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ABSTRACT

Gratier, J.P. and Vialon, P., 1980. Deformation pattern in a heterogeneous material:
folded and cleaved sedimentary cover immediately overlying a crystalline basement
(Oisans, French Alps). Tectonophysics, 65: 151—179.

Particularly well exposed structures in folded and cleaved sedimentary cover immedi-
ately overlying a crystalline basement have been studied. Chemical analysis (X.R.F. and
microprobe) reveal pressure solution process and give the possibilities of measurement of
mass transfer. Study of fluid inclusion veins has determined the temperature pressure con-
ditions: thermal effect of the basement and decrease of temperature and pressure with
the age of various synkinematic veins.

Characteristic examples of the behaviour of a heterogeneous material during coaxial
and non-coaxial deformation are shown:

(1) Successive different asymmetrical folds, various cleavages and fractures appear ina
shear zone parallel to the main fabric with variations of thickness and rock behaviour.

(2) Evolution of cleavage in such a shear zone (with or without slipping) is linked to
the relations between the rotation of contraction direction and the rate of the cleavage
process.

(3) Fold axes changed from the horizontal Y direction to the vertical (or E—W trans-
versal to the crystalline massif) X direction, with increase of the (X/Z) and (X/Y) ratios
(obtained by fossils and reconstructed fold shape). This strain is always heterogenecus
and the most deformed zone frequently evolves to discontinuities with slip.

(4) Indentation exists on all scale: from hard object (100 &, with parenthesis form of
pressure solution cleavage apparent on map distribution of various element) to basement
block (with variation of strain value in the indented cover).

A model of the evolution of the deformation of sedimentary cover immediately over-
lying a crystalline basement is given in conclusion.

INTRODUCTION

The folded and cleaved Jurassic and Cretaceous formations, forming the
cover of the external crystalline massif of Oisans (French Alps), exhibit par-
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ticularly well-exposed structures due to deformation of heterogeneous multi-
layered rocks.

The aim of this paper is to present some characteristic examples of the
behaviour of this material during coaxial and non-coaxial deformation. Vari-
ous markers of deformation have been studied and measured and sometimes
used to obtain local finite strain (fold shapes, deformed fossils). Comparative
chemical analyses reveal pressure solution processes. Studies of fluid inclu-
sions of various synkinematic veins have determined the temperature—
pressure conditions of the deformation, these being particularly heteroge-
neous due to the thermal effect of the basement.

Because of inhomogeneity of deformation, the obtained strain values are
only comparative values between sectors of the same size, each considered as
homogeneously deformed. The importance of the scale effect and the diffi-
culty of distinguishing between continuous and discontinuous deformation,
are also emphasized. This study shows that the boundary shape of heteroge-
neities is an important factor in determining the appearance and the orien-
tation of various structures; this is true for heterogeneities present before
deformation as well as those acquired during deformation. The problem is
still more complex because the heterogeneities (included folds) undergo a
rotation during progressive deformation.

This study leads to models which may explain different associations of
structures. For example, in any outcrop containing two layers of different
competence: one layer is found with a fold axis parallel to the X lineation
and the other one with the fold axis perpendicular to the same X direction.
Other models allow an explanation for the successive appearance of various
structures, such as folds of variable symmetry in a progressive non-coaxial
deformation, or, in the same system, the evolution of cleavage planes.

GENERAL GEOLOGICAL SITUATION

The external crystalline massifs of the French Alps (Fig. 1A), composed
of gneisses and granites (partly Hercynian in age), are covered by Mesozoic
sediments, deposited on a pre-Triassic peneplain. The cover begins with a
thin Triassic sequence comprising sandstones and limestones (more or less
dolomitic) as well as some basal volcanic flows and sills (spilites) and, locally,
gypsum; it then continues with a thick monotonous series of black lime-
stones and shales (Liassic—Upper Jurassic, locally Cretaceous). This series is
nearly everywhere represented by regular alternations of more or less argil-
laceous limestones, in layers rarely up to half a meter in thickness.

In the Alpine orogeny all these rocks (including the basement) have been
affected by successive phases of deformation whose characteristics vary
according to the mechanical behaviour of the materials, their relative posi-
tion and the geometry of the basement under the sedimentary cover.

The basement reacted by fracturing into large blocks which slipped against
each other and which in places pinched their sedimentary cover into narrow
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Fig. 1. A. General geological setting. Triangles = basement; dotted = internal zone
(nappes); white = Mesozoic autochthonous sediments; open circles = Cenozoic sediments.
B. Schematic cross-section (E—W) showing the shape of the basement-cover boundary
with pinched synclines and wide anticlines. C. Magnified cross-section of Bourg d’Oisans
(B.O.} syncline. Sy = stratification; §; = slaty cleavage; S, = crenulation cleavage. Thrust
plan in the eastern part, fault parallel to Alpine cleavage in basement in the western part.
D. Stereograms (lower hemisphere) showing the relations between these structures: S,
and P,; §; and P,y; L, = stretching and slipping lineations; R = overprinted S, fractures;
Str. = striaes on R. D;. Western and central part of the B.O. syncline. S, vertical, no S,.
D,. Eastern part of the B.O. syncline. S, inclined. §; and P;. Dj. Eastern part of the
Grandes Rousses massif: §; inclined and S, and R.

“synclines”. Certain masses of this basement also have indented, horizontally
or vertically, the sedimentary series (Gratier et al., 1973; Boudon, 1976).
Thus, the sedimentary series often subsided relatively to the basement, which
now forms the mountain summits (Fig. 1B).

The Alpine faults of the basement, which may be old dislocations rejuve-
nated, have sometimes induced deformation in crystalline rocks whose last
cleavages are certainly Alpine, as is demonstrated by their continuity and
their association with the covering sediments. In these deformations, the
main discontinuity (décollement) between the basement and the sediments is
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not generally placed at the bottom of the Triassic. Thus the basal Triassic
formations are most often competent and generally have reacted as an inte-
gral part of the basement. It is in the first calcareo-argillaceous levels of the
top of the Triassic—Lower Jurassic, that the limit of the behavioural differ-
ences between the basement (with its adhering Triassic) and the cover, can be
found. However, this rule is not absolute and in some cases the Triassic may
be completely crushed: in such a case, the Liassic is in direct contact with
the crystalline basement and is represented by densely cleaved argillaceous
limestones or by discontinuous levels of cargneules and gypsum. This situa-
tion is perhaps related to a sporadic sedimentation of evaporites which are
not always present in the Triassic.

