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The Fry method applied to an augen orthogneiss: Problems and results
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Abstract

The application of the Fry method to measure strain in deformed porphyritic granites is discussed. This method requires that the distribution
of markers has to satisfy at least two conditions. It has to be homogeneous and isotropic. Statistics on point distribution with the help of a Mor-
ishita diagram can easily test homogeneity. Isotropy can be checked with a cumulative histogram of angles between points. Application of these
tests to undeformed (Mte Capanne granite, Elba) and to deformed (Randa orthogneiss, Alps of Switzerland) porphyritic granite reveals that their
K-feldspars phenocrysts both satisfy these conditions and can be used as strain markers with the Fry method. Other problems are also examined.
One is the possible distribution of deformation on discrete shear-bands. Providing several tests are met, we conclude that the Fry method can be
used to estimate strain in deformed porphyritic granites.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

The Fry method (Fry, 1979) is a widely applied graphical
technique for strain determination in rocks with rigid elements
such as ooids in limestone, quartz grains in arenite, pebbles in
conglomerates or phenocrysts in granite. The description of
this classical and powerful technique can be found in several
textbooks (for example Ramsay and Huber, 1983) and will
not be explained in detail in the present paper. This method re-
lies on a plot of the position of each particle center with re-
spect to a particle put at the origin. The origin is then
sequentially placed on each center and the relative position
of every other center is plotted. This produces what is gener-
ally called a Fry diagram that shows an elliptical vacancy
area around the origin (Fig. 1). This vacancy field is consid-
ered as representative of the finite strain. The powerful soft-
ware package INSTRAIN (Erslev, 1988; Erslev and Ge,
1990) is currently used to perform this type of strain analysis.
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This method has raised some comments on uncertainties
and the validity of the resulting Fry diagram (Erslev, 1988;
Erslev and Ge, 1990; Ailleres and Champenois, 1994;
McNaught, 1994; McNaught, 2002; Treagus and Treagus,
2002). As pointed out by Fry (1979), the practicability and
accuracy of measuring strain this way is greatly dependant
of the degree and type of ordering of centers and the number
of centers taken into consideration. For a homogeneously
deformed set of particles and statistically isotropic and anti-
clustered distribution of centers, this vacancy field gives the
shape and orientation of the strain ellipse (distortion). How-
ever, depending on the rock sorting and the distribution of cen-
ters, such a diagram does not always produce a clear vacancy
field around its origin (Fry, 1979; Crespi, 1986; Erslev, 1988;
Treagus and Treagus, 2002). Such unclear situations could
lead to very approximate strain ellipse estimation and poorly
reproducible results.

This paper discusses the crucial assumptions necessary to
apply the Fry method. Statistical tools will be presented to
give objective criteria to: (1) select a suitable population of ob-
jects, (2) choose the number of centers, (3) check the spatial
distribution of centers, and (4) try to avoid artifacts and mis-
interpretation of the Fry diagram vacancy field. In addition,
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the effect of homogeneous and heterogeneous deformation on
different spatial distributions of particles will be tested. Appli-
cation of the Fry method on a porphyritic orthogneiss (Randa
gneiss, Siviez-Mischabel fold-nappe, Alps of western Switzer-
land) will be presented. We propose to systematically test the
spatial distribution and to define the required minimum num-
ber of particles for the Fry analysis, in order to increase the re-
liability of the Fry method particularly when applied to an
unpacked set of particles.

2. The Fry method and its limits

2.1. Spatial distribution of elements

In theory, the Fry method can be successfully applied only
if the distribution of particles is isotropic and anticlustered. As
proposed by Fry (1979) and confirmed by Crespi (1986), the
more a population deviates from this type of distribution and
tends to be random, the less confidence can be placed in the
result. Very few publications have tested this fundamental hy-
pothesis before using the Fry analysis. Some authors are mak-
ing the assumption of such original distribution, while others
use the correspondence between the result obtained from the
Fry method and the inferred deformation in the studied sample
to support this essential initial condition (e.g. Lacassin and
Van den Driessche, 1983; Treagus and Treagus, 2002). In
other words, geologically coherent results obtained with the
Fry method would mean that the initial conditions with respect
to object distribution are fulfilled. However, there is no objec-
tive reason why the distribution of minerals, fossils or pebbles
should be always anticlustered and could not tend to be

Fig. 1. A typical reliable Fry diagram. The shape of the vacancy field is regular

and allows an easy estimation of the strain ellipse. The Fry diagram was ob-

tained from 428 phenocrysts centers selected by image analysis from a picture

of the Randa porphyritic orthogneiss (Western Swiss Alps).
random or clustered. For example, most igneous rocks contain
clusters of crystals (Jerram and Cheadle, 2000; Jerram et al.,
2003). Moreover, as stated by Crespi (1986), the simple pres-
ence of a vacancy field in the center of a Fry diagram cannot
be taken as a unique criterion to conclude that the spatial dis-
tribution of elements is correctly anticlustered and that the Fry
method can be applied.

