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a b s t r a c t

Magmatic mineral distribution patterns in a syntectonic syenite pluton have been recorded at high
resolution over several square metres on quarried faces. The anisotropy and inhomogeneity of K-feldspar
and mafic mineral distribution patterns have been quantified using two methods originally based on
fractal geometry. (1) Map-counting, based on box-counting, illustrates an inhomogeneity on the deci-
metre to metre scale and highlights diffuse structures that can be related to mafic schlieren or felsic
dykes that are not visible on the rock surface. (2) We have developed a mapping of rock fabric anisotropy
(MORFA) method that leads to the detection of further magmatic structures that are not visible in the
field. With MORFA a magmatic lineation and its variation over large areas is determined, as well as
fabrics on the decimetre to 1 m scales, which possibly represent flow or fracture structures in the
crystallising magma.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

The presence ofmelt affects the rheology of the Earth’s crust and,
vice versa, regional deformation and crustal rheological instabilities
play an important role in the ascent and emplacement of melt
(Hutton, 1982; Hollister and Crawford, 1986; D’Lemos et al., 1992;
Petford et al., 2000; Rosenberg and Handy, 2005; Brown, 2007).
The development of magmatic rock fabrics from micro- to macro-
scale depends on melt properties (e.g. temperature, chemical
composition), physical conditions of crystallisation (e.g. regional
stress fields) and kinematics of flow (magnitude of displacement
gradient). Such fabrics are generally represented by geometrical
properties ofmaterial domains on different scales (patterns)e from
micro- to kilo-metre scale in the case of magmatic bodies. In
particular, the arrangement and orientation of crystals, crystal-size
distributions and crystal shapes are of importance. In recent years,
successful attempts were made to use magmatic fabrics at various
scales to analyse kinematics of melt emplacement as well as defor-
mation-cooling histories of magmatic bodies and their wall-rocks
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(Paterson et al.,1989,1998; Büttner,1999; Vernon, 2000; Rosenberg,
2001; Albertz, 2006; Zak et al., 2007; Peternell et al., 2010).

Quantification and analysis of magmatic rock fabrics face
a number of difficulties: (1) The preferred alignment and concen-
tration of crystals forming the magmatic foliation, schlieren,
cumulates or magma mingling features are often too large to be
recorded in a thin section; (2) magmatic fabrics are frequently too
diffuse for precise conventional measurements (e.g. orientation
measurements with a compass); and (3) their geometry is often
irregular and, consequently, small scale measurements cannot be
extrapolated to larger scales without difficulty. In many cases
magmatic rock fabrics can only be described qualitatively and,
therefore, methods for quantification of such fabrics are needed.

The methods available for quantification of magmatic rock
fabrics include (1) measurement of magnetic susceptibility (AMS e

Rochette et al., 1992; Tarling and Hrouda, 1993; Martín-Hernández
et al., 2005), (2) crystal-size distributions (CSD e Marsh, 1988;
Higgins, 1996, 2000), and (3) grain or mineral-phase orientation
with the inertia tensor method (Launeau and Cruden, 1998), the
star length distribution method (Smit et al., 1998), the normalised
optimised anisotropic wavelet coefficient (NOAWC) method
(Gaillot et al., 1997), the inverse SURFORwheel (Panozzo,1987), and
the intercept method devised by Launeau and Robin (1996).
However, all these methods do not quantify the complexity of
a rock fabric. Complex, i.e. statistically self-similar and thus fractal,
rock patterns can be quantified by fractal geometry methods
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(Mandelbrot, 1967), such as the ruler/divider method (Mandelbrot,
1977; Kaye, 1989; Kruhl and Nega, 1996), the area-perimeter
method (Kaye, 1989; Takahashi et al., 1998), or box-counting
(Mandelbrot,1977; Feder,1988; Kaye,1989). These fractal geometry
approaches result in single numbers that are representative for the
whole analysed area: thin section, rock sample or an outcrop
photograph. Anisotropy and inhomogeneity, both important char-
acteristics of rock fabrics, are accounted by the modified Cantor-
dust method (MCDM, Velde et al., 1990; Volland and Kruhl, 2004;
Gerik and Kruhl, 2009) and map-counting (Peternell et al., 2003,
2010; Kruhl et al., 2004), respectively. However, quantification of
fabrics over larger areas and with high resolution, an essential
precondition for an extended analysis of magmatic fabrics, is
beyond the capabilities of these methods and has not been done
so far.

In this paper we present two automated methods for high-
resolution rock fabric quantification on large scales. Both methods
are tested and applied on field photographs of metre-sized outcrop
surfaces of the Piquiri Syenite Massif from Southern Brazil (Fig. 1).

2. Tectonic setting and structure

The last stages of the Neoproterozoic Brasiliano/Pan-African
orogenic cycle in southernmost Brazil are marked by voluminous
syntectonic magmatism (650e580 Ma) in a post-collisional setting.
Continued magmatism under mid-crustal conditions along the
Southern Brazilian Shear Belt lead to the construction of a granitic
batholith, which parallels the coast from southern Brazil to
Uruguay (Fig. 1a).

The Piquiri Syenite Massif (Fig. 1b) is a crescent-shaped pluton
with an area of approximately 150 km2, dated at 611�3Ma (PbePb
on magmatic zircons; Philipp et al., 2002). It is intrusive into high-
grade gneisses and syntectonic granitoids, medium- to low-grade
metapelites, and acid metavolcanic rocks.

