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the eye of the needle



how to observe by watching ...



what we see in an image

microstructure is...
2D section of 3D body ?
deformed geometry ?
particles ?
patterns ?

applies to...
statistics
mechanics (rheology)
geology
geophysics

quantified



Glagolev and Goldmann (1934)

Achille Ernest Oscar Joseph Delesse (1817–1881) 

VV = AA

August Karl Rosiwal (1860–1923)

VV = AA = LL

Andrei Aleksandrovich Glagolev (1894 –1969)

VV = AA = LL = PP

A.E.O.J. Delesse

A.K. Rosiwal

stripstar

learning from stereology



getting into digital image analysis

Wayne Rasband

Steve Barrett

1987 NIH Image (Pascal)
1997 Image J (Java)
2007 → Fiji ('Fiji is just ImageJ')

1993 Image SXM (Pascal)

Lazy Macros



Rf - φ method

John G. Ramsay

Edwin A. Abbott

PAROR

SURFOR

shape and strain of particles

shape descriptors: PARIS etc. 
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Bruno Sander

AVA (Achsenverteilungsanalyse)

CIP (computer-integrated polarization microscopy)

orientation imaging
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1 Carrara marble
" triaxial gas apparatus
" Texas A&M University
" γ < 3

2 Black Hills Quartzite
" solid medium apparatus 
" Brown University
" γ < 8

3 Olivine-Orthopyroxene
" torsion apparatus 
" University of Minnesota
" γ < 30

lithosphere deformation in the lab

1 Carrara marble
" triaxial gas apparatus
" Texas A&M University
" γ < 3



motivation

1 Carrara

2 BHQ

3 Ol-Opx

deformation mechanism

regime, flow stress

deformation mechanisms?

 strain

 texture, grain size

 spatial distribution



kilometers of displacement

Alber Heim (1929)
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based on finding the following measure of strain mag- 
nitude em proposed by Nadai (1963): 

e,n = 3 I,'2 [(ej e2) -~ + (e 2 -- c3) e + (e 3- el)e] t/2 

where e J,e,s are the logarithmic strains. From this calcula- 
tion it follows that a shear strain of 7 = 1 corresponds to 
37% shortening. Most experiments were carried out up 
to shear strains well in excess of}, = 1. The largest shear 
strain achieved was F = 2.85, corresponding to 66% 
shortening. 

STRESS-STRAIN DATA 

The stress-strain curves 

The shear stress vs shear strain curves of Figs. 4 and 5 
cover a wide range of shear stresses due to the large 
temperature range of the experiments (for the exact 
experimental conditions, see Table 1). The results 
obtained on the two investigated rock types differ signifi- 
cantly, both in terms of strength and in the characteristics 
of the stress vs strain curves. This reflects differences in 
the deformation mechanisms due to the differences in 
initial grain size (4 and 200 ktm for Solnhofen limestone 
and Carrara marble, respectively). 

No strain softening was observed in the case of the 
runs on Solnhofen limestone (Fig. 4). The run at 25°C 
(ST 6) is characterized by a stress drop after the yield 
point, followed by strain hardening. Steady state flow 
was recorded at 500 and 700°C (ST 2 and ST 1). At 800 
and 900°C (ST 7 and ST 4) or at 700°C and at lower strain 
rates (ST 5) some strain hardening is observed. This 
strain hardening is attributed to grain growth during the 
experiments causing an increase in strength due to a 
deformation mechanism sensitive to grain size. Rheolog- 
ical considerations and the fabric analysis suggest grain- 

boundary sliding. Schmid et al. (1977) also observed 
strain hardening due to grain growth in coaxial deforma- 
tion and within this same flow regime (superplastic flow 
regime). Strain-rate stepping was performed with speci- 
men ST 7 (800°C) in order to gain information on the 
strain-rate sensitivity of the flow stress described in the 
next sections. 

The stress-strain curves for Carrara marble (Fig. 5) 
exhibit substantial amounts of work hardening up to 
600°C. Within this temperature range twinning is an 
important deformation mechanism. This suggests that 
twinning is largely responsible for strain hardening. It 
will be shown later that twinning rapidly goes to comple- 
tion within suitably oriented grains. As a consequence 
any further deformation has to be taken up by intracrys- 
talline slip which has a higher critical resolved shear 
stress at low temperatures (Turner et al. 1954). Towards 
higher temperatures,  work softening is observed. CT 6 
(700°C) exhibits minor work softening after a shear 
strain of y = 1.2. CT 7 (800°C) and CT 4 (900°C) feature 
substantial work softening after shear strains of }' = 0.5 
and 0.15, respectively. 

The stress-strain curves are very similar to those 
obtained in coaxial testing of the same materials (Rutter 
1974, Schmid et al. 1977, 1980), both in terms of relative 
strength and as a function of strain rate and temperature.  
However,  there is one important exception: no work 
softening was observed for Carrara marble under similar 
temperatures during coaxial testing (Schmid etal. 1980). 
Thus, the mechanism responsible for work softening 
obviously depends on the strain path. 

