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The deep structure of the Engadine Window:
Evidence from deep seismic data

Luzi Hitz!
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ABSTRACT

A deep seismic reflection profile through the Engadine Window provides a first detailed image of the Window's
deep crustal structure. The profile, termed E3, is located in the western half of the Window in eastern Switzer-
land and consists of the two lines E3-South and E3-North. For the geologic interpretation, the seismic reflection
data are transformed into computer-generated line drawings and are ray-theoretically depth-migrated. The
depth-migrated reflections are then projected onto the common trace of the E3-transect. The geologic interpre-
tation, using surface correlation and the results of existing seismic profiles, points towards an up to 10 km thick
pile of N-Penninic Biindnerschiefer building the inner core of the Window. The Biindnerschiefer form a large-
scale detachment fold. They are underlain by an ENE-striking basement nappe-stack consisting of N-Penninic
and Helvetic basement units. The lowermost crust is only reflective in the northern, external part of the E3-
transect. It indicates a crustal thickness of more than 50 km with the European Moho dipping towards the SSE.
The geologic interpretation suggests that the Engadine Window was formed by the indentation of an upper
crustal basement-wedge leading to large-scale detachment folding, local uplift and extension in Late Tertiary
times.

ZUSAMMENFASSUNG

Diese Arbeit prisentiert ein tiefenseismisches Profil durch das Engadiner Fenster und zeigt zum ersten Mal ein
detailliertes Bild der Krustenstruktur im Fensterbereich. Das Profil wurde im westlichen Teil des Engadiner
Fensters aufgezeichnet. Es besteht aus den zwei Teilprofilen E3-Siid und E3-Nord. Fiir die geologische Inter-
pretation wurden die seismischen Reflexions-Daten in computer-generierte Strichzeichnungen umgewandelt
und strahlen-theoretisch migriert. Die tiefen-migrierten Reflexionen wurden in der Folge auf die gemeinsame
E3-Profilspur projiziert und mit der Oberflichengeologie und Resultaten von bestehenden seismischen Profilen
korreliert. Die so entstandene geologische Interpretation des E3-Profils zeigt, dass die N-Penninischen
Biindnerschiefer den inneren Kern des Fensters bilden. Die bis zu 10 km michtigen Biindnerschiefer bilden da-
bei eine grossmassstabliche Falte, welche von den darunterliegenden, ENE-streichenden N-Penninischen und
Helvetischen kristallinen Decken entkoppelt ist. Die Unterkruste im Bereich des Engadiner Fensters ist nur im
nordlichen, extern-alpinen Teil des E3-Profils reflektiv. Die Interpretation deutet dort auf eine nach SSE ein-
fallende Europdische Moho und Krustenméchtigkeiten von iiber 50 km hin. Im weiteren erlaubt die geologi-
sche Interpretation die Formulierung eines tektonischen Modells, welches die Bildung des Engadiner Fensters
mit dem spittertidren Eindringen eines kristallinen Keils in der Oberkruste erkldrt. Letzteres fiihrt zur Ent-
koppplung und Deformation der dariiberliegenden Biindnerschiefer sowie zu einer betrachtlichen Hebung und
Extension im Fensterbereich.

! Geologisches Institut der Universitidt Bern, Baltzerstrasse 1, CH-3012 Bern, Present Address: Froschau-
gasse 12, CH-8001 Ziirich
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1. Introduction

For the understanding of the structure and the development of an orogen, tectonic win-
dows — eroded areas of one or several thrust sheets exposing the rocks underneath - are
of particular interest. In the Alps, the tectonic windows in the Tauern area and in the ar-
ea of the Lower Engadine valley represent the most prominent examples. The latter,
here called the Engadine Window, is situated in eastern Switzerland and western Austria.
It exposes a Penninic nappe stack framed by Austroalpine tectonic units. With its eye-
shape geometry in map-view and the overlookable dimensions of 55 km x 17 km it often
serves as a school-book example of tectonic windows (cf. Boyer & Elliot 1982, Twiss &
Moores 1992) and has attracted the interest of geologists for over 150 years (Escher &
Studer 1839).