Medium- to coarse-grained alkali feldspar-syenites and quartz-
syenites are the main lithological types, with fine-grained mon-
zonitic and syenitic varieties identified at the plutonmargins. In the
pluton centre there are co-genetic syenogranites and alkali feld-
spar-granites (Nardi et al., 2008). A magmatic foliation is present
throughout the pluton, and is better developed in the internal part
rather than in the outer rim. The foliation is mostly sub-vertical
(Fig. 1b) and its orientation is generally conformable to the pluton’s
external contacts.

The main syenite (Figs. 1b and 2) contains cm-scale K-feldspar
crystals (w60%) and mafic aggregates composed of micrometre to
millimetre-sized pyroxene (3e10%), amphibole (5e20%), titanite,
apatite, opaques, and minor amounts of biotite. The K-feldspar
crystals are aligned and together with the elongate mafic mineral
aggregates define themagmatic foliation (Fig. 2e, f). No linear fabric
is visible, either at outcrop or thin section scale (Fig. 2b, c). Local
variations of magmatic foliation intensity and geometry at outcrop
scale are indicated by planar or sigmoidal geometries of K-feldspar
alignment (Fig. 3a) and narrower spacing of foliation planes within
cm- to dm-wide zones. A magmatic foliation is oriented either
parallel or at high angles to a compositional banding that is locally
present as an early-formed structural feature. The mafic layers,
composed of coarse-grained cumulus pyroxenes and amphiboles,
are either continuous or disrupted, giving rise to a local schlieren
layering (Fig. 3b). The segregational character of such layers is
enhanced by the presence of country-rock xenoliths, chilled-
margin fragments, mafic cumulatic autoliths, and microgranular
enclaves, as described by Nardi et al. (2007). Approximately equal,
cm-sized K-feldspar crystals are locally concentrated in elongate
portions where mafic aggregates are subordinate and interstitial;
these are interpreted as felsic cumulates.
No solid-state deformation structures are visible (Fig. 2c, f). Rare
micro-cracking of K-feldspars, weak chessboard subgrain patterns
in interstitial quartz, and local flame albitization of feldspar rims at
the contact between two feldspars occur.

3. Sampling and image processing

For the analysis of rock fabric inhomogeneity and anisotropy
field photographs of the syenite were taken at two sites within
a large quarry (Fig. 2). The active part of the quarry (Fig. 2a) consists
of vertical and subhorizontal surfaces cut parallel and perpendic-
ular to the magmatic foliation. In contrast, the inactive part of the
quarry, approximately 500 m to the southwest (Fig. 2d) contains
subhorizontal surfaces, generally more irregular than in the active
part, and partly weathered. The magmatic foliation is sub-vertical
with slightly variable strikes, from NEeSW in the active quarry
(Fig. 2a) to approximately EeW in the inactive one (Fig. 2d).

For large-scale analyses several digital colour photograph series
from different rock surfaces of the syenite were taken within the
quarries and stitched together. Sections 1 and 2 are photograph
series from freshly sawn vertical surfaces of the active quarry (Figs.
2a and 4a, b). Section 3 represents the partly weathered base of an
old berm in the inactive quarry (Figs. 2d and 4c, d). All three
sections show clear evidence of schlieren and of up to approxi-
mately 10 cm sized mafic microgranular enclaves. In Section 3, an
elongate body of more felsic and coarser grained syenite is crosscut
by the main foliation (Fig. 4c, d). For cm-scale analysis, an approx.
0.2 m� 0.2 m� 0.3 m oriented sample was taken from the inactive
quarry. The sample was sawn parallel (sample 1, Fig. 2b) and
perpendicular (sample 2, Fig. 2e) to the NEeSW striking foliation
and scanned. In addition, 11 polished thin sections were prepared
for micro-scale analyses; 9 parallel to the magmatic foliation
(Fig. 2c, but taken parallel to sample 1 to enable the investigation of
a similar area) and 2 approximately parallel to Section 3 (Fig. 2f).

The photographs were stitched together and were converted to
grey-scale images in order to separate the mafic and felsic phases of
the syenite. The image processing is illustrated in Fig. 5 (exempli-
fied on one input image) and contains 3 main steps: (1) An image
cleanup using Photoshop� followed by the image stitching proce-
dure with PtGui software, (2) a mineral segmentation algorithm
based on a water-flow/watershed model (Vincent and Soille, 1991;
Kim et al., 2002) and (3) conversion of the images into black-and-
white images. White in the output image (Fig. 5) represents the
felsic phases (K-feldspar and minor amounts of quartz), and black
represents the mafic minerals (pyroxene, amphibole, titanite,
opaques, and minor amounts of biotite). Within this work, the
distribution and orientation of microgranular mafic enclaves were
not investigated and therefore, they were manually erased in the
grey-scale images (Fig. 6). As a consequence, the enclaves are
treated as artificial impurities.

4. Quantification methods

The two applied methods are map-counting (Peternell et al.,
2003, 2010; Kruhl et al., 2004) and the new mapping of rock
fabric anisotropy (MORFA) method (Peternell, 2007). For the first
time, automated versions of both methods are used. The software
(Matlab� functions and scripts) map-counting and MORFA are
available from the corresponding author.

