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Abstract—The orientation of the straight internal foliation §; within large (~ 5 mm) garnet porphyroblasts has
been measured relative to the orientation of the external foliation S, around a single antiform of ~0.5 m
wavelength, which folds the dominant regional foliation. The internal foliation is not constant in orientation, but
varies consistently both with position around the fold and with the porphyroblast ellipticity. The dip of S; (hinge
dip taken as zero) is consistently less than the dip of S.; it increases with increasing dip of S, and with increasing
ellipticity of the porphyroblasts. §; effectively defines a fold with an opening angle greater than that in the
external foliation. The opening angle of this fold in §; decreases with increasing porphyroblast ellipticity. The
observed variation in the orientation of §; can be explained qualitatively by a flattened flexural flow model for
fold development, as could be expected for folding of a pre-existing, strongly anisotropic foliation. The
measurements clearly demonstrate that rotation of porphyroblasts relative to geographical co-ordinates did
occur during the development of this fold and that a model based on the classical theories of rotation of stiff
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inclusions in a weaker viscous matrix is most appropriate.

INTRODUCTION

THE geometry of porphyroblasts in deformed metamor-
phic rocks has been studied in considerable detail since
early in this century (e.g. Schmidt 1918), both to estab-
lish the timing of crystal growth relative to deformation
(e.g. Zwart 1960, Spry 1969, Olesen 1978) and to obtain
information on the kinematics of progressive defor-
mation (e.g. Miigge 1930, Ramsay 1962, Spry 1963,
Zwart & Oele 1966, Rosenfeld 1968, 1970, Schoneveld
1977, 1979, Vernon 1987). Asymmetric relationships
between the helicitic internal fabric of porphyroblasts
(= internal foliation S;) and the external fabric in the
surrounding matrix (= external foliation S.), asymmet-
ric tails of recrystallized material, and asymmetric
‘pressure shadows’ have been used as indicators of the
sense of rotation and hence of the sense of shear of the
overall deformation (e.g. Simpson & Schmid 1983, Pass-
chier & Simpson 1986). In general such geometries only
establish a relative rotation: they do not directly deter-
mine whether the porphyroblast itself (together with its
included internal foliation) rotated relative to geo-
graphical co-ordinates, if the external foliation rotated,
or indeed if both rotated and the observed relative
rotation resulted from differing rates of rotation be-
tween the internal and external foliation (e.g. Ramsay
1962, Rosenfeld 1970, Fyson 1975, Schoneveld 1979,
Bell 1985, Vernon 1988, Bell & Johnson 1989, 1990,
1992, Johnson 1990).

Theories of rigid particle rotation developed from
fluid mechanics (e.g. Jeffery 1922, Gay 1968, Ghosh &
Ramberg 1976, Ferguson 1979) predict that the behav-
iour of individual isolated particles should depend on the
vorticity of flow in the matrix (which can be conveniently
represented by the kinematic vorticity number, e.g.
Truesdell 1954, Passchier 1987), on the ellipticity
(aspect ratio) of the particle and on its orientation. In

particular, for two-dimensional flows (plane strain), a
circular particle should rotate at a constant rate with an
angular velocity equal to one-half of the flow vorticity,
whereas a very elongate particle should approach the
quite different behaviour of a passive marker line. The
behaviour of a particle of intermediate ellipticity obvi-
ously lies between these two extremes (e.g. Ghosh &
Ramberg 1976, Fernandez 1988). Because the most
commontly studied porphyroblasts, namely garnets, gen-
erally have a low aspect ratio, whereas the external
foliation is usually defined by platy phyllosilicates, the
difference in rotational behaviour between such differ-
ently shaped particles during deformation generally re-
sults in a relative rotation between the porphyroblast
and the external foliation.