The well-stratified monotonous argillaceous limestones of the Jurassic, are
the formations which contain the most spectacular and representative struc-
tures due to deformation of the sedimentary cover. They include folds
whose disposition is related to the shape of the basement masses: these
enclose narrow ‘‘synclines’ pinched between wider “‘anticlines’ of basement
(Fig. 1B, C).

The large P; folds are generally accompanied by a regionally well-devel-
oped axial plane cleavage (S,), very often overprinted by a second crenula-
tion cleavage (S,). For west to east, across the succession of major “syn-
clines” and “‘anticlines”, there is a variation in the dip of the S, cleavage and
of the associated axial planes of minor P; folds. Each “syncline” of the cover
contains several real folds of sedimentary material. In the western part of the
area these folds are most often upright and tend to be pinched between
blocks of basement. Further east, they are progressively inclined towards the
west: similarly S, passes progressively from the vertical, to eastward dipping,
and then nearly horizontal (Fig. 1B, C).

In the eastern borders of the Grandes Rousses and Pelvoux crystalline
massifs, in the direction of the Brianconnais nappes, S; passes from a strong
vertical dip near the basement to a near horizontal dip under the bottom of
the nappes, or at least, to an orientation parallel with this boundary (Fig.
1B).

USE OF STRAIN MARKERS

Strain has generally been estimated by taking the mean of values obtained
using different methods only for local comparisons.

Description

Various structures were observed and described at different scales:

(1) In thin sections, for cleavages and fibrous crystals, in veins and pres-
sure shadows.

(2) On outcrops, for all the planar and linear features measured with a
compass. A relative chronology of these features was attempted.
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(3) On photographs of high cliffs, perpendicular to the axis of large P,
folds. After corrections, for distortion and scale effect, this allows the con-
struction of true sections and exact shapes of these folds (see Fig. 2).

Determination of finite strain

Deformed fossils and folded veins have been used (see Fig. 9):

(1) Elongation values /X, and +/X, were determined using truncated
belemnites by the method developed by Badoux (1963) and Masson (1971)
(see Fig. 10). :

(2) The ratio X/Y is given for deformed ammonites and elliptical oxida-
tion spots.

(3) The contraction values '\, were estimated by the unrolling of ptyg-
matic folded veins (parallel to the stratification So) at the hinge of large P,
folds. (It is a minimum value since these veins may also have thickened).

The exact shape of large P, folds is also used to calculate comparative val-
ues of contraction between several different sections (see Figs. 2 and 9):

(4) The apparent value of contraction perpendicular to the fold axis is
estimated taking the arc length L, of the layer, as measured with a cur-
vimeter on sections with correction for plunge axis, and the span L, of the
fold along a direction perpendicular to the axial plan. It is only a compara-
tive value because such a fold cannot simply be unrolled (the layers are
cleaved).

(5) The ratio X/Y is also measured using the variation of the interlimb
angle of the folds, with respect to a reference value obtained at the La Paute
section (on sections with correction of plunge axis). This is also a compara-
tive value, because the length of limbs is not constant during deformation.

The plunge of folds axis P, has also been measured and compared with all
the strain estimates (see Figs. 9 and 10).

Evidence and measure of slip

The rocks generally exhibit evidence of deformation by slip on discontin-
uities and by penetrative shearing. Often the slip and shear are difficult to
distinguish. However, when many striaes on bedding (S,), cleavage (S, or S,),
or fractures, groove these different planes, the slip displacement is clear. On
the limbs of a fold, the slip between adjacent microlithons (bounded by S;
planes) adds to the internal deformation. Comparative values which integrate
slip and strain have been estimated by the method shown in Fig. 3F (Vialon
et al., 1976). This gives values of elongation parallel to the limb of folds.

The displacement of reference marks from point to point along planes of
discontinuity has been only used when striaes are found on this plane (often
on quartz or calcite infilling) because pressure solution may produce an
apparent displacement of initial markers, without there being true slip on the
plane.
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Physical and chemical conditions of the deformation

Changes in chemical composition during progressive deformation of Liassic
argillaceous limestones have been studied by chemical analysis (microprobe;
or X.R.F., Gratier, 1979). Attention was focussed on hard objects (fossils,
folded veins, etc.) which induced locally heterogeneous strains in an initially
homogeneous matrix (see Figs. 11 and 12). Mobile minerals (SiO,, CaCOs,,
...) have been shown to migrate from a solution surface (cleavage) to dilated
zones (perpendicular fractures) where they crystallize. By comparing chem-
ical analyses from differently deformed zones, quantitative measures have
been made of this transfer process. Microprobe analysis, along sections
perpendicular to solution plane, yield concentration profiles of various ele-
ments (see Fig. 11).

A study of fluid inclusions in various synkinematic veins infilled by mo-
bile elements, has given the relation between temperature, pressure and
nature of fluids (Gratier et al., 1973; Bernard et al., 1977, Bernard, 1978).
The temperature of homogeneization of the fluid has been determined by
heating the sample under the microscope. This leads to a minimum value for
the crystallization temperature. If there was no volume change of the inclu-
sion, it gives a density and an isochore (P-T relations). To determine the true
pressure value, the true temperature of sealing is estimated by measuring the
K/Na ratio in the fluid (Poty et al., 1974).

RESULTS

The tectonic structures and finite strains will be described separately for
sectors (1) with upright folds (vertical S;) and (2) with inclined folds
(inclined S,). In these two cases no difference exists for physical and chemi-
cal conditions of the deformation.

Structural description

Sectors with upright folds P, (vertical S,)

The reconstructed sections of the Bourg-d’Oisans major “syncline’”’
(between the basement of Belledonne—Taillefer and Pelvoux—Grandes
Rousses) show, in the central and western parts of the “syncline”, a system
of upright folds more or less narrowly pinched between masses of basement:
the shape of the folds varies from south to north according to the shapes of
the basement and to the width available betwecen crystalline masses. This
width appears to have controlled the amplitude, wavelength, and frequency
of minor folds (whose axes are mainly N—S but are moulded around base-
ment blocks). In any given cross-section, the major “syncline” widens up-
wards and the minor folds display a decrease of E—W horizontal contraction
value with the altitude. The shape of folds varies also, according to the dis-
tance from the basement (La Paute—Oulles cross-section) and between one
section and another (Fig. 2).



