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Symmetry of pebble-deformation involving solution pits and slip-lineations
in the northern Alpine Molasse Basin
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Abstract—Deformation features on pebbles of the Alpine Molasse Basin are most clearly developed in carbonate
components. Ductile distortion is small; most of the pebbles moved against each other to produce solution pits
and slip-lineations on the pebble surfaces. The complete lineation field has a triaxial geometry. From a
compressional axis of divergence with maximum solution, fields of diverging lineations extend to meet at a plane
of convergence. Their ends bend away from an intermediate axis towards an (extensional) axis of convergence.
The strain-symmetry is pure shear for orthogonal lineation-field axes, uniaxial compression and extension
representing special cases. The angle a between the divergent and the convergent axes decreases from 90 to 0°
with the transition from pure to simple shear. For Molasse pebbles a angles between 90 and 60° were usually
observed. Regional compression developed perpendicular to the Alpine structures and parallel to bedding, with
increasing deviations near the Alpine border. Zones are recorded of vertical and horizontal extension and of
compression perpendicular to bedding and horizontal extension perpendicular to the Rhinegraben existing at the
northern border of the Molasse Basin.

Kurzfassung—Molassegerolle sind von Losungsgruben und damit verbundenen Gleitlineationen deformiert
worden, am deutlichsten die karbonatischen Komponenten. Die plastische Verformung ist gering, die meisten
Geroélle bewegten sich reibend als starre Korper gegeneinander. Der Versetzungssinn der Bewegungen ist durch
Unterscheidung einengender und dehnender Lineationen erkennbar. Das volistindige Lineationsfeld hat eine
dreiachsige Geometrie. Von einer eingeengten Divergenzachse mit maximaler Anlésung streben zwei halb-
kreisformige Lineationsfeldteile fort und treffen sich an der Konvergenzebene. Dort biegen ihre Enden von einer
intermedidren Achse fort und laufen auf eine gedehnte Konvergenzachse zu. Im Falle orthogonaler
Lineationsfeldachsen ist die Verformungs-Symmetrie zweischarige Zerscherung, Spezialfille sind einachsige
Einengung und einachsige Dehnung. Der Winkel a zwischen Einengungs- und Dehnungsrichtung nimmt ab mit
dem Ubergang von zweischariger (90°) zu einschariger (0°) Zerscherung. Normalerweise liegen die Winkel an
Molassegeréllen zwischen 90 und 60°. Die regionale Einengungsrichtung verlduft senkrecht zu den alpinen
Strukturen und parallel zur Schichtungsebene; Abweichungen nehmen gegen den Alpenrand hin zu. Zonen
horizontaler oder vertikaler Dehnung kénnen aufgenommen werden. Am Molassenordrand existiert Einengung
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senkrecht zur Schichtungsebene und horizontale Dehnung senkrecht zum Rheintalgraben.

INTRODUCTION

In THE Tertiary conglomerates (‘Nagelfluh’) of the
northern Alpine Molasse Basin (Fig. 1), adjacent
pebbles indent each other forming contact-pits (Trurnit
1968). These phenomena have been known for a long
time (Blum 1840) and their origin attributed to various
physical or chemical changes during diagenetic or tec-
tonic processes. A mechanism of pressure solution
induced by tectonic forces is now generally favoured
(Behrens & Wurster 1972).

Molasse rocks have been subjected only to diagenesis
with little coalification (Teichmiiller & Teichmiiller
1975, Kibler et al. 1979). Cementation has produced
harder clays, sandstones and conglomerates (Breddin
1964) only in the early strata of Oligo-Miocene age,
close to the Alpine border, which were buried deeply;
the principal cement is calcite (Fiichtbauer 1964).

Pelites or psammites were shortened by up to 25%, as
indicated by thin-shelled fossils (Voll 1953, Breddin
1964, Albrecht & Furtak 1965), producing cleavage in
places. In the conglomerates cleavage is rarely de-
veloped, but a small amount of material from pebbles is
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removed by solution at their contacts with some crush-
ing, particularly of phyllosilicate pebbles. In pebbles
without crushing, seldom has more than a small percent-
age of their volume been removed at solution-contacts,
and the opened (and authigenically filled) space between
extended pebbles is even less. A small amount of com-
paction results in the conglomerates, caused by more
compression in the pits than extension between the
pebbles. Overall the pebble deformation is regarded as
isovolumetric, although increasing compaction of the
entire Molasse sediments towards the Alpine border can
be deduced from the velocities of elastic waves (Lohr
1969).

