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ABSTRACT

The v*tos of nownenl along rhe Eneadinc linc rapidly chanee along strilc. Pdeoste a.atlsis using
minor faults related ro rhe narer aault predicri E W extensioh and a sinhbat horizontd@nponot otnoknenl
all alona a si4lc Eosadioe line, wll defined betNen Maloja and zemez. Domfaultins oalhc SE blek is
predicted for the NE pan, puf strite slip fo! the ceDlral part, a.d ftlative uplift of the SE 6lock for the sw pdt
ol the Enaadine line. These pedicrions aE in a@dan@ th a mtarion model bascd on laryc sate .ap!E
@trelations in tbe Uppef Ensadine and Etrodcfomotion ol movdents alons lhe Ensadine lin . Roraiion or rhe
SE blck by 10.5" arolnd a boizonlal un yields 2.8 kn vcnical and honzonlal conponcnls neai Maloja, 1,1 tn
pure horizomal nolenedr nea. Sanedan and 1.2 tm v.rtical a.d horizonra! conponents at S-cha.a

Block rctation a oblique slip are inlerpeled lo rcsult fron poslcouisional snortenins t'rins pld ner
$e Olig@ne-Mioccre boundary. In rhe SW this shortening rcsulled in vcrtic.l extrusion of the B.rgett iEa, *hile
lalenl extrusion lowald fic E prcdoninared in tbe NE. The Ensadire lin straddles a hansirional aEa a'Iect.d
by block rolations. The lolalion nodcl yields ncw ftlnl$ re8ardins nappe corElarion aoo$ rhe NE pan ol the
Ensadine line. The position of tbe El. mppe is lower AdstD.lpine and a @nli.uation inro the Upper Aus
lroalpine Onler zonc G Ejecred. Thc silvrena-Lf,nsuad,Sesvenna bame.t Dnns originauy @uFied sinilar
lectonic posilions dnelly above tho Lo*er Austrcalpine o! Penninic units. They wec fiFt dissctd by nomd
faulting of inaerred Late Crelaccons ase a.d then displaed by the laler novedenrs alons tlE Engadin. linc.

ZUSAMMENIASSUNC

Die B€re&.EsvekroEn an der Engadiner Linie aindern sich im Sfticha iash. Die PaEospannugsanalysc
be.iirzr nir der Hauprverserfung in ZNnnetrhqg sleherdc kleine Vwerlunaen n d proenostizie E W
Extensior und sinishlen veretz an der ryi*hen Maloja und Zerne sur d.finicrten Ensadine. Linie.In NE
scklor wird einc Absenkung des SE Flnsels, im zentnlen Teil reine Blallveishiebung und im Sw Seklor HebDns
des SE-FI[gels voransgesagt. Dies aefnnde stimmen mit einem Rolarionsodel nbeEin. Dieses Modell bcruht
aufDakenkorrelationcn in Ob€E.gadin und daFs Esullierender Retrodelormtion der B€ftgnnsen an der
Ensadiner Lini.. Einc Rotarion des sE-Btock.s un 10.5" um eine honzonlale Drebache ersibrje 2.8 tro tonrcn,
tlle und wrtikale B.wsuncstonponentcn bei Maloja. 3.1 li reine Blartes.hiebung bei Sanedan und je 1.2 kn
norizonrale und vertikale KonDoncnte. bei S{hant

Blockrotalion und *hr,ige aewquns *dden ah Risullat de! posl-tollisionalen Einenguns an der wende
O[gocnn'Miocdn Cedeutct. In SW fijhn die* Einengung zu vertikaler Exlrusion d6 Bergell Cebietes, wnnrmd-
dem Nciter in NE lalerale ExtiDsion nach E doeinien. Die Ensadirer Linie f,iur mit einem Oberg.nsssebier
zusammel in welchcm abckrotationen auriden. Das Rorationrmodell liel.n neDe AnhalrsDunk& ftr die Detr-
kenkolElation nber den NE Teil der Linie. Die SrellunA der Ela,Dete isl untero$atpin, ei.e Vcrbinduna nir der
oberosalpinen Ortlezone eird obg.lehnl. Das cnndgebirye der SihE a-. knguard- und Sesvenna,Deckd
berand sich urpriinslioh in einer einheidichen rsklo.iehsn Posirion, diEkt nber dcn Unrerosalpin oder penri-
hikuh. Es wurde zueat <tnrch remulliche spaitkElazische Abshiebungen und sp:irer durch die Besegungen an
dei Ehgadiner linie in einalne Bl6cke zerlql.

Oblique slip and block rotation along the Engadine

r) Geolosish PaEontobsnches Instirut, B.moullistr.32, CH-4056 Bel.
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On the t€ctonic map of Switzerland (Spicher 1980) the Engadine line appears as a
rnajor SW NE lrending steeply inclined disconlinuity, affecling a pre-existins nappe pile
includins Penninic units (Val Bresaslia and Ensadine window) and, additionally, Lower
and Upper Austroalpine units (Fig.1). Val Bregaglia (Berg€ll) and upper Inn valley
(Ensadin€) a.e the morphological expression of this fault zone. While the notion of a
singl€ fault zone referred to as Engadin€ line is relatively rec€nt (Triimpy 197?) individual
segments have already been noted by earlier workers, parlicularly in the Lower Engadine
( Nordwestliche Randlinie". e.s. Spitz & Dyhrenfurth 1914). Subs€quenr geologists, in
particular Staub (1921, 1946) who produced excellent geological maps virlually callins
ibr a ihroughgoing discontinuity, largely ignored the Ensadine line in favour ofadven-
turous nappe correlalions across the alluvial cover ofthe valley floor (see tectonic Inap
in Staub 1946), hiding a large porlion of lhe fault lrace. Trnmpy (1977) gave the first and
so far only conprehensiv€ description ofthis fault zone which he interpreted as a sinistral
strike-slip fault with lateral displacement varying betwe€n 3-6 km in the Upper En-
gadine and up to 20 km in the Lower Engadine. The latter eslimate is based on correlat-
ing Silvretta and Oetzlal nappes asa coherent thrust block above the Sesvenna basemenr
and its sedimentary cover (Engadine Dolo'niles). This interpretation implies varying
amounts of offsel parallel to the Engadine line and hence the transformation of large
amounts ofstik€-slip displacement in the Lower Engadine into synchronous thrustins
wilhin the country rocks (base ofthe Oetztal nappe and/or base oflhe Silvrctta nappe).
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while vertical componenls of ollset rcross the Engadine line nray in facr simply be
apparenl, resulting frotu stficdy hodzontal slrike-slip novcnents affecting a pile of
E dipping nappes. some evidence lbr "lrue" vcrlical components ofnovcnent is avail-
able, allhough ol extrcmcly conflicting nature. Additionally, such evidence oflen rclies
oD part'cular concepts as to how exactly nrppc rnits have to be corrclarcd across the
Engadine line. Hence the delennination ofmovement veclors is not only inreresting for
a better understandiig ofihis late Alpine fauh as such but also for r€storing thc o.isinal

This is particularly lrue for the lower Engadine, wherc Eugsler (1971. 1985), follow-
ing Wenk (1914). correlated lhe Silvrella nappe wrth rhe basement of thc Engadine
Dolonites (Sesvenna basenenl scncral and 'Oberer Gneiszns" in particular). Such a
correlation calls for a snbstantial vertical component ofmovemenr which can no longer
be causcd by lcft lateral movement of nrclincd nappe contacrs (Fis. 1). According 1()
Eugstcr (1971. 1985) the "Nordwesllichc Randlinie ofthe Lower Engadine has noLhins
to do with the EDgadinc line in the upper Ensadinc bu! finds its continuation SE of
S-chanf rDd at the base of the Ortler unit. For Eugster 11971) this faulr zone represents
a d6collement horizon belwecn basem€n! (Campo-Silvrclla-Sesvenna) and irs cover (En-
gadinc Dolomites and Ortler zone) of unspecified nature (lhrusl or nonnal faulrl).
Schmid&Haas (1989). Ibllowing Eugslcr's ar8uments in lerms of nappe correlalions.
postulated the exislence of a normal fault in the Lower Engadine, rssociared wirh
updoming and unroofins of lhe Engadine window. A miDimum verlical conponent of
4 km is inferred at the SW termination of the Engadine window (Fig. 5 and 13 in
Schmid&Haas 1989). Near Nauders, the basc of the Oetzlal nappe (Schlinig rhrusi)
merses with lhe Engadine line, sussesting a considerably increasing component ofverti-
cal movemenl towa.ds the NE.

