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The curved translation path of the Parpaillon Nappe (French Alps)
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Abstract—The Parpaillon Nappe is one of the two Helminthoid Flysch nappes emplaced on the external
Dauphinois zone of the Western Alps. A structural analysis of the nappe is presented. Two superposed
deformations D1 and D2 are described, that are mainly characterized by large-scale recumbent folds whose axes
are quasi-orthogonal: NE-SW for D1 and NW-SE for D2. Their vergence is northwestward for DI and
southwestward for D2. During the D2 deformation, the nappe was separated into two units, one of these being
thrusted over the other. An analysis of incremental strain using quartz and calcite fibre growth indicates that D2
follows D1 without discontinuity. Therefore the superposition of D1 and D2 structures is interpreted as a
progressive deformation instead of two distinct phases of deformation. The emplacement of the nappe is
discussed under two aspects. the relations between displacement and strain and the role of gravity. It is concluded
that the translation has been twofold. first towards the NW and then towards the SW, and that the displacement
result essentially from gravity forces. Kinematic implications for the Alpine collision are suggested.

INTRODUCTION

THE PARrPaILLON Nappe is one of the two large ‘Helmin-
thoid Flysch’ nappes emplaced on the Dauphinois zone
between the Pelvoux and Argentera crystalline massifs
in the French Alps (Fig. 1). A geological map based on
detailed stratigraphy and analysis of large-scale struc-
tures has been previously provided by Kerckhove
(1969). More recently, an analysis of large- and small-
scale structures has shown that two superposed deforma-
tion events are represented in the nappe (Merle & Brun
1981) and a sequential emplacement model has been
proposed (Merle 1982a).

The purpose of this paper is (a) to examine the
relationship between the superposed structures and
progressive deformation as a consequence of a curved
translation of the Parpaillon Nappe towards the NW
during the Oligocene and towards the SW during the
Miocene and (b) to discuss the role of gravity. We first
describe the geometry of D1 and D2 structures at the
scale of the nappe. Secondly, an analysis of quartz and
calcite fibres in veins and pressure shadows is presented.
Lastly, the discussion is devoted to the relations between
strain and the nappe translation, and to the role of
gravity.

GEOLOGICAL SETTING

Several nappes have been preserved in the depression

between the Pelvoux and Argentera crystalline massifs
(Fig. 1). In this area. a thick Mesozoic and Cenozoic
sedimentary cover {about 7 km) is deposited over the
basement. The last member of the pile constitutes the
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nummulitic formations deposited during the late-
Eocene generalized transgression. This thick cover has
undergone one and locally two deformations before the
emplacement of the nappes. The allochthonous material
may be separated into three principal nappes and two
superposed structural units.

The lower structural unit is constituted by the sub-
Brian¢onnais nappes and the Autapie Helminthoid
Flysch nappe. The sub-Briangonnais nappes display a
very complex arrangement of numerous slices
(Kerckhove 1969, Maury & Ricou 1983). Their facies
range from Upper Triassic to Upper Eocene. The
Autapie nappe exhibits characteristic Helminthoid cal-
careous facies and shows much evidence for subaqueous
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Fig. 1. Location of the studied area. Crystalline massifs shown in black:
P. Pelvoux and A. Argentera.
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emplacement (Kerckhove 1969). The sub-Briangonnais
nappes and the Autapie nappe were folded together
during the late Oligocene phase. Their emplacement in
the Embrunais—Ubaye area is thought to take place
during the early Oligocene.

The upper structural unit is the largest Helminthoid
Flysch nappe called the Parpaillon Nappe. The stratig-
raphy of this Upper Cretaceous flysch is well-known
(Latreille 1961, Kerckhove 1969) and constitutes a thin
(50-100 m) dark shale layer at the base overlain by
1000-2000 m of typical Helminthoid limestones. In the
Embrunais area, a detritic sandstone layer is transitional
between these two facies. The Parpaillon Nappe lies on
an erosional surface which cross-cuts the Oligocene
structures of the Digne thrust sheet. Consequently, the
final emplacement of the Parpaillon Nappe in
Embrunais-Ubaye probably occurred during the early
Miocene (Kerckhove 1969). The ‘Helminthoid Flysch’
sequences of the Autapie and Parpaillon nappes were
deposited in the Ligurian Ocean at the end of Cretaceous
time. Their Eocene tectonic history was unknown before
this study.