4.1. Map-counting

Map-counting is a modified box-counting method to determine
inhomogeneities in object distribution patterns. Box-counting
(Mandelbrot, 1977) is a powerful tool to quantify the degree of



Fig. 1. (a) Geological context of southern Brazil and Uruguay; (b) Geological map of the Piquiri Syenite Massif; modified after Porcher (2000) and Nardi et al. (2008).
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Fig. 2. Investigated quarry in the Piquiri Syenite. (a) Active part of the quarry with position and approximate sizes of photographed sections: section 1 e parallel to XY (the
magmatic foliation) and section 2 e perpendicular to section 1. The block containing section 2 is already exhausted; (b) scanned Piquiri Syenite rock slab and (c) photomicrographs
from a cut parallel to the magmatic foliation with no visible magmatic lineation (sample KR4759B); (d) inactive part of the quarry located approximately 500 m southwest from (a);
the position of photographed section 3 e perpendicular to sections 1 and 2, is indicated; (e) scanned Piquiri Syenite rock slab and (f) photomicrographs from a cut II section 3; the
feldspar crystals are well aligned with planar and slightly sigmoidal geometries and define the magmatic foliation (sample KR4759B).
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Fig. 3. Structures in the Piquiri Syenite; (a) scanned rock slab from a cut perpendicular
to the magmatic foliation. The white lines indicate the planar or sigmoidal geometries
of K-feldspar alignment; (b) outcrop photograph from a vertical rock surface of the
syenite showing schlieren layering. The schlieren are either continuous or disrupted
and locally very diffuse and/or complex.
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complexity of a pattern, i.e. the “ability of a pattern to fill the space”
(Mandelbrot, 1982). Application of the method results in a positive
real number Db, the box-counting dimension, defined by the
relation

NðrÞyr$expDb: (1)

Therefore, the value of Db quantifies the pattern’s complexity. Db

of 2D patterns ranges between 0 and 2, the Euclidian dimensions of
a point and a plane, respectively. Details of the method are
described in numerous textbooks (Feder, 1988; Kaye, 1989;
Turcotte, 1989). The pattern complexity in the studied syenite
mafic mineral aggregates is caused by the spatial distribution of
aggregates and their shapes.
Since box-counting results in a single number that determines
the complexity for the whole analysed pattern, variation in
complexity within the pattern, i.e. inhomogeneity, cannot be
determined. In order to overcome this limitation, a gliding-window
procedure can be added to box-counting. The combination of both
methods is named map-counting (Peternell et al., 2003, 2010;
Kruhl et al., 2004) and later studies using a similar gliding box-
counting procedure (Hodkiewicz et al., 2005; Ford and Blenkinsop,
2008). The principles of map-counting is illustrated in Fig. 7a.
During the map-counting procedure a square (window) of specific
size r is shifted over the structure in pre-defined steps s. r is chosen
depending on the size of the investigated mafic aggregates and on
the relative distance between them. In order to comprise a large
number of mafic aggregates for statistical accuracy of the resultant
box-counting dimensions, r is set to 0.1 m, and thereforew10 times
larger than the largest aggregate sizes of the analysed areas. The
gliding distance s ¼ 5 mm is chosen to produce results with a very
high resolution.

Db is determined for each position of the gliding window and
presented as colour-indexed pixels of size s. The colour is given by
a colour lookup table (Fig. 7a). Different colours reflect the inho-
mogeneity of space-filling of the mafic mineral-aggregate pattern.
Peternell and Kruhl (2009) suggest to consider a Db value as valid
for high accuracy if its correlation coefficient R2 � 0.998 and they
rejected a measurements if R2 � 0.994. Nevertheless, within their
study values between 0.995 and 0.997 didn’t occur. Our R2 data sets
consist of very few R2 < 0.997 and almost none <0.994 (see
Supplementary material). Therefore, we lean on their suggestion
but, decided that R2 � 0.997 seemed to be sufficient. This is based
on the observation that neighbouring measurements with R2

values between 0.997 and 0.998 and R2 > 0.998, respectively, lead
to the same box-counting dimensions. Within this study
a measurement-failure criteria of R2 < 0.994 suggested by Peternell
and Kruhl (2009) can neither be confirmed nor rejected as almost
all measurements are above this threshold.

In all former studies map-counting was applied manually and
the Db distribution was presented qualitatively in contour maps
produced by a kriging procedure (Peternell et al., 2010). The map-
counting software is now applicable and, therefore, distribution
patterns of mafic mineral aggregates are determined over areas of
several squaremetres. Structures such as schlieren, magmatic folds,
faults, dykes and overprinting structures caused by magmatic flow
can be determined although they cannot be readily perceived by
the human eye. In addition, the colour-indexed pixel maps for the
Db distribution (Fig. 7a) result in a quantitative presentation of the
results.

4.2. Mapping of rock fabric anisotropy

The mapping of rock fabric anisotropy (MORFA) method is
a combination of the modified Cantor-dust method (MCDM, Velde
et al., 1990; Volland and Kruhl, 2004) and a gliding-window
procedure. The automated method is applicable to 2 colour images
of all sizes, e.g. maficmineral aggregate- and K-feldspar images. The
principles of the MCDM for single image analyses are described by
Volland and Kruhl (2004) and Gerik and Kruhl (2009).

