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AbstractÐAnalogue model experiments were conducted to investigate the in¯uence of irregularly distributed
weak sites in localising strain, as an aid to understanding shear zone development in partially molten rocks.
The very weak inclusions consisted of Vaseline in a homogeneous matrix of para�n wax, which has a power-
law viscous rheology. Boundary conditions were those of pure shear at constant natural strain rate and con®n-
ing stress s3. The inclusions were initially perfect cylinders with axes parallel to the intermediate bulk strain
axis Y. Conjugate shear zones nucleate on the inclusions and link up to form an anastomosing pattern of high
strain zones of concentrated shear surrounding much more weakly deformed pods of near coaxial strain. The
zones initiate at angles near 458 to the bulk shortening axis Z but stretch and rotate towards the X axis with
increasing bulk strain. All inclusions nucleate shear zones, so that with increasing development of the anasto-
mosing pattern, weak material occurs only within the high strain zones. The restriction of migmatite leuco-
somes to shear zones in natural examples could also re¯ect a corresponding control of melt on the sites of
shear zone nucleation, rather than implying accumulation from the surrounding wall-rock. The model geome-
try is very similar to that observed in small-scale shear zones in migmatites of southern Madagascar. Elongate
zones rich in weak inclusions, originally either perpendicular or at 458 to the Z axis, were also modelled for
direct comparison with the regional-scale geometry of the Pan-African high-grade `shear zones' on Madagas-
car. # 1998 Elsevier Science Ltd. All rights reserved

INTRODUCTION

Shear zones are recognised in the ®eld on all scales as
elongate, approximately planar zones of high strain
(Ramsay, 1980). Tight observational constraints on the
strain geometry are rarely available, although it is
often assumed that they correspond to simple shear. If
the adjacent walls are rigid, then the length of the
shear zone must remain constant during deformation
and the only possible solutions involve some combi-
nation of perfect simple shear parallel to the walls and
width change perpendicular to the walls, due to vari-
ation in volume (e.g. Ramsay and Graham, 1970).
This restriction is removed if the walls are deformable
(e.g. Means, 1989), as is certainly the case in lower
crustal shear zones developed at high metamorphic
grade. Such high-grade shear zones are commonly inti-
mately associated with partial melting and migmatite
development, with leucosome material concentrated in
the zones themselves (e.g. Brown et al., 1995). This
study presents the results of analogue-model exper-
iments considering the geometry of high-grade shear
zones, both on the outcrop scale, where melt is gener-
ally distributed in an irregular anticlustered pattern,
and on the larger map-scale, where syntectonic intru-
sions are often restricted to major regional shear
zones. The strain pattern developed in these analogue

models, which were deformed with boundary con-
ditions of pure shear, is very similar to the natural
examples and demonstrates that the automatic
assumption of near simple shear kinematics (e.g. major
strike-slip displacement for steep shear zones) can lead
to incorrect interpretations of the regional tectonics.

EXPERIMENTAL METHODS

The e�ect of partial melt on the initiation and devel-
opment of shear zones was modelled as a distribution
of very weak inclusions in a homogeneous ductile
matrix. The volume of this weak phase remains con-
stant during the experiments and thus only the mech-
anical e�ect of `melt' on the strain distribution is
investigated. The probable feedback e�ect, where con-
centrated deformation and/or spatial variation in mean
stress (1`pressure') promote localised additional partial
melting, is not considered. The in¯uence of isolated
weak inclusions on the strain distribution in the sur-
rounding matrix has already been studied both by ana-
logue (Baumann, 1986; Baumann and Mancktelow,
1987) and by numerical modelling (Genter, 1993).
These studies have shown that, as might be expected,
the weaker inclusions take up a larger proportion of
the bulk strain, and that this strain concentration is
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accommodated in the surrounding matrix by zones of
concentrated shear deformation. The width of this per-
turbed zone is a function of the size and shape of the
inclusion and probably also of the viscosity ratio.
The analogue model experiments for this study were

performed under pure-shear, plane-strain boundary
conditions using an upgraded version of the defor-
mation rig described by Mancktelow (1988a). Models
were made of para�n wax with melting range 46±488C
(Mancktelow, 1988b) and the weak inclusions consist
of Vaseline. The viscosity ratio for the experimental
conditions (2420.18C, strain rate 3� 10ÿ5 sÿ1) is
0300:1. Narrow layers of weaker para�n wax of melt-
ing range 40±428C were placed between the con®ning
side plates and the model block to diminish the e�ect
of the straight side boundary constraint, which other-
wise tends to dampen the propagation of zones of het-
erogeneous deformation toward the boundary.
In all cases, the initial form of individual weak in-

clusions was cylindrical, with a circular cross-section in
the XZ plane and the cylinder axis parallel to the in-
termediate bulk strain axis Y (Fig. 1). Two series of
experiments were performed, one with an unclustered
distribution of inclusions to simulate the outcrop-scale
distribution of melt and one with planar zones of clus-
tered inclusions to simulate the heterogeneous distri-
bution often observed on a regional scale. In the
following we present the experimental results and their
comparison with natural examples of strain localis-
ation in very weak sites.