Knowing that the deviation from anticlustering of centers
implies the decrease of the ellipse definition on the Fry dia-
gram (Crespi, 1986; Erslev, 1988), a systematic control of
the point distribution should be done for unpacked as well
as for packed aggregates in order to have a better confidence
in the significance of the resulting vacancy field in the Fry di-
agram, else difficult and even wrong interpretations can result
from unclear and poorly constrained Fry diagrams.

2.2. Size distribution and sorting

Size distribution of particles is also important. Application
of the Fry method to a packed and well sorted aggregate will
produce an easily interpretable result. The original graphical
Fry method was improved by Erslev (1988) to deal with un-
sorted packed aggregates. He proposed the ‘‘normalized Fry
plot’’ to eliminate scatter on original Fry diagram due to var-
iation of two-dimensional grain size. This method gives good
results with packed aggregates but does not lead to any im-
provement with unpacked aggregates (K-feldspars in orthog-
neiss or pebbles in mud supported conglomerates).

In rocks with unsorted and unpacked particles, the study of
size distribution will not only help to discriminate between
matrix and elements, but also can provide information on
what type or size of particles should preferentially be used
for a Fry analysis. The division of unsorted objects in several
populations of specific size range is important as each size
population can display different spatial distribution. In gen-
eral, spatial distribution of the largest grains tends to be the
more anticlustered (Crespi, 1986). But, for relevant strain anal-
ysis, a test has to be proposed to verify that the spatial distri-
bution of the selected centers is really satisfying.

2.3. Number of particles

The number of particles required to build a reliable Fry di-
agram is crucial, as a minimum number of points is necessary
to define a sharp vacancy field on a Fry diagram (Fig. 1). Orig-
inally, Fry (1979) estimated this number to be a minimum of
about three hundred. He used 382 centers in undeformed por-
phyritic andesitic lava to test the method and obtained a more
or less circular vacancy field typical for an unstrained rock.
Crespi (1986) described a clear dependence between the de-
gree of anticlustering of particles and the required minimum
number of them to take into consideration. According to this
author, about one hundred particles would be sufficient for
a very strongly anticlustered distribution, but this number in-
creases greatly for a more random distribution. For example,
in a protomylonitic granodiorite thin-section, this author cal-
culated that a minimum of 700 K-feldspar phenocrysts would
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be necessary to build a reliable Fry diagram. Substantially
fewer points (227) (due to the sample size) was used and a va-
cancy field obtained, but with no confidence on the signifi-
cance of its shape and orientation. Lacassin and Van den
Driessche (1983) used 100 to 400 centers of blue quartz in
an orthogneiss and obtained a good agreement between the
macroscopic deformation axes and the ellipse axes deduced
from the Fry diagrams. Recently, only 28 to 85 particles
were used by Treagus and Treagus (2002) in tillites and con-
glomerates. This number seems small in comparison with
the number of several hundred proposed by other authors.

In general, providing that the strain ellipses obtained with
the Fry method were geologically coherent, most authors
will consider that the result is reliable and no other specific
tests will be performed to check the applicability of the
method.

3. Spatial distribution

3.1. Definition of different types of spatial distribution

Spatial distribution of object centers in the whole rock
(3-D) is out of the scope of this study, as the Fry method is ba-
sically a graphical 2-D method. In 2-D, a completely random
or ‘‘Poisson’’ distribution does not imply any constraint on the
position of the points. Following Poisson’s law, there is no
minimum distance between two points, point positions are mu-
tually independent and the probability of finding a point at any
position is constant (Kretz, 1969; Fry, 1979; Ramsay and
Huber, 1983; Crespi, 1986). Such a distribution displays re-
gions with a low density of points and others with a higher
density (Fig. 2A). In contrast, clustering implies constraints
on the position of points. In such a distribution, there is
a greater probability that a point exists at a small distance
from an existing point, than further away (Fry, 1979; Jerram
et al., 1996). Such a pattern displays clearer and denser clus-
ters than in a Poisson distribution (Fig. 2B). An anticlustered
distribution implies a preferred minimum distance between
points (Ramsay and Huber, 1983; Crespi, 1986), so that points
are homogeneously distributed (Fig. 2C). Homogeneous (or
uniform) implies that the position of a new point on a 2-D
grid is dependent on its distance from already positioned
points (Fry, 1979). Homogeneous distributions can be isotro-
pic or anisotropic (Fig. 2C,D). Anisotropy means angular pref-
erential position of points with specific spatial ordering
between points.