METHOD OF STRUCTURAL ANALYSIS

Results presented here have been obtained from a
simultaneous use of the following.

(1) Geological and structural mapping.

(2) Construction of a series of balanced cross sections
(Hossack 1979).

(3) Estimation of horizontal shortening variations
from balanced cross sections. Different methods have
been used (Elliott 1977, Hossack 1979) and the results
compared (Merle 1982b).

(4). Incremental strain variations from calcite and
quartz fibres in pressure-shadows around rigid objects
and in veins (Durney & Ramsay 1973).

(5) Estimation of the shape of finite strain ellipsoids
from shape ratios of pressure shadows around rigid
objects (Choukroune 1971). Unfortunately, it has not
been possible to determine more precisely the geometri-
cal parameters of finite strain ellipsoids.

(6) Determination of finite shear sense from small-
scale structures (Choukroune & Lagarde 1977, Lagarde
1978, Berthé et al. 1979).

(7) Analysis of minor fold shapes (dip isogons and
layer thickness—dip variations, Ramsay 1967).

Detailed results are given in Merle (1982b) whose
main conclusions are summarized in the following sec-
tions. The kinematic analysis has been coupled with
smail-scale experiments concerning nappe emplacement
(Brun & Merle 1982) whose detailed results will be
published elsewhere.

SUPERPOSED STRUCTURES

Two superposed folding events F1 and F2 with ortho-
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gonal axial directions have been demonstrated in the
Parpaillon Nappe (Merle & Brun 1981). Each event is
characterized by a pressure-solution cleavage. a stretch-
ing lineation and recumbent folds. Their superposition
may be observed in many places by F1-F2 fold interfer-
ence patterns and deformation of S1 cleavage and LI
lineation by F2 folds. Geometrical features of these two
deformations show remarkably regular orientations at
the scale of the nappe (Fig. 2).

The D1 deformation

The early deformation event, D1, is characterized by
isoclinal recumbent folds overturned towards the NW
with a mean axial trend N50°E. Major and minor folds
are relatively scarce and have been observed only at the
base of the nappe. They are similar (class 2, Ramsay
1967), and the associated axial-plane cleavage appears
at most places parallel to the stratification. The stretch-
ing lineations observed on the cleavage plane have a
mean direction N140°E, orthogonal to the fold axes
(Fig. 2a). Geometrical analysis of syntectonic quartz—
calcite veins, deformed sedimentary structures and
shapes of pressure shadows (Choukroune 1971) around
detrital quartz grains (see next section) demonstrate that
finite strain ellipsoids are of the flattening type (0 <k <
1, where k = (X/Y — O)(Y/Z — 1)and X =2 Y = Z are
the principal axes of the strain ellipsoid. Discrete slip
toward the NW along the stratification and the S1 cleav-
age are demonstrated by relative displacement of veins,
step structures and quartz—calcite fibre growths on the
activated discontinuities.

The D2 deformation

The D2 deformation is the most obvious in the land-
scape. It is characterized by large and numerous large-
scale recumbent folds with a SW vergence, and a mean
axial trend N140°E. All stratigraphic units and S1 cleav-
age are deformed by the F2 folds. An S2 cleavage,
showing a fan disposition, is generally observed in the
hinges but not always in the limbs where the S1 cleavage
is often completely preserved. Because of the very
heterogeneous deformation, where no S1 cleavage has
been developed, the §2 cleavage is locally the only
cleavage observed. The associated stretching lineation
has a mean trend N50°E (Fig. 2b). The detail description
of the D2 structures is best achieved by separating the
nappe into two units (Merle 1982a, b).

(A) Unit 1. The first unit constitutes the eastern part of
the nappe (Fig. 3a). It is, as a whole, a large syncline
overturned towards the SW and bounded eastward by
the thrusted Briangonnais series. The following facts
must be accounted for.

(1) Unit 1 is folded with its substrata (Fig. 3b).

(2) The deformation intensity decreases as one goes
from the Briangonnais thrust to the west (Fig. 3c).

