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Structure and kinematics of the Jungfrau syncline, Faflertal
(Valais, Alps), and its regional significance
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ABSTRACT

The formation and structural evolution of the Jungfrau syncline is described,
based on excellent outcrops occurring in the Lotschental, in the Central Alps
of Switzerland. The quality of the outcrops allows us to demonstrate that the
External Massifs of the Swiss Alps have developed due to internal folding.
The Jungfrau syncline, which separates the autochtonous Gastern dome
from the Aar massif basement gneiss folds, is composed of slivers of basement
rocks with their Mesozoic sedimentary cover. In the Inner Faflertal, a side
valley of the Lotschental, the 200 m thick syncline comprises four units, the
Gastern massif with a reduced Mesozoic sedimentary cover in a normal strati-
graphic succession, two units of overturned basement rocks with their Meso-
zoic sedimentary cover, and the overturned lower limb of the Tschingelhorn
gneiss fold of the Aar massif with lenses of its sedimentary cover. Stratigraphy
shows that the lower units, related to the Gastern massif, are condensed and
that the upper units, deposited farther away from a Gastern paleo-high, form a
more complete sequence, linked to the Doldenhorn Meso-Cenozoic basin fill.
The integration of these local observations with published regional data leads
to the following model. On the northern margin of the Doldenhorn basin,
at the northern fringe of the Alpine Tethys, the pre-Triassic crystalline base-
ment and its Mesozoic sedimentary cover were folded by ductile deformation
at temperatures above 300 °C and in the presence of high fluid pressures, as

the Helvetic and Penninic nappes were overthrusted towards the northwest
during the main Alpine deformation phase. The viscosity contrast between
the basement gneisses and the sediments caused the formation of large base-
ment anticlines and tight sedimentary synclines (mullion-type structures). The
edges of basement blocks bounded by pre-cursor SE-dipping normal faults at
the northwestern border of the Doldenhorn basin were deformed by simple
shear, creating overturned slices of crystalline rocks with their sedimentary
cover in what now forms the Jungfrau syncline. The localisation of ductile
deformation in the vicinity of pre-existing SE-dipping faults is thought to have
been helped by the circulation of fluids along the faults; these fluids would
have been released from the Mesozoic sediments by metamorphic dehydra-
tion reactions accompanied by creep and dynamic recrystallisation of quartz
at temperatures above 300 °C. Quantification of the deformation suggests a
strain ellipsoid with a ratio (1 + ¢,/ 1 + e;) of approximately 1000.

The Jungfrau syncline was deformed by more brittle NW-directed shear
creating well-developed shear band cleavages at a late stage, after cooling
by uplift and erosion. It is suggested that the external massifs of the Alps
are basement gneiss folds created at temperatures of 300 °C by detachment
through ductile deformation of the upper crust of the European plate as it was
underthrusted below the Adriatic plate.

Introduction

The structural relation between the external crystalline Alpine
massifs of Aiguilles Rouges, Mont Blanc, Gastern, Aar and
Gotthard is still debated in the Alpine geological literature. The
question is: how did the External Crystalline Massifs develop?
Are they:

— basement thrusts (Boyer & Elliot 1982; Butler et al. 1986;
Butler 1990), or

— basement folds (Steck 1968, 1984, 1987, 1990; Milnes &
Pfiffner 1977; Escher et al., 1988, 1993, 1997; Epard, 1990;
Epard & Escher, 1996; Escher & Beaumont, 1997; Steck et
al., 1999,2001).

The concept of folded basement gneisses and fold nappes that
are juxtaposed and linked by real synclines was first suggested
by Argand (“synclinaux de raccord”, 1911, 1916). Argand’s
model was based on the geometry of the frontal anticlines and
the symmetry between the fold limbs of the crystalline nappes
of the Western Penninic Alps. The frontal part of the basement
fold nappes are often well exposed in the Alps and their inter-
pretation as fold hinges is conclusive. Good examples are the
Aar and Gotthard massif folds or the Antigorio, Monte Leone
and Siviez — Mischabel fold nappes (Escher et al. 1988, 1993;
Escher and Beaumont 1997; Genier et al. 2008). Pfiffner et al.
(1997a,b & c) illustrate in their geological profiles through the
external massifs the well exposed Aar massif basement folds
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Fig. 1. Geological sketch and cross-section of the
western Aar massif and its autochthonous and al-
lochthonous Mesozoic sedimentary cover units,
indicating the geographic position of the Jungfrau
syncline and the studied area in the Inner Faf-
lertal (Lotschental, Valais, Switzerland).

