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Abstract—From field observations, asymmetrical boudins, pinch-and-swell structures and ellipsoidal volumes of
oblique foliation segments in anisotropic rocks lacking competent layers are potentially useful kinematic
indicators in shear zones. They are derived by the modification of initially symmetrical pull-aparts and/or layering
by superposed laver-parallel shearing. The response of boudins to such shear is a synthetic flow of those corner
volumes lving within the extensional quadrants of the kinematic framework of the deformation into the
inter-boudin gaps (Type 1 asymmetrical pull-aparts). The response of pinch-and-swell structure is 2 back-rotation
of the *swells” to form Type 2 asymmetrical pull-aparts. Discrete extensional shears in the ‘pinches’ may be either
absent (Type 2A) or present (Type 2B). Analogues of Types 2A and 2B asymmetrical pull-aparts occur in
anisotropic materials with no compositionally distinct competent members where ellipsoidal volumes contain
back-rotated foliation segments (foliation fish).

The field-based kinematic interpretation was successfully tested by laboratory experiment wherein initially
symmetrical trains of pre-formed competent, internally anisotropic boudins and pinch-and-swell structures were
deformed in bulk simple shear. A mechanical model is presented in terms of t—'n material properties of the
inclusions (competence/viscosity and internal rheological anisotropy) in an attempt to account for the observed
flow in the experiments and the deduced flow and kinematic significance of the natural examples. In the presence
of angular corners and associated geometrical stress concentrations, competence/viscosity controls the response
to shear in the boudins. In the absence of angular corners, internal anisotropy controls the response to shear in
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the pinch-and-swell structures and in the foliation fish.

INTRODUCTION

ASYMMETRICAL pull-apart structures (some types of
boudins and pinch-and-swell structures) and ellipsoidal
volumes of oblique foliation segments in anisotropic
rocks lacking competent layers are potentially useful
kinematic indicators in highly deformed rocks such as
those found in shear zones, if a reasonable model for
their formation can be proposed. Pull-apart structures
may be particularly useful in high grade metamorphic
terranes which have undergone secondary recrystalliza-
tion (Hobbs et al. 1976, p. 113), where other, more
delicate indicators (e.g. crystallographic preferred
orientations, composite foliations, pressure shadows,
etc.) may not be preserved.

Symmetrical pull-apart structures in layered rocks fall
naturally into two, kinematically similar, but mechani-
cally distinct types: boudins and pinch-and-swell struc-
ture (e.g. Smith 1975, 1977, 1979, Lioyd & Ferguson
1981, Lloyd er al. 1982, Neurath & Smith 1982).
“Boudin™ and the related term “boudinage” were intro-
duced by Lohest (1909) and have sometimes been indis-
criminately applied to a variety of pull-aparts and “tec-
tonic inclusions™ (Rast 1956). This has perhaps contri-
buted to both culinary (Wilson 1982, p. 72) and Kine-
matic confusion. Although now accepted as an indicator
of apparent instantaneous extension within the layering
(Corin 1931, Wegmann 1932, Sanderson 1974), pull-
apart structure has been interpreted by some authors in
terms of layer-parallel shortening (Harker 1889, Lohest
1909, Quirke 1923. Holmquist 1931, Bruhl 1967). This
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stems, in part from the misconception (Corin 1931) that
the barrel shape of some pull-aparts represents a real
increase in layer thickness, and in part from a confusion
between mullion and pull-apart structures (e.g. Dear-
man 1966).

The mechanics of symmetrical boudinage have been
illustrated by numerous studies involving physical and
numerical modelling (Ramberg 1955, Paterson & Weiss
1968, Stromgard 1973, Selkman 1978, Lloyd & Ferguson
1981, Lioyd et al. 1982) and by comparisons with similar
phenomena in metallurgy (Rast 1956, Talbot 1970, Burg
& Harris 1982). The dynamics of pinch-and-swell struc-
ture (flow boudinage) have been examined by Smith
(1975, 1977, 1979), Fullagar (1980) and Neurath &
Smith (1982). All of these studies were concerned with
the initiation and/or the evolution of symmetrical pull-
apart structures. The present paper is concerned with
the asymmetrical evolution of such initially symmetrical
structures in response to an imposed layer-parallel
shearing deformation.