A comparison of  rheologicat data between coaxial and 
simple shear testing 

Flow laws for both Solnhofen limestone and Carrara 
marble have been established over a wide range of 
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Fig. 4. Shear stress vs shear  strain curves for Solnhofen l imestone (for 
strain rates see Table l), The curve for specimen ST 7 was obtained by 

changing the strain rate during the experiment.  
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Fig. 5 Shear stress vs shear strain curves for Carrara marble (for strain 
rates see Table 1). 
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regime   2   dislocation creep
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Fig. 15. Optically measured pole figures for Carrara marble deformed in the intracrystalline slip regime (CT 6, 700°C, top 
row) and in the grain-boundary migration regime (CT 7,800°C, bottom row). The contour interval is 1.0 of a uniform 
distribution. 'Slip direction' refers to the slip direction common to the r- and f-slip systems. 15(b) includes only those 

a-directions which were measured for grains which have their c-axes aligned with the shear-zone boundary. 

the margin of the pole figure and in positions which are 
almost identical with the positions of the c-axis maxima 
1, 2 and 3. The pole figures of Fig. 14 are remarkably 
similar to those obtained by Kern & Wenk (1983). 

In order to discuss the relationships between the pole 
figures for r , f a n d  c it is useful to extract favoured crystal 
orientations from sections through the graphical rep- 
resentation of the ODF (Fig. 16). Again, the section at 
PHI = 90 (compare Fig. 13) is chosen because this 

section contains all the relevant information about crys- 
tals with their c-axis at the margin of the pole figure. 
Maximum 1 yields a favoured crystal orientation which 
is not very selective about the angle PSI 2 and which has 
a basal plane in an orientation with a critical resolved 
shear stress (i.e. near parallel to the shear-zone bound- 
ary). The high-intensity ridge corresponding to 
maximum 2 is curved. This means that different angles 
of PSI 2 are preferred at different positions in PSI 1. Two 
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Fig, 16. Section through the ODF and favoured crystal orientations extracted from the ODF analysis of specimen ST 2, 
deformed in the intracrystalline slip regime (500°C). (a) Section at PHI = 90 °. The crystal positions labelled 1, 2 and 3 
correspond to the c-axis positions labelled with the same numbers in Fig. 14(a). Contour interval: 0.25 of a uniform 
distribution. Shaded area has a density of >1.0 of a uniform distribution. (b)-(d) Favoured crystal orientations 

corresponding to positions 3, 2a and 2b indicated in (a) (squares). 
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CT7

from twinning to superplasticity

Stefan Schmid Steve Bauer
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da ta  are  a l r eady  avai lab le  f rom coaxia l  test ing of the 
same or  s imilar  ma te r i a l s  (e.g.  Casey  et al. 1978, R u t t e r  
1974, Schmid et al. 1977, 1980), and  because  the flow 
s t rength  of  calcite is low enough  to pe rmi t  s imple shear-  
ing with the  e x p e r i m e n t a l  p r o c e d u r e  chosen  for  this 
s tudy.  H o w e v e r ,  many of  the resul ts  will be of  genera l  
in teres t  in regard  to o the r  rock - fo rming  minera ls ,  espe-  
cially in r egard  to tex ture  d e v e l o p m e n t  u n d e r  condi t ions  
of  s imple shear .  

A small  n u m b e r  of  s tudies  with s imi lar  aims have been  
car r ied  out  in the  past .  R u t t e r  & Rusb r idge  (1977), 
F r i e d m a n  & Higgs (1981) and Ke rn  & W e n k  (1983) also 
used calci te  rocks ,  and  Bouchez  & Duva l  (1982) per-  
f o rmed  s imple  shear  d e f o r m a t i o n  with ice. R u t t e r  & 
Rusb r idge  (1977) a p p r o x i m a t e d  s imple  shear  by  the  
app l i ca t ion  of  two inc remen t s  of  pu re  shear  at d i f ferent  
angles .  F r i e d m a n  & Higgs (1981) d e f o r m e d  calci te  
gouge under  condi t ions  of  t e m p e r a t u r e  and s t ra in  rates  
which are s imilar  to the  ones  used in our  e x p e r i m e n t s  
and thei r  e x p e r i m e n t a l  p r o c e d u r e  is ident ica l  to the  one  
used in this s tudy.  In  fact,  they  insp i red  one  of  us to carry  
out  more  expe r imen t s .  The  main shor t coming  of  thei r  
p ionee r ing  work  is that  a cohes ionless  gouge  ra the r  than  
a slab of  intact  rock  was used,  Thus ,  the  mic ro fabr i c  of  
the i r  s tar t ing mate r i a l  is fair ly complex  and differs  signifi- 
cant ly  f rom the mic rofabr ic  of  intact  calci te  rock.  T h e r e  
was a large range  in gra in  size, large amoun t s  of  elast ic  
energy  were  s to red  in the  crystals  due  to the  gr inding  
process ,  and compac t i on  and s in ter ing  mus t  have  occur-  
red  dur ing  the expe r imen t .  K e r n  & W e n k  (1983) used a 
very  complex  e x p e r i m e n t a l  a s sembly  which only  approx-  
ima ted  s imple  shear  and  covered  a small  range  in tem- 
p e r a t u r e  and strain ra te .  