(S

157

Each minor domain is composed of alternating folds of class IC (compe-
tent levels) and class 3 (incompetent layers). In bulk, this combination gives
similar folds (class 2) with often rather sharp hinges and straight limbs.

The detailed structures, quite homogeneously distributed throughout the
whole “syncline”, are spectacularly well exposed along the road which runs
from the Lignarre valley to Oulles, a little village to the west of Bourg
d’Oisans (Gratier and Vialon, 1975).

(a) Slaty cleavage S,, which is vertical and roughly N—S, bears two linea-
tions. One is the trace of bedding (So) enhanced by refraction of S; when it
passes progressively from a calcareous to a more argillaceous layer. This So/
S, intersection runs parallel to the axes of minor folds in the sector. It
plunges either towards the north or towards the south: the plunge varies
according to the different transverse cross-section of the syncline (see further
on) but also varies between one S, plane and another at the same outcrop. In
places one can observe on a single S, plane a curved intersection lineation
which emphasizes this plunge variation (Fig. 3A).

The other lineation is regularly vertical: it is a preferred mineral orienta-
tion and the rock has a fibrous texture. It is also expressed by fine align-
ments of grains of oxidized pyrite, prolonged by crystallized fibres of calcite,
quartz or gypsum (pressure shadows). It is a stretching direction parallel to
the principal elongation direction X, as indicated by truncated belemnites
and other deformed objects (oxidized spots, ammonites . . .). The stretching
lineation is sometimes emphasized by striaes parallel to X.

There is a system of joints perpendicular to S, and parallel to X. This joint
planes (longrain) often bear horizontal striaes.

The S, cleavage is cut also by subhorizontal fractures with infillings of
quartz and calcite, often as drusy crystals whose long axes are parallel to the
stretching lineation. In the more argillaceous beds these fissures are generally
barren. We attribute these fissures to vertical stretching of the rock. The So/
S, lineation, owing to plunge variations, is only rarely perpendicular to the
stretching and this leads to some peculiarities in the organization of the
horizontal fractures. The latter are often disposed en echelon (in an array
orientated by the Sy/S; lines) which expresses an apparent rotation in the S,
plane. This shearing also entails the disjunction of each fracture into elemen-
tary segments which correspond to Riedel fractures (Fig. 3B).

(b) Perpendicularly to the S, plane, the refraction of the cleavage can be
easily observed: in the most argillaceous layers, S, is nearly parallel to So; in
the more calcareous levels it subtends a larger angle (Fig. 3E).

The strata form sigmoidal “microlithons” whose relative position and
apparent displacements are distributed normally across the folds. This inter-
microlithon slip (and associated shear) is parallel to the stretching lineation.
It can be measured (Fig. 3F) and gives an estimate of the local elongation
parallel to the fold limbs. It is an element of comparison between structures,
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which will be used concurrently with the elongation ratios measured by
other means.

In this intermicrolithon displacement of the competent calcareous layers,
owing to the refraction and the sigmoidal shape of these objects, an inter-
locking defect appears with filling of various minerals (Fig. 3C). The result-
ing veins are filled with fibrous calcite and quartz crystals whose sigmoidal
disposition confirms the direction of the displacement. Subsequent phases of
vertical stretching have caused boudinage of these intermicrolithon fillings.
The boudins axes are crossed so as to define lozenge-shaped boudins. The
axes correspond to an interference between the directions parallel to the fold
axis (So/S,) (which are progressively more and more plunging in the progres-
sive deformation) and the direction perpendicular to the vertical stretching
(Fig. 3G).

Because of the rotation of the contraction direction during the progressive
deformation in the limb of fold, the present cleavage is sometimes oblique to
the initial cleavage represented by the boudinaged intermicrolithon veins. In
such a case the final cleavage dissolves the quartz-calcite filling (Fig. 3D). But
in general when these microlithons have been slipped and sheared, in the
limbs of the fold, the present cleavage in the competent layers remains sub-
parallel to the boudinaged intermicrolithon filling (Fig. 3E).

(c) When the S, cleavage is parallel to the S, bedding, certain layers are
extremely boudinaged. Two cases are met with. In the first, the layer is thin
(10 c¢m) and the boudinage is expressed by quartz and calcite fillings
between segments of the truncated layer: subsequently thc fillings have
resisted to the deformation and the residual segments have been thinned and
stretched. This “boudinage of boudins’ seems to develop during one progres-
sive deformation.

The second case of boudinage shows the complete disappearance, over
several dozen meter of a layer, without any recrystallization between dis-
juncted sections. The boudinaged layer thins out, becomes highly cleaved
and disappears, leaving a single plane analogous to the mingled S¢—S: planes
which separate two normal layers.

The strong vertical stretching is also revealed by veins predating the cleav-

Fig. 2. True sections, reconstructed from photographs of vertieal cliffs (with correction
for distortion and different scale effects). Section perpendicular to the axial plane of Py
(S, cleavage) displaying the variation of the fold shape from north to south, and relative to
altitude and distance from the basement. The average plunge of fold axes is indicated.
The position of each section is shown on the map, where the direction of S; cleavage is
also indicated (dashed) to show the indentation of the cover by the horizontal movement
of the Rochail basement massif. S, cleavage (thick dashed) limited to a N50 sinistral zone
and thrusting of basement over cover (toward north and south) are also associated with
this indentation (white = basement). A. Aiguillettes Nord. B. Aiguillettes Sud. C. Oulles.
C' La Paute. D. La Lignare. E. La Malsanne. F. Le Tourot. G. Cote Belle.
The Rochail massif is at the eastern end of the “E” section.
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Fig. 3. A. Arch of S¢/S; intersection lineation (parallel to the fold axis P;) on one cleav-
age plane §,. Different plunge for different §, planes. B. Subhorizontal en echelon fissures
on the cleavage plane. Disjunction of each fissure into small Riedel fractures. C. Elonga-
tion and movement parallel to S, producing dilatation in competent layer, with infilling
of intermicrolithon (interlocking defects). D. Penetrative cleavage oblique to the bou-
dinaged intermicrolithons filling in a competent layer owing to the rotation of the con-
traction direction during progressive deformation (S cleavage always perpendicular to
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age. Originally, these veins were probably vertical and normal to the initial
S, plane (i.e. perpendicular to the initial fold axis). With the development of
S,, the veins have been folded ptygmatically with vertical axes. The resul-
tant stretching is now parallel to these fold axes. Their hinges are boudinaged
according to the same two-stage processes above described: this “boudinage
of boudins’’ has produced grooved bodies comparable to bamboo stalks (Fig.
3H).

