of deformario. in the area of
the Silvretta, Ela and Err,Carungas nappes. The following phases have only weaklymod-
ified the internal geomerry of the Ausrroalpine, but have srrongly affected the Austroal_
pine-Penninic boundary zone.

A second phase of top-easr-directed exrensionat faulting is docurnented by the Turba
mylonite zone, an easr-dipping nornal fault berween the plarta nappe above and t}le Ar_
blalsch 0ysch below tF g.  l .  Nieverget l  er  at .  Igst  and in press Li ; i ;er  tq92).  The lurba
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mylonite, best exposed at Piz Turba between the Oberhalbstein and Bergell valleys (our'

side the nap, Fig. 2), is a calc-nylonite with quartz clasts. Stretching lineation and shear-

sense cdte.ia indicate down-to'the easl displacement of the hanging wall comprising

Platta nappe and Ausrroalpine, relative to the Middle Penninic units in the footwall
(Liniger 1992). The norlhern continuation of the Turba nylonite zone is indicated
between the Platla nappe and underlying Arblatsch flysch in the southwestern part ofthe
nap, Figure 2, and in Figure 3a. Vit.inite reflectance of samples frorn ihis area indicates

an abrupt deuease of Alpine rnetanoryhic tenperatures from the footwall to the hang-

ing wall ac.oss the Turba mylonite zone (neasurements by R. Ferreiro Miihlmann, in

Nievergelt et al. in press), compatible with nornal fault moveme.t. Still further towards

north. the conlinuation of the Turba nylonire zone is unclear' The extreme thinning of

the nappe units east of Tiefencastel (Triinpy 1980, p.237), where the Ela nappe is repre-

sented by only a few rnelres of Jurassic limestone, overlain by Triassic dolomite of the

Silv'etta nappe and underlain by a serpentinite'beanng shearzone, strongly suggests that

the Turba mylonite zone continues towards the north along the base of the Austroalpine

Late stage, top-east shearing probably related to the Turba phase was also obse ed in

the Arosa zone near Arosa and along the western border of the Eff nappe ( Ring et al

1991, Diin 1992). The Twba normal fault truncates Blajsun'phase folds in the Margna

and Platta nappe near Septirner pass (Liniger & Niev€rgelt 1990, p-97; D, of these

authors conesponds to the Blaisun phase).
Normal faults of the Turba phase have orientations similar to the ones of the Ducan-

Ela phase and are therefore easily conlounded with these. The two generations of normal

faults can o y be distinguished by using overprinting relations with folds of the Blaisun

phase: Ducan-Ela-phase nornal faults are deformed by Blaisun phase folds (see Fig 5).

whereas the Turba normal fault t ncaies su€h folds

4.5 Domleschq phose (D5): Late-stage northwestnoutheast sho'lening

The Domleschg phase, originally defined by Pfiffner (197?) in the North Penninic

Biindnenchiefer of Gftubiinden, corresponds to tne htest compressional overprint rec'

ognized in the Middle Penninic Schams nappes (D3 of Schmid et al. 1990). Northeasi-

striking, open folds with constant northwestward vergence and southeast-dipping axial

planes only achieve moderate shortening. These folds can be continoousty traced from

the Schans area towards the east and into the Austroalpine units in the Tiefencastel area

A major Dornleschg-phase syncline exteDds lrom Piz Toissa northeast into the Sihretta
nappe (Fig.2. coord. 7651168; "Suraver Deckenmulde" of Ott 1925). The preservation of

rhe Toissa klippe, a remnant of the Ela nappe on top of Penninic units west of the Julia

valley (Fig.2). results from its position within this syncline
The Donleschg phase postdates the Turba phase. South of Piz Turba, the Turba my-

lo.ite zone is folded around an east-west striking antiJorm correlated with the Schams

Dr, and rhus the Donleschg phase, by Liniger (1992, "M" inFig.15d).

5 Compadson wi.h the Engadine Dolonites

In the following. we will compare the structures observed in the Silvretta, Ela, and EIr-

Carungas nappes with the ones of t}le Engadine Dolonites. Thereby we will atternpt a
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correlatjon of deformation phases aqoss the Engadine line (Triinpy 1977, Schrnid &
Froitzbeim 1993). a major discondDuity in the Ausrroalpine nappe piie of craubiinden.
Furtbernore. the Engadine Dotomites yield additional intonnation about the seometN
and I imrlg or Trup(hun-phase rhrusr i rg.  bccau\e or rhe retaf ivet)  mi" . .  p; ,  

""pp;overpdnl as compared io the area described in lhe preceding chapters.

5.1 Genenl.ldcription

Tt'e Engadine Dolonires (Iig. i3, ptate 1) represenr a rriangular_shaped area of Upper
Auslroalpine sedimentary rocks bounded !o the norlhwest by the En;adine line, t;;he
south and southeas! by the basemenr of the Campo nappe, and to the no heast by the
overlying Oetzlal thrusr mass, atso formed by pre,permja. basernent (SDitz & Dv;ren,
Iunh l9 l4) .  S(veral  ,hru{ ,heeF are erposed in rhis drea: l rom sourh Lo nof lh, lhe Of l -
ler. Quatlervals and Scsvenna -S charl nappe. The Zebru thrust separates the lowermost
thrust sheet the Onler nappe (predoninanfly Mesozoicrocks). fron the underlying Lan-
guard and Campo basement nappes. The Trupcbun-Braulio ihrust defines the top;f rhe
Ortler zone and the base of higher thrusl sheeis, refened to as euatrervak na;De and
TerTd unr ' .  sedimenrary unir i  ot  predom.nanrt)  Lale Tr iassic age. Iowards ; ; j r ,  rhe
Quattervah nappe is interleaved with the Umbraii-Chavalatsch z_one (schmid 1973). a
pr le ol  o en errremel\  rh in rhru.r  ,heers or, t rver.  in which ,he proDori ion or basem:nr
rocks der i !ed hom rhe Oet?rat  nappe increa.es rrom weq ro edsi .  The la, !e{  basemcnr
\heer in rhb imb care zone i ,  rhe Braut io crysra rne unir .  \orrh ot  rhe eudirervdt\  naooe
and lhe Umbrar l - .havalalsch zone tot to$s the S-chart  Ses\enn. naDpe, dir ided from r;e
rormer urrrs by rhe ca o l ine.  AtrhoLgh rhe eracr naru,e ol  rhe c;uo t ine I \  sr i  dubi-
ous, it is well established that rhe Quatrervals nappe and Unbrail,Chavalatsch zone are
in a structurally higher position i. respect to the S charl-sesvenna nappe (Schmid 1973).
Hence, the callo line represents the basal thrusi of the Ouatte als and Umbrait_Chav;,
latscb units above the S-charl-Sesvenna nappe. Sesve.na and Campo basernent thus
occupy the lowermost srruclural position in the nappe pile of the Engadine Dolomires.
An unce ainty exists about rhe importance of later extensional reactivation or overp.int
of the Gallo line. already assumed by Schmid (1973).