i V ' -  
I 

i 

1 e r a  
L _ _ J  

Fig. 1. Sketch of the experimental assembly consisting of two half- 
cylinders of Tennessee sandstone (white) and a wafer of solid rock 
(Solnhofen limestone or Carrara marble, black) deformed in simple 
shear. The shear angle ~p is a function of wafer thickness and axial 

displacement, 

APPARATUS AND TECHNIQUE 

Cylindr ica l  spec imens  of Tennessee  sands tone  (4 cm 
long with a d i a m e t e r  of  1.73 cm) were  p recu t  at an angle  
of  32 ° to the  cy l inder  axis. The  acute  angle  of  the  
hal f -cyl inders  was r o u n d e d  off in o r d e r  to avo id  punc tu re  
of  the  c o p p e r  j acke t  dur ing  the sl iding mo t ion  of  the 
hal f -cyl inders  dur ing  test ing.  Wafe r s  of  So lnhofen  l ime-  
s tone  (grain size 4/~m) and Ca r r a r a  marb l e  (gra in  size 
200/~m) were  cut f rom a cy l inder  at the  same 32 ° angle  
and sandwiched  b e t w e e n  the sands tone  dr iv ing b locks  
(Fig.  1). The  th ickness  of  the wafers  was chosen  to be  1 
m m  or  2.7 m m  (see Tab le  1). The  assembly  was w r a p p e d  
in c o p p e r  foil in o r d e r  to fit t ight ly in the  coppe r  jacket .  

The  c o m p l e t e  assembly  was then m o u n t e d  into a 
t r iaxial  appa ra tu s  desc r ibed  by F r i e d m a n  et al. (1979) 
and d e f o r m e d  u n d e r  condi t ions  of  s t ra in  ra te  and tem-  
p e r a t u r e  l is ted in Tab le  1. The  a p p a r a t u s  is in terna l ly  

Table 1. Experimental data on Solnhofen limestone (ST) and Carrara marble (CT) specimens 

Shear Confining Shear Thickness 
Temp. strain rate pressure stress shear Permanent Microfabric 

Specimen (°C) (s -x) (MPa) (MPa) zone(ram) shear(y) regime 

ST 6 25 4.7 E-4 250 269.2 * 2.84 1.09 TW 
ST 2 500 5.0 E-4 250 149.0t 2.79 1.22 ICS 
ST 1 700 1.0 E-3 250 70.0t 2.74 1.07 ICS 
ST 5 700:i: 5.1 E-4 200 41.0§ 2 67 1),92 GBS 
ST 7 800 3.2 E-4 200 6.2 2,79 l 13 GBS 

9.4 E-4 11.9 
1.9 E-4 4.4 
9.8 E-4 13.2 
3.2 E-4 %0 

ST 4 900 5.1 E-4 200 6.0 § 2.55 1.36 GBS 
CT 9 350 4.2 E-4 200 140.0 II 1.06 l 27 TW 
CT 5 500 5.0 E-4 200 128.5 II 2.73 1,08 TW 
CT I 600 1,0 E-3 250 81.0 iI 2.74 1.22 TW 
CT 6 700 4.7 E-4 200 72.2 * 0.97 285 ICS 
CT 3 700 2.8 E-5 200 52,7 * 2.69 0,79 ICS 
CT 2 800 1.0 E-3 200 39.2 * 2.64 0.63 GBM 
CT 7 800 1.3 E-4 200 39,2 * 1.02 2.74 GBM 
CT 4 900 4.9 E-4 200 25.4 * 2.74 131 GBM 

Ultimate strength. 
+ Steady state stress. 
~+ Bad temperature control (+50°C). 
§ Stress at y = 0.22. 
q Stress at y = 0.5. 

TW Twinning. 
ICS tntracrystalline slip. 
GBS Grain-boundary sliding, 
GBM Grain-boundary migration. 
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Fig. 27. Diagram of the axial rat io of  the strain ellipse (or characteristic 
shape) vs shear strain. Curves represent theoret ical  values: ( t )  for 
shear deformat ion of  circle (i.e. fabric wi th ini t ia l  random or ientat ion 
of  surface); (2) and (3) for shear deformat ion of  ellipse (i.e. fabric wi th 
ini t ial  preferred or ientat ion of  surface). Ax ia l  rat io, b/a, of  fabric 

ellipses is 0.80, in i t ia l  or ientat ion:  a, = 43 ° (2) and (1 i = "73 ° (3). 

