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ABSTRACT

The fracture strength of amphibole is estimated with the aim of extending the applicability of the
microboudin method to palaeostress analysis. Before estimating the fracture strength of amphibole, it is
necessary to evaluate the influence of the size effect on fracturing. Among the three models of size effect
(effective-length, effective-area, and effective-volume), the effective-length model is found to be the
most suitable in our microboudinage analysis of a metachert from Turkey that contains numerous
microboudinaged amphibole grains of variable width embedded within a quartz matrix. Taking into
account the influence of the size effect on fracturing, we undertook a comparative microboudinage
analysis of the metachert sample, which also contains coexisting microboudinage structures of
tourmaline and epidote. The analysis revealed an instantaneous-fracture strength for amphibole
of 80 MPa for a 1 mm cube. The far-field differential stress (gp), calculated based on amphibole
microboudinage structures and considering the effect of the fatigue limit, is 6g = 81(%)1/ 2, where 2 is the
dimensionless stress parameter determined by microboudinage analysis and w is the mean width of

amphibole grains.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

The nature of palaeostress within orogenic belts is a funda-
mental parameter in gaining a quantitative understanding of
geodynamic processes within the earth; however, there exists no
reliable and practical method for estimating the components of the
absolute magnitude of the palaeostress tensor. In the 1970s, three
metallurgical methods of stress analysis were introduced, based on
grain size, subgrain size, and dislocation density; these methods
have since been widely used to estimate palaeodifferential stress
during plastic deformation within orogenic belts (e.g., Mercier
et al,, 1977; Twiss, 1977, 1986; Weathers et al., 1979; Kohlstedt and
Weathers, 1980; Ord and Christie, 1984; Kiister and Stockhert, 1999;
Stipp and Tullis, 2003). These metallurgical methods assume
steady-state deformation and no post-tectonic annealing, which
are likely to be invalid assumptions when considering orogenic
processes (e.g., White et al.,, 1980; Passchier and Trouw, 2005;
Masuda et al, 2007). Methods based on calcite twins and
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microboudins have subsequently been proposed for palaeostress
analysis based on observations of microstructures in deformed
rocks (e.g., Jamison and Spang, 1976; Masuda et al., 1989, 2003;
Burkhard, 1993; Kimura et al., 2006; Lacombe, 2007). The advan-
tage of these methods is their applicability to cases involving non-
steady-state deformation.

The microboudin method is based on the proportion of bou-
dinaged mineral grains with respect to applied differential stress.
As this proportion is not linearly related to the applied stress, the
method involves some complexities. In the microboudin method,
it is essential to determine the magnitude of fracture strength for
microboudinaged minerals in estimating palaeodifferential stress
(e.g., Masuda et al,, 2003). Kimura et al. (2006) experimentally
determined the magnitude of instantaneous-fracture strength for
tourmaline and epidote, meaning that these two minerals can
now be used for quantitative palaeostress analysis. Amphibole is
also a potentially useful mineral for microboudinage analysis
because it is a common rock-forming mineral (e.g., Ernst, 1968;
Leake, 1968; Papike, 1969; Veblen, 1981); however, the fracture
strength of amphibole has yet to be determined experimentally
because of difficulties in preparing amphibole specimens of
treatable size.
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With the aim of enabling the use of amphibole microboudins
in palaeostress analysis, the present study quantitatively evaluates
the size effect for fracturing in terms of naturally occurring sub-
millimetre-scale amphibole grains, and then indirectly determines
the fracture strength of amphibole based on coexisting
microboudinage structures of sodic amphibole, tourmaline, and
epidote in a single sample of naturally deformed metachert from
central Turkey.

2. Sample description

The analysed sample is a pebble of metachert collected from
a Cretaceous high-pressure metamorphic belt in Eskisehir, central
Turkey (e.g., Okay et al., 1998; Okay, 2002). Peak metamorphic
conditions for the belt are estimated to have been 430°C and
2.4 GPa (Okay, 2002). The sample is the same as that described in
Masuda et al. (2004b, 2008).