The French geologist Termier (1903) recognized for the first time the tectonic nature
of the Engadine Window. Since then over 280 articles have been published dealing main-
ly with surface geologic aspects. The first attempts to enlighten the deep structure of the
Engadine Window date back to the early 1970ies (Scheliga 1971, Giese & Prodehl 1976).
The refraction seismic measurements undertaken in that period produced consistent esti-
mates of the overall crustal thickness but contrasting interpretations of the internal crus-
tal structure (cf. Miller et al. 1978, Noack 1984, Yan & Mechie 1989). In the early 1990ies,
the Swiss National Science Foundation Program 20 (NFP20), therefore, decided to
launch a deep reflection seismic survey crossing the Engadine Window. The survey is sit-
uated in the western half of the Window and is termed E3 (Fig. 1).

In this contribution, I present the reflection seismic data of the E3-transect and dis-
cuss a possible geologic interpretation. The results are summarized in a crustal cross-sec-
tion through the Engadine Window which serves to develop a new model concerning the
formation of the window.

2. Geologic setting

The Engadine Tectonic Window is formed by two major Alpine nappe systems (Fig. 1).
The Penninic nappes represent the lower system and build the core of the Window. They
are surrounded and overlain by Austroalpine nappes. The latter are derived from the NW
margin of the Adriatic microplate and consist of the thick-skinned Silvretta-, Otztal-, Ses-
venna- and Scarl-nappes (cf. Trimpy 1980, Laubscher 1983, Thoni 1988). In the
Window’s core, the Arosa mélange zone forms the highest Penninic nappe. This mélange
of predominantly pelagic sediments and ophiolitic material is interpreted as the Mesozoic
remnants of the South-Penninic Piemont-Liguria ocean floor (Bernoulli & Weissert
1985). The Tasna nappe forms the next lower Penninic unit. It consists of continental and
subcontinental basement and a Mesozoic sedimentary succession. During the Early Cre-
taceous, it formed the northern transition between the Middle-Penninic Briangonnais
Swell and the North-Penninic Valais basin (Stampfli 1993, Florineth & Froitzheim 1994).
The sediments and “ophiolites” of the Valais basin build up the inner core of the Enga-
dine Window. They consist of the thin zone of Ramosch with prominent ophiolitic inclu-
sions, the Roz-Champatsch Flysch, and the North-Penninic Biindnerschiefer sediments
(Cadisch et al. 1968, Trimpy 1972).

The occurrence of Early Eocene foraminifera in the Tasna Flysch (Rudolph 1982,
Oberhauser 1983) demonstrates that the Austroalpine nappes were transported onto the
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Fig. 1. Simplified tectonic map of the Engadine Window showing the location of the E3-transect consisting of
the seismic reflection profiles E3-North (E3-N) and E3-South (E3-S). Also shown are the positions of the inter-
secting seismic reflection profile E2 (Pfiffner & Hitz 1996, Hitz 1994) and of the seismic refraction profile
ALP75 (Yan & Mechie 1989). Profile coordinates are given in figures 3 and 6.

Grey lines = CDP-lines, black squares = shot points, black straight line = trace of cross-section in Fig. 6, dashed
lines = crest-lines of the Engadine antiform (Cadisch et al. 1963). The E3-S receiver spread went along the Uina
and Sinestra valleys. The E3-N receiver spread was located in the Fimber (= Fenga) valley.

Penninic units after the Early Eocene. Collision was accompanied by the exhumation of
high-pressure/low-temperature rocks found in the inner core of the Window (Bousquet
et al. 1995). The Early Tertiary northward thrusting was followed by post-stack E-W ex-
tension and large-scale open folding in late Oligocene times (Foitzheim et al. 1994). Con-
temporaneous or successive local uplift together with faulting along the Engadine Line
(Schmid & Froitzheim 1993) and erosion engendered the Engadine Window's present
shape.
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3. The seismic data of the E3-transect

The deep seismic E3-transect was recorded in the fall of 1991 in a joint operation of the
geophysical Institutes of the Universities of Clausthal (FRG), Munich (FRG), Miinster
(FRG), Leoben (A), the ETH Ziirich (CH) and the Swiss company GeoExpert (CH). A
total of six dynamite shots were fired, each with a 30 kg charge. They were recorded by a
14.3 km long receiver spread comprising five separate registration units in the Uina and
Sinestra valleys (Clausthal: 48 channels, Munich: 48 channels, Miinster: 96 channels,
Ziirich: 48 channels, GeoExpert: 48 channels), and by a separate 4.8 km long receiver
spread in the Fimber valley (Leoben: 96 channels). This configuration resulted in two
CDP-processing lines (grey lines in Fig. 1), one oriented SSE-NNW (E3-South), and one
oriented SSW-NNE (E3-North). Note that E3-North was oriented obliquely to the line of
shotpoints.

