Geologic structure and evolution of the Alps
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13.1.1 Geologic framework

The northern and western, external part of the Central and Western Alps con-
tain several elongate shaped basement uplifts referred to as massifs. The pre-
Triassic crystalline basement exposed in these massifs is the southern and
eastern continuation of the European foreland exposed in the Bohemian mas-
sif, the Black Forest and Vosges, as well as the Massif Central. The top of this
European basement dips gently beneath the Alpine nappes to depths around
7km below sea level (see Chapter 8 for the Central Alps, Guellec et al. 1990
for the Western Alps). Within the basement uplift the top basement contact is
located at up to 4 or 5 km above sea level. The resulting vertical heave of over
10 km is a crustal scale feature. The aim of this chapter is to shed light on the
structure and evolution of these basement uplifts.

In map view the basement uplifts form elongate domes. Their crest lines are
arranged in an en échelon, right-stepping pattern. NRP 20 crossed the Aigu-
illes-Rouges (with adjoining Mt Blanc) and Aar (with adjoining Gotthard)
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Figure 13.1-2

Detail of seismic section EI covering the Aar massif. Unmigrated Vibroseis stack.
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Figure 13.1-1
Simplified tectonic map covering the external basement massifs and showing

traces of seismic lines E1, C1, W1, W5 and trace of cross section along km
618 (NEAT-Lotschberg, Kandertal).

massifs at four locations (see Figure 13.1-1). Line C1 crosses the culmination

of the Aar massif where it is highest. Line WS5 is located on the eastern,

plunging side of the Aiguilles-Rouges culmination. Line W1 traverses the

Rawil depression between the Aiguilles-Rouges/Mont Blanc and Aar massif.

Line El, finally, crosses a subdome of the Aar massif exposed in the tectonic

window of Vittis.

The crystalline basement of the massifs contains three groups of rocks (see

von Raumer et al. 1993 for a review):

(1) Polymetamorphic gneisses, schists and metasediments of pre-Variscan
age.

(2) Carboniferous and Permo-Carboniferous sediments and volcanics. The
older sediments were folded in the Variscan orogeny and metamorphosed
by Late-Variscan intrusives. The younger sediments and volcanics accu-
mulated in post-Variscan graben structures.
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(3) Late-Variscan and post-Variscan granitoids and associated volcanics. The
granitoids occur in part as large intrusive bodies forming the structural
backbone of the massifs.

The Alpine overprint was to some extent controlled by the Variscan structures

(see e. g. Pfiffner et al. 1990 a): Granite bodies are upthrusted as basement

wedges along steeply dipping intrusive contacts reactivated as thrust faults

(e. g. Frisal thrust). In other instances Variscan volcanics form the core of

large scale Alpine anticlines (e. g. Windgillen fold). The northern flank of the

massifs deformed at anchimetamorphic conditions and under relatively
lower temperatures (see Groshong et al. 1984, Frey et al. 1980, Breitschmid

1982, Burkhard 1988) as compared to the southern, more internal part. As a

consequence the internal and external parts of the massifs show quite

contrasting deformation styles. To the north discrete shear surfaces produce

fold-and-thrust structures lacking penetrative grain-scale deformation (e. g.

Kammer 1989). A typical example is the recumbent fold with the basement

protrusion from the Jungfrau region shown in Figure 13.1-14, which will be

discussed in more detail below (Line C1). A structural style with pervasive
grain-scale Alpine deformation leading to axial planar foliations is found in

the south (e. g. Steck 1984, Pfiffner et al. 1990 a).

The crystalline basement is generally overlain by Mesozoic-Cenozoic sedi-

ments. Triassic dolomites and Late Jurassic-Cretaceous limestones are the

mechanically strong layers. These sediments were partly detached from their
basement and were affected by folding and imbricate thrusting (cf. e. g. Pfiff-
ner 1978 in the eastern, Heim 1878, Krebs 1925, Funk et al. 1983, Kammer

1989 in the central and Collet & Parejas 1931 in the western Aar massif;

Gourlay 1986 in the Aiguilles-Rouges massif). A more detailed discussion of

these structures will be given below.
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Figure 13.1-3

Four possible structural models of
the northern flank of the Aar massif
used in 2D seismic modeling.

13.1.2 Structure and geometry in profile and map view

In the following the seismic reflection data covering the basement uplifts and
their geologic interpretation will be discussed proceeding from eastern to
western Switzerland.

13.1.2.1 Transect through the eastern Aar massif
Vittis subdome (Line E1)

Line E1 shown in Figure 13.1-2 transects the eastern Aar massif across a sec-
ond order culmination. At Vittis the crystalline basement is exposed in a tec-
tonic window, the top basement being at about 1000 m above sea level. To the
north, reflections at 2.5-3 STWT are stemming from the Mesozoic: they can
be traced from line ES5 (see Chapter 8) to line E4 which intersects E1 at the
latter’s N(W) termination. These reflections loose their strong amplitude to-
wards the south and are thus difficult to trace. Several faint reflections can be
seen at successively shallower depth, and plunging to the south. In any case
no strong reflections at about 2.5 STWT indicating a southward continuing
slab of Mesozoic overridden by crystalline basement (Aar massif) can be de-
tected.

In order to get insight into the effect of complex Alpine structure on the seis-
mic response, 2D and 3D seismic modeling was carried out (Stduble & Pfiff-
ner 1991, Stiuble et al., 1993).
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Figure 13.1-4

Ray plot of normal incidence ray
tracing to the top of the Mesozoic
for the four models. Normal-inci-
dence ray tracing imitates a Vibro-
seis data set. Note focussing and
defocussing of seismic rays due to
complex reflector geometry.



Figure 13.1-5

Synthetic seismograms of normal inci-
dence ray tracing of the four models.
(2D modeling, 80 m CDP spacing).
Note short horizontal reflections and
long diffractions caused by complex
reflector geometry.

2D modeling:

Based on seismic data and their interpretation, as well as geological field ob-
servations (Pfiffner et al. 1990a and b) four different geologic models of the
northern flank of the Aar massif basement uplift can be envisaged and were
subsequently tested. The models are presented in Figure 13.1-3. They were
intended to represent very different geometries considering ray path and re-
flections. The surfaces used for the models are, from the top to the bottom:
The Sintis Thrust, the Glarus Thrust, the transition from Tertiary Molasse
and Flysch sediments to Mesozoic carbonates, and the basement-cover con-
tact. The velocities used for the individual layers were derived from different
sources such as borehole data, physical property measurements (Sellami et
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Figure 13.1-6

Ray plot of the offset ray tracing of
the four models. Note focussing
and defocussing of seismic rays.

al. 1990), refraction seismic recordings (Ye & Ansorge 1990) and inversions
of tau-p transformed receiver gathers.

The model size is 21 by 12km and closely follows the path used for the
NRP 20 profile. As this study concentrates on the basement-cover relation-
ship, the top layers of the model, i. e. the Sintis and the Lower Glarus Nappes
are identical in all four models. These layers are needed as they contribute
significantly to the ray path and travel time but are not visible as individual
reflections in the seismic section.

The northernmost 2-3 km of the models are also very similar as this part of
the model is not well constrained by seismic or geologic data. The difference
in the individual models lies in the structure of the basement-cover contact
on the northern flank of the Aar massif.

Model 1: The structural style is characterized by steep, basement cored ramp-
anticlines, with little displacement at the high-angle ramps. These structures
compare to the ones observed in the Todi area (Pfiffner et al. 1990a, figure
2¢). The shape of the anticline is also based on results of a 3-D ray tracing
study of the structure immediately to the north of this area (see Stiuble et al.
1993 and below).

Model 2: In this model shortening is thought to have occured along thrusts
dipping at around 45° and with only minor folding only in the south. In this
model shortening is reduced to a minimum.

Model 3: This model is similar to model 1 as it also displays ramp anticlines,
but differs in that the thrusts dip at shallower angle at the basement-cover
contact. As a consequence ramp-anticlines are of small dimensions and the
general structure is dominated by a vertical stack of relatively flat lying litho-
logical elements (particularly evident in the southern part).

Model 4: The characterstics of this model are basement thrusts which form a
steep ramp in the vicinity of the basement-cover contact. This thrust geome-
try produces ramp anticlines with steep northern limbs. This model is charac-
terized by thin layers of Mesozoic rocks pinched between the basement
blocks, as well as by large-scale anticlines with overturned limbs. Structures
of this type are comparable to the ones observed in the lower part of the
Reuss valley and in the central part of the Aar massif (Heim 1878; Kammer
1989; Pfiffner et al. 1990a).

The 2D modeling techniques used implied both, normal-incidence and offset
ray tracing of individual shots. Ray path analysis of both techniques (see Fig-
ures 13.1-4 and 13.1-6) shows that focussing and defocussing plays an im-
portant role. In the synthethic seismograms shown in Figures 13.1-5 and
13.1-7 only a few subhorizontal reflections are observed due to the complex
structural situations. In the case of tilted and folded reflectors focussing and
defocussing tends to produce short discontinuous reflections and long dif-
fractions.

The comparison of the synthetic seismograms with the observed data does
not yield a simple answer as to which model is best. Several limiting factors
related to the method and to the models must be taken into account. When
comparing normal-incidence ray tracing with observed, stacked data the as-
sumption is made that common mid point (CMP) equals common depth
point (CDP). This is only true in a geological situation with flat layers. An
additional shortcoming is the assumption of the two-dimensionality in both,
geologic models and synthetic seismograms: the geology shows laterally
varying structure and therefore the observed sesimic section contains in-
formation (reflections, diffractions etc.) coming from the side (see below)
which cannot be directly compared to a synthetic seismogram from 2-D ray
tracing.
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Figure 13.1-7

Synthetic seismograms of offset ray tracing (2D modeling, 80 m CDP spac-
ing). Offset ray tracing imitates seismic data gathered from single dynamite
shots. Note steeply N-dipping reflections originating from ramp anticlines in
the N part of the models.

Comparison of the synthetic seismograms of the normal-incidence and the
offset ray tracing shows that all the model answers contain events that are
comparable with some events in either the Vibroseis or the explosion data set,
but not in both.

Important in this evaluation are not only the matching reflections (these will
be present in most cases), but also those strong reflections, that have no
equivalent in the observed data and thus can indicate which part of the model
has to be wrong. In this sense model 3 and 4 can be excluded, in that both
synthetic seismograms show strong, south dipping reflections (b in both syn-
thetic sections) below 3 sSTWT originating from the thrust faults in both mod-
els. A thrust fault putting basement onto a layer of sedimentary rocks reach-
ing far into the basement would be an ideal reflector and certainly would, if
present, show up in the observed section.

The analysis of 2-D ray tracing suggest that the structural style of model 1
yields overall the best matching events. This model proposes thrusting on
steeply dipping faults with associated basement-cored ramp-anticlines and a
fold with an overturned limb. Results from model 2 indicate that a compo-
nent of low-angle faulting with north dipping basement-cover interfaces are
present in the southern part of the section.

The seismic section of the northern flank of the Aar massif was considered to
be of poor quality, as long continuous reflections were missing. As shown by
modeling, the lack of this feature may not be related to data quality or to the
lack of layers with large impedance contrasts. Rather, it could be a function
of the complex subsurface structure in conjunction with the spread geometry.
Defocussing and scattering on larger scale structures results in areas that can-
not be sampled at all by the seismic experiment, as the rays are reflected out
of the receiver spread. Although using a larger spread would improve the
sampling of such previously missed structures, it would at the same time de-
grade the stack because of NMO and residual statics which cannot be calcu-
lated correctly for very large offsets.

3D modeling:
Forward modeling with 3D normal-incidence ray tracing was used to pro-
duce synthetic seismograms. The base for this modeling is a 3D model con-

sisting of 16 layers with varying seismic velocities. The geometry of the
model was iteratively changed until a satisfactory match between synthetic
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Figure 13.1-8

3D model of the northern flank of the Aar massif. Numbers on the horizontal
axes are km of the Swiss National grid net. Numbers on vertical axis and on
structure contours are depth below sea level in km.

A: Display of the “top Mesozoic” reflector with ray paths. B: Contour map
of the same horizon with ray end-points (+). Map in B covers only the west-
ern part of the model shown in A. Structural highs and lows are indicated by
large + and — symbols. Arrow points to structural high (anticline) discussed
in text.

and observed data was obtained. In Figure 13.1-8 the top basement reflector

of the “final model” is shown in perspective view, as well as in map view.

A comparison between the observed section and the synthetic section (Figure

13.1-9) shows that although there is a close overall correspondence, at a

smaller scale several minor discrepancies exist where position and shape of

the synthetic reflections do not match perfectly with the observed data. Sev-
eral limiting factors must be taken into account to evaluate these mismatchs:

(1) The model only contains 16 layers, which is obviously a simplification of
the real situation. In view of the particular geologic structure and the reso-
lution of the seismic data, we consider this to be a sufficient approxima-
tion, however.

(2) The velocity functions used in the model are approximations. Thus, e. g.
for a reflection at 1 second Two-Way-Time (1s TWT), modeled with a
velocity of 5km/s, a large error of +/—10% in the velocity amounts to a
variation in depth of the order of +/—250 m.

(3) With this uncertainty in the velocity, the dip of the contoured surfaces are
approximations only, too. But a change in dip would also result in sam-
pling the layer at different positions. For instance for a reflector out-
cropping 7km laterally from the seismic section, a change in depth by
100 m would result in a change in cross dip of 0.75 degrees and an up-dip
shift of the sampling point of 30 m.



Figure 13.1-9
Synthetic seismogram from 3D normal-incidence ray tracing. Arrow marks
anticline discussed in text.

(4) When processing seismic data the 1D assumption that a CMP is equal to
a CDP is made. However, in a 3D situation this assumption is not always
fulfilled and as a consequence, energy originating from a broad area is
summed into a single CDP. This results in a considerable smearing (or
loss in resolution) of the reflection. Incidentally this “smearing” works in
favour of the modeling technique, as small structural differences cannot
always be modeled in detail. In Figure 13.1-8 the rays fan out of the 2D
plane, showing that the CMP-CDP assumption is not fulfilled. Moreover,
normal-incidence ray tracing considers only rays with coincident shot
and receiver points and therefore does not necessarily sample exactly the
same areas as the field experiment.

Ray-path analysis shows a strong 3D effect resulting in out-of-plane reflec-
tions and diffractions. The arcuate reflection between 2.5 and 3.5 sTWT
indicated by an arrow in Figure 13.1-9 appears as a single strong event. De-
tailed analysis of the rays contributing to this reflection (Figure 13.1-8b, ar-
row) however shows that it is a composite of several out-of-plane reflections.
In addition recording of seismic data is often oblique to the geologic struc-
tures. Consequently, conventional migration techniques repositioning re-
flections in a 2D plane, result in a wrong position for reflections like the ones
discussed above and thus in an erroneous interpretation. Furthermore, out-
of-plane diffractions with a small curvature could be mistakenly treated as re-
flections. The 3-D ray-tracing modeling technique used here yields good
control of reflector geometry, and avoids many of the problems inherent to
2D migration.

The geologic section corresponding to the 3D final model with the best

matching synthetic seismogram is shown in Figure 13.1-10. The basement-

cover contact on the northern flank of the Aar Massif is at a depth of about

—7.5 km beneath the central part of the study area. It then rises southwards in
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a series of steps due to thrusting and folding to reach the surface at Vittis. In
the model the northernmost of these steps appears as a ramp anticline
(marked with an arrow in Figures 13.1-8, 13.1-9, 13.1-10). This structure was
unexpected from a first view of the seismic field data or from geological ob-
servations.
A basal thrust putting basement onto a layer of autochthonous Mesozoic
cover rocks has been proposed for this transect (Pfiffner, 1985) as well as for
a transect through the Western Alps (Butler, 1986; Guellec et al., 1990—2nd
hypothesis). If present, such a slab of Mesozoic carbonates should have been
recorded. If, on the other hand, as suggested by Guellec et al (1990 1st hy-
pothesis) for the Western Alps, a low-angle thrust fault putting basement onto
basement is postulated, this contact would likely be associated with a my-
lonite zone. The absence of reflections in the E1 profile can be explained in
several ways:

1. There is no such thrust fault.

2. The thrust fault is associated with a very thin mylonite zone (beyond the
resolution of the seismic experiment) and therefore possibly being of little
importance (i. e. having a small displacement only).

3. The thrust fault and the associated mylonite zone dip steeply (and are
therefore not imaged seismically) and the displacement is relatively small.

In the geologic interpretation (Figure 13.1-10) the last possibility is retained.

This structural style is in fact observed at the surface some 50 km farther west

(Pfiffner et al. 1990a).

Kinematic sequence

The fold-and-thrust structures in the transect of E1 evolved in a sequence of
several deformation phases which are discussed in more detail in Milnes &
Pfiffner 1977, 1980; Pfiffner 1978, 1982, 1985 and 1986. The associated fold
or thrust structures are labelled in the cross section in Figure 13.1-11 accord-
ingly. In summary the following kinematic sequence can be recognized:

1. Pizol phase: An early phase of detachment and thrusting of Mesozoic-
Cenozoic sediments which were originally deposited more than 50 km S of
the Aar massif. These exotic units were emplaced onto the youngest, Eocene-
Oligocene sediments of the autochthonous Aar massif cover without leaving
any traces of deformation.

2. Cavistrau phase: This phase is a predecessor of the main, Calanda phase
and produced structures only locally. These structures imply early large-scale
recumbent folds whose inverted limbs were refolded by the subsequent
phase.

3. Calanda phase: This main phase of deformation resulted in a pervasive
cleavage parallel to the axial surfaces of associated folds and parallel to the
surfaces of active thrust faults. It is interesting to note that, apart from refrac-
tion effects, the general orientations of the Calanda phase axial surfaces and
cleavage remain constant across the Aar massif’s culmination. The basal
thrust of the Helvetic nappes, the Glarus thrust, was already active as a
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Figure 13.1-11

Schematic profile across eastern Aar massif showing traces of cleavages and
their relation to folds and thrust faults. Calanda phase cleavage cuts across
early thrust faults (base of Vorstegstock and South Helvetic/Penninic slices)
but is parallel to major fold axial surfaces and thrust faults (including Gla-
rus thrust). Steeply dipping Ruchi phase cleavage is of patchy appearance
and is mainly concentrated along Glarus thrust.

bP:  basal Penninic thrust SH:  South-Helvetic and Penninic
Gl:  Glarus thrust strip sheets

Vo:  Vorstegstock thrust NHF': North-Helvetic Flysch

Go: Gotthard massif M-T: Mesozoic-Tertiary cover

stretching fault (i.e. a thrust fault with differential ductile stretching in the

hanging wall and footwall parallel to the transport direction).

4. Ruchi phase: This late phase of deformation produced a crenulation

cleavage of patchy appearance and is related to late northward transport of

the Helvetic nappes along the Glarus thrust resulting in an inverse metamor-
phic zonation.

These deformation phases are defined as local kinematic sequences in the In-

frahelvetic complex. Although some of them can also be recognized in the

overlying Helvetic nappes they are not meant to be “chronostructural” units.

In fact they are likely to be diachronous (Groshong et al. 1984).

In a general way the thrust diplacements of Infrahelvetic units overlying the

Aar massif’s culmination vary according to structural position. The lower-

most units, involving also basement rocks, are less displaced than the upper,

more allochthonous units. It seems that the mechanically stronger basement
formed a somewhat rigid, slowly deforming core with a soft shell consisting
of flakes of detached cover sediments.

Seen at large-scale in cross-sectional view there is a discordancy between the

Calanda phase cleavage in the hanging wall and footwall of the Glarus thrust

(Figure 13.1-11). Two points are of particular relevance in the context of the

basement uplift’s evolution:

1) The constant orientation of the Calanda phase structures in the Infrahel-
vetic complex across the Aar massif’s culmination.

2) The smooth shape of the Glarus thrust, which is unaffected by the (Ca-
landa phase) thrust faults in its footwall. These features suggest that the
bulging of the massif occurred in response to internal deformation of the
massif, and that the bulging was coeval with ductile thrusting along the
Glarus thrust.

C1
NW SE

Figure 13.1-12

Detail of seismic section C1 covering northern flank of Aar massif. B1: Mes-
ozoic cover of foreland, B2: Mesozoic cover of Aar massif, JD: Jura detach-
ment (?)
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13.1.2.2 Transect through the central Aar massif
(Line C1)

Line C1 traverses the Aar massif in the central part of the culmination (Hasl-
ital, see Figure 13.1-1). The seismic data (cf. Figure 13.1-12) are of poor
quality. However the conspicuous reflections B1 at 2.2-2.5 sSTWT beneath
shot point Meiringen most probably correspond to the autochthonous Meso-
zoic of the foreland. This follows from a comparison with the industry lines
in the Briinig area (Bodmer & Gunzenhauser 1992). Reflection group B1 ex-
tends from shot point Meiringen with a relatively steep dip about halfway to
shot point Urbachtal. An additional group of northdipping reflections (B2 in
Figure 13.1-12) can be followed upward and southward and line up with the
Mesozoic cover of the Aar massif as observed at the surface N of shotpoint
Urbachtal. The geometry of this northern flank of the Aar massif is much bet-
ter imaged on the industry seismic line in the Klein Melchtal (see Figure
13.1-13a ). This industry line was recorded about 10km to the east of line
C1.Two distinct reflection bands can be distinguished on the migrated stack
shown in Figure 13.1-13a: one is dipping north from the SSE-end of the sec-
tion (at 1 s TWT), the other, subhorizontal one extending at 2.5 s TWT from
the NNW-end of the seismic section. The discussion of the reflections is
based on the line drawing shown in Figure 13.1-13a, which covers a longer
section than Figure 13.1-13b. The subhorizontal reflection group B1 in Fig-
ure 13.1-13b stems from the autochthonous Mesozoic strata of the foreland.
The strong double-cyclic band at the base (at 2.5s TWT may well originate
form the top of the Triassic carbonates (Muschelkalk), while the uppermost
reflection (at 2.25 sTWT) can be correlated to the top of the Mesozoic car-
bonates (see also Chapter 8). The north-dipping reflection band, located at
0.75-1 sTWT at the SSE end of the line, originates from the Mesozoic cover
of the Aar massif. The lower double cyclic band is taken to stem from the top
of the Triassic Roti dolomite, the upper weaker reflection from the top of the
lower Cretaceous or upper Jurassic limestones. To the SSE the extrapolation
of reflection group B2 lines up smoothly with the Aar massif’s Mesozoic
cover as observed at the surface in the Gental area.

