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Kinematics and intrabed-strain in mesoscopically folded
limestone layers: examples from the Jura and the Helvetic
Zone of the Alps

By O. ApriaN PFIFFNER!)

ABSTRACT

The uppermost Effingen Beds in the Jura Mountains consist of a rhythmic sequence of limestone beds sepa-
rated by marl horizons. A detailed analysis at the outcrop scale in the core of the St. Sulpice anticline reveals that
individual limestone layers maintain compatibility within the large scale structures by folding, bedding plane slip,
conjugate contractional and extensional faults, and duplexes. The thickness of individual limestone layers appears
not to be altered by a significant amount. Some of the contractional faults indicate considerable layer-parallel short-
ening in the early history of the folds. The ductile behavior indicated by round fold hinges is mainly linked to small
scale faulting.

The “Mergelband” member in the Helvetic Zone of the Alps is a sequence of well-bedded limestones within the
Late Jurassic Quinten Limestone. Within the anchizonal Helvetic Nappes individual limestone layers form chevron-
type folds in the hinge of more concentric shaped large-scale folds. The strains necessary to .produce the thickness
variations and the round fold hinges were produced solely by fracturing and pressure solution. Material balancing in
the hinge of a fold reveals a volume loss of about 23% due to pressure solution. Intrabed-strains related to buckling
are of the tangential-longitudinal strain type. In particular there is no evidence for intracrystalline deformation under
these metamorphic conditions.

The same “Mergelband™ member in the epizonal Infrahelvetic complex is characterized by folds with extensive
thickness variations in individual layers. Microstructural and textural analyses show that intracrystalline deformation
was important and produced a strong shape-preferred orientation of the micritic grains, and also that a substantial
amount of plastic flow post-dates the buckling stage of folding.

ZUSAMMENFASSUNG

Die oberen Effingerschichten im Jura bestehen aus einer Kalk-Mergel-Wechsellagerung, welche im Kern der
Antiklinalen von St. Sulpice in Falten gelegt sind. Detaillierte Untersuchungen im Aufschlussbereich zeigen, dass die
einzelnen Kalkbinke die durch die grossraumige Struktur bedingte Deformation durch Faltung, schichtparalleles
Gleiten, konjugierte Aufschiebungen, Verwerfungen und Verschuppungen aufnehmen. Hierbei werden die Machtig-
keiten der einzelnen Kalkbanke nicht wesentlich verdndert. Einige der Aufschiebungen deuten darauf hin, dass
schichtparallele Verkiirzung im frithen Stadium der Faltung stattfand. Das duktile Verhalten, angezeigt durch runde
Faltenscharniere, kommt hauptsichlich durch kleinmassstibliche Sproddeformation zustande.

Das «Mergelband» innerhalb des Quintnerkalks im Helvetikum besteht aus einer rhythmischen Abfolge von
Kalkbinklein und leicht mergeligen Kalklagen. In den anchizonal iiberpragten Helvetischen Decken sind im Schar-
nier von grossraumigen Falten des Quintnerkalks im Mergelband mesoskopische, chevronartige Falten anzutreffen.
Die fiir die Michtigkeitsschwankungen nétigen Deformationen kamen dabei ausschliesslich durch Drucklosung und
Sprodbruch zustande. Eine Massenbilanz im Scharnier einer Falte zeigt, dass durch Druckldsung ein Volumenver-
lust von etwa 23% resultierte. Die schichtinterne Kinematik einer gefalteten Kalkbank zeichnet sich durch schicht-

1) Geologisches Institut, Universitat Bern, Baltzer-Strasse 1, 3012 Bern, Switzerland.
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parallele Streckung im ausseren und schichtparallele Verkiirzung im inneren Teil der Schicht aus. Intrakristalline
Deformationen konnen nicht nachgewiesen werden.