Seismic data processing of the E3 data was carried out at the processing center of the
Institute of Geophysics at the ETH Ziirich. The variable quality of the shot-gathers and
the low CDP-coverage demanded a special processing approach, which is outlined in de-
tail by De Haas (1992). In the following, the reflectivity of lines E3-North and E3-South
is described briefly.

The northern half of the E3-transect, line E3-North (Fig. 2a, see also Fig. 3a), shows a
strongly reflective upper crust starting with an approximately 1 s “thick” reflective zone
from 2 s in the NNE to 3 s in the SSW. This is followed by a reflection group between 3
to 4 s two-way traveltime (TWT) with a marked change in reflection geometry: in the
SSW, reflections are subhorizontal to NNE-dipping whereas towards the NNE, they are
SSW-dipping. Below the latter, a 2 s “thick™ zone with constantly SSW-dipping reflection
packages can be observed marking the base of the reflective upper crust. The lowermost
crust is characterized by strong, SSW-dipping reflections between 15 and 17 s.

Similar to E3-North, the southern half of the E3-transect, line E3-South (Fig. 2b, see
also Fig. 3d) shows strong reflections in the upper 8 s dipping predominantly to the SSE.
Below 8 s, reflectivity is poor. The most prominent reflection group is characterized by
two-cyclic, high-amplitude reflections dipping from 2.0 s in the NNW to 3.5 s in the SSE.
Below this group, a subhorizontal to slightly NNW-dipping reflective zone can be ob-
served. The latter is followed by two SSE-dipping reflection groups, one from 4 to 5.5 s in
the SSE, the other from 5 to 6.5 s in the SSE. Upper crustal reflectivity ends with a
strongly SSE-dipping reflection group at 6 s in the NNW. Reflectivity in the first 1.5 s of
the E3-transect is erratic. Note, however, a change in reflection orientation from subhori-
zonta/NNW-dipping in the central part to SSE-dipping in the southern part of the line.

For the purpose of depth-conversion, the seismic data (Fig. 2) were transformed into
computer-generated line drawings (Fig. 3a and d) using a program developed by Valasek
(1992). Ray-theoretical depth-migration of the automatic line drawings (cf. Holliger &
Kissling 1991) was done with a velocity structure derived from the ALP75 refraction line
by Yan & Mechie (1989). The resulting depth-migrated line drawings are shown in fig-
ures 3b and e. Note that up-dip migration of dipping line elements increased the profile
length considerably and that the identification of the above described reflection groups,
which is easy in figures 3a and d, is less evident in the depth-migrated line drawings of
figures 3b and e.



Deep structure of the Engadine Window

a) e

Elewollon (m)
§

Distance

o)

TWT (s

10

12

14

16

18 <

E3-North

Vol Laover

—u

SSIK

Elevolion (m)

0 km Distonce

0

TWT (s

10

12

14

16

18

Elevotion (m)
§

Distence

0

TUT (s

10

12

14

16

18 ]

20

E3-South

Sur En
|

Okm S 110kn

Stat ion

661

sak

,.
Elewot lon (m)

Distance

THT [s)

10

12

14

16

18

20

Stotlon

Fig. 2. Unmigrated seismic reflection data shown in an apparent line drawing format (= strongly coherency fil-
tered). Both sections have a single-fold coverage and consist of six shot-recordings each. (a) E3-North. (b) E3-

South.

Horizontal to vertical scale = 1: 1 at an average crustal velocity of 6.0 km/s (1 s TWT = 3 km). Datum = 700 m

a.s.l.