The sample is dominantly composed of quartz, with subordinate
sodic amphibole, tourmaline, epidote, garnet, muscovite, apatite,
chlorite, and opaque minerals. The sample contains a clearly
developed foliation defined by the shape-preferred orientation of
muscovite and bands of contrasting colour. A weak lineation upon
the foliation surface is defined by the alignment of columnar
minerals (sodic amphibole, tourmaline, and epidote). Because the
long axes of columnar minerals are variably oriented upon the
foliation surface (Fig. 1), the orientation of the lineation is deter-
mined using a statistical method (Masuda et al., 1999, 2004b). The
calculated orientations of mineral lineations defined respectively
by sodic amphibole, tourmaline, and epidote fall within 6. As in
Masuda et al. (2004b, 2008), the orientation of the lineation in the
present sample is defined by the alignment of sodic amphibole
grains. No folding is apparent in the sample.

Columnar mineral grains of amphibole, tourmaline, and epidote
are classified into three orientations: p- and c-orientations, and
others. p-orientation grains are those with long axes oriented
parallel to the lineation (+15°), and c-orientation grains are those
with long axes oriented perpendicular to the lineation (£15°)
(Fig. 1b,c). For a given mineral species, the number of p-orientation
grains is 4-5 times greater than the number of c-orientation grains.

Three columnar minerals (sodic amphibole, tourmaline, and
epidote) exhibit microboudinage structures within the quartz
matrix of the sample (Fig. 2). The microboudinage structures are
similar to those described in previous papers (e.g., Masuda et al.,
1989, 1995, 2003, 2004b, 2008), with columnar mineral grains being
fractured nearly perpendicular to their long axes and microboudins
being pulled apart parallel to the long axes, without any evidence of
significant rotation during microboudin development. The lack of
rotation indicates that a pure shear component was predominant on
the foliation surface, suggesting coaxial bulk deformation during
microboudinage: if non-coaxial deformation had been predomi-
nant, the boudins would have been arranged asymmetrically (e.g.,
Goscombe et al., 2004; Passchier and Trouw, 2005). In the following
analysis, it is assumed that the maximum principal stress o1 acted
perpendicular to the foliation, while the minimum principal stress
o3 acted parallel to the lineation, as shown in Fig. 1a. The pure shear
strain during microboudinage in the analysed sample is also
discussed in detail in Masuda et al. (2004b).

Amphibole overgrowths occur locally on the fracture plane in
the interboudin gap within sodic amphibole crystals (Fig. 2f-h),
whereas no overgrowths are apparent within tourmaline or
epidote microboudins. Electron probe microanalysis reveals that
the host sodic amphibole is mostly glaucophane, while the
overgrowth phase is magnesioriebeckite (Masuda et al., 2004b).
The amphibole nomenclature employed in the present study
follows that of Leake et al. (1997).
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Fig. 1. (a) Schematic of the orientation of the principal stress axes (o1 > 03 > 03)
acting on the analysed metachert sample at the time of microboudinage. The ¢ axis is
assumed to be perpendicular to the foliation, and the g3 axis is parallel to the lineation
on the foliation surface. (b) Definition of p- and c-orientation grains on the foliation
surface. p-orientation grains (pink) are those with long axes oriented parallel to the
lineation (4+15°), and c-orientation grains (blue) are those with long axes perpendic-
ular to the lineation (£15°). The orientation of the lineation can be determined using
a statistical method (Masuda et al., 1999, 2004b). (c) Photomicrograph of the metachert
sample on the foliation surface. The orientation of the mineral lineation is indicated by
the dashed line. The long axes of sodic amphibole grains are variably oriented.
p: p-orientation grains, c: c-orientation grains. Plane polarized light. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web
version of this article.)