1 

2 

4 

Fig. 28. Schematic representation of visually defined and mechanically 
defined grains and grain boundaries. (1) Visually defined grain bound- 
ary, (2) visually defined grain, (3) mechanical grain boundary (zone), 

(4) mechanically coherent grain. 

typically between 0.80 and 0.90; the direction of the 
preferred orientation ranges between 43 and 73 ° with 
respect to the shear-zone boundary. This indicates that 
the initial fabric is not perfectly isotropic or, in terms of 
strain, is not completely undeformed. However, the 
effect of this initial fabric can be neglected (see Appen- 
dix 3 for discussion). 

For CT 9 (350°C), CT 5 (500°C), CT 1 (600°C) and 
CT 6 (700°C), the distribution of grain-boundary sur- 
faces is symmetric, and the characteristic shape, apart 
from digitizing errors, is an ellipse (see Fig. 23). How- 
ever, if an interpretation in terms of strain is carried out 
one finds that the axial ratio, b/a, is consistently too high 
for all samples: compare the shape and orientation of the 
characteristic shapes and the superposed theoretical 
strain ellipses in column (c) of Fig. 23. Similarly, the 
angle of orientation, ap, is consistently too low: compare 
the preferred orientation indicated in the rose diagrams 
with the theoretical values shown as dashed lines, col- 
umn (b) and (e) of Fig. 23. These deviations from the 
theoretical values cannot be explained in terms of the 
pre-existing anisotropy of the initial fabric (see Appen- 
dix 3). As a matter of fact, if the initial fabric were taken 
into account, the deviation from the theoretical values 
would have to be considered even more significant (see 
Fig. 27). 

There is also a remarkable coincidence between the 
results obtained from the surface analysis and those of 
grain-volume analysis. For a given sample, both the 
axial ratio, b/a, and the angle of orientation, ap, deter- 
mined from the surface fabric and from the grain vol- 
umes are practically the same. Thus the deviation of the 
fabric ellipse from the theoretical values of the strain 
ellipse is significant. 

CT 9 (350°C), CT 5 (500°C) and CT 1 (600°C) have 
been deformed in the twinning regime (e-twinning and 
r-slip). On a two-dimensional section parallel to the 
shear direction, twinning leads to non-plane strain on 
the scale of individual grains (see Fig. 11), in other 
words, grains with too high an axial ratio in the x-y plane 
of the thin section are to be expected. On the other hand 
it was demonstrated earlier that the bulk specimen 

deformed in plane simple shear. Thus, either r-slip or 
some other deformation mechanism has to compensate 
for this discrepancy. Since the results of the microstruc- 
tural analysis suggest that the aspect ratio obtained by 
both methods (surface and grain volume) is too high, 
r-slip, i.e. an intragranular deformation mechanism, 
cannot be the only additional deformation mechanism, 
and the possibility of intergranular deformation 
mechanisms has to be investigated. 

A behaviour where grain flattening lags behind the 
theoretical values while rotation is too fast, is to be 
expected for the deformation of stiff grains in a soft 
matrix. In an aggregate where grain-boundary sliding is 
occurring each grain acts as a stiff inclusion in a softer 
matrix: while the grain deforms by intracrystalline defor- 
mation mechanisms only, the bulk of the surrounding 
grains may additionally deform by grain boundary slid- 
ing. Hence. in terms of bulk deformation, the aggregate 
of grains as a whole acts as the softer material when 
compared to an individual gram. 

We now consider CT 6 (700°C), which is deformed in 
the intracrystalline slip regime, the deviation of the axial 
ratio from the theoretical value is more pronounced than 
for the samples deformed in the twinning regime and 
indications of recrystaltization along the grain bound- 
aries can be observed (Fig. 8d). Within these mantle 
regions, slip between grains could be taken up. This 
implies another definition of the grain boundary. A 
more or less narrow zone around the grain boundary 
proper (i.e. the visually defined grain boundary) is inter- 
preted as the mechanically effective grain boundary 
while the extent of the mechanically coherent grain is 
smaller than the volume enclosed by the visually defined 
grain boundary (see Fig. 28). 'Grain-boundary sliding" 
then means displacement of the coherent cores of grains 
past each other along the mechanically 'softer' grain- 
boundary zones. Within the mechanical grain-boundary 
zone the deformation of the visually defined grain boun- 
dary is determined by the governing deformation 
mechanism, i.e. the p T regime. In the case of CT 6 
(700°C), the grain boundary has been located some- 
where within the rotation recrystallization zone. Similar 

visually defined grain boundary

visually defined grain

mechanically defined grain boundary region

mechanically defined core of grain

• every grain boundary is a strain marker
• one mineralogical phase implies one rheology
• grain boundary sliding implies straight 

boundaries
• texture and microstructure go together

!
!
!

!



de
pt

h 
(k

m
)

T
 (

°C
)

Δσ (MPa)

calcite
quartz

brittle

ductile

lithosphere

asthenosphere

olivine
 Moho 

1 Carrara marble
" triaxial gas apparatus
" Texas A&M University
" γ < 3

2 Black Hills Quartzite
" solid medium apparatus 
" Brown University
" γ < 8

3 Olivine-Orthopyroxene
" torsion apparatus 
" University of Minnesota
" γ < 30

lithosphere deformation in the lab



"... der freche Gassenjunge ..."