The geologic profile of Figure 13.1-14 takes all these data into account. It fol-
lows from these that a layer of autochthonous Mesozoic sediments of the

NNW Industry line Klein Melchtal SSE
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Figure 13.1-13a
Migrated stack of the segment of the Industry line Klein Melchtal covering
the transition from the northern flank of the Aar massif to the foreland.
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foreland is overridden by a thick wedge of Aar massif crystalline basement.
The subsurface shape of the top-basement contact seems to be smooth and
simple compared to Line E1. Surface geology, however, clearly shows that
further south and up (e. g. Pfaffenchopf in Figure 13.1-14) this contact is
folded in a quite complex way. The geometry of this deformation is described
in detail in Rohr 1926, Miiller 1938, Labhart 1966 and Kammer 1989. Figure
13.1-15 summarizes the observed structures. One of the characteristic fea-
tures are the axial surfaces with a steep southern dip, which turn horizontal
going northward and often end up northdipping within the sedimentary
cover. Strangely enough the orientation of the planar fabrics within the crys-
talline basement remain constant across these structures. Kammer (1985,
1989) could show that the pervasive foliation evolved from a pre-Triassic
structure. The Alpine overprint involved two sets of spaced cleavages: a shal-
low dipping one with “top to the north” movement, and a steeply dipping one
with the hanging wall block moving down and southward. Combined move-
ment on these shear surfaces was responsible for much of the internal strain
of the large-scale fold structures. As is evident from Figure 13.1-15 (Wetter-
horner section) some individual normal faults on the inverted limbs of re-
cumbent anticlines offset the basement-cover contact and contribute to the
rotation of the axial surface of the underlying syncline in the cover rocks into
its present northern dip. In a general way the observed structures also suggest
a mechanically strong basement, deforming as protrusion, i. e. a rigid north-
ward indentation into the cover rocks. The cover rocks, as well as the outer-
most shell of the basement clearly show signs of an important rotational de-
formation with a “top to the north and down” shear sense. This rotational
strain resulted in folded axial surfaces and thrust faults, including the.basal
thrust fault of the Helvetic nappes. Based on field work in the area west of
line C1 Giinzler-Seiffert (1941, 1943) distinguished an early Kiental phase,
during which the structurally higher Axen thrust (Wildhorn thrust in the ter-
minology of Giinzler-Seiffert) was passively deformed during folding of the
underlying Doldenhorn nappe (outcropping in the transect of line NEAT
9001; cf. Figure 13.1-17). In a later stage, the Grindelwald phase, the Dol-
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Figure 13.1-14

Geologic profile across the Aar massif along line C1. WF: Wildflysch; SF:
Schlieren flysch; Ax, Ld, Wi: Axen, Liisistock, Wildhorn thrust.

NHF': North Helvetic Flysch; UMM: Lower Marine Molasse

denhorn thrust was deformed passively by folding within the underlying Aar
massif. In any case it is difficult to conceive that the basal thrust faults of the
Helvetic nappes were still active during the later stages of the internal defor-
mation of the Aar massif. i.e. the latest stage of basement uplift was post-
kinematic with respect to the Helvetic nappes. This scenario can be explained
as “in-sequence” thrusting, whereby deformation proceeds downward and
towards the external part of an orogen.
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Figure 13.1-15

Detailed geologic profiles showing deformation style of the basement-cover
contact on the northern flank of the Aar massif ( Pfaffenkopf equivalent of
Figure 13.1-4). Ax, Ho, Ld: Axen, Hohjdagi, Lésistock thrust.
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13.1.2.3 Transect through the western Aar massif
- (Line NEAT 9001)

In the course of investigating possible pathways for the NEAT railroad tunnel
“Lotschberg-Basistunnel” a seismic section along the Kander and Gastern
Valley and several short lines were shot. Although the seismic survey was pri-
marily aimed at very shallow structures and thus only one vibrator was used
as energy source, some insight relating to the basement-cover contact on the
northern flank of the Aar massif was nevertheless gained. In addition an in-
dustry seismic line shot in the northern part of the Kander Vally became avail-
able (Vollmayr 1992). It thus seemed logical to summarize the various seis-
mic data and integrate them together with new structural data (Burkhard
1988, Zwahlen 1993) into a geologic section. The section line (Figure
13.1-1) was chosen to follow km 618 of the Swiss National grid net, which
follows the eastern flank of the Kander Valley. This transect is particularly in-
teresting for the structure and evolution of the basement uplift, because of its
situation at the western end of the Aar massif dome, where due to axial
plunge a complete section can be observed at the surface. The section was
therefore extended all the way across the massif, which is subdivided into the
Gastern massif and Aar massif proper. The Gastern massif corresponds to a
northern block of the Aar massif, separated from the latter by a thin layer of
Mesozoic carbonates, the so-called “Jungfrau-Keil”.

The segment of the seismic line NEAT 9001 shown in Figure 13.1-16 is lo-
cated in the southernmost Kander Valley (Eggeschwand), follows the gorge
Chluse and the Gastern Valley up to Gastere. Three reflection groups (1, 2 and
3 in Figure 13.1-16) can be recognized. Reflection 1 is interpreted to origi-
nate from the (top of) the Mesozoic carbonates overlying the Gastern massif
basement beneath Eggeschwand. Reflection 2 lines up with the top of the
Gastern massif outcropping at the SE end of the section. At Gastere the
Gastern granite is overlain by Triassic Roti dolomite, followed by an inverted
sequence of Jurassic limestones pertaining to the Doldenhorn nappe. The
contact itself (4 in Figure 13.1-16) is marked by a thin calc mylonite. Reflec-
tion 1 and 2 do not line up. They are offset by reflection 3, which is inter-
preted to stem from a S-dipping thrust fault (associated with mylonites). In
the interpretation given in Figure 13.1-17 this thrust fault does not dissect the
Doldenhorn thrust. Rather it separates the southern Gastern massif, which
has only remnants of Mesozoic cover sediments, from the northern Gastern
massif, which has a more complete Mesozoic cover, comparable to the one
observed in the industry line at the northern end of the geologic profile of Fig-
ure 13.1-17. The seismic data of this industry line suggests that the leading
edge of the Aar massif consists of a stack of imbricates overriding the
autochthonous foreland (Vollmayr 1992).

From the cross section in Figure 13.1-17 it follows that the Doldenhorn nappe
consists of a series of recumbent folds whose axial surfaces are warped
around the top of the Aar massif. The Doldenhorn nappe roots in the southern
Aar massif, the latter forming the cores of its anticlines in the south of Figure
13.1-17. Here the crystalline basement deformed in a style which is in strik-
ing contrast to the one observed in the north: as discussed by Steck (1984) a
penetrative foliation (S,) is parallel to the axial surface of these folds and is
overprinted by two spaced cleavages (S, and S,"). S,'is gently south dipping
with “top to the north” movement, while S," dips steeply north and has a “top
to the south and up” shear sense. These structures also prove that the internal
deformation of the Aar massif is coeval with folding within the Doldenhorn
nappe. The Late Jurassic and Cretaceous carbonates were transported north-
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Figure 13.1-16

Detail of seismic line NEAT 9001 (Gasterntal). 1: Mesozoic cover of N
Gastern massif, 2: Top of Gastern massif and Doldenhorn thrust, 3: thrust
fault, 4: top Gastern massif and Doldenhorn thrust at surface.

ward and a clear thrust fault marks the base of this nappe above the Gastern
massif. Folding of the Doldenhorn nappe also affected the overlying Gelli-
horn and Wildhorn nappes, whose basal thrust faults were passively de-
formed in the process. The kinematic sequence in this transect was analyzed
by Burkhard (1988) who defined the following deformation phases:

1. Plaine Morte phase: Emplacement of detached, highly allochthonous
cover strip sheets (Ultrahelvetic nappes).

2. Prabé phase: This phase corresponds to the main internal deformation of
the Wildhorn and Gellihorn nappes, including imbrications and tight folding
associated with an axial planar cleavage. These nappes were already thrust
northward in this phase to rest on the future Aar massif.

3. Trubelstock phase: Local passive folding of the Wildhorn nappe due to
activation of thrust faults in its footwall (Plammis and Jagerchriiz imbri-
cates).

4. Kiental phase: Formation of the Doldenhorn nappe including pervasive
internal deformation (and uplift) of the southern Aar massif and passive de-
formation of the overlying Gellihorn and Wildhorn nappes.

5. Grindelwald phase: This phase (considering the original definition by
Giinzler-Seiffert 1941 as well) is related to the rotation of the axial surfaces
of the recumbent folds and the basal thrust of the Doldenhorn nappe in its
northern part. It thus clearly relates to an episode of basement uplift.
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Figure 13.1-17

Geologic profile across the western end of the Aar massif drawn along km 718 and constrained seismic line NEAT 9001 and industry line. Do, Ge, Wi: Doldenhorn,
Gellihorn, Wildhorn thrust, Ni: Niesen nappe (Penninic), Ki: Kiental flysch, UH: Ultrahelvetic, NHF : North Helvetic Flysch, UMM : Lower Marine Molasse.

146



W1
N Blankenburg Lenk lffigenalp  Rawilpass lcogne Granges  §
|
T = 1000 1100 1200 1300 1400 1500 1600 1700

g

3y

Figure 13.1-18
Seismic section W1 covering the basement uplift in the Rawil depression between Aar and Aiguilles Rouges/Mt. Blanc massif.
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Figure 13.1-19

Line drawing of line W1. Gray shading: Mesozoic cover and panels of carbonates/evaporites representing potential reflectors discussed in text.
Di: Diablerets nappe (Helvetic)

KI: Klippen nappe (Préalpes médianes, Penninic)

Wi: Wildhorn nappe (Helvetic)

NHF: North-Helvetic Flysch, UH: Ultrahelvetic nappes
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Figure 13.1-20

Geologic profile of line W1. KP: Klippen nappe, WR: Wierihorn slice, UH: Ultrahelvetic; PK: Permo-Carboniferous; Di, Wi: Diablerets, Wildhorn thrust.

This deformation sequence shows some striking similarities as well as differ-
ences to the one at the eastern end of the Aar massif described above (line
El). Plaine Morte and Pizol are equivalents. Prabé is comparable to Ca-
landa in the Helvetic nappes, and Kiental to Calanda in the Infrahelvetic
complex. Cavistrau and Trubelstock are both local phases and not equiva-
lents. Grindelwald seems to be a pecularity of the central and western Aar
massif! It has to be stressed again that the above mentioned correlations are
kinematic and are not meant to be strictly chronological. Considering the de-
formations related to vertical uplift of the Aar massif and nappe transport of
the Helvetic nappes, this western transect clearly shows a phase (Grindel-
wald, and to some extent Kiental) of post-kinematic uplift conspicuously
absent in the eastern transect (E1). This point will be discussed further in sec-
tion 13.1.4. In the kinematic interpretation of Steck (1984) the emplacement
of the Wildhorn nappe onto the Doldenhorn nappe is largely post Doldenhorn
folding (Kiental phase), which is however in contradiction to the findings of
Giinzler-Seiffert (1941, 1943), Burkhard (1988) and data discussed above.

13.1.2.4 Transect through the Rawil depression
(Line W1)

Line W1 passes through the Rawil depression located between Aar and Aigu-
illes-Rouges/Mont Blanc massif (Figure 13.1-1). The top-basement contact
is in subsurface and its shape can be assessed from the seismic data only. In-
terpretation of this seismic line is rendered difficult by the fact that down-
plunge projection of nappe structures (e. g. Morcles and Doldenhorn) imply
distances of the order of 20km which is at, or beyond the limit of this
method.

In the seismic section shown in Figure 13.1-18 the autochthonous Mesozoic
of the foreland gives rise to the south dipping reflection group at 3 sSTWT
beneath shot point Blankenburg (see line drawing in Figure 13.1-19). This
reflection group can be traced northward across the entire Molasse Basin (see
Chapter 8). The adjoining arcuate shaped reflections at around 3 sSTWT just
south of shot point Matten are interpreted to stem from an anticlinal structure
similar to the one modeled on line E1 and situated at exactly the same posi-
tion.

Because of the significant plunges and the vertical relief, the shape of the top-
basement contact of the external massifs can be analyzed in 3D by structure
contour maps (Burkhard 1988, Pfiffner et al. 1990a). Using these structure
contour maps and seismic modeling (Levato et al. 1994) the prominent re-
flection group at 1.4-2 sSTWT beneath shotpoint Icogne can be identified as
autochthonous massif cover with some confidence. The south dipping reflec-
tions just to the north and beneath, extending from 1.5 to 2.5 sSTWT can be
attributed to a pinched-in layer of Mesozoic carbonates similar to the Jung-
frau-Keil between Gastern and Aar massif in the transect of NEAT 9001 (Fig-
ure 13.1-17) observed in the old Litschberg tunnel. Between shotpoint Lenk
and the Rawil pass identification of the Mesozoic cover on the seismic sec-
tion is much more difficult and ambiguous. In the interpretation shown in
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Figures 13.1-19 and 13.1-20 individual reflection packages were assigned to
slabs of Mesozoic cover rocks. These were connected using the style ob-
served farther east between lines C1 and El, i. e. wedges of basement which
are thrust northward. Moreover, an estimate of the p-T conditions prevailing
during deformation on the northern flank of the external massifs (anchizone
see e. g. Burkhard 1988) suggests a deformation style characterized by im-
bricate thrusting, rather than ductile folding as observed on the south side of
the Aar massif ( where deformation occurred under epizonal conditions).
The space between the massif’s cover and the topographic surface devoid of
reflections was filled with the Wildhorn nappe, whose geometry is quite well
constrained by surface geology. Equivalents of the Morcles and Doldenhorn
nappes, if at all, must be sought at different locations in this section because
of the en échelon pattern of their hinge lines (Pfiffner 1993). The Morcles
fold nappe projects to the space beneath shot points Iffigenalp and Lenk,
while the Doldenhorn nappe must be sought — if at all — south of Rawil pass.
In any case the basement top can be positioned at a maximum elevation of
—3000 m to —4000 m in this transect, i. e. some 7 km lower as compared to the
adjoining highs in the Aar and Aiguilles-Rouges/Mt. Blanc massifs. Gravi-
metric modeling by Klingelé (Chapter 13.2) suggests that a top basement
contact at —2.5km (taken from structure contour maps based on projection
of surface data) does not fully explain the measured gravity anomaly. This
modeling points to the presence of a low density body beneath the Rawil
Pass, contained within the crystalline basement (e. g. a graben of Late Pale-
ozoic sediments, such as shown in Figure 13.1-20, or a leuco-granite intru-
sion).

The N-dipping reflections between shot points Blankenburg (at 1.8 sSTWT)
and Lenk (at 0.2 STWT) line up with two potential reflectors at the surface.
From Lenk towards the north one might expect a panel of Cretaceous lime-
stones pertaining to the Wildhorn nappe; it would correspond to the N-dip-
ping Cretaceous linking the Wildhorn nappe with its northern extension, the
so-called Randkette (border chain) of central Switzerland. This Randkette
extends from Lake Lucerne (Pilatus) towards Lake Thun (Niederhorn), but
its westerly continuation is uncertain. In particular it is open to discussion
whether or not the Cretaceous strata of the Wildhorn nappe in the Lower
Kander Valley continue to the NW beneath the Niesen. The interpretation
chosen here includes a moderately long panel of Cretaceous strata reaching
as far north as shot point Matten. The second potential reflector is the base of
the Niesen nappe, which contains Triassic dolomites and evaporites. Since
the Niesen thrust breaks surface N of shot point Lenk the reflection group at
0.2 STWT beneath this shot point extending northward with a northerly dip
cannot be attributed to the Niesen nappe. Thus, both potential reflectors are
considered in this interpretation.

The N-dipping reflections at 0.4 sSTWT beneath shot point Blankenburg line
up with the evaporites and dolomites at the base of the Klippen nappe. As dis-
cussed in Chapter 8 these evaporites attain greater thicknesses further north
(base of Klippen nappe in line W7).

An alternative interpretation of line W1 is given by Steck et al. in Chapter 12.
In that interpretation the Niesen nappe is wrapped around a large recumbent
fold (its inverted limb is taken to be represented by the gently S-dipping
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Figure 13.1-21c

Coherency filtered Vibroseis stack of strike line W6.

A: Mesozoic cover of top of Aiguilles Rouges massif, B: Mesozoic cover of a
slice of Aiguilles Rouges massif, C: Foreland Mesozoic cover.

reflections at 1.5 sTWT beneath shot points Matten and Lenk). Given the
structural style of the Niesen and overlying Klippen nappe, and given the ab-
sence of any sign of such a large scale fold in the area to the NW of line W1,
preference is given to the solution presented in Figures 13.1-19a and 13.1-20.
Another difference concerns the style of basement involvement. Ductile fold-
ing of the basement clearly can be recognized in the southern part of the Aar
massif, where it occurred under greenschist facies conditions. The structures
observed in the north cannot be described as “ductile folds” (see e. g. Figure
13.1-15). Also mapping of the overlying Mesozoic cover suggests a predom-
inance of thrust faulting on the northern flank of the Aar massif. Furthermore
extensive imbrications are indicated by seismic data (see Vollmayr 1992 and
transect NEAT 9001). Considering the relatively low, anchizonal tempera-
tures prevailing during formation of the basement-cover structures in the
northern part of line W1, the structure style shown in Figure 13.1-20 seems
more plausible.

13.1.2.5 Transect through the Aiguilles-Rouges and
Mont Blanc massifs (Line W5)

This line crosses the Aiguilles-Rouges and Mont Blanc massifs at their NE
termination in map view (see Figure 13.1-1). The two massifs are separated
by the Chamonix zone, a steeply dipping layer of Mesozoic sediments
bounded by highly deformed basement rocks.

The Vibroseis data from the northern part of line W5, covering the Aiguilles-
Rouges massif, shows slightly N-dipping reflections at 0.4—-0.8 sTWT
leveling off towards the north (Figure 13.1-21a). Another coherent band
of S-dipping reflections extends from 3 STWT beneath the northern end
southward. In the remainder of the section shown in Figure 13.1-21a, various
incoherent short reflection events can be recognized. A hand-produced line
drawing of this unmigrated section is shown in Figure 13.1-21b. Reflections
were hand-picked based on an evaluation of their amplitude and lateral con-
tinuity. The southern part of (Vibroseis) line W5, crossing the Mont Blanc
massif and some of the Penninic nappes, was also included in this analysis.
This southern part is characterized by predominantly S-dipping reflections,
some N-dipping reflections, and reflections defining an antiformal structure
at around 2 STWT just south of shot point Le Chéble. We feel that this line
drawing (Figure 13.1-21b) reflects the seismic data more closely than the
hand-produced line drawing presented in Chapter 12 (Figure 12-12).

Figure 13.1-21c shows a coherency-filtered seismic section of line W6. This
strike line intersects line W5 at the latter’s northern end (see Figure 13.1-1).
Two reflection packages can be identified in line W6, extending from the SW
end at 0.2 (A in Figure 12-21c) and 1.2 STWT (B in Figure 12-21c¢) to the
NE. They are at 0.4 and 1.6 STWT where lines W6 and W5 intersect. A
deeper subhorizontal reflection package (C in Figure 12-21c) can be ob-
served between 2.7 and 3 sSTWT in the NE part of line W6. Reflections A and
C can be correlated into seismic line W5, where they correspond to the N-
and S-dipping reflection packages described above; in Figure 13.1-21b these
packages are outlined by a gray tone. The equivalent of B has also be marked
— although no actual reflections are observed in line W5. Reflection package
A can be linked with the Mesozoic cover of the Aiguilles-Rouges massif that
disappears into the subsurface with a northerly dip just S of St-Maurice. Re-
flection package C is very similar in position and character to the reflections
from the Mesozoic foreland sequence observed in the other lines described
in this chapter (namely W1, C1 and E1). Considering surface data the Meso-
zoic sediments corresponding to reflection package A form an anticline
(located to the NW of Monthey). Reflection package B in line W6 (Figure
13.1-21c¢) is likely to correspond to a panel of Mesozoic strata, too, the strong
double cyclic band originating possibly from the Triassic dolomites. Thus
two thrust faults must be postulated, one between A and B, one between B
and C. The fact that reflection package B is not observed in line W5 suggests
that the upper fault has a southeasterly dip and cuts out the Mesozoic section
corresponding to B in line W5, such as shown in the geologic profile in Fig-
ure 13.1-22. Missing of reflection package B in line W5 is in part possibly
also due to the low coverage at the end of the seismic line. The scattered re-
flections D (Figure 13.1-21b) are tentatively interpreted as stemming from
Permo-Carboniferous sediments. The latter are shown as pertaining to a
Permo-Carboniferous graben whose inversion was associated with the upper
of the two thrust faults discussed above. A similar inversion structure can be
observed at the surface in the case of the Salvan-Dorénaz graben, which is
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Figure 13.1-23
Zircon fission track ages of external massifs.

crossed by line W5 just south of shot point Collonges (see Figure 13.1-22).
The SE-part of line W5 is more ambiguous to interpret. Surface data suggest
that the SE dipping reflections between Charrat and Le Chable (marked E in
Figure 13.1-21b) could stem from the Mesozoic carbonates overlying the Mt.
Blanc massif. The continuation of these reflections to depth is not as straight
as shown in Chapter 12 (Figure 12-12), although a general SW dip of the top
basement contact must be assumed. In the interpretation drawn in the geo-
logic profile of Figure 13.1-22, the reflection package marked F in Figure
13.1-21b, containing two antiformal structures was used as basis. Subhori-
zontal and slightly N-dipping reflections similar to the ones shown in Figure
13.1-21b have also been reported from the explosion seismic experiment of
line W5 (line WBG in Levato et al. 1993). It is clear that the interpretation
given in the geologic profile is not unique, in that not all of the numerous sub-
horizontal reflections at 1.5 and 2.7 sSTWT are explained. Since the seismic
line W5 is oblique to the structural trend of the top the Mt Blanc massif out-
of-plane reflections are likely. In addition (doubly plunging) antiformal
structures such as proposed in this interpretation could well give rise to mul-
tiple reflections. The shallower reflections beneath shot points Le Chéble and
Champsec might well originate from within the Helvetic and Penninic nap-
pes. In any case the solution proposed in Chapter 12 (Figure 12-13 with a flat,
SW-dipping top Mt Blanc basement does in our view not satisfactorily ex-
plain the seismic data.
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Figure 13.1-24
Apatite fission track ages of external massifs.