Sectors with inclined folds P, (inclined S;)

On the eastern side of the Bourg d’Oisans syncline (Fig. 1B, C) the observ-
able P, folds are inclined and symmetrical but they are located in a hinge
zone of a larger fold (stratigraphically inferred) which is probably asymmet-
ric (Fig. 1C). The various directions of P, folds are indicated in Fig. 1Ds.

On the eastern side of the Grandes Rousses massif, asymmetric inclined
folds are small (<1 m). Their axes are dispersed in all the directions in the S,
plane (Fig. 1D3). Their vergence varies due to this dispersion. For example,
from Mizoen to Singuigneret, the fold axes vary from N10 to N120 with an
overturned limb toward the west and the south. These folds may be minor
folds on a larger fold, but in all the sector, the relations between slaty cleav-
age and bedding almost always indicate normal limbs. Overturned limb rela-
tions are rare. The spatial distributions of folds is not well exposed in the
cover of the Oisans massif, but we have found very similar structures
throughout the sedimentary cover of the external basement massifs. For
example, the photograph (Fig. 4) taken in the region of Mégéve (cover of
Mont-Blanc massif) shows the folded zone limited by two horizontal layers
(with many striaes parallel to the X direction). The dip of the axial plan
decrease from the upper and lower limit of this folded zone to the central
part. The amplification of fold increases according to this decrease of axial
plane dip. In this folded zone we often found a thrust fault limited to one or
two layers.

In the sector of inclined S, the strain markers are often similar to those
previously described. But they are simply tilted by 30° to 60°, as the S,
plane (Vialon, 1968).

The stretching lineation (average trend E—W but ranging from N60O to
N140 near the basement) is a preferred mineral orientation, which is parallel
to the long axes of ellipsoidal objects (ammonites-oxidation spots). On a sec-
tion perpendicular to S;, pressure shadows are frequently asymmetric. They
mark a component of shearing parallel to the S, plane. In contrast to the pre-
ceeding sector, an inverse sense of shear in the two limbs of a fold may be
observed but only in slightly flattened folds. For strongly flattened (ampli-
fied and inclined) folds, the sense of shearing is the same for the two limbs,
with displacement of the upper part toward the west (Fig. 5). Many striaes
on planes of discontinuity (So, Sy, fractures) mark this same direction of dis-
placement. These striaes are parallel to the stretching lineation (Fig. 6).
Sometimes early striaes on S, plane are unrolled by ptygmatic folds P,.
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Fig. 4. Spatial distribution of asymmetrical inclined folds Py with axial el
axial plane of the most amplified folds tends to become parall
in a central part of a foldband. This may be linked to a shear zone parallel to the strata,

eavage S;. The
el to the horizontal strata

Fig. 5. Relation between fold axis B, Sy/S| lineation, slip lineation, stretch lineation, and
direction of shear (“a”). (1) In a competent layer: S0/8; (B) parallel to Y (minimal elon-
gation), perpendicular to X (stretch and slip lineation) and to () direction. Different
sense of movement on cleavage for normal and overturned limb. (2) In an‘incompetent
layer: 8¢/8, (B) parallel to X (stretch and slip) and almost fo (a) direction:-Same sense of
movement on cleavage for normal and overturned limb (sense of general shearing).

The S¢/S; intersections (or P, fold axis) are frequently curved on the S,
plane (Fig. 6). In folds affecting more competent rocks (which are less flat-
tened, less amplified, and almost perpendicular to the X direction), we have
noted an elongation marked by pressure shadows parallel to the fold axis. We
also found this elongation along the Y axis, with truncated belemnites (Fig.
10). Figure 5 outlines the relation between the different lineations in a com-
detent and an incompetent layer (see also Hansen, 1971; Brun, 1978).

Two other structures are characteristic of this sector with inclined S,: a
srenulation cleavage (S,) and subhorizontal fractures overprinting S, (Fig. 7).
Che S, crenulation cleavage is a pressure-solution cleavage (Fig. 11) which
sbliterates S; in the more incompetent layers (Fig. 8). The angle between S,
ind S, is never less than 30°. (If the contraction direction is greater than 60°
rom S, the dissolution probably occurs on S;). The S, cleavage is mostly
ertical with a N—S trend (Fig. 1D3). Nevertheless, near the basement or near
leterogeneities which are included in the sedimentary cover (fossils, folded
eins, etc.) the S, plane is parallel to the boundaries of the most competent
arts (Figs. 1D, and 2). Thus several directions of S, may appear on the same
wuterop.

In the east of the Grandes Rousses and at low altitude in the Bourg
‘Oisans syncline (1000 m), where S, is limited to the incompetent layers,
he amount of shortening normal to S, is small with respect to that associ-
ted with S,. But at higher altitude (from 2000 m to 3000 m) in the Bourg
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Fig. 7. The two characteristics structures of sectors with inclined P;S;: S, crenulation
cleavage and R fracture overprinting Sy, with striae (on the R infilling of calcite and
quartz). See Fig. 1D3. Situation on Fig. 1B.

Fig. 8. Refraction of §; cleavage and S, cleavage in incompetent layer. Situation on
Fig. 2, section C'.

nected with the different transverse sections (Fig. 2). For some of these sec-
tions, there are several values, according to the different altitudes, and to the
horizontal distance to the Taillefer basement massif, and to the width
between the two basement boundaries. The value of the plunge of the P,
fold axis which is also plotted, may be matched with these different strain
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Fig. 9. Table of comparative strain values in Bourg d’Oisans syncline: 1st and 2nd rows:
situation of measures (1) on schematic map, (2) on a longitudinal section of B.O. Several
values are given for each sections, according to position (altitude, distance from the base-
ment). 3rd row: see Fig. 2. 4th row: apparent contraction on a section perpendicular to
the axis of the fold (with correction for plunge of fold axis). 5th row: contraction mea-
sured by the angle between fold limb (reference to the fold of La Paute, with correction
for plunge of fold axis). 6th row: values of the intermicrolithon slip and shear in cleaved
competent layer (reference to the fold of La Paute). 7th row: elongation of truncated
belemnites. 8th row: apparent contraction in a section perpendicular to the interstratified
calcite veins (at the hinge of Py folds). 9th row: values of the plunge of Py fold axis.
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values. It increases with the increasing of the ratios X/Z and X/Y. The dia-
grams using truncated belemnites are given to allow a discussion on the sig-
nificance of these elongation values (Fig. 10).