3.2. Spatial distribution of natural objects

In rocks, due to grains size, it is impossible for the dis-
tance between two centers to be shorter than the sum of their
two corresponding grain radii. In consequence, the distribu-
tion of centers in 3-D is never totally random. That is the
reason why a strong anticlustering in 3-D usually results
from the packing of objects with similar shape and volume.
However, it is known that a random cut, even in a well-
packed and sorted aggregate, could limit this anticlustering
on the resulting 2-D section (Erslev, 1988). The cut plane
could contain sections through the end of sphere as through
the middle of sphere, so the size of the grains could vary
from zero to the biggest radii of the initial spheres, with
the potential effect of alteration of the strong anticlustering
of centers in 2-D. Obviously, this effect increases in an un-
packed and unsorted aggregate (Erslev, 1988; Jerram et al.,
1996). The condition of anticlustered distribution of particles
in 2-D, especially in unpacked and unsorted elements like K-
feldspars in a granite, cannot be considered as fulfilled with-
out further discussion.

For centuries many disciplines of natural sciences have
been interested in methods to characterize distribution pat-
terns. In Earth sciences, research is still focusing on spatial
distribution of crystals related to magmatic and metamor-
phic nucleation processes (Jerram et al., 1996, 2003; Jerram
and Cheadle, 2000; Mock et al., 2003). One of the first to
use a variety of spatial analysis techniques to describe the
distribution of crystals in a rock was Kretz (1969). Crystals
were regarded to display aggregate, regular or random dis-
tributions. He found that the distribution of pyroxene, scap-
olite and sphene in a granulite thin-section was random.
Jerram et al. (1996) used a normalization process according
to the distances to the nearest neighbor centers and the
modal abundance of the analyzed phase (porosity) to quan-
tify the deviation from a random distribution of grains in
the direction of a more ordered or clustered distribution.
It was successfully tested on aeolian sandstones, oolitic
limestones, olivines cumulates (Jerram et al., 1996); on ol-
ivines and plagioclases in lavas (Jerram et al., 2003) and
on rhyolithic laccoliths (Mock et al., 2003). A cluster anal-
ysis method was also established to quantify the clustering
of grains within thin sections (Jerram and Cheadle, 2000).
The method, based on grain-center coordinates and grain-
boundary distribution, found a clustered distribution of
sphene crystals in a granulite thin section.

Despite such interest in the spatial distribution of crystals,
a more general method (e.g. for unpacked aggregates, with
field samples) is still missing to test isotropy and anticlustered
distribution of a population of objects before using strain anal-
ysis. Consequently, we propose some simple tests that can be
used prior to any strain analysis with the Fry method, to check
if the type of spatial distribution of the particles is compatible
with the basic assumption of the method.

3.3. Tests on spatial distributions of centers:
Morishita index

The Morishita index of dispersion (MI) (Morishita, 1959)
has been chosen to characterize the homogeneity of the point
distributions. This index was notably used to study the cluster-
ing of earthquakes (Korvin, 1992) and in relation to environ-
mental data (Kanevski et al., 1998; Kanevski and Maignan,
2004). To compute a MI, the entire studied area is overlaid
by a regular grid, with cells of equal size. Then, the index is
defined as:
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Fig. 2. Types of spatial distribution. (A) Random (Poisson), modified after Ramsay and Huber (1983); (B) clustered; (C) homogeneous and isotropic, modified after

Ramsay and Huber (1983); (D) homogeneous and anisotropic.
MI¼ Q

PQ
i¼1 niðni� 1Þ
NðN� 1Þ

where N is the total number of points, ni (i ¼ 1,2., Q) is the
number of points in the ith cell and Q is the total number of
cells. The type of spatial distribution, more precisely the de-
gree of clustering, can be visualized on a graph (‘‘Morishita
diagram’’) (Fig. 3) where the Morishita Index is plotted in
function of the linear size of the cells (Korvin, 1992; Kanevski
and Maignan, 2004). To illustrate the meaning of the Morishita
index, Morishita diagrams have been built for different types
of distribution (Fig. 3). For any type of distribution, if the
cell size is very large and covers the entire area, the MI equal
to 1 (Q ¼ 1; and the totality of the particles is included in
a single cell). For homogeneous distributions (isotropic or an-
isotropic), if the cell size decreases, each individual cell will
include one element or none of them (ni ¼ 1 or 0), therefore
the Morishita Index will gradually decreases from MI ¼ 1
for big cells to MI ¼ 0 for smaller cells (Fig. 3).

For a random (or Poisson) distribution, despite the cell size
decrease, there will be no cell dimension for which it would be
possible to put only one element in each cell. For such a distri-
bution, the MI will vary around 1 (Fig. 3). For a clustered dis-
tribution, depending of the cell size, more than one element
will be generally present in a given cell, so that ni � 2 and
the MI > 1 (Fig. 3). For such a distribution, the MI increases
with the diminution of the cell size (Fig. 3). The calculation of
a Morishita diagram is the first fundamental and easy test to
characterize the particle distribution prior to any Fry analysis.
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Fig. 3. Morishita diagram for a clustered, a random and an isotropic and homogeneous distribution. Morishita indexes (MI) have been calculated with the computer

program ‘‘GeoStat Office’’ (Kanevski et al., 1998).
The Morishita test has been applied to a field view of
a conglomeratic quartzite. On the resulting diagram, the
Morishita index varies around 1 despite the decrease of the
cell size. This result shows that the centers of pebbles are
more randomly than homogeneously (anticlustered) distrib-
uted (Fig. 4). The corresponding vacancy field in the Fry dia-
gram suggests an ellipse at high angle with respect to the
foliation. As pointed out by Fry (1979), the more a population
deviates from an anticlustered distribution and tends to be ran-
dom, the less confidence can be placed in Fry results. Crespi
(1986) also warned that using the Fry method with weakly an-
ticlustered distribution could lead to misinterpretation of va-
cancy fields. Indeed, vacancy fields resulting from nearly
random distribution are not always representative of the suf-
fered strain (Fig. 5). Consequently, the ellipse obtained for
the conglomeratic quartzite should be carefully interpreted
in term of strain or even rejected.