3. Principle of size-effect analysis
3.1. Relationship between S* and 1 of different groups of grains

The microboudinage analysis undertaken by Masuda et al
(2003) provides the relationship between the far-field differential
stress applied to the sample (gp) and the mean fracture strength
(the modal-extension fracturing) of the microboudinaged mineral
at a unit aspect ratio (S*):

*

oo = AS, (M

where A is the dimensionless stress parameter, which is related to
the proportion of microboudinaged grains relative to the total
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Fig. 2. Photomicrographs of metachert cut parallel to the foliation. In all cases, the orientation of the lineation is parallel to the base of the photomicrograph. (a) p-orientation sodic
amphibole, (b) c-orientation sodic amphibole, (c) p-orientation tourmaline, (d) c-orientation tourmaline, (e) p-orientation epidote. (f) Example of the pattern of Fe zoning within
amphibole boudins, as analysed using an EPMA (JEOL 8900) housed at AIST, Japan. The host amphibole is glaucophane, and the amphibole overgrowths in the interboudin gap
(yellow-green colour) are magnesioriebeckite. Increasing Fe content is indicated by the gradation from bluish to reddish colours. Black areas are quartz. (g) Photomicrograph of
magnesioriebeckite overgrowths (dark blue areas bordering the interboudin gap). Note that there are no overgrowths in the smaller interboudin gaps. Plane polarized light.
(h) Same view as in (g), but crossed polarized light. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

number of grains. S* is influenced by temperature, pressure, size of
microboudinaged grains, subcritical crack growth (fatigue), and
other possible environmental factors. If the microboudinage analysis
is performed separately for groups of grains of contrasting size within
a single sample, the size effect can be investigated as follows.

Consider two representative groups (A and B) of sodic amphi-
bole grains. The above relationship can be rewritten as

g = /\AS; (2)
and
00 = S, (3)

where the subscripts A and B denote the respective groups. gg has
the same value in both of these equations, as the value is given for
the metachert sample as a whole. Thus,

AAS; = ABSE = 09p. (4)

In this case, gy, S};, and S; cannot be determined independently;
instead, the ratio of S; to S}, is used, as given by

Sp_ M

S, g ()

3.2. Size-effect models

Three models of the size effect for fracture strength have been
proposed based on the weakest-link theory of Weibull (1951): the
effective-volume, effective-area, and effective-length models (e.g.,
Davidge, 1979; Matsuo et al., 1987; Awaji, 2001; Kimura et al,,
2006). These models are concerned with the location of critical
microcracks that become sites for initial fracture propagation. If
such microcracks are found internally within amphibole grains, the
effective-volume model is applied; if they are located on the surface
of amphibole grains, the fracturing should obey the effective-area
model; and if confined to the edges of columnar amphibole grains,
the effective-length model is applied.

In the following theoretical analysis, rectangular prisms are
assumed for the shape of boudin materials. Before examining
the influence of size on the fracture strength of groups A and B

(S, and Sp), the modal fracture strength of cubic grains with
two specific sizes (i.e., cube width) must be considered. S;‘V] and
S, are defined as the modal fracture strengths for widths of wy
and w; (i.e., widths of microboudins; see Fig. 3a). The relation-
ship between S, and S,, is given by the effective-volume

model:

Swz _ (M)” " (6)
Swi Vivz 7

where m is the Weibull modulus, and V,,; and V,,, are the effective
volumes of grains with widths wq; and w,, respectively (e.g.,
Davidge, 1979; Awaji, 2001). The effective-volume at width w; can
then be calculated by

7 1/m
Vi = [ av, (7)
v Omax

where omax is the maximum differential stress generated in the
grains, ¢ is the differential stress given as a function of location in
the grain, and V is a dummy parameter for volume. In this case of
microboudinage analysis, ¢ is approximated by the shear-lag model
for fibres, as presented by Zhao and Ji (1997):

Eq \ cosh(dx)
=Eee|1—[1-2 )= 8
7 fe[ ( Ef> cosh(él) |’ (8)
where E; and Ef are the elastic constants of the matrix (quartz)
and microboudin minerals (amphibole), respectively; ¢ is the far-
field strain; [ is the length of the microboudin or intact grain; x is

a variable that denotes the location in the grain (Fig. 3b); and ¢ is
expressed as