and on the same profiles a basement thrust of the Gastern
massif situated at a deeper tectonic level. The existence of this
Gastern thrust is not impossible. However, we think it more
likely that the overthrusted Gastern massif forms a recum-
bent gneiss fold, detached by ductile deformation from the
subducting European crust, similar to the fold suggested by
Escher et al. (1993) for the Aiguilles Rouges massif. A possible
mechanism of ductile detachment by simple and pure shear is
discussed in Escher and Beaumont (1997). Ramsay (1967) sug-
gested that the folded surface of the Belledonne massif in the
French Alps, with its open anticlines and pinched synclines, is
an example of ductile deformation of the contact between two
materials of contrasting viscosity (mullions): the competent
basement gneiss and the incompetent calcareous cover sedi-
ments. However, these observations do not solve the problem
of the nature of the synclinal structures at the borders of the
external massifs and between the fold nappes: are they real
synclinal folds or thrust faults, or some complex combination
of folding and thrusting? The Lotschental, in the Canton of Va-
lais, Switzerland, offers the opportunity to study one of these
structures, the so-called “Jungfrau Keil”, or Jungfrau zone or
syncline, in excellent outcrops. The Jungfrau syncline is an up
to 300 m wide zone, composed of slices of Mesozoic sediments
and basement, that separates the autochthonous Gastern base-
ment dome from the external Aar massif over a distance of
20 km along strike (Fig.1). The aim of the present study was
to decipher the structural history, kinematics and metamor-
phic conditions of this complex zone. We demonstrate that the
Jungfrau syncline represents a real synclinal fold that links the
Gastern basement dome with the Aar massif basement gneiss
folds. This local model leads to a regional kinematic model for
the formation of basement gneiss folds and fold nappes in the
Alps.
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Geological setting

In the study area, a 100-300 m wide zone composed of slices
of Mesozoic sediments and basement rocks represents the
Jungfrau syncline, separating the crystalline basement of the
Gastern — Lauterbrunnen massifs from those of the Aar mas-
sif in the Helvetic domain of the Swiss Alps (Fig. 2, section
A). The zone was investigated by Lugeon (1914-18) in the
Ferdenrothorn — Balmhorn transect (Fig. 2, sections B and C,
Tab. 1) and by Collet and Paréjas (1931) between the type-lo-
cality at the Jungfraujoch to the east and the Inner Faflertal
in the upper Lotschental to the west (Fig. 1). Collet and Paré-
jas (1931) observed in the Inner Faflertal that the mylonitic
basement slices of this zone are underlain by an overturned
autochthonous succession of Triassic and Jurassic sediments
and concluded that this rotation was the result of folding. The
Jungfrau syncline was mapped at a 1:25'000 scale by Hiigi et
al. (1988). The syncline was studied in great detail by Kray-
enbuhl (1984) in the Inner Faflertal and Crestin (1990) in the
Lotschpass region. The Jungfrau syncline was also crossed sig-
nificantly deeper by the new Lotschberg railway tunnel that
links Raron in the Rhonetal to the south with Fruttigen in the
Kandertal to the north (Kellerhals & Isler 1998, and Hans-
Jakob Ziegler and Alfred Isler, BLS Alptransit AG, personal
communication). An attempt to synthesize the structural data
along the present section through the Aar massif and Penninic
nappes to the south was made by Steck in 1984 (Fig.3). The
structure of the Jungfrau syncline is not cylindrical; the number
of units composed of basement with their Mesozoic sediment
cover in an overturned position varies. The number is for ex-
ample different on the western (Fig. 4) and eastern side (Fig. 5)
of the Inner Faflertal. This study focusses on the excellent and
representative outcrops exposed at altitudes between 2300 and
2700 m on the left (eastern) side of the Inner Faflertal (Plate 1
and Fig. 5).



Stratigraphy — two slices of Gastern granite gneiss, with their Mesozoic

.. . . sedimentary cover in an overturned stratigraphic position
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Fig. 2. Three geological cross-sections (A, B and C on Fig. 1) through the western Aar and Gastern massifs, sections A and C modified after Steck et al. (2001);
section B of the new Lotschberg railway tunnel (Hans-Jakob Ziegler and Alfred Isler, BLS AlpTransit AG, personal communication). On these three sections the
reader is looking parallel to the SW-plunge direction of the Aar and Gastern massifs, with the NW to the right and the SE to the left. This orientation is opposite
to the NW (left) — SE (right) geological sections in the other Figs. in this paper. Key: A = amphibolite, C = Carboniferous, Ge = Gellihorn nappe, J1 = Liassic,

J2 = Dogger, J3 = Late Jurassic, K = Cretaceous, RKG = Jurassic Rote Kuh — Gampel normal fault, Ta = Taveyanne flysch, Te = Tertiary flysch, Tr = Triassic.