With respect to shearing deformation, a kinematic
indicator is a structure, resulting from flow, whose
geometry is indicative of the progressive rotation of the
principal axes of finite strain with respect to the principal
axes (stretches) of the kinematic framework and/or the
shear plane of the deformation; more simply it is indica-
tive of the sense of flow. This definition requires a
mechanical model of progressive strain from which the
kinematic significance of the geometry of the specific
structure in question may be deduced. For example, if
the asymmetrical tails attached to a feldspar porphyro-
clast have formed by flow of material into a pressure



112
f— —
A B
@L ‘\Q

Fig. 1. Schematic illustration of the dependence of kinematic signifi-
cance upon mechanical model proposed to account for geometry in
the case of a porphyroclast, such as a feldspar, with asymmetrical
polycrystalline tails (dotted). (a) If the tails form by flow of material
into the pressure shadows (short arrows = direction of instantaneous
maximum shortening) the sense of shear deduced is opposite to that
given (b) if geometrically identical tails form by flow along oblique
extensional shears (for example components of shear band foliation).
Small arrows indicate local shear sense.

shadow they will indicate the opposite sense of flow to
geometrically similar tails formed by flow along oblique
extensional shears located adjacent to the porphyroclast
(Fig. 1). The onus is upon the observer to propose a
testable mechanical hypothesis to account for the
geometry of the structure to which a kinematic signifi-
cance is to be attached. Examples are given by Rosenfeld
(1970), Ramsay & Graham (1970), Durney & Ramsay
(1973), Reches & Johnson (1976), Lister & Price (1978),
Berthé et al. (1979), Platt & Vissers (1980), White et al.
(1980), Means (1981), Simpson (1983) and Hanmer
(1982, 1984a, 1985). Means et al. (1980) and Lister &
Williams (1983) give a wider ranging discussion of this
subject.
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This paper proposes a field-based kinematic interpre-
tation of natural asymmetrical pull-apart structures, and
their analogues in anisotropic rocks lacking competent
layers, to test this interpretation in the laboratory and to
propose a mechanical model to account for the kinematic
significance of the observed geometry.

FIELD OBSERVATIONS

Asymmetrical pull-aparts and similar structures (see
below) have been observed by the author in the course
of recent structural mapping in the Canadian Shield
(Fig. 2) in (1) high grade (amphibolite to granulite
facies) gneisses of the western Grenville Province
(Wynne-Edwards 1972, Davidson et al. 1982) and (2) at
the boundary of the western Churchill and Slave pro-
vinces (see Reinhardt 1969). In the first area, the western
Grenville rocks comprise a ductile northwestward over-
thrust stack of laterally discontinuous tectonic slices
(Davidson er al. 1982, Culshaw er al. 1983, Hanmer
1984b, Hanmer & Ciesielski 1984, Hanmer er al. 1985).
In the second area, the boundary is the site of a major
crustal-scale dextral transcurrent shear zone (Hanmer &
Lucas 1985). In both field areas, independent shear-
sense indicators support the interpretation of asymmet-
rical pull-aparts which will be presented in this paper
(Figs. 2b & ¢).
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Fig. 2. (a) Location map. Western Churchill Province (C), Central Metasedimentary Belt (dotted). Grenville Province
(ruled). (b) Southeast shore of Great Slave Lake is the site of a NE-SW striking crustal scale dextral shear zone (dotted).
Distribution of observed assemblage of kinematic indicators, all dextral except two arrowed occurrences. C & S = "C/§’
fabrics (Berthé er al. 1979); S.LLF. = strain insensitive foliation (Means 1981. Hanmer 1985); R.A.P. = progressively
rotated fold axial planes; A.P.A. = asymmetrical pull-aparts of Type 1 and Type 2 (including foliation fish). See text. (¢)
Detail of the boundary zone of the northwestward-overthrust Central Metasedimentary Belt in the Haliburton (square)
region. SE-dipping slices of tonalitic gneiss are separated by marble tectonic mélange and belts of highly strained
quartzo-feldspathic porphyroclastic and transposed gneisses carrying an assemblage of kinematic indicators (symbols as
in b). The highly strained gneiss belts are zones of ductile shear and the kinematic indicators show consistent hanging-wall
northwestward movement.
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Fig. 3. (a) Detail of a single Type 1 asymmetrical pull-apart, Great Slave Lake shear zone. Coin for scale. (b) Train of
Type 1 asymmetric pull-aparts; note sub-equant dextrally rotated boudin, Georgian Bay. Lens cap for scale.