The internal foliation within porphyroblasts has been
shown by several studies (e.g. Ramsay 1962, Fyson
1975, 1980, Steinhardt 1989) to be quite constant in its
geographical orientation, even in strongly folded re-
gions. This led Ramsay (1962) to suggest that such folds,
which commonly approach a similar fold style, may have
developed by passive amplification during coaxial pure
shear. In this model, equant porphyroblasts do not
themselves rotate and the apparent rotation is due to the
passive rotation of the fold limbs during fold amplifi-
cation. Bell (1985) has taken this approach one step
further, suggesting that rigid porphyroblasts do not
rotate at all during deformation, even when there is an
important rotational component to the bulk defor-
mation. This model has rather radical implications: it
would mean that the sense of shear determined in zones
of rotational deformation from porphyroblasts (e.g.
‘snowball” garnets), d-clast geometries (e.g. Passchier &
Simpson 1986) and even intrafolial asymmetric folds
(e.g. Van Den Driessche & Brun 1987) would all be
incorrect (cf. Bell & Johnson 1992).

This paper presents data on the orientation of the
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Fig. 1. Location diagram and simplified geological map of the Lukmanier Pass region. The location of the studied fold is
indicated and corresponds to Swiss national grid co-ordinates 707.2/156.4.

internal foliation §; in garnet porphyroblasts measured
around a single fold from the Lukmanier Pass area of the
Central Alps in Switzerland (Fig. 1). The orientation of
S; within these porphyroblasts has been analysed rela-
tive to position within the fold. These data provide a
basis for discussing possible models of fold development
in schistose, strongly anisotropic rocks.

GEOLOGICAL SETTING

The studied fold occurs within amphibolite facies
garnet schists of the Stgir Series, which were originally
shales of Liassic age forming part of the Mesozoic cover
to the southern Gotthard Massif and adjacent Penninic
basement (e.g. Chadwick 1965, Thakur 1973). The re-
gion has been subjected to four phases of Alpine defor-
mation. The first deformation, D, produced isoclinal
folding and imbricate stacking of basement and sedi-
mentary cover units. This was followed by a pervasive
phase of recumbent folding, D,, in which overturned
fold limbs commonly developed into major thrusts. The
main penetrative foliation throughout the area devel-
oped at this time, associated with upper greenschist
facies metamorphism south of the Gotthard Massif. The
peak of thermal metamorphism post-dated D,, with the
growth of many porphyroblasts, including the garnets
measured in this study (Figs. 2 and 3), indicating peak
conditions of ~500-550°C at 5 kbar (Fox 1974, 1975,
Adams et al. 1975, Frey 1978, Frey et al. 1980). The

dominant regional S schistosity is overprinted by a third
folding phase D3, with an associated weak to moderately
developed crenulation cleavage. The studied fold be-
longs to this D3 phase. Axial planes of Dj folds in the
Lukmanier area dip moderately to the northeast and
fold axes plunge shallowly to the east-northeast. Minor
garnet growth continued during the D5 deformation,
such that narrow rim regions to the porphyroblasts
sometimes show a bending of the otherwise straight
internal foliation into continuity with the external folia-
tion (Fig. 2). A still younger, weak crenulation phase,
Dy, can also be recognized in the Lukmanier area: the
axial planes are variable in orientation, but commonly
dip shallowly towards the north to northwest, with fold
axes nearly coaxial with Fj.

FOLD GEOMETRY

Figure 4 is a detailed sketch of the analysed fold. The
folded schistosity is the regionally dominant planar folia-
tion S,, and is defined by sub-parallel white mica,
biotite, platy quartz, zoisite, tourmaline and opaque
minerals. Lithological layering, where discernible
around the fold, is effectively parallel to S,. Overall, the
fold has a chevron fold-style with relatively long straight
limbs and a rather narrow sharp hinge. The P, value, as
defined by Ramsay (1967, p. 350}, lies between 4.5 and
5. According to the classification of Fleuty (1964), the
fold is ‘close’, having an interlimb angle of between 55°
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D3 FOLDS IN LIASSIC GARNET SCHISTS,

LUKMANIER PASS

Fig. 4. Sketch of the folded schistosity and porphyroblast distribution
around the fold. Enlargements within the circles show the typical
geometry observed on each limb of the fold.

and 60°. From the dip isogons (Fig. 5), it can be seen that
the fold geometry approximates that of a similar or Type
2 fold of Ramsay (1967, p. 365), with local variation
along the axial surface between Type 1C and Type 3.