Between S chrnfand Bever, howc!c.. a halfwindow ofLowcr Austroalpine units SE
oithe Ergadine line (Murlirdland Mezzaun area, Fis. 1). is facing rhe Ela nappe Nw
oflhe Engadine line. Il the Ela nappe is considcrcd as an Upper Austroalpine unit {as
assumed by most authors). this suggesls uplift of the SE block (half window of Lower
Austroalpine units) rather Lhan the NW block (Ela nappe)r as poslulated for the Lower
Engadine. Trtinpy (1977) interprets updonhg ofthis hall window ro be due 1(} foldins
directly coupled with sinislral movemenrs along the Engadine line.

According to thc senerally accepted nappe corr€la1ions. the seDse ofapparent ve.tical
displacenieDt chaDses again nerr Samedan. There rhe Upper Auslroalpinc Languard
nappc faces the Lower Austroalpine Err nappe on the Nw side of the valley noor.
indicating uplift ol lhc NW block.

while conflicting evidence regardins vcrtical componenrs ofmovements so far heav-
ily depended on uncertain nappc correlalions and on assunptions regarding possiblc
transformalioDs ofthc movemenl inlo dcformation ofthe counrry rocks, the cvidence is
somcwhat clearer between Siis and Maloja (Fig. 1). Nappe correlations are wel esiab-
Iishcd. in prticular regardins thc Margna nappe cDveloped by 1wo ophiotitic rDits
(Montrasio & Trommsdofff 1981) Liniger & Cuntli (1988). based on a displacement vec-
tor deduccd by Mntzenberg (1986), jnferred a lefr latoral displacemenl (1.1kn) conr.
b;n€d wiih a verlical component (2.2 knr uplift of the SE block). Hence, the apparent
lerlical componenl changes oncc again in respecr ro the situarion near Sanedan. Wenk
(1981) proposes a brillle-duclile transition along the Engadine line in the Uppcr Vat



Bregaglia. He correlates mylonites at th€ north€rn end of and within th€ cruf conpler
\rith brittle faulting along what h€ calls Maloja line. On the other hand, he denies a
continuation ofthe Maloja line towards the NE and beyond Sils. This latter conclusion
is based on an erroneous interpretation ofinternal deformation within the Margna nappe
around Sils lake to be associat€d with movements along tlle Maloja line (s€€ Lin-
iger&Guntli 1988). A brittle-ductile transition into the Val Bregaelia area how€ver is
very plausible since no continuation of the Ensadine line in t€rms of a brittle fault zone
can be traced into the lower Val Bregaglia and affoss the Mera valley.

The outcrops near Maloja provide the only available time mark€r for dating move-
ments along the Engadine line. Contact-metamorphosed country rocks of the Bergell
granodiorite (30.1 Ma, von Blanckenburg 1992 confirming older determinations by
Griinenfelds & Stern 1960) are cataclastically d€formed. Hence the movements postdate
in.rusion and cooling of the Bergell aureole, but no upper time mark is available at th€
moment. The K/Ar biotite age of 27.0 Ma obtained by Gig€r (1991, KAW 328) for
contact-metamorphosed counhy rocks near Maloja indicat€s rapid cooling, and it is
f€asible that movements along t}le Engadine line already occured during the Late
Oligocene. The expected brittle-duc.ile transition towards the Mera valleymak€s such an
early age highly probable in vi€w of the cooling history of the Novate-Codera region
(Jnger et al. 1967, Purdy &Jager 1976, Wagner et al. 1977, see dhcussion in ciger 1991)
which indicates temperatures below 300"C at or soon after the Oligocene-Miocene
boundary. This precludes ductil€ deformation in that region at some later stage dudng

One of the pur?oses of this study is a clarification of th€ following questions of
regional in.erest, immediately following from the for€going discussion | (1) Does a single
Engadine line as proposed by Trnmpy (1977) and mapped out in the Tectonic map of
Switzerland (Spicher 1980) exist at all or do differ€ni fault zones acciden.ally link up
along a linear array ? (2) What is the extentand nature of contemporaneous deformation
ofthe country rocks to both sides ofthe line? (l) If there is a single Engadine line in th€
sense of Triimpy (1977), what is the movement vector along this fault zone and what are
ihe consequenc€s in terms of uncertain napp€ correlations regarding the Austroalpine
nappe pile to the NE ofSih?

Additionally, a new method for the determination ofthe movement vector based on
paleostress determinations will be proposed. The results will be ch€cked against a purely
geometrical attempt for retrodefoming the movement along the Engadine line.

2. Determination of movenflt v€cton using fault rock dsta

a. Fault rocks of the n6let fault

There are only v€ry few outcrops of the master fault since its trace is mostly covercd
by alluvials. Cood €xposures are found at .wo localities only. The first is near Maloja
pass, in particular in the creek bed of the Orlegna near Orden, 1 km SE of Maloja pass.
Th€se outcrops have be€n described by Miitzenberg (1986) and Linieer (1992) and
consist ofunfoliated cataclasit€s. These cataclasites do not allow for the determinarion
of a movement vector since striations and sense-of-movement crit€ria are absent.
Miitzenberg (1986) inferred the movement direction fron drag folds, assuming rhe
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movement dir€ction to be perpendicular to the fold axis of such drag folds. This method
can lead to eroneous deductions since the ori€ntation of drag folds also cru€ialiy
d€pends on the pre-existing orientation ofthe folded layer in respect to fault plane and
movement vector. ln spite of this, his inference, a sinistral strike-slip compon€nt, com-
bined *ith relative uplift of the SE block, was confirmed by Linigs (1992), who mea-
sured lineations within subsidiary fauits immediately south of and parallel to the master
fault which is in a vertical orientarion here. Sense-of-sh€ar criteria allow the determina'
tion ofa movement vector dipping b€tween 50-62' towards th€ SW

Secondly, good outcrops of the Engadine line occur at the Stragliavita pass n€ar
Zernez, where fault gouges predominate within the s€diments of t}le Engadine dolomites,
while the Silvretta basement rocks con.ain cataclasites with a w€akly developed stretch-
inglineation and limit€d amounts of crystal plasticity affecting quartz domains. Here the
lineation within the cataclasites exhibits a 60' pitch towards the E within the foliation
plan€ parall€l lo the trace of the master fault, dipping with about 45" towards the SE.
This, together with sense-of-shear criteria, indicat€s a combined sinistral and normal'
fault (SE side down) movement at Stragliavita pass.

b. Method of sttess determi ation uting mi or fault populatiohs eat the mastet faull

Because only very little information can be gained from investigations conceming th€
mast€r fault as such, attention was drawn to minor faults in the immediate neighbour-
hood of and related to the activity of the master fault. However, the aflliation of
mesoscopic faults producing minor offsets in tlle cm to m range to tlrc activity of the
mast€r fault has to b€ demonstrated. An increasing density ofminor faults towards the
master fault, established by careful profiling p€rpendicular to the trace of the master
fault, was used as the main argument for regarding the analysed minor faults as b€ing
relat€d to movement along the master fault.

Table 1 lists the six localities used for fault population analysis. Five of these localities
are actually situated along the Engadine line as such while locality 6 is situated along a

Tablc li List of analy*d l@lities

ldali ty I basement lnd cover rccks at 2200 - 2700 b S of Staeli.li ta pas

l@lity 2 basenenr alons road cut near Punt Nova bridse 8008?5/172675

loc.lity 3 bssenenl and cover in thc area bctwen Val Mela and Val Tolta nea!
val Mela Cinuo$cbel
localiry 4 road cut NE ofsanedan 737400/157500

locafty 5 bsnent in aE! S and SE ot Maloja pa$: Orden and Piz I Aela

lomlily 6 Raibl beds alona Mu.un nomal lault nolth ofPiz Mezaun
PizMezzaun 793300/161100

20'

22'

25"



normal fault (Mezaun normal fault) which we initially considered ro be directly related
to movem€nts aiong the Engadine line.