_2
T w

E, 12
(1 + vq)ln(R/ro)Ef} ’

where vq is Poisson’s ratio for the matrix, and R and rp are the mean
distance between adjacent fibres (microboudin minerals) and the
fibre radius, respectively (Masuda et al., 2003). Although Eq. (8)
is not simple, the value of ¢ is close to that of gm,x in the central
three-quarters of the grain (Fig. 3b); thus, the assumption that

9)
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Fig. 3. (a) Definitions of the measured dimensions of microboudinaged (top) and
intact grains (bottom). The aspect ratio is calculated as r = L/W (L = length, W = width).
L; and G; are used to reconstruct the history of microboudinage following the method
proposed by Ferguson (1981). (b) Distribution of differential stress (¢) in fibres
according to the shear-lag model, after Zhao and Ji (1997). o}, is equivalent to the far-
field stress, [ is the grain length (for both microboudinaged and intact grains), and x is
a variable that denotes the location in the grain. The maximum stress occurs at the
centre of the grain, but the stress around the central three-quarters of the grain is
almost equivalent to the maximum value. (¢) Schematic of progressive microboudinage
with increasing strain. The bottom figure shows the final microstructure observed
under an optical microscope, while the two middle figures show intermediate stages
restored using the strain reversal method (e.g., Ferguson, 1981); the top figure shows
the original intact grain. Large arrows show the progression of microboudinage, and
small arrows show the path of restoration from the present microstructure to the
original intact grain. r1-rs are the aspect ratios of the different grains that existed
throughout the history of microboudinage. r4 and rs are restored values for grains
fractured (microboudinaged) in the past. Values of ¢;,, represent the strain at which
fracturing occurred. In this case, fracturing events occurred at ¢;,, = —0.34 and —0.48.
The treatment of the grains changed on reaching the ¢, values at fracturing. For
example, the r4 grain was fractured at ¢;,,, = —0.34; it was counted as an intact grain at
&iny< —0.34 and as a microboudinaged grain at —0.34 < ¢jp,. For —0.34 < ¢jp,, the
fragments (grains ry and r3) of the microboudin (grain r4) were newly counted as intact
grains. Accordingly, there exist two microboudinaged grains (r4 and rs) and 3
intact grains (ry, 2, and r3) when —0.34 < ¢;,,, one microboudinaged grain (rs) and 2
intact grains (r3 and r4) when —0.48 < ¢,y < —0.34, and 1 intact grain (rs) when
iny < —0.48.
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Fig. 4. Frequency distribution of grain widths of sodic amphibole prior to micro-
boudinage. Grains are classified into six groups (A-D and two other groups). For details
of the groupings, see the main text.

0/0max = 1in the fibre is considered to be a practical approxima-
tion. Equation (7) can therefore be rewritten as

Vi = /dv = wi. (10)
v

Similarly,

Viz = wi. (11)

Thus, Eq. (6) can be replaced by

Swr _ (m)”"’, (12)

S:v %)

1

This equation is pertinent only to grains of width wy or wy. As
groups A and B usually consist of many grains with a range of
widths, the values of Sy, ,S,,, wi, and w; are assumed to be
replaceable by S;,SE,WA, and wp, respectively, as given by

group A

group C

Frequency

09 06  -0.3 0-09 -06 -03 @
Inverse natural strain, ..

Fig. 5. Frequency distribution of fracturing with respect to inverse natural strain (g,
with steps of 0.01) for sodic amphibole in each group of grains.
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S* __\3/m

2= <ﬂ> ., (13)
SA Wpg

where S; and S; are representative modal fracture strengths for
groups A and B, respectively, and W, and Wg are the geometric
means of the widths of each group. For justification of the
geometric mean, see Appendix 1.

The relationships according to the effective-area and effective-
length models are assumed in a similar manner, as

% __\2/m
Sp_ (Wa (14)
Sy Iz

and

* N\ 1I/m
S5 (Wa) (15)
S wg ’

respectively. Thus, Egs. (13)-(15) can be unified as
% .\ Z/m
S
B2 (16)
Sy Wpg

where z=1, 2, or 3 according to adoption of the effective-length,
effective-area, or effective-volume model, respectively.