Table 1. Alpine tectonic units of the studied transect through the Helvetic domain, modified after Steck et al. (1999).
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Fig. 4. View of the right (western) side of the up-
per Inner Faflertal with, from bottom to the top,
three units forming the Jungfrau syncline struc-
ture: the Gastern granite in its normal position,
and the Unit I and the Aar massif gneiss in an
overturned position. Note that the competence
of the Triassic dolomite boudins was higher than
the Gastern and Aar massif gneiss and much
higher than the Quinten marble.
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Mesozoic sediments and crystalline slices. The distance between the left and right corner of the picture measures 850 m. The Gastern granite basement in its normal position is overlain by the Units

Fig. 5. View of the left (eastern) side of the Inner Faflertal and between an elevation of 2344-2700 m over sea level (Plate 1) illustrating the normal and reverse limbs of the Jungfrau syncline of
I and II and the Tschingelhorn fold in an overturned position (Legend on Plate 1, F7-F12 indicate the localities of Figures 7-12).
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The Triassic to Jurassic stratigraphic columns for the four units
are given on Fig. 6. For comparison, the complete stratigraphic
column of the Doldenhorn nappe, composed of Triassic to
Tertiary sediments (Krebs 1925; Lugeon 1914-1918; Herb &
Masson in Masson et al. 1980; Triimpy 1980; Loup 1992), is also
shown.

The Gastern granite is a biotite-granodiorite, intrusive into
pinite and cordierite migmatites of the Lauterbrunnen crystal-
line (Rutishauser & Hiigi 1978). Zircons of the Gastern granite
have been dated at 303 + 4 Ma by Schaltegger (1993) using the
U-Pb method. The surface of the Gastern granite is affected by
a green and red coloured zone of weathering, attributed to the
Permian (Hiigi et al. 1988), and locally transformed to a depth
of 1-2 meters into a brown coloured granitic arenite, with deci-
metric to metric brown concretions of ferruginous dolomite,
testifying to the preservation of a Permian paleosol. Spectacular
outcrops of this paleosol are exposed at an altitude of 2520 m
in the Inner Faflertal and also in the Lotschberg area. Above

this Permian paleosol, the sedimentary cover is restricted to au-
tochthonous Triassic slate and dolomite in the Lotschental. The
younger Jurassic-Tertiary sediments are believed to have been
detached and moved northwards; they are interpreted to occur
farther north at Stechelberg, in the upper Lauterbrunnental,
on the western slope of the Silberhorn (Collet & Paréjas 1931;
Herb in Masson et al. 1980). At this locality, Upper Jurassic to
Cretaceous sediments in a normal succession occur as imbri-
cated slices between the autochthonous Mesozoic-Cenozoic
sediments of the Gastern massif and the inverted limb of the
Doldenhorn fold nappe.

In the present study area, the Jungfrau syncline is composed
of two slices of Gastern granite gneiss, each with their Meso-
zoic sedimentary cover in an overturned stratigraphic position
(Units I and II);

Unit I consists of Triassic slate and carbonates overlain by Late
Jurassic limestone (Quinten limestone). The Triassic sequence
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Fig. 6. Stratigraphic columns of the tectonic units that compose the Jungfrau syncline.



is an up to 10 m thick, condensed sequence of siliciclastic sedi-
ments, carbonates and evaporites deposited during the Middle
— Late Triassic on a shallow marine platform environment on
the European continental margin (Frey 1968, 1969). They were
transformed to quartzite, slate, dolomite and anhydrite through
low grade metamorphism. Anhydrite rocks and anhydrite-bear-
ing dolomites are exposed in the Lotschberg railway tunnel.
They are altered at the surface into a cellular dolomite breccia,
known as cargneule (in France) and cornieule or Rauhwacke
(in Switzerland); good examples occur on the western flank
of the Inner Faflertal. The Early and Middle Jurassic marks a
long period of non-deposition/erosion in Unit I. Sedimentation
resumes in the Late Jurassic with shallow marine marly green-
ish-grey limestones and massive light-grey, partly dolomitic
limestones attributed to the Oxfordian and the Quinten lime-
stone respectively. These limestones are partly transformed
into marbles.

Unit IT is similar to Unit I, except that a member composed of
sandy limestone and oolitic limestone attributed to the Middle
Jurassic separates the Triassic from the Late Jurassic member.

Cretaceous and Tertiary sediments are missing in both units. It
is supposed that these higher sequences were detached during
an early phase of top-to-the-NW thrusting at the base of the
higher Helvetic and Penninic nappe stack, preceding the for-
mation of the Aar massif basement gneiss folds.