(3) The deformation intensity is at a maximum just
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Fig. 2. Structural maps of the Parpaillon Nappe: upper map is D1 data and lower map D2. 1, Briangonnais Series: 2. basal
layer (dark shales); 3., Caicareous fiysch (Helminthoid Flysch s.s.); 4. stretching lineations; 5. fold axes and 6, Briangonnais
thrust.

under the Briangonnais thrust where it is accompanied
by a low-grade metamorphism (Tricart 1980).

The D2 deformation in unit 1 is clearly related to the
Briangonnais thrusting and therefore can be dated as
late-Oligocene. In the northern part, a slice separated
from the rest of unit 1 by thrust faults is not affected by
the D2 deformation and indicates a northward thrusting
onto sedimentary cover of the Pelvoux Massif (Fig. 1)
during the D1 deformation.

(B) Unit 2. Unit 2 extends to the west of unit 1 (Fig.
3a). The base of this unit is a Miocene erosional surface
cross-cutting Oligocene structures (Kerckhove 1969).
The D2 deformation in unit 2 therefore appears to be
later than in unit 1. In this unit, the horizontal shortening
increases towards the front (Fig. 3c), and major F2 folds
are located in depressions of the Miocene erosion surface
and at the front (Fig. 3b).

Unit 1-Unit 2 relationships

The contact between the two units has not been
observed in the field. Nevertheless, because in the two
units, (a) the sense of horizontal shortening variation is
inverse, (b) the timing of D2 deformation is slightly
different (Oligocene in unit 1 and Miocene in unit 2) and
(c) horizontal klippes over unit 1 (Figs. 3a & b) are
associated with an intense deformation of the top part of
unit 1, as demonstrated by strongly developed cleavage
and large-scale sheath folds, we deduced (Merle 1982a)
that unit 2 has slid over unit 1 (Fig. 4).

The analysis of structures and fabrics (Merle 1982b)
shows that D2 deformation corresponds to a dominant
shearing more or less parallel to the layering. At the
upper levels of the nappe, the resulting strain is of plane
strain type (k = 1). At the base, pressure shadows
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Fig. 3. Structure of the Parpaillon Nappe. (a) Contours of the two
units. 1, unit 1; 2, unit 2; 3, observed thrust planes; 4, inferred thrust
planes and 5, late thrusts. (b) Geological cross-section; see location in
(a). 1, Helminthoid Flysch; 2, sub-Briangonnais Series and 3, Brian-
connais Series. (¢). Variations of the horizontal shortening along the
cross section in (b). From balanced cross sections (Merle 1982).
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Fig. 4. Sketch illustrating the sliding of unit 2 over unit 1.

around competent clasts and minerals demonstrate a
weak extension in the Y direction (1 < k < 0).

INCREMENTAL STRAIN

The dominant physical process during D1 and D2
deformation events was pressure-solution (Durney
1972). Diffusion of quartz and calcite is demonstrated by
sharp grain boundaries of quartz and calcite grains
associated with seams of residual insoluble minerals
(micas) and by fibrous recrystallization of quartz and
calcite in numerous veins and pressure-shadows. Esti-
mated temperatures range from 200 to 300°C.

Sequence of veins
Numerous veins filled by calcite fibres were formed

during D1 and D2 deformation. Despite the flattening-
type ellipsoid during the D1 deformation. vein orienta-
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2. (a) Progressive sequence of veins indicative of an anticlockwise rotation in the

Helminthoid Flysch (SE part of the nappe). (b) Fibrous calcite in pressure shadow zones of spider type around a quartz grain

in the basal layers of the Helminthoid Flysch.

1-5 illustrate the progressive evolution of the pressurc-shadow. The

upper-right diagram shows the variation of incremental extension (¢,) estimated from the fibre lengths as a function of the
orientation. The two e; maxima correspond with the L1 and L2 stretching lincations. (¢) Map of incremental strain data.
This Incremental Strain Study has been made in the XY planc.
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Fig. 6. (a) "Spider’ pressure shadow around a quartz grain. (b) Large-scale F2 fold in unit 2. The cliff height is about 1000 m.