Allsubunirs ofthe Engadine Dotomites can be traced into the footwall ofthe Schtjnis
r . l ru.r .  lorming Ine base of  d highcr t  ppe, Aunroatpine unrr :  The Oerzldl  nappe
The Zeb.u thrusl. the Trupchun-Braulio thrust. and the CaIo line merg€ into a rnylo;;tic
beu associated with ihe Schlinig thrust (..intra,baseneni shcar zone,,, Schmid & Haas
1989).

5.2 Corrclation acrcss the Enladine tine

The geometric relations between Engadine Dotomiles and the units northwest ofthe En_
gadine line have been subjecr to longstanding conrroversies (see discussion in Schmid &
Haas 1989). A recent kinematic analysis of rhe Engadine line (Schmid & Froilzheim
1993) yielded novenenl vectors conshrenl with a sinistral srrike_slip notion associated
with a block rotarion. This results in a conponenr of downrhrow of the Engadine Dolo_
mites with respect to the Sitvrerta nappe. Reiro deformarion ofmovemenls alona the En_
gddine l ine y ie lds lhe to l lowrne nrppe coffeta ' rons: (  t )  The Eta nappe occuDies a srrucrur
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ally lower position in respect to the Engadine Dolomites and the basement thrust sheers
of Languard and Canpo, and has to be considered part of t}te t wer Austroalpine Bemi-
na systen (Fig.1). This interpretation is contrary to the classical one, assigning the Ela
nappe to the Upper Austroalpine (e. g. Spicher 7972: Tecroaic map of Switzerland).
Southeast oI the Engadine line, the Triassic and Jurassic sedimenrary rocks of the Corn
unit represent a direct equivalent of the Ela nappe (Pl. 1). The Com sediments are the
uppermost element of the Bemina systen, directly underlying rhe Languard basement.
(2) The Sesvenna, Languard and Campo basement units are comparable ro rhe Silvrerta
nappe regarding their tectonic position in the o ginal nappe pile. (3) Equivalents of the
Engadine Dolomites on the weslem side of the Engadine line were siruated above the
Silvretta basement and have been eroded away, with the exceprion of rhe Sihretta cover
in lhe Ducan and Landwasser areas.

5.3 Trupchun-ph6e folding and thrusring in the Ensadine Dolomites

Thrusting towards northwest to west and associated folding are particutarly well exposed
in the Ofiler nappe. Al the western end ofthis unit, in Val Trupchun, the local Dr (Trup-
chun-phase) folds are open to isoclinal and associated with an axial plane cleavage. In
contrast to the Dr folds in the Sjlvretta cover. Trupchun,phase fold axes in rhe Ortler
nappe have rotated towards parallelism with the transport direction by variable amounts.
In stereographic representation the fold axes cover almost a complere great circte (Froitz-
heirn 1988). Nonhwest-directed transport was deduced from an analysis of fotd axis
orientations (Froitzhein 1988). The different style of deformation during rhe Trupchun
phase, when compared to the Silvreua nappe, is at leasr partly due to the different litho,
Iogical composition: Inwer to Middle Jurassic marls and linestones of the Algau Forma-
tion, predominant in Val Trupchun, contrast with the dolomite-dominated Triassic cover
of the Sihretta nappe. A maximum age for the Trupchun phase iD this area is given by
the youngest sediments affected by these folds: Upper Cretaceous sediments occur in the
core of a Trupchun-phase syncline in Val Trupchun. These are Cenonanian and possibly
Middle Turonian foraminiferal marls (about 90 Ma, Caron et at. 1982), fiftr described
and termed "Couches Rouges" by eppntz (1906). Therefore, thrusting and folding in
the Ortler nappe began after 90 Ma.

The Trupchun,Biaulio thrust at the top oI the Ortler nappe and the Zebru thrust at
the base of this nappe are both top-west to northwest dire€ted (Fig. 13), as is unambigu-
ously demonstraied by kinematic analysis of calc-mylonires from rhe Trupchun Braulio
thrust and quartz mylonites from the Zebru thrust (P. Conti, work in prep.). Schnid
(1973) and Froiaheim (1988) enoneously interprered the Trupchun,Braulio thrusr as a
top-southwest ba€kthrust, because Trupchun-phase folds are truncated by this thrust. Ar
the eastem end ofthe Ortler nappe, Conti (1992) found a two-srase evolurion of rhrust
ing dunng the Trupchun phase: t}te Trupchu.-Braulio thrust overprinrs earlier, also wesr,
to no(hwest-directed thusting along the Zebru thrust. Such a two-srage evotution of
thrusting may account for the overprinting relation observed in Val Trupchun. Both the
Trupchun Braulio and the Z€bru thrusr can be conrinuously rraced further towards easr
where the sj,nkinematic metamorphic grade sysiematically increases and reaches rhe
greenschist lacies near the eastem margin of Figure 13 (Schmid & Haas 1989). They
finally both merge witl .he eastem continuarion of the Schlinig thrust, for which a Lare
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Cretaceous age of thrusting, between 100 and 80 Ma, is well cof,strained (e. g. Thitni
1986, review of radiometric ages in Schmid & Haas 1989).

Northeasl-striking folds are dominant in the S-chall-Sesvenna nappe (Spitz & Dyh-
renfurth 1914. Stutz & walter 1983, Scbmid & Haas 1989. see Fig.13). These folds are
the oldest Alpine structures in this area and can be attributed to the Tnrpchun phase.
They are about perpendi€ular to the transport direclion which was wesi,northwest to
northwest as indicat€d by stretching lineations. The general style of the folds is very remi-
niscent of the Trup€hun-phase folds in the Silvretta cover. In t}le area of the southem
Sesvenna - S-chad nappe, a gradual change in the orientation of the Trupchun,phase
folds is obsened (Fig. 13): towa.ds southwest, the folds curve from northeast-strikins
over north-striking to northwest-striking (Spitz & DyhreDJurth 1914). This fold arc re,
senbles the one observed at the southwestern termination of the Ducan syncline (Spitz
& Dyhrenfurth 1913)-

Locally within Permian to Lower Triassic pelites of the S-charl-Sesvenna nappe, a
cleavage has developed under conditions ofthe lowermosl greenschist facies. The forma-
tion of this cleavage is dated at 89+-5 Ma by K-Ar determinations on white micas (Thitni
1980), confirmed by €Ar-r'Ar work (Thitni & Miller 1987).