The fauli population analysis served to delermine the ori€ntation of rh€ principal
stress axes active at the time of forrnation of these minor faults. At localities 1. 2. 3. 4
and 6 individual faull planes and/or conjugate sets of fault planes and associared slick-
ensideswith unequivocal sense-of-shear indicators (exclusively fibre-growth siickensides,
see Means 1987) were used. At locality 5 no slick€nsides wer€ available and rh€ srr€ss
determination is entirely based on measuring conjugate Mohr type fractures, a comple-
mentary approach also used for a minor parl of the data sets of rh€ orher localities. The
arithm€tic mean of the Mohr angles as neasured at each locality is given in Table 1 and
vanes b€tween 20' and 25".

Basically there are two differ€nr approaches in paleostress determination. The dihe-
dron method (i.€. Angelier&Mechler 1977, Pfiffner&Burkhard 1987) assumes that th€
distdbution offault planes and the srress reacrivaiing such fault plan€s are indep€ndenr.
This nethod searches for an optimal odentation ofthe stress deviator which is capabie
of reactivating pre-existing discontinuiti€s. ln theory this melhod is also capable of
deriving str€ss ratios (parameter I of Angelier 1979), or perhaps more adequat€ly, rarios
ofprincipal strains, sinc€ the discontinuiti€s are m€rely reactivated in order to produce
strain. Following this method, o, (the maximum compressiv€ stress axis) may lie any-
where within a compressiv€ dih€dron. The other approach is to directly deduce the
orientation of th€ principal slr€ss axes from the orientation of minor faulrs. This ap-
proachwas chosenin the pr€sent analysis. Bymeasuringth€ Mohrangle (an av€rage was
used for each locality, see Table 1) the orientations of the axes of principal stress€s were
det€rmined for each individual fault plane or conjugate fault s€r. Th€ reasons for choos-
ing this approach are the following: (1) only newly forned fractur€s with minor ofse.
were us€d and hence it is appropriate to interpret these faults as being caused by a given
stress tensor, (2) the ultimate goal ofthe analysis was the determination ofstress axes and
not strain ax€s as is the fact in case ofthe dihedron method in our opinion, (3) we were
not int€rest€d in determining "stress ratios" (see second point), the main "advantage" of
the dihedron method, because we do not share the view that str€ss ratios r€mainconstant

From the d€termined stress axes, mean oientations of th€ principal stress axes were
statistically determined for each locality. In a second step, the principal stresses were
resolved onao the orientation of th€ mast€r fault. Because th€ stress raaio remains un-
known this l€ads to a range ofpossible movement directions within ihe master fault. The
basic assumption of our method is that minor fault populations record the orientations
of the principal str€ss axes pr€sent during movements along the pre-existing master fault.

Figute 2 illustrat€s the method used for the cas€ oflocality 2. Direct insp€ction ofth€
raw data (Figs.2a and b) makes it clear that both normal and strike-slip faults ar€
pr€sent! a feature r€presentativ€ also for the oah€r localities. No systematic ag€ relarion-
ship between the two populatioDs can be derived in the field. This illustrar€s the fact that
there must have been r€peat€d changes in the r€lativ€ magnitud€ of horizontal and
vertical srr€ss axes (s€e discussion in Laubscher 1972). In this case 03 remained €onsrant
while 01 and o, w€re repeatedly exchanged (o, subvertical for strike-slip faults, 01
subv€rtical for norrnal faults). In tenns ofstrain this leads to an overall constriction of
the material affected bv minor faultins.
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Fig. 2. Delemimlion ofthe mean diEtions ofprincipal strs illustratcd for lne masmnents ar lo@lity 2 (Punl
Nova, see Table l). a, b: faull plares and slip rectors of nomal and slrike{lip aaulls. c, d. c: Binsban statistics
pcrlormed eparalely for e&n of lhe thre aes of principal st!s, cvalualins llE thre ortbosonal eisenv*tor
and euiptical @n6 of @nfidene (0.95) arcund the li^t and dird eisenv*tor. l: compilation or tbe liBt
eisenvecros fton Fies, 2c, d, e (eslinate or the distribution mean for the thre. principal stre$ directioN, op.n
circl6) and minor adjustnents needed ror havine these indep€ndently delemined eiscnvelos orthosonal (tuil

In principle the next step in the analysis is just as questionable as the method of
Angelier&M€chlff (19?, in .hat an att€mpt is made to de.emine the principal dir€c-
tions of an average stress tensor in spite of the fact that reality is undoubtedly more
complex. This was done by determining (individually for each of th€ three pr;ncipal axes
of s.r€ss; Figs. 2c, d, €) the three orthogonal eigenvectors of tlrc orien.ation tensor for
an orthogonll Bingham distribution (program Stereoplot kindly provided by Manck-
telow 1989, math€matical treatment based on Cheen€y 1983). This results in tll€ tbre€
stress axes being almost perpendicular to each other (open circles in Fig.2f) and only
minor trial and €rror adjustments wer€ necessary for making them exactly orthogonal
(filled circl€s in Fis.2f).

In a further step a range of possibl€ slip vectors within th€ mast€r fault was derived
by finding th€ maximum resolved shear str€ss of the mean stress tensor within the plane
ofthe master fault. This range r€sults from the fact that the direction of the maximum
resolved shear s.ress depends on the unknown shess ratio. The range depict€d in the
ster€ograms contained in Fig. 5 and Plat€ 1a incorporates all the extremes betw€€n

S. M. S.hmid dd N. Frcilznein



uniaxial compression and uniaxial €{tension (se€ Fig.4 in Angelier 1979). For uniaxial
compr€ssion the direction of maximum resolved shear skess is found by intersectine the
great circle containing the fault plane normal and or with the fault plan€, for uniaxial
extension 01 is replaced by 03. The resulting spread also depends on th€ orientation of
o, and is zero if o, is contained within tlle master fault (this is th€ case at locality 4, s€e
Plare 1a).

Of course the metlod us€d stands and falls with the inherent assumptions, nam€ly
(1) th€ exist€nce of an average stress tensor and (2) tllat tlis average stress tensor
recorded in the minor faults may be resolved onto the pre-existing master fault in ord€r
ro yield a mov€ment v€ctor. Th€ coffectness ofthese assumptions will be €valuated at a
later stage, the next s€ction first discusses the results regarding all the localities.

c. Results of the stress anabsis usi g mi ot fault populations

Fig. 3 depicts the orientations oftlE principal str€ss axes as derived for the 6 localities
listed in Table 1. Localities 1-3 situated betwe€n S-chanf and Stragtiavita pass (Plate 1a)
w€re collected along that part of the Engadin€ line which exhibits a moderate inclination
towards the SE (contours ofthe Engadine lin€ in Plate 1a). At all the 3 localiti€s or is
subhoizontal and E to ESE oriented (Figs. 3a, b, c, i). The 01 axes have a gr€at circle
distribution around C'3, however with a tendency to form a maximum around a subver-
tical to steeply N-dipping dir€ction (Figs.la, b, c, g). This implies frequent changes
between normal fault and strike"slip fault and hybrid modes with a preference for normal
faulting. The patterns are very sirnilar for individual localiries (Figs.3a, b, c) and
consequently th€ best-fit procedur€ for find;ng an average stress tensor and resolving that
stress tensor onto the master fault (Plate la) yi€lds similar results for localities 1 3.

The range ofpossibl€ pitches ofthe inferred movement dir€ction is between 26 and
73' towards the E taking into account all the localities 1 3. The resulting sens€ of
movement is in agreem€nl with the inferences drawn from the cataclasites collect€d at tie
Stragtiavita pass locality. The odentation of the lineation contained within these cata-
clasites (60" pitch)is within the range of pitches deduced from the stressanalysis method.
Hence, aircording to the method us€d, the kin€matics infer.ed for the S[agliavita pass
ar€a ar€ r€presentative for the entir€ SE-dipping portion of the Engadine line b€tween
Stragliavita pass and S-chanf: sitristral strike-slip combined with downfaulting of tle
Engadin€ dolomites in respect to the Silvretta bas€m€nt.