Fig. 5. Foliation fish with layering parallel to the bulk shear plane. (a) Approximately ellipsoidal or spindle shaped
volume of quartzo-feldspathic gneiss containing oblique internal layering/foliation (centre) set in matrix of identical
composition. Note absence of discrete extensional shears at “fish’ ends, and Type 2B asymmetrical pull-aparts in lower
field. Looking to the NE, near Haliburton. Qutcrop 3 m high. (b) Homogeneous mylonite. The foliation both within and
outside the elliptical fish (above pen) is a composite structure comprising discrete shear and penetrative flattening
sub-fabrics, a strain insensitive (Means 1981, Hanmer 1984a) analogue of ‘C & S’ planes (Berthé et al. 1979). The angular
relationships and sigmoidal configuration of the sub-fabrics and the incipient shear band structures (below pen) suggest
bulk dextral shear. The discrete shear planes outside the ‘fish’ are parallel to the bulk shear plane below and to the right
of the pen. Within the main ‘fish’ and at the end of a second one (top right) the discrete shear planes are 10-15 degrees
oblique to their external continuations. The quantitatively estimated strain magnitude (degree of mylonitization from
coarse granite protolith) within the ‘fish’ is indistinguishable from that of the external inylonite. Assuming that the
discrete shear planes were initially parallel to the bulk shear plane, the foliation fish has undergone 10-15 degrees
anticlockwise rotation. Great Slave Lake shear zone. The simple fabric of (a) is commoner than the complex fabrics of
(b).
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Fig. 4. Type 2 asymmetrical pull-aparts, Great Slave Lake shear zone unless indicated. Coins or lens cap for scale. Type
2A. (a) Two amphibolite ‘swells’ oblique to layering in quartzo-feldspathic protomylonite are part of a larger train. Note
absence of discrete oblique extensional shear between ‘swells’. (b) ‘Nest’ of internally foliated amphibolite ‘swells’
systematically oblique to layering in quartzo-feldspathic protomylonite. Note absence of discrete extensional shears
except to the right. (¢) Detail of similar structure to (b). Note internal oblique foliation and absence of discrete
extensional shears at either end of ‘swell’. Type 2B. (d) Part of a train of oblique amphibolite ‘swells’ in quartzo-
feldspathic protomylonite. Note discrete extensional shears in ‘pinches’. (e) Foliated oblique granitic “swells’ in biotite
schist horizon in very straight gneiss. Note oblique discrete extensional shears in ‘pinches’. Looking to the NE, near
Haliburton.
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Asymmetrical pull-aparts and foliation fish

Fig. 6. Plasticine-silicone putty inserts in silicone putty matnx. Mode! subjected to a sinistral shear strain of 2 gamma in
these pictures. (a) Initial configuration, rectangular grid of passive marker lines. (b) After deformation. (c) A detail of
(b). Note slight deflections of the free-surface topography and very local heterogeneity in bulk flow (top right). See text.
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Asymmetrical pull-aparts and foliation fish

Two classes {Types 1 and 2) of asymmetrical pull-
aparts are distinguished. Type 2 being further sub-
divided (Types 2A and 2B). Structures analogous to
Type 2 puli-aparts occur in anisotropic rocks lacking
competent layers.

All descriptions in this paper pertain to sections nor-
mal to the axis of rotation of the non-coaxial component
of the deformation. The term ‘internal layering’ will be
used here to designate a muitilayering or rheological
anisotropy within heterogeneously extended competent
layers or segments of oblique foliation in anisotropic
rock without competent layers. The term ‘bulk layering’
designates the larger scale layering or foliation. All
illustrations from the Great Slave Lake shear zone are
views of horizontal surfaces. Those from the Grenville
are views of vertical surfaces with the camera looking
towards the NE. unless indicated otherwise.

Type I asymmetrical pull-aparts

These structures are often associated with classical
boudins, that is discrete rectangular blocks derived by
heterogeneous layer-parallel extension of rheologically
competent, once continuous layers. The pull-aparts are
generally amphibolitic in composition and set in a matrix
of either granitic or more general quartzo-feldspathic
gneiss (Fig. 3a). The syn-tectonic metamorphic mineral
assemblages in the study areas (biotite-sillimanite-K
feldspar—garnet—quartz and two feldspar—quartz-biot-
ite—orthopyroxene) indicate deformation under upper
amphibolite to lower granulite facies conditions. The
rheological contrast between the amphibolite and the
quartzo-feldspathic matrix material is variable. In
general, thinner amphibolite layers have extended
homogeneously and show no sign of having behaved
more competently than their enclosing matrix, whereas
intercalated thicker amphibolite layers have boudinaged
(Fig. 3a). Flow of the fine-scale layering of the matrix
around the already separated pull-aparts attests to the
persistence of the rheological contrast.