5.4 Post-nappe deformati.,n ofthe Enqadine D.ttomites

Unarnbiguous evidence for an extensional overpritrt during the Ducan,Ela phase has not
been found yetwithin the Engadine Dolomites. Northwestsoutheast-directed Alpine ex-
tension is observed in Upper Triassic doloni.es of the S-charl unit (Schnid & Haas 1989)
and the Ortler nappe (Froitzhein 1988). These authors attdbuted extension ofthe Upper
Triassic dolomite layer to bookshelf- or domino-type antithetic faulting, related to Trup
chun-phase thrus.ing. As discussed in Ratschbacher et al. (1989), local extension can be
associated with non plane slrain shearing, coupled with vertical thinning, in a large-scale
ovenhrust shear zone. However, in the light of oui recent discovery of crustal extension
affecting a previously stacked pile of thrust sheets along the Ducan nornal fault, such
crustal extension during the Ducan Ela phase @nnot be ruled out as an explanation for
some of the extensional structures in the Engadine Dolomites. We tentatively assume
that both processes, thrust-related, local extension in t}te sense of Schnid & Haas (1989),
and crustal scale extension duriry the Ducan Ela phase,left their traces in the Engadine
Dolomites. Many of the southeastdipping Alpine normal faults in.he S-charl unit and in
the Oraler nappe are resaricted to the Hauptdolomit layer and do not continue in the
over and underlying strata. These faults probably forned durhg thrusting as proposed
by Schmid & Haas (1989) and Froitzheim (1988). Some normal faults in the S-charl unit,
however, cut down inio the basernent (see Fig. 5 in Schnid & Haas 1989) and may reflect
crustal extension during the Ducan Ela phase.

The local D? folds of the westei. Ortler nappe (Froitzheim 1988) are characterized by
east- 10 southeast-trending axes and steeply south- to southwest-dipping anal planes.
Very nuch analogous to the Blaisun-phase folds in the Ela nappe, these folds are respon-
sible for tilting of previously flatlying structural elements (in the Ela nappe, the axial
planes of recurnbent Ducan-Ela-phase folds) towards the north. Therefore this local D,
can confidently be coEelated with the Blaisun phase (D3) defined in the Ela nappe. In
the eastern part ofthe Ortler zone, Blaisun-phase folds are uosscut by dykes of rnafic to
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intemediate composition aod calc-alkaline affinity (Conti et al. 1994). The dykes are
about 32 Ma old (Dal Piaz el al. 1988). This age can henc€ be regarded as a minimum age
ofthe Blaisun phase in this region.

Apart f.orn the Engadine line, active near the Oligocene-Miocene boundary. and orher
brittle faults kinematically linked to tbis line (Schrnid & Froitzheim 1993). no evidence
for younger evenls is found in the Eogadine Dolonites.

In summary. the structural ar€hitecture of the Engadire Dolomires is characterized
by the strong prevalence of Trupchun-phase structures, including folds and wesr to north-
west directed thrusts. The recumbent "collapse folds" of the Ducan,Ela phase are not
observed in the Engadine Dolomites. On fi$t sight, a striking similarity exists between
the structural architecture of the Ela nappe and the one of the Ortler nappe: in both
units, recumbent folds with nor.h-dipping axial surfaces are the dominant structu.al
elements. This similarity has misled several authors to regard rhe Orrler nappe as the
continuation of the Ela nappe (e. g. Staub 1964, p.87-88). The snnilarity, however, is only
apparenr .he recumbent folds of tbe Ortler nappe are th sfrelated folds of the Trup
chun-phase (D1), whereas the recumbent folds of the Ela nappe are younger ..collapse

folds" of the Ducan-Ela phase (Dt. A correlation between no heaststriking folds in the
S-charl-Sesvenna unit and the Ela "fronral fold", as put forward by Hein (1922.
Fig.227), Eugster (1923. Fig.32) and Staub (1924. Fig. 34) has ro be rejected for the sane
reason:thefirst are Trupchun-phase folds. the latterbelongs to theDucan-Ela phase.

6 Synrhesis: Structual evohrion of th€ Austroalpine nappes in creubiirden

In the following. we extend our considerations to a larger area within the Austroatpine
nappe pile ir Graubiinden. The sequence of deformation phases developed above applies
also to other pads of ihis nappe pile. A correlation with the sequences established for the
western border ofthe Err Carungas nappe (Diilr 1992), the Samedan zone (Handy et al.
1993) and for the Margna nappe and suroundi.g area (Liniger 1992, Hermann &
Miintene.1992) is given in Table 1. The correlation with the defornation sequence of the
northem Malenco area east ofthe Bergell pluton (Hermann & Mrinrener 1992) is parrly
anbiguous because these authors obserr'ed one additional fold generation (D4) that is
not recoided in adjacent areas.Itmay represent alocal phenomenon.

6.1 Crctaceous orcgeny

6.1.1 From theJurassic passive margin to the Late Cretaceous thrusrbelr

The domai.s ofthe Jurassic-age passive continental margin were telescoped by top-norrh-
west to top-west directed thrusting in the Lare Cretaceous Trupchun phase. This imbrica-
tion ofnappes started after 90 Ma in tbe Ortler zone, as is indicated by the occurrence of
Cenomanian to kwer Turonian "Couches rouges" in the core ofa Trupchun-phase syn
cline in Val T.upchun (Caron et al. 1982i see above). The sane is true for ihe t-ower
Austroalpine (Mu irdl half window and Samedan zone) where ,.Couches rouges" are
overlain by flysch of probably Late Cretaceous age (Rddi 1927, 1946). The onset of
flysch sedimentation indicates the beginning of convergence. These biostratigraphic data,
together with radiometric ages from the Engadine Dolomites and the Schlinig thrusl re
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ported above (chapter 5.3), indicare a westward migrarion of Trupchun_phase defollna_
tion: thrusting along the Schlinig thrusr sta ed at abour r00 M4 cleavag; in ihe S-charl
nappe was forned around 90 Ma, and the western Ortler nappe was b-uded under the
higher thrust sheets after 90 Ma (Fis_ 14).
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Most authors assume thal oceanic lithosphere of the South Penninic ocean was sub-
ducted under the Austroalpine continen.al margin in the Cretaceous (Triirnpy 1975,
Frisch 1979, 1980). The subducted lithosphere carried the Margna-Sella continental frag-
ment which coltided with the Austroalpine mainland. The ophiolites of rhe Platta nappe
mark the oceanicsuture between Margna-Sella fragment and Austroalpine lnainland. Col-
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lison and suturing occurred already in the Cretaceous. as indicated by the followins facts:
(1) The Margna-Platta boundary is truncated by the Corvatsch mylonite zone, a Late
Cretaceous extensional fault (Liniger 1992; our Fig. 15b). (2) The Platta-Err boundary is
folded around a fold ofthe Ducan-Ela phase, also Lale Cretaceous i. age (Fig.3a).