Two possibilites for ihe Sw-ward continuation of the Engadin€ lin€ as observed in
the Lower Engadine ("Stragliavita line") beyond S-chanf are feasible. A first one is to
search for a continuation at the bas€ of the Languard-Ortler units and along the Mez-
zaun normal fault (localily 6, Table 1). In this cas€ the "Stragliavita line" would be
unrelated to the Engadine lin€ ofrhe Upper Engadine ("Maloja line"). A second on€ is
to direcdy connect the Engadine lin€ oflocations 1 3 with the Engadin€ line as exposed
be.ween Samedan and Maloja (localities 4, 5). The results for localiry 6 (Fig. 3l inse(
of Fig.s) indicate that o1 and o, ar€ well separated, ol b€ing subvertical and o,
honzontal. Thisis different from localities 1 to 3 ("Stragliavita line") were ol and oz are
often interchanged. Additionally, th€ range ofpossible movement directions obtained by
resolving the average stress tensor onto the Mezzaun fault is between dextral strik€-slip
and top-Sw directed normal faulting, which is incompatible with th€ movement direc-
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Fis.3. Conpilaiio. of&e r.sul6 or rhe pd@stE$ onalysis for 6l@lilis (T,bte 1). a frorienLlioroa6r(dol,),
d, Criaisl*) and 63 Gro$s) obtlined at ach l@lily. & h: @npilalion ofrhe orientldon oaat for ln NE G)
and sw ih) part orihe Engdine line, i: or at l@li1i61 3 (v.nid oo$et and 4 5 (diaeoml cro$es).

tions obtain€d from localities 1- 3. This favours the s€cond possibility (continuation of
the "Stragliavita line" into tne "Maloja line"). Otler arguments favouring this view will
b€ discussed in a lat€r section.

The orientation ofthe master fault, for tlle time being considered to follow tlrc valley
floor, cannot be inferred by contouring SW of S-chanf. A subveriical orientation was
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assumed at Samedan (locality 4), based on the findings b€tween Maloja and Srampa,
where int€rs€ction with topography again allows for an exact d€rermination of th€
inclination (vertical to very st€€ply N-dipping). At localities4 and 5 03 is again oriented
E W (Figs. 3d, €, i), figure 3i (diagonal crosset suggesting a slightty different orienta,
tion in respect to localities 1 3 (th€ latter have more SE-Nv-oriented o3). Again, 01
straddles a great circl€ around or (Fig. 3h), however at locality 5 in isolation (Fig. 3e)
an inclination ofol towards the S is cl€arly preferred. Resolving the mean stress orien-
tations onto the master fault yields pure sinisrral strike-slip motion at Samedan and
sidstral s.rike-slip combined with uplift of the SE blo€k ar Maloja. The deduced move-
nent directiondips betw€en 12and 56'to.h€ SW at Maloja. This is at l€ast qualirativ€ly
in agr€em€nt with th€ inference of Liniger (1 992) regarding the orientarion of the mov€-
ment vector and is in perfect agre€ment regarding the sense of shear inferred by both
Miitzenberg (1986) and Liniser (1992).

In summary, regarding localities 1 5 as being siruated along a tbroughgoing single
Engadin€ line, a nther complex combination of movement vectors may be inferred from
the paleostress analysis. A sinistral strike-slip fault with extensional downfaulting oI the
SE block in tll€ Lower Engadine would grade into a pure strike-slip fault at Sam€dan,
finally producing an opposite vertical component ar Maloja with vertical uplift ofth€ SE
block.

Additional interesting f€atures result from the stress analysis. At all the localities
except locality 4 th€ mean orientation of o1 t€nds to mak€ a surprisingly large angle in
respect to the master fauk (>45'), while o, is nor contained within rhe master fauh.
Hence th€ stress fi€ld in the neighbourhood of the master fault recorded in the minor
faull population is not responsibl€ for the creation of rhar master fault. The high,angle
orientation of 6r in respect to the master fault is compatible with a very low strength of
the mat€rial near the master fault (s€e dhcussion by Zoback et al. 198?, and
Mount&Suppe 1987 regarding th€ San Andreas fault). Another feature concerns the
strain produced by minor faulting within the wall ro€k near the masrer fault: exchange
betw€en o1 and o, with fixed 6r, typical for localiti€s 1-5, suggests consrrictional
deformation (or, alternativ€ly, a valu€ of I near 1 if one prefers to argue in t€rms of

3. Deterninrtion of the movement vector using large scale napp€ correlations

By using large scal€ nappe coffelations across th€ Engadine line the possible
mov€ment vectors may be furth€r consrrained and th€ validity 0f the assumptions
underlying the deduction of the nov€ment vector based on paleostress analysis may
be discussed. This correlation of tectonic units is well constrained for the relion
ber$een Slampa and St.  Mo.ir? (Liniger&Cunrl i  1988. Liniger 1992).  Nof lheasi of
St. Moritz, however, nappe correlations are a mauer of debate and in fact at least partly
depeM on ttle knowledge of the movement vector rather than serving to constrain this

By correlating in.ers€ction points of planar surfaces or major hing€ liqes of folds the
movement vector may be determin€d. Unfortunately tlis m€thod is impracticabte for our
area ofinterest. Consequ€ntly, a trial and error r€trodeformation of major nappe con-
tacts between Stampa and St. Moriaz was attempted, €ncourag€d by the fact thaa not all
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nappe contacls are plane parallel. In a first slep najor nappe contacts (labelled I 8 in
Plate 1a) were contoured. Our own data (mainly concerning the Engadine line and nappe
contact 8, i.e- the base of the Upper Austroalpine units) we.e complemented with data
from Cornelius 1932, Bearth et al. 1987, Linig€r 1992, Staub 1921, 1946. In a second
stage, a vertical cfoss section parull€l to the Engadine line was constructed between
Vicosoprano and S-chanf (Plate 1b) by using the contour data of Plate 1a in ord€r to
constrain the lines of int€rs€ction of th€ nappe contacts with the plane of the profile.

It has to be €mphasized thal th€ v€rsion pictured in Plate 1b was arrived at solely by
considering nappe contacts 1 6. Regarding nappe coDtacts 1 and 2 NW of the Engadine
line, usag€ of the intersection line resulted in geometrical impossibilites. Consequently,
the topology of these nappe contacts near the Engadine line was attributed to drag
folding. Plate 1b therefore depicts the intersection of the nappe coniacls 1 and 2 as
constructed by linear extrapolation oftheconlour lines at som€ distancelrom the master
fault (dash€d contous in Plate 1a). For all the other nappe contacts rigidity of the
country rocks to bothsides of the master fault was assumed. Henc€ the retrodeformation
picaured in Plate 1b is qualitatively fully constrained by nappe contacts which may b€
unambiguously correlated across th€ master fault. Further constraints oD the exact
version jn Plate 1b lre giv€n by the fact that th€ base of the Upper Austroalpine
Lanel|ard napp€ only occurs SE of the Engadine line. Henc€ at this point along th€
profile the sens€ ofthe vertical displacement component must already have been reversed
in respect to the situation at Maloja pass. This constrains the point ofno vertical offset
to be searched for somewhere between Sam€dan and St. Moritz (i.€. betw€en the base of
the Languard nappe labell€d 8 E of St. Moritz and nappe contact 6, th€ base of the
Bernina-Juiier nappes SE of the Engadine line in Plate I a).

The nappe correlation proposed in Plate 1b suggests a 4km long movement vector
plunging 45' to th€ SW at Maloja pass producing a sinistral strike-slip componenr
combined with r€lative uplift of the SE block (2.8 km each). This €stimate is qualiratively
in agreement with the estimates of Liniger&Guntli (1988) and Mntzenb€rg (1986). The
45" plung€ of tlle vector is within the range predicted from the paleostress analysis
(12 56") and somewhal shallower than tlle lineations rneasured by Liniger (1992) which
plunge 50 62".