3.3. Determination of a suitable size-effect model

The following equation can be derived from Egs. (5) and (16):

p wi \ "

A_ [ ZA
i ()" )
We replace A by X and B by D in this equation for the convenience of
later analysis:

p wr \ "

X _ (X

which is equivalent to

log x = ilog Wx (19)
AD m Wp ’

where X is the dummy suffix denoting A, B, or C. Plotting the values
of Ax, Ap, Wy, and Wp on a diagram of log(4x/Ap) versus log(Wx/Wp)
enables z/m to be calculated. The values of A, Ap, Wy, and wp are
determined via the microboudinage analysis described below.

4. Analytical procedure of the microboudin technique

The detailed procedure employed in microboudinage analysis is
reported in Masuda et al. (1989, 1990, 2003) and Kimura et al.
(2006), and is described briefly below.

4.1. Measurement of sodic amphibole morphology

We analysed p-orientation sodic amphibole grains (Fig. 1b,c). We
measured the lengths and widths of intact grains, and the lengths,
widths, and interboudin-gap distances of microboudinaged grains
(Fig. 3a).

The morphology of the host amphibole part (glaucophane) is
regarded as that of the initial intact grain before microboudinage.
Amphibole overgrowths (magnesioriebeckite) were ignored when
measuring interboudin gaps between sodic amphibole microboudins,
because the overgrowths developed after the opening of the inter-
boudin gap and therefore had no influence on the timing of fracturing.

4.2. Grouping of sodic amphibole grains

The distribution of grain widths for sodic amphibole (Fig. 4) is
used as the basic data for the size-effect analysis. The grains are



N. Kimura et al. / Journal of Structural Geology 32 (2010) 136-150

141

&= -0.20 &n= -0.10 &= -0.05 &= 0
600
w = 0.056 mm w = 0.055 mm w = 0.056 mm — W = 0.057 mm
400
] ] group A
ool _
0 — —
800 w = 0.091 mm w = 0.091 mm w = 0.091 mm ] w = 0.092 mm
roup B
400 9
>
O
o
5 0
o B B - B -
[0} w=0.12mm w=0.12 mm w=0.12mm w=0.12 mm
ful 800
L
200 group C
0
600
w=0.17 mm w=0.17 mm w=0.17 mm W = 0.17 mm [7]
400
group D
200 I'I:I —|
L b |

o 1 2 3 0 1 2 3 0

i 2 3 0 1 2 3

log (width), um

Fig. 7. Frequency distributions of the width of sodic amphibole grains (groups A-D) at ¢, =0, —0.05, —0.10, and —0.20. W indicates the geometric mean width of the grains.

classified into six groups (A-D and two other groups) with respect to
width (Fig. 4), and the data for groups A-D are used for the size-effect
analysis. The critical widths that represent the boundaries between
neighbouring groups for groups A-C are chosen arbitrarily such that
similar numbers of grains (~350) are assigned to each of the three
groups. The range of widths for group D is taken such that it occupies
the same interval as that for group A. Grains of >200 pm in width are
not considered in this analysis, as the range would then be too wide;
grains of <30 pm in width are also not considered, as the number of
grains of this size is too small to yield reliable data from the analysis.

4.3. Reconstruction of microboudinage history

All grains that existed during the period of microboudinage
were restored to their pre-boudinage shapes using the strain
reversal method (Ferguson, 1981; Lloyd and Condliffe, 2003 ), which
gives the partial plastic natural-log strain of the matrix (metachert
in the present study) between the stage at which fracturing
occurred in a given columnar grain and the stage at which the
matrix material (quartz in the present study) ceased to deform
plastically (Fig. 3c). The plastic strain of the matrix is represented by
einv, Which is scaled toward the past; i.e., the cessation of plastic
deformation of the matrix corresponds to &j, =0, and ¢, at the
time of fracturing has a negative value. The practical procedure to
be followed is described in the caption to Fig. 3c. The strain reversal
method provides the frequency distribution of fracturing with

respect to &jpy (Fig. 5). These data are used to restore the frequency
distributions of microboudinaged and intact grains with respect to
aspect ratio, as described below. The distribution shown in Fig. 5 is
plotted as a moving average (window size, 0.03 ¢j,) to visually
enhance the distinctions between different distribution patterns.