Slretching lineations and shear sense determinations related io the Trupchun phase
are represented in Figure 15a. Top northwest to top-west thrusting prevails, and even
top'southwest diecled thrusting is documented from the area of the MargDa nappe
(Liniger 199). The thrusl geonetry was largely inlluenced by the inherited geometry of
the Jurassic pasive continental margin (Fig.lb). The latter was characteized by two
systems ofnormal faults. an east-dipping system in the easlern, proximal part a.d a west-
dipping systern in the western, distal part (Froitzheim & Eberli 1990). An outer basernent
higb had formed betwee. the west-dipping and the east-dipping fault system, in the area
that later became the Bernina nappe. The Jurassic to Lower Cretaceous sedimentary
cover of this area is ilt places extremely thin and reflecB erosion and coodensed sedimen-
tatio. on a submarine high (e. g- in the Schlattain'Clavadatsch unit ofthe Samedan zon€,
Rosli 1946).

FiB. I 5. M rps showin g orie n ration of shc r lres relare d ro dillere nt delormation phases in rh e Austroatpi. s of
Graubond€n. For locations conpare Fig. L
(0) Early, thru$ine{elatsd nruclures of rhe Trupchu. phase. Shear s€.se ol nybnnes yields consistently
n onh sest' lo west-dtrected I ra n sport. Soutbwes-dtected shcarinBoccured i. the Mfgnr nappe and i6 vicin
ny (Sw part of msp. data frcm Liniser 1992) The Albula sleep zone (vertical rulinc) is interpreted as r 

-ne 
or

sinistal shenring rko forned in tbe Trupchon phase. Fronr of nain Upper Austroalpine bascDcnt sheer
(canpo and Sihrctta) is dnplaccd acro$ Albula stccp zo.€
(b) Late Cretaceous normal faults. moslly los'anele, oi the Ducan-Ela phrse. AJrows i.dicate ta.spoi dnec
tion or respective hansins *alls, as derived ton kinematic anatsn oi mylonites and calaclasitcs (panly data
lron Liniger 1992, Weh 1992, Spillnann 1993). CBF. CoNrach Bemid boundary iaull (fuorcla Surlej -val
Roseg-Fuorcla da la Sell.)iCMZ, CoNatsch nybnn€ zoneiDNF, Ducan nordal fa!l! tBF, base oitheJulier
nappe (prolo.sation oi CBI nonlsest or the Ensadine line)i MNF, Mczaun .oinal laux, betwecn Seja base
ment below and Meaun sedinenls abovq RNF, Rothorn nolmal fault, bslween Rolhorn nappe below and
Arosa Dolomitcs abov€iTNF, Trtpchun nornal fault, bet*een Munirdl unit belos and Onkr nappe above
(conpare lig.5b in Schnid & Fronzhein 1993). Exrensionjelated recunbent loldi.g occun in the footrall of
a system oI low-a.8le .ormal faulls d€fined by lhe DNF, TNF, MNI and JBF.
(c) Ea.ly Teniary roldins (Bldhon phase) and nonhward lhrusling of the oro8enic lid conprisins Ausroalpine
andPlatanapp€.FolddisorienrarionsincludedaratiodLiniaer0992)a.dHandyetal.0993),Lare$Paleo-
ene toMiddlcEocenc fosils at locality 1(Pasou nysch. Ziegler 1956. Eiemann 1988) and Middle laleocene
to Lowcr Eocane ro$ils at localtly 2 (Tasha n]sch, Rudolph 1932) iddicare thai tbruning ofrhe orogenic lid
over these units is posl'PaleoceDe.Transpon dtedion of lhe basal rhru( (atros) is derived lroh toliar€d cata
clasiles. Dashed parrs ot the basal rhtust are overprinled by later faullins (Ensadine lirc and Turba nylonire
zone). A: noihdrnnos po$ible positi.n ol the Arskoalpine rhrusr ftont in the Late Paleocene to eally Eo,
cenciB: prcsert Au$roalpinc front. These data requnc ?5 kn po$-Palcoce.€ .oihward tbrusing.
(d) Posicollnional nructures of Turba pfiase and Donnesch8 phase. Thc €ast-dippins Turba mylo.ite zone
.ecords edt dnecred downtauhing of the orogenic lid before inrrusion of the Bergell granodiorite at 30 Ma.
Nore rhar rhe Turba n. z. is r tr ncated by rbe Bergel I inrusion on rhc southedt side ol rhe Engadineline. Est
to northcast-lrcnding D onlcschg-phasc lolds aro youdgorthan the Tuiba dylonite zone. Engldine line and In
subric linc are conjugale faults accomnodaling eastwad extrusio. ol th€ intervcni.g block. Veiicat displae
ment C +'and "'symbols) chanses alons the Ensadine line and is zlo at.cutralpoinr belqeen st. Mornz
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In the proximal pan of the margin. especially in the Ortler zone, east dipping high-
angle Jurassic nornal faults were transported within thrust sheets and were thus pre-
served almost in their original configuratio. (Froitzheim 1988), or were reactivated aj
tlrusts (Manatschal 1991, Conti et al. 1994). The ourer basement high was transformed
into the Benina nappe. The basement dominated character of this nappe, with massive
basement sheets and thin @ve. synclines, is direcdy inheriled from its position in the
passive margin. The sediment fill of normal-fault-bounded halfgrabens immediately east
of the basernent high partly remained ;n place, that is, connected to the basement of the
Bemina nappe (Piz Alv, Sassalbo. Mezzaun. Pl.1), partly was sheared off and trans-
ported to the west, over the basement culmination, as in the case of the Ela nappe.
The pronounced slrelching lineation ubiquitous in the Ju.assic rocks of the Ela nappe
may result from this special situarionr These sedimenlary rocks were "rolled out"
between the obstacle of the Bernina basenent below and the Upper Austroalpine base-
ment above (Silvretta, Languard, Campo). In the Err .appe, west of the basement high,
Jurassic nonal laults were again partly preserved and only weakly overp nted by
Alpine deformation (Froitzheim & Eberli 1990). This may be explained by the "pressure
shadow" of the Bernina basement high, and by the westward dip of Jurassic nomal
faults in the Err nappe. unsuitably oriented for reactivation in a framework of top,west
thrusting.