The Chamonix zone between Aiguilles-Rouges and Mt Blanc massif reaches
the surface within the data gap in line W5 (see Figure 13.1-21b). Its geometry
in the geologic profile of Figure 13.1-22 reflects its subvertical orientiation
at outcrop and in the deeper part a change to a steep SE-dip is compatible
with a top-to-the-NW thrusting direction. Viewed at large scale, the two
external massifs in this westernmost transect show imbrications with fault
displacements of more than 5 km (? up to 10 km) along the basal thrust of the
Aiguilles-Rouges and the Mt Blanc massif. Internal structures include thrust
faulting and folding in the Aiguilles-Rouges massif and more ductile folding
in the Mt Blanc massif. This difference in style could reflect the higher meta-
morphic grade of the Mt Blanc massif. Thrust faulting in the Aiguilles—Rouges
massif might have been facilitated by pre-existing, Permo-Carboniferous
graben structures.

An alternative interpretation of line W5 is presented by Steck et al. in Chapter
2

13.1.3 Uplift history from cooling ages

The crystalline basement rocks of the external massifs were burried by crus-
tal stacking in the course of the Alpine compression. Burial resulted in a
metamorphism reaching greenschist facies conditions, i. e. temperatures up
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Kinematics of basement uplift along seismic line C1 (Haslital-Grimsel). Present-day shape of “top basement” is as determined from seismic and surface data, ex-
trapolated across culmination. Black ellipses represent Alpine finite strain. Retrodeformation of material point P is by inversion of movements along the putative
Jura detachment (5.5 km) and thrust fault at the base of the Subalpine Molasse (SAM, 6 km). Retrodeformed “top basement” was stretched horizontally in the
southern Aar massif to account for ductile shortening in this part of the massif. FT Ap: Apatite fission-track data (uplift component).

to about 350 °C in the southern Aar massif. Subsequent uplift thus invoked
cooling through the “closing temperatures” of the Zircon and Apatite fission
track systems. Zircon fission tracks are thought to record cooling through the
temperature interval of 200-255°C which can be expected at depths of
about 7-8 km. The Apatite fission tracks record cooling through a tempera-
ture around 120 °C, which is equivalent to a burial depth of around 4 km. Up-
lift and cooling ages are discussed in more detail by Hunziker et al. in Chap-
ter 20.

One of the questions that was addressed by NRP 20 was the possible relation
between axial plunges and cooling ages. The results of the investigations by
Soom (1990) and Michalski & Soom (1990) are summarized in Figures 13.1-
23 and 13.1-24, in which in some instances groups of measurements are rep-
resented by mean values. The Zircon data (Figure 13.1-23) suggest that the
eastern Aar massif was uplifted earlier than the central and western Aar mas-
sif and the NE end of Aiguilles-Rouges/Mont Blanc. It reached shallow crus-
tal levels of 7- 8 km depth about 20 Ma ago (Early Miocene) as compared to
10-15 Ma (Late Miocene) for the more westerly parts. The 20-27 Ma data in
the Rawil depression are from overlying nappes and record their uplift in the
course of nappe stacking. The Apatite data in Figure 13.1-24 are corrected to
a mean elevation of 1000 m above sea level. They indicate that the central
portion of the Aar massif was uplifted to shallow depths of around 4 km about
5 Ma ago (Latest Miocene). The eastern and western ends of the external
massifs reached this depth later, in Pliocene times (24 Ma ago). Similar to
the Zircon data, the Apatite data also suggest that the nappes overlying the
external massifs in the Rawil depression reached these shallow depths prior
to the adjoining massifs. Their Apatite cooling age of 10 Ma probably reflects
the Late Miocene uplift episode recorded in the adjoining massifs.

13.1.4 Integrated kinematic sequence

The present day shape of the external basement uplifts is shown as structure
contour map of the top-basement contact in Figure 13.1-25. From this figure
it follows that the dome shape is affected by several substantial changes in
strike directions and by faults that cut structure contours. Comparing the
eastern subdome of the Aar massif (along line E1) and the central culmina-
tion (along line C1) it follows that in the east, the basement uplift is broader
and of smaller amplitude. At the same time this eastern transect also lacks the
post-kinematic uplift typical for the central and western part (Kiental and
Grindelwald phases in lines C1 and NEAT 9001). The Calanda phase of de-
formation, responsible for the internal deformation and associated uplift of
the eastern Aar massif can be dated as pre-metamorphic, i.e. Oligocene in
age (Pfiffner 1986). It thus is concluded that the Zircon cooling ages of
around 20 ma date the final stages of this Calanda phase. In the western Aar
massif Burkhard (1988) speculated that the Aar massif was uplifted by inter-
nal shortening (Kiental phase) at around the time interval of 20-10 Ma,
which contains the Zircon cooling ages of 10-15 Ma. It thus follows that the
internal ductile deformation of the Aar massif occurred under temperatures
exceeding 200-255 °C (or depths greater than 7- 8 km, probably less than
12-15 km) and proceeded from east to west.
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Additional shortening and uplift of the massifs post-dating the emplace-
ment of the overlying Helvetic nappes was restricted to the central and
western Aar massif and the Aiguilles-Rouges/Mont Blanc massifs. It corre-
sponds to the Grindelwald phase and was responsible for the following
features:
(1) folding of the basal thrust of the Helvetic nappes (Axen thrust in Figures
13.1-14 and 13.1-15),
(2) rotation of the axial surfaces of recumbent folds within the massifs (see
Figure 13.1-15),
(3) uplift of the massifs’ crest lines to altitudes higher than in the ones ob-
served in the east along line E1 (Figure 13.1-25), and
(4) the narrow width of the Central Aar massif (the massif suffered more hor-
izontal shortening and was uplifted higher in the transect of line C1; see
Figure 13.1-25).
This phase of uplift occurred at a rate of 0.5 mm/a in Late Miocene times
(between 5 and 10 Ma ago) over the eastern and central Aar massif (Michal-
ski & Soom 1990) and at a faster rate of 0.8—-1 mm in Late Miocene-
Pliocene times (2-7 Ma) in the western Aar massif and was coeval with
shortening in the Subalpine Molasse and the Jura Mountains. In the case of
the NW Aiguilles-Rouges and Mont Blanc massifs Soom (1990) determined
exhumation rates of 0.5 mm/a in the Early Miocene, slowing down to 0.3
mm/a in the Late Miocene times, and accelerating to > 1mm/a since the
Pliocene.
One of the interesting points is the question whether or not a kinematic link
between the bulge of Aar massif and deformation in the foreland, the Mo-
lasse Basin and the Jura Mountains exists. In Chapter 8 it was argued that the
Jura detachment has possibly to be sought within the basement and that a dis-
tant push with detachment restricted to the Triassic evaporites poses serious
problems. In fact, a single detachment within the Triassic evaporites related
to shortening within the Jura Mountains would require the entire Mesozoic-
Cenozoic Molasse basin infill to be allochthonous (displaced conjunctly with
the SE-most cover of the Jura Mountains). In this hypothesis the detachment
horizon should be located near the base of the “authochthonous” Mesozoic
within Triassic evaporites. As discussed in Chapter 8 such a detachment is
difficult to imagine due to faults dissecting the evaporite horizon, the south-
erly disappearance of the evaporites, and for reasons of balancing. The reflec-
tions marked JD in Figures 11-2a and 13.1-12 might stem from a mylonite
zone within the basement and possibly points to a deeper detachment horizon
involving the topmost basement during Jura folding. Such a detachment
would explain features like inverted Permo-Carboniferous grabens and asso-
ciated folds, as well as depth-to-detachment, uplift and shortening estimates
(see Chapter 8).
For a shortening in the basement related to shortening in the Subalpine Mo-
lasse one expects thrust faults remaining bedding parallel within the UMM
(Lower Marine Molasse), ramping up through the USM (Lower Freshwater
Molasse) at their leading edge, i. e. beneath the erosional front of the Helvetic
nappes, and cutting down into crystalline basement at their trailing end. Such
a geometry is suggested by the seismic data of lines ES/E1 and W7/WS8 cross-
ing the Subalpine Molasse and adjoining Helvetic and Penninic nappes (see
Chapter 8).



In eastern Switzerland the Eocene-Oligocene Northhelvetic Flysch is partly
detached from its substratum and this imbrication is directly comparable to
the structure of the Subalpine Molasse (Vorstegstock thrust in Pfiffner 1986
figs. 3 and 4). The thrust faults in Figure 13.1-10 merging with the Glarus
thrust towards the N on the other hand, cannot directly be linked kinemati-
cally to the Subalpine Molasse. In the central and western Aar massif, how-
ever, (Figures 13.1-14, 13.1-16 and 13.1-20) several thrust faults do not re-
join the base of the Helvetic nappes and can kinematically be linked to the
Subalpine Molasse. Those faults are rotated into their actual, northerly dip in
the course of the late, Grindelwald phase, a phase as discussed above, re-
lated to basement uplift.

In order to get insight into the effect of the (late) Grindelwald phase held re-
sponsible for the high amplitude doming of the Central (and probably west-
ern) Aar massif, a restoration of the youngest, thrust-related structures was
attempted. The thrust fault in the northern flank of the Aar massif putting
basement onto autochthonous Mesozoic foreland cover is only observed in
Central and Western Switzerland. It is also likely to have formed late in the
local sequence and was probably related to shortening within the Subalpine
Molasse. The age of the movements on this fault can thus be estimated as
post Mid-Miocene, i. e. younger than the tilting of the OSM sediments. An-
other possible fault is the suspected fault at —3 km beneath shot point Fliihli,
which is indicated by reflections JD in the seismic section C1 (see Figure 11-
2a and 13.1-12) and which might stem from a mylonite zone associated with
the detachment of the Jura Mountains. This thrust fault would be of Miocene-
Pliocene age. Both thrust faults are thus likely to be responsible for the latest
uplift. In Figure 13.1-26 the Aar massif is retrodeformed by inversion of
movement along these thrust faults. For the Jura detachment ~5.5 km of dis-
placement were assumed (based on shortening estimates of Noack 1989; see
Laubscher 1992). The thrust fault imaged by the seismic line C1 (Figure

13.1-13.1 and 13.1-14) putting basement onto foreland cover has a displace-
ment of around 6 km. Retrodeforming the top-basement contact of the Aar
massif was done by sliding the Aar massif back on these thrust faults by the
amounts mentioned and by extending the massif in the direction of the finite
shortening indicated by the strain ellipses in Figure 13.1-26. Applying this
retrodeformation results in a shape of the top-basement very similar to the
one observed along the eastern traverse (line E1) with the crest line at a maxi-
mum elevation of around 2 km above sea level.

A control of this kinematic analysis can be gained from the Apatite fission-
track ages (Figure 13.1-24). The latter suggest an uplift rate of 0.5 mm/a
from 6 Ma to 4 Ma and an exhumation rate of around 4 km in the last 3 Ma
(Michalski & Soom 1990). These uplifts occurred during the time interval
when the (latest) Jura folds and the (latest) Subalpine Molasse thrust sheets
formed. Considering a material point south of shot point Handegg in Figure
13.1-26, retrodeformation displaces that point 5.5km on a shallow, and
6km on a moderately dipping path back into the subsurface. If erosion is
taken into account — about 2 km for the past 4 Ma — this material point can
be placed at around 4 -5 km beneath the paleo-land surface. Thus the esti-
mated combined exhumation by erosion and uplift related to orogenic
movements match the vertical movement inferred from fission-track data
rather well.

In summary it is concluded that the younger uplift history of the central Aar
massif, the Grindelwald phase, represents crustal shortening in response to
thrusting and folding in the Molasse Basin and Jura Mountains.
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13.2 2-D gravimetric study of the crystalline
basement of the Rawil Depression
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13.2.1 Introduction

In the framework of NRP 20, a gravimetric study, entitled “Exploration of the
Geological Basement of Switzerland”, has been carried out in the Rawil re-
gion in order to explore the depth to basement. For years the shape and the
depth of this basement have been subject to many and controversial discus-
sions. Even the most recent results (Burkhard, 1988; Dietrich, 1989; Steck et
al., 1989; Pfiffner 1993), based on tectonic and stratigraphic studies show
significant differences not only for the depth but also for the supposed mor-
phology of the crystalline basement. From the stand point of gravimetry the
determination of the depth to basement in this region is equivalent of finding
the volume of less dense sediments filling a small basin laterally limited by
two blocks of heavier crystalline material. In a simplified geological model
these two blocks can be considered of anticline shape with displaced and
asymmetric axial slope.
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and Aar massifs

\\\\\ External sedimentary cover of the Mt Blanc
N and Aar massifs

Sedimentary cover of the Gastern and
Aiguilles-Rouges massifs

Y¥eo. %1 Crystalline basement with Permo-Carboniferous sediments
X755 of the Aar, Mt Blanc Gastern and Aiguilles-Rouges massifs

Ultrahelvetics nappes

7//// Helvetics nappes s. Str.
( Wildhorn, Diablerets,Niederhorn)

600 —

y ]

N \é‘TB‘ y/gglmedakené
xﬂ BiH

1200 120—
() «\ AN
Sion 060
\
TN oo
AT
) £
// 2 /) o o
974 8 g o 10km § %
2 | | | 10—

Figure 13.2-1
Geographic situation, geological sketch and location of the measuring
points. The dots represent the locations of the measuring points.
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Figure 13.2-2
Diagram of the altitude along the gravimetric profile. The dots correspond
to the location of the measurement points

13.2.2 Data acquisition and reductions

The above simplified geological model was taken as a constraint for the sur-
vey design. For economical reasons it was not possible to carry out a two di-
mensional survey, therefore the solution of a profile was adopted. The best
solution would have been to have this profile along a line joining the two cul-
minations of the lateral crystalline massifs. Due to difficult access and lack
of reference points with good altitude determination it was decided to carry
out the survey as close as possible to an ideal profile extending from the Lot-
schen Valley to a point situated NNW of the city of Martigny (Figure 13.2-
1). The gravimetric stations were all situated on fourth-order trangulation
points on which the coordinates accuracies are 10 cm for X and Y and 20 cm
for H. The average stations spacing is 2 km and the mean altitude of the pro-
file is around 1200 m, with station altitude ranging from 654 mto 2403 m
(Figure 13.2-2). We will see later that the vertical positions of the stations
lead to difficult problems for modelling.

The surveying, reduction and computation procedures to Bouguer anomalies
are not described here. The reader interested in the technical details of these
procedures can find a good description of them in the publications of Wagner
(1970), Klingelé (1972), Olivier (1974), Klingelé et Olivier (1980). Figure
13.2-3 shows the Bouguer anomalies along the profile, calculated for densi-
ties 2.50, 2.60, 2.67, 2.70 and 2.73 g-cm™>.

13.2.3 Densities determination

The most critical point for the interpretation or for modelling is the choice of
the appropriate density for the Bouguer reductions. Anomalies calculated for
different densities, plotted as a function of the distance along the profile show
a tendency to decrease whith increasing densities taken for the reduction
(Figure 13.2-3).
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Figure 13.2-3

Bouguer anomalies along the profile for the densities 2.50; 2.60; 2.67; 2.70
and 2.73 [g-cm™] . The values between the measurement points were inter-
polated by means of a spline function.



For values of 2.70 g-cm™ or higher it is very difficult to see significant dif-
ference in these variations. In order to remove this ambiguity the linear re-
gressions between altitudes and anomalies were computed for densities 2.50
g-cm™ t0 2.77 g-cm™>. The parameters of these linear regressions are the fol-
lowing:

Densities Slopes Ordinate at Correlation
the origin coeff.

2.50 0.0115533 —-151.64 0918

2.60 0.00761324 -151.12 0.825

2.67 0.00485221 -150.74 0.667

2.70 0.00367144 -150.59 0.555

2573 0.00248832 -150.43 0.406

2.75 0.00207923 -150.75 0.330

277 0.00130366 -150.66 0.212

A graphical analysis of these results is presented for densities 2.50 to 2.73 in
Figure 13.2-4. The results for densities 2.75 and 2.77 are not presented in this
figure because of the poor resolution of the diagrams. One can see that from
density 2.73 g-cm™ on there are no significant correlations any more be-
tween altitudes and anomalies.

In gravimetry it is very well known that it is not possible to determine both
the density and the shape of a disturbing body. If the aim of a survey is the
determination of the shape of a geologic structure then the interpretor has to
assess the density of the body, either by compiling published data or by col-
lecting rocks samples and measuring their densities in the laboratory. In the
framework of a detailed gravimetric study in the region of Turtmann (Wallis),
Bernauer and Geiger (1986) determined experimentally the densities of 14
different kinds of rocks. Wagner (1970) gives densities of seven different
kinds of rocks taken from the western part of the profile (Permo-Carbonifer-
ous conglomerate, gneiss and granites of the Aiguilles-Rouges and Mt Blanc
massifs). In order to further increase the number of available densities I also
carried out some measurements on rocks of this region provided by A. Steck
and H. Masson of the University of Lausanne. These measurements were
done in the Petrophysics laboratory at the University of Geneva. The accu-
racy of these densities determinations can be estimated to be around 0.005
g-cm™ . Table 13.2-2 give the results of these measurements.

Kind of rocks Number of  Proportion in Density
samples volume [%] (g-cm‘3)

Banded Gneiss 2 50 2.72

with biotite

Microgranite, Gneiss 5 18 2.67

Vallorcine Granite

Amphibolites 5 5 2.82

Migmatites 6 27 2.70

Taveyannaz 19 1 2.72

Sandstone

Densities found in the literature and those determined for the purpose of this
project suggest a small but significant difference between the densities of
crystalline and sedimentary rocks. Based on the whole available data set the
following average densities were adopted.

AAR: 2.72 [gem™],  (Bernauer & Geiger, 1986)
AIGUILLES-ROUGES: 2.73 [g-cm‘J], (New determinations)

GASTERN: 2.73 [g-cm‘3], (Bernauer & Geiger, 1986)
HELVETIC (nappes): 2.70 [g-cm“3], (Bernauer & Geiger, 1986)

Considering the results of the density determinations and the regression anal-
ysis I adopted for modelling the Bouguer anomalies computed with density
value of 2.73 g-cm™>. This density best corresponds to the densities of the two
lateral crystalline blocks and simplifies the interpretation.

13.2.4 Computation of the residual anomaly

Two-thirds of the profile extend along the Rhone Valley and consequently the
measured gravity values are influenced by the less dense Quaternary valley
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Figure 13.2-4
Diagrams of Bouguer anomalies versus altitude for different densities of re-
duction with the corresponding linear regression functions.

fill. In order to rid the anomaly values from influences other than those of the
Rawil depression, the effects of the light sediments of the Rhone Valley, the
Salgesch landslide and the Lotschen Valley were removed from the com-
puted anomalies at the stations. For this purpose the volumes of these light
sediments were approximated by blocks with polygonal cross-section. The
shapes and the sizes of these blocks were determined from data given by
Wagner (1970) and Bernauer & Geiger (1986) for the Rhone Valley and by
geometrical prolongation of the slope of the topography for the Salgesch
landslide and the Lotschen Valley. The computation was carried out in three
dimensions by the method of Talwani and Ewing (1960) assuming a bulk
density for the recent sediments of 2.0 g-cm™>. These corrections on the 2.73
anomaly range from 5.65 mgal in the western part of the profile to 1.13 in the
Lotschen valley, resulting in a shift and tilt of the Bouguer anomaly (Figure
13.2-5).

From this Figure 13.2-5 one can see that the anomalies of the easternmost
part of the profile are strongly correlated with the altitude of the stations. This
correlation could be explained by an inappropriate choice of the reduction
density for this region. The geological map of the Lotschen Valley (Hiigi et
al., 1985) shows that most of the rocks forming the valley are of pre-Variscan

Bouguer
anomaly
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Sw NE

Figure 13.2-5

Bouguer anomalies for the densities of 2.50; 2.60; 2.67; 2.70 and 2.73
[g-cm~®] corrected for the effects of the young sediments of the Rhone and
Lotschent valleys and the Salgesch landslide.
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Figure 13.2-6

Bouguer anomaly computed with a density of 2.73 [g-cm™ ], corrected for the
effect of the amphibolites of the Litschen Valley (curve C).