The asymmetry of the pull-aparts is manifested at the
ends of individual blocks as an asymmetrical barrelling
of the block (Ramberg 1955). Internal layering and
foliation, when present, are sigmoidal (Fig. 3). The
sigmoid configuration comprises a straight central seg-
ment. wherein the long sides of the block and the
internal layering/foliation are parallel to the bulk layer-
ing, plus curved segments at each end where the long
sides and the internal layering lie at a distinct angle to the
bulk layering. The curved segments occur in opposite
quadrants of the block and may develop as subdued
acute-angled corners or may form flamboyant, horn-like
extensions. Individual equant blocks show a rigid body
rotation in a sense consistent with the sigmoidal con-
figuration of the non-rotated, markedly inequant, blocks
(Fig. 3b). '

Type 2 asymmetrical pull-aparts

In contrast to the Type 1 structures, Type 2 asymmetri-
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cal pull-aparts may be associated with pinch-and-swell
structures developed in competent layers (Fig. 4). Asin
the case of Type 1 pull-aparts, these structures develop
in layers of amphibolitic composition, but they are also
commonly developed in quartzo-feldspathic sheets (Fig.
4e). In both cases, the ‘swells’ are enclosed by less
competent quartzo-feldspathic material whose finer
scale layering flows around the ‘swells’. However, it will
be suggested below that the presence of a rheological
anisotropy rather than a compositionally distinct compe-
tent member is the necessary pre-condition for the
development of Type 2 structures. Therefore, the desig-
nation Type 2 asymmetrical pull-apart will be reserved
for those structures involving a heterogeneously
extended (pinch-and-swell) competent layer, while the
term ‘foliation fish® will be used to designate certain
analogous structures occurring in anisotropic rocks with-
out competent layers, such as schists and mylonites (Fig.
5). In both cases, the general geometry is that of fish-
shaped ellipsoidal volumes, whose internal foliation and/
or layering lies oblique (at about 10 degrees) to the
enclosing external planar fabric. The sense of asymmetry
in a population of spatially associated Type 2 structures
is consistent.

There are two sub-classes of Type 2 asymmetrical
pull-aparts. In Type 2A pull-aparts (Figs. 4a—), the
orientation of the oblique internal foliation is constant
within the ellipsoidal volume, except at the ends
where the foliation deflects into the plane of the external
bulk layering (Fig. 4b). Both the principal plane of the
shape of the ellipsoidal volume and the internal foliation
lie oblique to the bulk layering in the same sense (Fig.
4c). At the ends of Type 2B asymmetrical puli-aparts,
the ‘swells’ and their internal foliation both defiect into
a single set of discrete-to-zonal asymmetrical exten-
sional shears, consistently oriented at less than 30
degrees to the external foliation (Figs. 4d & e). The
sense of displacement on the extensional shears is
opposite to the sense of obliquity of the ‘swells’.
Foliation fish are analogues of Type 2A structures occur-
ring in schists and mylonites lacking competent layers
(Fig. 5).

Where Type 2B asymmetrical structures are
associated with pinch-and-swell extension of competent
layers, the extensional shears lie in the ‘pinches’ and the
volumes of oblique internal foliation correspond to the
‘swells’. Analogous structures occur in schists and mylo-
nites without competent layers and correspond to an
asymmetrical internal boudinage (Cobbold et al. 1971),
also known as extensional crenulation cleavage (Platt &
Vissers 1980) and shear-band foliation (White et al.
1980); they require no further discussion here. The
association of asymmetrical extensional shears with
Type 2B pull-aparts and their analogues indicates a
component of layer-parallel shear. However, Type 2A
asymmetrical pull-aparts and foliation fish are clearly
not analogous to either internal boudinage or exten-

- sional crenulation cleavage, since oblique extensional

shears are absent.
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Field kinematic context

The association of at least a component of layer-
parallel shear with the formation of asymmetrical pull-
aparts and foliation fish has been suggested in the forego-
ing paragraphs. Independent documentation and cor-
roboration is provided by the consistency of the indepen-
dent kinematic indicators in the field areas studied (Figs.
2b & ¢). Thus the following field-based kinematic impli-
cations are drawn with respect to the asymmetrical
pull-aparts and foliation fish.

(i) The asymmetry of Type 1 asymmetrical pull-aparts
is a direct reflection of the sense of non-coaxiality of the
bulk deformation. Whereas in a coaxial deformation a
symmetrical barrelling of initially rectangular boudins
may result from internal ductile strain within the boudin
(Ramberg 1955), in the non-coaxial case the highest
strain rates are located in those corner volumes lying
within the extensional field of the instantaneous strain
ellipsoid.

