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Shape analysis
Grain size distributions
Spatial distributions
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Schedule

Renée – Lectures
10:00-10:30 shape analysis
10:30-11:00 discussion & break
11:00-11:30 grainsize
11:30-12:00 discussion & break
12:00-12:30 phase distributions & correlations
12:30-14:00 discussion & lunch

Rüdiger – Lab
14:00-15:30 using Fiji / imageJ
15:30-16:00 break
16:00-17:00 playtime (with your own data)



1 
spatial distributions



spatial dispersion

 1 mm

 1 mm

 500 µm



spatial distributions
- random
- clustered
- ordered ('anti-clustered')
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phases, boundaries and contacts
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SBB
LA
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3 types of grain contact surface

2 types of grain boundary surface2 types of grains
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conceptual model

For any given grain A, B:

the chance pA, pB, of sharing 
a boundary surface with a 
grain A or B is proportional 
to:

- volume fraction1) of A, B

or

- surface fraction2) of A, B

= pA · pA = pA2

= pB · pB = (1-pA)2

=        =  pA· pB + pB· pA = 2· pA· (1-pA)

AA

AB BA

BB

1) = area(phase) 
/ (total cross sectional area)

2) = outline(phase)
/ (total boundary length)

boundary surface

contact surface



binomial distribution
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spatial distributions
- grains in matrix
- grains in crystalline aggregate



making random Voronois

used random Palette on 5050anti5Prep R = processed R of 5050anti5_z5.tif

5050anti5_z5.tif 5050anti5Prep (R)

5050anti5Prep R1 5050anti5Prep R2 5050anti5Prep R3

re-apply
random 
Palette

etc.

5050anti5Prep



making random Voronois (continued)

threshold 5050anti5Prep instead of using macro [6],  ⇒ control percentage

5050anti5Prep (R)

R 46.8% G 52.2%R 50.0% G 50.0%

threshold = 139

5050anti5Prep (R)

⇒ ≠



distributions and contact probabilities
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distributions and contact probabilities
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isotropic random distribution
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anisotropic random distribution
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practical application



Meluzina eclogite

unidentified
garnet
omphacite
quartz

unidentified
garnet
omphacite
quartz

James Mackenzie



deriving phase and grain boundaries

A grain boundaries vertical A gb horizontal A gbA phase outline

grain boundaries A grains A phase A grain outlines



distribution of garnet in eclogite

 100 µm_ 



garnet in eclogite

A = garnet B = all othersgb

BB ABAA



garnet in eclogite

conflic
AA

BB

AB

volume content A(%)

p
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in terms of 
volume proportions
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AB ~ random - clustered
AA anticlustered
BB clustered

AB random
AA random
BB random



random - clustered - ordered ?

garnet & omphacite garnet & quartz500 µm

qtz

omph
grt

 grt-qtz
grt-omph

garnet & rest omphacite & rest quartz & rest

grt, omph, qtz = random
phase contacs on random curve

grt & omph = random
grt & qtz     = ordered



2 
influence of grainsize



different grain sizes

* each grain A
divided in 4

volB
volA = volB
volA* = volA
nB = 50
nA = nB
nA* = 4· nA
surfB
surfA = surfB
surfA* = 2· surfA

A 50 A grains
A* 200 A grains

# % %*
AB 100 50 33.3
BB 50 25 16.7
AA 50 25
AA* 150 50.0

note: for A = 1/2 size of B
number% best fit:
phase = random
BB = ordered
AA* = clustered vol  surf  #



2D grain size of  Voronois

A (129 grains) B (140 grains)

Asmall (278 grains)

mean=30.3, RMS=31.4 mean=28.9, RMS=29.9

mean=21.0, RMS=21.7

size A ≈ B
no. A ≈ B
no. Asmall ≈ 2x



grain size A < grain size B

AB all

AsmallB all Asmall B unchanged

A B

small phase A obtained by subdividing grains, B phase remains unchanged



volume & - surface % - number %

grainsize A < grainsize B
phase A 'recrystallized' in situ

A(%)

A B

vol% A = 50.0
surf% A = 57.3
no.% A = 64.2
no A:B = 314:175

A(%)

A B

vol% A = 50.0
surf% A = 48.9
no.% A = 47.8
no A:B = 160:175

grainsize A = grainsize B



3 
variations



Menegon et al. 2013

subparallel to the (001) planes (Figs. 3b and 10d, e). Cracks and
submicroscopic crushing in feldspars can produce patchy extinc-
tion, which may resemble the undulatory extinction due to dislo-
cation movement in the crystal plasticity regime (Tullis and Yund,
1987). In the studied samples, patchy extinction has been

observed inmany perthite porphyroclasts, and it is particularly well
developed in regions flanking misorientation bands and/or intra-
crystalline layers of recrystallized grains.