Mesoskopische Falten im selben «Mergelband» im epimetamorph liberpragten Infrahelvetikum zeigen bedeu-
tende Machtigkeitsunterschiede zwischen Schenkel und Scharnier einzelner Schichten. Mikroskopische Untersu-
chungen zeigen, dass intrakristalline Deformationen hier wichtig waren und zu einer deutlichen Formeinregelung
der einzelnen Mineralkorner fiihrte. Anzeichen fiir Sproddeformation fehlen. Zudem ergibt sich, dass die eigent-
liche Faltung von einer spiteren homogenen Deformation vom Typ einfacher Scherung iiberprigt worden ist.

Introduction

Folding of sedimentary strata requires strains at scales smaller than the wavelength of
the folds. These strains may occur within the folded layers and relate either to thick-
ness variations between hinge and limbs or to the pattern of the intrabed kinematics
such as tangential-longitudinal strain or flexural flow, as discussed in Ramsay (1967).
In addition to intrabed-strain, layer-parallel slip may occur between layers and con-
tribute to the solution of the room problem in fold cores pertinent to any folded
medium.

When comparing the shape of folded layers, most structural geologists probably
agree that fold shapes become rounder during deformation at higher temperature (e.g.
under greenschist or amphibolite facies conditions) with important thickness varia-
tions for individual layers. Also one expects a switch in active deformation mechanism
from predominantly brittle behavior in un- or weakly metamorphic terranes to viscous
flow by inter- and intra-granular deformation mechanisms at higher temperatures.

The aim of this study is to analyse such changes quantitatively in folds affecting fine-
grained micritic limestones under conditions ranging from very low metamorphism
(diagenesis) to greenschist facies conditions. The samples are from the unmetamor-
phosed Jura Mountains and the anchi- to epizonal Helvetic Zone of the Central Alps.

Fold geometry, strain and deformation mechanisms
Jura Mountains

The Folded Jura forms an arcuate belt of folds that extends over a distance of
300 km. The folds consist of Mesozoic-Cenozoic cover sediments which are detached
from the basement along a detachment located in middle or upper Triassic evaporites
(see e.g. LauBscHER 1977).

A series of folds affecting the early Late Jurassic Effingen Beds in the cluse de St.
Sulpice (NE) at Les Prélaz (coord. 534.300/196.200) were examined in detail. The
large-scale structural setting is given in Fig. 1 (see also RickenBacH 1925). The St. Sul-
pice anticline shows the typical features of Jura-type folds. The whole structure is
assumed to be detached from the underlying basement along a Triassic evaporitic
layer. Within the anticline, the upper Jurassic limestones represent the mechanically
stiff member of the section and form box folds with relatively sharp kinks at the hinges.
A folded thrust fault in the core of the anticline indicates layer-parallel shortening
early in the deformation history. A thrust fault on the vertical southern limb on the
other hand, is SE-vergent (i.e. “regard suisse”) and developed at a later stage in the
folding history.
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Fig. 1. Geologic profile through the St. Sulpice anticline in the Jura Mountains (W of Neuchatel) showing the general
structure. Rectangle shows location of Fig. 2.

Fig. 2 is a detailed picture of the structure around the folded thrust fault at the base
of the mechanically stiff layer of Late Jurassic limestones. The conspicuous normal
faults in the hanging-wall may be explained by layer-parallel extension within a
hanging-wall anticline, which occurred during an early stage of the deformational his-
tory. In any case, the normal faults are unlikely to be related to the folding of the thrust
fault because these normal faults are situated within the inner arc of the stiff layer. The
folds in the more or less flat-lying layers of the footwall are interpreted as a collapse
structure of a multilayer that underwent layer-parallel shortening, during the early
stages of the deformational history.