(ii) The sense of asymmetry of Type 2 asymmetrical
pull-aparts and foliation fish is antithetic to the sense of
non-coaxiality of the bulk deformation. The ‘swells’ or
ellipsoidal volumes of oblique internal foliation seg-
ments have rotated backwards. Indeed in one example
presented, an independent indicator of bulk clockwise
shear has been back-rotated in an anti-clockwise sense
(Fig. 5b).

While these observations may appear intuitively obvi-
ous in the case of Types 1 and 2B structures (see Selkman
1978 and Platt & Vissers 1980), the common case of
Type 2A structures and foliation fish requires further
analysis before a comprehensive mechanical explanation
of asymmetrical pull-aparts and their analogues can be
attempted. To this end, the field observations and
interpretations were tested by laboratory experiment.

EXPERIMENTAL STUDY -

A hinged-frame shear box was used to impose a shear
strain of 2.0 on a putty and Plasticine (McClay 1976)
model (Fig. 6a). The apparatus comprised a number of
aluminium plates, each cut to a shallow ‘U’-shaped
cross-section. The plates were stacked upright inside the
hinged frame so as to present a concave-upward well to
the camera. The model, 22 x 15 x 0.5 cm, sat flush
within the well. By moving a side bar of the hinged
frame, the aluminium plates were made to slide past
each other and to transmit shear stresses to the model
through the floor and the end-walis of the shear box. The
deformation was performed by hand (at an approximate
rate of displacement of 10> cm sec™!).

The model comprised three layers of a competent
material set in a matrix of silicone putty (Fig. 6a). The
competent layers were all cut from a 5 mm thick Plas-
ticine and silicone putty (1:2 ratio) multilayer. Indi-
vidual layers within the multilayer were about 0.1 mm
thick (Fig. 6¢). A multilaver was chosen for the compe-
tent material for two reasons. (i) Many of the field
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Fig. 7. Angle made by internal anisotropy with experimental bulk
shear plane (@) against shear strain (y). recorded at intervals during
the deformation. Mean synthetic (clockwise) rotation for eight corner
volumes (top left and bottom right) of the four initial boudins in
Type | asymmetrical pull-aparts (diamonds: five intervals). Mean
antithetic {anti-clockwise) rotation for four "swells” in Type 2 asym-
metrical pull-aparts (dots: seven intervals). Dashed lines estimated
by eve.

examples of asymmetrical pull-aparts are multilayers.
(i1) Attempts to construct the competent layers of an
isotropic material only slightly stiffer than the silicone
putty matrix by kneading the putty with Plasticine were
unsuccessful on two counts. (a) It was difficult to ensure
that the silicone putty/Plasticine mixes were truly isot-
ropic. Despite prolonged kneading, an irregular streaki-
ness was always apparent, suggesting the presence of a
variably developed, indistinct layering. By creating a
multilayer, the required competence was obtained and
the layering was statistically homogeneous and
unequivocal. (b) In a series of pilot experiments, ‘iso-
tropic’ competent materials produced only subtle results
after significant strain.

The competent material was installed in the model in
three initial configurations in order to simulate a pre-
experiment increment of finite strain. The configurations
were (i) layers of initially symmetrical blocky boudins,
(ii) thick pinch-and-swell structure and (iii) thin pinch-
and-swell structure (Fig. 6a). The choice of initially
symmetrical configurations requires some explanation,
which I shall defer until the discussion section. The thin
pinch-and-swell layer behaved as a passive marker
(Ghosh & Ramberg 1976) and will not be discussed
further (Fig. 6b). The initial boudins and ‘swells’ were
constructed with similar 6: 1 aspect ratios. the minimum
required to inhibit rigid body rotation (Ghosh & Ram-
berg 1976). They were then inlaid such that each compo-
nent of each competent layer, internal layering as well as
the layers themselves, lay in the experimental bulk shear
plane (Fig. 6a). The model was then left to sit and ‘weld’
for several hours prior to deformation in order to ensure
maximum cohesion across the material contacts.

The results are presented in Figs. 6(b). (c) and 7. The
initial rectangular grid and the boundaries of the model
show that the deformation was homogeneous and that

_ good cohesion was obtained throughout the model. The
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top (free) surface of the model shows some mild deflec-
tions, especially in the immediate neighbourhood of the
competent inclusions. These changes in free surface
topography. while important enough to prohibit a
detailed analysis of the local matrix flow adjacent to the
inclusions, are of sufficiently minor amplitude to justify
the assumption of homogeneous ideal simple shear
boundary conditions for the bulk deformation.