EXPERIMENTAL RESULTS AND DISCUSSION

Unclustered distribution of inclusions

A typical example with 8 volume% weak inclusions
is shown in Fig. 2, which illustrates the important geo-
metrical characteristics of this series of experiments.

The initially cylindrical weak inclusions are ¯attened in
the overall bulk XY plane, with short, conjugate shear
zones initiating at the tips of the now elongate in-
clusions. The strain in the weak sitesÐindicated by the
axial ratio of elongate inclusionsÐis much higher than
the strain in the neighbouring matrix but it is also lar-
ger than the bulk strain. With increasing bulk strain,
the shear zones progressively propagate into the adja-
cent matrix and arrays of weak inclusions of suitable
orientation are interconnected to form larger shear
zones. These shear zones are also conjugate and, in the
course of deformation, rotate toward the ¯attening
plane to produce increasingly acute angles between
conjugate shear zones containing the bulk extension
direction X. The conjugate shear zones enclose less
deformed (to almost undeformed) lens-shaped pods of
matrix, within which deformation closely approximates
coaxial pure shear. This geometry is very similar to the
model proposed by Bell (1981) for the heterogeneous
deformation during progressive pure shear. It also
mimics the natural anastomosing shear zones described
in granitic plutons strained under mid- to high-grade
metamorphic conditions (e.g. Simpson, 1982; Gapais et
al., 1987), and the internal geometry of some mylonite
zones (e.g. Bell and Hammond, 1984). Most natural
ductile shear zones which are conjugate show an
obtuse angle facing the maximum regional shortening
direction. It has always been a problem to decide if
this relationship is original or ifÐas we suggestÐit is
the result of a deformation of the rock lozenges
between the shear zones (see Ramsay and Huber,
1987, ®g. 26.29).

The progressive development of the shear zones is
better seen in models with a lower density of weak in-
clusions (Fig. 2b). At higher concentration, the inter-
connection of shear zones is more rapidly established
due to the closer spacing of weak inclusions. The het-
erogeneity of deformation is also a function of scale.
At the same scale of observation and for the same
volume proportions of strong and weak material, it is
clear that deformation will appear more homogeneous
for a large number of very small weak inclusions than
for a smaller number of large inclusions.

Since the interconnected shear zones always nucleate
on the weak inclusions, all the weak phase (represent-
ing melt) comes to lie within high-strain shear zones,
even for fairly low bulk strains (e.g. Fig. 2b). The
restriction of migmatite leucosomes to shear zones in
natural examples could also re¯ect a corresponding
dominant control on the sites of shear zone nucleation,
rather than exclusively implying accumulation from
the surrounding wall-rock.

Clustered distribution of very weak inclusions

In these experiments the weak inclusions are
restricted to relatively narrow planar zones perpendicu-
lar (Fig. 3a) or oblique (Fig. 3b) to the bulk shortening

Fig. 1. Model geometry, showing the orientation with respect to the
XYZ axes of bulk strain for the imposed pure-shear deformation
and the initial form of Vaseline inclusions. The cross-section of the
cylindrical inclusions in the XZ plane is circular and the cylinder

axes are parallel to the intermediate axis Y.
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Fig. 2. Photographs of a model with 8 volume% of randomly distributed weak inclusions taken at (a) 0%, and (b) 40%
shortening, viewed in the XZ plane. The initial undeformed spacing between the grid lines in the model was 5 mm.
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direction. The behaviour of the two-phase material
within these zones is analogous to that described
above, with anastomosing shear zones surrounding
pods of material exhibiting weaker, nearly coaxial de-
formation. On a broader scale, there is a clear concen-
tration of strain within the zone of weak inclusions
and, again as described above, increasing deformation
causes the shear zones to progressively rotate and
extend, such that the angle between the conjugate sets
decreases. Thus, at higher bulk strain, the two-phase
zone appears as a high strain planar zone consisting of
anastomosing but on average near-parallel shear zones
with alternating senses of shear. In nature, this would
appear as a strongly foliated zone within a much more
weakly foliated regional block, and would be mapped
as a shear zone. However, there could be some di�-
culty in obtaining a consistent shear sense from kin-
ematic indicators. As can be seen from Fig. 3, if the
zone was initially at a high angle to the regional short-
ening direction, then there is no signi®cant displace-
ment across the `shear zone'. In contrast, if the planar
zone is oblique to the bulk strain it will initiate a
major shear zone whose kinematics will depend on the
initial zone orientation with respect to the regional
shortening direction. Both the smaller-scale shear
zones developed in the weaker zone and the zone itself
are progressively elongated parallel to their length and
correspond to stretching faults as described by Means
(1989).