Regional anomaly computed with the formula R = —138.7 — 0.13 x (straight
line D).

Residual anomaly at the measurement points (curve A).

Residual anomaly upward continued to the altitude of 2500 m (curve B).

age and are chlorite-bearing shales, green gneisses, amphibolites etc. After
Geiger & Bernauer (1986) the densities of this kind of rocks are around 2.83
g-cm~>, which is 0.1 g-cm™ higher than the density adopted for the Bouguer
reductions.

In order to eliminate the anomaly-altitude correlation apparent in the eastern
part of the profile a supplementary correction taking into account the differ-
ence between the average and the actual density was applied to the stations
situated in the Lotschen Valley. This correction was calculated in two steps.
First the effect of a vertical cylinder of 2.5 km radius (approximately equal to
the width of the valley) and thickness equal to the altitude of the station with
density of 0.1 g-cm™> was removed from the Bouguer anomalies. Second the
topographic correction up to 2.5 km radius from each station was recomputed
with a density of 2.83 g-cm™. The final Bouguer anomaly computed for a
density of 2.73 g-cm~, end corrected for young sediments and denser rocks,
is represented by the dash-dot-dash line C in Figure 13.2-6.

All the computed anomalies show a value lower than —140 mgal. These val-
ues are too large to be explained by the effect of the sediment fill in the Rawil
depression. The major component is due to the combined effect of the Alpine
roots or to the depth of the Moho discontinuity. These effects have to be re-
moved from the Bouguer anomaly in order to give a residual anomaly that
can be attributed specifically to the Rawil depression. Removing the effects
of the depth variation of the Moho can lead to uncertain results because the
density difference at the discontinuity is not known to sufficient accuracy. To
avoid this problem I considered a different way for determining the correct
regional field. The Bouguer anomaly map of Switzerland (Klingelé & Oli-
vier, 1980) shows straight and parallel anomaly curves for this region. The
regional field can thus be considered as an inclined plane with maximal slope
in south-easterly direction. If on the other hand one were to remove the true
regional field from the fully corrected (as described above) Bouguer anomaly
computed with a density of 2.73 g-cm™>, the stations situated directly on the
crystalline blocks should obviously show an anomaly very close to zero. The
regional field that would best fulfill these conditions can be approximated by
a straight line having the equation R(x) = —137.0 — 0.13x, where x is the
distance in kilometers from the southwesternmost station (line D in Figure
13.2-6).

By subtracting this regional field from the full corrected Bouguer anomaly
(curve C in Figure 13.2-6) I got the residual field reflecting just the local
Rawil anomaly ( curve A in Figure 13.2-6).

13.2.5 Upward continuation

Naudy & Neumann (1965) showed that the Bouguer anomaly is not situated
on the ellipsoid, as generally assumed, but on the measurement points. The
first rigorous mathematical proof of this fact was given by Patella (1988). In
cases of measurements in regions of smooth and low topography the confu-
sion between reference level (ellipsoid) and topography leads to insignificant
inaccuracies for interpretation. This is not the case in the Alps where the al-
titude difference between stations a few kilometres apart can reach more than
thousand meters. It is therefore essential to carry out an upward continuation
of the residual field to a horizontal plane situated higher than the highest sta-
tion.
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A very elegant method to carry out this upward continuation using the prop-
erty of multiplicity of the solutions of the gravity field was given by Dampney
(1969). This author remarked that the value of an anomaly g at any point with
co-ordinates X, y, z, situated outside the disturbing body can be written as:

g% 5,2 =G| o(a, B,h)~(z—h)~da-(i[33/2

el )+ (3= PB) + (2= h)]

where 6= (0., B, y) is a density contrast and G the universal gravity constant.
This equation shows that from a given anomaly it is possible to compute a
density or mass distribution on any surface, which give a gravity effect equal
to that produced by the real disturbing body (“equivalent source”). Following
this it is possible to use this density or mass distribution to recompute the
anomaly to any desired surfaces .

In his technique Dampney (1969) used a horizontal plane as a support surface
for the equivalent source and showed that the anomaly can be synthetised
with the help of a discontinuous and finite distribution of masses situated on
this plane.

Calling g;j the value of the anomaly at the point i and mj the elementary mass
situated on the support surface just below the point i one can write, using the
superposition property of potential fields :

g1 = a1y 4 apdny +... 7 ANy kL a vy
g = a@m; + axpm, +...+ m; +...+ My

gN ayiym; + apm; +...+ a;ym; +...+ anm My

and M=N
M =number of masses
N =number of measurement points

The coefficients a; are calculated by :

G- (z-h)
2.3/2

ik = 2 2
[(x; =)™+ (y; = Bp)” + (z;— h)’]
This leads to a linear system of M equations of N unknowns which in princi-
ple allows the computation of the masses mj. Unfortunately the practical ap-
plication of this method leads to numerical difficulties because the heteroge-
neous values of the coefficients a;  result in ill-conditioned matrices.
Starting from the same idea as Dampney (1969), Graber et al. (1992) devel-
oped an upward continuation technique which is practically applied for the
first time here. This method differs from the one of Dampney (1969) in the
fact that the support surface is not a horizontal plane but a surface parallel to
the topography, situated at a depth | and with a finite thickness e (Figure 13.2-
7a). In this case the equivalent layer is formed of elementary mass elements.
Each element produces a gravity effect, g;, on each measurement point equal
to the product of its density by its effect computed for a density equal to one.
It follows that

81 = S18%y + S28%;p +... + sig¥y +...+ 5,8%,
8 = S18%y + 5:8%p +... 4 5i8% +...+ 5,8%,

Sni= slg*nl + SZg*nZ +...+ sig*ni +...+ sng*nn

with g*;, = effect of the block k on the point i, and s, the density of the block
k. Itis easy to see that in this case the system has to be solved for the densities
s; instead for the masses m;.

The finite geometry of the layer and the sizes of the elementary blocks lead
to a very stable linear system which can be solved easily by any standard ma-
trix method. In the case of very rugged topography this method gives accept-
able results, but the accuracy is not totally satisfactory. Inaccuracy arises
from the fact that blocks corresponding to the lowest stations give a relatively
too weak contribution to the highest points. To reduce this disadvantage
Graber et al. (1992) developed an iteration method. Instead of computing di-
rectly the prolonged field on the horizontal plane they use an intermediate
prolongation surface situated between the equivalent layer and the final pro-
longation surface. From the field obtained on this intermediate surface they
compute a second equivalent surface which is less rugged than the first one.
This second equivalent layer then serves either for the final prolongation or
for a supplementary iteration (Figure 13.2-7b). The number of computation
steps depends on the ruggedness of the topography, but usually only two it-
erations are necessary. The iteration procedure allows the use of equivalent
layers less and less rugged and consequently practically eliminates any nu-
merical instabilities.
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a) Sketch showing a cross section of the equivalent layer. The lateral exten-
sion of the equivalent layer can be finite (3-D case ) or infinite (2-D case).
b) Sketch showing the iteration procedure used during the prolongation.
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Example of the upward continuation of a synthetic anomaly.

The upper figure shows the synthetic anomaly computed on the topography
(dotted line), the same anomaly computed directly on the prolongation plane
(dash-dot-dash line) and the prolonged anomaly (continuous line).

The lower figure shows the topography used and the situation of the prolon-
gation plane.

The parameters 1, e , depth and thickness of the equivalent layer can be opti-
mally determined by synthetic disturbing bodies placed below the real topog-
raphy and by computing their theoretical and prolonged effects. Figure 13.2-
8 shows an example of a synthetic anomaly produced by a disturbing sphere
on the Rawil profile and its theoretical and practical prolongation on a plane
situated at the altitude of 2500 meters. The mass of the disturbing sphere is
1.1-10" kilograms and the centre is placed in the middle of the profile at
20 km depth. The size and the location of the disturbing body has been cho-
sen in such a manner that it produces an anomaly similar to the observed one.
It is easy to see that the difference between the theoretical and the prolonged
anomaly is very low and therefore the method can be applied without restric-
tion. The procedure described above was applied to the smoothed observed
anomaly (Figure 13.2-6, curve C) to continue it upward to an altitude of 2500
meters ( Figure 13.2-6, curve B).

13.2.6 Three-dimensional modelling

The structural models of Burkhard (1988) and Steck et al. ( 1989) were taken
as initial models for the three-dimensional modelling with the hope that some
arguments could be found in favour of one of these models. For computation
the study area was divided into vertical prisms of 2 km by 2 km cross-section;
the top of each prism corresponding to the topography and the bottom to the
depth of the crystalline basement given by Burkhard (1988) or Steck et al.
(1989). A mean density was assigned to each prism taking into account the
volume proportion of each kind of rock forming the prism. For this purpose
some synthetic lithological cross sections were constructed with the help of
the available geological information. (Bernauer & Geiger, 1986; Jickli,
1950; Burkhard, 1988; Steck et al., 1989; Escher et al., 1989). The density
distributions obtained from this compilation show a homogenous density of
2.70 g-cm™* for all the sediments situated north of the Rhone-Simplon line
and a density varying from 2.71 g-cm™> t0 2.72 g-cm™ from those blocks sit-
uated south of the same line, whereas the density of the crystalline basement
is 2.73 g-cm™>,

The structural model of Steck et al. (1989) gives only the depth of the Aigu-
illes-Rouges and Gastern massifs. Therefore it was necessary to combine the
two different models in order to be able to model the part above the Aar mas-
sif. The depth of the two gravimetric three-dimensional models are given in
Figures 13.2-9a and 13.2-9b. The computation was carried out by means of
the formula of Nagy (1966) on each experimental point prolongated to
2500m altitude.

The results of the computations, presented in Figure 13.2-10, show little dif-
ference between these two models. Both fit the residual anomaly well in the
western part of the profile up to the Rawil pass and in the eastern part from
the contact between crystalline and sedimentary rocks to the NE end of the
profile. Between these two limits the results show a deficit in anomaly up to
two milligals.
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Figure 13.2-9a

Depths of the crystalline basement, referred to sea level, obtained by the
combination of the structural models of Burkhard (1988) and Steck et al.
(1989). Contour interval : 1000 m.

These depths were used as first initial model for the three dimensional gravi-
metric modelling
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Figure 13.2-9b

Depth of the crystalline basement, referred to sea level, of Burkhard (1988)
used as second initial model in the three dimensional gravimetric modelling.
Contour interval: 1000m.

13.2.7 Interpretation

To explain the misfit between the residual anomaly and the results of the
modelling in this part of the profile one can formulate four hypotheses.

The first (and simplest) hypothesis would be to explain this difference by an
inappropriate choice of the density used for the Bouguer reduction and/or for
the three-dimensional modelling. In our opinion this hypothesis can be re-
jected because the results of the modelling fit very well the residual anomaly
along seventy percent of the profile. It can also be rejected because the misfit
has a too long wave length to be due to a systematic error in the densities and/
or altitude determinations (The accuracy of the altitude is around 20 cm
which cause an maximal inaccuracy of 0.06 mgal of the anomaly).

The second hypothesis would be to attribute this effect to a heterogenous
body situated within the sediments. After Bernauer & Geiger (1986) the
lightest sediments found in the study area are quartzitic rocks of Triassic age.
Their mean density is around 2.64 g-cm™> consequently constraining the
density contrast to be not higher than —0.07 g-cm™>. The shape of a heterog-
enous body would be strongly influenced by its vertical position: if situated
above 500 m (level of the Rhone valley), its lateral extensions cannot exceed
1 km toward SE and 10 km toward NW because of the geometry of the moun-
tains. If situated below the level of the Rhone valley it could have a much
larger extension, 10 km in both directions for example. This longitudinal ex-
tension is also subject to constraints: due to the geometrical form of the de-
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Figure 13.2-10

Residual anomaly at 2500 m (curve R) and effects of the three dimensional
models one and two at the same altitude. Curve S is for the model of Steck
etal. (1989); curve B for the model of Burkhard (1988).
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pression it is not possible to construct a model with an elongation greater
than eight kilometres in the direction NE. Another constraint is given by the
geological nature of the region: the masses of potentialy light material like
marl, sandstone and clay are thin layers (1km at most) or piles with a maxi-
mum cross section of 1 x 1 km (Escher et. al. 1987). I did not find in the avail-
able literature any geological argument in favour of the existence of such a
disturbing body that could fulfill all the above mentioned constraints. Due to
lack of geological certainty I did not reject this hypothesis but decided to
leave the door open for later modelling.
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Figure 13.2-11

a) Results of the two-dimensional modelling at 2500 m altitude for the hy-
pothesis of a sedimentary syncline or graben in the structural models of Bur-
khard (1988). The upper diagram shows the computed gravity effect, the
lower one, a cross section of the model. The densities are 2.73 g-cm™ for the
crystalline basement and 2.55 for the filled graben. The bars give the accu-
racy limits of the measured anomaly. The lateral extensions of the model was
taken as 5 km toward SE and 15 km toward NW. The sloping line represents
the basement interpreted by Burkhard (1988). The shaded area represents
the hypothetic graben.

b) Results of the two-dimensional modelling at 2500 m altitude for the hy-
pothesis of a sedimentary syncline or graben in the structural models of
Steck et al. (1989). The upper diagram shows the computed gravity effect, the
lower one a cross section of the model. The densities are the same as used
in Figure 13.2-11a The bars give the accuracy limits of the measured anom-
aly. The lateral extensions of the model was taken as 5 km toward SE and 15
km toward NW. The sloping line represents the basement interpreted by Steck
et al. (1989). The shaded area represents the hypothetic graben.



The third hypothesis consists of assuming a basement below this part of the
profile deeper than that given by Burkhard (1988) or Steck et al. (1989). The
additional depth necessary to cancel the misfit can be estimated by comput-
ing the depth of the bottom of a vertical cylinder of density 0.02 g-cm™>, with
a diameter of 24km. The top of such a body would be situated at 5000
m depth. The result of this calculation give a depth to bottom of 12000 m.
This would mean that the depth of the basement should be around seven kil-
ometers deeper than presently supposed. In my opinion this result is com-
pletely unreasonable and therefore this hypothesis has to be rejected.

The fourth hypothesis would be to assume the presence of a lighter structure
having its top at the depth given by both structural models. In that case the
morphology of the basement would correspond to the structural models of
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Figure 13.2-12

a) Results of the two-dimensional modelling at 2500 m altitude for the hy-
pothesis of a lighter crystalline body in the structural models of Burkhard
(1988). The upper diagram shows the computed gravity effect, the lower one
a cross section of the model. the densities are 2.73 g-cm™ for the crystalline
basement and 2.65 g-cm™ for the lighter crystalline disturbing body. The
bars give the accuracy limits of the measured anomaly. The lateral exten-
sions of the model was taken as 5 km toward SE and 15 km toward NW. The
sloping line represents the basement interpreted by Burkhard (1988). The
shaded area represents the hypothetic light crystalline body.

b) Results of the two-dimensional modelling at 2500 m altitude for the hy-
pothesis of a lighter crystalline body in the structural models of Steck et al.
(1989). The upper diagram shows the computed gravity effect, the lower one
a cross section of the model. The bars give the accuracy limits of the meas-
ured anomaly. The lateral extensions of the model was taken as 5 km toward
SE and 15 km toward NW. The sloping line represents the basement inter-
preted by Steck et al. (1989). The shaded area represents the hypothetic light
crystalline body.

Burkhard (1988) or of Steck et al. (1989) but either a part of the crystalline
material would have a different petrological composition (like a leuco-gran-
ite with a lower density) or a sedimentary structure would occur within the
basement (syncline or graben for example).

Let us first examine the possibility of a Permo-Carboniferous graben sug-
gested by Pfiffner in his interpetation of the seismic reflection line W1
(Chapter 13-1). Results of borehole logging from the NAGRA deep well of
Weiach in NE Switzerland (Weber et. al. 1986) show a density contrast of
around 0.18 g-cm™> between the gneiss forming the crystalline basement
(2.73 g-cm™>) and the Premo-carboniferous sediments filling a deep graben
discovered in this region (2.55 g-cm™). If we take this density contrast as a
possible value for our models, and putting as a constraint that the top of this
structure has to be at the depth of the basement, then it is possible to compute
a very simple and schematic two-dimensional model of the disturbing body.
For both models the lateral extensions were taken as 5 km toward SE and
15 km toward NW. Figure 13.2-11 shows the results of this modelling for the
gravity anomalies produced by the basement models of Burkhard (Figure
11a) and Steck et. al. (Figure 13.2-11b). In both cases the thickness of the
sediments does not exceed 1.5 km.

In the case where the disturbing body would be a lighter crystalline volume
we can take the same working hypothesis from the previous modelling, ex-
cept that the density contrast would be of the order of 0.08 g-cm™>. Figure
13.2-12a and 13.2-12b show the results obtained in this case for the structural
models of Burkhard (1988) and Steck et. al. (1989). The maximum thickness
of the bodies are not higher than those of the graben, but the longitudinal ex-
tension is almost double in both cases.

13.2.8 Summary and conclusions

The shape and the depth of the Rawil depression situated between the Aar
massif and the Mt. Blanc/Aiguilles-Rouges massifs was modelled in three
dimensions by means of a gravimetric profile carried out and interpreted in
terms of depth to basement.

Before interpretation the measured anomalies were first corrected for the in-
fluence of the quartenary sediments and of the pre-Triasic crystalline rocks
of the Lotschen Valley, then continued upward to a constant altitude of 2500
m by means a newly developed method.

A two-dimensional gravimetric study of a profile crossing the Rawil depres-
sion shows that the two basement models of Burkhard (1988) and Steck et al.
(1989) are not very different from a gravimetric point of view. The model re-
sulting from the synthesis of both seems to better fit the experimental anom-
alies. However neither of them can explain the 2 mgal, 24 km halfwavelength
negative residual anomaly situated just east of the Rawil pass. The possibility
of a disturbing body situated within the sedimentary cover cannot be sup-
ported (even if it cannot be formally rejected) because of the constraints im-
posed to the geometry and density of a supposed disturbing body, by the
shape and the amplitude of the anomaly, and by the geology of the region.
This anomaly can be explained by a lighter structure situated in the basement
such as a leuco-granite body or a graben filled by Permo-Carboniferous sed-
iments (such as shown in the geological interpretaions by Steck et al. in Fig-
ure 12-4 and Pfiffner et al. in Figure 13-20). In the frame of the accuracy of
the experimental anomaly both models give comparable results.
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Lower crustal wedging (Middle to Late Miocene, Figure 14-22g)

Figure 14-1

Tectonic map of eastern Switzer-
land, modified after Schmid et al.
(1990). Encircled numbers in inset
refer to ophiolite-bearing units
(black) derived from the S-Pen-
ninic or Piemont-Liguria ocean
(units labelled “1” and from the
N-Penninic or Valais ocean (units
labelled “2”). 1a: Arosa; 1b:
Platta; Ic: Lizun and Avers; 1d:
Malenco; 2a: Chiavenna; 2b:
Misox zone; 2c: ophiolites within
N-Penninic Biindnerschiefer;

2d: Areua-Bruschghorn; 2e:
Martegnas. Profile traces a and
b refer to Figures 14-10a and
14-10b, respectively. Profile trace
c refers to Figure 14-2.



14.1 General geological introduction

The southern part of the eastern traverse of the NRP 20 reflection profile E 1
(see chapter 9) crosses the Penninic domain of eastern Switzerland (Figure
14-1). The following brief introduction into the geological setting intends to
familiarize the reader with the study area. Inevitably, such an introduction is
partly based on new findings presented in more detail later on.

Compositionally, the Penninic structural domain comprises:

(1) A stack of pre-Triassic crystalline basement units consisting of the Adula,
Tambo and Suretta nappes within our area of interest. The two higher
amongst these three basement nappes largely preserved their autoch-
thonous to parautochthonous Mesozoic cover (Tambo cover or Spliigen
zone, Suretta cover) and contain relics of pre-alpine (Variscan and Late
Paleozoic) magmatism, deformation and metamorphism. Hence they ba-
sically represent basement-cover flakes derived from upper continental
crust, albeit strongly overprinted by Alpine deformation and metamor-
phism (mostly greenschist facies). The Misox zone definitely does not
simply represent the cover of the Adula nappe but forms the telescoped
southern continuation of detached sedimentary units described under (2).
The Adula basement nappe, in contrast to Tambo and Suretta nappes, is
very intensely sliced into sheets of quartzo-feldspathic basement inter-
leaved with very thin eclogite facies mafics and Mesozoic metasediments.

(2) Allochthonous cover sheets are found in front of, above and below the
Tambo-Suretta pair. The Middle Penninic or Briangonnais cover slices
are characterized by carbonate-rich platform sediments with reduced
thickness (Schams, Falknis-Sulzfluh nappes). The bulk of the rather mo-
notonous calcareous shales and arenites (N-Penninic Biindnerschiefer
and Flysch, deposited in the Valais trough) are found in front of the
Tambo-Suretta pair. Their extension into the footwall of the Tambo nappe
forms the major part of the Misox zone while the extension into the hang-
ingwall of the Suretta nappe is known as Arblatsch flysch.

(3) Ophiolite-bearing units shown in Figures 14-1 and 14-2 contain, amongst
other rock types, rocks which unambiguously represent former oceanic
crust (e.g. Platta, Martegnas). Mafic and ultramafic lithologies whose or-
igin is not entirely clear occur as components of mélange zones (Areua-
Bruschghorn mélange) between N-Penninic Biindnerschiefer and Schams
nappes or as imbricates, preferably at the base of individual tectonic-strati-
graphic subunits within the N-Penninic Biindnerschiefer (Figure 14-2).