Sector with inclined folds (inclined S,)

For this sector we have obtained fewer well distributed measurements
than in the preceding sector. The truncated belemnites have given values of
VX, ranging from 1.6 to 3.2, with an average of 1.9. Most of the values of
VA, are 1. The ammonites and the oxidation spots have given a X/Y ratio
ranging from 1.3 to 2.2, with an average of 1.8. The shortening perpendicu-
lar to S, (0.3 < /A, < 0.5) was estimated by unrolling of ptygmatic folds.

Physical and chemical conditions of deformation

Measurement of pressure solution

Although both cleavages are very different in their aspect (since the slaty
cleavage (S,) is penetrative whereas S, is a crenulation cleavage), they exhibit
very beautiful examples of structures attributed to pressure solution (Figs.
11 and 12). This interpretation is supported by chemical analyses (Gratier,
1979). For example, the distribution of various elements (Fig. 11) obtained
by electron microprobe scan, shows that the cleavage plane is a zone of
depletion in Ca and Si and of relative increase in Al, Mg, K, Fe, Ti. An XR
analysis gave the mineral content, the same minerals appear in the cleaved
and non-cleaved rocks but with a clear decrease in content of calcite, quartz
and dolomite, and an increase in content of illite (2 M), chlorite, pyrite, in
the cleavage plane. Assuming that this increase of insoluble minerals is due
only to solution of the most mobile elements (calcite, quartz, etc.), a con-
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Fig. 10. Diagrams of truncated belemnites. The arrows show the plunge of P, folds near-
by.
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Fig. 11. Chemical distribution of various elements across a cleaved rock. A. Distribution
map of Al, Ca, Ti, Si (electron microprobe scan CAMECA MS 46). Crenulation cleavage
S, (central part)} overprinting a slaty cleavage S,. B. Distribution map of Al and Ca (elec-
tron scan with XR analysis). Calcareous hard objects lay down parallel to S, strata, with
solution plan cleavage S sub perpendicular. C. Integration of the Al content, on a 200 u
width profile perpendicular to S, (automatic scanning (200 u) parallel to S, and displace-
ment of the sample perpendicular to this S, plan).

A B c D

Fig. 12. Pressure solution plane associated with heterogeneities: (A) around a hard object;
(B) at the level of a vertical limb of fold; (C) in the intrados of a ptygmatic fold, affecting
a whole layer, (D) affecting only the upper and the lower limit. Insoluble elements in
black.
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traction value has been estimated for the cleaved zone. For example, normal
to S, profiles, obtained with microprobe analysis, allow one to calculate a
shortening perpendicular to S, of 17% (Gratier, 1979). An elongation, per-
pendicular to this contraction, appears, due to the crystallization of the mo-
bile elements. But this elongation is at various scales, according as the mobile
elements migrate far from the cleavage plane (toward dispersed tension
gashes), or the mobile elements remain near the solution plane, by recrystal-
lization around mineral grains. (These recrystallizations are revealed by
studies of cathodoluminescence on thin polished sections). :

Temperature and pressure of deformation

In the sedimentary cover, the temperature of homogeneization (or the den-
sity) decreases with distance from the basement (Fig. 13A). The contours of
equal temperature are roughly parallel to the basement cover boundary. The
histograms spread out because of the grouping of inclusions from veins of
different ages. A decrease has been also observed from the earliest vein (ante-
S,) to the latest (post-S;) (Fig. 13B). Even after this differentiation the value
remains scattered due to successive generations of inclusions in the same
crystal.

A true temperature has been estimated (K/Na ratio) for the post-S; vein,
only in the basement (lack of feldspar in the cover veins). They vary ranging
from 335°C to 370°C (Poty et al., 1974) at the basement cover limit. This
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Fig. 13. Study of fluid inclusions. Distribution of the homogeneized temperature of vari-
ous synkinematics veins in the cover: A. According to distance from the basement
(grouping all the veins). B. According to age of veins — F'; ante S (parallel to Sg); F'; syn
S, (filling of S; in competent layer and en echelon associated veins); F3 post S; (associ-
ated with S, cleavage and R fractures).
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implies a pressure ranging from 200 mPa to 250 MPa (Bernaxd et al., 1977).

The fluid in the inclusions is water with a small NaCl content, decreasing
with distance from the basement.

INTERPRETATIONS
General problems

Values of finite strain and volume change X

On the diagram of Fig. 10, the elongation values of truncated belemnites
vary for a given angle with the stretching lineation (X). Two explanations are
possible and are not incompatible: (1) The difference in competence
between fossils and matrix varies for a homogeneous deformation. (2) The
deformation is inhomogeneous.

In the first case the best estimate of the elongation is given by the most
elongated belemnites. In the second case we may take only a certain average
of these elongation values. When comparing these values with those given by
the ammonites and the oxidation spots (also minimum values) we notice that
the latter give values lower than the most elongated belemnites but very
close to the average value of this elongation. Using this last value and the
contraction value given by the ptygmatic fold, a volume change could be
estimated. On the example from La Paute: VN, = 0.6,/ e = 1.4,/ A, = 1.05,
the volume decrease is 12%. Taking the most elongated belemnites, we find
an increase of volume which seem unreasonable. But the value v/, is also a
minimum value, since the vein may be thickened. The estimation of volume
change using markers of competence different from the matrix, is thus
doubtful in an heterogeneous material (Gratier, 1976).

Relation between strain values and plunge of fold axis (Py)

The values outlined in the table Fig. 9 are only comparative, but they
show a very good correlation between strain intensity and the variation of
plunge of fold axis (P;) (Gratier et al., 1976). This is also exhibited in the
diagram of the truncated belemnites (Fig. 10). The greater the plunge is, the
greater the X/Y and X/Z ratios are. Taking VN, equal to the average value of
elongated belemnites, for /A, = 1.4 the fold axis are subhorizontal, for
. = 1.9 they plunge at 45°, for /X, = 2.5 their plunge reaches the vertical.
Nevertheless, there is a problem. Assuming that the P, axes are (as a linea-
tion) reoriented in the S, cleavage by increase of the deformation, the dia-
gram of Ramsay (1967, p. 131) may be used. To pass from a gentle plunge
of fold axis (10°) to a strong plunge (80°) the X/Y ratio must change from 1
to 0.03. The measured strain values do not show these variations. There are
several possible reasons for this, for example:

(1) The greater the value of v/ A,, the more it is underestimated using
truncated belemnites. This seems very unlikely.