Two areas within these folds were examined at the outcrop scale and are depicted
in Figs. 3a and 3b. At both localities, the local stratigraphy of the individual limestone
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Fig. 2. Detailed cross section from Fig. 1, showing localised shortening under horizontal compression in the footwall.
Rectangles mark location of Fig. 3 a), left and b) right. E, W and X-Y-Z refer to labels in Fig. 3.
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See text for discussion.
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layers is indicated by the labels E through Z. These limestone layers are separated by
thin layers of marl. Based on a comparison of the thicknesses, it was possible to corre-
late the two sequences shown in Figs. 3a and 3b. Layers E through W represent the top
of the Effingen Beds. These Effingen Beds form a predominantly marly sequence
between Middle and Late Jurassic massive limestones. Layers X, Y and Z form the
lowermost part of the Geissberg Beds, which are limestones that locally contain bio-
herms (PErsoz & RemaNE 1973) and lack bedding planes suitable for slip.

Inspection of the anticline-syncline pair in Fig. 3b reveals a complex interplay
between faulting and folding. The structures are discussed by concentrating on the fea-
tures encountered in following layer P through the folds. Beginning in the lower left,
the abrupt change in orientation of bedding from horizontal to vertical is linked to a
thrust fault which continues to the NE of the area shown in Fig. 3b. The displacement
decreases along this fault because the thrust does not extend as far as the folds shown
in Fig. 3a (cf. Fig. 2). The anticline-syncline pair of Fig.3b is thus tentatively inter-
preted as a fault-propagation fold (Suppe 1985 and Supre & MEDWEDEFF this
volume). The vertical beds in the hanging-wall of this thrust fault are obviously
thinned, as indicated by pinch-and-swell structures (layers O, P and Q), NW dipping
reverse faults (stretching layer P as “normal faults” would do if P were horizontal) and
discontinuous layers (U and V are cut off by X).

Layers I to Q are affected by several reverse faults, indicating layer-parallel short-
ening. For layer P, a pop-up structure bounded by two conjugate faults is situated
immediately below the sharp kink in the anticline and indicates a vertical orientation of
this shortening. This is probably unrelated to the later stages of buckling and closing of
the fold. More likely it represents an early stage of layer-parallel shortening subse-
quently rotated into its present orientation.

Following layer P through the sharp kink to the SE several additional reverse faults
document layer-parallel shortening or “wedging”. Most of these faults do not extend
into the adjacent limestone beds and must therefore transfer displacement into bed-
ding-plane slip along the marly layers. The fault at the extreme right can be traced
downwards into the core of the anticline where it is bent slightly between layers I and J.
This suggests that it formed early in the folding history. Large-scale examples of folded
and locked thrust faults are well known in the Jura Mountains through the pioneering
work of BuxTorr (1916) in the Grenchenberg anticline (see also Fig.1).

Folding within the Geissberg Beds is characterized by more rounded hinges (cf.
Fig. 2), although thinning of the steep limb and closing of the anticline in Fig. 3b was
accomplished by faulting in the lowermost beds (X, Y and Z).

The anticline-syncline pair in Fig.3a shows similar features. Tracing limestone
layer P through the structure reveals a rounded hinge in the syncline, layer-parallel
extension in the steep limb (probably related to the actual folding process) and several
reverse faults indicating layer-parallel shortening. The latter may have formed at early
stages within the folding history. One of the reverse faults in the SE limb of the anti-
cline truncates several beds (P-U) and may be due to squeezing material out of the
fold core.

The conspicuous SE-dipping reverse fault cross-cutting the entire limb is obviously
a late feature. Between layers F and G, this fault occurred within the suitably oriented
marly layer. Its displacement of layers E and X is about the same, but straining within
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the wall rocks decreased the displacement of layers P to U. The geometry in Fig. 2 indi-
cates that the displacement on this reverse fault is transferred to folding in the layers of
the Geissberg Beds above, and that the reverse fault is related to a late stage of tighte-
ning of those folds.

The hanging-wall rocks of the reverse fault in Fig. 3a exhibit three different struc-
tural styles:

— Layers G and H are folded and conjugate reverse faulting or “wedging” seems to
be particularly important in the hinge zones of the folds (the same is true for layers I,
M, N and O in the folds of Fig. 3b).