In addition, as already observed in Fig. 5, the type of spatial
distribution is not changed by homogeneous strains. Pure shear
and simple shear were applied on clustered, random and
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Fig. 4. (A) Outcrop picture of a conglomeratic quartzite. The black spots represent the centers of quartz pebbles used for the spatial distribution test and the Fry

analysis. (B) Morishita diagram for the pebbles in the conglomeratic quartzite. The Morishita index does not decrease regularly with the decrease of the cell

size, as for a homogeneous distribution. On the contrary, the index varies around 1 (random distribution). (C) Fry diagram for the pebbles in the conglomeratic

quartzite. It displays a vacancy field, but, according to the spatial distribution test, the resulting ellipse should be carefully interpreted in term of strain or even

rejected.
homogeneous aggregates: Resulting Morishita diagrams dis-
play similar patterns for the deformed aggregates as for corre-
sponding undeformed ones, as presented in Fig. 6 for an
isotropic and homogeneous distribution.

This test, however, does not give any information on the
isotropy degree of a spatial distribution of points.
3.4. Test of isotropy

The effect of anisotropic distribution on a Fry diagram is
illustrated on Fig. 7. As suggested by Fry (1979), a strained
anisotropic distribution will not produce an elliptical vacancy
field on a Fry diagram. For example, points regularly
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Fig. 5. (A) Generated distribution of 99 points. (B) Generated distribution (A) deformed by pure shear. (C, D) Fry diagrams for the undeformed and deformed

distribution. In both cases vacancy fields are observed. The vacancy field in the Fry diagram for the deformed distribution (D) is ambiguous and can be interpreted

at least in two ways, none of them in agreement with the undergone strain. (E, F) Morishita diagrams for the undeformed (A) and deformed (B) distribution. It

demonstrates that the distributions differ from ideal anticlustering and tend towards random.
distributed on a square grid and deformed by a homogeneous
pure shear or simple shear do not give an easily interpretable
Fry diagram (Fig. 7). Sets of points have been deformed by us-
ing the software SHEAR2F (Rey, 2002). If the shear direction
is parallel to the grid (horizontal or vertical) and if the g value
is equal to 1, the point distribution is totally unchanged and the
Fry diagram will be totally identical to the diagram obtained

Fig. 6. Morishita diagrams for undeformed isotropic and homogeneous distri-

bution (A), and corresponding (B) pure shear deformation (ex ¼ 1; ey ¼ �0.5),

(C) simple shear deformation (g ¼ 3.0). The type of spatial distribution is not

modified by homogeneous deformations.
from the unstrained distribution (Fig. 7A). For a g value ¼ 0.5,
the vacancy field of Fry diagram could be interpreted also as
circular. Pure shear (Fig. 7A0, ex ¼ 1 and ey ¼ �0.5) or other
directions of the shear plane (Fig. 7B0, g ¼ 2.74) will lead
to a similar problem and the resulting vacancy field on a Fry
diagram will not give correct information on the strain ellipse.

In comparison, a Fry diagram for an isotropic, homoge-
neous and anticlustered distribution, deformed under the
same condition gives good results (Fig. 8). The shape and
the orientation of the ellipse deduced from the vacancy field
of the Fry diagram is an excellent approximation to the strain
ellipse associated with the homogeneous pure shear (Fig. 8A)
and simple shear (Fig. 8B). It is also interesting to note that
even for a rather high axial ratio (about 10 in Fig. 8B), the
Fry method gives coherent results. In other words, if the distri-
bution of points is clearly homogeneous, isotropic and anti-
clustered the Fry method is able to detect rather high strains.
But, according to this test, the finite strain deduced from the
Fry method, mainly for simple shear deformation, is a mini-
mum. The deduced ellipse displays a slightly lower axial ratio
(r ¼ 7.0) than the true strain ellipse (r ¼ 9.1). More tests
should be done to evaluate this underestimation.