6.1.2 Sinistralwench movement alongthe Albula steep zone

As stated above, cretaceous orogeny in the western Austroalpine was dorninared by top
west diiected nappe imbrication. What is the role of the Albula steep zone in this con-
text? This zone represents a lateral discontinuity of the nappe stack. It formed concomi
tant with nappe imbication, or possibly. during a late stage of this inbrication. The sig
nifican@ of this zone may be understood by looking at the position of the crustal seg-
ments to the north and to the south ofit in terms of Jurassic paleogeography. Across the
Albula steep zone, the Upper Austroalpine Silvretta nappe to the north is laterally juxta-
posed with the Lower Austroalpine Err-Carungas nappe 1() the south. The Err,Carungas
nappe represents the most oceanward, western part of the Jurassic passive continental
margin. h contrast, the Arosa Dolonites, today located at the western rim ofthe Silvret
ta nappe,.eprese.t a relatively proximal, continentward part of the passive margin (Fur-
rer 1993, Eberli 1988). Therefore we interpret the Albula steep zone as a sinistral wiench
zone along which Silvretta nappe and Arosa Dolomites moved from east to west relative
to theErrnappe and other units to the south.

Figure 16 is a schemati€ reconstruction of th€ nappe geometry after the Trupchun
phase. Platta-, Er-Carungas . Ela Bernina and Silvretta-Campo nappes had been imbri
cated along east-dipping thrusts. The Albula steep zone acted as a sinistral wrench zone
within the nappe stack. accommodating differenl anouots of westward thrusting of Aus-
troalpine units situated north and south of it. A northern block. including t}le Silvretta
nappe, differentially advan@d towards the west in respect to a southem block, including
the Err nappe. This explains the counterclockwise rotation of Dr folds in the Ela nappe
and at the southwestem ternination of the Du€an syncline. Slightly younger, upright Dl
folds in the Albula steep zone indicate a component of north-south shotening acting
contemDoraneouslv with sinistral wrench movement.
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Fig.16. Reconsiuction oflhe Albulaslecp zone".The Silvrenanappe advanced towaids we$ relatire to the
Lorer Austroalpine nrppes (Ela. En Carunsat alonc an easlwes re.dina, sinistral shcar zone. Atready
existin3 thru*s were folded due to a conponent of nonh{oulh shorrening conconnant wnh sinistmtsh€rri.g
in a late staAeoftheTrupchun phase (Lare Crebceolt,leadin8to lhe stcep orienraiion oirhe nappe boundaacs.

The location of the easaern coniinuation of the Albula steep zone across the Enga-
dine line remains uncertain, partly because of a severe extensional overprinr in the
Murtirol-M€zzaun halJ window (Figs. 1, 15b). Retro-deformation of movements along
the Engadine line (Schmid & Froitzhein 1993) constrains this coniinuation to be situated
between the Campo basemenl to the south and the Sesvenna basement to the north. This
can be used for an estimate of the disptacernent along the Albula sreep zone. As dis
cussed above, the Campo nappe and the Silvretta nappe occupy the same structural level
in the original nappe pile. We assume that Campo and Silvretta were parts of one con-
tinuous basement complex before the displacement along the Albula steep zone. Today,
the western boundary ofthe Silvretta basenent and the wetern boundary of ihe Canpo
basement are offset in a sinistral sense by40 to 45 km (Fig.15a). Both boundaries are not
erosional, in which case they could not be used for an €stimarion ofthe offset, bur repre
sent the primary front of the basemenl ihe western front of the Carnpo basenent is de-
fined by the wedging-out of this unit between the underlying Languard nappe and ihe
overlying O ler nappe (Fig.1), and the western froni ofthe Silvretta basement is repre-
sented by a fold core enveloped by Permo-Triassic cover rocks. Therefore, this offset of
40 to 45 km constrains the displacement across the Albula steep zone. An independent
estimate is provided by pronounced facies analogies in the Late Triassic and Early Juras-
sic of the Arosa Dolomites and the central Ortler nappe (Fuffer 1993. Eberli 1988), indi,
catingthat these units are derived from closely neighbouring areas. The sinistral displace-
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ment beween these areas amounts to about 50 kilometres. This second estimate depends,
of course, on a sinple and possibly unrealistic arrangement of facies zones.

Late Cretaceous, east to northeastitriking sinistral wrench faults in the Austroalpine
realm were inferred on the grounds of paleogeographic considerations by Trtimpy
(1976). The Albula sleep zone might well represent one of these. Another sinislral
wrench zore was infered belween lhe Norlhern Calcareous Alps and the Central Aus
troalpine (Bechstadt 1978, Triimpy i992), in order to account for the different racies of
the Triassic in these two areas. In our study area. this other wrench zone would be
situated between the Silvretta nappe to the south and the No hem Calcareous Alps to
the north. This proposition is in good accordance with our observations. The Late Creta-
ceous to Eocene dextral movernent in the Albula-Ortler zone proposed by Laubscher
(1991), however. is i. cof,tradiction to the field evidence and has to be rejected- In our
study area, we did not find any indication for dextral w.enching along east-striking faults
or shear zones during the Cretaceous. The absence of such structures is remarkable. be-
cause dextral transpression was infered as the general rnechanisn of Cretaceous defor
mation in the Austroalpine by many authors (Ratschbacher 1986. Ring et al. 1989.
Ratschbacher et al. 1989, etc.).

6.1.3 Late Cretaceous extensionr Collapse behind a nigrating orogenic wedge

As demonstrated above for the Ducan trormal fault and itscontinuation along the base of
the Silvretta nappe, kinematic analysis of nylonitic and ca.aclastic fault rocks along shal-
lowty dipping tectonic contacts has revealed inporlant top-to-the-east exlensional faull
ing in the Austroalpine units of Graubiinden. Indicated in Figure 15b are normal faulls
that are ascribed to the Late Creta€eous extension. and shear direction and sense ofasso-
ciated fault rocks. Because the €xtensional faulting overprinled an earlier slack of
nappes, normalfaults do not always emplace younger rocks on older rocks, but the oppo-
site is also observed.