4.4. Frequency distribution of the aspect ratio and the width of
microboudinaged and intact grains at a given value of &iny

In the microboudinage analysis, fragments of microboudins were
counted as newly formed intact grains; thus, the frequency of
microboudinaged and intact grains changes across the time points
(&iny) of fracturing (a specific example is described in the caption to
Fig. 3c). Figs. 6 and 7 show the frequency distribution of the aspect
ratio and width data, respectively, for the four groups (A-D) of sodic
amphibole grains at four representative values of ¢,y (0, —0.05,
—0.10, and —0.20). In the present study, the geometric mean width is
used for w (Appendix 1).

4.5. Determination of the stress parameter (1)

The ratio of the number of microboudinaged grains to the total
number of grains (i.e.,, both microboudinaged and intact) with
respect to aspect ratio is fundamental to microboudinage palaeo-
stress analysis. The measured proportion of microboudinaged
grains (M(r)), as calculated from the data in Fig. 6, is plotted as solid
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Fig. 8. Proportion of microboudinaged grains (relative to the total number of grains) with respect to aspect ratio and theoretically predicted best-fit curves at ¢;,, = 0, —0.05, —0.10,
and —0.20. Solid and open circles represent reliable (>25 measured grains) and less reliable (<25 measured grains) data, respectively. Solid lines and shaded areas represent the
best-fit theoretical curve (G(r, 1)) and its range of one standard deviation, respectively. Also shown are the values of 1 and its standard deviation for sodic amphibole in each group.

circles in Fig. 8. The stress parameter A, expressed by Eq. (1), is
determined by a comparison of the theoretically predicted
proportion of microboudinaged grains G(r,A) with the measured
proportion M(r). The values of G(r,A) and M(r) are dependent on the
aspect ratio r. G(r,A) is described by

, E\™
G(r,2) =1~ exp{—mm Lm (E—f])

E 1 "
* {1 B (1 E;c1> cosh(AOr)} }’ (20)

where m is the Weibull modulus; Efand E; are the elastic constants
of the microboudinaged minerals and matrix mineral (quartz),
respectively; and Ag is a constant (for the derivation of Eq. (20), see

Masuda et al., 2003). For sodic amphibole, m = 2 is used on the basis
of a previous analysis of the samples considered in the present
study (Masuda et al., 2004b); the same value has been experi-
mentally determined for tourmaline and epidote (Kimura et al.,
2006). For amphibole, we use an Eg/Eq value of 1.2 and an Ag value
of 0.6. These constants are calculated based on the elastic data
tabulated in Simmons and Wang (1971).

The sum of the square difference between M(r;) and G(r3,4) is
defined as a function of A:

T(A) = > h(r)[M(r;) — G(ri, V], (21)

-

Il
—_

1

where h(r;) is the total number of measured grains at each rj; M(r;)
and G(r,A) are M(r) and G(r,A) for the measurement point (i),
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Fig. 9. Diagram of log(4x/Ap) versus log(Wx /wp) for sodic amphibole grains at ¢;,, = 0, —0.05, —0.10, and —0.20. The suffix X denotes A, B, or C. The slope in the figure is equivalent to
z/m of Eq. (19). Thus, the lines for z=3, 2, and 1 correspond to the effective-volume, effective-surface, and effective-length models for fracturing, respectively. The effective-length

model is the most suitable for the plotted data.
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Fig. 10. Frequency distribution of fracturing with respect to inverse natural strain (¢,
with steps of 0.01) for sodic amphibole (p- and c-orientations), tourmaline (p- and c-
orientations), and epidote (p-orientation).

respectively; r; = i —0.5; and N is the number of measurement
points. The value of 1 is then determined to minimise T(1) with
a weighting h(r;). This procedure is equivalent to obtaining the
best-fit curve between G(r;,A) and M(r;).