662 L. Hitz

° o g 8 g 2 g,
2 ! L | 1 I | &
7] L]
* gy v, &
- i i \ 1 i
() \ ! &
-7‘6) i ,_‘ ‘ ‘ o §
@ ! ] 2 ]
7 ' ' 4 E
v | [l % @
i
£ , 2
£ o 1 ' :
> ‘2 , ! [ °
1 (>4 ’ ' | ©
& % : 5
LlJ sb" E
£
[=%
Q
©
Z 2 T | T T g
o o o o o o E
— = o~ (3] - T2l x
(&)
o = b 8 =3 3 .E. -
2 \ 8
= | 1 \ | | | =
17} | & 3 =
' \\‘l h . 1; , =
‘@, I o ! I!”l' ! \ I; &
&)/ T Ifl"”” ’I " # ) A ‘ §
‘% "I'J ‘ I | ! n g
J{’I‘ ||.5‘/ 14 l' 7 ;’ ; | ¢ - ©
= A Ry A , : 3
(=] £ ” ! / | i
zZ % DU VA . g
™ % "t ' <
w %~ I/ . oy
/// ’ =
s e /
I
% i, g
w Z ‘ Iy v
zZ < /f‘ / o
z 5 T T T T T g
— @
° ° 8 3 g 8 3
L
(% = w = w 0 9
%) - - -
| ] | g
_C ‘a ///,I,l ‘l "l II/ '/I[ I 1 4 Illl t ’ / 1 ] - 2
T % f e, '/ /A \ Lo o / ] o
(o] § /// 4 r/l ! ] llh / ! /1/ o/ I/’ | ©
z %] " // . g 0o N A 5
: 7 r Wy Y . L E
(92 ! [ ’ ! | i v i . e =3
w [ /’/l/,/// u/: ' ¥ \ [ 'y / 1 / 2 g
T T T
Ll
w =
z = B 2 = £ S
{4+]

Fig. 3. Computer-generated line drawings of the E3 seismic reflection data. Data are shown in unmigrated (a
and d), depth-migrated (b and ¢) and interpreted form (c and f). Lettered reflection groups are discussed in the
text. Note the increase in profile length due to up-dip migration of dipping line elements. Horizontal to vertical
scale =1 : 1. Coordinates correspond to the Swiss National km-Grid. Datum = 700 m a.s.l.
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4. Geologic interpretation of the E3-transect

In a first interpretative step, depth-migrated coherent reflections were laterally correlat-
ed into groups (labeled in Fig. 3c and f). In a second step, the reflection groups were pro-
jected parallel to the WSW-ENE regional structural trend (see inset in Fig. 4) onto the
common E3-transect (Fig. 1). This procedure resulted in the simplified line drawing of
figure 4. Note that the projected reflections of E3-North and E3-South line up smoothly
in the composite transect, indicating that distortions due to projection are moderate. The
next interpretation step involved the correlation of the simplified line drawing with the
existing geophysical and geological database of the study area. The geophysical data con-
sist of the intersecting E2 seismic reflection profile (Pfiffner & Hitz 1996, Hitz 1994,
1995), the intersecting ALP75 seismic refraction profile (Yan & Mechie 1989, Noack
1984) and two seismic experiments in the area E of Pfunds (Scheliga 1971, Giese & Pro-
dehl 1976). The geologic data used include geologic and tectonic maps (Kldy 1957, Ca-
disch et al. 1963, Triimpy 1972, Oberhauser 1980), structure contour maps (Stutz & Wal-
ter 1983) and various studies regarding the geology of the Lower Engadine valley (cf. Ca-
disch 1953, Trimpy 1972, Triimpy 1980, Schmid & Haas 1989, Mattmiiller 1991, Schmid
& Froitzheim 1993, Froitzheim et al. 1994, Florineth & Froitzheim 1994).

Regarding the interpretation of the E3-transect, it should be noted that the domal
structure of the Engadine Window generally prohibits reflection correlation with geolog-
ic outcrops by means of projections. This stands in contrast to the deep-seismic lines in
the Central Alps (for example line E1) where down-plunge projections are feasible due
to pronounced axial dips (Litak et al. 1991). The identification of individual reflections in
the E3-transect must thus be mainly based on the correlation with the intersecting seis-
mic lines E2 and ALP75, respectively. In the following, the results of the geologic inter-
pretation are presented. They are summarized in the crustal cross-section of figure 6.