— Layer N accommodated some of the equivalent shortening mainly by NW-
directed imbricate thrusting. The relatively thick marly layers below and above N facili-
tated the development of a duplex structure.

— Layer P shows SE-directed imbricate thrusting. The complex structure of layer O
accounts for the kinematic consequences of the opposing movement directions above
and below.

The fact that these different structural styles account for the equivalent strain in dif-
ferent layers suggests that folding and faulting were coeval.

It is generally assumed that the principal shortening direction in folds of the type
described here is perpendicular to the fold axis. This assumption can be tested here by
comparing the orientation of the fold axis as determined from bedding plane poles and
the paleo-stress axes determined from faults with slickensides.

* bedding poles
%X fault poles COMPRESSION DIAGRAM

a) s— slriae on faulls b)
N N

max=24 nm=25

lold axis

Wull! lower hemisphere Lambert lower hemisphere

Fig. 4. Stereoplots of the folds of Fig. 3. a) poles to bedding and faults plot on a great circle which defines the fold
axis. b) Contour diagram of possible paleostress-axes orientations. Black = 100%, stippled = 50-99%, white =
0-49% for o, (maximum compression). Crosses: 100% for o;.
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The internal structure of the folds shown in Figs.3a and 3b is characterized by
various faults and seems complex at first sight. Striations and slickensides on these
faults suggest that some movement in and out of the profile plane did occur. Neverthe-
less the folds seem to be remarkably cylindrical as indicated by the dispersion of the
poles to bedding and faults on a great circle in the stereogram shown in Fig. 4a. As
described above, faulting may precede folding (layer-parallel shortening), be coeval
with folding, or in some cases, even post-date folding. The position of the paleostress
axes for each individual fault can be constrained by using faults with striae and known
sense of slip. After a method outlined by ANGELIER (1977) and PriFFNER & BURKHARD
(1987), data sets consisting of many striated faults can be combined, assumed to a first
approximation that all striated faults developed under a common stress field.
Obviously, this assumption is not strictly tenable because some of the faults are early
and are related to layer-parallel shortening in the rotated, steep limbs of Figs. 3a and b.
Disregarding the faults from the steep rotated fold limbs, the resulting compression
diagram (shown in Fig. 4b) suggests that the maximum compression axes o, was sub-
horizontal and in a NW-SE direction. The paleostress axes thus indicate a shortening
direction which is in fact compatible with the shortening direction inferred from the
fold axis. For the minimum compression axis o, a field extending from a subvertical to
a shallow dipping NE-SW trending position emerges. The fact that 24 out of 25 data

Fig. 5. SEM micrographs obtained from etched polished surfaces showing typical microstructure of sample 1198
from the unmetamorphic Jura Mountains.
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sets are compatible with this position of the o,-axis and that a large area with a zero
occupation density for the o,-axis exists suggests that the data set is coherent (inter-
nally consistent) and that the interpretation is reliable (see PriFENER & BURKHARD
1987 for a detailed discussion).

One of the aims of the study was to determine the deformation mechanisms at
small scales. Since transmission optical microscopy is difficult to apply to these
micritic limestones, scanning electron microscopy of etched surfaces was used to study
grain shape fabrics. Sample 1198 shown in Fig. 5 was taken from the hinge of a syncline
(cf. Fig. 3a, layer M). The lack of a grain shape fabric speaks against any significant
intracrystalline deformation.

Field inspection, however, clearly indicates penetrative deformation at the cm scale
by means of numerous striated and highly curved faults, which are best observed on
fresh, broken surfaces of hand specimen. These faults are obviously responsible for the
accomodation of local strains and rotations in conjunction with bending and thickness
changes of individual limestone layers. Stylolites, particularly common in the oolitic
limestones in the Jura mountains, were very rarely observed in the outcrops analysed.
Veins filled with secondary calcite are also relatively scarce and occur in the highly
deformed areas (e.g. the wedges defined by layer O in Fig. 3b).