"....the cheeky street urchin" 
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• regime 1, 2, 3 (lab) versus
• bulging - sgr - gbm (field)
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her Grigg's apparatusJan Tullis and ...

Tullis [1992], like most others on quartzite, were done in
axial compression, a geometry seldom found in nature and
one that greatly limits the strain that can be achieved. A
shear geometry is much more useful, but the Paterson gas-
medium torsion apparatus cannot be used due to its low-
pressure limitations [Kronenberg and Tullis, 1984; Tullis
and Yund, 1989]. Early high-pressure shear experiments by
Dell’Angelo and Tullis [1989] utilized a slice of quartzite
between 45! cut pistons loaded axially, and both the SC0

microstructures and the asymmetric c axis CPOs of the
porphyroclasts of their samples are similar to those observed
in some low-temperature and low-shear strain natural
quartzites. However, these experiments were performed at
a relatively low temperature, with only very minor recrys-
tallization, and to low shear strains.
[5] Recently, we have deformed slices of fine-grained

quartzite in general shear (shear plus thinning) in each of the
3 dislocation creep regimes, characterized by different
recrystallization mechanisms. Some initial results were
presented by Heilbronner and Tullis [2002]. In this paper
we focus entirely on samples sheared at higher temper-
atures, where dynamic recrystallization occurs by subgrain
rotation and grain boundary migration (regime 3 of Hirth
and Tullis [1992]), and with shear strains up to 8. We have
developed new methods of microstructural image analysis
which allow us to quantify and track the complex changes

in c axis CPO as well as the changes in recrystallized grain
size that occur with progressive shear and increasing extent
of recrystallization. As will be demonstrated, our results are
strikingly similar to observations of quartzites naturally
sheared at moderate grades of metamorphism.

2. Experimental Details

[6] All experiments utilized Black Hills quartzite (BHQ),
a fine-grained (d ! 100 !m), 99% pure orthoquartzite with
no deformation microstructures or c axis CPO; the same
material was used in previous experiments [e.g., Hirth and
Tullis, 1992; Heilbronner and Tullis, 2002]. Shearing
experiments were carried out using an all-NaCl assembly
in a Griggs-type deformation apparatus, using the sample
assembly described by Heilbronner and Tullis [2002]. Thin
slices (<2 mm) of quartzite were placed between two 45!
precut forcing blocks cored from Brazil quartz single
crystals (Figure 1). Four experiments were performed in
dislocation creep regime 3 (as defined by Hirth and Tullis
[1992]) to varying total shear strains ". Experiments were
conducted at a confining pressure of 1.5 GPa and an
approximately constant axial shortening rate of 1.2 "
10#6 s#1 which translates to a shear strain rate of 1.25 to
2 " 10#5 s#1 (see Table 1). One sample was sheared at
900!C and the other three at 915!C; all had !0.17 wt %
water added from pyrophyllite placed at the ends of the
shear pistons, inside the weld-sealed Pt jacket. The exper-
imental conditions and data are listed in Table 1.
[7] All samples underwent minor progressive thinning

together with the progressive shear strain, but there was
very little increase in sample diameter within the shear plane
normal to the shear direction; thus the overall strain geo-
metry was close to plane strain. The shear strain was
calculated with respect to the progressively thinned sample
thickness. The shear stress–shear strain curves are shown in
Figure 2. The curves shown here differ slightly from those
published previously [Heilbronner and Tullis, 2002], due to
an improved correction for the changing area of overlap of
the shear pistons. In the original program it was assumed
that the active contact area (piston overlap) is the projection
of the ellipse parallel to the compression axis (vertical on
Figure 1) resulting in a maximum overlap area at the
starting position. In the new program, it is assumed that
the active contact area is the projection of the ellipse normal
to the shear plane. As a consequence, on a 45! incline, the
maximum overlap is reached at a shear strain of 1, and after
that it decreases again. In the corrected curves (Figure 2),
the peak stresses are attained at smaller shear strains and the
flow stresses are lower by !100 MPa. The slight increase in
flow stress at high strains (W965 and 935) is probably due
to the faster strain rate that results from the progressive
sample thinning.

Figure 1. Geometry of experimentally sheared Black
Hills quartzite samples. (a) Jacketed sample after general
shear deformation: BHQ sheared between 45! precut
Brazil quartz pistons (total undeformed length $ 15 mm,
diameter = 6.3 mm), which are able to slide horizontally
relative to the upper and lower ZrO2 pistons. (b) Thin
section of sheared BHQ sample and Brazil quartz pistons
under circularly polarized light. Horizontal cracks in the
pistons result from unloading.