Shallow crust: Due to large offset recordings and low CDP-coverage, reflections from
the shallowmost crust are sparse. Only in the southernmost part of the E3-transect where
offsets are smallest can shallow reflectivity be observed (Fig. 2b, Fig. 3d). There, line E3-
South shows some strongly SSE-dipping reflections at 1 to 1.5 s at the line’s southern end
(Fig. 5). By up-dip projection, they match with the Engadine line, a scissor fault with an
estimated vertical throw of 4 km in the area of Scuol (Schmid & Haas 1989, Schmid &
Froitzheim 1993). Reflectivity might stem from the juxtaposition of contrasting litholo-
gies as downfaulting along this part of the Engadine line places Austroalpine basement
(Sesvenna) next to Penninic sediments (Biindnerschiefer).

The structure of the Austroalpine units, the Arosa mélange zone and the Middle-Pen-
ninic Tasna nappe as shown in figure 6 is based on surface data by Klay (1957) and Ober-
hauser (1980) in the northern part, and Cadisch et al. (1963), Stutz & Walter (1983),

Fig. 4. Depth-migrated line drawing resulting from the projection (see inset) of coherent reflection groups of
lines E3-North and E3-South (Figs. 3¢ and f) onto the common E3 trace (Fig. 1). Note that the migrated reflec-
tion groups of the two lines line up smoothly indicating that distortions due to the projection are moderate.
Stars = intersecting reflection groups of line E2 (Pfiffner & Hitz 1996, Hitz 1994), dashed lines = intersecting
discontinuities from the ALP75 velocity-depth model (Yan & Mechie 1989). Coordinates correspond to the
Swiss National km-Grid. Horizontal to vertical scale =1: 1.
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5. Unmigrated extract of the southernmost part of line E3-South. SSE-dipping reflections (arrow) can be

correlated with the surface position of the Engadine line, which essentially acts as a normal fault in the area.
Note the change from subhorizontal reflections in the NNW to SSE-dipping reflections in the SSE. This change
in orientation is attributed to dragfolding associated with faulting along the Engadine line.

Horizontal to vertical scale = 1

: 1. Datum = 700 m a.s.l.
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Schmid & Haas (1989) and Schmid & Froitzheim (1993) in the southern part of the cross-
section. The position of the Sesvenna basement nappe is additionally based on strong re-
flections at 1.1 s TWT (~1.5 km b.s.l.) from a seismic reflection experiment in the Kauner
valley (Fig. 1), which Giese & Prodehl (1976) attributed to the contact between Penninic
Biindnerschiefer and Austroalpine basement.

N-Penninic cover and basement: Comparison with the reflectivity character in lines E1
and E2 (cf. Pfiffner et al. 1990, Pfiffner & Hitz 1996) and surface data suggest that the
short, predominantly SSE-dipping reflections between 2 and 7 km depth (Fig. 4) origi-
nate from within the N-Penninic Biindnerschiefer unit. Reflectivity is likely to stem from
intercalated large-scale lenses of ophiolitic rocks observed also at the surface (cf. Koller
& Hock 1987). Reflections labeled G in figure 4 are speculatively attributed to a more or
less continuous ophiolitic layer, similar to the one encountered in the seismic lines E1
and E2 (Pfiftner et al. 1990, Pfiffner & Hitz 1996). In the W, this layer is correlated with
the Grava thrust sheet, a subunit of the N-Penninic Biindnerschiefer (Steinmann 1994).

Based on the correlation with the seismic line E2 (Pfiffner & Hitz 1996, Hitz 1994),
the next deeper reflection group Ad (Fig. 4) ist interpreted as the top of a large-scale N-
Penninic basement unit, which corresponds in the W to the Adula nappe. Reflection
group Ad forms and exception in the reflection geometry of the E3-transect as it is sub-
horizontal to slightly NNE-dipping. Together with the underlying reflection group B3,
Ad forms a triangle indicative of the northern end of this Penninic basement nappe. Re-
flectivity of Ad ist tentatively attributed to the impedance contrast between granitic
gneiss basement rocks (Adula) and high-velocity marbles and basalts of the overlying N-
Penninic cover (Aul thrust sheet, cf. Pfiffner et al. 1991, Sellami et al. 1990).