The stratigraphic gaps in the sedimentary cover of the
Gastern massif and Units I and II testify to the presence of a
paleo-relief controlling the sedimentation to the north of the
Doldenhorn basin (the future external Aar massif, Figs. 1 and
2) during the Early to Middle Jurassic. The half-graben geom-
etry of the Doldenhorn basin is described in the next section.

Tectonic structures

The Mesozoic Doldenhorn half-graben basin and its Alpine
folding (F, folds and S, schistosity)

The number of tectonic units that compose the Jungfrau syn-
cline is variable, but their overturned stratigraphic polarity is
a constant feature in all studied outcrops between the Inner
Faflertal to the east and the Lotschenpass to the west. It is also
observed in the new Lotschberg railway tunnel (Figs. 1 and 2;
Hans-Jakob Ziegler and Alfred Isler, BLS — Alptransit AG, per-
sonal communication). The Gastern massif preserved its origi-
nal normal position, whereas the stratigraphic polarity was uni-
formly overturned in the Units I and II and in the lower limb
of the northern gneiss fold of the Aarmassif, the Tschingelhorn
fold (Figs. 1,3 and 5, and Plate 1). Collet & Parejas (1931), de-
scribing the inverted stratigraphic succession, already proposed
that this rotation could only happen by folding. In their model,
the Gastern massif forms the lower normal limb of the Jungfrau
syncline, and the Units I and II and the Tschingelhorn unit an
upper overturned limb linking to the Doldenhorn fold nappe.

As indicated later, we suggest in our model that the Units I
and II evolved from a half-graben geometry with en-echelon
discontinuous SE-dipping Jurassic normal faults at the mar-
gin of the Doldenhorn basin, with the upper units apparently
deposited farther away from a Gastern basement paleo-high.
We propose that the fault blocks were deformed in a ductile
regime in a top-to-the NW-directed shear zone, leading to the
non-cylindrical geometry of the Jungfrau syncline. Such over-
turned half-graben limbs of metric to decametric dimensions
are also observed at elevations of 2500 and 2570 m at the limit
between the Gastern basement and Unit I (Plate 1). F, folds
and a penetrative S, schistosity were developed during this first
phase of Alpine deformation. They are difficult to recognize,
as they have been pervasively overprinted by subsequent de-
formation stages. Veins parallel to S, with quartz-calcite fibres
also developed during the first phase of Alpine deformation
and are observed in the fold hinges of later folds (Figs.7 and
8). F, folds are very rare. An example is exposed 50 m to the
S and below the point 2458 m on the structural map (Plate 1;
Swiss coordinates: 632.930/139.565) and in the outcrop view of
Fig. 5. The axial surface of that fold has a more shallow dip than
that of the Mesozoic zone and of the later folds, pointing to
the fact that the Jungfrau syncline has probably developed as a
true F, syncline. Only the upper part of the Gastern granite and
gneiss is affected by this deformation. A SE-dipping schistosity
penetrates into the Gastern basement surface at an acute and
steeper angle and only a few centimetres to decimetres (Fig. 9).
The Gastern granite preserved its pre-Alpine magmatic struc-
ture in deeper parts. The formation of the superficial NW-verg-
ing schistosity in the Gastern granite was contemporaneous
with the successive development of the three (S;-S;) schistosi-
ties and crenulation cleavages in the higher units.

Main second schistosity S,, SE-plunging stretching lineation
L,, and F, folds

The Jungfrau syncline was overprinted during a second phase
of Alpine deformation by a second penetrative schistosity S,,
characterised by a SE-plunging stretching lineation L, and iso-
clinal NW-verging F, folds. The F, fold axes are mostly rotated
parallel to the SE-dipping L, stretching direction. The pre-ex-
isting S, schistosity was transposed in the xy-plane of the sec-
ond schistosity and the existence of the first schistosity can only
be recognised in F, fold hinges. The S, schistosity appears as a
spaced axial plane crenulation cleavage in F, fold hinges (Figs. 8
and 9). The main NW-verging S, schistosity is steeper and forms
an acute angle of 0-10° with the stratification and also with the
boundaries between the Gastern basement, the Units I and II
and the Tschingelhorn fold. This means that the NW-verging
S, schistosity has the opposite vergence to that expected for
its position on the overturned F, fold limb of the Doldenhorn
anticline and crosscuts the flatter SE-dipping Jungfrau syncline
(F,) at an acute angle (Fig. 9). It cannot therefore be the axial
plane schistosity to these folds but must be a younger, over-
printing and crosscutting (S,) schistosity.