Between St. Moritz and Samedan a horizontal sinistral movement vector is indicated
and this is in perfect agr€em€nt with the paleostress analysis at locality 4 near Samedan.
A4.5 km lonsNE plunsins(45') movem€ntvector ispr€dicted near S-chanf, the vertical
component (3.2 kn) being reversed in r€spect to the siruation at Maloja. Again, there is
good agr€em€nt with the paleostress data from localities I 3. Additionally, the retrode-
formation fits with the orienrations of the lineations within thecataclasites at Stragliavita
pass and the deduced sense of shear at this locality. Note, however, that th€ Engadine
line is no long€rvertically oriented at and NE ofS-chanf(Somm 1965 and contours given
in Plate 1a). For sinplicity the retrodeformation in Platelb only treats movemenis
within a v€rtical plane. Ofcourse, such a change in ori€ntation ofthe fault plane must
be accornpanied by intemal deformation withir the country rock.

Mutual agreement between this r€trod€formation on on€ hand and inferences drawn
from the paleostress aDalysis and the few data concerning the fault rocks of the master
fault on the other hand strongly suggests that: (1) there is in fact one singl€ Engadine lin€
as proposed by Triinpy (1977), (2) that there is no transformation of strike-slip move-



--ls-----=-

NE

Naud.rs

Tsrasp | 

-| 
----"::- V

-- Nj 9 r\t

--i\x e. lY
l

1

I

- \

Fig.4. Scheme cxploiing posibls consequences of the block lolation model. Note rnat block bovfrent and
rolatior may be de*ribed by a singls narionary rotatioo axis {R:. solid veclos) oi, altem.rively, by any
conbination ollranslation and rolalion (R1 illu*r.t6 the case ora rclllion axn at lhc canh\ slrrdce. broten
rectos add up lo sive lne veclor resultins iron Rr).

ment into thrusting or folding within th€ wall rocks which can be assumed to remain rigid
1o a first approximation, and, (3) that the assumptions b€hind using the paleostress
analysis for determining the movem€nt vector may be correct.

Fig.4 seeks to explore the cons€quenc€s resulting from such a model ofoblique slip
and rotation of two rigid blocks. The mov€m€nt ofth€ SE block in respect to the NW
block may be descibed as a rotation around a stationary rotation axis at a depth of
17 km below Samedan. Alternatively, a horizontal movement ofa simultaneously active
rotation axis, for example situated at the earth\ surfac€, may be envisaged. Bothscenar-
ios result in an identical velocity field and there are no data to decompose rhis v€lociry
field. It is clear that this rigid block nodel is bound to break down at a certain d€pth (ar
the briltle-ductile transirion) and also laterally (verrical component of displacement
cannot inuease hdefi nitely).

Ifwe assume that the rigid block model is also valid outside the area ofinvestisation
(i.e. SW and NE of the area covered by Plate 1) and that the fault plane remains v€rrical,
a nearly vertical displacement v€c.or ofabont 10 km would resul. at a putative intersec-
tion point of the Engadine line with the Insubric line near Livo (immediately W of rh€
northem end of Lago di Como, Fig. 4). In fact, there is no continuation of the Engadine
line in the sense ofa discrete fauh W of Valle della Mera. The transition from discrer€
movement along the master fault into dist.ibuted strain wirhin rhe country rock (so-
called britd€-ductile transition) is very likely for the SW continuation of the Engadine
line in Val Bregaglia (Wenk 1984). Further work is ne€ded in order ro trac€ such a zon€
ol inteDse ducule shearing. The norrhern parl of the Cruf compl€r and/or rbe conlacl
bet\reen Gruf complex and Chiavenna ophiolites (Schmurz 19?6) are the most likely
candidates. In fact, there is a very high metamorphic gradient across crufcomplex and
Chiavenna ophiolites (Schmutz 1976, Bucher-Nurninen&Droop 1983), sugg€sting fast
and substantial relative uplift of the Gruf complex (s€€ Fig. 17 in Bucher-Nurni-
nen&Droop 1983). Ifcoeval, this uplift is compatible with the predictions from Fig.4.

ln regard to the NE continuation of the Engadine line, Fig. 4 predicts increasing
vertical offset by downfaulting of the SE block (Engadine dolomites). Near Tarasp
(western end ofthe Engadine window) the verrical component would amount to about
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6 km. A profile construction across the Engadine line (Schmid&Haas 1989, Fig. 5b)
r€quires an absolut€ minimum vertical ofset of 3 kn at this locality. Assuming the base
of the Austroalpine nappe stack to be another 3 km below tlle basement-sediment
interface wi.hin th€ Engadin€ dolomit€s, a total of6 krn ofset could in fact be deduced
from this profile. The prediction of increasing ofset towards the NE (about 10 km
aroundNauders) is not unrealistic €ither because the mnp pattern (Fig. 1) shows that the
bas€ of the Oelztal nappe (Schlinig thrust) almost merges with the Engadine line near
Nauders. There the next higher Oetztal nappe is alrnost directly juxiapos€d with the
Penninicunits ofth€ Engadine window, the Engadine Dolomites exhibiting a strong axial
plung€ towards tlle NE and b€low the Oetztal unit. Additionally, the Schlinig rhrusl
changes its orientation from a NW SE strike (Sclmid&Haas 1989) into a N S
(Stutz&Walter 1983) and finally a SW-NE strike, subparall€l to tle Engadine line near
Nauders. Stauble (1987) inf€rred a 52' dip toward SE for the Schlinig thust at Piz Lad
near Nauders ftom contour mapping. This pres€nt-day g€ometry of the Schlinig thrusr
may b€ interpret€d as being due to Iarger scale drag folding of a pre-existing thrust of
Cr€tac€ous as€ (Th6ni 1986), caused by the combined eff€c. of updomins of the En,
gadine window and downfaulting of ttle SE block along the Engadine line du.ing the
Tertiary.

Th€ further continuation of ttle Engadine line NE ofNauders (E of Fig. 1, s€e Fig. 6)
remains a puzling problem. According to Oberhauser (1980), Thatni (1980) and
Mattmnl€r (1991), the Oetztal unit ev€ntually com€s into direct contact with the En-
gadine window. These authors held lat€ W-directed thrusting of the Oetztal nappe onto
the Engadin€ window to be r€sponsible for displacing the pr€-exist€nt Engadine lin€.
Larg€-scale considerations also indicate thrusting of the frontal Oetztal nappe to the N
and NW onto Engadine window, Silvretta nappe and Nortlern Calcareous Alps
(Ratschbacher et al. 1991b). Such late thrusting of the frontal Oetztal unit could in fact
b€ contemporaneous and linked with the middle to late Mioc€ne activity alory the
sinistrally transpressive Giudicade belt (Laubscher 1990). Altematively, the map partern
could also be interpreted to be caused by normal (low-angte) faulting along the Engadine
line, continuing beyohd Nauders. Unfortunately no sense-of-shear indicators regarding
the contact between O€tztal nappe and Engadine window are available so far.

At this point we want to re-€mphasize that Fig. 4 nerely explores possible cons+
quenc€s of the risid block rotation moilel. While this model explains the movements
along the Engadine line reasonably well between upper Val Bregaglia and Nauderq it is
obvio s that tlle vertical component cannot increase indefinitely towards the NE. Apart
from the possibl€ effects oflater overprinting discussed above, simultaneous d€formation
of th€ blocks bounding the Engadin€ lin€ may eventually lead to movement vectors
d€parting from thos€ predicted by Fig. 4. Returning to the area inves.igated, there are
in fact indications that at least the SE block has not behaved rigidly during novements
aloflg the Engadine line. In Plate la some major normal faults within the Engadine
dolomites have been contoured (labell€d b, c, d, e in Plate 1a). The exac. movement
v€ctor and age of these nonnal faults are still unknown. However, the orientation of the
normal faults in respect to the orientation of or (Plate 1 a) sugg€sts dextral transtension.
This is especially indicated for the steep fault labelled e in Plate 1 a (Chavagl fault) : the
local chang€ in strike and dip of th€ Engadine line SE of Zern€z coincides with the
intersection area of the two faults, suggesting simultaneous activi.y. Simuhaneous activ-



ity of dextrally transtensive faults and the sinistrally transt€rsive Engadine lin€ E of
S-chanf would imply E W extension within the SE block (Engadine dolomites). As
mention€d earlier internal deformation within the country rocks is also predicted by the
change in inclination ofthe Engadine lire near S-chanf, from a vertical into aSB-dipping

In conclusion, th€ rigid block model of Fig. 4 probably does no loneer hold SW of
Val Bregaglia (increasingly ductile deformation) nor NE of Tarasp (simultaneous defor-
mation within th€ blocks bounding the Engadine lin€). Betw€€n Val Bregaglia and
Tarasp, howev€r, it provides a firsi order approximalion for th€ displac€ment ve€tors.
This first order approximation rnay be r€fined in the future by a quantification of
simultaneous deformaiion within the blocks and/or by additional information on the
direction of th€ displa€€m€nt v€ctors outside tle area cover€d by Plat€ 1.