During the MORFA procedure a circle of specific diameter d is
shifted over the structure in pre-defined steps s (Fig. 7b). The circle
diameter depends on the size of the investigated objects and on the
distances between them. In this study, a circle radius of 0.10 m is
chosen and therefore,w10 times larger than single feldspar crystals
(Fig. 2b, e). This increases the statistical significance of the MORFA
results as a large number of grains is analysed for each circle-
window. The choice of the gliding distance s depends on the target
resolution and the processing time of the method. In the studied



Fig. 4. SWeNE (a), NWeSE (b) and WeE (c) oriented image of the investigated outcrop surface sections 1e3 (Fig. 2). The images are based on 18 (a), 12 (b) and 24 (c) single-surface
orthogonal photographs, respectively. (a) 4.2 � 1.1 m large vertical rock surface, sawn parallel the magmatic foliation of the syenite. Impurities like sunlight reflections, artificial
scratches by the saw, a hole or a rock crack are indicated. Diffuse schlieren are visible as well as mafic microgranular enclaves (MME) of different sizes. The magmatic foliation-
related lineation is not visible on this section. (b) 1.1 � 2.5 m sized section 2, schlieren and artificial impurity are indicated. (c) 2.7 � 2.5 m sized subhorizontal section 3. This surface
is not sawn and therefore more irregular, resulting in surface-parallel rock spalling which causes shadows on the rock surface. An elongate felsic body running from upper left to
lower right in section 3 (dashed line) consists of a relatively higher amount of K-feldspar crystals, as shown in more detail in inset. (d) The photo shown in the insert is taken from
right end of the felsic body not shown in (c).
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Syenite s is chosen as 5 cm in order to result in a high resolution of
anisotropy distribution maps and to reduce processing times to no
more than w1 day for each analysis.

The MCDM implemented in AMOCADO (Gerik and Kruhl, 2009) is
applied to each circle. Themethod can be applied on both fractal and
non-fractal patterns by a slight change in procedure described by
Gerik and Kruhl (2009). For this study we use the non-fractal proce-
dure only. During this procedure the length of segments, cut by scan-
lines out of the patternwithin a circle, are plotted vs. their number in
a semi-logarithmic plot (Fig. 8a). The absolute value of the slopem of
the regression line is plotted as a distance from a centre towards the
outside, resulting in a point symmetric and more or less elliptical
point distribution (Fig. 8b). For each of these point distributions, the
MCDMdetermines a best-fit ellipse and three values: the correlation
coefficientR2, theanisotropy intensityvalueand theorientationof the
best-fit ellipse. R2 describes the significance of the determined fit
ellipse. In this study, all measurements result in R2 > 0.9 (R2 3 [0; 1])
except for those related to the position of the mafic microgranular
enclaves, the image gap, and the crack shown in Fig. 4 with R2 < 0.9.
The lowerR2 values are causedby the artificialwhite areas in thegrey-
scale templates for the MORFA analysis (Fig. 6).

The anisotropy intensity is defined as the ratio a/b of the ellipse’s
principal axes, and the angle g as the orientation of the ellipse’s
short axis clockwise from the Y (Fig. 2aec) direction. This short axis
defines the general direction with the smallest slope m of the
regression line in Fig. 8a and named as the direction of short
ellipse-axis of anisotropy of pattern complexity (short axis of
anisotropy e SAA). It is represented for each measurement as
a black bar (Fig. 7b). The anisotropy intensity values in the centre of
each square are presented as colour-indexed pixels of size s and the
colour given by a lookup table (Fig. 7b). Different colours reflect
regions of different pattern anisotropy intensity.



Fig. 5. Workflow of image cleaning and preparation for mineral-phase segmentation
procedure.
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4.3. Accuracy of map-counting and MORFA

The box-counting method (Mandelbrot, 1977), on which map-
counting is based, is well understood and was used in many
previous studies (e.g. Hirata, 1989; Walsh and Watterson, 1993;
Velde, 1999; Bonnet et al., 2001; Kruhl et al., 2004; Peternell and
Kruhl, 2009). In particular Peternell and Kruhl (2009) discuss the
significance of box-counting results for magmatic mineral distri-
bution patterns in relation to image quality and a statistical
parameter evaluating the box-counting dimension. Following their
measuring procedures the box-counting dimensions determined in
this study are very accurate and suitable for map-counting.

The accuracy of the MCDM, the base for map-counting on
natural patterns, was tested before by Gerik and Kruhl (2009).
These authors compare MCDM results from a single measurement
with Intercepts (Launeau and Robin, 1996), a computer program to
determine pattern anisotropy based on image analysis. Neverthe-
less, to evaluate the precision of MCDM and its strength in ana-
lysing large scale, diffuse and complex rock fabrics as well as large
data sets, the results from mineral distribution patterns of the
Piquiri Syenite Massif from different rock cuts are compared with
(1) manually measured K-feldspar long-axis distributions, (2) K-
feldspar a indicatrix-axis distributions and (3) the results of Inter-
cepts. In this study, MCDM was favoured over Intercepts because of
its ability to determine pattern anisotropy in two phase images (K-
feldspar and mafic aggregates) for both minerals independently,
which is not possible with Intercepts (Gerik and Kruhl, 2009). In
addition, batch processing of thousands of images is easy with the
Matlab-coded MCDM.

The azimuthal directions of K-feldspar long-axes are measured
on 9 thin sections parallel to the surface of sample 1 (Fig. 2b, c) and
the results are presented in a rose diagram (Fig. 9a). The distribu-
tion shows a weak but distinct maximum with a mean vector
direction q ¼ 100�. This maximum of K-feldspar long-axis orien-
tations is interpreted as a magmatic lineation. To test the statistical
significance of the data, circular statistic analyses after Piazolo and
Passchier (2002) have been applied. The K-feldspar long-axes
distribution passed the Rayleigh test and is therefore taken as
a non-random distribution. The very low kappa value of 0.35
indicates a very weak and almost invisible (k < 1) but geologically
significant (k> 0.2) preferred orientation of the long-axes. The high
95% confidence level (CL) of 33� confirms the very weak preferred
orientation.