Table 1. Experimental Conditionsa

Experiment T, !C Pc, GPa Thickness, mm _", s#1 "flat, % "tot emag t, s

W920 900 1.50 2.03 1.25 " 10#5 20 2.1 1.3 1.68 " 10#5

W1010 915 1.55 1.27 1.98 " 10#5 19 2.7 1.6 1.28 " 10#5

W935 915 1.50 1.27 1.98 " 10#5 46 5.8 2.5 2.02 " 10#5

W965 915 1.55 1.25 2.01 " 10#5 40 6.9 2.8 2.41 " 10#5

aValues are for T, temperature; Pc, confining pressure; thickness, original thickness of sample; _" shear strain rate; "flat, thinning strain (percent of original
thickness); "tot, total bulk shear strain; emag, strain magnitude; t, duration of experiment. All samples had 0.17 wt % H2O added.
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[8] Each deformed specimen was cut along a plane
parallel to the cylinder axis and the shear direction, and
extra thin (<20 !m), doubly polished sections were pre-
pared (Figure 1). In two of the samples (W1010 and W965)
the deformation was heterogeneous, with higher strain
regions adjacent to the opposite ‘heels’ of the top and
bottom shear pistons; only one sample (W935) deformed
homogeneously. Thus it was possible to select, from the
4 samples, six areas for analysis which had local shear strains
that differ from the total (or average) sample shear strain
(Figure 3). From sample W920 (total shear strain "tot = 2.1)
one site with an estimated local shear strain of " ! 1.5 was
used; from sample W1010 ("tot = 2.7) two sites with local
shear strains of " ! 2.5 and " ! 4 were taken (W1010a and
b, respectively); from sample W935 ("tot = 5.8) one site
with " ! 6 was used; and from sample W965 ("tot = 6.9)
two sites with " ! 5 and " ! 8 were selected (W965a and b,
respectively). In the remainder of the paper we will there-

Figure 2. Shear stress–shear strain curves for the four
samples used in this study; for deformation conditions and
percent thinning see Table 1.

Figure 3. Optical microstructures of the sample areas analyzed in this study, including undeformed
Black Hills quartzite and deformed samples arranged in order of increasing shear strain (Figures 3a to 3g).
Photographed using circular polarization; the look-up table (pole figure) is shown at the top of the right
column: white is c axes in plane of thin section; black is c axes normal to section plane.
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fore distinguish four samples (W920, W1010, W935 and
W965) and six sites of regime 3 microstructures (W920,
W1010a, W1010b, W965a, W935 and W965b).

3. Methods and Results of Analyses

[9] The selection of the sample sites was made by visual
inspection, based on the amount of recrystallization, and the
sites were arranged in order of increasing recrystallization.
Using ! ! 6 for the homogeneously deformed sample

W935 (total shear strain ! = 5.8, see Table 1), a first
relative strain estimate was made for all sites. It is clear
that in the absence of strain markers, the absolute shear
strain cannot be measured; the problem of strain estimation
is taken up in section 4.

3.1. Microstructures

[10] The optical microstructures in the 6 areas analyzed in
detail in this study are illustrated in Figures 3 and 4 and
briefly described here. All of the photomicrographs are

Figure 4. Orientation images of the sample areas analyzed in this study, including undeformed Black
Hills quartzite and deformed samples arranged in order of increasing shear strain (Figures 4a to 4g),
covering detail of optical microstructures shown in Figures 3a to 3g. Images are calculated using
computer-integrated polarization microscopy (CIP [Heilbronner, 2000a, 2000b]); pole figure color key
illustrates the orientation domains utilized in our analyses. Note that the two c axis orientations for glide
on rhomb planes (red and blue) have been differentiated.
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shows that the grain size of the rhomb domains is slightly
smaller (0.8 to 0.9 times) than the average for the whole
sample, from the lowest to the highest strain. In contrast, the
grain size of the prism domains is !1.2 to !1.4 times larger
than the average recrystallized grain size. Both the rhomb
and the prism recrystallized grain sizes are already estab-
lished at relatively low shear strains, although up to inter-

mediate strains the average grain size is influenced by the
presence of a few surviving porphyroclasts. In the basal
domain, in contrast, at low strains many old grains are still
present, resulting in relatively low grain boundary densities
(Figure 12a) and a relatively large average grain size
(Figure 12b). Complete recrystallization is only reached
after ! " 5. Figure 13 shows details of the recrystallized

Figure 11. Illustration of the derivation of grain boundary density, using a portion of the analyzed area
of sample W935. (a) Orientation gradient image. Darker pixels correspond to higher orientation gradients
between that pixel and its neighbors. (b) Histograms of the orientation gradient image (Figure 11a). The
X axis denotes the angular difference (orientation gradient); the Y axis denotes the density (%). The
threshold value for grain boundaries used in Figures 11d and 11f is indicated. Orientation gradients above
the threshold (11!) count as grain boundaries. Three curves indicate the distribution of orientation
gradients of the entire analyzed area (all), of the prism domain (prism), and the rhomb domain (rhomb);
mode and median values are indicated. (c and e) Masked orientation gradient images, showing the rhomb
and prism domains (light areas) separately. (d and f) Threshold orientation gradients with grain
boundaries (black) superposed on the area of the rhomb and prism domains (light gray); the threshold is
set at 11! (see Figure 11b.).
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grain size of the prism domain (dark in circular polarization)
compared to the grain size of other domains (lighter grey).