Structure of the Jungfrau syncline 447



75— Quartz fibres
N NNWR ey Calcite vein |

Fig. 7. Calcite vein in the Quinten limestone with
quartz fibres oriented parallel to the stretching
lineation L, on the first schistosity S;, which is
deformed by F; folds (axial surface marked S;).
S, = stratification. Inner Faflertal, elevation:
2370 m on Plate 1.

NW-verging F; folds and their axial surface cleavage AS; and
SE-plunging stretching lineation L;

A third phase of Alpine deformation produced spectacular
NW-verging F; folds with an axial surface crenulation cleav-
age (AS;) and a third SE-plunging stretching lineation (L, see
Figs. 5, 8,9, 10 and 11). The orientation of the F; fold axis is
more variable, but a transposition in the main SE-plunging di-
rection of L; is also observed. Sheath folds related to strongly
stretched F,-F; fold interference pattern are locally developed
in the very ductile Late Jurassic Quinten limestone (at an el-
evation of 2540 m in Unit I, see Plate 1).

NW-vergent F, folds, development of two sets of
top-to-the-NW directed shear zones Ss. and Ss. and the back
folding of the Gastern and Aar massifs

The F; fold hinges are locally affected by a fourth generation
of NW-verging folds, F,, testifying to a continuation of the NW-
directed rotational deformation (Fig.5). A later deformation
of the F;folds may also be produced by a flattening, with a re-
sulting rotation of the F;fold hinges (Fig. 11). The late period
of deformation is characterised by two sets of top-to-the-NW
directed discrete shear zones, the flatter Sy and steeper Ss.
planes, with their SE-dipping Ly and L. stretching lineations,

R RN
NS
MEal)ih

Fig. 8. Foliated Quinten limestone with a strati-
form dolomite layer and a S;-parallel quartz vein,
deformed by second and third folds, axial surface
traces marked AS, and AS;. Inner Faflertal, el-
evation: 2370 m.
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Fig. 9. Contact between the superficially altered
(Permian) and Alpine foliated Gastern granite
gneiss and the strongly deformed Quinten lime-
stone with dolomite layers of the inverted Unit 1.
The dominant NW-verging S, folds and S, schis-
tosity deform an early schistosity S, and are af-
fected by a third fold and top-to-the-NW S, shear
bands. Inner Faflertal, elevation: 2550 m.

that may be of a similar age (Plate 1, Figs.5, 12, 13 and 14).
Such shear zones are named shear band cleavages by Platt and
Vissers (1980) and Passchier & Trouw (1996), or also asymmet-
ric extensional crenulation cleavage by Platt and Vissers (1980).
They are similar to the S/C fabrics of Berthé et al. (1979). These
shear zones developed during a late phase deformation of the
pre-existing S;-S; mylonites and reflect cooler and more brittle
conditions during that phase. The structural map (Plate 1) and
Figs.5 and 15 show that these late shear bands produced an
asymmetric foliation boudinage of the crystalline slice of unit IT
inside the Jungfrau syncline. Asymmetric foliation boudinage is
a term introduced by Platt and Vissers (1980) for similar struc-

tures. The main foliation is defined in the gneiss of the Aar mas-
sif by the xy-plane of the strain ellipsoid (Fig. 3). This foliation
was locally overprinted by late top-to-the-NW directed shear
zones. Pre-existing structures such as some major S, mylonite
zones, the northern contact of the Aar granite and the Jurassic
Rote Kuh Gampel normal fault (RKG on Figs. 2 and 3; Dolivo
1982) were reactivated in a late phase by reverse faulting. Some
late shear zones contain fault gouges and may represent active
faults (Steck 1968). It is important to remember that these top-
to-the-NW shear movements are late deformational structures
and do not represent the initial thrust faults. The up-doming of
the Gastern massif together with the back-folding of the south-

Fig. 10. Contact between the overturned Units I
and II, deformed by third NW-verging F; folds.
Recognise the composite S-S, foliation in the
Oxfordian marly limestone (Oxf marl). Inner Faf-
lertal, elevation: 2480 m.
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Fig. 11. Quinten limestone with first phase S, calcite veins folded by F; folds;
the axial surface AS; is folded or flattened by a later, fourth phase of deforma-
tion. Inner Faflertal, elevation 2410 m.

ern Aar massif and the formation of the Glishorn anticline and
Berisal syncline in the Penninic Monte Leone and Pontis-Beri-
sal nappes were formed during a late phase of SE-verging back-
folding (Fig. 3). This backfolding is likely to be related to the
phase of high exhumation rates of 3 km/Ma of the western Aar
massif at 6 + 0.5 Ma ago, revealed by zircon (U-Th)/He ther-
mochronology (Aramowicz et al. 2007). It has been interpreted
as a conjugate structure to the NW-directed thrusting of the
Jura range some 9-3 Ma ago (Steck, 1990; Steck et al.,2001).