Parts of the Tambo and Suretta basement nappes suffered pre-Alpine as well
as Alpine metamorphism (polycyclic basement). Post-Variscan (Permo-
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Carbonifereous) granitoids and volcanics (Truzzo granite, Rofna porphyry)
underwent one (Alpine) metamorphic event only (monocyclic basement).
Judging from their Mesozoic cover, the Tambo and Suretta basement flakes
represent the uppermost few kilometers of continental crust, paleogeograph-
ically part of the Brianconnais platform (Middle Penninic). This rise started
to individualize in the early Middle Jurassic as the result of oblique rifting
and drifting. A more external basin, the Valais or N-Penninic trough is char-
acterized by very thick Jurassic and Cretaceous turbiditic sequences (Biind-
nerschiefer) grading into Late Cretaceous to Eocene flysch. Interlayered
prasinites and serpentinites are interpreted here as tectonically emplaced
remnants of oceanic crust. Classically, they have been described as stratiform
intrusions into the Biindnerschiefer, which were deposited onto continental
crust (“Adula”-Biindnerschiefer). While in the latter view the Briangonnais
simply represents distal European margin, the former interpretation results in
a more complicated paleogeographic scenario with two oceanic domains
separated by the continental Briangonnais platform. An oceanic origin for the
S-Penninic or Piemont-Liguria basin (e.g. Platta unit) is undisputed.

Alpine convergence presumably started in “Mid”-Cretaceous times in the
S-Penninic domain. Upper Cretaceous W to WNW-directed thrusting and
metamorphism is documented within the Austroalpine nappes (Thoni 1986,
Schmid & Haas 1989, Froitzheim et al 1994), synchronous with the suturing
of the Austroalpine nappes with the Arosa-Platta ophiolitic unit (Ring et al.
1988). However, the extent of deformation at the southern margin of the Bri-
angonnais platform during the Cretaceous as well as the timing of collision
between the Austroalpine and the Briangonnais will have to be discussed.
The main deformation affecting the more external mid-Penninic rise, the
Valais trough and the distal European margin (hence the entire nappe pile be-
low the Platta unit of Figure 14-2) did not occur before the Tertiary accord-
ing to our results (for differing point of views, calling for Cretaceous defor-
mation and metamorphism in this nappe pile, particularly for the Adula
nappe, see Hunziker et al. 1989, Ring 1992 a & b). Hence, the present day
structure of the Penninic structural zone depicted in Figure 14-2 is essen-
tially the result of Tertiary orogeny. Late Cretaceous uplift and cooling, asso-
ciated with severe extension (Froitzheim 1992) rendered the Austroalpine
units virtually undeformable during Tertiary orogeny: Austroalpine and
Platta units behaved as an orogenic lid and were thrusted N-wards over the
viscously deforming Middle and North Penninic units (Schmid et al. 1990,
Froitzheim et al. 1994). Stacking into basement and cover nappes is the re-
sult of foreland tectonics in the distal European margin, and (if the N-Pen-
ninic domain represents former oceanic crust), accretionary wedge forma-
tion leading to collision of the distal European margin with the Briangonnais
platform.
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Figure 14-2

N-=S profile through the Penninic zone of eastern Switzerland, drawn after the seismic line E1 and the integrated cross section of the Eastern Traverse fully presented
and discussed in Chapters 9 and 22. Axial traces indicated refer to the Lunschania antiform (L), the Niemet-Beverin fold (NB) and the Cressim antiform (C). Profile

trace indicated in Figure 14-1, trace c.
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Intense post-nappe folding locally inverted the stacking order of previously
detached units. This strong overprint is associated with post-collisional
shortening starting in the Oligocene. It is important to stress the fact that in
the external zones (Helvetics, Southern Alps) substantial post-collisional
shortening went on at least until the end of the Miocene, while our area of
interest was largely consolidated by the end of the Oligocene.

The foregoing introduction showed that a palinspastic reconstruction of the
Penninic domain in its paleographical sense is crucial for a better understand-
ing of tectonic processes such as rifting and collision. An answer to the fol-
lowing two questions is fundamental for understanding the tectonic evolution
along the NRP 20 Eastern Traverse: What is the original position of the
Schams nappes in the nappe pile before post-nappe refolding, and, what is
the nature of the Valais trough (oceanic or distal European margin)?

The results of detailed studies carried out in conjunction with the NRP 20
project concentrated on an area occupied by the frontal part of the Tambo and
Suretta nappes, including the allochthonous Schams cover slices wrapped
around the front of these basement nappes. Since stratigraphic-sedimento-
logical and structural-tectonic arguments are not independent from each
other a combined interdisciplinary approach was chosen. For clarity of pres-
entation, however, the results on the rifting and drifting stage will be pre-
sented before the results on Alpine convergence. But the reader should bear
in mind that the stratigraphic-sedimentological data presented first heavily
rely on the results of the structural analysis and vice versa. For details on the
work carried out in connection with NRP 20 the reader is referred to the re-
sults of three PhD theses (Mayerat 1989, published in modified form under
Mayerat Demarne 1994, Riick 1990, published1995, Schreurs 1990, pub-
lished 1995) and unpublished diploma theses (Adler 1987, Schegg 1988,
Pauli 1988 at ETH Ziirich, and Hitz 1989, Dalla Torre 1991, Christen 1993
at the University of Berne). Previous summaries have been published by Pfif-
fner et al (1990), Schmid et al. (1990) and Schreurs (1993). This summary
will additionally make an attempt to place these detailed studies into a larger
context by comparing them with published and ongoing work in neighbour-
ing areas in order to arrive at a larger scale paleogeographic and kinematic
picture.

14.2 Mesozoic rifting and drifting

14.2.1 Introduction

Amongst the major paleogeographical domains found in the Alps (Helvetic,
Penninic, Austroalpine-Southalpine) the Penninic domain is the most prob-
lematic one. To regard the Penninic domain as simply representing an oce-
anic suture zone between the European foreland (Helvetic domain) and the
overriding Apulian plate (Austroalpine-Southalpine) would be a gross over-
simplification. The Penninic nappes in the sense of a series of nappes over-
riding the Helvetic nappe system and found in the footwall of the Aus-
troalpine nappe system do not represent a single paleogeographic domain.
These Penninic nappes are made up of three categories: (1) basement nappes
and their autochthonous to parautochthonous cover, (2) detached Mesozoic
cover nappes or slices (e.g. Schams nappes, Biindnerschiefer and Flysch)
whose derivation from individual basement nappes or from nappe-dividing
Mesozoic thrust zones (“roots”) is controversial, and (3) ophiolite-bearing
units.

A Penninic paleogeographical domain, corresponding to the Penninic nappe
system, is hard to define for several reasons. An extension of the former
northern passive continental margin (Helvetic) into units occupying a struc-
tural position within the lower parts of the Penninic domain in the structural
sense is to be expected (e.g. Milnes 1974, Subpenninic units). This raises se-
rious problems in terminology because of historical reasons. Unfortunately,
no clear distinction is usually made between “Penninic” in the paleogeo-
graphical and tectonic sense, a heritage of Argands “Embryonaltektonik”
(Argand 1916), associated with extreme cylindrism regarding paleogeogra-
phical domains which, according to him, predetermine future nappes in “em-
bryonic” form. Unfortunately, the breakthrough of modern paleogeographic
reconstructions based on the concepts of plate tectonics (passive continental
margin formation, ocean floor spreading, accretionary wedge formation) did
not lead to a corresponding change in the traditional terminology, which still
reflects the concept of a geosyncline.

Paleogeographical reconstructions, apart from nomenclatural problems, are
also hampered with other major problems: (1) many sediments are ill-dated,;
(2) basement-cover relationships are obscured by décollement of sedimen-
tary cover slices whose position in respect to basement nappes is often a mat-
ter of debate (e.g. the “Schams dilemma”, see Triimpy and Haccard 1969,
Triimpy 1980), in some cases corresponding basement units are missing al-
together; (3) polyphase penetrative deformation often associated with large
scale refolding of a previously emplaced nappe pile (e.g. Milnes 1974) pre-
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vents simple paleogeographic reconstructions; (4) intense deformation asso-
ciated with metamorphism makes stratigraphical and sedimentological stud-
ies extremely difficult.

This chapter reports some progress made regarding the paleogeographical
evolution of an important part of the NFP 20 Eastern Traverse. In the frame-
work of the NFP 20 project stratigraphic-sedimentological investigations pri-
marily aimed at (1) rocks of the Schams nappes (Riick 1990, Schmid et al.
1990), in close conjunction with structural work (Schreurs 1990) and (2) sim-
ilar cover rocks presently found at the front of the Tambo nappe investigated
by combined structural and stratigraphic work (Mayerat 1989, Pfiffner et al.
1990). The results of these investigations will be discussed in the context of
older investigations (e.g. Falknis-Sulzfluh nappes, Gruner 1981) and very re-
cent investigations (e.g. Biindnerschiefer; Steinmann et al. 1992, Steinmann
1994) in neighbouring sedimentary realms with the aim of deriving a larger
scale paleogeographical reconstruction crucial for understanding the Alpine
orogeny.

14.2.2 Stratigraphy and sedimentology of the
Schams nappes

14.2.2.1 Paleogeographic and tectonic units in the
Schams nappes

In order to discuss stratigraphy and sedimentology of the Schams nappes, or
better the Schams cover slices, it is convenient to subdivide the paleogeo-
graphical realm covered by the Schams slices into roughly E-W trending
units and subunits depicted in Figure 14-3 a and b (Riick 1990). This sub-
division is based on a combined structural and sedimentological approach
(Schmid et al. 1990). Units and subunits primarily denote paleogeographical
entities, but abrupt facies changes control the position of décollement hori-
zons and, consequently, the structural subdivision of the Schams nappes
(Figure 3c and d). These facies changes are most pronounced in the Middle
Jurassic to Lower Cretaceous strata. The reconstruction along a N-S paleo-
geographical profile is based on a detailed structural analysis (Schreurs
1990).

Presently, subunit 1b (hemipelagic basin) may be directly linked with subunit
la (proximal slope characterized by the Vizan breccia) around a F1 fold
hinge whose location is predetermined by an abrupt facies change (Figure
14-3). Both subunits 1b and 1a roughly correspond to the Gelbhorn nappe of
Streiff (1939, 1962), Jackli (1941) and Neher in Streiff et al. (1971/1976).
Over large distances the Gelbhorn unit 1 has been detached along the Carnian
evaporites, older sediments and basement have been left behind in a yet un-
kown position at the base of the Tambo basement nappe. Only where this dé-
collement horizon is missing due to Mesozoic erosion (locally in subunit 1a)
have older sediments and basement slivers (Taspinit and Nolla basement,
Figure 14-4) also been incorporated into the Schams cover slices.

Only locally are F1 hinges between Gelbhorn unit 1 and Tschera-Kalkberg
unit 2 preserved. Subunit 2a (partly but not entirely identical with the
Tschera nappe of Streiff, 1939) simply represents the Upper Triassic and
younger cover of subunit 2b (Gurschus-Kalkberg nappe of Streiff et al.,
1971/1976), 2a and 2b being detached from each other during early F1 im-
brication along the Carnian evaporites. The basal detachment of the Schams
cover slices in general changes from the Carnian evaporites (Gelbhorn unit
1) to the base of the Triassic carbonates (unit 2b), both décollement levels
being at a similar depth according to the reconstruction in Figure 14-3c. This
geometry is strongly controlled by the paleogeography: in parts of subunit
la, and particularly in subunit 2¢ (Figure 14-3a,b), Carnian evaporites are
missing due to predepositional erosion at the base of the Middle to Upper
Jurassic breccia formations; consequently, décollement has to occur at the
base of the Triassic carbonates. Subunit 2c (partly corresponding to the Wiss-
berg nappe of Kruysse 1967, see also Pauli 1988) locally exposes a coherent
sequence from the base of the Triassic carbonates into the Upper Cretaceous.
Large parts of this subunit, however, are strongly dismembered by Alpine
tectonics, in particular by large scale boudinage of the competent Middle Tri-
assic carbonates.
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14.2.2.2 Lithostratigraphy of the Schams nappes

Correlations of the formations and series schematically illustrated in Figure
14-4 are mainly based on lithologies which at least locally occur in all the
subunits. These are in particular the Tumpriv-Serie reaching from the Carnian
evaporites into the Lower Jurassic (fossil occurrences in the Rhaetian and the
Pliensbachian, Wilhelm 1933) and, additionally, the Olquarzit and Platten-
sandstein (erroneously referred to as Platten-“quarzit” by Streiff et al. 1971/
1976) embedded in anoxic black shales. The latter lithologies exhibit a high
content in organic carbon and show striking lithological similarities to well
dated formations in the Falknis nappe (Allemann 1957 dated the top of the
Plattensandstein, locally referred to as “Gault”, to be of Cenomanian age).
Riick (1990) correlates these lithologies with the “Mid”-Cretaceous anoxic
event (Jenkyns 1980). There are no further age determinations for the inter-
vening formations. Continuation of sedimentation into the Tertiary is to be
expected for parts of the Schams nappes from the presence of dated Tertiary
sediments in the neighbouring Arblatsch flysch (Lower Eocene, Ziegler 1956,
Eiermann 1988) and in the Falknis nappe (Paleocene, Allemann 1957).

Correlations across subunits 1a and 1b are facilitated by the presence of distal
turbidites of the Vizanbrekzien-Serie in subunit 1b. Similar interfingering is
also observed across the boundary between subunits 1a and 2a (Figure 14-4).
The Untere Sericitmarmor is common to subunits 1a and 2a. Its age is prob-
ably Latest Jurassic to Early Cretaceous because it overlies the Tschera-Mar-
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mor-Serie (white marbles and carbonate breccias) found in subunits 2a,b and
¢, considered to be of Upper Jurassic age (based on facies analogies to the
Sulzfluhkalk of the Sulzfluh nappe and Upper Jurassic limestones in the
Préalpes Médianes), and because it is covered by “Mid”-Cretaceous forma-
tions. The Vizanbrekzien-Serie locally encompasses the entire age bracket
between Early Jurassic (post-Pliensbachian) and Mid-Cretaceous times. It
locally cuts down section due to pre-depositional erosion, in places by more
than 600 m (maximum thickness of the Middle Triassic carbonates) and
down to the pre-Triassic basement. The actual thickness of the Vizanbrek-
zien-Serie is extremely variable and may reach 250 m (corresponding to
500 m after retrodeformation according to a strain analysis carried out by
Schreurs 1990). The minimum thickness of the post-Carnian cover in subunit
1b amounts to about 400 m, intensive layer-parallel cleavage suggests that
this is only a fraction of the original thickness. In subunit 2 the thickness of
the post-Triassic sediments is highly variable and may reach about 100 m,
this again being an absolute minimum (due to intensive cleavage formation).
Because of these large uncertainties the thicknesses in Figure 14-3 and14-4
are only approximately scaled. The horizontal scale in Figure 14-3 is esti-
mated according to an area balance (24 km? are occupied by Schams nappes
and related units at the front of the Tambo nappe in a N-S section) and a very
rough estimate of the average thickness of the Schams cover (800m). Ac-
cording to this estimate the extreme facies variations across the various sub-
units occur over a lateral distance of only some 30 km.
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14.2.2.3 Basin evolution of the Schams nappes

Information on the nature of the pre-Triassic basement is crucial for spec-
ulations about the present-day position of the basement of the detached
Schams sediments. Such information is found in thin detached basement
slivers (Taspinit and Nolla basement) and from breccia components in the
Vizanbrekzien-Serie. Microstructural investigations indicate that the locally
preserved pre-Alpine foliation in the Taspinit and Nolla basement formed
under upper-greenschist to amphibolite grade conditions (Schreurs 1990).
Hence the Rofna porphyry, typical for the entire front of the Suretta nappe,
and similar “monocyclic” basement lithologies (i.e. lithologies which did
not undergo a pre-Alpine tectonometamorphic event) in the Tambo nappe
can be excluded to have formed the “homeland” of the Schams sediments.
The erroneous statement in Schmid et al. (1990), that Vizanbrekzien-Serie
pebbles resemble the Rofna porphyry was based on macroscopic appear-
ance. Also excluded as source area for crystalline pebbles is the top of
the Suretta and Tambo nappes since they are in most places sealed by their
own Mesozoic cover. Detachment of the Schams nappes from the base of
the Tambo and Suretta thrust sheets is extremely unlikely for structural
reasons. The Adula nappe is separated from the Schams nappes by the
N-Penninic Biindnerschiefer of the Misox zone and can therefore be ruled
out as well.

In conclusion, it seems that most of the sediments of the Schams nappes have
been originally deposited on polycyclic continental basement (i.e. basement
which underwent pre-Alpine deformation and metamorphism) which was
almost completely subducted during Alpine orogeny. This basement is only
preserved in the form of thin slivers within the Schams nappes and it is
unlikely that the large basement nappes depicted in Figure 14-2 (Adula,
Tambo, Suretta) can be considered as representing the homeland of the
detached Schams sediments.

The early stages of subsidence led to the deposition of a thick (max. 600 m)
Middle Triassic carbonate platform, the Upper Triassic dolomites above the
Carnian evaporites exhibiting a very reduced thickness and intercalations of
clay formations identical with the Helvetic Quartenschiefer (“Carpathian”
facies). In contrast to the Upper Austroalpine and part of the Lower Aus-
troalpine passive continental margin the Lower Jurassic limestones indicate
a transition from neritic to open marine hemipelagic conditions and evidence
for extensive rifting of pre-Toarcian age is missing.

The rifting and/or transcurrent faulting stage starts immediately after the
Pliensbachian, possibly in the Toarcian represented by black shales contain-
ing the first distal turbidites of the Vizanbrekzien-Serie in subunit 1b. These
black shales grade into carbonate bearing shales and marls, virtually undis-
tinguishable from the N-Penninic Biindnerschiefer (Nisellas-Serie). In sub-
unit la, however, the base of the Vizanbrekzien-Serie, where conformable
on the Tumpriv-Serie, immediately overlies Liassic limestones. Locally,
these Liassic limestones are Gryphda-bearing and covered by a thin veneer
of black shales (Toarcian?). It is important to note that while conformable
parts of the base of the Vizanbrekzien-Serie indicate the initiation of rifting

164

Lithostratigraphy of the Schams
nappes, after Riick (1990)

and/or transcurrent faulting in or immediately after the Toarcian, the top of
the Vizanbrekzienserie (typically represented by basement derived arkoses)
locally grades conformably but abruptly into the Plattensandstein of “Mid”-
Cretaceous age (at Piz Vizan, Riick 1990). Hence the entire age interval
from Mid-Jurassic to “Mid”-Cretaceous is represented by the Vizanbrek-
zien-Serie. The exact age of intermediate lithostratigraphic levels remains
unkown.

The depositional geometry of the Vizanbrekzien-Serie, sediment transport
directions and the geometry of the basal unconformity (only schematically
sketched in Figure 14-5) have been interpreted in terms of a transpressive
rather than distensive regime (see Riick 1990 and Schmid et al. 1990 for fur-
ther details). About 50% of the Vizanbrekzien-Serie is made up of gravity
flow and rock-fall deposits, indicating a very strong relief and near-source
deposition almost exclusively to the N of a roughly E-W trending fault es-
carpment (Figure 14-6). This fault escarpment delimits the N end of a plat-
form represented by unit 2. It is depicted as sinistrally transpressive in Figure
14-6, the sense of shear being purely based on the large scale plate tectonic
framework. The remainder of the resediments is made up of proximal tur-
bidites.

Figure 14-5

Sketch visualizing relations between tilt-direction of pre-rift sediments and
sediment transport direction of syn-rift sediments for the case of (a) exten-
sion or transtension and b) transpression. After Riick (1990), for discussion
see text and Riick (1990).



Figure 14-6

Block diagram of the paleogeography of the Schams nappes during Late
Jurassic times, after Riick (1990). For symbols and numbers see Figure
14-3a.

Sedimentological data indicate that the fault escarpment remained active
untill “Mid”-Cretaceous times (Riick 1990). Clast abundance generally in-
dicates a tendency for upwards increasing amounts of crystalline basement
and generally a thinning-fining-upward tendency is observed, occasionally
in two cycles (Piz Vizan, Piz Tschera, Riick 1990). Contemporaneous tec-
tonic activity is responsible for continuous supply of pebbles, almost exclu-
sively derived from a local source (basement, overlying Middle Triassic car-
bonates and Tumpriv-Serie). This ongoing tectonic activity is directly mani-
fested by Mesozoic cataclasites within the Taspinit basement (Bavugls area,
see Riick 1990). Abundant neptunian dykes in basement and pre-breccia
cover indicate extension and illustrate that this tectonic activity was not of a
transpressive nature for the entire time interval covered by the Vizanbrek-
zien-Serie (Mid- Jurassic to “Mid”-Cretaceous). Large scale considerations
also indicate that the Schams nappes were part of a passive continental mar-
gin setting associated with substantial crustal thinning in the Early to
Middle Jurassic. It is not clear during which time interval the transpressive
regime inferred from the depositional geometry (Figure 14-6) prevailed.
Also, transpression may only be a local phenomen, restricted to the Schams
area.