PORPHYROBLAST GEOMETRY
Data collection

The ellipticity of each garnet (determined with the aid
of callipers) together with the dip of §; and S, (dip at the
fold hinge taken as zero) were measured on a near
planar joint surface, which makes an angle of 75° with
the fold axis. The apparent dips measured on this joint
surface will never differ from the true dips in the fold
profile plane by more than 1° (cf. fig. 1.8 of Ragan 1968),
and this small difference can be reasonably ignored.
The garnet porphyroblasts usually have lengths between
5 and 10 mm, and widths between 2 and 6 mm (Figs. 2
and 3). A few smaller porphyroblasts could not be
accurately measured and are not included in the data.
Measurements on garnet couplets, which have coalesced
during growth, give anomalously low values of relative
rotation, as do measurements on garnet porphyroblasts
with very near neighbours (on the order of the porphyro-
blast dimensions). The anomalous results reflect the
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Fig. 5. Dip isogon construction for the fold. Smoothing was achieved

using a tight cubic-spline function and dip isogons were constructed

using a simple contouring routine on a microcomputer. The dip at the
hinge (point of maximum curvature) is arbitrarily taken as zero.
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effects of interaction (e.g. Ildefonse et al. 1992).
These few results have also been excluded from the
analysis.

Results

The measurements of porphyroblasts around the fold
are presented in Fig. 6 as a plot of the dip of §; against the
dip of S., for different ranges of porphyroblast ellipticity
(given as the axial ratio). The dip of the straight internal
foliation S; can usually be measured quite accurately (to
within 2-3°), whereas the variation in orientation of S,
due to open crenulations results in lower precision and
the average orientation around each porphyroblast can
generally only be determined to within about 5°. Repeat
measurements of the axial ratio of the porphyroblasts
are accurate to the first decimal place. The raw data have
been smoothed by considering a moving window of
external dip values, 10° wide, and plotting the average
value of the internal dip within this range, together with
error bars representing the standard deviation of the
averaged values (Fig. 6). These plots show that the dip of
Siis generally less than the dip of S, (i.¢. there hasbeen a
relative rotation) and that the dip of S; increases consist-
ently with the dip of S., particularly for the more
elongate garnet porphyroblasts (e.g. Fig. 6e). The dip of
S; thus depends both on the position of the porphyro-
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Fig. 6. (a)—(e) Plots of dip of the helicitic internal foliation in the garnet porphyroblasts vs dip of the immediately adjacent
external foliation. The data have been smoothed by taking average values of the dip of the internal foliation for a moving 10°
window of values of the dip of the external foliation. Bars correspond to the standard deviation for these averaged values.
Bars are absent when only one value was available. Ellipticity 1.1-1.3, 18 data; 1.3-1.5, 85 data; 1.5-1.7, 102 data; 1.7-1.9,
49 data; 1.9-2.1, 26 data. Solid curves correspond to the best-fit theoretical results for a flexural flow fold flattened 56%
(see f and text). (f) Residual standard deviation between theoretical and measured values, i.e.

V'3 (data value — theoretical value)?/(total number of data — 1)

as a function of % homogeneous shortening in a flattened flexural flow mode! (see text). The minimum corresponds to the
curves plotted in (a)—(e).

blast within the fold (as given by the dip of the external
foliation S.) and on the ellipticity of the porphyroblast.