In summary, the strains associated with the ductile folding in the unmetamorphic
Jura Mountains were accommodated mainly by faulting at scales smaller than the
observed folds. For folds at the outcrop scale, this includes combined reverse and
normal faults. In smaller scale folds affecting individual limestone layers, curved stri-
ated faults facilitated block rotations in fold hinges and also account for thickness vari-
ations on fold limbs.

Helvetic Nappés

The Helvetic Zone of the Alps of eastern Switzerland is subdivided by the Glarus
thrust into the Helvetic Nappes proper overlying this thrust fault and the underlying
Infrahelvetic complex. The Helvetic Nappes represent a fold-and-thrust belt with an
important detachment horizon, the Santis thrust, in the lowermost Cretaceous shales.
Beneath the Siantis thrust the internal nappe structure is dominated by the approxi-
mately 500 m thick Late Jurassic Quinten Limestone, which represents the mechani-
cally stiff layer (see PrirrNEr 1981 and reference therein for a more detailed descrip-
tion). The folds analysed here are second order folds from the hinge zone of a major
fold (cf. Fig.6) collected near the village of Mals (Liechtenstein, coord. 754.800/
213.300). They occur in the “Mergelband”, a well-bedded 30 m thick sequence con-
sisting of 5-20 cm thick micritic limestone beds alternating with 1-3 cm thick layers of
very calcareous marl.

Sample 1072 is the hinge of a syncline (see Fig. 6, inset) and its shape approximates
that of a similar fold. The sample was cut into slices and analysed on polished surfaces.
It is depicted as an antiform in Figs. 7 and 8 for reasons of convenience. The dominant
deformational features are tension gashes concentrated in the outer part of the folded
layer and stylolites in the inner part (Fig. 7a). In order to gain insight into the intrabed-
strain necessary to produce a nearly similar fold with important thickness variations
between limbs and hinge, a paper copy of the fold was cut along the interfaces between
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Fig. 6. Geologic profile showing the general structure of the Helvetic Nappes of eastern Switzerland (south of Liech-
tenstein). Inset: location of fold sample 1072 in the hinge of a syncline.

rock and secondary calcite vein filling, as well as along the observed stylolites. The
resulting puzzle consisting of fragments of “rock” was reconstructed (or “retrode-
formed”) so that the bedding planes bounding the folded layer were as straight as
possible. A minimum estimate of the layer thickness was obtained from the retrode-
formed pieces making up the fold hinge. The fragments separated by veins in the
deformed state generally fitted together neatly. The openings along the stylolites
turned out to be significant in many instances. They are indicated in black in the
retrodeformed state shown in Fig. 7b. Some of the thin veins in the deformed state
turned out to be late openings along pre-existing stylolites, i.e., the bulk of the retrode-
formation implied drifting apart of the pieces rather than closing of the (narrow) gap.
This type of fracturing along stylolitic joints has been described in folds of the Jura
Mountains (DrRoxLER & ScHAER 1979).

A mass balance between dissolved and reprecipitated calcite taking as a reference
state the retrodeformed “volume” (black plus white area in Fig. 7b) reveals the fol-
lowing: 35.6% of the original rock volume was dissolved, but only 12.6% of the original
volume was reprecipitated in the veins of the deformed state (the deformed state, i.e.
black plus white in Fig. 7b), makes up only 76.9% of the reference state). This means
that 23.1% of the rock volume was lost from the system in the folding process. This is
probably a slight overestimate because pore space was reduced during this same stage.
However, porosity of these micrites at the onset of folding was probably of the order of
a few percent only (Moore 1989).