The Trupchun normal fault (TNF) is interpreted as the continualion of the Duca.
normal fault east of the Engadine lif,e. Along this fault. the Uppe. Austroalpine Onler
nappe is directly emplaced on Cretaceous flysch of t}le Err system, and substanlial pans
of the nappe pile are onitted (Bemina nappe and Languard nappe). We have Do fault
rock data from rhis poorly exposed fault. The Mezzaun normal fault (MNF) forms the
boundary between the Mezzaun sediments (Bernina system) above and the Seja base-
ment and Murtirdl sediments (Err system) below. Ii represents a marked disconlinuity
crosscutting older structures. Scar@ kinematic indicators from the main fault plane and
its inrmediate vi€iniiy (fibre-growth slickensides, grooves and ridges) indicate top-south-
east directed movement. In cotrtrast, paleostress analysis using ninor faults in sedimen
tary rocks above the fautt indicates top-southwest directed normal faulti.g (Schmid &
Froitzheim 1993). In spite of this ambiguity concerning the exact movement direction.
the normal-fault character ofthe MNF is clear because higher thrusl sheets are emplaced
on Iower ones alongthis post nappe discontinuity.

The Corvatsch-Bemina boundary fault (CBF) is a low-temperature quartz mylonite
zone with top east shear sense (Spillrnann 1993). It parlly coincides wilh an extremely
thinned sediment syncline between two basement sheets. the Bernina nappe s. s. above
and the Co alsch nappe below. The Julier base fault (JBF) is ihe continuation of the



N. Froirzbeim. S. M. Schmid & p. Cond

&::t$t,i,rTiFfi xT:ifii tii?liiiti"i"^i,iiiilti ::;:.l$L]i: :T:j,#::.":""?baserent, and sediment_derived mylonites betwee" ,r," c*"i"r, *i,p" 
"i"," 

."aiil

:"I,,:1ff:iil*,ilili;:1 ;J[ li'::i"'; t;:?:":Y.: ::f'l:, "Tffi f3; ; ;";:lljji;fi I 3:ilff ' lr"' ,lTr:#:ff I y:*"'^ l,::,,ili;;: :#;l;kland fte Tonate series above. The faulr was ac

;1,;i :.nl;::l;l *llilr;'iu ifi :::il JH.';:il.J': T:"::::,ilt ni;
::i+:i{:ii:T#,ilil T"T::;TT:"i,it"li#:il,s:Bi::rx::'#F
(iorded area indicated bvoblique hatchin; in Fig.15bl',"* r.ra. 

-n"J, 
a""rr--r" ,i."ii','-

fi ,i:i liil:i:r;:l iil1t;Jffi tTxtrr:l :inl#i:,."zuitil ;,1 
"*brt t tety extended crusr above (Fiq.  12).

The d8e or rhe Ducdn-f td phie was derermined radiomerr ical t )  b\  Tie,z er at  (  tqoj)

6,"i,: :!"T,'.'*iff :Tiffi ,;3:i1*'.:ilfi: ?tti;?il:::f..;k."f; i #i(Fig. l4). Late Creraceous extension was also

SX?#:l*lfl H{kT.",il1g*:: ";ff :,i'J'A.'i':1ilTt"1J:'"'"T','"T;
deepenins or the basins a, **,'o," i".*i!.J'.li;"'::"li:-iff,ilT',',"JJ*J:li:1
phase. Consequentry, the €xtension besan ar 90ta *'. 

"f 
,h" T;";r; ;;;;;. ;; ;;llffil:::,'ll;"i:f,lT"1'l:i T:i$:ifi J,:$il,,,t*":Hlffi t*i,i*:f finii;;

il":,?::,JJj, ji:t;:,1:"Jlj"l':;T"'.,""?::.:*, **^;-. ̂  "r'*av ".*."J"iv
:j..:1". :1"9*" *:q,: .,""-.'' *o **, dlli,:']; ;'*:l".ff '::,X.f"lT';,ji't:
causeotny an overthickened wedge according ro rh" ,".aa 

"r 
pr"u t,ssrj, lni;*i,e ;

""":i"Jffil"if,Lltrxlfi Ji,'i;;T::l;",::'s: *s an important imp,icarion, rt be
,ian p,ate repiesents the i..;;;;;; Zni;;"il'ilff;if lii:T*T#,H i|:li:-
fiii iliiiill;lff r;::iil illii ;rti:"ff :lttffim.,l**;"".*:
ili"{ii;lilli*:ti:ri':l,IiT,':,:',ffj"iHJ:,1l:*r;:rll:"Tji :r;*i*!tmalpine orosenic wedge is better explaineJ by a c*it,*,a _rrirt.. ."", * ,.",i"",,

S jl,:#ffifi'" -"., i. e. aronsihe var;.Har""* **.. * p,.p.,"i lv iii"i



Shoiening and extension in the Ausnoalpir€ unis

6.2 Tertiarf orcgeny

6.2.1 Early Tertiar/ collisional deformation

After the Late Cretaceous extensional phase, the Austroalpine Upper Penninic nappe
edifice was thrust as a "tralneau ecraseur" (Ternier 1903) or "orogenic lid" (Laubscher
1983) towards north over the Middle and North Penninic units. The basal thrust of the
orogenic lid is exposed at the western border of the Engadine windor,,, berween basenent
rocks of the Silvretta nappe above and. Mesozoic sediments of the Arosa zone below
(Laubscher 1983). This thrust is of Tertiary age, because it truncates pseudotachylyte
veins which yielded Late Cretaceous ages (78.5+-4.6 Ma and 73.2+-3.2 Ma, Rb-Sr thin slab
isochrons. Thoni 1988) and are in our opinioD related to crustal extension during the Du-
can-Ela phase (Fig. 14). Shear se.se indicators in a thin mylonite layer along the lhrust
give top-norlh-directed moveme.t (arrows in Fig. 15c). lite, rop,north direcled move,
nent following earlie.. wesi-direct€d shearing w6 also demonsrrared for the Arosa zone
alorg the western margin of the Austroalpine and in the Engadine window by Ring er al.
(1988, 1989). The no h to slightly north-northeaslward uansport direction (Fig.15c, see
also Ring et al. 1988, 1989) differs from the northwesr to north-northv,/est diected rrans-
port inferred for the same time interval in the Penninic Schans nappes (Fr of Sch.nid eral.
1990). The Schams nappes. however, are severely overprinred by later defomation.
Hence we .egard rhe kinematic data presented in Figuie 15c ro be rnore reliable_

The southward continuation of the Tertiary-age basal thiust at the western margin of
the Austroalpine units nust be assumed beneath the Platta nappe, because Plana and
Margna nappes were welded to the Austroalpine already in the Cretaceous (see above).
Botb Platta nappe and Margna nappe were part of the orogenic lid in the Tertiary (Lini
ger & Nievergelt 1990). This implies t}lat the tectonic position of rhe Plaua nappe is tun-
damentally different ftotrl that of the Arosa zone. although both units conprise ophiolites
of tbe South Penninic ocean: the Arosa zone is a mdlange between ophiolites and Aus-
troalpine units that formed during Cretaceous subduction and was reworked in TertiaJy
lime as a top'north directed shear zone below the orogenic lid. The Platta nappe, how-
ever. represents ophiolites which were accreted to the Aushoalpine conrinental margin in
the Cretaceous and became part of the orogenic lid in the Tertiary. The base of rhe Platta
nappe was overprinted by the Turba mylonite zone later on du ng the Early oligocene.
Therefore, the basal thrust of the Tertiary-age orogenic lid is not preserved in the Ober
halbstein area and south of it (dashed continuation of the rhrust in SW part of Fig. 15c).