In tectonics, plastically deformed pebbles are often
used to determine the shape of the strain ellipsoid (Flinn
1956, Hossack 1968, Lisle 1979, Greiling 1985). In such
studies it is generally assumed that the pebbles are
deformed with a similar ductility to their matrix. Molasse
pebbles, however, mainly reacted as rigid bodies, which
moved against each other producing indentation and
lineations. These features provide insight into the rela-
tive displacements of the pebbles and their matrix which
may be utilized in a structural analysis of the basin.
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Fig. 1. Pebble deformation in the western Molasse Basin. Horizontal compression (axis of divergence, AD, parallet

to bedding) is directed perpendicular to the Alpine structures and the eastern folded Jura extension either vertical (a)

or horizontal (b) parallel to them. In the north (Hegau area), compression is vertical and extension horizontal

perpendicular to the Rhinegraben. The intermediate axis (Al as the horizental component of compression is paralel to
the Rhinegraben (c).

DEFORMATIONAL FEATURES

The pebbles are indented superficially by their less
soluble neighbours producing contact pits, which are
most striking when exposed on weathered surfaces.
Indentation can be perpendicular to the surface (Fig. 2a)
or oblique (Fig. 2g & h). Most of the pits have been
excavated by pressure solution with little mechanical
rupture. Large, well preserved pits show an area with
vertical indentation columns surrounded by an area with
oblique columns. These change to slip-lineations on the
pebble surface around the pits (Fig. 2g & h). These
lineations can be arrangements of small, oblique pits
(stylolitic lineation of adjacent sand-grains, Fig. 2f up),
grooves (frictional wear striations, parallel to the pebble
surface, Fig. 2f down) or fibrous syntaxial mineral
growths (Fig. 2¢). They are most clearly developed on
smooth pebble surfaces and are pervasive in the whole
unweathered rocks.

Pits and lineations cover the entire pebble surface;
pits being produced by bigger neighbours and lineations
by smaller particles of the matrix. Together they show
the movements of adjacent particles relative to the
pebble. Areas of penetrating motion gradually change
to areas of extending motion. Gaps and stylolites in
pebbles are less frequent. Heim (1919) tried to separate
‘solution’ pits and ‘dislocated’ slip-lineations (because

pits are broken by dislocations he thought their ages to
be different). Now, both are thought to be (nearly)
contemporaneous. Pebbles indented mutually by pro-
ducing pits or, when pressure-solution was not able to
relieve the stress at the contacts (McEwen 1981) fast
enough, the pebble fractured and gaps formed (Fig. 2h).
Usually, the conglomerates consist of high percentages
of carbonate pebbles and pressure solution has affected
mainly these components. Most of the crystalline and
quartzite components were only deformed where they
touched mutually; in their deformation, gaps play a
more important role.

Deformation field

If the lineations are conserved all over the pebble
surface, the complete field of deformational displace-
ments can be deduced and in the general case, this has a
triaxial geometry (Fig. 3). From an axis of divergence
between two centrifugal poles (Schrader 1987) with
maximum solution and perpendicular pitting (Fig. 2a),
two lineation fields extend and meet with decreasing
solution at the plane of convergence (Fig. 2b). Their ends
bend away from an intermediate axis (between two
spreading points, Fig. 2c) towards an axis of convergence
(between two aiming points, Fig. 2d) where calcite is
sometimes deposited. Thus, for any pebble the linea-
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Fig. 2. Deformational features of Molasse pebbles. (2) Axis of divergence showing the lineations extend from the solution
pits perpendicular to the image plane. (b) Plane of convergence where two lineation fields are directed against each other;
the incision depth of solution striation decreases towards the plane. (c) Spreading point (intermediate axis): at the plane of
convergence both lineation fields spread oppositely. (d) Axis of convergence where the lineations converge and the solution
of the pebble surface reaches a minimum on the plane of convergence. (e) Crystal fibre slip-lineation (motion of the matrix
right to left) with steps and idiomorphic crystals pointing towards the slip-direction. (f) Solution (right) to parallel (middle)
lineation produced by matrix motion from right to left; the steep sides of the carvings point against the slip-direction, their
depth decreases towards the middle of the pebble. (g) At the rear of oblique impressions (particularly top left) authigenic
calcite is redeposited behind the indenting pebble (motion bottom towards top). (h) Bulge in front of an impression oblique
to the pebble surface (matrix-motion bottom towards top).
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Fig. 3. Deformation field of Molasse pebbles. (a) and (b) From an axis of divergence (AD) with maximum solution, two