By comparing positions of individual “rock” fragments between the deformed and
retrodeformed state, it is possible to determine the state of strain. After a method
described by Ramsay (1967, p. 80 construction 4), triangles linking fragment centers
(dots in Fig. 7) on the two limbs and in the inner and outer layer of the hinge were ana-
lysed. The resulting strain ellipses are given in Fig. 8a. The four triangles were chosen
such that they have at least one side parallel to a straight bedding plane segment. This
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reprecipitated

to be dissolved

Fig. 7. Deformed (observed) and retrodeformed (reconstructed) state of sample 1072. Dots mark reference grid used
in the strain study. Star: location of sample texture shown above. a) Fold profile of sample 1072. Note wedge-shaped
veins (black) indicating extension in the outer arc and stylolites (wiggly traces) in inner arc and on limbs. b) Retrode-
formed state. Note large “openings” (black) in the future inner arc and on limbs representing material which was dis-
solved.

guarantees that the strain ellipses are the result of a homogeneous deformation, which
requires that straight lines before deformation remain straight after deformation. The
long axis of the strain ellipse in the inner layer of the hinge is oriented oblique to the
axial surface of the fold. This stems mainly from the fact that during the “retrodeforma-
tion” the fragment containing the apex of the triangle was not moved past the lozenge-
shaped fragment above because of mutual interference. If these fragments were
allowed to slide past each other (by movements in and out of the profile plane) the
resulting strain ellipse would come to lie with its long axes in the axial plane. In either
case, the strain in the hinge zone suggests that tangential-longitudinal strain was the
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Fig. 8. Strain data for fold shown in Fig. 6a. a) Strain ellipses calculated from deformed and retrodeformed triangles.
S, and S,: lengths of long and short axes of strain ellipse expressed as stretch (S = 1 + Al/l;). AV: volume change
(positive for increase). b) Thickness variations and layer-parallel deformation expressed as stretch. W: angular shear
of line initially orthogonal to bedding.

Fig.9. SEM micrographs obtained from etched polished surfaces showing typical microstructure of sample 1072
from the anchimetamorphic Helvetic Nappes.
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dominant pattern of intrabed kinematics, with bedding-parallel extension (S, = 1.39)
in the outer, and shortening in the inner layer (S, = 0.32) in Fig. 8a.

Shape and orientation of the strain ellipses on the limbs document thickness varia-
tions that are largely due to thinning of the limbs. Bulk values of stretch parallel and
perpendicular to bedding were determined and are presented on Fig. 8b. These values
support the notion that thickness changes are due more to thinning of the limbs than to
thickening in the hinge. This is supported by field observation of a set of stylolites
oriented parallel to the axial surface indicating layer-parallel shortening (i.e. no thick-
ness change) in the hinge. On the limbs, where the stylolites are at a shallow angle to
bedding, the beds were thinned.

In order to detect intracrystalline deformation features several samples from fold
1072 were analysed on the texture goniometer. These samples all yielded an extremely
weak crystallographic preferred orientation. The inset in Fig. 7a is a stereogram of the
measured a-axes as determined on the rock fragment marked with a star in the right
limb. The data are rotated into the orientation of Fig. 7a of the fold and the contours,
given as multiples of uniform (see Scumip et al. 1987), reveal a lack of any significant
texture. Similarly the SEM micrographs of etched surfaces on sample 1072 shown in
Fig. 9 show that no shape preferred orientation exists. Therefore intracrystalline defor-
mation mechanisms were not activated substantially during folding and most of the
strain was accommodated by pressure solution and fracturing. Transmission optical
microscopy reveals that the sparry vein filling was subjected to some mechanical twin-
ning in a later stage.