The grade of the Late Cretaceous metamorphism in the unirs overlying the basal
thrust of the Tertiary-age orogenic lid decreases from south lo no h, from rhe higher
geenschist facies in the Margna nappe (Guntli & Liniger 1989) to rhe diagenesis/anchi-
zone boundary at the westem border of the Silwetta nappe (Dunoyer de Segonzac &
Bernouni 1976). Consequently, the southemmost units forning the orogenic lid were de
tached tuom deeper parts of the crust in the Early Tertiary. This geomery explains the
slrong reduction or total Iack of Lower Austroalpine units in the nortl, that is, in rhe En-
gadine window and in the Prittigau haff-window (Fig. 1). The basal thrust of the Tertiary
orogenic lid must have climbed into increasingly higher previously emplaced, i. e. Creta,
ceous, nappe utrits from south to north.

Tertiary fossils were found i. flysch sedinents below the orogenic lid in rhe Ober-
hatbstein area (Ziegler 1956) and in the Engadine window (Rudolph 1982), indicating
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that Tertiary thrusting h post-Paleocene (Fie. 14). The foraminifera in the Oberhalbstein
are Latesl Paleocene 1o Middlc Eocene (Eiermann 1988) corresponding 10 aboul57 Ma
to 38.6 Ma (Harland et al. 1990). The ones in the Tasna flysch of the Engadine window
are Middle Paleocene 1o Early Eocene (Rudolph 1982). corresponding to 60.5 ro 50 Ma.
These findings allow an estimate for the amount of thrusting during the Tertiary. To allow
lor thc sedimentation of the Te(iary flysch in the Oberhalbstein area, rhe fronr of the
Austroalpine nust still have been south of this area in the Early Eocene. Today, this
front is ai the northern border of the Alps. These constraints indicate a Terliary north
ward displacement of the o.ogenic lid of at leasr 75 kn, neasured parallel to the move,
ment direcrion (north).

The orogenic lid was not an absolutely rigid block. but sulfered some inrcmal defor,
mation: it was affected by east- to southeast-trending folds of the Blaisun phase
(Fig. 15c). The exact relative timing ot no hward lhrusting and Blaisun-phase folding in
the Auslroalpine is nol known. We assurne. however. that both phenomena were closely
related. ifnol coeval. The stike of Blaisun,phase folds is relatively uniform, southeast ro
east and thus roughly perpendicular to the transport direction of the basal thrust of the
orogenic lid (Fig. 15c). The dip of axial planes, however. is variable: At the southern bor-
der of the Silvretta nappe, axial planes are subve ical, sleeply north dipping, or steeply
south-dipping (e. g. Fig. 3b). In the Ortler nappe, axial surfaes dip south (Conti e1 al.
1994). In the soulhem part of the Austroalpine, e. g. in the Malenco area, the axial sur
faces of the Blaisun phase are generally N-dipping ("First phase of backfolding", Her,
mann & Miintener 1992). This is also the case at the western border of the Err-Carungas
nappe (Dii 1992). This variabilily and the lack ofa predominant vergence indicate that
Blaisun phase folding reflects inhomogeneous internal shortening oflhe orogenic lid. On
a very large scale, this internal shorteningwas near coaxial.

Northward thrusling of lhe orogenic lid and Blaisun,phase folding are probably relat
ed lo the coDtinental co,lision that occurred after subduction ofthe last renaining oceanic
lithosphere, the Valais ocean. at about 40 Ma (Frisch 1979). The change from Cretaceous
westward thrusting to Early Tertiary northward thrusting is not a gradual one. Instead,
Cretaceous and Tertiary th.usting are clearly separated by the Lale Cretaceous exten
sional event. After the extensional event, renewed thrusting began with a Ndirected
hansport direction, almost perpendicular to ihe Cretaceous shortening.

6.2.2 Postcollisional deformaiion of the Austroalpine nappes

Teliary northward thrusling and folding during the Blaisun phase were followed by re
newed east-west extension during the Turba phase. Liniger (1992) showed that the Turba
mylonile zone is intruded by the Bergell granodiorite (30 Ma, von Blanckenburg 1992).
On the other hand, the mylonite zone affects the Arblaisch flysch, deposited until about
50 Ma (Early to Middle Eocene. Ziegler 1956). Thus, the Turba mylonite zotre must have
tormed between aboul50 and30 Ma. Because t}le northward thrusting ofthe orogenic lid
over the Inwer and Middle Penninic units predates the Turba extension, we place the
Turba phase towards the end of this time span,lhat is, in the Early Oligocene (Fig.14).

Extensional faulting along the Turba mylonite zone is intimately linked to recumbent
lblding in the footwall of this zone, i. e. in the Suretia and Schans nappes and surround
ing unirs (Niemet-Beverin phase, D, of Schnid et a].1990 and Schreurs 1993). Folding of
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the Niernet Beverin phase is viewed in the context of vertical exkusion from an east-
weslstriking zone immedialely north of the Insubric Line (Schnid et al. 1990. Merle &
Guillier 1989). According to new data, this Nienet-Beverin,phase folding was accom-
panied by east-west extension and vertical shorrening (Baudin er al. 1993, Nievergeli et
al. jn press). The Turba nylonite zone marks a final stage of this exrension. These rela,
tions indicate that the east-west directed Turba ext€nsion was roughly contemporaneous
with north-south shortening. Therefore the Turba extension is not regarded as a postoro-
genic collapse leading to dustal th;nning.

A second step of postcollisional deformation is represented by the folds of the Dom-
leschg phase and by the movements along the E.gadine line (Fie. 15d)- The Domlesche
phase is probably pre-Miocenq cooling through 300 'C near the Oligocene-Miocene
boundary is reported for the southem Tanbo nappe (Jager et al. 1967, Purdy & Jiiger
1976), a region affected by Domleschg-phase folding (Fr ofBaudin et aI.1993). The duc-
tile style of Domleschg-phase folding in this area requires lemperatures above 300 .C.