circular striation fields are directed against each other and meet at the plane of convergence. Their ends bend away from an

intermediate axis (Al) between two spreading points towards an axis of convergence (AC). (c) System of spherical

co-ordinates for pebble measurement. (d) For description of its surface data both hemispheres are necessary and can be
represented on two Schmidt equal-area nets (¢). For further explanations see text.
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Fig. 4. Sense of displacement on pebble surfaces. (a) The motion-
lineations penetrate vertically into the pebble surface in the direction
of compression, but farther away the angles decrease and a solution
striation notches the pebble with carvings against the direction of
displacement. The angles become parallel to the pebble surface and
increase towards the direction of extension with crystal fibre growth
lineations, whose steps point into the direction of the motion. (b)
Motion parallel to the movement surface generates longitudinal
grooves. (¢) Compressive motion with solution-carvings with the steep
side directing against the motion. (d) Extending motion (deposited
crystal fibres) with steps in the direction of displacement.

tions and pits define three axes in the field of particle
motion: an axis of divergence (AD) which is the direc-
tion of compression, an axis of convergence (AC) which
is the direction of maximum extension and an inter-
mediate axis (AI).

The bipolar lineation field between the centrifugal
poles (lineation divergence) was recorded by Behrens &
Waurster (1972) in the Bavarian Subalpine Molasse.
Similar poles were found by Campredon et al. (1977) in
the Subalpine Ranges in southeastern France (“péles de
compression”) and by Estevez & Sanz de Galdeano
(1983) in the Betic Ranges in southern Spain (“pressure-
solution poles™). Sanz de Galdeano & Estevez (1981)
also show a figure with converging lineations, perhaps
corresponding to the aiming points. Ferrandini & Petit
(1982) and Petit ez al. (1985) found a different symmetry
of lineations on pebble surfaces from the High Atlas
Range in Morocco.

Displacement sense of lineations

To complete the description of the displacement fields
it is necessary to know the sense of displacement on the

pebble surface. Whether the step on a fault surface
points in the direction of the motion (congruous, Han-
cock 1985), or in the opposite sense (incongruous) can
be decided by distinguishing compressional and exten-
sional lineations on pebble surfaces, similar to those in
massive carbonate rocks according to Arthaud & Mat-
tauer (1969) and Mattauer (1980). There are three types
of lineation with gradual transitions (Fig. 4a).

(1) Solution striation with pits indenting in the direc-
tion of compression or somewhat oblique carvings whose
steep side is directed opposite (incongruous) to the
direction of the motion (Figs. 2f and 4c). The bigger pits
sometimes show a bulge in front of the indenting neigh-
bour (Fig. 2h) or the deposition of calcite at the rear of
the pit, where the neighbour moved away during further
indentation (Fig. 2g).

(2) Sliding parallel to the pebble surface with longi-
tudinal grooves or fibres (Figs. 2f and 4b).

(3) Mineral fibres deposited in the direction of exten-
sion with steps whose steep side points in the direction of
the motion (Figs. 2e and 4d).

Measurement

For measurement (Behrens & Wurster 1972, Behrens
1977) the pebble is put into a system of spatial polar
co-ordinates in its in situ orientation (Fig. 3c). The origin
of the co-ordinates is the center of gravity of the pebble.
All features on the pebble surface are measured in
spherical angles between the cardinal points and the
horizontal plane; their distances from the pebble’s
center, i.e. the pebble’s shape, are neglected. On nearly
spherical pebbles the deviations are small. Surface
features are recorded on a Schmidt equal-area net and
thus can be combined easily for several pebbles. To
represent both hemispheres two nets are necessary. The
lineations marked by course-lines on the pebble surface
are represented by lines, and the pits by areas of solution
in the projection. The axes of the displacement field
become points in the spherical projection and only one
net is necessary for their representation.

STRAIN SYMMETRY

A clear, triaxial deformation field shows the strain-
symmetry of a single deformation phase. Sometimes
there are rather confusing arrangements of lineations on
a pebble surface. In most cases it is possible to assign the
lineations to different, triaxial systems, originating in
different deformational phases.