The average dip of the internal foliation, for a particu-
lar range of porphyroblast ellipticities, can also be
directly represented as trajectories across the fold (Fig.
7). The internal foliation describes a fold, but with a
greater opening angle than the fold in the external

schistosity. The opening angle of this fold in the internal
foliation decreases as the ellipticity of the porphyro-
blasts increases. Indeed, the external schistosity is itself
defined by the preferred orientation of white mica,
biotite and zoisite, which also grew prior to folding (they
are bent around the crenulations) and themselves rep-
resent stiff inclusions within the more quartzo-
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TRACE OF THE INTERNAL
FOLIATION FOR GARNETS
WITH ELLIPTICITIES
BETWEEN 1.3 AND 1.7

TRACE OF THE INTERNAL
FOLIATION FOR GARNETS
WITH ELLIPTICITIES
BETWEEN 1.7 AND 2.1

Fig. 7. Trace of the average orientation of ; within the garnet porphyroblasts (dashed lines) vs the shape of the fold in the
external schistosity S, (solid lines). (a) For porphyroblasts with ellipticities in the range 1.3-1.7. (b) For porphyroblasts with
ellipticities in the range 1.7-2.1.

feldspathic matrix during folding. These matrix minerals
have a high aspect ratio (>ca 7:1, cf. Fig. 2), markedly
higher than the garnet porphyroblasts, and the opening
angle of the fold in the external foliation, defined by
these elongate minerals, is correspondingly smaller.
Interference effects between such platy grains in a con-
centrated population will also have a marked effect on
their rotational behaviour, in general tending to slow
down their rotation (Ildefonse & Fernandez 1988).

PORPHYROBLAST CHEMISTRY

The chemistry of four garnet porphyroblasts in the
same sample taken from the limb of the measured fold
has been determined with an electron microprobe in a
series of traverses parallel to the internal foliation. The
major element chemistry is very homogeneous and all
the measured garnet porphyroblasts have calculated
compositions (+1 SD) in the range 70.0 % 1.1% alman-
dine, 16.8 + 1.9% grossular, 7.3 + 0.7% pyrope, 2.3
0.4% spessartine and 3.1 + 1.9% andradite. The only
consistent variation appears to be in the spessartine
component, although this is a small variation in an
already small quantity and caution is required. The
variation in spessartine content with orientation of §; is
plotted in Fig. 8(a). Only one of the measured garnets
(that plotted with a square symbol in Fig. 8) has a well
developed rim in which §; is dramatically bent through

about 70° (cf. Fig. 2d). For this garnet, there is a good
correlation between the orientation of S; and the
measured spessartine content (Fig. 8a), with a rim
composition of ~3.2% spessartine and a core of 1.8-
2.0%. The other three garnets have only weakly devel-
oped rims and the spessartine content varies only within
a narrow range of ~1.8-2.3%, despite a variation in
geographic orientation of the straight internal foliation
S; of more than 40°. This constancy of the core compo-
sition irrespective of S; orientation is emphasized in Fig.
8(b), where the spessartine content is plotted against the
difference in angle between local S; and the S; orien-
tation within the straight core region. The chemical
analyses do not, therefore, suggest that there was se-
quential growth of porphyroblasts over a progressively
rotated foliation, but rather that the garnet cores grew
more or less contemporaneously, and that the currently
observed variation in orientation of S; within these cores
is due to their subsequent rotation as rigid inclusions.

FOLD MODEL

The fold was initiated in an already strongly schistose
rock and developed a chevron-style fold geometry with a
narrow hinge zone and long, rather straight limbs. This
geometry is typical of folds developed in strongly aniso-
tropic rocks in which the fold mechanism approaches
that of flexural flow, with the limb rotation accommo-
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Fig. 8. Variation in spessartine content with orientation of S; in four
garnet porphyroblasts. (a) Spessartine content (mole fraction) vs
orientation of §; relative to a fixed reference system (parallel to the
average orientation of the external foliation S, i.e. average orien-
tation of S, is taken as 0°). The S; orientation in the volumetrically
dominant core region is 28° for the garnet with the square symbol, —3°
for the circle, 10° for the triangle, and 40° for the diamond. Positive
angles correspond to the sense of relative rotation as shown in the
circled enlargements of Fig. 4. (b) Spessartine content (mole fraction)
vs angular difference between local §; and S; in the core of the
porphyroblast.