4. Nsppe correlations rcross $e Engadim line Nf, of St. Mo tz

While well-established nappe corelations in .h€ upper Engadine served as input for
the retrod€formation depict€d in Plate 1b, the cons€quences of such a mod€l for less
obvious correlations NE of St. Moritz will be discussed in this chapter. Fig. 5 depicts two
profil€s constructed along a hace running parallel to and close to the Engadin€ line (NW
and SE ofthe line, location in Fig. 1). These profiles do not €orr€late at all, supportins
the earlier conciusion that th€ Engadine line as s€en near Maloja in fact continues dir€ctly
into the lower Engadine. The SE sid€ (Fig. 5b) is characterized by the broad antiform
of the Mezzaun half-window, whil€ units on the NW side (Fig. 5 a) uniformly dip to the
N or NE. The profil€s w€re also used .o construct the large scale configuation pictur€d
in Plate 1b.

Plate 1b cl€arly shows that the widely accepted view tha. Juli€r and Bernina nappes
rnay be directly correlated is confirmed. The same can be said for the correlarion b€tween
Crevasalvas and Corvatschunits. Plate 1b suggests that th€ latter correlat€s wth the Err
nappe further to the NE. A first surprising feature of Plate 1b is th€ €xrr€me thinning of
the Julier-Bernina nappe near Samedan. Tentatively, the thinning is attributed to low
angle normal faulting within th€ Samedan zone, predating movements along rhe En-
gadine line. Normal faulting has rec€ntly be€n recognized to be very widespread wirhin
the western Austroalpin€ units of Graubiind€n. A first episode is infeffed to be of Late
Cretaceousage (e.g. Co atsch mylonite zone and Ducan normal fault;Liniger 1992 and
Froitzheim 1992)- A second one is of T€rtiary ag€ (e.9. Turba mylonite zone; Nievergelt
et al. 1991, Liniser 1992).

NE ofSam€dan th€ Julier-Bernina nappe has been erod€d NW ofthe Engadine line
but finds its conlinuation into the Mezzaun sedimentary unit SE ofthe Engadine line.
The stra.igraphic basement of this Mezzaun unit is at subsurface nex. to the Engadine
line but exposed in forrn of the Stretta unit, a higher digitation of the B€mina nappe, at
some distance away from the Engadine line. Additionally, basement and cover of the
Com slice (Fig. 5 b) may be considered as detached elements of the Bernina napp€. The
Languard napp€ at the base of the Upper Austroalpin€ napp€ pil€ exhibits a broad
synfo.m, striking E-w (Plare 1a).

According to Plate 1b the Seja basernent has to be correlated with the Err napp€.
Hence, thedirect contact between Seja basement (Err) andMezzaun sediments (Bernina)
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is formed by a fault of considemble importanc€: the Mezzaun nornal fault. The paleo-
stress amlysis at locality 6 (inset in Figure 5 b) suggests downfaulting of th€ hangingwall
(Julier-Bernina uni.) along th€ Mezzaun fault towads tlle SW or W above the footwall
(Err unit). There is no additional information, however, regarding the sens€ of shear
along this normal fault and top to the E downfaulting cannot comple.€ly be excluded
(note that 01 makes a very small angle in respect to the fault plane normal, s€€ inset of
Fig. 5b). This Mezzaun fault may possibly b€ direcdy connected with the normal fault
at .h€ base of the Samedan zone, b€ing offset by th€ Engadine line (contours labelled "7"
in Plate 1a). This normal faulting is ten.atively in.erpreted to be of lnte Cretac€ous age.

The most impodant consequence of the retrodeformation propos€d conc€rns the
position of the Ela nappe. This nappe appears iD a very low structural l€vel in resp€ct to
the bas€ of the Upper Austroalpine nappe system on tlle other side of the Engadine line
(Languard napp€). H€nce its position is definitely Lower Austroalpine. Such a vi€w is
independently supported by the very close facies analogies between Ela nappe and
Mezzaun unit durine the Early and Middle Jurassic (Eberli 1988). Structural arguments
suggest that the sediments of the Com unit (immediately overlying the Mezaun unit,
Fig. 5b) repr€sent the direct continuation of the Ela nappe across the Engadine lin€.
Although the Ela napp€ dir€ctly lines up with the s€diments ofthe Ortler zone in map
vi€w (possibly the reason for attributing tlrc Ela nappe to the Upper Austroalpine by all
previous workers), both units occupy very dillerent te.tonic leveh. This is agaitr indep€n-
dently supported by illite crystallinity data, indicating a mark€dly lower metamo.phic
gade for the niesternmost Ortler zone, when compar€d to the Ela nappe (preliminary
data by P. Conti, pers. comm.). Addi.ionally, the incompatibility ofthe profiles depicted
in Fig. 5, particularly at their SW end, prevents any direct correlation in map view across
the Engadine lirc.

The internal structure of the Err nappe, Albula zone, Ela nappe, S-chanJ Dolomite,
Mezaun unit and Com slices is extremely complex due to post-nappe refolding, associ'
ated with vertical shortening and accompanied by normal faulting restricted to higher
structural leveh during the Late Cretaceous, as discuss€d elsewhere (Froitzh€in 1992).
Faci€s analogies and structural argrrm€nts suggest a continuation of the Ela nappe into
the Mezzaun and Corn units (Julier-Bernina nappe s.l.). Such a cofielation would imply
large scale post-nappe refolding of tlle Julier nappe s.l. (Mezzaun-Com-Ela units) around
the front ofthe Err-Seja basement, as suggested by the geometry evolving from Plate 1b
and similar to well-docum€nted structures NW of the Engadine line (Froitzheim 1992).

A surprising feature of Plate 1b is that the basal contacts of the Upper Austroalpine
nappes to botl sides ofthe Engadine line (base Silvretta nappe and base Ortler zone) line
up along a single N-dipping plane (see contours in Plate 1a). According to Froi.zheim
(1992) tlis dip to the N is due to late stage open folding (local f3 in lhe Ela nappe)
redeforming earlier Late Crctaceous post-napp€ folds and associat€d norrnal faults (local
f2 in the Ela nappe). Du€ to the fact that the slip vector along the Engdine line runs at
a srnall angle to the intersection line between th€ base of the Upper Austroalpine units
and the fault plane corr€sponding to th€ Engadine line, only insignificant offse. results
in the map panern (a snall apparent dextral offset is visible in map view, Fig. 1). The
updoming of the Mezaun half window is possibly a combined eff€ct of late open folding
(local f3) and extensional unroolins (local f2) and certainly predates movem€nts aloDs
the Eneadine line.
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There;s an importanl differcnce. however. regarding the ljrhology ofthe rocks near
the basalthrust plane ofthe Upper Auslroalpine units to both sides ofihe Engadinc tine.
NW of the line an jmpressive volune of basement rocks is found (Sitvretra basemenl).
However. the basallhrust ofthe Silvretta bascnent (WNW movemenr) has been rcacri,
vated as an EsE-direcied normal fault in the Late Cretaceous (Ducan normal fautt,
Froitzheim 1992). Hencc the original nappe pile was already dissecred prior !o move
menls along ihe Ensadine line. On the SE side. the base of rhe Ortler zone is almost
devoid of Upper Auslroalpine basement and was reactivared by rhe Trupchun normaL
iauh (Fig. 5b). Moreover. this Trupchun normal fault directly juxraposes the sedimenrs
ofthe Orller zone with the Varusch flysch (Fig. 5 b), also onitling the higher unils of lhe
Lower Austroaipine (e.g. Corn slice and Mezzaun uni1. cquivalents of the Julier,Bernina
nappe). The movcment vector of the Trupchun normal faull is not known due 10 poor
outcrop conditions. It may be at a considerable angle relative to rhe plane oflbe seclion
producing the pec\rliar geometry depicted in Fis.sb. T€nrarively, wc relate normal
faulting alons the Trupchun normal faull to the acrivily alons ihc Ducan no.mrl fauh,
althoush a d;rect geometrical conncction. as suggested by rhe line-up in Plare 1b, is