The slip-lineations demonstrate motions during the
deformation of the conglomerates. Fields of particle
paths have been calculated by Hoeppener (1964), Ram-
berg (1975), Ramsay & Huber (1983) or imitated experi-
mentally by Hoeppener et al. (1983). Their shape
depends on the deformation symmetry and there are
different arrangements for pure shear, simple shear and
closed motions of the particles. The location of the
origin of the reference frame is assumed fixed in the
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Fig. 5. Orthorhombic deformation field (pure shear). (a) AD, Al and AC are orthogonal and coincide with the principal
normal deformations ¢, , 3. (b) Between AD and AC the halves of the lineation field are equal. (c) Around soluble pebbles,
the angles between the surface and compressive (parallel to &) or extending (parallel to £;) motion-lineations are nearly 90°
and correspond to the ideal particle paths of isotropic deformation. (d) Around less soluble (quartz-) pebbles, the lineations
are deflected towards a position more parallel to the pebble surface. Between &, and ¢; are two symmetric principal
shear-deformations y; = y,. (¢) The sum of ¢ and y produces the field of particle motions along orthogonal hyperbolas.

deformed body and moves with deformation, i.e. the
described motions can be seen by an observer located in
the origin of the reference frame and particle motions
are regarded relative to it. Thus the system shows the
motions of particles relative to each other from the
direction of compression towards the direction of exten-
sion.

Theoretical particle paths are calculated for an ideal
isotropic, homogenously deformed body. The most
soluble pebbles (marls) show the ideal configuration:
perpendicular penetration around the divergence axes,
nearly perpendicular grown fibres (or idiomorphic crys-
tals) around the convergence axes (Fig. 5c). The linea-
tions on less soluble components (quartz) are nearly
parallel to the pebble surfaces (Fig. 5d), into which
solution could not penetrate. Thus adjacent pebbles
interact with one another and the angles of motion
between axes and pebble surfaces around insoluble
pebbles differ from the ideal paths in a homogenously
deformed body. The differences are eliminated in the
spherical projections, where lineations are represented
asif they were parallel to the plane on which they occur.

The particle motions take place in a constant way
throughout the deformation process, and thus the prob-
lem needs no incremental approach. The paths are in
general hyperbolas (Fig. 6b), and at every point their

tangents can be analysed into a radial component ¢ and
a tangential component y (Hoeppener et al. 1983) (Fig.
6a). Only the tangents of the intersecting parts of the
particle paths are visible on the pebble surfaces and they
are deflected towards a position more or less parallel to
the pebble surface, depending on the solubility.

The ellipsoid of the radial (normal) component of the
infinitesimal particle motions has principal directions
€123 which should not be confused with the principal
longitudinal strains (X > Y > Z) of the strain ellipsoid
or the incremental strains ¢; .. (Ramsay & Huber 1983).
The principal directions y, and y, are symmetrical at 45°
between &; and ¢; (Fig. 6c), where the radial component
¢ is zero. The tangential component y is equal to zero in
the directions of the hyperbolas’ asymptotes, which are
the axes of the particle motion field. In the two-
dimensional approach of Ramsay & Huber (1983), the
asymptote a, corresponds to the axis of divergence and
a, to the axis of convergence.

These axes are orthogonal, if y; and y, are of equal
size; in this case of pure shear, they coincide with the
axes X, Y, Z of the strain ellipsoid (finite longitudinal
strains). Towards simple shear, v, becomes larger than
y,, and the directions where the resulting tangential
motion y is zero converge. Throughout the deformation
process £, v and the axes of y = 0 keep their position,
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Fig. 6. Strain co-ordinates. The particle motions (b) are composed of a radial normal component ¢ (a, above) and a
tangential shear component y (a, below). (c) The ellipsoid ¢, > &; > &; can be transformed to a monoclinic body by addition
of two symmetrical, but unequal shears (pure shear for y; = y,; oblique for y; > y,; simple shear for y,; y, = 0). (d) The
axes of the lineation field (AD = axis of divergence, AI = intermediate axis, AC = axis of convergence) are the axes of
the particle motion field. For pure shear a = 90°, oblique 9%° > a > 0°, simple shear a = 0. (e¢) The orthogonal
deformation ellipsoid (X = Y = Z) is the final result of deformation. For pure shear, X and Z are fixed during progressive
deformation; for oblique shear, X rotates asymptotically towards the direction of extension; and for simple shear, X rotates
asymptotically towards the plane of shear at 45° to £; and ¢;.