Contemporaneous sediments in unit 2 are typical platform sediments
(Tschera-Marmor-Serie topped by local occurrences of Unterer Sericitmar-
mor and locally with the Wissberg breccia at the base). The Wissberg breccia
is entirely composed of reworked Triassic and Jurassic carbonates and is, in
contrast to the Vizanbrekzie, devoid of basement clasts. Direct transgression
onto Middle Triassic carbonates and erosion of intervening lithologies
(Tumpriv-Serie) is reminiscent of the Préalpes Médianes Rigides. In subunit
1b the already described Nisellas-Serie is topped by impure carbonates
(mainly Unterer Sericitmarmor and untere Bénderkalke of the Obrist-Serie,
identical with the so-called “Nivaigl-Serie” mapped in the E-Schams by
Streiff et al. (1971/1976).

A tectonically quiescent phase before the onset of Alpine convergence is
indicated by the “Mid”-Cretaceous lithologies which are identical in all
subunits. Obviously, the ongoing tectonic activity which is responsible for
the preservation of the extreme facies variations characteristic for older for-
mations within the Schams nappes came to a halt by “Mid”-Cretaceous
times. The resediments found in the Olquartzit and Plattensandstein are
very mature and are widespread over the entire Tethys (Weissert 1981,
1989).

The Alpine convergence and accretionary stage is represented by the ill-
dated Gelbhorn “flysch” which contains the Obere Sericitmarmor, probably
representing the Couches Rouges. Thin-bedded limestones, intercalated
with shales form the remainder of this “flysch”. Unit 2 is characterized by
mélange formations, embedded in a Late Cretaceous matrix of pebbly mud-
stones (planktonic foraminifera described by Pauli 1988 and Neher in Streiff
et al. 1971/1976). This mélange locally contains exotic slices of granite,
ophiolites and radiolarites (subunit 2c), indicating the proximity to and/or
accretion of the southernmost Briangonnais to the S-Penninic oceanic do-
main at this time. While it is possible that accretion and mélange formation
started in Late Cretaceous time within the southernmost subunit 2c, it is pos-
sible that relatively undisturbed sedimentation (which does not exclude coe-
val accretionary wedge formation) continued into the Tertiary within unit
1b.

14.2.3 Stratigraphy of neighbouring sedimentary units

14.2.3.1 The sediments at the front of the Tambo nappe

Mayerat (1989) showed that large parts of these sediments, referred to as
Areua-, Vignone- and Knorren-Zone by Gansser (1937) are made up of
Schams cover slices and that the Schams nappes near Spliigen may be di-
rectly traced across the Hinterrhein valley and into the area in the front of the
Tambo nappe. The Areua basement slice, not being part of the Schams nap-
pes, has a very reduced autochthonous cover (Permo-Carboniferous, basal
Triassic) and is part of the Areua-Bruschghorn mélange (Schmid et al. 1990)
enveloping the Schams nappes and continuous with the Martegnas mélange
in the E-Schams. The Schams sediments in front of the Tambo nappe are in
tectonic contact with the Areua mélange and have been detached within the
Carnian evaporites. The lithologies found are diagnostic for both subunits 1a
and 1b: Tumpriv-Serie, Vizanbrekzien-Serie (predominantly dolomitic and
rarely with basement pebbles), Unterer Sericitmarmor, Plattensandstein,
Oberer Sericitmarmor and Gelbhorn “flysch”. Hence, only elements of sub-
units 1a and 1b are present, while subunit 2 is completely missing (no Middle
Triassic nor Tschera-Marmor-Serie).

Mayerat (1989) somewhat artificially separated these Schams cover slices
from a dismembered unit referred to as Knorren mélange. This mélange
largely consists of Schams lithologies and is in direct tectonic contact with
the front of the Tambo basement nappe. In Val Vignone (Motta da Caslasc)
this mélange contains a gneissic breccia directly overlying a basement slice,
consisting of Permo-Carboniferous breccias and paragneisses. The analogies
with similar contacts at coordinates Bavugls (E-Schams, Riick 1990) are
striking and indicate the presence of slices of subunit 1a in the Knorren mé-
lange at the front of the Tambo nappe.

Recent field work (Schmid unpublished) revealed that the Andrana zone
(topmost cover slice of the Misox zone, Strohbach 1965) contains typical
Tumpriv-Serie, Unterer Sericitmarmor and Plattensandstein (along the San
Bernardino motorway at 736 600 / 144 400). This suggests that the Schams
nappes can be traced southwards and along the base of the Tambo nappe as
far as near the village Mesocco. On the one hand this excludes the front of
the Tambo nappe as a possible site of detachment for the Schams cover slices.
On the other hand it makes the hypothesis for rooting the Schams nappes in
the Spliigen zone (Mayerat 1989), i.e. at the top of the Tambo nappe, virtu-
ally impossible.

14.2.3.2 Spliigen zone and Suretta cover

Most previous workers considered the age of the autochthonous cover of the
Suretta nappe (excluding the Avers Biindnerschiefer) and of the sediments
of the Spliigen zone to be of pre-Jurassic (Triassic) age. In the case of the
Spliigen zone, however, Baudin et al. (1993) suggest that part of this cover,
represented by carbonate breccias (similar to the Wissberg breccia in the
Schams nappes), white calcite marbles, yellow sericite marbles, black shales
and calcareous schists is of Jurassic and Cretaceous age. These authors
found that Permo-Triassic conglomerates (‘“Verrucano™), volcanoclastics
(“Rofna”-type) and basal Triassic sandstones are widespread at the base of
the Spliigen zone, representing the parauthochthonous cover of the Tambo
nappe (partly identical with the Bardan zone of Strohbach 1965). These basal
slices, together with the Andossi zone in the hangingwall, containing the
post-Triasssic lithologies mentioned above, form the Spliigen zone as a
single unit characterized by complex imbrication of the cover of the Tambo
nappe.

The Triassic quartzite of the Suretta Mesozoic cover is transgressive on a
polycyclic basement (Timun unit) or on monocyclic basement (Rofna por-
phyry and “Verrucano”-type sediments). While parts of the dolomite and cal-
cite marble alternations topping the basal quartzite are undoubtedly of Trias-
sic age (close facies analogies to the Middle Triassic of the Tschera-Kalkberg
unit in the Schams nappes) there is strong evidence for the presence of
younger sediments. At several locations in the Suretta nappe, breccias con-
tain angular components of dolomite and calcite marbles and, locally, crys-
talline basement overlies Triassic carbonates. To the south (Val Madris) these
breccias contain large boulders and can be interpreted as (submarine) rock
fall breccias (Hitz 1989). At some localities these breccias are in direct con-
tact with the pre-Triassic basement and contain meter-size fragments of base-
ment rocks (Dalla Torre 1991) suggesting that the Triassic quartzites and car-
bonates had been eroded locally and/or that the breccia-basement contact is
a synsedimentary normal fault associated with Jurassic rifting. A peculiar re-
lationship between basement, carbonates and breccias can be studied on the
E side of Val Ferrera. In the Piz Grisch area (Christen 1993) and E of Camp-
sut (Pfiffner unpublished, Figure 14-7), large (100m size) blocks of pre-Tri-
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Figure 14-7

Evidence for Jurassic normal faulting in the Suretta nappe.

Lenses of pre-Triassic basement and Triassic quartzites are embedded in
Jurassic breccias and Triassic carbonates (geologic sketch of the slope E of
Campsut).

assic basement and quartzites embedded in a matrix of breccias occur as
elongate lenses within Triassic carbonates. Alpine imbrication alone, even if
considering the polyphase structural evolution, cannot be responsible for the
observed structures. The large elongate basement blocks are more likely the
result of synsedimentary faulting, which was subsequently obliterated by
polyphase Alpine folding and thrusting.

The local unconformities leading to the direct transgression onto basal Trias-
sic quartzite or pre-Triassic basement indicate substantial predepositional
erosion caused by emersion following rifting. The large blocks of pre-Trias-
sic basement and Triassic quartzites embedded in Jurassic breccias point to
synsedimentary normal faulting and, associated, high relief. Both features
are typical for the rifting and/or transcurrent faulting stage during the
Jurassic and the Early Cretaceous as also found in the Schams nappes.
Hence, it appears that the cover of both Tambo and Suretta nappe exhibits
strong similarities to the Tschera-Kalkberg unit of the Schams nappes, where
the Tschera-Marmor-Serie (including the Wissberg breccia) is often trans-
gressive onto the Middle Triassic. In many places the Tumpriv-Serie is miss-
ing due to post-Triassic erosion and hence lithologies typical for the Lower
and Middle Jurassic are frequently absent. Tectonically emplaced cargneule
horizons (presumably of Carnian age) and yellow dolomites are the only
relics of the Tumpriv serie in the Tambo and Suretta cover. In view of the
paleogeographic reconstruction of the Schams nappes (Figure 14-3) and the
derivation of the Schams nappes below the Tambo basement nappe it is sug-
gested that the cover of the Suretta and Tambo nappes represents the direct
southern continuation of the Schams nappes, analogous to the Barrhorn Serie
in the Western Swiss Alps which represents a paleogeographical equivalent
of the Médianes Rigides, still autochthonous on the pre-Triassic basement
(Sartori 1990).

The Avers Biindnerschiefer must be considered allochthonous with respect to
the underlying Triassic carbonates and Jurassic rift breccias. Milnes &
Schmutz (1978) considered the local occurrence of the Jurassic breccias,
which they interpreted as having a tectonic origin, to be indicative of a thrust
separation. However, recent mapping (Hitz 1989, Christen 1993 and field
work by Pfiffner) showed that (Triassic) cargneules overly in places
(Jurassic) breccias at this contact. In other places small scale imbrications of
Biindnerschiefer and basement or Triassic carbonates point to a tectonic con-
tact. The Avers Biindnerschiefer unit has been accreted to the Austroalpine
orogenic lid and thrusted over the Suretta cover during an early stage of Al-
pine convergence. The presence of radiolarian cherts (Nievergelt pers.
comm.), together with ophiolitic slivers within the Avers Biindnerschiefer
(Oberhinsli 1977) suggests a S-Penninic origin of the Avers Biindner-
schiefer. They should no longer be considered to represent the post-Triassic
cover of the Suretta nappe.

14.2.3.3 Falknis, Sulzfluh and Tasna nappes

The Cretaceous sediments of the Falknis, Sulzfluh and Tasna nappes, in par-
ticular the Gault of “Mid”-Creaceous age, show close similarities to their
equivalents in the Schams nappes. The Jurassic lithologies, however, differ
substantially from those found in the Schams nappes (Gruner 1981 and ref-
erences therein). Only the Upper Jurassic Sulzfluh-Kalk of the Sulzfluh
nappe (Allemann 1957, Ott 1969) is virtually identical with the Tschera-
Marmor-Serie of the Schams nappes. The Jurassic sediments are subject to
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strong facies variations also within and amongst the Falknis, Sulzfluh and
Tasna nappes. The Falknis nappe, detached along black shales of Lower
Jurassic (Toarcian?) age, lacks proximal breccia input during the Middle
Jurassic (distal turbidites and background sedimentation, Gruner 1981).
However, during a short time interval (Late Kimmeridgian? to Early Titho-
nian) basement-rich breccias (Falknis-Brekzie), very reminiscent of the Vi-
zanbrekzien-Serie in terms of sedimentary transport mechanisms, indicate a
short-lived important pulse, followed by the deposition of pelagic and detrital
limestones at the Jurassic-Cretaceous boundary. Lithologies similar to those
of the Falknis nappe are found in the tectonically dismembered Tasna nappe
(Gruner 1981). There, however, the most important breccia horizon is of Cre-
taceous age (Giirler 1982).

We do not share the view of Gruner (1981) regarding the paleogeographical
position of these three nappes at the Austroalpine margin, based on differing
views about the structural evolution of the Schams nappes. Instead we regard
these nappes as part of the Briangonnais domain, together with the Schams
nappes. Retrodeformation of the Schams F2 event confirms the old view of
Haug (1925), revived by Streiff (1962), and suggests a direct link between
Falknis-Sulzfluh nappes and E-Schams nappes due to a S-closing fold in the
Avers valley. The facies arguments proposed by Gruner (1981), based on the
differing petrology of pre-Alpine basement components in the breccias, are
not conclusive for deriving the paleogeographical position during the
Jurassic and merely imply petrologically different basement sources for the
Falknis and the Vizan breccia. The close neighbourhood of the Falknis and
Sulzfluh nappes with their contrasting lithologies is very reminiscent of the
rapid facies changes in the Schams nappes. The stacking order (Sulzfluh over
Falknis nappe) is that of the W-Schams nappes (Tschera-Kalkberg over
Gelbhorn unit), supporting the notion of a S-closing megafold between
E-Schams (inverted stacking order) and Falknis-Sulzfluh nappes. The southern
continuation of the Falknis-Sulzfluh nappes into the Avers valley is strongly
disrupted and thinned and the hinge in the Avers valley is affected by subse-
quent normal faulting along the Turba mylonite zone (Nievergelt et al. 1996).
The thickness of Jurassic-Cretaceous sediments reaches about 1000m in the
Falknis nappe but is substantially less in the Sulzfluh nappe. Assuming an av-
erage thickness of the Mesozoic cover of about 800m for both Falknis and
Sulzfluh nappes and measuring the area occupied by these two nappes in a
N-S-section (31 km?), i.e. subparallel to the movement direction during Ter-
tiary orogeny, gives a width of 39 km for the depositional area of the Falknis-
Sulzfluh sediments measured in a N-S-direction. Since the Falknis-Sulzfluh
nappes structurally represent the N continuation of the Schams nappes (their
depositional width in a N-S direction was earlier estimated to some 30km),
the width of the Briangonnais platform (not including the Tambo- and Suretta
sediments) in a N-S-direction may be estimated to be in the order of 70 km.

14.2.3.4 N-Penninic Biindnerschiefer and ophiolites

In the W-Schams and in front of the Tambo nappe the Areua-Bruschghorn
mélange zone (Mayerat 1989, Riick 1990, Schmid et al. 1990) forms the ba-
sal thrust zone of the Schams cover slices, overriding the N-Penninic Biind-
nerschiefer. Around a large scale post-nappe fold (Niemet-Beverin fold) this
mélange zone directly connects with the Martegnas mélange (Figure 14-2),
which is part of an overturned stack of tectonic units in the E Schams (Riick
1990, Schmid et al. 1990). There, the Martegnas mélange separates the
Schams nappes from the Tertiary Arblatsch flysch, originally part of the N-
Penninic flysch zone. Only due to post-nappe refolding is the Arblatsch
flysch at present in a structurally higher position in respect to the Schams
nappes (Figure 14-2).

The continuous Areua-Bruschghorn-Martegnas mélange zone consists of
ophiolitic remnants whose derivation from oceanic crust is, contrary to other
mafic and ultramafic units within the N-Penninic Biindnerschiefer, beyond
any doubt. Serpentinites, gabbros, pillow lavas, radiolarian cherts, pelagic
limestones are widespread near Piz Martegnas (Streiff et al. 1971/1976, Eier-
mann 1988, Schmid et al. 1990) and imbricated with basement slivers (i.e.
Areua basement) and sediments of the Schams nappes (i.e. Tumpriv-Serie,
Vizanbrekzien-Serie, Tschera-Marmor-Serie). While the ophiolitic remnants
are virtually undistinguishable from S-Penninic ophiolites (Platta-Arosa) the
non-ophiolitic constituents are different in these two mélange zones (Schams
lithologies in the Martegnas mélange versus Austroalpine lithologies in the
Platta-Arosa mélange).

The bulk of the N-Penninic Biindnerschiefer and flysch sediments is struc-
turally below the Areua-Bruschghorn-Martegnas mélange and the Schams
nappes. These Biindnerschiefer are imbricated into four major units (Nab-
holz 1945, Steinmann et al. 1992, Steinmann 1994) which are, from top to
bottom (Figure 14-2): the Tomiil unit (equivalent to the backfolded Arblatsch
flysch reaching into the Lower Eocene (Ziegler 1956, Eiermann 1988), the
Grava unit (probably continuous with the Prittigau Biindnerschiefer and
flysch also reaching into the Tertiary (Nédnny 1948), the Aul marble unit (pre-
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dominantly impure carbonates) and the Valser Schuppen (highly variable
lithologies, imbricated with the Adula basement). Steinmann (1994) reports
ophiolite-bearing mélange zones, also containing slivers of continental base-
ment, Permo-Triassic cover and in particular Liassic Gryphea-bearing lime-
stones (Nabholz 1945), at the base of the Grava and Tomiil units. The Aul
marble unit and the Valser Schuppen also contain ophiolitic slices. Typical
Biindnerschiefer lithologies, however, are largely missing within these two
lowermost units. Instead the Aul marble represents an impure marble pre-
sumably representing a platform area N of the Biindnerschiefer.

It appears that the Areua-Bruschghorn-Martegnas mélange and Schams
cover slices represent the topmost elements of a large accretionary wedge
mainly consisting of the four Biindnerschiefer units mentioned above. It will
be argued later that this accretionary wedge formed during the Tertiary. It
roots in the Misox zone and on top of the Adula high-P unit. Interestingly, the
age of the Biindnerschiefer in Grava- and Tomiil units is predominantly Cre-
taceous (with possibly some Late Jurassic sediments at the base). Moreover,
parts of these N-Penninic Biindnerschiefer appear to have been deposited
onto oceanic rather than on continental crust (see Steinmann 1994).

In summary, the N-Penninic ophiolites, and at least parts of the Biindner-
schiefer are likely to represent a domain of oceanic crust, as proposed by
Frisch (1979), Riick (1990), Schmid et al. (1990) and Stampfli (1993),
situated to the N of the Schams paleogeographical domain. The Areua-
Bruschghorn-Martegnas mélange would have formed at the N boundary of
the Briangonnais platform. This platform, represented by the Schams and
the Falknis-Sulzfluh cover nappes and, additionally, the Tambo-Suretta
basement nappes with their own Mesozoic cover, separates the Valais
(N-Penninic Biindnerschiefer) oceanic domain from the S-Penninic or
Piemont-Liguria ocean.

14.2.4 Paleogeographical setting in a larger context

In order to discuss basement-cover relationships in the Penninic nappes and
in order to sketch large scale paleogeographical maps it is important to have
some estimate on the original width of the Brianconnais platform. The fore-
going discussions showed that the original width of the Falknis-Sulzfluh and
Schams cover nappes amounts to about 70 km measured in a N-S-direction.
Admittedly, this estimate is very crude. It is based on area balancing applied
to a N-S oriented cross section (see chapter 22, plate 1), assuming plane
strain deformation within the profile plane. While the thrusting direction can-
not have been far off from N (see discussion of structural data in section
14.3.1.2), out of plane deformation during orogen-parallel extension is a
more serious problem. The assumed thickness of the Mesozoic cover is an
additional source of error.

While these cover nappes are completely detached from a basement which is
no longer preserved in the present-day cross section, the situation is different
for the southernmost part of the Brianconnais platform comprising basement
flakes (Tambo and Suretta basement nappes). The affiliation of these base-
ment nappes to the southernmost Briangonnais platform was deduced earlier
from the nature of their autochthonous to parautochthonous cover (Suretta
cover and Spliigen zone). Taking again the area of both Suretta cover (12
km?) and Spliigen zone (16 km?) in the present-day N-S-section and assum-
ing an original thickness of 600m for the Suretta and Tambo cover, another
47 km have to be added to the N-S width of the Briangonnais platform.
Hence the total original width of this platform is in excess of 100 km (Figure
14-8). While this figure may be considered an overestimate due to an under-
estimate of the original thickness of the cover, those parts of the Suretta cover
intruded by the Bergell batholith and possible extensions of the Suretta cover
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into the southern steep belt were not included in the area balance and would
add extra length to our estimate. Evidence for orogen parallel late stage
stretching discussed later also results in an underestimate of the area occu-
pied in the profile plane and, consequently, also the total N-S-width of the
Brianconnais platform.

It is obvious that the present-day cross sectional area occupied by Tambo
nappe (111 km?) and Suretta nappe (145 km?) can only represent a fraction
of the continental crust formerly underlying the cover of the Briangonnais
platform (Figure 14-8). Together with the original width of the Tambo-Suretta
part of the Brianconnais platform an original depth of about 5.5 km can be
calculated for the basal décollement of the Tambo and Suretta crustal flakes.
The depth to detachment within the Tambo basement has been independently
estimated to be around 8 km by Mayerat (1989), who restored the present day
thickness to the pre-Alpine geometry considering the intensity of Alpine over-
print. With the same procedure the base to detachment within the Suretta
nappe was found to be at about 4 km beneath the Triassic quartzites. All these
estimates are within 4—-8 km and compare to the ones obtained in the Southern
Alps (Schonborn 1992) and the Aar massif (chapter 13), i.e. areas lacking sub-
stantial ductile overprint modifying the original depth to detachment.

The numbers discussed so far have been used for the very simple paleogeo-
graphic profile depicted in Figure 14-8. This crude sketch primarily serves
for illustrating a dramatic problem concerning basement-cover relationships
during Alpine orogeny. Even given extreme amounts of crustal thinning pre-
dating convergence, the conclusion that much of the basement originally un-
derlying the Briangonnais cover must have been eliminated by subduction is
unavoidable. The structurally lower Adula nappe cannot be regarded to rep-
resent a crustal flake derived from the Briangonnais. It is separated from
higher tectonic units by the Misox zone, representing the oceanic suture be-
tween the Briangonnais and the European foreland. The Adula nappe there-
fore must represent the southernmost edge of this European foreland.

It is interesting to note that Menard et al. (1991) came to the conclusion that
subduction of a significant amount of “European” continental crust (includ-
ing the Briangonnais platform) is not required. While these authors based
their estimate on a bulk mass budget which includes the entire profile across
the French-Italian Alps, our conclusion (which is valid for the cross section
in Eastern Switzerland) is essentially based on the recognition that most of
the basement nappes of the Penninic structural domain (with the exception
of the Tambo-Suretta pair) are part of the European distal margin N of the
Valais suture. Hence all the area occupied by the Adula and structurally lower
nappes down to the Moho cannot represent continental crust belonging to the
Briangonnais. As pointed out earlier, the Schams and Falknis-Sulzfluh cover
nappes lack their basement (except for thin basement slivers) in the present-
day cross section while the Tambo and Suretta basement slices are covered
by their own sediments.