I f we assume top-E normal faulting along the TrupchuD no rmal lault (interprcting the
Trupchun nomal fauit as th€ direct continualion ofrhe Ducan normal faulr) and toD-w
movcment along the Mezzaun nomal fault (based on the paleostress analysjs. see inser
of Fis. 5b). Mezzaun and Trupchun normal faults appear as corjugate normal faults to
bolh sides of ihe Mezzaun halfwindow conloured in Plate 1a (as drawn in plare 1b and
Fig. 5). For sinplicity the profile ofFig. 5b depicls rhe base oflhe Upper Auslroalpine
units (Languard nappe and Order zone) as a single surface. well constrained by the
contou.s ofPlate 1a. Ir has 1o be emphasized, however, thar the sense ofshear (top w'
as indicated in Plate 1b and Fig. 5 b) regardine normal faullingalong the Mezzaun faulr
and the Samedan zone is not well consrrained and iop-E movenent atong both normal
fauhs cannol be excluded. Localfl foldingmay have substanriaily ovcrprinted an otder,
Lale Cretaceous top-E normal faulting geometfy. resulting in a complicated outcrop
patlern. H€nce. the geom€lry ofLate C.etaceous normal faulting is nor yet fully under-
stood. except lbr the Dncan normal fault (Froitzheim 1992).

Whil€ the reconstruction shown in Plate 1b does nol allow for rhe deducrion of lhe
exactgeometry and kinematics regarding lhecomplicated Mezzaun half windo.w. conclu
sions may be drawn regarding mutual relationships between ihe various Uppcr Aus-
lroalpinc thrust sheets oD a larger scale. Languard and Silvreua nappe can be direclly
correlated in the sense that both units rep.esent the base of rhe Upper Austroalpine
nappe system. The Silvretla nappe. being substantially uplifted Nw of the Engadine tine,
comes 1o lie bclow Ortler zone and Engadine Dolomires after relrodeformalioD
(Plale 1b). Hence. the Siivretta nappe Nw ofthe Engadine line may easily be correjared
with the Sesvenna bas€ment (stratigraphic base ofthe Engadine dolomites). the verricat
throw increasing rowards the NE as discussed in an earlierchapicr. while thecorrelation
Languard-Silvrella-Sesvcnna appears certain, som€ qucstions regarding thc pos;rion of
the basement slivers stfatigraphically in contacr with the Ortler zonc. preserved to lhc E
ol and at some dislancc from thc Engadine line, and rhe position ofthe Canpo basement
remain open at this slage. work jn prosrcss (Conti pers. comn.) suggests a major
W difcctcd thrust benveen Orller zonc (sedirnents and llin basemenl slivers such as



found at Alp€ Trela (Pozzi&ciorg€lli 19O)) and Campo basement along the so-called
Zebru line. ln summary, the original Upper Austroalpin€ Languard-Silvretta-Sesv€nna
bas€ment formed the base of the upp€r Aushoalpine nappe system, diss€cted both by
Cretaceous nomal faulting, locally omitting tlrc basement altogerher (Trupchun normal
fault) and Late Tertiary movements along the Engadine line.

5. Dis{ussiotr and conclusions

On a large scale and in map vi€w (Fig. 6) the Engadine liDe app€ars as a conjugate
stdke-slip fault in respect to the Tonale line, an E-W running s€gm€nt of the Periadriatic
line (Schmid et al. 1989). The angl€ forming the releasing intersection, however, is 45' or
l€ss, not confirming witl Mohr-Coulomb theory at fi$t sight. Two r€asons may account
for this: first both lines are not pure strike-slip faulas but have transpressive (Tonale Line,
Schmid et al. 1989) or trans.€nsive (NE Engadine line) elements, secondly, boundary

\ normar raut i

\  str ikesl lplaul t .-,::;,1
PL s-

( r Otztal

t \

\
FiA. 6. Sl€rch bap illudrarin8 geonetric ielarionships *irh other k& Olig@ne 10 Mieene posr colUsioml
$nctui* romd in the suronnding eas ipanly after Ratshbachcr et al. 1991 b). EL: Ensadioe lirc; TL: Tonale
Line: GL : Giudicarie li.e i Pl : P$t .trl line; D L I Defereggen,Anleselva-Vah line ; I L : Innlat Li!e; BF I Brcnn r
raulti S: Cretaeous ihrusl at bas. or Oetztal nap!. (Schlinis lhrusr); F: FoEola nomal laultr T: Twba hylonit€
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conditions and kinematics of progressive deformation may modify the orientation of
early nuclear€d faults Gee Ratschbacher et al. 1991a, Fig.4).

The western part ofFig.6 depicts some structures which are inferred to be roughly
contemporaneous with movem€nts along the Engadin€ line dudng the Late Oligocene to
Early Miocene. Two promin€nt normal faults indicate E-W extension at th€ E margin
of th€ Lepontine dome: the Forcola lin€ (at the bas€ of th€ Tambo nappe, Weber 1966),
possibly synchronous with the Engadineline, and the Turba mylonite zone, predating the
Ensadine lin€ and the Bergell granodiorite intrusion (30 Ma, von Blanckenburs 1992).
At th€ same tim€ the Cr€ssim antiform (Heitzmann 19?5) indicates N S compression
beli€ved to be partly cont€nporaneous (work in progress) with the Novate intrusion
(26 Ma, K6ppel & Grinenfelder 1975) and hence affecting the already emplaced B€rsell
intrusion (th€ same can be said for th€ backthrusting stage along the Tonale lin€). Hence
N-S compression resul.€d in folding and uplift of the B€rgell area and roughly contem'
poraneous E-W ext€nsion N of th€ Befgell area.

At this stage some clarifications concerning nomenclature are indicated. Firslly we
€mphasize th3t in ourusage the term "extension" merely means a strctch ofa horizontal
datum plan€ parallel to a particular direction and does not n€cessarily imply crustal
th;nning- Secondly extension may occur during converging motions. Recently Ratsch-
bacher ei al. (1991a, b) propos€d the term "lateral exlrusion" for strike-parallei, E W
directed exlension in the Eastern Alps, combined with lateral escape along strike-slip
faults as a result ofN-S convergence or compr€ssion. According to thes€ authors la.eral
extrusion is a combination ofgravitational collapse and lateral €scape. In the following
disc'rssion w€ will us€ the term "lateral extrusion" m€rely in a non-genetic sense, imply-
ing E W extension combin€d with E-directed escape. ln the models of Ratschbacher
(1991a) E-W ext€nsionis in fact due to gravitational collapse. However, this may merely
b€ a consequence ofth€ boundary conditions chosen for the €xperiments, not n€cessarily
realistic for the eastern termination of the East€rn Alps in the Pannonian basin. Note that
in their experiment 1 (Ratschbacher et al. 1991a, Fig.4) the eastern margin of th€ model
is practically unconfined.