3.5. Shape and Strain of Orientation Domains

[34] In order to evaluate the shape change of the different
orientation domains during progressive shear, and thus
assess the evolving differences in viscosity between the
domains, we calculated the autocorrelation function (ACF)
of the domain bitmaps (Figure 9). The shape of the domains
is quantified in terms of the aspect ratio, a/b (long/short
axis), of the best fit ellipse to a selected ACF contour line,
and the angle of rotation, !, of the long axis of the best fit
ellipse in the sense of the applied shear (where ! = 0! is
normal to the "1 direction). A similar application of the
ACF is described by de Ronde et al. [2005].
[35] The ACFs of four domains are shown in Figure 14.

In Figure 14a, the ACF is contoured by strength of
correlation: five levels from 2/8 to 6/8 of the maximum of
the ACF are indicated by five grey levels. The inset shows
how the contour levels are defined. In order to quantify the
shape and size of areas in the domain bitmap that are highly
correlated, we use the contour at the 4/8 level, i.e., at 50% of
the ACFmax or half of the maximum correlation. At zero
deformation (Figure 14a, top) in all domains, this contour
has a diameter of 40 to 50 #m whereas at higher strains, the
average diameter of the same contour decreases to approx-
imately 10 and 6 #m for the prism and the rhomb domains,

respectively. If we think of these highly correlated areas as
grains, we notice that the 4/8 contour tracks a grain size
decrease (due to recrystallization) of approximately 5:1,
with the grain size of the prism domain being larger than
that of the rhomb domain.
[36] For an unbiased estimation of the absolute grain size

(of equant particles), we have to use the contours at 39% of
ACFmax [see Panozzo Heilbronner, 1992]. The nearest
contour we have calculated is at 3/8 = 37.5% of ACFmax.
At that level, the derived grain size of the undeformed BHQ
is !75 #m, which is a good estimate for the 2-D average
grain size if the 3-D average grain size is !100 #m.
However, in the more highly sheared samples, the contig-
uous areas which display an autocorrelation of "37.5% of
the ACFmax consist of a mixture of old grains and recrystal-
lized grains in various proportions and states of coalescence.
As a consequence the resulting measurement overestimates
the recrystallized grain size, yielding !30 and !25 #m,
respectively, or !38 and !32 #m in three dimensions.
[37] In Figure 14b (note the difference in scale), the ACFs

are contoured by size; five levels are selected such that the
Figure 12. Grain boundary density and relative grain size
in different c axis domains as a function of strain, derived
from threshold orientation gradient images as described in
text. (a) Grain boundary density of different c axis
orientation domains as a function of increasing shear strain
and recrystallization. The data point at zero strain refers to
the starting BHQ. The heavier line (=30! girdle) represents
the sum of all three orientation domains whose trends are
shown separately. (b) Grain size (with respect to the average
grain size) derived by inverting the grain boundary density.
Rhomb and prism domains are fully recrystallized at $ =
1.5, whereas the basal domain is not fully recrystallized
until $ ! 5.

Figure 13. Optical micrographs (using circular polariza-
tion) illustrating the difference in recrystallized grain size
between the prism, the rhomb, and other domains. Details of
samples with low and high volume percent recrystallization
are shown. (a) W920 with $ ! 1.5. (b) Prism domain of
W935 with $ ! 6. Grains of the prism domain appear black;
grains of the rhomb domain are gray and grains of the basal
domain light. Note larger size of prism grains (arrow in
Figure 13a) compared to grains of other orientations.
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grain size of the prism domain (dark in circular polarization)
compared to the grain size of other domains (lighter grey).

3.5. Shape and Strain of Orientation Domains

[34] In order to evaluate the shape change of the different
orientation domains during progressive shear, and thus
assess the evolving differences in viscosity between the
domains, we calculated the autocorrelation function (ACF)
of the domain bitmaps (Figure 9). The shape of the domains
is quantified in terms of the aspect ratio, a/b (long/short
axis), of the best fit ellipse to a selected ACF contour line,
and the angle of rotation, !, of the long axis of the best fit
ellipse in the sense of the applied shear (where ! = 0! is
normal to the "1 direction). A similar application of the
ACF is described by de Ronde et al. [2005].
[35] The ACFs of four domains are shown in Figure 14.