Infrahelvetic complex

The Infrahelvetic complex comprises all units underlying the basal Glarus thrust of
the Helvetic Nappes (MiLNEs & PrirrNER 1977, PrirrNer 1978). This complex forms
a thick-skinned fold-and-thrust belt of its own, with basement rocks of the Aar massif
forming the core of the major structures (PriFeNER et al. 1990). The general structure is
characterized by a ductile deformational style leading to large-scale folds with inverted
limbs (see Fig. 10) and smaller-scale parasitic folds. The Mesozoic rocks involved are
similar to the ones in the Helvetic Nappes, but underwent an epizonal (greenschist
facies) metamorphism. Growth of chloritoid related to this metamorphism post-dates
cleavage formation associated with the main phase of deformation (named Calanda
phase by MiLNes & PrireNer 1977, PrirrNer 1978). Thus metamorphism outlasted
the deformation which was responsible for the folds analysed in this study.

Sample 1088 is from the hinge of a large-scale anticline (Fig. 10) and was collected
near the village of Felsberg (coord. 754.850/191.400). The sample is actually from the
same “Mergelband” as sample 1072. These Late Jurassic limestones form a number of
tight folds encompassing a sequence reaching from upper Paleozoic volcanics into
upper Cretaceous limestones (Fig. 10). The Cretaceous limestones were not detached
from the upper Jurassic limestones as in the case of the Helvetic Nappes in the pre-
viously discussed folds. Rather, the entire sequence of Mesozoic carbonates form the
mechanically stiff layer. The folds of sample 1088 were collected from the middle of
this sequence.
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Fig. 10. Geologic profile of the Infrahelvetic complex in eastern Switzerland (N of Chur) showing the general struc-
ture and location of sample 1088.

Fig.11 shows that folding lead to important thickness variations. Polyharmonic
folding is quite common and indicates ductile flow throughout the folding history. A
penetrative axial planar foliation forms convergent and divergent cleavage fans. Micro-
scopically, the foliation is defined by a pronounced grain shape fabric (Fig. 12). The
asymmetry of the large-scale structures suggests that the folds underwent a NNW
directed sinistral shear, which is also in agreement with a regional, down-dip stretching
lineation on cleavage planes (PrireNer 1978, 1980). The folds shown in Fig. 11 lack
any sign of imbricate thrusting related to layer-parallel shortening, stylolites or frac-
turing and veins. It thus seems that these folds formed directly as a result of ductile
deformation, when the rocks were deeply buried. A similar scenario has been pro-
posed from an attempt to relate the orogenic evolution of the Helvetic Zone with the
development of the North-Alpine foreland basin (PrirrNER 1986). The Helvetic Zone
seems to have evolved by a progression of thrusting from top to bottom with the
internal deformation of the Infrahelvetic complex occurring later than the internal
deformation of the Helvetic Nappes.

In order to determine intracrystalline deformation mechanisms, microscope and
texture goniometer investigations were carried out. In Fig. 12, micrographs of etched
surfaces as seen on a scanning electron microscope show a pronounced shape
preferred orientation. The calcite grains are elongate and the grain boundaries are
straight. This microstructure and the associated subgrains are both consistent with
plastic flow by dislocation creep. The microstructure is slightly annealed, as seen in
other rocks from the same general area (PriFFNER 1982).

The crystallographic preferred orientation was measured at the sites A through I in
sample 1088 (Fig. 11) in order to relate texture types and asymmetry to the intrabed
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Fig. 11. Detailed cross section of the folds of sample 1088. Fine lines are cleavage traces. Rectangles A-I show loca-
tion of thin sections for which texture analyses were carried out and of which only the one from site I is reproduced
here. Arrows next to the stereoplot give sense of shear indicated by obliquity of c-axes maximum.

kinematics. Surprisingly, all the textures are more or less identical in terms of their
intensity and their asymmetry with respect to the axial plane of the fold. Therefore,
only the stereoplot of the regenerated c-axes at site I is given in Fig. 11. The c-axes show
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Fig.12. SEM micrographs obtained from etched polished surfaces showing typical microstructure of sample 1088
from the epimetamorphic Infrahelvetic complex. Note the increase in grain size and the shape preferred orientation
as compared to Figs. 5 and 9.