whereas axes of the resulting finite-strain ellipsoid
(X, Y, Z) rotate (Fig. 6¢). X, the direction of maximum
lengthening, asymptotically approaches the axis of con-
vergence, with Z (shortening direction, unequal to the
compressional axis of divergence) occupying a position
perpendicular to X (Ramsay & Huber 1983, p. 232). In
the case of pure shear (orthogonal strain directions),
stress (Schmidt & Lindley 1938) and strain directions
coincide (Hoeppener 1964).

Orthorhombic field

If the three axes of the lineation field are perpendicu-
lar to each other, this is the symmetry of pure shear
(Sander 1948, Nadai 1950). The axis of divergence (AD)
coincides with ¢; and Z; the intermediate axis (AI) with
& and Y, and the axis of convergence (AC) with g;and X
(Figs. 5a and 6¢). ¥, , are of equal size (Figs. 5d and 6c¢),
thus the particles in a plastically deformed sphere move
along orthogonal hyperbolas (Fig. 5¢). The parts of the
lineation field are of equal length between AD and AC
(Fig. 5b).

The orthorhombic field (¢; > ¢, > &;) has two uni-
axial special cases (Fig. 7a & b). If the intermediate and

convergence axes are not differentiated into spreading
and aiming points, then deformation is a uniaxial com-
pression (g; > &, = &3). If divergence and intermediate
axes are connected in a belt of solution the deformation
is uniaxial extension (¢; = &, > &;). As these axes coin-
cide with the longitudinal strains X, Y, Z, the lineation
field of particle motions is congruent to the strain ellip-
soid.

Shape-induced scattering

Pebbles with exactly orthogonal lineation field axes
are rare. An orthogonal strain produces orthogonal
lineation fields only on spherical pebbles. Different
shapes (ellipsoids or irregularities) distort the symmetry
slightly, if the shape-axes and the directions of compres-
sion or extension do not coincide. In such cases,
the lineation field’s axes are transferred towards the
edges. Maximum distortion occurs if a clear shape-plane
of the pebble and the deformational directions include
an angle of 45°. Around rigid inclusions in a less viscous
matrix, the direction of the finite longitudinal strains will
also deviate (Ghosh & Sengupta 1973). In an association
of pebbles with differently oriented shape-planes, the
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Fig. 7. Coaxial symmetries. (a) Lineation ficlds. Middle: the
orthorhombic symmetry of orthogonal AD, Aland AC (¢; > &, > ¢3)
has two uniaxial special cases. Left: uniaxial compression
(g, > & = &), where the plane of convergence is not differentiated
into spreading and aiming points. Right: uniaxial extension
(&, = & > &3), where centrifugal poles and spreading points are united
in a belt of solution. (b) Spherical projections of lineation fields and
pitting (stippled). (c) The corresponding symmetry of the strain ellip-
soid represented by a deformed cube.

scattering is compensated and the mean value of the
lineation field axes shows the true symmetry of deforma-
tion.

Monoclinic and circular fields

If pure and simple shear superpose, the angle a
between divergence (AD) and convergence (AC) axes,
both perpendicular to Al, becomes less than 90° (Fig.
8a). AD and AC have moved symmetrically from their
original positions parallel to ¢ and &;. y; > ¥, are no
longer of equal size (Figs. 6¢c and 8c), and the particle
motions of homogenous deformation take place along
distorted hyperbolas, as in Fig. 8(d) (cf. Ramberg 1975,
Hoeppener et al. 1983, Ramsay & Huber 1983). Between
AD and AC, there are two larger and two smaller parts
of the lineation field (Fig. 8b). The axes of the strain
ellipsoid (longitudinal strains) rotate during progressive
deformation: Z approaches asymptotically towards the
direction of convergence AC, but does not coincide with
it; X is perpendicular to Z in every stage (Fig. 6e).