dated by simple shear (e.g. Cobbold 1976, Ramsay &
Huber 1987, fig. 20.11). As derived by Ramsay & Huber
(1987, equation 21.5), the amount of simple shear (y) is
equal to the limb dip in radians (taking the dip at the
hinge to be zero). The expected amount of finite rotation
for rigid porphyroblasts with differing axial ratios (taken
as initially elongate parallel to the external foliation) can
then be readily calculated for values of simple shear
corresponding to the respective limb dips (e.g. Ghosh &
Ramberg 1976, Fernandez 1988). The results are pre-
sented in Fig. 9(a), as plots of internal vs external
foliation, similar to Fig. 6.

Flexural flow folding results in parallel, Type 1B
folds. However, as the limbs rotate the amount of
shortening accommodated by such a folding mechanism
decreases and further shortening may be accommodated
by a more homogeneous flattening of the whole fold.
Such homogeneous flattening modifies the fold geom-
etry towards a similar, Type 2 fold style (Ramsay 1962),
and the amount of flattening required can be estimated
from plots of layer thickness variation with limb dip (e.g.
Ramsay 1967, fig. 7-79). In practice, the estimation
becomes increasingly inaccurate as the fold geometry
more closely approaches that of similar geometry, as is
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the case here. Although some ‘layers’ in Fig. 5, defined
by smoothed trajectories to the folded schistosity, have a
Type 1C geometry, they cannot really be related to
specific competent compositional layers and a quantitat-
ive determination of the amount of flattening cannot be
justified. Only a qualitative comparison of the observed
porphyroblast behaviour with the predicted behaviour
around a flattened flexural fold can be made.

A simple two-stage model for the development of a
flattened flexural flow fold has been used. The homo-
geneous flattening component is first removed by pure
shear ‘unstraining’ to obtain the fold geometry after
flexural flow but prior to flattening. The rotation of
porphyroblasts due to the flexural flow component is
then calculated as a function of the limb dip prior to
flattening (cf. Fig. 9a). The additional rotation due to
the pure shear flattening component is then calculated,
to give the final porphyroblast orientation about the
flattened flexural flow fold. A value of 50% for the
flattening component is chosen for Fig. 9(b), as this
produces calculated curves which are a good approxi-
mation to the data presented in Fig. 6. The ‘best-fit’ to
the data of Fig. 6 actually occurs when the flattening
component is ~56% (Fig. 6f), but the minimum is not so
tightly constrained that the flattening component can be
determined to such accuracy.

As shown in Fig. 9, porphyroblasts with high aspect
ratio (>5) behave very much like passive marker lines
(e.g. Ghosh & Ramberg 1976) and show very little
rotation relative to the external foliation. This remains
true whether a homogeneous flattening component is
added or not (compare Fig. 9a with 9b). However, for
less elongate porphyroblasts, the dip of §; should always
be less than the dip of S, and this effect becomes more
marked as the ellipticity decreases and the component of
homogeneous flattening increases (Figs. 9 and 10).
These theoretical results are in good qualitative agree-
ment with the measurements from the natural example,
as can be seen from a comparison between the measured
data and the theoretical curves presented in Fig. 6.

The variation in dip of S; for nearly circular porphyro-
blasts in strongly flattened folds approaching similar
geometry may be small, even when the folds themselves
are tight (e.g. variation of only & 12° where limb dips
reach 60°, as shown in Figs. 9b and 10). As the ellipticity
of the porphyroblasts increases, however, the variation
in the orientation of .S; should become more significant
(e.g. Fig. 10), as is observed in the measured natural
example. For porphyroblasts with axial ratios greater
than around 5:1, there should be no appreciable rotation
relative to the external foliation. In the natural example,
isolated zoisite porphyroblasts (ellipticities >10:1) in-
deed help define the folded main foliation and do not
show discernible relative rotation {(e.g. Fig. 2d).