Helvetic basement: Reflection group B3 (Fig. 4) can be correlated with the top of the
S-Helvetic basement unit imaged in the E2 seismic line (Pfiffner & Hitz 1996, Hitz 1994).
In line E1 (Pfiftner et al. 1990), this discontinuity corresponds to the top of the Gotthard
unit and 1s identical with the basal Penninic thrust or Penninic “Front”. Reflectivity is ex-
plained by remnants of S-Helvetic cover-sediments (Triassic dolomites) and/or a velocity
anisotropy produced by mylonitization along the basal Penninic thrust. In the ALP75 ve-
locity-depth model by Yan & Mechie (1989), the corresponding velocity discontinuity
marks the top of a velocity inversion zone (Fig. 4), indicating that the basement rocks
might be slower than the overlying cover sediments.

The next deeper reflection group, B2, is attributed to the top of a Helvetic basement
slice underlying the Engadine Window. Interpretation of line E2 (Pfiffner & Hitz 1996,
Hitz 1994) indicates that the latter is only of local extent. Reflectivity could stem from
Triassic to Lower Jurassic carbonates sandwiched within crystalline basement rocks.

Reflection group B! (Fig. 4) marks the deepest coherent upper crustal reflections
along the E3-transect. These reflections are, therefore, interpreted as originating from
the top of the seismically transparent European upper crust. As such B/ corresponds to
the Helvetic foreland, i.e. the Aar massif basement as encountered further W and NW.
As in the case of B2, reflectivity of B/ can be attributed to a sediment layer sandwiched
between crystalline basement. This sediment layer, probably consisting of marbles, might
correspond to the high-velocity layer (6.55 km/s, Fig. 4) shown in the ALP75 velocity-
depth model by Yan & Mechie (1989).

Lower crust and Moho: Reflections between X and M (Fig. 3c and Fig. 4) are compar-
able to the seismic character of the lowermost crust in lines E1 and parts of E2. The high
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reflectivity may stem from a subhorizontal layering of lamellae with large acoustic impe-
dance contrasts. Synthetic seismogram modeling by Holliger & Levander (1994a) of the
Strona-Ceneri/lvrea cross-section, Southern Alps, has shown that strong reflections result
from the contacts of silicic and mafic, mafic and ultramafic or silicic and ultramafic rocks.
The subhorizontal layering of these lithologies may either be primary, i.e. magmatic
(Holliger & Levander 1994b) or may originate from stretching of a thickened and ther-
mally relaxed heterogeneous lower crust during post-thickening crustal collapse (Rey
1993).

However, this characteristic reflectivity of the lowermost crust is absent in the middle
and southern part of the E3-transect. This observation is in agreement with the eastern
part of the intersecting line E2, where a reflective lower crust as well as a reflective Con-
rad discontinuity (top lower crust) are not observable either. This lack of reflectivity is
tentatively attributed to the difference in energy scattering between the external and
internal Alpine domain (Hitz 1995), i.e. high scattering in the strongly deformed internal
domain (upper crustal nappe stack, deformed lower crust) versus low scattering in the
less deformed external domain (undeformed foreland and lower crust). Moreover, it is
possible that the transition from reflective to non-reflective lower crust coincides with the
northern extent of tectonic wedging between European and Adriatic lower crust, as indi-
cated by the reflectivity pattern in the NFP20 seismic network covering the Swiss Alps
(cf. Valasek 1992, Laubscher 1994, Hitz 1995). The Conrad discontinuity, although non-
reflective in the E3-transect, is thus speculatively drawn with a dip-reversal in the crustal
cross-section of figure 6. This shall also reflect the idea that despite the lack of coherent
reflections, a differentiation between upper and lower crust is likely to exist.

The base of the crust, i.e. the European Moho, is placed at the bottom of the reflec-
tion package between X and M. It dips with approximately 13° to the SSW. As the lower
crustal reflectivity disappears to the S, the southward continuation of the European Mo-
ho in the cross-section (Fig. 6) corresponds entirely to a speculative extrapolation of M.
Note that the extrapolated Moho discontinuity fails to match the refraction-derived Mo-
ho by Yan & Mechie (1989) by approximately 3 km (Fig. 4). The misfit suggests depth-
distortions due to lateral out-of-plane reflected energy in the ALP75 refraction data.
Wide-angle Moho reflections of the latter should thus be migrated out of the vertical
plane to the north.

