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Folds were the first tectonic features of rocks to be studied and
as such are taken as a reference for the interpretation of other
structures. Intuitively, fold axes were assumed to be subperpen-
dicular to the direction of transport. Nevertheless, many studies
of metamorphic belts showing intense ductile deformation describe
folds with axes close to the transport direction. In particular,
sheath folds'~®, are highly curvilinear folds elongated parallel to
the direction of transport. We discuss here a spectacular large
sheath fold situated in a crustal shear zone in the Monte Rosa
nappe, Swiss Alps. Our analysis implies that both the geometry
and significance of folds in the internal Alps must be re-examined.
We further demonstrate the existence of crustal ductile shear zones
in an area of the Alps where previously emphasis was generally
placed on fold nappes; the movements on these shear zones is
often tens of kilometres.

The Monte Rosa nappe (Fig. 1), Swiss Alps, representing the
northernmost internal crystalline massif, is a spectacular
example of deep ductile deformation. It is made up of Hercynian
basement rocks, mainly gneiss and schists, intruded by late
Hercynian granites'” and unconformably covered by Permo-
Carboniferous volcaniclastic rocks and by a series of Mesozoic
sediments'®'?. All these were intensively reworked during the
Alpine tectonometamorphism with the formation of gneisses,
micaschists and mylonites, and are tectonically overlain by the
Zermatt Saas-Fee ophiolite thrust sheet?,

The polyphase Alpine metamorphism may be divided into
two major events: as a high-pressure eoalpine metamorph-
ism'“'*, (the climax of this metamorphism occurred around
110 Myr ago in eclogitic conditions (15 kbar), followed by a
decrease of pressure to 7-8 kbar until 60 Myr)'®'", and the
Alpine (s.s.) metamorphism at around 38 Myr ago'”"'®, in green-
schist to amphibolite conditions.

In the Monte Rosa area, as in all the pennine Alps, the
intensity of the Alpine deformation is evidenced by large recum-
bent nappes'**? and the presence of a prominent Alpine foliation
and intense microfolding'®*'~**. However, such studies can only
analyse fold geometry and usually describe several phases of
folding®. The direction of transport is generally assumed to be
perpendicular to the fold axes and the vergence of ‘tectonic

Fig. 1 Geological landscape of the ‘eye fold’ of
Mattmark, viewed from the Gruenberghorn (3,015m)
towards the north-west. 1, Ophiolites; 2, Jurassic brown
caleschists; 3, marbles; 4, quartzites; 5, paragneiss and
schists. Inset location of the studied area (Monte Rosa
nappe) in the Western Alps. The internal crystalline
massifs are shaded; crosses indicate the external crystal-
line massifs. B, Briangonnais zone; SL, Schistes lustrés
and ophiolites; S, Sesia zone; P, pennine nappes of the
Lepontine area.

Fig. 2 Structural map of the ‘eye fold’. The arrows represent the

stretching lineations. In the Schmitt diagrams (lower hemisphere

projection): A, foliation; A, stratification; [J, stretching lineations;
@, intersection lineations (S,/S, or Sy/5,_,).

phases’ is deduced from the apparent vergence of folds.

Our recent work?>?¢ has attempted to study the deformation
mechanisms using tectonic and microtectonic analysis. We
obtained the following results: firstly, The most significant
microstructure is the prominent stretching lineation. This is
clearly recognized by the elongation of deformable markers
(such as pebbles), the stretching of porphyroclasts or rigid
inclusions (feldspars in gneissic rocks, dolomitic layer in
marbles) and also by mineral elongation (biotite, phengite,
recrystallized quartz, feldspar or calcite, elongation of pressure
shadow crystallizations). These lineations represent finite
extension. On average they trend N 110° E, plunging slightly to
the west-north-west. Despite variations (from N70°E to
N 140° E) which may be related to heterogeneities of the defor-
mation”’, they are regionally coherent. Secondly, the major
deformation observed is generally intense and progressive, and
shows evidence of non-coaxial deformation such as quartz
petrofabrics®, coherent displacement along shear zones?’,




Fig. 3 Schematic structure of the ‘eye fold’. 1, Paragneiss and
schists; 2, quartzites; 3, calcschists; 4, ophiolitic thrust sheet
(mainly serpentinites).

deformed porphyroclasts and pressure shadows®, and shear
band cleavages. Overall characteristics, the deformation
resembles the result of simple shearing. As in shear zones the
stretching lineation in the intensely deformed areas seems to lie
close to the direction of shear.””** On a regional scale, the
lineations trace approximately straight paths. Two different units
can be distinguished on the basis of the determined shear
senses”’. The first, the Monte Rosa nappe and its sedimentary
cover, is characterized by shearing to the west-north-west associ-
ated with crustal ductile and major thrusting towards the west-
north-west. The second unit, the Portjengrat unit, situated
immediately south of the Mischabel backfold, shows east-south-
eastward shears. We believe this deformation to be related to
antithetic ductile thrusting®'. Finally the observed progressive
deformation mainly occurred during retrograde metamorphism
at about 40 Myr. It may represent a late, although intense, phase
of a complex deformation history and is probably related to
major thrusting during and after continental collision.