One simple way of measuring the degree of anisotropy is to
build a cumulative histogram of the angular values between
the positions of all the respective centers. For an anisotropic
distribution, the angular preferential position of points will in-
duce flats on the cumulative histogram. For example the histo-
gram A, Fig. 9, displays significant flats on the specific 0�, 45�,
and 90� angular values; on the contrary, a smooth and regular
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Fig. 7. Test of the Fry method on a relatively highly deformed anisotropic and homogeneous points distribution (ST: passive marker). (A, B) Undeformed

situation. Deformed situation by (A0) homogeneous pure shear (ex ¼ 1; ey ¼ �0.5), (B0) homogeneous simple shear (g ¼w2.75). (C) Fry diagrams for: (A,

B) undeformed situation, deformed by (A0) homogeneous pure shear and (B0) homogeneous simple shear. The vacancy fields are not representative of the

real finite strain ellipses.
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Fig. 8. Test of the Fry method on relatively intensely deformed isotropic and homogeneous point distribution (ST: passive marker). (A, B) Undeformed situation.

Deformed situation by (A0) homogeneous pure shear (ex ¼ 1; ey ¼ �0.5), (B0) homogeneous simple shear (g ¼w2.75). (C) Fry diagrams for: (A, B) undeformed

situation, deformed by (A0) homogeneous pure shear and (B0) homogeneous simple shear. The observed vacancy fields are in good agreement with the real finite

strain ellipses, even if a slight underestimation occurs for simple shear.
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Fig. 9. (A) Cumulative histogram of the angles between each object in the anisotropic and homogeneous distribution of Fig. 2D. (B) Cumulative histogram of the

angles between each object for the isotropic and homogeneous distribution of Fig. 2C.
cumulative histogram (Fig. 9B) is characteristic of an isotropic
distribution (random or homogeneous).

3.5. Effects of heterogeneous deformation on
a Fry diagram

Homogeneous deformation at the scale of the area consid-
ered for a Fry diagram is, by definition, a necessary condition
to define a strain ellipse. In reality this condition can be diffi-
cult to check on natural examples and commonly, homoge-
neous deformation is simply assumed. The consequences of
undetected heterogeneous deformation on strain ellipses ob-
tained with the Fry method will be discussed.

Overgrowth of touching grains after the deformation (Jer-
ram et al., 1996) as heterogeneous deformation of particles
(Onasch, 1986; Dunne et al., 1990), particularly by pressure
solution, can produce a displacement of the particle centers.
In other words, centers of the deformed particles do not corre-
spond to centers of the original particles. This will lead to an

Fig. 10. Effect of heterogeneous shearing along discrete shear planes (dashed

lines). (A) Initial situation. (B) Deformed situation. Mean distance between

markers (i.e. K-feldspar phenocrysts) located between two successive shear

planes will not be changed. In addition, the nearest feldspar (a) from a given

feldspar (o) in the initial distribution would migrate away, so that another feld-

spar (b) would become the nearest neighbor of the given feldspar (o). The

strain induced by this type of structure will be therefore greatly underestimated

or even ignored by the Fry method.
underestimation of the strain based on a Fry diagram (Dunne
et al., 1990). The effects of an undetected heterogeneous de-
formation at the scale of the surface taken into consideration
to build a Fry diagram (outcrop, sample or thin-section scale)
has been poorly discussed in the literature.

A first effect of heterogeneous deformation is illustrated on
Fig. 10. A set of objects (for example K-feldspar phenocrysts)
is deformed by discrete shear-planes. This type of heteroge-
neous deformation will slide undeformed ‘‘trains’’ of objects
along the shear planes in such a way that, for large a deforma-
tion, it will be impossible to detect the initially neighboring
objects. In other words, for increasing deformation, in
Fig. 10B, the objects a and b can be translated out of the pic-
ture. The overall distribution of objects will not be drastically
modified and therefore the deformation will be largely under-
estimated, or even will remain undetected. Rather, small dis-
placements on the shear planes will result in a Fry diagram
difficult to interpret as illustrated in Fig. 11.

Fig. 11A shows the original homogeneous and isotropic
distribution of objects. The resulting Fry diagram displays
a clear circular vacancy field. A displacement equivalent to
half of the mean distance between individual objects was ap-
plied to discrete shear planes, first with a constant shear sense
from base to top (Fig. 11B) and secondly with periodic rever-
sal of the shear sense (Fig. 11C). An ellipse with small eccen-
tricity can be fitted into the vacancy field of the two resulting
Fry diagrams. These ellipses are, however, not significant with
respect to the deformation. In a natural sample, for example in
an augengneiss, the interpretation of the rock foliation has to
be discussed before applying the Fry method.

In summary, before the application of the Fry method to an
unpacked aggregate, two types of questions have to be ad-
dressed. The first type is related to particle distribution (isotro-
pic and homogeneous). The tests presented in this paper
should bring the necessary answer. In the following section
they will be applied to the Randa porphyritic orthogneiss.
The second type is in a way more crucial as it is related to
the basic assumption of homogeneous deformation to define
a strain ellipse. No clear and unambiguous answer can be de-
termined here, but this basic hypothesis has to be kept in mind
when interpreting the result of a Fry diagram.
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Fig. 11. Test of heterogeneous shearing along discrete shear planes (dashed lines). (A) Initial undeformed situation. (B) Displacement of feldspar trains by half of

the mean distance between individual grains. The shear sense is constant from base to top. The corresponding Fry diagram gives an ellipse with a small eccentricity.