5. Discussion and tectonic implications

Correlation between lines E2 and ALP75, and the E3-transect: The strongly SSE-dipping
reflections in the E3-transect are indicative of out-of-plane reflected energy in the seis-
mic strike-lines E2 and ALP75, respectively. It is thus not surprising that none of the
intersecting E2-reflections (depth-migrated along strike, see Hitz 1994) and ALP75-ve-
locity-discontinuities (Yan & Mechie 1989) match the migrated reflections of the E3-
transect (Fig. 4). A correlation within the error bounds is nevertheless possible and facili-
tates the identification of the individual reflections. Moreover, a minimum amount of
three-dimensional structural information can be gained in the area of intersection. There,
the WSE-ENE striking E2 profile shows subhorizontally oriented Penninic and Helvetic
basement units whereas in the E3-transect, the same basement units are dipping SSE
(Helvetic units) or NNW (Penninic unit). Consequently, an ENE-strike (050°N to 060°N)



670 L. Hitz

can be deduced for the basement units underlying the Engadine Window, which closely
corresponds to the regional strike of the surface units (Kldy 1957, Cadisch et al. 1963).
This ENE-strike of the basement units was confirmed by three-dimensional ray-tracing
carried out by Hitz (1995). The good argreement in strike between units at the surface
and deep basement units suggests that the formation of the Engadine Window is closely
linked to deformation within the underlying basement (see below).

Geologic interpretation of the E3-Transect (Fig. 6): The geologic interpretation of the
E3-transect shows that the Engadine Window is underlain by an up to 10 km thick pile of
N-Penninic Biindnerschiefer. The latter is likely composed of a number of thrust sheets,
as indicated by coherent reflectivity within the Biindnerschiefer. These units form the
core of the domal antiform constituting the Engadine Window. This antiform apparently
does not affect the underlying basement units, which is compatible with the E2-interpre-
tation (Pfiffner & Hitz 1996, Hitz 1994) where the basement units underlying the Enga-
dine Window are subhorizontally oriented. From this it can be concluded that the N-Pen-
ninic Biindnerschiefer units must have detached from the underlying basement nappe-
stack during the formation of the antiform, i.e. the Biindnerschiefer of the Engadine
Window represent a large-scale detachment fold. Moreover, the Engadine Window
seems to be underlain by a Helvetic basement slice (HBS). The latter is also recognized
along strike in line E2, where it ends laterally towards the W in the area of the Fliiela-
Pass (Pfiffner & Hitz 1996, Hitz 1994). The HBS-basement slice is thus of limited lateral
extent, and possibly even restricted to the area of the Engadine Window. It could thus be
responsible for the axial plunge and therefore for the domal structure of the Window.

Based on fault-slip analysis and large-scale nappe correlation, Schmid & Froitzheim
(1993) redefined the Engadine line (Fig. 1) as a post-collisional (Late Tertiary) tectonic
lineament along which oblique slip and block rotation took place. In the area of the E3-
transect, the Engadine line essentially acts as a brittle normal fault with downfaulting of
the SE block (Fig. 6). The vertical throw is estimated at approximately 4 km (Schmid &
Haas 1989). Movements along this part of the Engadine line juxtapose Austroalpine
basement and N-Penninic Biindnerschiefer. Such a lithologic contrast should give rise to
steep reflections and to a lateral P-wave velocity change. SSE-dipping reflections corre-
lating with the surface position of the Engadine line can indeed be observed in the E3
data (Fig. 5). The reflections dip SSE at approximately 55° and agree with the dip range
expected from surface data. Moreover, a change in reflection orientation from subhori-
zontal between 1 and 1.5 s to SSE-dipping further S can be observed in the
Biindnerschiefer units below the Engadine fault (Fig. 5). This change may reflect drag-
folding in the fault’s footwall (Schmid & Froitzheim 1993). Regarding the expected P-
wave velocity change across the Engadine line, a short seismic refraction profile in the
Radurschl valley (Fig. 1) indeed indicated a lateral velocity inhomogeneity (Scheliga
1971, Giese & Prodehl 1976). We can thus attribute this lateral velocity change to the
contact between the downfaulted Austroalpine basement and the N-Penninic
Biindnerschiefer.