COMPARISON WITH NATURAL EXAMPLES

A natural example on regional and outcrop scale of
a strain distribution similar to that observed in the
analogue experiments, with a clustered distribution of
weak inclusions, can be found in the basement of
southern Madagascar. Precambrian basement, of at
least early Proterozoic age (Paquette et al., 1994), has
been strongly deformed under high-temperature low-
pressure conditions, and intruded by numerous granitic
intrusions during the Pan-African orogenesis between
560 and 510 Ma (Nicollet, 1990; Paquette et al., 1994).
On the regional scale, deformation produced three
major shear zones (Fig. 4) with sub-vertical mylonitic
foliation, and a sub-horizontal stretching lineation
(Martelat et al., 1997). Two shear zones are oriented
approximately N±S (Ampanihy and Beraketa shear
zones). The third one is sinistral and oriented NW±SE
(the Bongolava±Ranotsara shear zone). The N±S shear
zones, 10±20 km in width, extend for at least 300 km.
These two shear zones were only recently recognised
and have been the subject of various kinematic in-
terpretations. In the ®rst known description, the
Ampanihy shear zone was de®ned as dextral (Rolin,
1991), in the second as sinistral (Martelat et al., 1997),
and in the third interpretation as a zone of intensive
¯attening, initially representing a thrust (De Wit et al.,
1993). From our ®eld observations and in the light of
the current study, we consider that these N±S oriented

Fig. 3. Photographs of models with weak inclusions distributed in a zone (a) perpendicular, and (b) initially at 458 to the
shortening direction, taken at 40% shortening, viewed in the XZ plane. After deformation the weak zone is at 638 to the
shortening direction (rotation of 188) and shows an extension of e = 0.23. The initial undeformed spacing between the

grid lines in the models was 5 mm.
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zones were initiated in areas of more common syntec-
tonic granitic intrusions and underwent strong ¯atten-
ing normal to their strike and stretching parallel to it,
but with no dominant sense of vorticity. The bulk-
strain geometry can be demonstrated by an analysis of
the distribution of leucosomes in outcrop-scale shear
zones. Sub-circular pods of leucosome ®ll the necks of
sub-vertical internal boudins (Fig. 5a). Conjugate
shear zones containing leucosome are common, with
the acute angle between them containing the strike
direction of the master shear zone (Fig. 5b). The latest
folds have sub-vertical axes, and their axial planes
usually contain leucosome (Fig. 5c). The folds are
strongly asymmetric, but have both S and Z shapes
within the same structural domain and, therefore, can-
not be used as kinematic indicators. Leucosomes
oriented sub-parallel to the mylonitic foliation are

symmetrically boudinaged with the boudin-axes sub-

vertical (Fig. 5d). Moreover, the Ampanihy shear zone

also contains two anorthosite massifs (Boulanger,

1959; Ashwal et al., 1995). They are much older than

the shear zones and behaved as e�ectively rigid in-

clusions during shearing (Fig. 4). The southern

anorthosite massif is asymmetric in map view with

pressure shadow-like tails. Its shape suggests dextral

major shear (sinistral by Martelat et al., 1997, ®g. 12).

As it has been shown in previous analogue experiments

(Ildefonse et al., 1992; Ildefonse and Mancktelow,

1993), the sense of rotation of an elongate rigid in-

clusion (for both pure and simple shear boundary con-

ditions) depends on its initial orientation and shape,

and `anomalous' shear sense indicators can often be

found. This is emphasised if slip or shear is concen-

trated at the interface between inclusion and matrix.