Universal-stage measurements on two thin sections perpen-
dicular to Section 1 (II to tectonic XY) lead to a indicatrix-axis
preferred orientations (Fig. 9b). The results are rotated to the XY
plane in order to be comparable with the feldspar long-axis
orientation. The K-feldspar a indicatrix-axes are distributed along
a broad girdle with a distinct maximum (Fig. 9b). Since a deviates
only by 3e12� from [100] for orthoclase (Tröger, 1952) the
a maximum also represents the [100] maximum. Both maxima,
that of the morphological long-axes (Fig. 9a) and that of the
a indicatrix-axes preferred orientation (Fig. 9b), coincide remark-
ably well with the SAA from the MCDM applied on the surface from
sample 1 (Figs. 2b and 9c) and represent aweak but clear K-feldspar
shape preferred orientation (SPO), i.e. in case of the section 1-
parallel surface (II XY) the magmatic lineation. Because of the
subhorizontal magmatic lineation, sections 1e3 (Figs. 2a, d and 4)
are regarded parallel to strain XY, YZ and XZ.

In order to evaluate the accuracy of the MCDM statistically,
120 K-feldspar mineral distribution patterns (each w20 cm2 large)
from the Piquiri SyeniteMassif were analysedwith both, theMCDM
and Intercepts. The differences in the SPO, named misorientation,
between both methods are illustrated in frequency distribution
histograms (Fig. 9d); differences in anisotropy intensities are



Fig. 6. Black (mafic phase) and white (mainly feldspar) images of sections 1e3 as a result of image processing shown in Fig. 5. Artificial impurities and cracks are indicated. Mafic
microgranular enclaves (MME) are treated as impurities and therefore were manually coloured in white.
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presented in Fig. 9e. The misorientations are small (10.3� mean) for
mineral distribution patterns from the surface parallel to the
magmatic foliation (Fig. 4a) and very small for surfaces parallel to
strain YZ (Fig. 4b; 5.6� mean) and XZ (Fig. 4c; 5.5� mean). The
weakly developed magmatic lineation explains the higher misori-
entations for the foliation-parallel cut. Whether one of the two
methods leads tomore accurate results cannot be tested within this
study because both are based on image analysis techniques and,
therefore, sensitive to simplifications of the natural patterns during
the digitising process, i.e. wrong phase labelling or rock surface
impurities (Fig. 4). Taking this into account, the results from Fig. 9d
indicate a mean accuracy of <5� � 5 for the MCDM in case of
syenite. The anisotropy intensities for all measurements are almost
identical for both methods (Fig. 9e).

5. Results

5.1. Map-counting

Map-counting applied on mafic mineral-aggregate distribution
patterns from the Piquiri Syenite Massif (Fig. 2a, d) results in
a colour-coded map of box-counting dimensions Db (Fig. 10). The Db

values for the three rock surfaces (sections 1e3) range between 1.15
(white colours) and 1.45 (blueepurple colours). This range repre-
sents the pattern inhomogeneity, i.e. the variation of pattern
complexity over the analysed area. The variation is not random but
forms a diffuse pattern dominated by relatively low box-counting
dimensions on section 1, i.e. parallel to the magmatic foliation, and
relatively higher ones on the sections 2 and 3 (Fig. 10). Small values
between 1.15 (whiteeyellow) and w1.22 (yellowegreen) corre-
spond to the more felsic dyke-shaped domain observed on the
subhorizontal surface (section 3; Figs. 4c and 10c). However, the
low Db values do not shape the elongate figure completely. It is
interrupted by regions of higher Db between w1.22e1.32 (green)
andw1.32e1.40 (red). In addition, the lower right part of the more
felsic dyke-shaped domain (section 3) is displaced twice by
w15e20 cm, respectively, indicating sinistral sense of movement in
EeW direction (Fig. 10c, black dashed lines and arrows). These
interruptions as well as the very small Db values on the upper
corners of section 2 (Fig. 10b) are not supported by field observa-
tions. In addition to the regions with low Db values, the strain YZ-
and XZ-parallel sections are covered by more or less irregular spots



Fig. 7. Principles of the high-resolution map-counting and mapping of rock fabric
anisotropy (MORFA) methods applied to mafic aggregate pattern of the Piquiri Syenite.
(a) Map-counting method modified after Peternell et al. (2003, 2010) and Kruhl et al.
(2004). An initial window (white square) of specific size r is shifted in two orthogonal
directions over the structure, with steps of length s (gliding-window procedure). The
mineral distribution pattern within each single square is analysed by box-counting.
The box-counting dimension Db is plotted in the centre of each related window as
a colour-indexed pixel with a size equal the gliding distance s. In case of high-reso-
lution map-counting s ¼ 0.05 times r. Notice, in 2D analysis Db 3 [0; 2]. Db determines
the spatial arrangement of the analysed components (mineral aggregates), i.e. their
space-filling ability. The resulting colour map of box-counting dimensions determines
the variation in the space-filling ability of the different patterns, i.e. the pattern
inhomogeneity of the whole analysed area. (b) MORFA method after Peternell (2007).
A window (white circle) of a specific diameter d is shifted with a specific gliding
distance s in two orthogonal directions over the structure. The pattern each circle is
analysed by the modified Cantor-dust method. The result for each circle is plotted in
the circle centre as a colour-indexed pixel with a pixel size equal the gliding distance s
and a black bar. In case of high-resolution MORFA s ¼ 0.25 times r. Each colour
represents the anisotropy intensity (ratio a/b of a fit ellipse, Fig. 8b) of the analysed
mineral-phase pattern. The black bar represents the direction of the short axis b from
a fit ellipse (Fig. 8b), i.e. the direction of anisotropy of pattern complexity (short axis of
anisotropy e SAA) for each measurement. In case of the Piquiri Syenite the SAA is equal
to the crystal shape preferred orientation; Coloured figure available in the online
version.