Model for the formation of the Engadine Window: Large-scale open folds of Late Oli-
gocene age (Domleschg-Phase of Froitzheim et al. 1994) affecting Austroalpine and Pen-
ninic units trend E-W to NE-SW and formed in response to dextral transpression along
the Insubric lineament and the coeval intrusion of the Bregaglia and Novate batholiths.
Given the similar shape and orientation of the NE-striking antiform constituting the En-
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gadine Window, a correlation with this phase of post-collisional shortening is plausible.
Furthermore, thrusting in the external basement is also of Late Tertiary age and equally
related to post-collisional NNW-SSE directed shortening (Schmid et al. 1995). From this
it is inferred that both open folding of N-Penninic and Austroalpine units and thrusting
in the external Helvetic basement are roughly coeval and related to post-collisional
shortening in the Late Tertiary.

A retrodeformation of the post-collisional structures in an idealized NNW-SSE cross-
section across the Engadine Window shows that shortening associated with the formation
of the HBS-basement slice is around 12.5 km, whereas unfolding of the basal Austro-
alpine thrust in the section considered corresponds to a shortening of only approx. 2.5 km
(Fig. 7a). The remarkable difference in shortening suggests a decoupling between the
Austroalpine lid and the European basement units during post-collisional deformation.
Such a decoupling is likely to be positioned at interfaces with maximum differences
in rock strength. In the retrodeformed section (Fig. 7a), a major detachment could be ex-
pected at the interface between the European basement and the N-Penninic
Bindnerschiefer units (large-scale detachment and thrusting of the Penninic cover
nappes follow this contact throughout the Swiss Alps). Thus, the model for the formation
of the Engadine Window envisages a protruding European upper crustal basement-
wedge bounded by a passive back-thrust at the top and an active NNW-vergent thrust at
the bottom (Fig. 7b). Such passive back-thrust models have been reported in external do-
mains from various orogens by Banks & Warburton (1986). Assuming (1), that the HBS-
basement slice imaged in lines E2 and E3 is restricted to the area of the Engadine Win-
dow, (2), plane strain in the area considered and (3), a complete decoupling between
Biindnerschiefer and European basement, the indentation of the upper crustal basement-
wedge must lead to a local uplift of 8 km in the area of the Engadine Window (it is im-
portant to note that this amount of uplift is probably an overestimate as the assumptions
of “plane strain” and “complete decoupling”, respectively, are most certainly not full-
filled). The local uplift, accommodated by internal shortening within the
Biindnerschiefer, leads to the domal shape of the Engadine Window. Moreover, the re-
sulting tectonic uplift is likely to induce extension in the overlying units and might ex-
plain normal faulting along the northern part of the Late Tertiary Engadine line (Schmid
& Froitzheim 1993) and a system of extensional brittle faults in the Engadine Window
(Kldy 1957). Summarizing, I suggest that the Engadine Window is essentially the result of
post-collisional deformation with the superposition of large-scale detachment-folding
above a passive back thrust, local uplift and extension in Late Tertiary time.

Viewed on a large scale, the Engadine structural high 1s arranged in a right-stepping
en-echelon pattern with respect to the external basement massifs. Such a geometry is
compatible with dextral transpression and NNW-SSE directed shortening between the
European and Adriatic plates in Late Tertiary time, as suggested by plate reconstructions
(cf. Savostin et al. 1986).

6. Conclusion

The deep seismic reflection data of the E3-transect show that the crust in the area of the
Engadine Window is dominated by S-dipping reflectors. Interpretation of the data indi-
cates an up to 10 km thick pile of N-Penninic Biindnerschiefer containing reflective ophi-
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olitic inclusions. These Biindnerschiefer, making up the inner core of the Window, are
underlain by an ENE-striking nappe-stack consisting of N-Penninic and Helvetic base-
ment units. They are separated by presumably Triassic to Early Jurassic sediments. The
lowest reflections in the E3-transect indicate a crustal thickness of more than 50 km with
the European Moho dipping towards the SSE.

Structural considerations suggest that the large-scale antiform observed in the
Biindnerschiefer does not affect the underlying basement units. The Biindnerschiefer
forming the core of the Engadine Window can thus be considered as a large-scale detach-
ment fold. Detachment probably took place during the indentation of an upper crustal
basement-wedge, producing local uplift and extension in Late Tertiary time.
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