In the vicinity of Mattmark in the Saas valley, a large-scale
‘eye fold’ has been recognized™ and studied®. It is well exposed
(Fig. 1), between 2,700 and 2,200 m, in a cliff oriented NNE-
SSW and has been partly mapped' "', It affects the sedimentary
rocks of the Gornergrat zone with Upper Triassic marbles in
the core of the fold, surrounded by Lower Triassic quartzites.
This structure is in turn surrounded by schists and paragneisses
(probably Permo-Carboniferous) and overlain by a slice of
brown caleschists (schistes lustrés of supposed Jurassic age) and
by the Zermatt Saas-Fee ophiolitic thrust sheet'?,

From the neighbouring summits (around 3,000 m) the ‘eyed’
structure is picked out by marble layers. On the outcrop both
quartzite and marble layers surround the eye without discon-
tinuity and define a closed structure (Fig. 1). The stretching
lineation is generally prominent; in quartzites, very elongated
pebbles, quartz rods and a mineral lineation (elongated phengite
or quartz crystals) can be seen; in marbles or calcschists, the
lineation is marked by boudinage of the dolomitic layers, the
stretching of dolomitic inclusions or porphyroclasts (such as
garnets) and elongation of minerals, and pressure shadows.
These lineations show nearly constant direction in the studied
area (Fig. 2) and on average trend N 120° E. Microfolds are
isoclinal and more frequent in the north and south hinge zones
of the eye fold (where we also observed small sheath folds and
a mushroom-shaped fold) and also on the Jurassic calcschists.
Both the fold axes (microfolds, north and south hinge zones of
the eyed structure) and the intersection lineation, S,/S, or
5,85, are parallel to the stretching lineation (Fig. 2).

The relative orientations of the bedding (S,) and the fold axes
suggest that the fold is cylindrical and that the eyed pattern is
not a topographic effect (Fig. 3). Based on this structure and
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Fig. 4 Progressive reorientation of the limbs of a passive sheath
fold. a, The model. (i) Idealized deformation of a cube of side.
C/2 by simple shear (with shear strain y); (ii) the same deforma-
tion applied to a cross-section of shape B, C representing the hinge
zone of the fold; (iii) a simplification of this geometry to yield the
angle a between the limbs and the long axis of the fold, as a
function of ¥ and of the shape (B/C) of the fold. b, Curves of a
versus y. The curve B =3.3C corresponds to the fold of Mattmark.
v is estimated to a minimum value of 19.

on the intensity, mechanism and kinematic of deformation, we
interpret this eye fold to be a section lying subperpendicular to
the axis of a large sheath fold"?. This fold would be elongated
parallel to the stretching lineation trend and of the order of
several kilometres in size. It represents a synclinal structure with
the younger rocks (marbles) in the core. There is no direct
evidence for an east or west closure of this fold, that is, an
eastward- or westward-facing nose. It is possible that a such
large sheath fold is the result of a dramatic deformation associ-
ated with the westward crustal shearing rather than ductile
backthrusting; if this is the case, the closure of the synclinal
sheath fold should be to the east.

Other large folds exist in the Gornegrat zone. For instance,
immediately north of the eye fold, we have described a refolded
isoclinal fold of kilometre scale whose axis is always parallel
to the stretching lineation®>, On the metric scale, most folds
show certain characteristics consistently over the whole area
studied: they are highly isoclinal with very elongated limbs; the
fold axes are generally straight and parallel to the stretching
lineation; folds are clearly visible in sections perpendicular to
the lineation where their apparent vergence is generally to the
south-west. Nevertheless, folds showing opposite vergence (both
to the south and north) on the same outcrop and mushrooom-
shaped folds are relatively common. Two major folding phases
(F, and F,) with the same geometrical characteristics have
previously been described®.