Following Kasper and Lonslade (1967, p. 330), the standard
deviation of the A-value (AA) is calculated by

150y h(r) M) — Gy D)

A = (22)
N=T S o (2)°
where
%ﬁ) = —2C(r)aexp(C(ry) 1% (23)
and
1 (Ep\? E 1 ’
Cr) = —5ti (E;) {1 - <1 E?)cosh(Ar,)} ' (24)

For the derivation of Eq. (22), see Appendix 2.

Fig. 8 shows the calculated stress parameter 1 and its standard
deviation for each of the four groups and the best-fit curves at four
representative values of &jpy.

The above method for determining the values of A and their A is
superior to that adopted in Masuda et al. (2003), because the latter
method cannot evaluate AA. The values of A obtained using the two
methods are basically the same (within +0.01).

5. Result of the size-effect model on fracturing in amphibole

In a log(Ax/Ap) versus log(wx/wp) diagram at each representa-
tive value of ¢j,, (Fig. 9), one point can be plotted for group A with
respect to group D by substituting appropriate Ax/Ap and wy/wp
values. In a similar manner, amphibole grains of group B and C can
be compared with those of group D. The three straight lines in Fig. 9
are drawn for the three size-effect models with the tangent z/m.
From this figure, the most suitable size-effect model for amphibole
grains (m=2) is the effective-length model with z= 1. Thus, from
Eq. (16) we derive a general formula:

s (1N

w

where w is the mean width in millimetres, S* is the modal fracture
strength of a group of amphibole grains with width W and S is the
standard value of S* atw = 1 mm.

6. Fundamental equation for S; of amphibole

The above result demonstrates that the size effect on fracture
strength for sub-millimetre-scale amphibole grains is well repre-
sented by the effective-length model. This conclusion is consistent
with the findings of Kimura et al. (2006), who reported that the
effective-length model (e.g., Matsuo et al., 1987) is the most suit-
able model for tourmaline and epidote, based on geological
constraints. Thus, Eq. (25) is equally applicable to tourmaline and
epidote as it is to amphibole. Equation (1) is then rewritten as
follows for each of these three minerals:

< 1\/?
5o = JaSlo (W:) , (26)
< (1\?
g = A[StO (ﬁt) N (27)
and
L 1\
0o = AeSeg (W:e) , (28)

where the suffixes g, t, and e denote amphibole, tourmaline, and
epidote, respectively.
Here, we note the following points.

(1) o is considered to have a common value in the three equations
above if the microboudinage analysis is performed on minerals
within a single sample. The Eskisehir metachert considered in
the present study is therefore an excellent sample for such an
analysis.

(2) Aq, A5 and A, can be determined by microboudinage analysis.

(3) Wq, w¢, and W, can be measured.

(4) S, S, and S, are unknown.

(5) Recently, Masuda et al. (2008) proposed an equation
that describes the relationship between instantaneous-frac-
ture strength (S;") and fatigue strength (58) for tourmaline:

(29)

where Ky and K¢ are the subcritical growth limit (fatigue limit) and
fracture toughness, respectively. Then, Egs. (26)-(28) are rewritten as
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Fig. 11. Frequency distribution of microboudinaged (black) and intact grains (white) with respect to aspect ratio for sodic amphibole (p- and c-orientations), tourmaline (p- and c-

orientations), and epidote (p-orientation) at ¢, =0, —0.05, —0.10, and —0.20.

1/2
oo = AgsKao (1 ! (30)
0T TP OKee\Wa)
wKeo 1\ 1/?
= 15 () GY
and
Koo (1) 1/?

respectively. In these equations, the suffixes g, t, and e again denote
amphibole, tourmaline, and epidote, respectively.

(6) Although the instantaneous-fracture strength for amphibole
(Syo) is unknown, those for tourmaline (S;; = 39 MPa) and
epidote (S,; = 64 MPa) were experimentally determined by
Kimura et al. (2006).