(C) Displacement of feldspar trains by half of the mean distance between individual grains with periodic reversal of the shear sense. The corresponding Fry di-

agram is an ellipse with a small eccentricity.
4. The Fry method applied to a porphyritic orthogneiss

4.1. Geologic setting

The spatial distribution of crystals and the Fry method have
been tested on the Randa porphyritic orthogneiss. It is in-
cluded in the Siviez-Mischabel fold-nappe, in the Middle
Penninic domain of the Western Swiss Alps. It derives from
a subalcaline porphyritic Permian (late Variscan) granite dated
at 269 � 2 Ma (Bussy et al., 1996). It was deformed and meta-
morphosed during the Alpine Tertiary event under greenschist
facies (w450 �C, 40e35 Ma; Steck and Hunziker, 1994). This
orthogneiss displays a strong alpine foliation and at least two
extension lineations (Steck, 1984, 1990; Markley et al., 1999).
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It is mainly porphyritic with quartz and more frequently K-
feldspars phenocrysts (see Thélin, 1987, for a more detailed
petrographic description). The size of the K-feldspars pheno-
crysts varies from about 0.5 to 7 cm. They form an unpacked
and unsorted aggregate. The K-feldspars phenocrysts are
mostly monocrystalline but can also form polycrystalline ag-
gregates of rectangular or ovoid shape. They mostly suffer
a rigid deformation with crystallization of quartz-albite in
the pressure shadows or in millimetric fractures (Thélin,
1987).

The Fry method is applied using K-feldspar phenocrysts at
outcrop scale. Digital pictures of planar outcrops, approxi-
mately parallel to the lineation and perpendicular to the folia-
tion, are the base of the present study. On this type of
document, the large and pale K-feldspars phenocrysts contrast
with the darker matrix (Fig. 12A).

4.2. Selection of phenocrysts

Image analysis software is now currently used (e.g. Ailleres
and Champenois, 1994; Ailleres et al., 1995; Mukul, 1998;
Heilbronner, 2000; Jerram et al., 2003; Perring et al., 2004)
to determine various parameters of objects (shape, size or po-
sitional data) from a digital picture. In our study, the feldspar
crystals were selected using the image analysis program
‘‘AnalySIS Pro’’ (Soft-Imaging System GmbH, Münster, Ger-
many). The light-colored K-feldspars were selected using
a threshold function, then the center of objects was automati-
cally detected by the software. More than 2000 crystals can be
selected in an outcrop digital picture. They are phenocrysts or
are part of the matrix. For the Fry method, phenocrysts only
have to be selected; therefore a size distribution analysis has
been performed to discriminate between the population be-
longing to the matrix and one formed by phenocrysts. Accord-
ing to studies on crystal size distribution (Mock and Jerram,
2005; Gualda, 2006), at least 200e250 crystals are necessary
to estimate the size distribution in a sample. Below this num-
ber, such a size selection is meaningless.

A normal probability plot was constructed with area values
(directly given by the image analysis program) of the selected
feldspars. On this graph, the area values are transformed into
their corresponding normal score values (Nscore) and plotted
versus the log of the area values (e.g. Kanevski and Maignan,
2004). The Nscore for an item indicates how far and in what
direction, that item deviates from its distribution’s mean, ex-
pressed in units of its distribution’s standard deviation. If the
obtained normal probability plot is approximately a straight
line, it is reasonable to conclude that the values come from
a population that is approximately normal.

The normal probability plots obtained with the area values
of the selected feldspar crystals from the Randa orthogneiss
pictures, display clearly two main populations (Fig. 12B).
The dark straight line on the right of the plot underlines the
population with the bigger crystals. This analysis provides
a good assessment of the phenocryst population and can be
used to select the crystals needed to perform the Fry method.
Although there may be some error in the identification of
small 2D sections through phenocrysts from ground mass
crystals, or, according to the cases, some approximation due
to the possibility for large shape variations in the phenocryst
population (e.g. Mock and Jerram, 2005), the method has suc-
cessfully identified 904 feldspars which correspond well with
the observed phenocryst distribution (Fig. 12C), and provides
a basis for the definition of crystal centers.