Radiometric dating indicates extremely rapid uplift ofthe Bergell area relalive to th€
areas to the N and S, irnmediat€ly following the Bergell intrusion (Giger&Hurford
1989). Uplift was interpret€d to result from vertical extrusion (M€rle&Guilli€r 1989) by
Schmid et al. 0990) which occuffed during post-collisiona] shortenins in the Late
Oligocene. According to the model proposed iD Fig. 4, the SW Engadin€ lin€ would
accommodate part of th€ Bergell uplift in respect to the units further to th€ N. H€nce near
the projected int€rsection point ofEngadine lin€ and Tonale line and within the crustal
block situated within the releasing intersection of these two conjugat€ faults the ffus.
reacted by v€rtical extrusion in response to ongoing postcollisional N-S shortening
rath€r than by E-W extension. N of the Bergell E W extension indicates roughly
simultaneous along-strike extension, possibly r€lated to lateral extrusion and unroofing
of th€ Lepontine dome.

Further to the E and along strike a major change occurs regarding the response to
N S shorteniDg. Such a change has previously be€n postulated in r€gard to movements
along the Periadriatic line and associated fneam€nts by Schtrid et al. (1989): backthrust-
ing and related uplift of the Lepontine dome in the w versus lat€ral escape in the Eastern
Alps further to the E. Not€ that Ra.schbach€r€t al. (1991a) successfully nodelled such



a transition, but proposed lateral €xlrusion rather ihan lateral escape for the Eastern
Alps. In our view the Engadine line is situated in a transitional area betw€en the eastern
margin ofthe Lepontine dome wh€re vertical €xtrusion and uplift pr€dominate and lhe
Eastern Alps where lateral extrusion becomes more important. Transtension along the
NE Engadine line and normal faulting within th€ Ergadine dolomites indicate that the
crustal wedge between Engadine line and Tonale lin€ partly reacted by lateral extrusion.
Very qualitatively, the analogy of this transition with the models propos€d by
Raischbacher (1991a, Fig. 4) is striking: strike-slip movements combined with folding
and thrusting at the W edge ofan indent€r gradually change into strike-slip movem€nts
combin€d with an E W stretch towards the E (lateral extrusion). ln quantitative terms,
however. the model 5 ofRatschbach€r et al. (1991a) probably overemphasizes the role
oflateral extrusion due to somewhat problematic boundary conditions chosen for per-
forning this experim€nt. The scenario in th€ E would result in constrictional strain at a
very large scale, analogous to what was inferr€d for the rocks aff€cted by minor faulting
aiong the Engadine line on a much smaller scale. ln our case th€ W end ofthe indenter
would have to be searched for at the W edge of th€ Southern Alps (lvr€a body and
Canav€se line). Substantial uplift of the Be.gell area at the east€rn termination of the
Lepontin€ dome rapidiy decays towards the E as document€d by larg€ scale tilting ofthe
Bersell intrusion (Reusser 1987) and th€ lineation pattern alons the Insubric line (Schmid
€t al. 1989). Part ofrh€ same rotation is recorded by block rotation along the Engadine
line (but note that vertical and in particular strike-slip components along the lnsubric line
are substantially larger). Thus, this important change in response to N S shortening
eleganlly explains the block rota.ion infered from Plate 1b.

Therc is a problern, however, with rhe analogy to the work of Ratschbacher et al.
(1991a, b), both in terrns of scale and timing. While these authors attempted to model
the entir€ Eastern Alps in respect to ind€ntation alons the Ciudicarie'Pust€rtal lines
(cuidicarie indenter) and escapeinto the Pannonian basin, we made a direct comparison
with their model in respect to th€ Insubric ind€nter furth€r to the W Ako note that in
presenlday map view the Giudicarie indent€rwould prevent E-dirccted lateral €xtrusioD
as postulated for our area of investigation. We interpret the features depicted in Fig.6
in t€rms ofa two-stage indentation process. lndentation along ah€ Giudicarie line (post
Middle Miocene; Laubscher 1990, Martin et al. 199l, Werlins 1992) is known to postdate
indentation along the Canavese lin€ (starting in the l,ate Otigocene, Schmid et al. 1989).
As pr€viously discussed, indentation alons the Giudicarjeline could possibly hav€ led to
compressional features at the front of the Oetztal nappe, overprinting th€ Engadine line
NE ofNaud€rs. It has to b€ €mphasized, how€ver, that evidence for such lat€ Nw-direct-
ed thrusting is not yet supported by detailed field work. Basically, the oetztal nappe
appears as a downfaulted block in a E W-section between Engadine line and Brenner
fault (Selverstone 1988).Inanalogy to th€ findings at tlle W termination ofthe Engadine
line it is not impossible, however, to hav€ E w extension (Ensadine line and Brenner
fault) contemporaneous with NW SE or N S short€ning (front of the Oetztal napp€).

Retuming to our area of investigation the following major conclusions may be

1 . Th€re is in fact a single throughgoing Engadine line between Upper Val Bregaglia and
Nauders, very probably grading into diffus€ ductile d€formation further to the SW
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and possibly overprinted by lat€r novenents of part of rhe Oerztal nappe further to
.h€ NE.
The kinematics ofmov€m€nt along the Engadin€ line suggest oblique slip and block
rotation. This complex kinematic picture is interpreted to result ftom a major change
of the strain pattem caused by poslcollisional N-S shonening occuning along
strik€: vertical extrusion and uplift gives way to increasing amounts of lateral extru-
sion towards the E. This interpretation €mphasizes .he n€ed for 3-dimensional consid-
eralions, pr€venting simple interpretations of surface structures in terms of thickening
or thinnins of tlrc entire crust.
Retrodeformation of the movements along th€ Engadine line sh€ds n€w lighr onto
nappe correlations across this line. In particular, th€ Ela nappe has ro be considered
as Lower Austroalpine. The Silvretta-Languard-Sesvenna basem€nt units all occupied
a simjlar tectonic position above lower Austroalpine or Penninic units. Thes€ base-
ment units were first diss€c.ed by nomal fa lting during the Lat€ Crctaceous and th€n
displaced by th€ Late Oligocene to Early Miocen€ Engadine line.
Paleostress analysis has been shown to b€ useful in terms ofelucidating tlle mov€ment
vector along brittle master faults in cases where sellse-of-sh€ar criteria are scarce or
aliogether missing.
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a. Contour map ot najor t*tonic surraes (conrour interval 250 m) includi.e l@lion ol tbe 5 l@oli1i6 sed ror

oalodEs deleminado. alons the Engadine line SreieosiaN indiele the besl fit on ntatioh ol rne pnn ipal
des ol strs labelled 1,2, 3 (for o', a: and oi resp4tiv.ly), rne orientation or rhe En$dine line m61er faull
(FN is the lault plane NlmD, tne oresponding elear citle ahd the ranse or po$ible movdenl di@liom sithin
rhe plane of the master ra t (anovs joinins rhe Sreal ciEle EpEsentinB the nastcr fau[)
Apan lrcm tbe Ensadine line (only @ntour€d Nl ol S-cnanf) the rollovins r€tonic surfac.s have tsn @n
touEd: l. toD SuEtta b*n.hl;2, Turba dtlonilc zone;3, b& Mary.a nappe;4, top Margna nappej 5, blse
cicvaslvas $d Cofla6.h lnit (Er nappe) i 6. ba* JulieFlenina napper 7, top Eft b*nenl s str and rop seja
baenenr lEr baenent s.1., idenlical tnb the Maaun nomal ra t, ompare Fis ib)i 8, bse or the Upp€r
Auslroalpine nappes (Lansrard nlppe, ortlcr zorc snd Silvrcta napp€)i a,lrc o f rne E r n ap D. s. s r ' ; b e.
nomal laults sirhin the Eqadine dolonires (b, al the base or the Quaneflals unitl c, d, at or nar fte base ol
rhe Teu unit; e, Chalasl fault).
b. Two wnical Dronl6 parallel 10 the ta€ or &e Encadine line, @nslruct d on the bsis of the @ntou4 erlen
in (a). While the pronle conernins the Nw bl@k is held lixed, ftc profile @n€mins the SE block hs bm
Elrodeaomed in ordq to obtain u oprinal 6t in Esard to the t€ronic boundaies labelled 1 6 in (a) Thc @los
indi@te the lmnsl.lion rnhin rhe lault plane n€ded in order lo obLin tlE pcsent dav ohfiauration Arofrs
indiqle sene or novflerl along .olml laulls of pEsmably Lat clet@ous ase.
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