(2) There is a contraction parallel to (Y) when the X/Y ratio increases. We
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found no evidence for this, except in the sectors with fold axis parallel to X.
We noticed very local and rare crenulation lineation parallel to X which
marks a slight contraction normal to Y.

(3) The variously obtained strain values are too general: the deformation
is inhomogeneous and so is the fold axis plunge (variable plunges on a S,
plane and from plane to plane). If some cleavage planes show a very large
value of X/Y ratio, this value cannot be seen when taking the measures over
a large (100 m) outcrop. This last hypothesis is consistent with the observa-
tions: in the sector of Oulles, with fold limbs parallel to their axial plane, we
have often seen some incompetent layers between two more competent
layers becoming thinner and even completely disappearing over a dozen
meter length. The fold axes are the most reoriented in this incompetent
layer. This strongly elongated zone may evolve into a discontinuity plane on
which slipping still contributes to the reorientation of fold axes. Only some
of the §, or S; plane become sliding planes. It is also well-illustrated on the
observed example of Fig. 5 (Plotto, 1977): this fold axis is completely
reoriented and parallel to the X lineation in the incompetent level and it
remains subperpendicular to this same X direction in the competent level.
Consequently the role of the heterogeneity of the rock is important (see
below).

Role of the heterogeneity of rocks

These rock heterogeneities may be prior to the deformation (difference
between basement and cover, heterogeneous multilayered sediment, fossils,
etc.) or acquired during progressive deformation (block of basement indent-
ing cover, folding, boudinage, zone with depletion or deposition of mobile
element). We particularly underline this last phenomenon which leads to a
differentiated layering (Hobbs et al., 1975).

The planar and linear heterogeneities may be folded. Those with globular
shape may indent the surrounding matrix. This appears on all scales from mi-
croscopic (see Fig. 12, hard object with associated parenthesis shape of solu-
tion plane) to macroscopic (see Fig. 2, the indentation of cover by a base-
ment block). This indentation highlights some markers which would not
otherwise appear so clearly. :

The rotation of these heterogeneities (with increasing of the strain values)
leads to a complex finite deformation, with fold axes or boudin axes oblique
to the stretching lineation X. Another curious consequence of the heteroge-
neity is the infilling of some cleavage planes of competent layers (Fig. 3C). It
may be explained by a movement along a refracted cleavage surface, produc-
ing a dilatation in the competent layers (Ramsay, 1967, p. 407). The high
fluid pressure probably facilitates this phenomenon.

Evolution of cleavages in a non-coaxial deformation

There are different possibilities for the evolution of cleavages within a
non-coaxially deformed zone (Autran et al., 1975; Choukroune Lagarde,
1977).
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Assuming that the intermicrolithon filling plane in competent layers repre-
sents the initial cleavage, three different cases may be found in a limb of the
fold (see also Le Corre, 1978).

(1) The actual penetrative cleavage plane crosses the intermicrolithon fill-
ing plane (with partial dissolution of this filling, Fig. 3D). Then, at every
stage of non-co-axial deformation, the penetrative cleavage plane must be
destroyed and reformed perpendicular to the contraction direction (Z) (S is
always perpendicular to Z).

(2) The actual cleavage is parallel to the intermicrolithon filling plane (Fig.
3E). The initial cleavage plane remains the same all through the progressive
deformation, but undergoes a rotation with shearing parallel to this plane
(asymmetric pressure shadow within microlithon) and/or slipping on a par-
ticular plane (striaes on the filling at the limit of the microlithons). This case
probably appears if the rate of cleavage process (pressure solution or any
creep) cannot follow the rate of rotation of the direction of contraction (Z)
as in the first case.

(3) The cleavage S, is overprinted by a later crenulation cleavage S,
(Fig. 7). In such a case the rotation of the Z direction is presumably too fast
to be registered as in the two former cases.

Fluids in the deformation

The presence of fluid (water with a small content of NaCl) probably facil-
itated the diffusion of the mobile elements.

The temperature evinced a clear thermal effect of the basement (Fig. 13A)
(350° near the basement, 950° further on). It also decreases with the age of
the vein (Fig. 13B).

The fluid pressure may be interpreted in two ways (Bernard et al., 1977):

(1) The fluid pressure is equal to the lithostatic pressure. Then for 200
MPa one must admit 7.5 km thickness of rocks. The actual thickness of
known cover is only 2 km to the upper Cretaceous; sO this implies that a
great deal of material have disappeared (autochthonous sediment, nappes,
water!).

(2) The fluid pressure differs from the lithostatic pressure, for example a
transitory fluid overpressure may induce hydraulic fractures, with crystal
growth when opening the fissure (decrease of pressure). The sealing pressure
registered by the fluid inclusion is lower than the over-pressure but may be
greater than the lithostatic pressure.

Sectorial interpretations
Sectors with upright P, folds (vertical S,)
(a) Evolution of upright folding. The comparison between the central part

and the western part of La Paute—Oulles section, allows us to build up a
model of the fold evolution. We assume that the amplified fold of Oulles has
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passed through a less amplified stage like those of La Paute. With an E-W
continuous and horizontal contraction, the folds are initiated with vertical
axial slaty cleavage, vertical stretching (thickening of layers) and slight elon-
gation parallel to the horizontal fold axis (Y direction). Transfer of mobile
elements (calcite, quartz) takes place by dissolution and recrystallization.
Due to their refraction some cleavage planes in competent layers are infilled
with these mobile elements. These fillings are boudinaged with increase of
the E—W contraction, the axis of boudins is parallel to the fold axis.

Finally, all the axes begin to be oriented when the folds are amplified. The
limbs become parallel to the axial plane and the axes (folds, boudins)
become parallel to the vertical stretching direction. On account of the inho-
mogeneity of the deformation, the fold and boudin axes show various orien-
tations in a single outcrop. The first boudin axes are parallel to the fold axes,
the last ones are perpendicular to the X direction. The last crystallization
takes place in large horizontal fissures. The slip direction on the different dis-
continuity planes remains parallel to the X direction during all the progres-
sive deformation (see also Ayrton, 1972; Ayrton-Ramsay, 1974).