The paleogeographic reconstruction proposed by Schmid et al. (1990, their
Figure 11), sketching the en-echelon arrangement of two oceanic domains
(Valais and Piemont-Liguria) simultaneously forming to the N and S of the
Briangonnais platform during the Middle Jurassic was arrived at in order to
explain the existence of a continental fragment (Briangonnais) caught be-
tween two oceanic spreading centers but at the same time firmly attached to
the European foreland in front of the Western Alps. Classically, the Valais
zone is considered to blindly end within the Western Alps. Lemoine et al.
(1986) kinematically linked the Valais zone to the Piemont spreading center.
This “classical” reconstruction cannot explain the ongoing paleotectonic ac-
tivity until “Mid”-Cretaceous times, as recorded by the Vizanbrekzien-Serie
in the Schams nappes. Additionally, it does not explain the short-lived Late
Jurassic rifting pulse recorded in the Falknis nappe. If both continental mar-
gins, N and S of the Briangonnais, are interpreted to have become passive
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Palinspastic model of the Alps and surrounding areas. The model closely follows the restoration of Stampfli (1993) regarding the European and Iberia-Briangonnais
plates and is identical with the restoration of Dercourt et al. (1986 ) regarding the movements of the Apulian plate relative to stable Europe (with a slight modification
regarding the Albian stage). The Southern Alpine passive continental margin (Ca: Canavese; Lo: Lombardian basin; Tr: Trento platform) is assumed to be firmly
attached to the Apulian block (after retrodeformation of Neogene S-directed thrusting in the Southern Alps).

Other geological units indicated are: AD: Adula nappe; NB: part of the N-Penninic Biindnerschiefer deposited on continental crust and Vocontian trough; Sch:
Schams, Falknis, Sulzfluh and Tasna nappes; BR: Breccia nappe; SE: Sesia-Dentblanche and Margna-Sella extensional allochthon; LA: Lower Austroalpine nap-
pes; UA: Upper Austroalpine nappes excluding the Northern Calcareous Alps; NCA: Northern Calcareous Alps.

Geographical reference: I: Innsbruck; Z: Ziirich;, G: Geneva; M: Marseille; T: Torino; B: Bologna.

a: Jurassic-Cretaceous boundary. Spreading in the Piemont-Liguria ocean linked to the Gibraltar transform system and rifting along the future break-up between
Europe and the Iberia-Briangconnais block (stippled line, triangles refer to syn-rift breccia deposits). The Hallstatt-Meliata ocean already closed in the Late Jurassic

(see discussion in Chapter 22).

b: Albian. Spreading in the Valais ocean linked to the Pyrenean fracture zone and active margin between the Piemont-Liguria ocean and Apulia, leading to sub-

duction of the Sesia extensional allochthon.

c: Eocene. Closure of the Valais ocean, head-on collision in the Central and Eastern Alps, oblique collision associated with major sinistral strike-slip motion (Ricou
and Siddans 1986) in the Western Alps separating the Briangonnais from Iberia (including Corsica-Sardinia) and Pyrenees.
d: Present day configuration, largely resulting from W-directed indentation of the , Insubric” plate during the Neogene (see Laubscher 1971, 1991).

during mid-Jurassic times, both margins ought to behave passively after the
final break-up. Finally, the predominantly Cretaceous age of the N-Penninic
Biindnerschiefer in the Grava and Tomiil units (Steinmann 1994) argues for
a later rifting and drifting event in the Valais trough.

An alternative palinspastic sketch is presented in Figure 14-9, largely based
on a new model proposed by Stampfli (1993), a somewhat similar model hav-
ing been proposed much earlier by Frisch (1979). Both these authors pro-
posed a two-stage break-up. The Briangonnais first represented the passive
continental margin of the Europe-Iberia block in respect to the Piemont-
Liguria oceanic crust starting to form during Early to Middle Jurassic times
(Figure 14-9a). Rifting along the future break up of the Valais ocean initiated
later and during the Oxfordian (Figure 14-9a). Late Jurassic to “Mid”-
Cretaceous drifting of the Briangonnais-Iberia block (Figure 14-9b) is re-
sponsible for the opening of the Valais ocean, partly accompanied by closure
of the Piemont-Liguria ocean starting in the Cretaceous. According to this
model, the Briangonnais platform, in particular its northern part represented
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by the Schams, Falknis, Sulzfluh and Tasna nappes suffers a second episode
of rifting corresponding to large-scale sinistral transtension. A transition
from rifting to drifting in the N-Penninic Valais domain during the Early
Cretaceous has indeed been confirmed by recent field work in the N-Penninic
Biindnerschiefer (Steinmann 1994) and at the northern margin of the
Briangonnais (Tasna nappe, Florineth and Froitzheim 1994).

Because of dating problems it is hard to decide how much of the Vizanbrek-
zien-Serie could have formed during each rifting stage. The very long time
interval covered by the Vizanbrekzien-Serie suggests that both rifting stages
may be represented by these breccias. Tentatively local sinistral transpres-
sion indicated by the work of Riick (1990) in the Schams nappes could be at-
tributed to the second rifting cycle whereas the extensional scenario in the
Suretta cover discussed above might be related to the first rifting cycle. The
main rifting episode recorded by the Falknis-Brekzie, however, is well dated
(Latest Jurassic) and has to be related to the second rifting event associated
with the opening of the Valais ocean.
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According to the reconstructions of Stampfli (1993) the Valais ocean was di-
rectly connected to the Pyrenean fracture zone (Figure 14-9b). Hence the
Valais ocean does not end blindly within the European foreland according to
this model. Instead, it is kinematically linked to the Pyrenean fracture zone
through an oceanic domain formerly present in the Western Alps. In present
day map view the Valais zone in the sense of a tectonic unit terminates in the
Upper Val d’Isere. The reasons for this are still unclear. Sinistral strike-slip
motion parallel to the N-S trending part of the W Alps (Late Cretaceous to
Eocene “décrochement Briancon-Ligurie” of Stampfli, 1993, “Subbriancon-
nais strike slip fault” of Ricou and Siddans,1986) might have obscured this
important suture. According to this reconstruction strike-slip motion will
produce a relative displacement of the Adriatic wedge over some 500km to-
wards the N (Figure 14-9c) contemporaneous with the closure of the Valais
ocean in the Central and Western Alps during the Eocene. During the Neo-
gene this strike-slip fault must have been overprinted by E-W-shortening in
the Western Alps, related to the W-ward indentation of the Adriatic wedge
(Laubscher 1971, 1991). Oceanisation in the western Mediterranean during
the Neogene obscured the former connections of the Valais ocean with the
Pyrenees (Figure 14-9d).

Clearly, the paleotectonic evolution depicted in Figure 14-9 remains specu-
lative and, admittedly, it also meets with some difficulties. For example, the
radiolarian cherts and pelagic limestones of the N-Penninic Martegnas mé-
lange are identical to those found in the S-Penninic ocean. Hence these sed-
iments must have been deposited contemporaneously in both oceanic do-
mains, in contrast to Figure 14-9a and in agreement with the “classical” view
saying that both oceans formed during the Middle Jurassic. It is also possible
that the Briangonnais already formed a ribbon continent during the Mid-
Jurassic break-up, a ribbon continent which was further removed from the
European margin during the later opening of the Valais trough (Figure 14-9b)
during the Early Cretaceous (see Steinmann 1994 for an extensive discus-
sion)

Returning to the area of investigation and the basement-cover problem de-
picted in Figure 14-8, the two-stage rifting model proposed by Stampfli
(1993) offers a viable model for eliminating much of the continental crust
underlying the Brianconnais before the onset of convergence. Uniform-sense
simple shear rifting (Wernicke 1985) is in fact able to eliminate all the lower
and much of the upper crust of the passive margin referred to as the upper
plate margin (see Stampfli et al. 1991). Upper plate margins are character-
ized by large-scale updoming related to initial uplift caused by the isostatic
response to replacing subcontinental mantle by less dense asthenospheric
mantle, while lower plate margins are characterized by strong initial subsid-
ence due to extreme thinning of the crust. For Jurassic times such an asym-
metry is in fact indicated by the strongly contrasting subsidence history be-
tween the northern passive margin (Briangonnais) and the southern passive
margin (Austroalpine and Southern Alps) situated on opposite sides of the
Piemont-Liguria ocean (Lemoine et al. 1987). This strongly supports an up-
per-plate margin setting of the Brianconnais, as proposed by Lemoine et al.
(1987) and Stampfli (1993). Following Stampfli (1993) the Briangonnais
again formed an upper-plate margin during the second rifting event near the
Jurassic-Cretaceous boundary which led to the opening of the Valais ocean.
Hence the uppermost crust of the Briangonnais microcontinent may be en-
visaged as being extremely thin and directly juxtaposed onto mantle rocks
along low angle detachments, as depicted in Figure 14-8. It must be noted,
however, that Florineth and Froitzheim (1994) postulate a lower plate sce-
nario for the northern margin of the Briangonnais during the second rifting
event.

However, even given the most “optimistic” scenario depicted in Figure 14-8
(an upper plate margin was chosen N and S of the Briangonnais) leading to
the omission of large volumes of continental crust during rifting and drifting,
substantial amounts of upper crust must have been subducted during the
Eocene. All the basement formerly underlying the Schams and Falknis-Sulz-
fluh nappes must have been subducted and replaced by the cover slices of the
Valais Biindnerschiefer, currently underlying these Briangonnais cover nap-
pes. Décollement of these cover nappes and juxtaposition with the Valais
Biindnerschiefer may be readily explained in a context of accretion of the ex-
tremely thin Briangonnais cover slices, followed by in-sequence accretion of
the four Biindnerschiefer units described earlier onto an upper plate formed
by the N-wards advancing orogenic lid of the Austroalpine nappes during the
Eocene. This accretion would have occurred in conjunction with S-ward
directed subduction of the distal European lower plate margin of the Valais
ocean leading to Tertiary high pressure metamorphism in the Adula nappe
(Becker 1992 and 1993, Gebauer et al. 1992, Gebauer 1996), in spite of the
fact that dating of the Adula high pressure metamorphism (Cretaceous ver-
sus Tertiary) is still controversial (for a different view see Hunziker et al.
1989).
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14.3 Alpine convergence: from early imbrication to
exhumation

14.3.1 Structural analysis and nappe geometry

This chapter will discuss the deformation phases, proceeding from older
to younger. Each subchapter first describes the large-scale tectonic struc-
tures (see profiles in Figure 14-10a and b), followed by a description of
small scale structural features. The various deformation phases have been
defined using the classical geometrical rules of superposition of structures
as visible on the individual outcrop and/or in profile view within an area
of limited extent (Schams nappes, frontal parts of the Suretta and Tambo
nappes). In order to avoid confusions resulting from the different number-
ing system used by previous authors (D1, D2 etc.) each defomation phase
is characterized by a local name referring to a specific locality where a
particular phase is well developed. Although these phases have been origi-
nally defined on strictly geometrical arguments an attempt will also be
made to discuss their kinematic significance within the study area (chapter
14.3.3.).

In a second step these deformation phases will be correlated with phases
found in the surrounding areas, including a discussion of the metamorphic
evolution and an attempt to date these phases (chapter 14.3.2.). This will fi-
nally allow for a discussion of the kinematic evolution along the entire NRP
20 East profile (chapter 14.3.3.). This last chapter will form an important ba-
sis for the discussion of an integrated cross section along this eastern
transect, including the geophysical data (see chapter 22).

In a very general way the earliest Alpine deformation involved the detach-
ment of sedimentary units from their pre-Triassic basement (Schams nappes)
or from probably oceanic lithosphere (Avers Biindnerschiefer) as well as the
imbrication of thin basement slivers. Only in the case of the Avers Biindner-
schiefer is it possible to unequivocally define a separate deformation phase
(the Avers phase) related to this detachment event, which is probably associ-
ated with accretionary wedge formation. The resulting thrust faults (Avers
phase and/or early Ferrera phase) were subsequently folded, and the perva-
sive associated deformation resulted in a prominent first foliation and stretch-
ing lineation so characteristic for the Ferrera phase. The next following
Niemet-Beverin phase implies post-nappe folding and locally produced a
second foliation. This phase was in turn followed by local later overprints
(Domleschg and Forcola phases) related to exhumation by thrusting and nor-
mal faulting.

14.3.1.1 The Avers phase: precursor of the
Ferrera phase?

Evidence regarding Alpine pre-Ferrera-phase deformation stems from the
paleogeographically most internal unit, the Suretta nappe and its contact
with the overlying Avers Biindnerschiefer. Clearly, the interface between
Suretta cover and Avers Biindnerschiefer is affected by Ferrera phase isocli-
nal folding and cleavage formation. This led many authors to conclude that
the Avers Biindnerschiefer simply represent the post-Triassic cover of the
Suretta nappe. However, as discussed previously, such a view is untenable.
The so-called “Triassic” cover of the Suretta turned out to also encompass
post-Triassic members and, additionally, the lithological composition of
some components of the Avers Biindnerschiefer (radiolarian cherts, ophi-
olitic slivers) preclude deposition on the Briangonnais platform. Direct struc-
tural evidence for thrusting along this contact is given by the local occur-
rence of cargneule or other sedimentary or basement lenses at the base of the
Avers Biindnerschiefer. The presence of numerous mafic boudins within the
Avers Biindnerschiefer — some of them at the basal contact — suggests pre-
Ferrera phase intense imbrication or mélange formation within the Avers
Biindnerschiefer unit. The only mesoscopic evidence for such a pre-Ferrera
event within the Avers Biindnerschiefer is reported by Hitz (1989) who
found pre-Ferrera phase folds in prasinites, embedded in Avers Biindner-
schiefer.

Milnes and Schmutz (1987) suggested S-directed movement of the Avers
Biindnerschiefer over the Suretta cover during the Avers phase. Their argu-
ment for a tectonic contact is based on the seemingly chaotic structure of the
contact zone (“torn-apart rock masses of mappable size”) which in many
places are now believed to represent sedimentary breccias and megabreccias.
Evidence for S-directed thrusting was based on a different scenario of these
authors regarding the reconstruction of the nappe pile formed during Avers
and Ferrera phases (in contrast to our results regarding post-nappe refolding,
they reconstructed the Ferrera phase folds as having been originally formed
in a S-facing orientation).
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Pre-Ferrera phase foliations can be observed in pre-Triassic basement and
Triassic cover rocks of the Suretta nappe and in the Avers Biindnerschiefer
(Hitz 1989, Schreurs 1990, and own work). However, such older mesoscopic
structures are extremely scarce and their tectonic significance remains un-
clear.

Ring (1992a, b) reports E-W lineations associated with high pressure meta-
morphism and top to the W shear senses of supposedly Cretaceous age in
both Tambo and Suretta basement. If correct, these findings would indicate
that the Briangonnais realm would have been deeply involved in the Creta-
ceous (Eoalpine) orogeny, a conclusion that would be completely incompat-
ible with the palinspastic model previously derived for the rifting and drifting
stage. These E-W lineations are conspicuously absent in the Adula basement
nappe and in the case of the Suretta and Tambo nappes they turn out to be
reoriented Ferrera phase lineations and/or lineations formed during the
Niemet-Beverin post-nappe folding event (Baudin et al. 1993, Mayerat 1989,
Schreurs 1990). Furthermore, shear sense indicators indicate top to the E
movement where observable (Marquer 1991, Mayerat 1989 and own work).
Regarding the age of high pressure or pressure dominated metamorphism ra-
diometric evidence suggests considerably younger ages, a point that will be
discussed in section 14.3.2.

In the Schams nappes, Carnian cargneule, representing the principal detach-
ment horizon, occasionally occurs in the core of Ferrera phase folds. Strictly,
this implies that Ferrera phase folding post-dates detachment. However, we
interpret these structures as detachment folds, with detachment and folding
in terms of a continuous process during the Ferrera phase deformation.

In the case of the Schams nappes located at the front of the Tambo nappe,
however, isoclinal Ferrera folds also fold thrust faults delimiting the Areua
and Vignone basement slivers (see Figure 14-10b, inset, and Mayerat 1989).
Considering the large displacement that occurred along these detachment
thrust faults, the large amplitude of the subsequent Ferrera phase fold, and the
analogy to the basal thrust of the Avers Biindnerschiefer, it is more logical,
in this case, to associate these thrust faults with the precursor, the Avers phase.

In summary, a distinct separate Avers phase can only be clearly defined in
case of the detachment of the Avers Biindnerschiefer. There are considerable
difficulties in assigning detachment events elsewhere to either the Avers
phase or to an early stage of the Ferrera phase. Therefore we consider the
Avers phase (where well defined) as a precursor of a continuous evolution
from early detachment (Avers phase) to isoclinal folding and penetrative duc-
tile deformation (Ferrera phase) as a result of steadily increasing burial and
metamorphism during the Paleogene. According to our work there is no
structural evidence for a separate Cretaceous (Eoalpine) tectonic event below
the Platta and Austroalpine teconic units. In profile view the Avers Biindner-
schiefer, unlike the Schams nappes and N-Penninic Biindnerschiefer and
Flysch, are not wrapped around the front of the Suretta nappe. Instead they
wedge out S of the Suretta front. Southwards they can be followed into the
direct footwall of the Lizun and Forno ophiolitic units until they are cut by
the Bergell intrusion (Liniger 1992). This suggests thrusting of the S-Pen-
ninic Avers Biindnerschiefer onto the most internal Briangonnais platform in
a direction with a northerly component during the Avers phase.
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-_1: younging direction
1a,b: Gelbhorn unit

2a,b,c: Tschera-Kalkberg unit

West-Schams Nappes

Figure 14-12

Schematic block diagram after Schreurs (1993) showing the relationships
between the units and subunits of the Schams nappes on either side of the
Niemet-Beverin axial trace.

14.3.1.2 The Ferrera phase: nappe imbrication
and 1soclinal folding

For a better understanding of Ferrera large scale structures one major result
regarding the subsequent post-nappe folding phase (Niemet-Beverin phase)
has to be anticipated: The Schams cover nappes and originally N-facing Fer-
rera phase folds in the Suretta cover have been refolded around the hinge of
the Niemet-Beverin fold (see Figures 14-2, 14-10 and 14-11). The stacking
order of the different Schams units (Figure 14-12) produced during the Fer-
rera phase is upright below the axial plane of this megafold (W-Schams) and
inverted above the axial plane (E-Schams). The pattern of younging direc-
tions is more complicated but also is reversed across the axial plane of the
Niemet-Beverin fold (see younging directions indicated for subunits 1a and
1b in Figure 14-12). This implies that the solution “infra” (as defined by
Triimpy 1980), i.e. “rooting” of the Schams nappes below the Tambo-Suretta
pair, is correct. An extensive discussion of numerous arguments in favour of
such a reconstruction is found in Schmid et al. (1990) and Schreurs (1990,
1993) and will not be repeated here.

Discussions concerning mutual relationships between thrusting and nappe
formation (discontinuous deformation on a large scale) on the one hand, and
folding associated with pervasive straining, leading to a first generation of
folds, planar and linear fabrics on the other hand, are very typical for the
Penninic structural domain. Some authors envisage a foreland-type thrust-
and-fold belt geometry being overwhelmed by subsequent penetrative de-
formation. This clearly would imply a two-stage scenario. Others envisage
continuous progressive deformation with overlapping events of detachment
and penetrative strain.

Ferrera phase deformation in the Schams cover nappes (Schreurs 1990)
strongly argues for the second view. Ferrera phase thrusting of the Schams
cover nappes over the N-Penninic Biindnerschiefer was accommodated by a
mélange zone composed of gneissic material, Schams cover sediments and
ophiolites: the Areua-Bruschghorn and Martegnas mélange zones (Figure
14-10). However, before juxtaposition with this mélange zone the Schams
cover nappes must have been detached from their substratum first (see recon-
struction of principal décollement horizons in Figure 14-3). In case of the
Gelbhorn unit 1b this décollement horizon is made up of Upper Triassic
cargneules which are frequently but not always found in the core of isoclinal
Ferrera phase folds. In most places (an exception discussed later is found in
front of the Tambo nappe) these folds do not affect the underlying mélange
zone and could well be interpreted as detachment folds which developed
coeval with thrusting over the mélange zone.

The tectonic contacts between the Schams subunits (in a paleogeographical
sense) also argue for a continuous scenario: The limits between individual
subunits may be defined by still visible Ferrera phase isoclinal fold hinges in
one place (between units 1a/1b and 1a/2a, see Figure 14-12) or marked by
thrusts in other places (occasionally between 1a/1b and 1a/2a, always at con-
tacts of subunits within the Tschera-Kalkberg unit). Furthermore, Ferrera
phase foliations (S1), axial planar to D1 isoclinal folds, are parallel to D1
thrust contacts which often but not always remain unfolded by D1 folds.
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Similar observations are reported from the thin basement and cover slices in
front of the Tambo nappe (Figure14-10b) by Mayerat (1989). There, a very
thin (occasionally a few m) basement slice (Areua gneiss, covered by a thin
veneer of Permo-Triassic clastics), which can be traced E-wards into the
Areua-Bruschhorn mélange, can be continuously followed over a distance of
more than 10km. This slice was thrusted onto N-Penninic Biindnerschiefer
and is in turn covered by allochthonous Schams cover slices. Another mé-
lange zone (Knorren zone, predominantly made up of Schams cover rocks)
defines a tectonic contact in respect to the front of the Tambo nappe. Mayerat
(1989) argued that this Knorren mélange extends a short distance into the
Spliigen zone and hypothesized that the Schams nappes could have derived
from the Tambo nappe. As reported earlier, we disagree with this interpreta-
tion because recent field work enables us to trace Schams elements south-
ward and into the Misox zone beyond the village of Mesocco. In front of the
Tambo nappe a large scale isoclinal Ferrera fold locally affects the thrust con-
tact between Areua gneiss and Schams slices and is probably responsible for
the westward termination of the Schams nappes (Mayerat 1989). This is in
contrast to most of the other Ferrera phase thrusts in the Schams nappes
which, as mentioned earlier, remain unfolded during the Ferrera phase. As in
the Schams nappes further to the N and E, S1 is parallel to these thrust con-
tacts and the axial surface of the isoclinal fold.