Fig. 12. Image analysis of an orthogneiss outcrop picture before using the Fry

method. (A) Outcrop picture of the Randa porphyritic orthogneiss. Selection of

all the feldspars was by image analysis (gray level threshold). More than 2000

objects were selected. (B) Normal probability plot of the size distribution

(area) to discriminate between matrix and phenocrysts of the selected feldspar

of (A). This plot clearly reveals two main populations. The dark straight line

on the right of the plot defines the population of phenocrysts. (C) Correspond-

ing selection of the feldspar phenocrysts in dark (904).
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4.3. Spatial distribution of K-feldspar phenocrysts in
the Randa orthogneiss

The different tests proposed in previous sections are now
applied to the Randa orthogneiss. The Morishita diagram ob-
tained for the 904 selected feldspar phenocrysts displays a ho-
mogenous distribution pattern (Fig. 13A). In conclusion, no
clustering and no random distribution of the centers have
been detected. In addition, the cumulative histogram of angles
displays uniform and smoothed gradation, so an isotropic dis-
tribution of objects is therefore confirmed (Fig. 13B). Due to
the large number of selected K-feldspar phenocrysts (904),
the calculated angle values are numerous (816312), and only
the cumulative histogram of the angles between 0� and 30�

has been plotted.
According to these tests, the spatial distribution of K-feld-

spars phenocrysts in the Randa orthogneiss fits the necessary
initial conditions for the application of the Fry method. Ide-
ally, these tests should have been performed also on the

Fig. 13. (A) Morishita diagram for the Randa orthogneiss. Morishita index

decreases together with cell size typical of a homogeneous distribution of

K-feldspar phenocrysts. (B) Cumulative histogram of the angles between every

904 center position of the phenocrysts of Fig. 12C, typical of an isotropic

distribution.
undeformed granite and not only on the orthogneiss. To try
to overcome the lack of an undeformed sector in the Randa or-
thogneiss, the Mte Capanne granite (Elba Island, Italy) was
taken as a typical example for a tectonically undeformed por-
phyritic granite.

4.4. Spatial distribution of K-feldspar phenocrysts in the
Mte Capanne granite

The Monte Capanne granite (Elba Island, Italy) is a subcir-
cular pluton with a diameter of about 9 km, dated around 6 Ma
(Saupé et al., 1982; Juteau et al., 1984). Most of this magmatic
body, except its extreme rim, has escaped tectonic deformation
after its emplacement (Bouillin, 1983; Bussy, 1990; Daniel
and Jolivet, 1995). It contains numerous K-feldspars pheno-
crysts in a matrix composed mostly of biotite, quartz, K-feld-
spar and plagioclase (Marinelli, 1959; Bussy, 1990). K-
feldspar phenocrysts are idiomorphic, 5 to 20 cm long
(Fig. 14A), and much bigger than K-feldspars from the matrix
(0.5e0.8 cm). These phenocrysts are clearly not deformed but
are in many places preferentially oriented due to magmatic
flow processes (Bouillin, 1983). This granite also contains
a lot of subcircular and micro-grained enclaves (Bussy,
1991; Macera and Bruno, 1994). Digital pictures from unde-
formed zones of this granite, coming from the Capo San An-
drea area, have been used for spatial and Fry analyses.

A Morishita diagram for the centers of the K-feldspar phe-
nocrysts of the Mte Capanne granite demonstrates a homoge-
nous distribution pattern (Fig. 14B). In addition, the
cumulative histogram of the angular values displays a uniform
and smoothed gradation that confirms an isotropic distribution
(Fig. 14C). According to these tests, the K-feldspar phenocryst
distribution is compatible with the Fry method. The same re-
sult is obtained also on outcrops with a moderate to clear pre-
ferred orientation of feldspars due to magmatic fluidal
structure. Although more tests should be done on several por-
phyritic granites, we propose the conclusion that this type of
rock can be used in a Fry analysis unless the contrary can
be proved.

4.5. Fry diagrams for the Randa orthogneiss and
the Mte Capanne granite

Center positions (coordinates) of the selected K-feldspar
phenocrysts obtained from image analysis have been imported
into the INSTRAIN 3.01 software developed by Erslev in
1993 (from Erslev, 1988; Erslev and Ge, 1990) to draw Fry di-
agrams. For the Randa orthogneiss, the vacancy field in the
Fry diagram gives an ellipse with axial ratio of 2.8 in the ex-
ample of Fig. 15A. Other strain ellipses have been estimated
on outcrop sections parallel either to the L1 or L2 extension
lineations. The axial ratios of the strain ellipses vary between
2.0 and 5.3. The measured finite strain using the Fry method
could intuitively seems small compared with what can be ex-
pected in gneiss in an overturned limb of an alpine fold-nappe.
But according to the tests proposed in the present paper, the
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Fig. 14. (A) Outcrop picture of the Mte Capanne granite. The observed enclaves display a circular shape. (B) Morishita diagram for the Mte Capanne granite.

Morishita index decreases together with cell size typical of a homogeneous distribution of K-feldspar phenocrysts. (C) Cumulative histogram of the angles between

the phenocrysts of (A), typical of an isotropic distribution.
results of the Fry method in the Randa orthogneiss cannot be
rejected on the base of a non-suitable distribution of points.