CONCLUSIONS

Measurements of orientation of the internal foliation
within garnet porphyroblasts demonstrate a very clear
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Fig. 9. (a) Theoretical curves for the dip of S; vs S, for a flexural flow fold model. (b) Theoretical curves for the dip of S vs
S, for a two-stage flattened flexural flow fold model, in which initial flexural flow folding is followed by a 50% homogeneous
flattening.

dependence on position within the fold (as given by the
dip of the external foliation) and on the ellipticity. This
consistent variation cannot be explained by any model
which assumes a priori the non-rotation of porphyro-
blasts relative to geographic co-ordinates (e.g. Bell
1985, Bell & Johnson 1989, 1990, Johnson 1990); it can
readily be explained in terms of the classical theories of
rigid-body rotation (e.g. Jeffery 1922, Ghosh & Ram-
berg 1976, Fernandez 1988). Regardless of the chosen
folding model, finite strain varies in a systematic manner
with position around the fold, and the variation in finite
rotation of rigid particles is a function of both the finite
strain and the particle ellipticity. As discussed above,
flattened flexural flow folding can qualitatively explain
the observed variation in orientation of the porphyro-
blast internal foliation. In particular, relatively equant
inclusions in strongly flattened folds may show only
limited variation in the orientation of the internal folia-
tion even when folding is quite tight (Figs. 7, 9 and 10).
However, even this slight variation may still be discern-

Ellipticity = 1

Eliipticity = 2

Flexural Fi/\

50% Flattening A

Fig. 10. Sketch of the fold—porphyroblast geometry predicted for the
natural fold from the flattened flexural flow model of Fig. 9(b), for
initial circular objects (ellipticity = 1) and elliptical objects initially
elongate parallel to the foliation with axial ratio of 2:1. The final fold
geometry can be directly compared to that of Fig. 4.

ible and should be consistent with the position of the
porphyroblast within the fold (Figs. 7 and 10). The
observations of Fyson (1980, fig. 2) on the limited
regional variation in orientation of the internal foliation
preserved within rather equant biotite porphyroblasts
(Fyson 1980, figs. 4 and 5) are reproduced in slightly
simplified form in Fig. 11. These results have been cited
as evidence for the non-rotation of porphyroblasts (e.g.
Bell & Johnson 1990), but as can be seen from Fig. 11,
there is in fact a rather consistent variation in the
orientation of the internal foliation identical in form to
that of Figs. 7 and 10. As demonstrated here, this cannot
be used as evidence for general non-rotation of
porphyroblasts, but only reflects the specific conditions
of nearly equant rigid inclusions involved in deformation
with a weak rotational component (e.g. Ramsay 1962,
Ghosh & Ramberg 1976, Passchier 1987). As proposed

62° 25'4

Fig. 11. Sketch of the relationship between the strike of the dominant
regional foliation (solid lines) and the strike of the internal foliation in
biotite porphyroblasts (short dotted lines) in Archean rocks near
Yellowknife, Northwest Territories, Canada. Simplified after fig. 2
from Fyson (1980). (G: granite; GD: granodiorite; MG: metagrey-
wacke, argillite, schist; B: basalt, andesite, dacite, rhyolite.) Published
with permission of the National Research Council of Canada.
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theoretically (Jeffery 1922, Gay 1968, Ghosh & Ram-
berg 1976, Ferguson 1979, Fernandez 1988), demon-
strated experimentally (Ghosh & Sengupta 1973, Ghosh
& Ramberg 1976, Fernandez et al. 1983, Van Den
Driessche & Brun 1987, Ildefonse & Fernandez 1988,
Ildefonse et al. 1992) and confirmed in the natural fold
example of this study, the behaviour of individual rigid
inclusions depends both on the shape of the particle
itself and on the deformational history, reflected in this
particular natural example by differences in strain his-
tory with position about the fold.
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