Lavered rocks around the syncline are mostly Helminthoid Flysch. The upper unstratified part of the overturned limb

consists of dark shales of the basal layer. Note the tectonic unconformity of the basal sandstone layer in the anticline normal
limb at the top left.
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tions and cross-cutting relationships in unit 2 are very
clear and show a continuous evolution of the stretching
history. The first veins to appear imply a stretching
direction N 140°E, parallel to the L1 stretching lineation
(Fig. 2a) and the late veins a stretching direction N50°E
parallel to the L2 stretching direction (Fig. 2b). Inter-
mediate veins show a more or less continuous left-hand
rotation (Fig. 5a). When fibresin the veins are sigmoidal,
the growth sense of crystal fibres (generally antiaxial,
Durney & Ramsay 1973} is in a good agreement with the
left-hand rotation.

Pressure shadows

Analysis of pressure shadows at the base of unit 2
allows us to state more precisely the stretching history.
At some places where only one cleavage exists, peculiar
‘spider” pressure shadows (Figs. 5b and 6a), constituted
by calcite fibres around quartz crystals, give an almost
complete pattern of the incremental strain evolution.
The so-called spider pressure shadows are in fact two
superposed pressure shadows where calcite fibres have
an antiaxial growth sense. Analysis of incremental
stretching was done using the ‘pyrite method’ (Durney
& Ramsay 1973). The diagrams (Fig. 5) show two max-
ima corresponding with L1 and L2 stretching lineation
directions (Fig. 2). the left-hand rotation displayed with
a weaker intensity and a gap (about 30°) between
N120°E and N9O°E. Rotation and relative magnitude of
strain increments have been measured at eleven places
in unit 2 (Fig. 5c). Within the limit of the measurement
accuracy, it can be concluded that (a) the left hand
rotation is represented at the scale of the nappe (unit 2)
and is not due to local effects and (b) the apparently
distinct D1-D2 deformation events result from a prog-
ressive evolution.

THE EMPLACEMENT
Translation and strain

Arguments have been given which demonstrate a
relative continuity between D1 and D2 incremental
strains in unit 2 even if remaining structures are clearly
superimposed. The relations between the translation of
the nappe and the observed strains can be derived from
the progressive character of superposed deformations
and the evolution into two units during the D2 event. On
one hand, we note that unit 1 emplaced on the nummuli-
tic sedimentary cover of the Pelvoux Massif is free of D2
deformation in its most external part and strongly
refolded with its substratum in the east. On the other
hand. D1 and D2 strain increments are quasi-continuous
in unit 2. Therefore, we conclude that the D2 deforma-
tion in unit 2 is strictly associated with its translation over
the unit | and emplacement in Embrunais—-Ubaye.

Because F2 folds axes are orthogonal to the L2
stretching lineation. F2 major folds are controlled by
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topographic irregularities of the sole and overturned
towards the SW, L2 stretching lineations are parallel to
the late strain increments, and axes of small-scale F2
folds are reoriented into the stretching direction (i.e.
sheath folds) at the base of the nappe, we conclude that
the D2 deformation in unit 2 is characterized by a strong
component of horizontal shear associated with a south-
westward translation.

For the D1 deformation, we find again F1 fold axes
orthogonal to the NW stretching lineation, small-scale
sheath folds at the base of the nappe, major F1 folds
overturned towards the NW and discrete slips towards
the NW along the bedding and the 51 cleavage.

Because D1 and D2 strain increments follow continu-
ously in unit 2 and because a part of the unit 1 is thrust
northwestward onto the Pelvoux Massif, we deduce that
the D1 deformation in the whole nappe results from a
northwestward translation.

We argue that strain increments (Fig. 5b) are probably
proportional in magnitude and direction to the inferred
translations so that the displacement history of the nappe
is essentially twofold: firstly toward the NW and sec-
ondly toward the SW (Figs. 7 and 8).
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Fig. 7. Cartoon illustrating the kinematic history of the Parpailion

Nappe. (a) Early northwestward translation and emplacement of the

whole nappe. (b) Briangonnais thrusting toward the southwest induc-

ing a separation of the nappe in two units. (¢) Sliding of unit 2 over unit
1. and late emplacement in Embrunais-Ubaye.
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Fig. 8. Location of Ligurian (SE) and Embrunais—Ubaye Helminthoid
Flysch in the Western Alps, see Fig. 1. The arrow indicates the inferred
translation of the Parpaillon Nappe.