Estimation of strain and displacements

The evolution of the relative position of the Units I and II and
the Tschingelhorn fold leads to the model of Figs. 15 and 16, in
which simple shear forms the dominant mechanism of defor-
mation responsible for the rotation of the structures within the
overturned lower limb of the Doldenhorn nappe. We attempt
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Fig. 12. Strong S,-S; composite foliation and stretched Quinten limestone
with stratiform dolomite boudins and concordant calcite veins (S,?) that were
affected at a late stage by top-to-the-NW extensional shear bands Ss. Inner
Faflertal, elevation 2580 m.

Fig. 13. Shear bands Sy in Gastern granite gneiss from Tellispitza (Ausseres
Faflertal).

Fig. 14. Thin section (crossed nicols) of shear bands in Gastern granite gneiss
from Tellispitza (Ausseres Faflertal).
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here to quantify the strain and displacement in the Jungfrau
syncline according to the methods discussed by Ramsay (1967,
1980).

The rotation of any passive planar marker by simple shear
is given by the equation:

cotgo' —cotgo=y=tg @

where o is the angle of its trace on the xz-plane with the x-
direction (x = direction of simple shear) before deformation
and o' is the angle of that trace with the x-direction after de-
formation. The parameters y and ¢ represent the shear strain
and the angular shear strain respectively. We assume an angle
of rotation o =160° for the initially horizontal stratification
and a final angle o' = 2° with the x-direction of simple shear
on a supposed 20° SE-dipping xy-shear plane (Fig.16). The
resulting values are 31.4 for the shear strain y and 88° for the

Doldenhorn basin

—

M 2
=~ —— T === .~ SECOND DEFORMATION:
— II\Q F, folds and S, schistosity

FOURTH DEFORMATION:
two systhemes of thrust faults, S5’ and Sg*

AS,-axial surface cleavage

/I\ polarity

TSCHINGELHORN
GNEISS

F; folds and AS; axial surface cleavage

Fig. 15. Model for the Alpine formation of the Jungfrau syncline:
Three phases of ductile folding F,-F; at temperatures of about
300 °C are followed, after cooling due to uplift and erosion, by
the development of brittle top-to-the-NW directed shear bands S
and S;..

angular shear strain @; the axes of the finite deformation el-
lipsoid (1 +¢,) and (1 + e;) are calculated as 31.43 and 0.03
respectively resulting in a ratio R (1 + e,/ 1 + e;) of ~1000. It
is evident that this calculation, based on a simple shear model
and approximate values of o and o', represents a coarse es-
timation. This intense deformation is concentrated in the
overturned limb of the Doldenhorn fold nappe. The resulting
geometry corresponds to a some hundred metre wide ductile
shear zone, created by compression and folding. This contrasts
with quantifications of deformation made elsewhere in the
Aar massif. In the Aar granite gneiss folds of the Grisighorn
(Fig. 3), measurements of the finite deformation ellipsoid on
mafic inclusions indicate an axial ratioof X : Y :Z=2:12:04
(Steck 1968, 1984). Assuming that this ratio represents a mean
value for the Aar massif gneiss strain, the Doldenhorn basin is
likely to have been shortened in a NW-SE direction by about
60%.
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Fig. 16. A quantitative estimate of the deforma-
tion of the Jungfrau syncline by simple shear, af-
ter Ramsay (1967, 1980) based on a supposed 20°
SW-dip of the x-direction of the xy shear plane, an
angle of rotation o = 160° and a final angle o' = 2°.
The resulting values are: 31.4 for the shear strain
v, 88° for the angular shear straingand R =1 + ¢,/
1+ e; =31.43/0.03 = ~1000.

SE

Doldenhorn basin

~ horizontal stratification
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Tertiary metamorphism and rock rheology