The few low-angle boundaries detected in the EBSD are located
in the immediate vicinity of a misorientation band (Fig. 3b). The
dispersion of orientation data collected across the 2D trace of these
boundaries occurs around a rotation axis identified as the [010]
axis, which is located near the Y-direction (Fig. 12a). Assuming a tilt
boundary model, the 2D boundary trace analysis (e.g. Prior et al.,
2002) suggests that these low-angle boundaries may have been
produced by slip on the (001) [110] system (Fig. 12b). The activity of
this slip system in plagioclase deforming under lower crustal
conditions similar to those estimated in the present study (660e
700 !C, z 0.6 GPa) has been reported by Kanagawa et al. (2008).
However, if deformation of the clast was primarily accommodated
by dislocation glide (and creep) dominantly on the (001) [110] slip
system, at least some elongation of the clast parallel to the mylo-
nitic foliation and the orientation of the [110] axis near the X-
direction should be expected, as in the samples analysed by
Kanagawa et al. (2008). On the contrary, the grain is slightly elon-
gated at a high angle to the foliation, it deflects the fine-grained
matrix, and the [110] axis is oriented in the central portion of the
pole figure (Figs. 3b and 10d, e). However, based on the crystallo-
graphic data we cannot rule out a local (and minor) activity of
dislocation glide on the (001) [110] system in the “damage zone”
region flanking the cracks. In this case, the trace of the misorien-
tation band (healed crack) would be parallel to the trace of the
crystallographic plane where the dislocations glide (i.e. the (001)
plane). An alternative explanation is that the low-angle boundaries
separate portions of the lattice in the “damage zone” which have
undergone only a minor rigid-body rotation around the bulk
vorticity axis during the crack-healing process (Fig. 12c). Indepen-
dently of the actual mechanism of accumulation of lattice

Fig. 7. (a) Example of phase map used in the analysis of spatial distribution of feldspars in the recrystallized matrix, and bitmaps of the grain- and phase boundaries derived from
the map. The arrowhead indicates a K-feldspar grain at a quadruple junction between plagioclase grains. (b) The fraction of grain- and phase boundaries measured in five different
phase maps are plotted as circles to evaluate the deviations from randomness. Curves show the theoretical fractions of grain- and phase boundaries as a function of the surface
fraction of K-feldspar expected for a random distribution in a two-phase mixture (c) Autocorrelation function (ACF) calculated for the plagioclase e K-feldspar phase boundaries. The
ACF is shaded at 10% multiples of the ACF max (located in the centre). For the sake of clarity, the ACF is scaled such that the 10% contour touches the superposed reference circle. The
black circle indicates the highest correlation length at 12! (measured anticlockwise) from the trace of the mylonitic foliation (EeW).
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Fig. 8. Chemical composition of perthitic feldspar in the undeformed mangerite
(protolith) and in the mylonite (fragments and recrystallized grains). The dashed lines
indicate the average compositions. For detailed documentation see Table 1.

L. Menegon et al. / Journal of Structural Geology 48 (2013) 95e112104

The microstructure of recrystallized feldspars is characterized by 
the predominance of phase boundaries over grain boundaries



Kilian et al. 2011

Author's personal copy

the shear strain rate while the whole shear zone is deforming, or
(2) from localization of deformation in the internal parts of the
shear zone at later stages of the deformation (type II, Hull, 1988;
Means, 1995), or (3) the shear zone widens with time due to
strain hardening so that the outer parts represent later strain
increments (type I of Hull, 1988; Means, 1995). The third possi-
bility can be excluded here because of the lack of flat-topped
strain profiles and the fact that strain hardening is very unlikely
in the center of the shear zone (see below). The two first possi-
bilities are end member cases and natural shear zones may result
from a combination of both. A faster shear strain rate can be
caused by a change of rate controlling parameters (e.g. CPO,
permeability, bulk diffusivity) or by a switch in the dominant
deformation mechanism. As most of these parameters in the Gran

Paradiso shear zones are strain-dependent or a consequence of
microstructural development (e.g. CPO, SPO, reaction products),
we assume that the structures developed along the strain
gradient primarily record a progressive strain history (type II
shear zones). This implies that microstructures preserved near
shear zone center represent later stages, whereas the micro-
structures near the shear zone margins represent earlier stages of
the deformation history obliterated during subsequent strain
localization in the shear zone center.

In the followingwewill discuss the process of progressive phase
mixing, the deformation mechanism in the mylonite and ultra-
mylonite, and the processes involved in the grain size reduction.
Finally we will evaluate possible reasons that may cause the phase
mixing and rheological implications.
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Fig. 15. Phase distribution and grain size evolution. (a) Phase map of quartz (black), plagioclase (dark gray), K-feldspar (light grey) and mica (white). The map shows a quartz
aggregate in the transition between the mylonite and the ultramylonite with different stages of disintegration. (b) Rpg (ratio of grain boundary/phase boundary area) versus the
mean grain size in 6 different, laterally disintegrating aggregates. Symbols correspond to individual, homogenous aggregates. (c) Relationship between the mean quartz grain size in
a layer and the relative quartz volume fraction. The relative quartz volume fraction in a layer decreases with increasing disintegration, as grains are separated by K-feldspar. In layers
with a higher grain separation the mean grain size is smaller. (d) Schematic model of Rpg e grain size evolution. Black squares are separated from another by grain boundaries
(white) and from the matrix by phase boundaries (dark grey) (e) Example of an analyzed area. The evaluation of Rpg and the grain size would correspond to a single point in the
diagram b).