This suggests that Domleschg phase folding occurred before or near the Oligoc€ne-Mio,

In the Suretta and Tambo nappes and surrounding units, wesr and northwest of the
Bergell intrusion, the Domleschg-phase folds exhibit a general vergence towards north,
with steeply southeast- to south-dipping axial surfaces (F3 of Schnid et al. 1990, Baudin
et al. 193). The northeastward trend of fold axes. indicating southeasr-northwest direct
ed shortening, is in accordance with a framework of dextral transpression along the In-
subric line.In fact, the timing of the Donleschg phase coincides witl the beginning of rhe
"I.subric phase" of dextral tmnspression in the l,are Oligoc€ne (Schmid er al. 1987).
Hence t}le kinematic framework of NW-SE directed shortening, typical for the extemal
zones ofthe Alps, was not established until the Lare Oligocene.

Field relations in the upper Val Bregaglia suggest that the Engadine line postdares
the Domleschg phase: the style of Domleschg-phase folds is ductile in this area, whereas
defornation along the Engadine line is brittle. Accoiding to the kinematic analysis of
Schmid & Froitzheim (1993), novement along the Engadine lirc was a cornbination of
sinistral strike slip and block rotation. Along the southwestern part of the line, the block
rotation resulted in relative uplift of t}te southeastern block. To the northeast, rhe vertical
component was reversed and the no(hwestern block was upliftet relatively. A neutral
point with no venical displacement exists between St- Moritz and Sanedan. There, the
displacemetrt is si stial strike-slip on the order of 3 km.

In the area of Maloja pass, near the nothern end of the Bergell intrusion, rhe Ensa
dine line tuncates the contact metamorphic aureole of the intrusion (Fig.4 in Tromms-
dorff & Nievergelt 1983). The relative uplift of the Bergell intrusion caused by move-
ments along the Engadine line is very substantial and anounts to 7 km along the profile
on the front ofthe block diagram in Plate 1. The counterpart of the relative uplift of the
Bergell intrusion and its countryrocks along the sourhwesrern Engadine line. is t}le exhu-
mation of the Engadine window in the Lower Engadine, situated along the norrheastem
part of this line (Pl. 1). In the vicinity of the Engadine window, the Engadine line dips
southeast and acted as a najor oblique-slip normal fault wirh a vertical displacemeni
component of at least 3 kilonetres, downthrowing the sourheastern btock relative ro tbe
nortnwestern block (Schmid & Haas 1989, Schnid & Froitzheim 1993). The Engadine
window is situated on the uplifted shoulder of the norrhwestem block. Additionallv, the
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window is accentualed by a najor northeast striking antifo.m which we cofelale wirh
the Domleschg phase. The hi.ge of this antiform is near the southeastern border of the
window (Fig. 15d; Giirler 1982).

According to a fault plane analysis aiong the Engadine line (Schnid & Froitzheim
1993), the least compressive principal slress (ot was conslantly oriented E,w all along
the Engadine line, suggesting that an easl-wesl slrotch was accommodated by a combina-
lion of nomal fauldns and sinistral strike slip movement. The sinistral movement along
the Engadine line and lhe dextral movement along the Insubric line acconnodated east-
ward extrusion (in the sense ofRalschbacher el al. 1991) ofthe triangular block bounded
by these two lines (Fig. 15d),leading to local east-west directed extension also during this
stage. Late Miocene deformation in the Southern Alps and aloDs the Giudicarie line
postdates this east-west stretch (Schmid & Froitzheim 1993). Therefore a Lalest Oligo
cene to Early Miocene age is inferred for the movements along the Engadine line.

7 Condusions

Two orogenic cycles, of Cretaceous and Tertiary age, have been demonstrated by the
slruclural analysis of the Austroalpine nappes in Craubiinden. The first cycle included
west' to northwestward inbrication of upper crusial ihrust sheets and sinistral trans-
pression along the east-striking Albula steep zone (Trupchun phase), followed by east-
southeast direcled extensional overpdnt ofthe nappe edifi@. involvi.g low-angle normal
faults and recumbent "collapse folds" (Drcan-Ela phase).ln the second cycle, of Terliary
age. the Austroalpine and previously accreted Upper Penninic onits were thrust north-
ward and enplaced as an orogenic lid on the deeper Penninic units. Internal folding of
the orogenic lid was associated with this northward thrusting (Blaisun phase, Eocene).
Thrusting and folding were followed by a second phase of east west extension, roughly
contemporaneous wilh ongoing no h south compresion (Turba phase. Early Oligo-
cene). This second extensional event was followed by NW-SE shortening (Donleschg
phase, Late Oligocene), and by sinistral slip and block rotation along the Engadine line
near the Oligocene Miocetre boundary.

Regarding the Cretaceous orogeny in the Austroalpine realm, the folowing inferences
can be drawnr (1) Crelaceous crustal shoitening was accornmodaled by top west to top,
northwest thrusting. On lhe scale ofthe entire Austroalpine realm. this shortening propa-
gated from east to west and was foUowed by an extensional collapse, also propagating
from east to west. The westward migration of the orogenic wedge irnplies that Creta
ceous orogeny did not result from the subduction of Souft Penninic oceanic litbosphere
under the Austroalpine realm. but rather from a collision event east or southeasl of thc
Austroalpjne realm. (2) In the study area, we found no indications for Cretaceous dextral
wrench movements as expected from broadly accepted models which assume a dexlrally
transpressive franework for the Cretaceous orogeny (Ratschbacher 1986, Ring et al.
1989, Ratschbacher et al. 1989). On the contrary, a sinistrally transpressive shear zone is
obse ed (Albuia steep zone), in accordance with models of Trnmpy (1976) and
Bechstadt (1978).

The recognition of two orogenic cycles contadicls the classical view of the Alpine
orogeny as a continuous tectonometamorphic evolution. This view regarded all high-
pressure metamorphism. even in the Penninic units, io be of Cretaceous age. Since our



Shortening and €xrc.sion i. lhe Au$roalpine units

data indicate two cycles of crustal shorrening follo\,eed by exhumation. they tend addi-
tional support for models postulating a second period of subduction in the Te iary, lead-
ing 10 the closure of the North Penninic ocean (Schmid et al. 1990. cebauer et al. 1992.
Becker 1993). Our reconstruction of the teclonic evolution suggesls thar rhe high-
pressuie melamorphism within nortlem parts of the Penninic zone, e. g. in the Dora
Maira nassil the Adula nappe, and the Tauern window. may be ofTertiary age.
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