The rheology of the marbles and gneisses forming the Jungfrau
syncline was controlled by temperature and water pressure. It
is assumed that the ductile deformation was related to peak
metamorphic conditions. Frey and Wieland (1975) mapped
the reaction-isograd for the reaction pyrophyllite + Fe-chlo-
rite = Fe-chloritoid + quartz + H,0 in Al-rich Liassic marls and
marly limestones of the Helvetic nappes. The isograd is situ-
ated at the western end of the Jungfrau syncline, indicating a
temperature of approximately 300 °C for this region (Bucher
and Frey, 1994). A similar temperature of 300 °C and a pres-
sure of 2-3 kb were estimated by Frank (1983) for the frontal
Doldenhorn nappe. These data are confirmed by an illite crys-
tallinity study by Burkhard (1988) showing that the Dolden-
horn nappe, with the exception of its frontal anchizonal hinge,
has epizonal crystallinity values of <0.25° A2§CuKa (Scherrer
width). Another indicator for the degree of metamorphism is
the first occurrence of Alpine biotite in granitic gneisses of the
Aar massif, coexisting with chlorite over some kilometres and
replacing the latter in the southern Aar massif (Steck & Burri
1971). The passage from the chlorite zone in the Gastern mas-
sif to the biotite zone in the Aar massif is gradual. A systematic
calcite-dolomite solvus temperature study of the Quinten lime-
stone mylonites of the basal Doldenhorn thrust by Herwegh &
Pfiffner (2005) reveal a continuous variation over a distance of
10 km of metamorphic peak temperatures between 385 + 25 °C
in the Jungfrau syncline to the SE and 348 + 25 °C below the
nappe front to the NW.These authors deduce a geothermal gra-
dient of over 36 °C/km for peak metamorphic conditions and
retrograde exhumation at 9 Ma. This temperature gradient is
much higher than the metamorphic field gradient of 25 °C/km
observed for the Tertiary metamorphic event in the Aar mas-
sif — Ossola valley transect (Frank 1983). The calculated over-
burden thickness of about 10 km would have been composed
of the higher Helvetic and the Penninic (Prealps) nappes. The
transition from brittle to ductile behaviour for wet quartz is
supposed to occur at temperatures around 300 °C (Voll 1976;
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Stipp et al. 2002). The granites and gneisses, composed of over
30 vol% of quartz, were thus capable of viscous flow under the
peak metamorphic conditions.

The timing of the formation of the Doldenhorn nappe is
constrained by radiometric and stratigraphic ages. The defor-
mation must be younger than the 33 + 0.2 MaTaveyanne andes-
ite bearing graywackes of the higher Gellihorn and Jagerchriiz
nappes (Ta on Fig. 2; Ruffini et al. 1995, 1997) and older than
the Gastern and Aar massif backfolding that occurred at about
6 Ma (Steck et al. 1979 ; Steck 1984; Burkhard 1990; Steck &
Hunziker 1994; Aramowicz 2007). Kirschner et al. (1995, 1996,
2003) propose a time span between 32 and 15 Ma.

Tectonic model

The rise of temperature above 300 °C plays a predominant
role in the ductile formation of the Jungfrau syncline in the
model presented in Fig. 15. Propagation of the Alpine deforma-
tion towards the northwest led to the extrusion of the Meso-
zoic Doldenhorn basin sediments squeezed between the rigid
Gastern/Lauterbrunnen basement high and the higher Helvetic
and Penninic nappes (e.g. Triimpy 1980; Steck 1984; Burkhard
1988). The Doldenhorn basin fill was pushed towards the north-
west in an early phase of NW-directed thrusting, a movement
recorded in our study area by the formation of a first schistosity
S, with its SE-dipping stretching lineation L,. This first schistos-
ity may be observed in the Mesozoic sediments of the Feselalp
and the Faldumrothorn synclines, situated in the southern part
of the Doldenhorn nappe (Figs. 1,2 and 3; cf. Steck 1984, Fig. 5).
Crustal thickening related to the emplacement of the higher
Helvetic and the Penninic nappes led to a temperature increase
of the Doldenhorn basin fill. Temperatures in excess of 300 °C
were reached below a more than 10 km thick orogenic lid, com-
posed of the higher Helvetic and the Penninic (Prealps) nappes.
At those temperatures, granites and quartz-rich gneisses be-
came ductile. The Aar massif gneisses were flattened and the
contact with the Mesozoic basin sediment cover folded (Figs. 2
and 3). The front of ductile deformation migrated from south-