The presence of the anorthosite bodies was simulated

in our experiments by two rigid inclusions within the

zone of weak inclusions (Fig. 6a). In the XZ plane one

rigid inclusion was round, and the other was elongated

with an axial ratio of 3:1 and initially oriented at 458
to the shortening direction. As expected, the cylindrical

inclusion did not rotate, while the elongated one

underwent a dextral rotation consistent with its initial

obliquity (Fig. 6b). Midway between the two rigid in-

clusions, the weak zone as a whole shows necking due

to di�erential shortening caused by the rigid in-

clusions. Within the boudin neck there is a dominant

dextral shear zone and a weaker, conjugate sinistral

shear zone. This situation is very similar to the

Ampanihy shear zone: the zone is thinnest in the area

between the two anorthosite massifs and in that area

it shows a slight dextral o�set (Martelat et al., 1997,

®g. 3).

A similar situation might be responsible for the

ambiguities surrounding the crustal-scale, granulite-

facies shear zones of the Nagssugtoqidian orogen, SW

Greenland. Here again, the sense of shear is a subject

of various interpretations, and the shear zones are as-

sociated with synkinematic dikes (Hanmer et al., 1997,

and references therein). Some of the major crustal

shear zones (that have been taken as type examples of

high-grade shear zones) are now shown to be an array

of high strain zones with no signi®cant lateral displace-

ment (e.g. Hanmer et al., 1997). Bell (1981) also con-

cluded that mylonite zones could also form by

progressive, bulk, inhomogeneous shortening. The im-

portant factor is the scale of observation. Overall, the

deformation in all our analogue models was pure

shear, but at a smaller scale individual anastomosing

shear zones were developed. These were not `simple

shear zones' however, but are stretched and rotated

during their development, with the simple shear com-

ponent in general decreasing during the deformation

history.

Fig. 4. Simpli®ed structural map of the basement in southern
Madagascar showing the trend of major shear zones: A: Ampanihy,
B: Beraketa, B±R: Bongolava±Ranotsara shear zone; (a)
Phanerozoic sediments and volcanics; (b) Precambrian basement and
Pan-African intrusives with trend of foliation indicated; (c) anortho-
site. The box in the south-west corner marks the part of the
Ampanihy shear zone containing two anorthosite bodies. This situ-
ation was simulated in the experiment presented in Fig. 6.
Geological boundaries after Besairie (1964), and the regional foli-

ation trajectories after Martelat et al. (1997).
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CONCLUSIONS

The presence of very weak inclusions, such as the
patches of melt typical of high-grade rocks in the
lower crust, results in a very characteristic strain pat-
tern during deformation. Conjugate shear zones nucle-
ate on the inclusions and link up to form an
anastomosing pattern of high strain zones of concen-
trated shear surrounding much more weakly deformed
pods of near coaxial strain. The high strain zones are
not `simple shear zones', since they are stretched and
rotated during bulk deformation. Due to this rotation,
the angle between zones of opposite shear sense
decreases with increased bulk deformation. Rotating
shear zones and their deformable walls might allow

conjugate sets to operate simultaneously. Moreover,
the synkinematic elongation lineation in the wall-rocks
is not necessarily parallel to the shear direction as it is
a ®nite strain feature. Recent high-precision dating has
provided evidence that the melt can be present in the
deep crust for a period of time long enough to accom-
modate signi®cant amounts of deformation (Berger et
al., 1997). Zones with a higher degree of partial melt-
ing (or more thoroughly intruded by melt) will concen-
trate strain and develop such an anastomosing
foliation pattern, which at high strain will be semi-par-
allel. On the regional scale, such zones would be
mapped as shear zones, but the internal shear sense
from kinematic indicators will be frustratingly incon-
sistent, crystallographic preferred orientation patterns

Fig. 5. Photographs of migmatites in the Ampanihy shear zone near the village of Ampanihy, southern Madagascar. The
main foliation is sub-vertical and strikes approximately NNE±SSW, the stretching lineation is sub-horizontal. (a) Sub-
circular pods of leucosome ®lling the necks of sub-vertical internal boudins; (b) dextral and sinistral shear zones localised
on the leucosome sites; (c) the latest folds with sub-vertical axes, and axial planes usually containing leucosome; (d) pla-
nar leucosomes oriented sub-parallel to the mylonitic foliation that are boudinaged with the longer boudin-axes sub-ver-
tical. Photographs (a) and (b) are viewed looking down, with top to the west; photographs (c) and (d) are viewed toward

the north. Scale is provided by the geological hammer.
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will also be inconclusive and may often be close to
symmetrical (e.g. crossed-girdle c-axis patterns in
quartz), and the actual shear o�set across the `shear
zone' may be small compared to the strength of in-
ternal fabric development.
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