Throughout the deformation. the internal layering
and the long sides of the central parts of the individual
blocky boudins remain sub-parallel to the bulk flow
plane. The rotational component of the deformation,
apparent from the shape of the deformed boudins, was
therefore confined to the boudin extremities. Here, in
the case of a sinistral shear, the top left and bottom right
corner volumes of the boudins have flowed along anti-
clockwise deflecting particle paths towards the inter-
boudin gaps. A similar response is barely perceptible in
the other two corner volumes, so imparting an asym-
metry (‘Z’ sigmoid shape) to the initially symmetrical
boudins. The resultant structure is identical to field
examples of Type 1 asymmetrical pull-aparts (compare
Figs. 3b & ¢ and 6b & c). The internal layering of the
‘swells’ of the pinch-and-swell structure shows no per-
ceptible rotation with respect to the sides of the indi-
vidual ‘swells’. However, the individual ‘swells’ do show
a pronounced and consistent back-rotation with respect
to the sense of shear along the experimental flow plane.
The resultant structure, given the lack of visible discrete
extensional shears in the neck regions, is identical to
field examples of Type 2A asymmetrical pull-aparts
(compare Figs. 4a—, 5 and 6b & c).

The deformed model was removed from the shear
box, cut and re-inserted as a smaller plate. An additional
shear strain of 0.75 was effected before boundary com-
plications rendered the deformation inhomogeneous.
These complications are due to the fact that, after
cutting. the model no longer behaves as a thin plate and
begins to buckle. The rotations of the internal layering
and long sides of the boudin ends and of the long
directions of the ‘swells’ are plotted for the complete
experiment (Fig. 7). From this scant data, it would
appear that the rotation rates are linear in both cases but
that the synthetic rotation in the boudin corner volumes
is more rapid than the antithetic rotation of the ‘swells’.

DISCUSSION

An initially symmetrical configuration of blocky
boudins and pinch-and-swell structure was built into the
experimental model described above. It was chosen for
its geometrical simplicity, but more especially because
of the frequent association in the field of asymmetrical
and symmetrical pull-apart structures. Asymmetrical
and/or rotated boudins have been described elsewhere
(e.g. Cloos 1947, Edelman 1949 p. 28, Ramberg 1955,
De Sitter 1956 p. 88 and p. 308, Rast 1956, Sutton &
Watson 1956, Coe 1959. Belousov 1962 p. 142 and p.
549, Uemura 1965, Paterson & Weiss 1968, Weiss 1972
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fig. 145B, Dzis 1976), but only Strémgard (1973) attemp-
ted to rigorously address the question of their origin.
Stromgard presented two models for the formation of
primary asymmetrical boudins. The first is dependent
upon stress refraction within multilayer systems and the
assumption of boudinage by tensile failure. Stromgard
demonstrated that because of the complex relationship
between tensile local stresses, applied principal stress
orientation and ratio, viscosity contrast and competent/
incompetent layer thickness ratios, this model only pro-
duces markedly asymmetrical boudins at low confining
pressures. Stromgard’s second model is confining pres-
sure independent and based upon consideration of finite
strain and stress refraction in systems of low competent/
incompetent layer thickness ratio, that is very widely
spaced competent layers. Neither of these models is
sufficiently general to account for the field examples
presented here of asymmetrical boudins formed in close-
spaced mulitilayers deformed at high metamorphic
grade.

The selection of a symmetrical initial configuration in
no way assumes a knowledge of the pre-experiment
strain path or strain regime. The only assumptions are
that, at some time prior to the (non-coaxial) finite strain
increment under investigation, the direction of instan-
taneous maximum extension lay sub-parallel to the
extended layer and that, at that time, the layer extended
heterogeneously. Depending upon the rheological con-
trast with the matrix at the time, the competent layer is
assumed to have boudinaged or to have developed a
pinch-and-swell structure. Symmetrical heterogeneous
extension of a competent layer does not, of itself, imply
a coaxial strain history as Lister & Williams (1983) have
clearly demonstrated. Furthermore, given the variable
influence of the physico-chemical environment on the
strengths of different minerals, the rheological contrast
between the competent layer and its matrix may vary
with metamorphic grade during syn-metamorphic defor-
mation.

The model experiment of the present study strongly
supports the field-based kinematic interpretation of the
asymmetrical pull-apart structures and foliation fish out-
lined above. While this empirical support for the
kinematic hypothesis is clear, a mechanical explanation
of the observed flow is required.