east to northwest through the Aar massif together with the pro-
gressive heating of the subducted crust. It reached the northern
margin of the Mesozoic Doldenhorn half-graben basin, the fu-
ture Jungfrau syncline, at a late stage of Alpine underthrusting.
The elevated graben borders were deformed in a zone of top-
to-the-NW directed shear under high temperature conditions
(~300 °C) and rotated to their overturned position by simple
shear (Figs.15 and 16). The pre-existing SE-dipping normal
faults behaved during this deformation as passive markers and
do not appear to have been reactivated by reverse-fault move-
ments. The Jungfrau zone developed as a syncline between
the more ductile Aar massif to the SE and the more compe-
tent Gastern basement high to the NW. The localisation of the
Jungfrau syncline on the northern border of the Doldenhorn
half graben basin is probably caused by the presence of a but-
tress formed by the Gastern basement high against which hot
quartz-rich gneisses started to deform in a ductile manner due
to elevated temperatures. An additional reason that favoured
the development of the Tschingelhorn gneiss fold was probably
the high amount of water, produced by the dehydration reac-
tions of the Mesozoic marls during the Tertiary metamorphism,
and the circulation of that water along pre-existing basement
faults at the northern limit of the Doldenhorn sedimentary ba-
sin. The Jungfrau syncline evolved in a zone of intense shear
with the development of the main S, schistosity and its associ-
ated SE-dipping L, stretching lineation, and of NW-verging F,
folds. The deformation was so intense that most fold axes were
transposed parallel to the NW-SE oriented direction of exten-
sion (see stereoplots on Plate 1). The NW-verging third phase
structures (S;, L;, F;) are similar to the second phase structures,
but the geometry of the more open F; folds suggest that this
deformation occurred under lower temperature conditions,
resulting from cooling by regional uplift and erosion or from
dehydration and/or water loss during deformation. In contrast,
the structures of the next phase of NW-directed thrusting sug-
gest more brittle rock behaviour at lower temperature condi-
tions. NW-verging F, folds are rare. They result from the con-
tinuation of the NW-verging rotational deformation (Fig. 11).
Two sets of shear bands, a shallow dipping Ss and a steeper
Ss. set of shear band cleavages, with their SE-dipping Ly and
L. stretching lineations, overprinted the pre-existing intense
S1-S3 mylonite foliation. The gneiss slab of Unit II of the Jung-
frau syncline was affected at the hectometric to kilometric scale
by an asymmetric extensional boudinage (Plate 1, Figs.5 and
12). The Gastern dome structure, which affects the Jungfrau
syncline, was developed during a late phase of Gastern-Aar
back folding (Fig. 3; Steck et al. 1979; Steck 1984; “Grindelwald
phase” of Burkhard 1988).

In summary, the Jungfrau syncline corresponds to the in-
tensely sheared and stretched overturned limb of the Dolden-
horn fold nappe. Up to 5 planar structures,— schistosities S; and
S,, crenulation cleavage S; and shear planes Ss. and Ss.—devel-
oped during the progressive NW-verging rotational deforma-
tion in the Jungfrau syncline, while in the frontal Doldenhorn
fold hinge only a single axial surface cleavage was developed

(Schléppi 1980). This example demonstrates that the use of
fold phases as time markers for the Infrahelvetic and Helvetic
nappes, in which our study area is situated, is not appropriate
or has to be applied with much caution.

Conclusions

From our study of the excellent outcrops of the Jungfrau syn-
cline in the Faflertal and our knowledge of regional structural
relations, we propose the following model. The formation of
the Doldenhorn fold nappe started by extrusion of the Me-
sozoic sediments of the Doldenhorn basin during the early
underthrusting of that basin. The calcareous Mesozoic sedi-
ments were squeezed out and transported during the NW-di-
rected overthrusting of the higher Helvetic and the Penninic
nappes. A first schistosity S; developed in this early phase in
the southern Doldenhorn basin (Fig. 15). The F, folds of the
Aar massif basement and the Jungfrau syncline were created
at a later stage, in a regime of ductile basement rheology at
temperatures above 300 °C, by a mechanism of crystal plas-
tic creep and dynamic recristallization of quartz-rich gneisses.
The basement gneiss folds reflect ductile folding of the con-
tact between the more viscous basement gneiss and the very
ductile sedimentary cover composed of Mesozoic marbles and
marly limestones. The pre-existing SE-dipping normal faults,
limiting the Doldenhorn sedimentary basin, do not appear to
have been reactivated as reverse faults during Alpine com-
pression. Top-to-the-NW shear band cleavages and thrust
faults developed only in a late phase of Alpine compression,
under lower temperature and more brittle conditions, after
a late regional uplift and erosion of the nappes that over-
thrust the Aar and Gastern massifs. In a wider perspective,
we suggest that the Mont Blanc basement fold (Epard 1990)
and the Aar and Gotthard folds, with their frontal folds that
coincide with the anchi-epizone boundary (Steck et al. 2001;
Steck 2008) were created at high temperatures and below a
10-25 km thick nappe stack by ductile folding and detachment
of upper parts of the European crust during its underthrusting
below the Adriatic plate. We think it is probable that the lower
and middle Penninic Antigorio, Monte Leone, Pontis-Berisal
and Siviez-Mischabel fold nappes (Steck 1984, 87; Escher et
al. 1993, 1997; Genier et al. 2008) were formed by a similar
mechanism.
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Structural map of the Inner Fafler valley after Krayenbuhl (1984). F7-F12 indicate the localities of Figures 7-12.

Plate 1.

Structure of the Jungfrau syncline

T. Krayenbuhl & A. Steck