R. Kilian et al. / Journal of Structural Geology 33 (2011) 1265e12841278



practical application



dislocation creep vs. diffusion creep

Miki Tasaka Mark Zimmerman David Kohlstedt

Gas medium High pressure Torsion apparatus (UMN)

70% iron-rich olivine
30% orthopyroxene
hotpressed @1200°C
d ~15 µm

in olivine:
MeO dissolves at maximum σ1.
Reaction ol → opx

in orthopyroxene:
MeO diffuses to tension σ3.
Reaction opx → ol

pc = 300 MPa 
T = 1200°C



motivation
ε ̇= A· Δσn· exp(-Q/RT) ε ̇= A· Δσn· dm· exp(-Q/RT)

994  1024  1006  

increasing strain

dislocation creep ? phase mixing ? diffusion creep ?

10 µm

Tasaka et al. (JGR, 2017)



which spatial distributions do we expect ?
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and which spatial distributions do we get ?
diffusion creepstarting material dislocation creep 1006994983
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even the starting material is ordered !!

% olivine

% opx

994  γ = 1.9

1006  γ = 26.2

983 undeformed
γ

Tasaka et al. (JGR, 2017)
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which spatial distributions do we really get ?
diffusion creepstarting material dislocation creep 1024994983
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also, grain size distributions  ...
h(r) v(R) all grains

h(r) v(R)h(r) v(R)

olivine orthopyroxene
µ(d)

µ(D)

µ(V)

Miki's

?

??



means...  and modes

μv ol (3Dvol)  4.1 µm μv opx (3Dvol)  2.2 µm

mode = 2.87 µm mode = 1.36 µm

as published

To analyze the spatial distribution of olivine and pyroxene grains as a function of strain, the difference
between fPB_obs and fPB_random versus shear strain is plotted in Figure 7b. The difference between fPB_obs
and fPB_random increases with increasing strain. The differences are (fPB_obs ! fPB_random) = 0.02 and 0.10 for
the two undeformed samples, whereas 0.08 ≤ (fPB_obs ! fPB_random) ≤ 0.19 for the samples deformed to
γ ≤ 4.2 and 0.15 ≤ (fPB_obs! fPB_random) ≤ 0.29 for samples deformed to γ ≳ 11. These positive differences indi-
cate that the distribution of phases is more ordered than random.

Figure 3. Number-weighted and volume-weighted histograms, h(D) and v(D), of 3-D grain sizes for the undeformed sample and for samples deformed at a strain
rate of ~2 × 10!4 s!1 with arithmetic means, μh and μv, for olivine and pyroxene indicated. Black histograms: Number-weighted grain-size distributions for
(left column) olivine and (right column) pyroxene. Green and blue histograms: Volume-weighted grain size distributions for olivine and pyroxene, respectively. N is
the number of grains analyzed.

Journal of Geophysical Research: Solid Earth 10.1002/2017JB014311

TASAKA ET AL. RHEOLOGICAL WEAKENING PHASE MIXING 7
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grain size of ol and opx 

0                                 20 µm

             d equ

olivine ortho-pyroxene



3
image statistics



analysis of image 'as-is'

best-fit
ellipse

boundary
  pixels

pixels in
segment

polyline
= polygonal
   outline

all pixels
 all grey values
     of imageim
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(no segmentation)



Fourier transforms 
- 1D / 2D FFT 
- diffraction patterns



profiles ➝ 1D FFT ➝  ACF

10 nm
profile

grey values (GV) Fourier transform (FFT) autocorrelation (ACF)
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 10 nm

high resolution TEM image of chlorite
courtesy Andreas Kronenberg

2D  FFT and ACF
X

Y

1/X

1/Y
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X'

Y'

FFT
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high resolution TEM image of chlorite
courtesy Andreas Kronenberg

FFT - diffraction patterns

1.413 nm 0.445 nm

 10 nm

 2 nm
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FFT - low angle boundary

high resolution TEM image of chlorite
courtesy Andreas Kronenberg



4
autocorrelation



autocorrelation 
- shape 
- strain
- grain size
- spatial distribution



density slicing in orientation space



ACF - grain shape as f(CPO)

ACF of 
Y domain

ACF of
B domain

Y domain B domain



ACF - shape of texture domains

ACF ACF

sinistral
domain

dextral
domain



ACF→ anisotropy/orientation→ strain

a/b = 2.0  φ = 22°
⟹ γa/b = 0.7 / γφ = 2

a/b = 3.7  φ = 8°
⟹ γa/b = 1.4 / γφ = 7

a/b = 5.5  φ = 7°
⟹ γa/b = 1.9 / γφ = 8

low deformation

medium deformation

high deformation

40
0 

µm

medium

low

high

medium

low

high



centerpoint distribution
major axis

minor axis

a/b = 1.13

'halo' =  anticorrelation 
of centerpoints   
(➞ Fry plot)

ACF

ooides bitmap

plot of centerpoints

matrix compaction

major axis

angle

preferred 
orientation = 30°

shape of particles



end
spatial