The role of gravity

A first discussion of the role of gravity in the emplace-
ment of the Parpaillon Nappe was given by Kerckhove
(1969) and Debelmas & Kerckhove (1973). Their argu-
ments were: (a) that the location of the nappe was in a
geologic depression that seems to have acted as a trap for
many nappes (Parpaillon, Autapie and sub-Briancon-
nais nappes) during Tertiary times; (b) the folds of the
nappe are truncated at the base and (c) large outcrops of
the basal layer at the rear (Fig. 2) can be interpreted as a
diverticulation phenomenon. They proposed a gravita-
tional gliding model for the emplacement of the nappe in
the Embrunais—Ubaye area. Our structural analysis pro-
vides new evidence for this hypothesis.

The increase of the horizontal shortening toward the
front of unit 2 (Fig. 3c) is a strong argument in favour of
gravity emplacement of this unit in the Embrunais area.

In addition, the large recumbent F2 folds are located
at the front and in the topographic depressions of the
Miocene erosion surface. These folds result from passive
folding due to shear-flow perturbations over basal
boundary irregularities (Hudleston 1977). Their similar
or sub-similar geometry and recumbent attitude is due to
high shear strains (Hudleston 1977, Cobbold & Quinquis
1980). Even if they are not specifically related to gravity
induced deformations (e.g. Cobbold & Quinquis 1980),
their control by the actual topography of the Miocene
erosion surface is relevant to the role of gravity.

The D1 deformation is characterized everywhere in
the nappe by aflat lying cleavage parallel to the stratifica-
tion and by flattening-type strain ellipsoids resulting
from coaxial strain. We deduce a component of gravity
spreading (Elliott 1976) in the early deformation and
motion. But the total inferred translation from the Ligu-
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rean ocean (~200 km) cannot be achieved by spreading
alone. Nevertheless, we believe that a component of
rigid body gliding must be taken into account for the
northwestward emplacement because the very large sur-
face (3600 km?) and very thin thickness (actually
1000 m) of the nappe cannot mechanically allow an
emplacement by a push from the rear.

The Parpaillon Nappe in the Western Alps

The inferred translation of the Parpaillon Nappe indi-
cates a northward motion during the Eocene. This
interpretation is consistent with palaeogeographical
studies (Haccard et al. 1972, Kerckhove 1980) that locate
the sedimentation area of the Helminthoid Flysch in the
Ligurean ocean. Moreover, this could be correlated with
the early N-S compression during the Eocene (Lemoine
1972, Caby 1973, Gratier et al. 1973, Vialon 1974,
Subieta 1977, Siddans 1979, Gourlay 1982), well known
in the external domain of French Alps. Our study seems
to indicate, as suggested before by Caby (1973), that a
N-S shortening occurred at the same time in the most
superficial formations of the internal domain (Fig. 8).
An alternative hypothesis to obtain large northwards
translation is to make sinistral strike slip displacement
along N-S faults (Ricou 1980, Ricou & Siddans in
press). But, for the Parpaillon Nappe, the close relation
between strain and displacement seems to indicate a
tangential translation during N-S compression, although
this is not inconsistent with major sinistral strike slip at
the same time.

We conclude that the Helminthoid Flysch nappes are
superficial and gravity driven. Nevertheless, we suggest
that the strong variation in the translation first north-
westward and second southwestward may have a deep
significance in the kinematics of the Alpine collision.

CONCLUSIONS

Our main conclusions are the following.

(1) The Parpaillon Nappe is a clear example of a
superposed structure resulting from a progressive defor-
mation.

(2) The two deformation events are associated with a
twofold translation; firstly NW and secondly SW.

(3) The finite strain pattern and the incremental strain
history favour a gravity interpretation for nappe
emplacement.

(4) The tectonic history of the Parpaillon Nappe pro-
vides a new argument for a generalized N--S compression
in the Western Alps during the Eocene followed by a
E-W compression during the late Oligocene and the
Miocene.
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