Mechanical hypothesis

In the experiment described above, the model mate-
rials, the aspect ratios and the experimental conditions
(e.g. strain rate) were identical for both the boudins and
the pinch-and-swell structure. However, the initial
geometrical configuration of the neck or inter-boudin
regions is quite different in the two cases. The presence
or absence of sharply defined corners determines which
of the two principal physical properties (competence/
viscosity and rheological anisotropy) of the boudins and
pinch-and-swell structure is the predominant influence
upon flow within the competent layers.
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Type 1. The dynamic stress distribution in angular
boudins is the result of two mutually dependent effects:
(i) a geometrical stress-concentrator effect due to the
presence of the sharp corners and (ii) a material stress-
concentrator effect due to the competence/viscosity con-
trast between the boudin and its soft matrix. The
dynamic stress distributions within blocky boudins sub-
jected to a coaxial deformation are well documented
(Stephansson & Berner 1971, Stromgard 1973, Selkman
1978, Lloyd & Ferguson 1981). The angular corner
volumes are sites of anomalously high mean stress, while
the inter-boudin gaps are sites of low mean stress. The
ductile response of the boudin corner volumes to this
mean stress gradient, that is flow towards the region of
low mean stress, leads to the classical barrel shape of
many boudins (Ramberg 1955). In the case of a layer-
parallel shearing deformation, the existence of a shear
stress along the boudin long-side will result in an asym-
metrical stress distribution within the boudin such that
maximum mean stresses will develop in those corner
volumes lying within the extensional quadrants of the
instantaneous strain ellipsoid (Selkman 1978, fig. 18).
By analogy with symmetrical barrel-shaped boudins,
Type 1 asymmetrical pull-aparts develop by flow of
material from these sites of high mean stress towards the
low pressure inter-boudin gaps.

Type 2A. Given the absence of sharply defined cor-
ners and of matrix-filled gaps between ‘swells’, the influ-
ence of competence/viscosity contrast on dynamic stress
distribution  within  pinch-and-swell structure is
attenuated. In other words, in the absence of geometri-
cal stress concentrators, the distribution of mean stress is
less heterogeneous within an individual ‘swell’ than in
angular boudins. Therefore, the response to bulk shear
is distributed throughout a given ‘swell’ and the influence
of the internal rheological anisotropy on the flow pattern
within the ‘swell” is enhanced relative to that of compe-
tence/viscosity contrast. The following discussion also
applies to the case of foliation fish.

The mechanical effect of a rheological anisotropy is to
canalize and maximize slip along the anisotropy plane
{Lister & Williams 1983). (In one of the pilot experi-
ments, a passive grid of lines initially perpendicular to
the internal anisotropy of the ‘swells’ was deflected by
generally homogeneous slip on the internal layering).
Consider a train of linked ‘swells’, similar to those of the
experiment, whose principal planes are parallel to the
bulk flow plane of a bulk ideal simple shear deformation.
Let the orientation of the internal anisotropy deviate,
slightly but randomly. from that of the bulk flow plane.
There are three limiting cases, the first two of which are
trivial:

(1) Within those ‘swells’ whose internal anisotropy
lies in the bulk flow plane. slip on the anisotropy results
in oblique extension of the *swell”, hence an apparent
back-rotation of the principal plane of the ‘swell’. but no
rotation of the internal anisotropy.

(1) Within those “swells’ whose internal anisotropy
lies within the shortening quadrants of the instantaneous
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Fig. 8. Schematic representation of an initial perturbation in rheo-
logical anisotropy (e.g. mylonitic foliation) subjected to bulk ideal
simple shear (Sr = 0) and lying in the extensional field of the bulk
kinematic framework. (a) Bulk principal instantaneous stretches and
shear plane are shown. (b) Because of the canalizing effect of the
anisotropy with respect to slip, the local kinematic framework within
the perturbation comprises slip along planes making an angle greater
than 45 degrees to the bulk principal instantaneous shortening direc-
tion. The local strain regime therefore deviates from ideal simple
shear such that Sr > 0. Under such conditions, there is a field of
back-rotation as indicated by curved arrow. (c) and (d) The principal
geometrical plane of the volume of perturbed anisotropy (dotted
line) rotates antithetically with respect to the vorticity of the bulk
imposed deformation. All angles grossly exaggerated.

strain ellipsoid, slip on the internal anisotropy, in combi-
nation with the resulting extension of the ‘swells’, pro-
duces an antithetic rotation of the internal anisotropy
into the bulk flow plane (Hobbs et al. 1976, p. 124). The
associated back-rotation of the principal plane of the
‘swell” will be countered by its synthetic rotation with
increasing finite strain.