Fig. 8. Principles of the modified Cantor-dust method (MCDM, Volland and Kruhl,
2004). (a) The lengths of segments, cut by scan-lines out of the pattern within
a circle, are plotted vs. their number in a semi-logarithmic plot. The value of the
regression line m quantifies the segment-length distribution for one orientation of the
scan-lines. (b) Graphical representation of allm in relation to their scan-line directions.
Data points are fitted by an ellipse with semi axis a and b. Axial ratio a/b, i.e. the
ellipticity, measures the intensity of pattern anisotropy. The orientation of b (SAA) is
given by the angle g. In case of the Syenite b represents the SPO of the investigated
pattern.
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of relatively high Db values (redeblue). These areas partly match
the shapes of schlieren structures determined in the field (Figs. 4b,
c and 10b, c). On the upper right corner of section 3 two planar
structures are outlined by dashed lines (Fig. 10c). These planar
structures correspond to schlieren structures (Fig. 4c) which are



Fig. 9. Shape preferred orientation measurements of K-feldspar from the Piquiri Syenite and a comparison between Intercepts and the MCDM. n ¼ number of measurements. (a)
Rose diagram of azimuthal directions of K-feldspar long-axes measured on nine XY-parallel thin sections from sample KR4759B (Fig. 2c). The foliation strike is indicated (EeW) The
Raleigh test confirms a non-random distribution with very low kappa value k, a mean vector value q and, 95% confidence level (CL). (b) Preferred orientation of K-feldspar
a indicatrix-axes; universal-stage measurements from two YZ-parallel thin sections of sample KR4759B. Data are rotated to the XY plane. Equal area projection, lower hemisphere;
contours ¼ 2 [multiples uniform distribution]. (c) MCDM applied on the K-feldspar distribution pattern on the XY plane of sample KR4759B (Fig. 2c). Best ellipse fit for the MCDM
result is described by its correlation coefficient R2. Ratio a/b ¼ anisotropy intensity, b ¼ SAA parallel to SPO, with relative orientation to the reference system given by the angle g. (d)
Frequency histograms of differences in SPO determined by Intercepts vs. MCDM, related to sections 1e3. (e) Frequency histograms of differences in anisotropy intensity a/
b determined by Intercepts vs. MCDM, related to sections 1e3. For (d) and (e) methods are applied on 120 randomly chosen 20 � 20 cm sized K-feldspar patterns from sections 1e3
(Figs. 3 and 4). The standard deviation s for each diagram is indicated by a black line.
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Fig. 10. Results of the high-resolution map-counting method applied to the mafic mineral-aggregate patterns from three orthogonal sections 1e3 of the Piquiri Syenite. Size r of the
measurement window for map-counting ¼ 10 cm, gliding distance s ¼ 5 mm. The variation of box-counting dimension, represented by the colour map, reflects the inhomogeneity
of the pattern’s complexity. Low box-counting numbers indicate areas where mafic aggregates are geometrical well (“regular”) organised to each other. Disorganised distribution of
mafic aggregates, i.e. schlieren forming, leads to higher box-counting dimensions. Arrow heads in (a) mark areas where the results are influenced by a mafic enclave, crack and not
photographed part. For interpretation of dashed and broken lines see text. The indexed colour intervals are 0.004. 190 900 measurements for (a), 110 400 for (b) and 254 400 for (c).
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locally displaced (white dashed lines and arrows) and indicate
dextral senses of movement. In addition, the upper planar structure
is folded. Both, displacement and folding are not supported by our
field observations, because the schlieren are locally very diffuse. On
section 1 (Fig. 10a) irregular areas of high Db values (red) are
arranged in diffuse vertical and horizontal bands (Fig. 10a). The
horizontal ones can be identified on the rock surface as schlieren-
like structures, however, the vertical ones do not match field
observations (Fig. 4a). The areas on section 1 with lowest pattern
complexity e Db values down to 1.0 e (Fig. 10a, white arrows) mark
the positions of mafic microgranular enclaves and rock cracks
deleted during image processing (Fig. 4a). One region of highest Db

is related to an artificial impurity (Fig. 10a, black arrow). Locally, the
red to blue colours are arranged in ring-like or more irregular
structures that can be correlated to folded and disrupted schlieren
in the outcrop (compare Figs. 4b and 10b). Nevertheless, the upper
ring structure of section 2 (Fig. 10b) is parallel to a region of low Db

values (yellow).