In Figure 14a, the ACF is contoured by strength of
correlation: five levels from 2/8 to 6/8 of the maximum of
the ACF are indicated by five grey levels. The inset shows
how the contour levels are defined. In order to quantify the
shape and size of areas in the domain bitmap that are highly
correlated, we use the contour at the 4/8 level, i.e., at 50% of
the ACFmax or half of the maximum correlation. At zero
deformation (Figure 14a, top) in all domains, this contour
has a diameter of 40 to 50 #m whereas at higher strains, the
average diameter of the same contour decreases to approx-
imately 10 and 6 #m for the prism and the rhomb domains,

respectively. If we think of these highly correlated areas as
grains, we notice that the 4/8 contour tracks a grain size
decrease (due to recrystallization) of approximately 5:1,
with the grain size of the prism domain being larger than
that of the rhomb domain.
[36] For an unbiased estimation of the absolute grain size

(of equant particles), we have to use the contours at 39% of
ACFmax [see Panozzo Heilbronner, 1992]. The nearest
contour we have calculated is at 3/8 = 37.5% of ACFmax.
At that level, the derived grain size of the undeformed BHQ
is !75 #m, which is a good estimate for the 2-D average
grain size if the 3-D average grain size is !100 #m.
However, in the more highly sheared samples, the contig-
uous areas which display an autocorrelation of "37.5% of
the ACFmax consist of a mixture of old grains and recrystal-
lized grains in various proportions and states of coalescence.
As a consequence the resulting measurement overestimates
the recrystallized grain size, yielding !30 and !25 #m,
respectively, or !38 and !32 #m in three dimensions.
[37] In Figure 14b (note the difference in scale), the ACFs

are contoured by size; five levels are selected such that the
Figure 12. Grain boundary density and relative grain size
in different c axis domains as a function of strain, derived
from threshold orientation gradient images as described in
text. (a) Grain boundary density of different c axis
orientation domains as a function of increasing shear strain
and recrystallization. The data point at zero strain refers to
the starting BHQ. The heavier line (=30! girdle) represents
the sum of all three orientation domains whose trends are
shown separately. (b) Grain size (with respect to the average
grain size) derived by inverting the grain boundary density.
Rhomb and prism domains are fully recrystallized at $ =
1.5, whereas the basal domain is not fully recrystallized
until $ ! 5.

Figure 13. Optical micrographs (using circular polariza-
tion) illustrating the difference in recrystallized grain size
between the prism, the rhomb, and other domains. Details of
samples with low and high volume percent recrystallization
are shown. (a) W920 with $ ! 1.5. (b) Prism domain of
W935 with $ ! 6. Grains of the prism domain appear black;
grains of the rhomb domain are gray and grains of the basal
domain light. Note larger size of prism grains (arrow in
Figure 13a) compared to grains of other orientations.
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"...the recrystallized grain size of 
the rhomb domain is approx. 12 !m and 
that of the prism domain is approx. 19 !m, 
corresponding to shear stresses of 93 and 64 MPa..."

check the grain size in the Y domain



Y domain = 2 subdomains

subdomain 1

subdomain 2

Y domain

CIP



⇒ τ = 86 MPa

2Ys - domain non-2Ys - domain13.8 µm

⇒ τ = 114 MPa

h(d)  2D
v(D)  3D

17.6 µm

we actually got it right !

d (µm)
0 50 µm



what do we learn ?

• orientation images "... says more than a 
thousand pole figures"
• EBSD grains ≈ optical grains (CIP grains) 
• 3D grain size distributions are not what we 

see in 2D
• shear piezometer ≠ coaxial piezometer
• recrystallized grain size depends on CPO
• one mineralogical phase ≠ one rheology
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calcite
quartz

brittle

ductile

lithosphere

asthenosphere

olivine
 Moho 

1 Carrara marble
" triaxial gas apparatus
" Texas A&M University
" γ < 3

2 Black Hills Quartzite
" solid medium apparatus 
" Brown University
" γ < 8

3 Olivine-Orthopyroxene
" torsion apparatus 
" University of Minnesota
" γ < 30

lithosphere deformation in the lab



ε! = A· Δσn· dm· exp(-Q/RT)

1 GPa

10 MPa

0.1 MPa
(1 bar)

Tmelting

dislocation creep

diffusion creep  
(surface) (volume)

getting weak in the knees

ε! = A· Δσn· exp(-Q/RT)

from dislocation creep to diffusion creep



grain boundary sliding

granular flow

diffusion creep  

ordered random clustered

how diffuse is diffusion creep?
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Miki Tasaka Mark Zimmerman David Kohlstedt

Gas medium High pressure Torsion apparatus (UMN)

pc = 300 MPa 
T = 1200°C
γ! = 2.6· 10-5 to 6.8· 10-4 s-1

τ = 35 to 226 MPa
up to γ ~ 26

powder mixture
70% iron-rich olivine
30% orthopyroxene
hotpressed @1200°C

going to high strains



50 µm

undeformed sheared  (γ = 1.9)

= !

Tasaka et al. (in prep)

diffusion creep ≠ random



what do we learn

• random does not 'look random'
• diffusion process does not always create 

random distribution
• starting material is not randomly mixed



so what do microstructures tell us ?

more than you want
not what you expected
confusing stories

... for thought
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