Décollement horizons and, occasionally, the position of (Ferrera) fold hinges
are controlled by the paleogeography (see Figure 14-3). A spectacular exam-
ple of such a control is the position of fold hinges at the transition from brec-
cias to basin sediments between subunits 1a and 1b (note that the younging
direction is systematically inversed across the boundary between these sub-
units, in the W-Schams as well as in the E-Schams, Figure 14-12). Another
example of the influence of the paleogeographic geometry concerns the de-
tachment of basement slivers such as the Taspinit, Nolla and Areua slivers.
It can be shown that the Taspinit basement sliver is directly covered by the
Vizanbrekzien-Serie (Riick 1990), the potential décollement horizons in the
Triassic having been eliminated by pre-depositional erosion. These basement
slices probably represent “decapitated” horsts (Mayerat 1989, Schmid et al.
1990), extremely thinned out by subsequent straining.

In the Suretta nappe, Ferrera phase thrusting and folding occurred coevally
(Pfiffner et al. 1990, Schreurs 1990). A major thrust fault occurs in the frontal
part of the Suretta nappe (Figure 14-10a). This thrust emplaces an upper
basement digitation (with polycyclic basement at its base) onto the Mesozoic
cover of a lower basement digitation (largely made up of Rofna porphyry in
its frontal part). Both imbricates are in an upright position below the axial
plane of the Niemet-Beverin fold (Figure 14-10a). The pre-Niemet-Beverin
phase geometry suggests that the thrust — although following a flat within Tri-
assic evaporites — cuts up section towards the N, possibly indicating a north-
erly transport direction during the Ferrera phase. The central part of the
Suretta nappe contains a number of tight, more or less symmetric folds af-
fecting the Mesozoic cover of the Suretta nappe and the Avers Biindner-
schiefer, cored by polycyclic basement (immediately SSE of the central part
of Figure 14-10a). The contrast in style of this nappe-internal deformation
may well reflect the mechanical stratigraphy involved: the mechanically
stiffer monocyclic Rofna porphyry reacted by brittle thrust faulting, whereas
the polycyclic basement containing more schistose lithologies deformed by
ductile folding. It is important to note that the pervasive Ferrera foliation in
basement and cover is parallel to both the thrust fault and the axial surfaces
of the folds, and that the thrusts remain unaffected by Ferrera phase folding
(of course except for the basal thrust of the Avers Biindnerschiefer). This sug-
gests that the two structures (thrusts and folds) are more or less coeval. These
large scale Ferrera phase folds, as well as subsequent Niemet-Beverin folds,
involve the previously emplaced Avers Biindnerschiefer but not the E-
Schams nappes. Milnes & Schmutz (1978) concluded from this, that the
Schams nappes had been emplaced onto the Suretta nappe and Avers Biind-
nerschiefer at some later, post-Ferrera stage.

In the Tambo nappe the autochthonous cover is completely missing at the
front of the nappe and at the base, whereas in the Suretta nappe relics of a
thin autochthonous cover (basal quartzites) are locally preserved at the front
of the nappe. For both, Tambo and Suretta nappe the contact with the Schams
slices is tectonic everywhere. Hence, on a very large scale these basement
nappes represent right way up thrust sheets which, on a smaller scale, are in-
ternally sliced by thrusts and penetratively deformed by folding and perva-
sive strain. The basal thrusts of both basement nappes, however, are often
overprinted by post-Ferrera movements discussed later.

The Ferrera phase nappe stack consists of (from bottom to top): (1) N-Pen-
ninic Biindnerschiefer and flysch; (2) Areua-Bruschghorn-Martegnas mé-
lange; (3) Schams units with subunits 1b, 1a, 2, occasionally linked by iso-
clinal folds; (4) mélange zones such as the Knorren zone; (5) Tambo nappe
including Spliigen zone; (6) Suretta nappe including its Mesozoic cover and
previously emplaced Avers Biindnerschiefer. Note that these elements are of
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Figure 14-13
Strike and dip of Ferrera phase foliations.

extremely heterogeneous nature and include thick basement thrust sheets,
detached and isoclinally folded cover sheets, extremely thin basement slices
and mélanges containing ophiolitic elements. The pre-Triassic basement of
the Schams cover nappe is missing apart from a few basement slivers.

Due to the regional axial plunge, Ferrera phase foliations mostly dip towards
the E. Deflections from this direction are clearly visible in Figure 14-13 at
the front of the Suretta and Schams nappes positioned in the hinge zone of
the later Niemet-Beverin fold. Foliation, schistosity or cleavage is penetra-
tive in all lithological units except in dolomites and in parts of Rofna por-
phyry and Truzzo granite, the latter deforming by networks of shear zones
(Marquer 1991). A strain analysis regarding Ferrera phase straining was car-
ried out in the Vizanbrekzien-Serie (Schreurs 1990) and the Tambo basement
(Mayerat 1989). Axial ratios indicate plane strain deformation producing a
thickness reduction of around 50%, assuming constant volume. This is a
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Figure 14-14a
Ferrera phase stretching lineations in the Schams nappes.

more or less representative strain measurement regarding basement and lime-
stone lithologies but certainly an underestimate regarding less competent
lithologies (basin sediments of Schams subunit 1b, post-Mid-Cretaceous
sediments).

Surprisingly, the Ferrera phase stretching lineations exhibit a reasonably well
developed preferred orientation trending NNW-SSE in the Schams nappes,
despite of intense post-Ferrera folding (Figure 14-14a). Rare occurrences of
reliable shear indicators and intense post-Ferrera phase folding prevent an
unambiguous determination of the overall sense of movement related to this
stretching lineation.

In contrast, the stretching lineations in the Schams units in front of the Tambo
nappe and within the Tambo nappe (Figure 14-14a,b) are very variably ori-
ented (Mayerat 1989, Baudin et al. 1993 and new work by Pfiffner and
Schmid). Examples of variably oriented stretching lineations from the Misox
zone and the top of the Suretta nappe are given in Figure 14-15 (c and d). The
stretching lineations from these areas are seen to form a girdle along a great
circle whose pole coincides with the average foliation poles (S1 or S2). This
scatter is due to two effects which cannot always be separated: (1) reorienta-
tion of earlier formed Ferrera stretching lineations L1 during near-isoclinal
Niemet-Beverin F2 folding due to non-parallelism between L1 and F2, and,
(2) formation of a new stretching lineation L2 during the Niemet-Beverin
phase. Mayerat (1989) finds both stretching lineations L1 and L2 straddling
a complete great circle on a stereoplot (see Figure 14-15b). At the same time,
a clear preference of E-W orientations is found. The great circle distribution
argues for reorientation of L1. However, there is also clear evidence for finite
E-W stretching from L2 stretching lineations found within axial planar S2
schistosities (Mayerat 1989, Baudin et al. 1993 and own work), supported by
strain determinations (Mayerat 1989). Therefore it is impossible to separate
L1 and L2 at many localities, especially when S2 completely transposes S1.
Mayerat (1989) assigned a third deformation phase to be responsible for
what we ( and Baudin et al. 1993) refer to as F2 (Niemet-Beverin phase)
E—-W stretching, but this will be discussed later. At this point it is important
to re-emphasize that E-W stretching very clearly postdates NNW-SSE
stretching during the Ferrera phase, contrary to the findings of Ring (1992 a
and b) who claims E-W-stretching to be followed by NNW-SSE stretching.
At some locations it can be clearly seen that the Ferrera phase stretching
lineation is folded around Niemet-Beverin folds reorienting the stretching
lineations from a more N-S orientation on the lower limb to a more easterly
dip on the upper limb.

NNW-SSE trending Ferrera phase lineations not affected by D2 with unam-
biguous sense of shear are found in the contact zone to the Spliigen zone in
the mylonitized top of the Tambo basement (at Spliigen-Pass: Mayerat 1989,
Schreurs 1990) and at the base of the Tambo basement and within the Misox
zone (Schreurs 1990). A kinematic analysis of shear zone networks within
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Figure 14-14b

Ferrera and/or Niemet-Beverin phase stretching lineations (where assign-
ment to one or the other deformation phase is impossible) in Suretta and
Tambo nappes and in the Schams units in front of the Tambo nappe.
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Figure 14-15

Stereograms showing foliation poles (contoured) and stretching lineations
(points). Stretching lineations scatter on a great circle (best fit shaded) which
is identical with the average orientation of the foliation (pole to best fit great
circle for lineations (star) lies within maximum of foliation poles); a: Schams
units near Passo San Bernardino; b: front of the Tambo nappe (from Mayerat
Demarne 1994); c: Biindnerschiefer of the Misox zone; d: top of the Suretta

nappe.

the Truzzo granite (Marquer 1991) documents top NNW sense of shear
within the Tambo nappe.

Stretching lineations in the Suretta nappe, discernible as stretched deformed
pebbles, are invariably parallel to Ferrera phase fold axes and intersection
lineations (compare Figure 14-14a with Figure 14-16). Strictly, they only
represent finite elongation during the Ferrera phase and they do not necessar-
ily have a kinematic signification. In fact, strain measurements indicate a
strong flattening component and microstructural analysis suggests near-co-
axial deformation (Schreurs 1990). Also, the lineations do not turn into a pre-
ferred orientation near the basal thrusts of the nappes. For these reasons they
have no kinematic significance in terms of a transport direction which can
only be assumed to be subparrallel to the stretching lineation in the case of
simple shearing.

Arguments for top to the NNW movement regarding the Suretta nappe and
the Schams nappes entirely rely on analyses of fold facing. Regarding the
Schams nappes the axes of perfectly isoclinal F1 folds lie fairly close to the
orientation of L1 (Figures 14-14a,14-16), except for competent horizons.
The analysis of structural facing (younging direction projected normal to the
fold axis and lying within the axial plane, Figure 14-16) yielded the follow-
ing results (Schreurs 1990, 1993): (1) Facing azimuths systematically depart
in one direction away from the stretching lineation in the W-Schams, sug-
gesting unidirectional rotation of fold axes towards the stretching lineations
resulting in W to SW facing. This excludes true sheath fold formation and ar-
gues for rotation of fold axes due to systematic non-parallelism between
early formed fold axes of buckle folds with the shearing plane, progressively
rotating these fold axes during ongoing shearing deformation. (2) Facing di-
rections in the E-Schams have locally been reoriented by Niemet-Beverin
phase folding but NE-facing predominates. (3) The facing direction of non-
or little rotated fold axes in the W-Schams clearly indicate top to the NNW
transport.

F1 fold axes in the Tambo basement and Spliigen zone are curviplanar and
variable in orientation (Baudin et al. 1993). This is in contrast to the relatively
constant ENE trending fold axis orientation found within the frontal part of
the Suretta nappe (Milnes and Schmutz 1978, Schreurs 1990) for both large
and small scale isoclinal folds affecting the Suretta cover (Figure 14-16).
Since these folds have been coaxially folded around a large scale F2 fold
(Niemet-Beverin fold) their present day facing (up or SSW, Figure 14-16) re-
stores into NNW-facing after retrodeformation, again compatible with
NNW-directed transport during D1. The stretching lineation, if in fact ac-
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Figure 14-16
Orientation of subhorizontal Ferrera phase folds (arrows) and structural
facing direction (indicated by short tick with dot; up = upward directed fac-
ing direction)

quired during D1, suggests finite elongation perpendicular to the transport di-
rection. However, a D2 stretch accidentally parallel to earlier formed F1 fold
axes cannot be ruled out.

Orientations of fold axes in the Suretta cover dramatically change in the area
of Val Madris going south (see southernmost data in Figure 14-16; Hitz
1989, Schreurs 1990). The large scale Ferrera phase fold axes prefer a NW-
SE trend but small scale intersection lineations and fold axes straddle a com-
plete great circle in S1 (Hitz 1989). Facing is variable but predominantly NE
directed, resulting in apparent N-facing when projected into a N-S-section
(Figure 14-10a). Stretching lineations, where observable in the form of peb-
ble stretches, are mostly NW-SE to NNW-SSE oriented and close to large
scale F1 folds. This change in orientation of D1 structures occurs across the
trace of the Niemet-Beverin fold surface trace which leaves the Suretta base-
ment across Lago di Lei, running into the Suretta cover and Avers Biindner-
schiefer (southernmost part of Figure 14-11), contrary to the findings of
Milnes and Schmutz (1978). Hence, this southerly area being situated in the
lower limb of the Niemet-Beverin fold may have largely preserved the
NNW-SSE-orientation of the Ferrera phase lineation which, in this case,
would be parallel to the supposed transport direction (contrary to the stretch-
ing lineations near the front of the Suretta nappe which are perpendicular to
the transport direction). Locally, however, Niemet-Beverin phase folds are
also observed in Val Madris. Therefore a reorientation of Ferrera phase folds
by later straining during the Niemet-Beverin phase cannot be excluded.

In summary, the Ferrera phase represents at the same time (i) the major event
of nappe imbrication and (ii) the main phase of ductile penetrative deforma-
tion in the area. Penetrative deformation follows earlier detachments during
the Avers phase and/or during the early stages of the Ferrera phase. The ori-
entation pattern of stretching lineations is very complex. This is partly due to
later deformation during the Niemet-Beverin phase, partly to the fact that not
all stretching linations can be inferred to have formed subparallel to the trans-
port direction. Arguments for approximately NNW directed movement dur-
ing this phase can only be locally found (base of Tambo and Suretta nappes)
or be inferred from an analysis of fold facing (Schams nappes). It cannot be
excluded, however, that this NNW transport direction may have been reori-
ented to some extent by later deformation phases. In fact, neighbouring areas
with less intense post-Ferrera phase overprint exhibit slightly different move-
ment directions. Froitzheim et al. (1994) inferred a N to NNE directed trans-
port direction for Tertiary thrusting in the Austroalpine nappes (their Blaisun
phase), probably coeval with the Ferrera phase as defined for the Penninic
units. Therefore the NNW transport direction inferred from our study area
may be of rather limited precision and in fact may have been deflected from
strictly N to NNW due to later strains.



14.3.1.3 The Niemet-Beverin phase: nappe refolding
and vertical shortening

On a large scale the D2 Niemet-Beverin fold clearly overprints Ferrera phase
thrust contacts and isoclinal folds (Figures 14-10,14-11). Large scale folding
inverts the nappe pile presently found in the upper limb of the Niemet-Beverin
fold axial trace consisting of (from top to bottom in its present position): (1)
N-Penninic Biindnerschiefer and flysch (mainly Arblatsch flysch); (2) ophi-
olitic mélange zones (Martegnas); (3) part of the Schams nappes (E Schams);
(4) the top of the frontal Suretta nappe with its spectacular backfolds. The
axial trace of the Niemet megafold discovered by Milnes and Schmutz (1978)
can be followed into the frontal Beverin fold (Figures 14-10a and b) in the
Schams nappes (Schreurs 1990, 1993) and as far N as the Stétzerhorn (Figure
14-2, above Rothenbrunnen) into a S-facing isoclinal fold (Jackli 1941). In-
version of Ferrera phase imbricate thrust sheets occurs over a distance as long
as 40km (measured in a N-S section from Rothenbrunnen to the S end of the
Schams nappes and the Arblatsch flysch near Alp Sovrana; see Figure 14-2).
Large scale Z-shaped parasitic folds (viewed towards the E, Figure 14-10b)
are observed to refold the imbricates at the front of the Tambo and Suretta
nappes (W-Schams, Schreurs 1990, Mayerat 1989). Parasitic folds are also
observed above the front of the Suretta nappe, where they affect the E-Schams
nappes, the overlying Martegnas slice and the Arblatsch flysch (Schreurs
1990). These Niemet-Beverin phase folds are not visible in Figure 14-10a
since their fold axes run parallel to the plane of the section. The Z-shaped folds
in the front of the Tambo nappe may be treated as parasitic folds in respect to
the Niemet-Beverin megafold. Most of the “backfolds” found within the
northern part of the Suretta nappe (new work by Pfiffner, DallaTorre 1991 and
Christen 1993), however, represent formerly N-facing Ferrera-phase mega-
folds reoriented by the Niemet-Beverin phase. The large backfold at Piz
Grisch is a notable exception and has formed (or was at least amplified) during
the Niemet-Beverin phase. On the other hand, the Z-shaped folds found above
the trace of the Niemet-Beverin megafold (Figure 14-10a, above the frontal
part of the Suretta nappe) formed during the Domleschg phase. On a mes-
oscopic scale the Niemet-Beverin cleavage, S2, can be continuously traced
through the Niemet-Beverin fold axial trace from lower limb to upper limb.
Interestingly, the basal “backthrust” of the E-Schams nappes over the Suretta
cover and Avers Biindnerschiefer (Figure 14-10a, central part) is seemingly
planar (where not affected by D3 folding discussed later) and suggests that
post-nappe (re)folding is associated with some amount of “backthrusting” in
the upper limb of the Niemet Beverin fold. We will discuss later that “back-
thrusting” and megafold formation probably both result from N to NW-
directed differential movement of the Suretta and Tambo nappes in respect to
the orogenic lid.

Pauli (1988) showed that the southern termination of the E Schams nappes
(Figure 14-10a, inset near southern end of the profile) is caused by isoclinal
Niemet-Beverin folding associated with a S-closing (in N-S profile view)
megafold (Wissberg fold). This confirms the early views of Haug (1925) and
Streiff (1962) and shows that the Middle Penninic Falknis-Sulzfluh-nappes
(northern part of Figures 14-1, 14-2) in principle represent the N continua-
tion of the E-Schams nappes in the hangingwall of the Arblatsch flysch. A
mega-scale Z-shaped fold affecting all the Briangonnais units of Graubiinden
appears in a large scale cross section (cross-hatched in Figure 14-2): The
Falknis-Sulzfluh nappes form the upper right-way-up limb, the E-Schams
nappes the overturned short middle limb, and the W-Schams nappes the
lower right-way-up limb in respect to Niemet-Beverin phase mega folding.
How can such mega-scale folding lead to the overturning of a 40km long
(measured in N-S-direction) “short” middle limb possibly have formed? The
only feasible model we know of is that proposed by Merle and Guillier
(1989), extensively discussed in Schmid et al. (1990). In brief: Post-colli-
sional shortening in the root zone near the Insubric line during the Early Oli-
gocene led to the vertical extrusion of the southern Penninic units in the
Bergell area. Due to the presence of a rigid orogenic lid vertical flow within
the ductile Penninic units was deflected into a near-horizontal direction and
towards the N at shallower levels immediately below the lid. This led to a
horizontal differential movement towards the N of the Tambo-Suretta pair
both in respect to the overlying units (Austroalpine) and the underlying units
(Adula nappe). It is this differential movement which is responsible for the
apparent back-folds in the Suretta cover which simply represent originally
N-facing Ferrera phase folds reoriented by the Niemet-Beverin phase strain.
However, the second and structurally higher (in respect to the Niemet-Be-
verin-fold) megafold (Wissberg fold) is severely overprinted by a later, ESE
directed normal fault, the Turba mylonite zone (Liniger 1992, Nievergelt et
al. 1996) running along the base of the Platta nappe and cutting down section
from N to S (from top Arblatsch flysch to top Avers Biindnerschiefer, Figure
14-2). Hence, omission by out of section normal faulting is responsible for
the complete lack of Briangonnais tectonic units in the upper limb of the
Wissberg fold along our N-S profile which runs approximately parallel to the
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Figure 14-17
Strike and dip of the Niemet-Beverin phase foliation.

Turba normal fault (Figure 14-2). Between the Wissberg fold and the S ter-
mination of the Falknis nappe near Lenzerheide, only a very thin lens of Bri-
angonnais units is found near Tiefencastel and in the hangingwall of the Ar-
blatsch flysch (Streiff 1962).

In the surroundings of the frontal Tambo nappe, Mayerat (1989) attributed a
local E-dipping lineation (“L3") with top to the E shear sense to an E-W ex-
tension. Marquer (1991) and Baudin et al. (1993) also described top to the E
shearing in the Tambo nappe associated with a stretching lineation. These au-
thors, however, correlated this E-W-extension with their second phase (the
Niemet-Beverin phase). Thus, it appears that Niemet-Beverin folding is coe-
val with E-W extension. This E-W stretch, which we attribute to the Niemet-
Beverin phase following Marquer (1991) and Baudin et al. (1993), leaves no
trace in terms of large scale structures in a N-S profile except for the above
mentioned omission at the Turba normal fault. Large scale parasitic folding
in front of the Tambo nappe could be the combined effect of megafold for-
mation largely related to N-directed differential movement of the Suretta-
Tambo pair accompanied and/or immediately followed by E-W extension.
Interestingly, no E-W extension was recorded in the Schams nappes further
to the N where such Z-shaped parasitic folds also occur in the lower limb of
the Niemet-Beverin axial trace.

Strains associated with the Niemet-Beverin phase vary in space. In the
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