Hence, the present deformation analysis indicates that folds
in the Monte Rosa area (except obvious late folds) may represent



either: (1) folds (‘“‘a folds™)** with axes close to the long axis
of the strain ellipsoid, as shown by the stretching lineation,
which then approach the shear direction or (2) sheath folds:
both result from or were strongly deformed during, the large
progressive shearing.

The mechanism of formation of sheath folds during progres-
sive deformation is well established'’. They appear to be the
result of kinematic amplification of ‘deflections’ in the folded
layers which produced curvilinear folds that became progres-
sively more elongated during the deformation. The presence of
a kilometre-scale sheath fold suggests that the shearing mechan-
ism took place over a large area and caused very large deforma-
tion and transport. Commonly occurring folds lying parallel to
the direction of shear were probably formed by reorientation,
during the progressive deformation, of folds initially lying
oblique to the shear direction®***. Such oblique folds may have
been induced during this deformation by the shearing of layers
inclined relative to the shear plane®*-*.

In the absence of strain markers, an estimate of the shear
strain can be obtained from a simple model of the geometry
and evolution of the sheath fold. If exact, such an estimate
would be more significant than a point-by-point strain analysis,
because it would represent the average bulk shear strain for the
whole volume of rock.

Assuming simple shear for the progressive deformation (Fig.
4a(i)), and a passive sheath fold, the shape of the hinge zone
(Fig. 4a(ii)), represented in Fig. 4a(iii) by a triangle, is con-
sidered to be the result of kinematic amplification?® of the deflec-
tion (Fig. 4a(ii)). We may calculate the angle a as a function
of the shape of the sheath fold (B/C) and the shear strain (y):

B 1
a =arctan | — —— 1

(C Jyi+ 1) (1)
Different curves, for different values of B/ C, can now be plotted
(Fig. 4b); the curve B/ C =10/3 corresponds to the Mattmark
fold. We may then relate the characteristics of the observed
sheath fold (the angle between the fold axes in the two hinge
zones of the eye, which corresponds to 2«). Based on the
approximately cylindrical shape of the Mattmark fold, we can
consider the angle between the two axes to be <20° (that is,
«=10°). This leads to a minimum estimate for the bulk shear
strain of y =19, for a fold with the observed dimension (B/C =
10/3). Although this is an oversimplified model (which assumes
simple shear, unknown shape of the deflection, and only passive
reorientation), such an estimate may be a useful average value
for the bulk shear strain. It agrees with the microstructural and
textural characteristics of rocks such as: the elongation of quartz
pebbles in conglomerates®™ (A,/A; up to 50 and a K parameter
close to 1 where A, and A; are finite strain axes and K is the
shape parameter for the strain ellipsoid and is 1 when in plane
strain); mylonitic microstructures®’; and well-defined preferred
lattice orientation of quartz.

In terms of transport, for a shear zone 1 km thick (minimum
thickness for the intensely sheared area situated at the top of
the Monte Rosa nappe), the value for y obtained requires a
minimum displacement of ~20 km. Note that much more move-
ment may occur on discrete fault zones.

Such an analysis, associating folds with a deformation
mechanism, has several implications.

First, for highly deformed areas, it seems logical to assume
that folds perpendicular to transport (‘b fold’) cannot exist
except in the case of late folds. This is true for mylonite zones*®
and also for deep parts of mountain belts such as the
Himalayas®®, the Alps***’ or the North American Cordillera*'**,
Hence, geometrical analyses of folds are not good kinematic

indicators and must be used in association with analyses of
ductile deformation mechanisms.

Second, this work demonstrates the importance of thrust
displacements of several tens of kilometres along ductile shear
zones, in an area where previously much emphasis was placed
on fold nappes'®****, As has already been proposed for the
French-Italian Alps*’, deformation analyses show that the evol-
ution of the Swiss part of the belt is highly logical, and is
dominated by thrusting towards the west-north-west, without
major gaps between the external and internal Alps.

Finally, deformation analysis should be carried out on all the
internal parts of the Alps. Some advances have been made on
the French-Italian part***, but in the famous Pennine nappes
of the Swiss Alps'®*® studies have concentrated on the super-
posed folding®***, According to the highly deformed state of
the rocks, fold geometry seems to be unrelated to the kinematic
evolution, except in the case of late folds. It is probable that
major deformations occurred in a shear context*>*’ with the
formation of stretching lineations*®* tracing the shear direc-
tions. It would now be of great interest to study ductile deforma-
tion and its kinematics and to relate it to the fold geometries,
with a view to analysing sheath folds*” and folds subparallel to
the shear directions.
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