Spatial variation of the strain values. (1) Variation of strain with altitude.
All along the Aiguillettes section (Figs. 2 and 9), the horizontal contraction
value decreases from the bottom to the top, with a minimum value at the
middle and increases with the inclination of the S, cleavage. On the top of
the Aiguillettes the axial planes of folds converge toward the heart of the
pinched syncline, like cleavage-fans in an ordinary incompetent layer. The
basement-cover boundary forms (Fig. 1B) narrow synclines pinched between
wider anticlines. This is similar to the folding of two materials of different
viscosity (Ramsay, 1967, p. 383). The E—W contraction is maximal at the
heart of the syncline, but along the basement-cover boundary, the contrac-
tion decreases and disappears in the sedimentary cover situated above the
basement anticline (normal N—S fault which cuts out the cover and the base-
ment in Grandes Rousses massif). In the basement, the whole deformation is
concentrated in narrow strips near the pinched synclines.

(2) Variations of strain values with horizontal E—W distance. There is a
good example on the La Paute and Oulles sections (Figs. 2 and 9). The
greater amplitude of the folds in the western extremities of these sections
(near the limit fault of the Belledonne Taillefer basement) is, perhaps, due to-
an heterogeneity of the sediments, on a transversal section of the Bourg
d’Oisans syncline. But it may also be due to an early appearance of folds
near the border of the deformed zone. This would be a boundary effect (see
Cobbold, 1976). In this case, the first folds appear at the limits of the
deformed zone and are therefore always more amplified than those which
appear later at the center of the deformed zone. The thermal effect of base-
ment may be also important. Moreover, there was a difference in anisotropy,
acquired during deformation. In the central sector of the Bourg d’Oisans
syncline, on the less contracted part, the two main planar features of the
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material cross each other (S, +S;, perpendicular or oblique up to a minimal
angle of 50°), whereas at the western border the two planar features tend to
be parallel. In the latter area, which is close to the basement border of the
syncline, this arrangement facilitates the vertical elongation of the material,
and therefore increases the vertical stretching—horizontal contraction rela-
tion.

This type of deformation is to be compared with the experimental defor-
mation obtained on an orthotropic rock: under isotropic stress, the obtained
strain can be represented by an ellipsoid whose small axis is perpendicular to
the anisotropic plane of the material (Allirot and Boehler, 1976).

(3) Variation of strain values with horizontal NS distance. These variations
are independent of those so far described, upon which they are superim-
posed. Proceeding from north to south, it is clear that the E—W horizontal
contraction is very important to the north (Aiguillettes), decreases up to the
sections of La Paute—Oulles, then increases as far as La Malsanne, where it
reaches a maximum, before decreasing again as far as the Tourot section.
This maximum of the Malsanne region also corresponds to the maximal curv-
ing of the syncline and of the axis of the regional folds.

We have been able to connect this arc with the horizontal indentation and
rotational movement of the Rochail basement block, bounded by wrench
faults (Fig. 2B). The S, cleavage localized near the wrench fault zone (trend
N50°) at the north of the Rochail massif may be connected with this move-
ment. The thrusting of basement over cover toward the north and south may
be related with a deformation of the indentor. Other less spectacular inden-
tations of cover by basement blocks exist to the north and south, and help
to explain the local presence of a N—S horizontal elongation (parallel to Y).

Sectors with inclined fold P, (inclined S,)

The characteristic structures of this sector are plotted on a stereographic
projection (Fig. 1D). The poles of the S, cleavage, those of the fractures
crossing S, (R), and those of the direction of striae on this plane, are all situ-
ated in a plane which also contains the stretching and slipping directions on
the S, cleavage. Taking into account this fact and the evolution of the asym-
metric P, folds (Fig. 4), we think that all these various structures may appear
in a progressive non-co-axial deformation, with shearing parallel to the main
fabric (stratification or cleavage), and variation of thickness of the shear
zone. Many examples, not only in the Alps but also in the Himalaya and
chiefly in the “Cdte Basque’ (western Pyrenees) have led us to propose three
general cases (Gratier et al., 1978):

(1) In a shear zone parallel to an initial fabric (Fig. 14A,) a local blocking
of the movement may induce folding (A;) (Rhodes and Gayer, 1977;
Robert, 1979). This blocking (or at least a differential rate of displacement)
may be due to an heterogeneity, or to a local thrust fault. We frequently ob-
served such a thrust fault limited to one or two layers, associated with an
incipient zone of folding. Only with geometric consideration, these folds are
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Fig. 14. Structures (fold of various symmetry and fracture) in a shear zone with change of
thickness of the shear zone (see the text). A. Sg: strata; P, S first fold and cleavage; P15,
second fold and cleavage, etc. Free slipping and shearing parallel to the main fabric in
(A;) and (A4); local blocking or at least differential rate of displacement due to: hetero-
geneity, thrust fault in (A,) or veins crossing S; in (As). B. S crenulation cleavage over-
printing Sq, S1, S2, ete. C. R fracture overprinting Sg. S1, S2. D. Schematic E—W section
of the Oisans massif. Dotted = basement; thick dashes = sedimentary cover; thin dashes =
S, cleavage.

of drag type (Fig. 144A,, and Fig. 4) when, at their initiation, the shear zone is
thickened, or when the horizontal fold limb is thinner, due to adequate
orientation of stress, favourable boundaries conditions and favourable rock
behaviour. The stretching and slipping lineation is subperpendicular to the
incipient fold axis. A slight elongation may exist parallel to this fold axis
(Y direction). An increase of shear leads to amplification of these asym-
metric folds (Fig. 14A; and center of the folded zone in Fig. 4) associated
with a tilting of their axial planes which tend to become parallel to the pre-
vious fabric. The fold axes are reorientated and tend to become parallel to
the stretching and slipping lineations (Fig. 14A,) (Sanderson, 1973; Escher
and Watterson, 1974; Carreras et al., 1977; Gratier et al., 1978; Bell, 1978;
Quinquis et al., 1978).