The influence of a possible heterogeneous deformation at
outcrop scale has to be discussed. As demonstrated in a previ-
ous section, if deformation is mainly distributed on discrete
shear-bands, the Fry method could greatly underestimate the
overall finite strain (Fig. 11). If the foliation represents discrete
shear zones (C-plane), the method is not applicable; however
if it corresponds to a true schistosity (XY plane of the strain
ellipsoid), the method can be used. In the case of the Randa
orthogneiss, the main foliation consists in a rather penetrative
schistosity, marked by elongated quartz zones and preferential
orientation of phyllosilicates. It is possible also that part of the
planar structure results from partial dissolution of quartz.
Therefore, we consider that heterogeneous deformation by
localized shear bands cannot be invoked to reject the Fry
method results. Moreover, the Fry method will integrate other
types of deformation heterogeneities. The strain values ob-
tained at outcrop scale can be considered as representative.

The Fry method applied to the Mte Capanne granite dis-
plays diagrams with an almost circular vacancy field
(Fig. 15B). This undeformed state is confirmed by the pres-
ence of subcircular micro-grained enclaves. A similar result
is obtained even where a clear magmatic preferred orientation
of crystals due to magmatic flow (Bouillin, 1983) is observed
on several outcrops. Magmatic flow is the displacement of
melt with rigid rotation of crystals in suspension (Paterson
et al., 1989), and probably this phenomenon can be compared
to heterogeneous simple shear deformation as described on
Fig. 10 together with a rotation of crystals parallel to the
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flow direction. As discussed previously, the Fry method is
mostly insensitive to this type of deformation. Therefore the
Fry method will not record magmatic flow deformation but
post-magmatic deformation only.

5. Conclusions

The Fry method was originally designed to measure strain
in a packed aggregate of particles with similar shape and

Fig. 15. (A) Strain ellipse obtained with the Fry method for the Randa orthog-

neiss (904 selected crystals of the Fig. 12C). (B) Strain ellipse obtained with

the Fry method for the Mte Capanne granite. The result is a circle or an ellipse

with small eccentricity.
dimension. The distribution of K-feldspars in a porphyritic
granite diverges from this simple initial situation. Even so
the Fry method can be used to estimate strain in a deformed
porphyritic granite (‘‘augen orthogneiss’’) providing several
conditions and tests listed below. As a great number of points
is required for a good quality Fry diagram, image analysis on
digital pictures seems nowadays the necessary base document
for such study.

1. K-feldspars phenocrysts can be selected by statistical size
distribution study, using for example a normal probability
plot.

2. The spatial distribution of points has to be tested for ho-
mogeneity and isotropy. The Morishita diagram is an effi-
cient technique to check for homogeneity, while statistics
on angles between points (cumulative histograms) can re-
veal anisotropy. Spatial distribution of K-feldspar pheno-
crysts in an undeformed porphyritic granite (Mte
Capanne granite, Elba) and a deformed one (Randa ‘‘au-
gen orthogneiss’’) was found to be isotropic and homoge-
neous in both case.

3. The Fry method is insensitive to deformation distributed
on discrete shear-bands. Strain associated with this type
of deformation will not be detected by the method. This
could be considered as a great disadvantage but on the
other hand it presents the advantage that magmatic defor-
mation associated with magmatic fluidal foliation will be
ignored. Therefore, strain measured in an orthogneiss
will not be influenced by inherited magmatic structures.

The Fry method was successfully applied to the Randa or-
thogneiss and has given strain ellipses with axial ratio from 2.8
to about 5.3. Detailed interpretation of the strain distribution in
this orthogneiss and this area will be given in a future paper.
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tion to the Randa granite. The authors would like to thank
Susan H. Treagus and Dougal Jerram for constructive reviews
of the manuscript. The Swiss National Science Foundation
(grants 2100-066983 and 200020-105506) is gratefully ac-
knowledged for financial support.

References

Ailleres, L., Champenois, M., 1994. Refinements to the Fry method (1979)

using image processing. Journal of Structural Geology 16 (9), 1327e1330.

Ailleres, L., Champenois, M., Macaudiere, J., Bertrand, J.M., 1995. Use of im-

age analysis in the measurement of finite strain by the normalized Fry



224 F. Genier, J.-L. Epard / Journal of Structural Geology 29 (2007) 209e224
method; geological implications for the ‘‘Zone Houillère’’ (Briançonnais
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naturelles 18.

Treagus, S.H., Treagus, J.E., 2002. Studies of strain and rheology of conglom-

erates. Journal of Structural Geology 24 (10), 1541e1567.


	The Fry method applied to an augen orthogneiss: Problems and results
	Introduction
	The Fry method and its limits
	Spatial distribution of elements
	Size distribution and sorting
	Number of particles

	Spatial distribution
	Definition of different types of spatial distribution
	Spatial distribution of natural objects
	Tests on spatial distributions of centers: Morishita index
	Test of isotropy
	Effects of heterogeneous deformation on a Fry diagram

	The Fry method applied to a porphyritic orthogneiss
	Geologic setting
	Selection of phenocrysts
	Spatial distribution of K-feldspar phenocrysts in the Randa orthogneiss
	Spatial distribution of K-feldspar phenocrysts in the Mte Capanne granite
	Fry diagrams for the Randa orthogneiss and the Mte Capanne granite

	Conclusions
	Acknowledgments
	References