(iii) Within those ‘swells’ whose internal anisotropy
lies in the extensional quadrants of the instantaneous
strain ellipsoid, the deformation deviates from ideal
simple shear such that the strain rate ratio (5 = pure
shear strain rate/simple shear strain rate) is greater than
zero (Fig. 8). Because of the good ‘swell'-matrix cohe-
sion, this deviation will extend a short distance into the
surrounding incompetent matrix (contact strain area of
Ramsay 1967, p. 416). Ghosh & Ramberg (1976) have
demonstrated that for such strain rate ratios, a field of
back-rotation is generated whose bisector lies within the
shortening quadrants of the instantaneous strain ellip-
soid and makes an acute angle with the plane of shear
(Fig. 8). This angle and the field width are proportional
to the strain rate ratio. Applying Ghosh & Ramberg’s
analysis to the experiment described here, during the
first increment of bulk simple shear affecting such an
initial configuration. the principal plane of the ‘swell' lies
within the field of back-rotation generated by the flow in
its own matrix envelope (Fig. 8). Back-rotation of the
principal plane and therefore of the internal anisotropy
further accentuates the deviation from ideal simple shear
(increases the strain rate ratio) within and about the
‘swell’. The process is, however. self regulating since
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back-rotation leads to a hardening of the internal aniso-
tropy with respect to slip. When hardening is sufficiently
advanced, the deviation from ideal simple shear in the
enveloping matrix will attenuate and the ‘swell” will tend
to rotate synthetically in response to continuing bulk
simple shear, so softening the internal anisotropy with
respect to slip. Field observation suggests empirically
that back-rotation is balanced by rotational hardening
after antithetic rotation of the order of 10-15 degrees.

Type 2B. The back-rotation of the ‘swells’ between
discrete extensional shears may be expressed as the flow
resulting from the following boundary conditions
imposed by the slip on the asymmetrical extensional
shears and the initial orientation of the principal plane of
the ‘swells’ in the direction of the bulk flow plane of the
deformation.

(i) The ends of the ‘swells are offset by a shear couple
synthetic to the sense of shear on the bulk layering (bulk
flow plane).

(ii) The plane containing the centres of the initial
individual ‘swells’ cannot rotate through the bulk flow
plane.

The result must be the back-rotation of the ‘swells’
with progressive shear (see Platt & Vissers 1980).

A cautionary note

As with all kinematic indicators, there are limitations
to the use of the structures discussed herein. Apart from
the obvious relationship between the scale of observa-
tion and that of the interpretation (Schwerdtner 1973,
Hanmer 1982), it is for the observer to ensure that
consistent observations are sufficiently numerous (e.g.
trains of asymmetrical boudins or ‘swells’) to allow
reasonable inference of a systematic asymmetry. As
with all kinematic indicators, Types 1 and 2 asymmetrical
pull-aparts and foliation fish should be used as compo-
nents of structural assemblages of mechanically indepen-
dent kinematic indicators from which to interpret the
kinematic significance of the deformation (Hanmer
1984a).

CONCLUSIONS

(1) Shearing along a plane containing blocky boudins
(initially symmetrical in this analysis) can produce asym-
metric barrelling simply related to the shear sense of the
bulk flow (Type 1 asymmetrical pull-aparts).

(2) Shearing along a plane containing pinch-and-swell
structure (initially symmetrical and internally aniso-
tropic in this analysis) can produce an antithetic rotation
of the ‘swells’. This back-rotation is either a response to
slip along the internal anisotropy and local deviation
from ideal simple shear (Sr > 0: Type 2A asymmetrical
pull-aparts) or a response to displacement along discrete
asymmetrical extensional shears located between the
'swells” (Type 2B). The two idealized responses are not
mutually exclusive.
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(3) In the presence of the geometrical stress concen-
tration effect of the angular corners, competence/
viscosity controls the response of the boudins to shear
(Type 1). In the absence of angular corners, internal
anisotropy controls the response of the pinch-and-swell
structures to shear (Type 2A).

(4) Structures which are geometrically and mechani-
cally analogous to Type 2 asymmetrical pull-aparts can
form in the absence of competent layers in well foliated
rocks. Such analogues of Type 2A structures are called
foliation fish.

(5) Asymmetrical pull-aparts and foliation fish
formed by the mechanisms proposed in this paper are
indicators of shear sense which can be used in the field as
components of an assemblage of mechanically indepen-
dent kinematic indicators to determine the vorticity of
non-coaxial flow in ductile tectonites.
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