In the case of simple shear, AD and AC effectively
coincide (a = 0°) producing (Fig. 9a) a single plane of
shear at 45° between ¢; and &;. Z rotates towards this
shear plane during progressive deformation. y, has
become zero (Fig. 9c) and all particle motions take place
along planes parallel to y, (Fig. 9d). The resulting linea-
tion field is circular around the former Al as axis (Fig.
9d). Ferrandini & Petit (1982) and Petit et al. (1985)
describe such lineated pebbles from the High Atlas
Range; in the Molasse Basin they are rare. In conglomer-
ates with a small mean angle «, some flat pebbles with
circular fields were found with shape-planes oblique to
the direction of compression, supporting an approaching
of directions of compression and extension by shape-
controlled field-distortion. The mean angle generally
lies between 60 and 90°. Gradual transitions exist
between the orthogonal uniaxial symmetries (uniaxial
compression and uniaxial extension) and circular simple
shear.

Triclinic symmetry

In triaxial particle motion fields the angles between all
three axes can differ significantly from 90°. Common
(plane) shearing, in the range between pure and simple
shear, occurs by particle motions whose angle a between
compressional and extensional directions varies (Fig.
10a). Further deviations from orthogonal symmetry can
be analysed by introducing two other kinds of ‘shear-
ing’. If the deviation occurs between AD and Al in the
plane of divergence, it is a divergence shear (Fig. 10b),
and if the variation occurs between Al and AC in the
plane of convergence, it is a convergence shear (Fig.
10c). Mutual superposition of two or three of them
generates triclinic symmetries.

Representation of strain symmetry

Triclinic symmetries can be represented by spherical
projections of the lineation field axes as points on the
Schmidt net. This method is not very clear in a map with
many measurements. For orthorhombic strain-fields a
method similar to that for ‘focal mechanism solutions’ in
seismology may be used (Fig. 11, middle of the back
line). A sphere is cut into four quadrants along the two
principal shear planes of pure shear with Al as the
intersecting line. The compression quadrants, with AD
in the center, are drawn black and the extension quad-
rants, with AC in the center, white. Superimposed
simple shear can be shown by a hatched stripe on the
black—white boundary in the larger angle between AD
and AC, which do not persist in the centers of the
quadrants (Fig. 11, middle). The black-white quadrants
aremain in the position symmetrical around ¢, , 3. The
hatched stripes become proportionally larger as the
angle a decreases (Fig. 11, front). For uniaxial compres-
sion (Fig. 11, back line left) a white belt of extension
exists, whereas for uniaxial extension (Fig. 11, back line
right) there is a black belt of compression. Belts and axes
do not need to be mutually perpendicular, transitions
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Fig. 8. Monoclinic deformation field produced by superposition of pure and simple shear. (a) Perpendicular to Al (4¢,),

AD and AC rotate away from ¢, and ¢;, respectively, towards the middle (45°). (b) Between AD and AC the lineation fields

are of unequal size. (c) Between ¢, and &, symmetric y; > y, are unequal and produce particle motions which are oblique
hyperbolas (d).

from uniaxial cases to simple shear are also developed
(Fig. 11, middle line, left and right).

Most of the Molasse pebbles examined belong in the
range between pure shear, pure to simple shear with
a > 60° and uniaxial compression.

Fig. 9. Deformation field for simple shear. (a) AD and AC unite to

form a single shear plane at 45° to ¢, and ¢,. (b) With the former Al as

axis the lineation field is circular and (c) only one shear-deformation y,

remains (y, = 0), parallel to the shear plane. (d) All particle motions
are parallel to y,.

REGIONAL RESULTS

In Fig. 1, the bedding-plane is rotated horizontally,
and the lines show the horizontal projection of the
direction of divergence. These imply compression per-
pendicular to the structures of the Alps and the eastern
folded Jura (Fig. 1). The orientation is preferentially
parallel to bedding, in both horizontal and folded strata.
Deviations remain small and only increase towards the
Alpine border. Deformed fossils (Voll 1953, Breddin
1964, Albrecht & Furtak 1965) indicate similar direc-
tions of shortening.

The Alpine Orogeny produced pebble deformation
by pressure-solution in extensive areas to the north of
the Alps. Deformation may have begun shortly after the
deposition of the first conglomerates in the late
Oligocene, but has affected even the youngest conglom-
erates of late Miocene age.