a pattern, which if compared to naturally deformed rocks (Scumip et al. 1981) and to
experimental work (Scumip et al. 1987), is typical for rocks deforming with a compo-
nent of simple shear in the regime of mechanical twinning. The sense of shear is sinis-
tral, as indicated in the stereoplot in Fig. 11. As discussed by Scumip et al. (1987), the
absence of twins in the calcite grains is at odds with textures indicating that deforma-
tion occurred in the twinning regime (their samples were from the very same fold).
Despite this uncertainty, the similar textures at the various sites in the fold of sample
1088 suggest a homogeneous ductile shear that post-dates and overprints buckling.

Discussion and conclusion

The three fold structures investigated all have in common a structural setting char-
acterized by large-scale folds associated with a basal detachment. One of the inter-
esting questions is whether the outcrop-scale folds underwent layer-parallel shortening
prior to buckling. Such a kinematic sequence has been reported from theoretical con-
siderations and field data (SHErwiN & CuappLE 1968, Parrisn 1973, HubLEsTON &
Hovrst 1984). In the case of the Jura Mountains, layer-parallel shortening indeed
occurred in an early stage of the folding process, i.e., prior to buckling. It is expressed
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by partly conjugate reverse faulting (“wedging”) affecting the mechanically stiff lime-
stone layers. In contrast to folds in the Jura Mountains, the folds analysed in the Hel-
vetic Zone lack indications of this early layer-parallel shortening. In fact, the textures in
the folds from the Infrahelvetic complex suggest that the folds underwent passive
simple shear after buckling. A study of folded oolitic limestones from the same general
area in the Infrahelvetic complex (Prirener 1980) indicates a homogeneous shear
more or less coeval with buckling. However, for still other folds from this area,
twinning strains suggest an early phase of a few percent of layer-parallel shortening
(GrosHoONG et al. 1984).

The development of reverse faults restricted to a single competent layer requires
the presence of a local detachment horizon. In the example from the Jura Mountains,
marly layers with a thickness of a few centimeters separating limestone layers with
thicknesses of 5-20 cm were sufficient to serve as such horizons. The lack of true
marly layers in the examples from the Helvetic Zone and the onset of folding at higher
p-T conditions may be responsible for the suppression of reverse faulting during layer-
parallel shortening in the early stages of the deformation.

The three samples investigated in this paper show a dramatic change in the active
deformation mechanisms as a function of varying p-T conditions. In the Jura Moun-
tains, which are in the zone of diagenesis, brittle features dominate at the small scale
but cataclasis is able to produce fold structures which have to be considered ductile
when viewed at a larger scale. As discussed by LausscHEr (1979), mass transport
implies the movement of rigid blocks by means of slip on multiple sets of fault surfaces,
pressure solution and dilation. The folds from the anchizonal Helvetic Nappes also
have the macroscopic appearance of ductile flow, yet they deformed entirely by pres-
sure solution and fracturing. The geometry and ductility therefore are not diagnostic of
the actual operating deformation mechanisms. The fold of sample 1072 also suggests
that substantial volume losses (up to 23%) are associated with folding. Here, pressure
solution and fracturing associated with buckling define tangential-longitudinal
intrabed strains with stretching parallel to bedding in the outer arc and shortening in
the inner arc. For the epizonal Infrahelvetic complex, evidence for intracrystalline
plasticity exists and explains some of the high strains associated with the observed
folds. Conflicting evidence from measured textures (indicating a twinning regime) and
observed microstructures (indicating dislocation creep) is not fully understood. But the
lack of brittle features suggests that folding initiated by intracrystalline plasticity at ele-
vated temperatures was not preceded by brittle deformation at low temperature.
Although no features indicative of volume loss could be found in the folds of sample
1088, volume losses on the order of 10—30% were reported from oolitic limestones
(PrirrNer 1980) from the same general area and imply mass transport via a fluid
phase.
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