5.2. Anisotropy and its inhomogeneity

The results from the MORFA method applied on K-feldspar and
mafic mineral-aggregate patterns are shown in Figs. 11 and 12. K-
feldspar anisotropy intensities on sections 1 and 2 are within the
same interval 1.00e1.40 (Fig. 11a, b, yellowegreen colours, only in
online version) and generally higher (up to 1.65) on section 3
(Fig. 11c). On sections 1 and 2, sub-vertical domains with relatively
higher anisotropy intensities (up to 1.40 e green, only online
version) are apparent (Fig. 11a, b). Comparatively low anisotropy
intensity values (w1.00e1.20) occur on section 3 within the elon-
gate more felsic part and approximately outline this body (compare
Fig. 4c). Themagmatic lineation, unveiled by theMCDM (black bars,



Fig. 11. High-resolution MORFA method applied to K-feldspar distribution patterns on the three syenite surfaces (section 1, 2 and 3, Figs. 3 and 4). The diameter d of the shifted
circle is 20 cm, the gliding distance s is 5 cm. The anisotropy intensities are represented by colour-indexed pixels (Fig. 6b). The black bars represent the SAA. The value of a/b varies
between 1 and roughly 1.70, with 1 indicating isotropy of the pattern and increasing values indicating increasing anisotropy The indexed colour intervals are 0.01. 1804
measurements for (a), 1034 for (b) and, 2444 for (c); Coloured figure available in the online version.
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Fig. 11a), is almost horizontal, NEeSW oriented, but may deviate
locally up to 70�. These deviations occur in up to 20 cmwide bands
(Fig. 11a) that form a broad pattern in the m-scale. On sections 2
and 3 the black bars represent the SAA, based on the intersections
of the planar feldspar crystals with the rock surface. On section 2
these directions are preferentially parallel to strain Y, and on
section 3 preferentially parallel to strain-X (Fig. 11b, c). Of course,
this is related to the fact that the flat faces of the K-feldspar crystals
are well aligned perpendicular to strain-Z. Nevertheless, on both
sections local deviations occur, which, on section 3, are mainly
related to the felsic body (compare Fig. 4c).

The anisotropy intensities of the mafic aggregate patterns
(Fig. 12) are slightly higher and more irregular in comparison to the
feldspar ones, but in general smaller within sections 1 and 2
(w1.10e1.45, Fig. 12a, b) compared to section 3 (w1.45e1.90,
Fig. 12c). No vertical substructure occurs within sections 1 and 2 as
in case of the feldspars nor is the more felsic dyke-shaped domain
(Fig. 4c) visible with section 3 (Fig. 12c). Similar to the results from
the feldspar mineral patterns, the mafic aggregate SAAs are locally
aligned within planar-shaped structures but they occur on different
positions and appear to be more folded (Fig. 12, black lines).

6. Discussion

Since magmatic rock fabrics are (i) generally diffuse, (ii) mostly
occur on scales above thin section or hand specimen, and (iii) are
often inhomogeneous and anisotropic, quantification methods are
required, which work with high precision on larger scales (several
square metres and more) and are able to quantify fabric anisotropy
as well as inhomogeneity. With map-counting the present study
presents a fractal geometry method that has already proven suit-
able for these tasks on smaller scales (Peternell et al., 2003, 2010;
Kruhl et al., 2004) and the new MORFA method based on MCDM
(Kruhl et al., 2004; Volland and Kruhl, 2004) but with a non-fractal
procedure (Gerik and Kruhl, 2009). It shows how these methods
can be applied to larger regions of magmatic rock surfaces and, for



Fig. 12. High-resolution MORFA method applied to mafic mineral-aggregate distribution patterns on the three syenite surfaces (sections 1- 3, Fig. 4). The diameter d of the shifted
circle is 20 cm, the gliding distance s is 5 cm. The anisotropy intensities are represented by colour-indexed pixels (Fig. 6b). The black bars represent the SAA. The value of a/b varies
between 1 and roughly 1.70, with 1 indicating isotropy of the pattern and increasing values indicating increasing anisotropy. The indexed colour intervals are 0.01. 1804
measurements for (a), 1034 for (b) and, 2444 for (c); Coloured figure available in the online version.
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the first time, a combined quantification and analysis of fabric
inhomogeneity and anisotropy is performed.

Box-counting, applied tomafic mineral-aggregate patterns from
the three rock surfaces parallel to the principal strain sections XZ,
YZ and XY, proves the fractality, i.e. the self-similarity, of the pattern
in the cmemm-scale overw1.5 orders of magnitude. The similar Db

values of 1.34 (Db XZ), 1.36 (Db YZ), and 1.37 (Db XY) from the whole
orthogonal sections suggest that the aggregate pattern is also
fractal in 3D. However, with box-counting it is not possible to give
information about spatial variations of fractality.

The range of Db values of 0.3 (Fig. 10) revealed by map-counting,
with R2 � 0.997 for almost all the measurements, is much too large
to be just ‘background noise’ (Supplementary material). Moreover,
coarse structures of the Db variation correlate with magmatic
structures observed directly on the rock surfaces, such as the
elongate felsic body in section 3 (Fig. 10c). Only areas of different Db

values, which are outlined in Fig. 10, correlate with areas of higher
density of mafic mineral grains even if Db is a measure of the area-
filling ability of the pattern (Mandelbrot, 1982), this ability is more
related to the geometric arrangement of the pattern than to its
‘density’, i.e. to the arrangement of mafic mineral grains or grain
aggregates. It has been repeatedly shown in nature and experiment
that crystal orientations and arrangements in magmatic rocks are
generally the result of flow and crystallisation processes
(Blumenfeld and Bouchez, 1988; Ildefonse and Fernandez, 1988;
Vernon, 2000). In particular, the ring-like structure in section 2,
the folded and displaced planar structures and the displaced areas
correlating to schlieren and the elongate felsic body in section 3
(Fig. 10b, c) emphasise the importance of flow and shearing
processes during crystallisation of the magma. Consequently, Db e

that quantifies the crystal patterns in the Piquiri Syenite Massif e
provides information about the pattern-forming processes in the
pluton, in agreement with observations from mathematical and
natural patterns for example the Sierpinski triangle or fracture
patterns (Feder, 1988; Bonnet et al., 2001). There are only a few
other examples that use methods of fractal geometry to study the
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relationship between crystal patterns (Armienti and Tarquini,
2002; Peternell and Kruhl, 2009) or mafic microgranular enclaves
(Perugini and Poli, 2000) and magmatic processes.