The hinge of fold may migrate during this evolution (Robert, 1979). This
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may explain the unrolling of striaes (and even of early X lineation) previ-
ously mentioned. At this moment (Fig. 14A,), the axial cleavage S, may
have completely transposed the previous fabric (S,). If the conditions for P,
formation occur again (for example, by blocking on veins crossing S,) a new
asymmetric fold P, (drag fold type) appears (Fig. 14As). A cycle is begun
and may be repeated (S, transpose S, etc.). This succession of asymmetric
folds can give a very important displacement only with internal strain in a
shearing zone.

(2) The internal strain is expressed by asymmetric folds but with di?erent
asymmetries relatively to the previous case (Fig. 14B) when the shear Zone is
thinner or when the horizontal limb is thickened during deformati/on. By
increasing of shear, the limbs are broken and the microlithons whic}x appear
from them, are tilted like playing cards in the opposite-sense to thé general
shearing. Contrary to the previous case, this one implies a rapid blocking of
the shearing. The movement must go on either by a migration of-the affected
zone, or on new discontinuities as a third case:

(3) If rupture occurs in the shearing zone (behaviour change of rocks for
example by fluid migration, at the end of the deformation: Vialon, 1974a,
or by transfer process); they may be arranged like Riedel fractures. If the
general decrease in thickness of the shear zone is small, the movement on
these fractures is small too; these fractures open out and are filled with min-
erals. If the thickness strongly decreases, the blocks slip on one another with
elongation parallel to the X-direction.

Most of the structures (with inclined S;) described in the cover of the
external basement of the Alps, may be explained by the succession of some
of these three cases. Generally, the first case (Fig. 14A;) occurred, with
asymmetric folds P, (and S, cleavage). Then, according to the regional situa-
tion and to the nature of rocks, we have either asymmetric folds P, of the
first case (Fig. 14A;) or asymmetric folds P, of the second case (Fig. 14B) —
both with S, cleavage. The S, cleavage of the second case (Fig. 14B) is asso-
ciated with conjugate fractures of Riedel type (Fig. 14C), this system being
asymmetrical with respect to the shear plane.

Regional interpretations

The previous partial interpretation has allowed us to define particular
mechanisms relative to two different dips of the S; cleavage (vertical and
inclined). But the dip of S; continuously varies from east to west and this
must be integrated in a global regional mechanism.

The vertical pinched synclines between wider anticlines of the basement-
cover boundary, immediately suggest a horizontal E—W contraction on the
"E—W section of the Oisans massif (Fig. 1). But observations in a tunnel
through the Belledonne massif show that the axial plane of the pinched syn-
clines tend to become horizontal with depth. On the other hand, near the
actual erosion surface, this syncline exhibits an asymmetrical structure with
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differences from east to west for each syncline (Fig. 1):

On the eastern part, the structures may be matched with model A of Fig.
14. The assymetric P, folds pass into nappes when their axial planes become
thrust planes with lamination of the overturned limb (Fig. 14D). Uplift and
thrusting of the basement (over the cover or within the basement massif:
Pecher, “Geological map of St Christophe en Oisans”, 1978) are associated
with these folds. This implies a shearing deformation parallel to the base-
ment cover boundary with the upper part moving to the west (as previously
mentioned, along the décollement surface between cover and basement).

On the central and western part, S, is vertical. There is an uplift of the
western basement, along a great fault, with lamination of the cover and with
alpine cleavage in the basement near this fault (Fig. 14D). This fault may be
interpreted as a cleavage plane like those of model B (Fig. 14). It may be
associated with a shearing displacement as for the eastern part of each syn-
cline.

Thus all the structures in the sedimentary cover of Oisans may be attrib-
uted to a progressive deformation with subhorizontal east—west contraction
and shearing parallel to the basement cover boundary, the upper part moving
westward.

This simplified model is more complex in detail: The initially subhorizon-
tal surface of the basement cover boundary may vary due to transverse folds
(Cretaceous) prior to the P.S; folding (Gratier et al., 1973). The EW contrac-
tion also varies according to the shape of the basement blocks, which are
moving each against the other. These blocks are bounded by wrench fault
which contribute towards the general curvature of the Alpine arc, of which
the Pelvoux massif is the core (Vialon, 1974b; Boudon et al., 1976; Robert
and Vialon, 1976; Tricart et al., 1977; Menard, 1979).

CONCLUSIONS

The folding of the basement-cover boundary (pinched synclines and wide
anticlines) is attributable to a progressive deformation with subhorizontal
E—W contraction and shearing parallel to the basement cover interface
(upper part moving to west). During this deformation, the temperatures
varied from 350° (near the basement) to 250°, and the fluid pressure from
200 to 250 MPa. The observed characteristic examples of the behaviour of
an heterogeneous material during coaxial and non-coaxial deformation are:

(1) The basement is deformed (cleavage) in tight strips near the pinched
cover syncline. In the eastern part of each syncline, the basement thrusts and
is associated with asymmetrical folds and nappes in the cover.

(2) Indentation exists on all scales: hard objects in initial homogeneous
matrix (with parenthesis form of pressure solution cleavage); basement block
limited by wrench and thrust faults (with variation of strain value in the
cover).

(3) The deformation is inhomogeneous. The estimation of a volume
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change using the strain value is not a simple matter. The most strained zones
often become discontinuity planes with slip.

(4) The orientation of each structure is strongly affected by the attitude
of the boundary of an adjacent heterogeneity. v

(5) The cover is folded and cleaved, and its characteristics (attitudes,
amplitudes, symmetry, etc.) vary from place to place. In all cases, initially
the folds axes were horizontal and parallel to a slight elongation (Y).
Throughout the deformation, the X direction remained vertical (upright
fold) or in a vertical E—W plane (inclined folds). The fold axes tended to
become parallel to the X direction with increase of the X/Z and X/Y ratio
(with reorientation of all previous structures).

(6)In a non-coaxial progressive deformation appears: successive superpo-
sition of different asymmetric folds, successive cleavage (transposition), suc-
cessive fractures (Riedel). This is related to a progressive shear-deformation
when the initial shear plane is parallel to the main planar anisotropy (S, at
first, S, after, then S,, etc.) with variation of thickness of the shear zone but
constant “a’’ direction of shearing.

(7)In such a non-coaxial deformation, the evolution of the cleavage is
dependent on the relations between the rate of rotation of contraction direc-
tion (Z) and the rate of the cleavage process: (a) the cleavage remains always
perpendicular to the Z direction; (b) shearing and/or slipping occurs parallel
to the initial cleavage plane; (3) the initial cleavage is obliquely overprinted
by a new crenulation cleavage.
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