Regions of vertical or horizontal extension are rep-
resented by spherical projections of an orthorhombic
deformation-field (Fig. 1). Since the strain symmetry is
dominantly pure shear in extensive areas of the Foreland
Molasse, the proportion of simple shear has not been
taken into consideration in the representation. &5 is
approximately coincident to AC. The direction of exten-
sion is mainly either vertical or horizontal. Vertical
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Fig. 10. Composition of triclinic symmetry. (a) Shear in the usual sense

(oblique and simple shear) produces variation of the angle between

AD and AC. (b) For divergent shear, the angle between AD and Al

varies and (c) for convergent shear, the angle between Al and AC

varies. All three deviations can occur simultaneously and superpose
mutually.

extension dominates in the Subalpine Molasse, the
southern Foreland Molasse and the eastern folded Jura.
Horizontal extension (with a tendency towards uniaxial
extension parallel to the Alpine structures) occurs in the
Napf conglomerate fan and around the northern Boden-
see. In the Hornli conglomerate fan both horizontal and
vertical extension can be observed at adjacent localities.
Towards the north, in the Hegau area, compression is
developed perpendicular to bedding (Fig. 1); despite a
thinner overburden (Lemcke 1974). Al (the horizontal
component of compression) is oriented parallel to the
Rhinegraben (striking NNE-SSW) and changes into
compressional AD farther south. Horizontal extension
parallel to the Alpine structures around the Bodensee
changes into horizontal extension perpendicular to the
Rhinegraben in the Hegau area. Here the conglomerates
are of Tortonian age, consequently deformation must be
younger. These strain axes correspond not only to the
boundary structures of the Rhinegraben, but also to the
stylolite systems in Suabe (Wagner 1967). Their genesis
took place before the Ries-event in upper Miocene times
(Wagner 1964). A present-day stress-field perpendicular
to the Alpine structures can be deduced from in situ
measurements (Greiner & Lohr 1980), or earthquakes
(Ahorner 1975, Pavoni 1980, Schneider 1980). The
transition from older to younger stress-field in Central
Europe took place after mid-Miocene times, but not
everywhere at the same time (Illies 1974). Basaltic dykes
of Pliocene age in the Hegau area (Maussnest 1973)

Fig. 11. Representation of deformation symmetries. Back line, middle: as used for orthorhombic stress fields in seismoiogy,

a rhombic strain field is shown by a sphere which is divided along the two principal shear planes of pure shear. The

compressed quadrants with ¢, in the center are drawn black, and the extended quadrants with ¢; in the center are white. ¢,

is the intersecting line. Middle: superimposed simpie shear can be shown by a hatched stripe in the obtuse angle between

AD and AC, which are no longer in the centers of the e-quadrants. Front: the stripe grows with the proportion of simple

shear. Left corner: uniaxial compression with a white belt of extension and right corner: uniaxial extension with a black belt
of compression, both of which may show transitions towards pure, simple and oblique shear.
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strike nearly perpendicular to the older direction of
extension. In the eastern folded Jura structures of
Pliocene age (Liniger 1964) and tectonic stylolites
(Plessmann 1972, Meier 1984) show a compression in a
N-S direction.

Near to the Alpine border polyphase deformation-
fields occur. Where bedding is tilted vertically, younger
deformation-fields, with subhorizontal compression,
intersect discordantly the older fields, with compression
subparaliel to bedding. In the centers of large conglom-
erate units (e.g. Pfingstboden, southwest St. Gallen) an
older compression perpendicular to bedding is super-
posed discordantly by younger compression parallel to
bedding and radial to the Alpine structures.

CONCLUSIONS

Deformational solution pits and slip-lineations on the
surfaces of Molasse pebbles make visible the particle
motions around the pebbles during deformation. The
field of these lineations is triaxial (with directions of
compression, intermediate and extension). The type of
strain (pure shear, simple shear, uniaxial compression or
extension and all transitions) can be seen by the mutual
positions of the axes of the displacement fields. Axes and
displacement paths are constant throughout the defor-
mation process. In tectonics usually the finite deforma-
tion (strain-ellipsoid) can be seen, but there are infinite
possibilities of strain paths from the original state. The
displacement paths of the material moving from its
original to final position around rigid pebbles can pro-
vide information about this strain path.

The amount of pebble-deformation is relatively small
in the northern Alpine Molasse Basin and it is possible to
record compressional and extensional directions of the
early, low-grade regional deformation. The direction of
compression is generally sub-parallel to bedding and
arranged radial to the Alpine structures. The compres-
sional effect of the final Alpine Orogeny on the Molasse
Basin reaches far to the north where it meets the older
deformational regime of southwestern Germany with
the opening of the Rhinegraben.
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