The crystal arrangements which have been quantified by map-
counting, were also investigated with respect to anisotropy. The
SAA represented by the pattern of black bars in Figs. 10 and 11 is in
general not necessarily related to crystal orientation or strain but to
complexity of the pattern in a certain area. Nevertheless, in case of
the investigated syenite pluton the SAAs are parallel to the SPOs of
feldspar andmafic mineral aggregates. The application of MORFA to
the distribution patterns of K-feldspar (Fig. 11) as well as mafic
minerals (Fig. 12) leads to generally similar but locally different
results. Three different types of regions can be distinguished:

(1) Relatively broad areas of several decimetres, up to 1 m in
diameter and with constant orientation of SAAs. This SPO
defines the subhorizontal magmatic lineation on the strain XY
parallel planes (Figs. 11a and 12a, Section 4.3). On sections 2
and 3 it coincides with the intersection lines of K-feldspars and
mafic mineral aggregates (the latter partly determined by the
K-feldspar shapes) with the rock surfaces. The alignment of
SAAs is clearly stronger on section 3 compared to section 2. This
probably reflects the fact that the sections of crystals or crystal
aggregates are more compact on section 2 and more elongate
on section 3.

(2) In smaller and more irregularly outlined areas the SAA varies
largely. In some cases it is strongly but regularly deviating from
the main orientation, in other cases the SAA is highly variable.
On section 3 these areas correlate roughly but not completely
with the felsic body (Figs. 4c, 11c and 12c) and locally a rough
correlation with mafic schlieren structures is visible, for
example with a moderately SE dipping darker band in the
central lower part of section 2 (between 50 and 100 cm
vertical; Figs. 4b, 11b and 12b). However, in general no corre-
lations with field structures are visible. In certain cases the
areas in the K-feldspar patterns coincide with those in the
mafic mineral patterns, but in many cases they do not.

(3) The first two types of areas are often separated by more elon-
gate areas (bands) with decimetre width and up to 1 m length
and with one dominant SAA, different from the ‘main’ orien-
tation (type one). These areas are most prominent on section 1
and much less on sections 2 and 3. They are roughly equally
developed in the K-feldspar and mafic mineral patterns and
there are no corresponding structures visible in the field.
Interestingly these bands exhibit some regularity. They are
mostly oriented at w45� to the main SAA outside the bands,
specifically on section 1, and in general but not always SAAs are
parallel to the bands. Sometimes the changes in SAA from
outside to inside the bands are sharp and in the bands the
orientations are strictly parallel. These structures are not
visible on the rock surfaces. Since they closely resemble
conjugate shear bands in deformed rocks, the question arises if
they could represent similar features in magmatic rocks: zones
of increased shear in the crystal-melt mush, zones of increased
rate of flow, or even former fracture systems that enabled fluid/
melt migration through the magmatic body (Walker, 1969;
Berger and Pitcher, 1970; Barbarin and Didier, 1992; Büttner,
1999) and thus changed the rheology and reactivity of the
crystal-melt mush (Hess and Dingwell, 1996; Giordano et al.,
2004). Following this line of argument, the areas with more
irregular bar orientation are interpreted as variations in the
flow field direction.

Could the variation in SAA, outlined above, not simply be
caused by a low ellipticity of the point distribution (Fig. 8b)
leading to a large error in orientation of the ellipse’s principal axes
a and b? This cannot completely be ruled out for those areas with
anisotropy intensities below w1.10 (Figs. 11 and 12). However,
many of the areas with disturbed SAAs show such pattern
anisotropies with values over 1.30 (green). In addition, no
evidence that might cause artificial orientation patterns is visible
on the image processed grey-scale templates used for the analysis
(Fig. 6). Also, the high correlation coefficient of >0.9 for the
elliptical fit argues against a significant error in orientation of the
ellipses’ axes. The bands of aligned SAAs show anisotropy inten-
sities partly in the same range, and locally even above, as the areas
of main alignment. Again, this points to the relevance of these
features.
7. Conclusions

Based on high resolution and large-scale recording and quan-
tification of mineral distribution patterns in a syenite pluton, the
present study shows:

(1) Modified and partly automated methods, such as map-count-
ing and the mapping of rock fabric anisotropy (MORFA)
method, are suitable for quantifying and analysing complex
and diffuse meso-scale magmatic fabrics over large areas
(several square metres and more).

(2) Map-counting procedures on a decimetre to metre scale
unveils diffuse structures that can be related to mafic schlieren
or felsic dykes that are not visible on the rock surfaces. MORFA
leads to the detection of the mineral shape preferred orienta-
tion, i.e. a magmatic lineation and its variation over large areas,
which are not visible in the field.

(3) With MORFA mineral distribution fabrics on a decimetre to
metre scale, with different intensity and orientation of align-
ment are determined. Such fabrics, not visible in the field, can
only be determined using such high-resolution analysis.

(4) These fabrics possibly represent flow or fracture structures that
developed in the crystallising magma. Therefore, applications
of automated fabric-analysing methods, such as map-counting
and MORFA, open a new field of structural investigation to
magmatic rocks.
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