(7) Here, we assume that the Ky /K¢ value is common for amphibole,

tourmaline, and epidote. Then, from Eqgs. (30) and (31) we have

ko At Wa 172
S = 3%(%) , (33)
and from Egs. (30) and (32) we have
—\ 1/2
S = 645‘*(&) . (34)
Aa \ We

These equations indicate that SZO can be calculated when we know
the values of Wy, W, We, Aq, 4, and Ze.

7. Determination of W,, Wy, We, Aq, Ar, and Ae

The values of Wg, W, We, Aq, Ar, and . can be determined via
microboudinage analysis (i.e., the same procedure as that described
in Sections 4.1-4.5). In this analysis, we analysed p- and c-orien-
tation sodic amphibole and tourmaline grains, and p-orientation
epidote grains (Figs. 1 and 2). The p-orientation microboudins are
considered to have developed under the influence of ¢; — 03, and
those in c-orientation are considered to have developed under the
influence of ¢, — g (Fig. 1a). The values of Wy, W, We, Aq, A, and 2e
can be determined independently for each mineral in each orien-
tation (i.e., for grains in each group).

7.1. Basic data for the microboudinage technique

Among p-orientation crystals, we measured 1428 grains of sodic
amphibole, 884 of tourmaline, and 343 of epidote. Among
c-orientation crystals, we measured 656 grains of amphibole and
416 of tourmaline. The reliability of the obtained A-value is strongly
dependent on the number of measured grains (i.e., the reliability
increases with increasing number of grains). In the above analysis
of the various size-effect models (Section 4.2), we divided amphi-
bole grains into six groups based on their width. In the present
analysis, in contrast, we deal with all of the measured grains of each
mineral species (for p- and c-orientations) as a single group to
maximise the number of measured grains.

To reconstruct the microboudinage history, the frequency
distribution of fracturing with respect to ¢j,, is calculated based on
the strain reversal method (see Section 4.3 for details) for the three
analysed minerals (Fig. 10). Once the microboudinage history has
been determined, the frequency distributions of values of aspect
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ratio and width for intact and microboudinaged grains can be
calculated at any given value of ¢, (Figs. 11 and 12).

Fig. 13 shows the calculated stress parameter 4 and its standard
deviation for the three analysed minerals (4, A, and ) and the best-
fit curves at four representative values of ¢y, (0, —0.05, —0.10, and
—0.20) in each orientation. In Eq. (20), Ef /Eq values 0f 1.2, 2.0, and 1.6
are used for sodic amphibole, tourmaline, and epidote, respectively,
along with Ag values of 0.6, 0.4, and 0.5 (see Section 4.5 for details).

7.2. Changes in stress parameters (Aq, A, and Ae) and grain size data
(Wq, W, and w,) with respect to einy

Fig. 14 shows the obtained stress parameters and grain size data
for the three analysed minerals with respect to &, All three
minerals show a gradual increase in A-value approaching ¢j,, =0
(cessation of plastic deformation). From Eq. (1), the A-value is

interpreted as an indicator of the relative stress magnitude within
a given mineral species. As the microboudinage event considered in
this study occurred during exhumation-related retrograde meta-
morphism (see Masuda et al., 2007), these data clearly demonstrate
that differential stress increased with decreasing metamorphic
temperature and pressure.

8. Determination of S

The value of S}, can be calculated by Egs. (33) and (34) using the
six parameters described in the previous section. The only
prerequisite for the use of these equations is that the stress
parameters and grain size data for the different mineral species
should be calculated for a single, common time period. The timing
can be evaluated based on the value of ¢j,, as the separation of
newly formed microboudins is not dependent on mineral species.
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The one factor that requires care in this regard is the separation
direction of the microboudins: the same ¢j,, value for different
orientations does not indicate synchronous timing, because the
strain (separation) rate is dependent on orientation. Fig. 15 shows
the relation between A-values for sodic amphibole and those for
tourmaline and epidote, for two orthogonal orientations (parallel
and perpendicular to the lineation, upon the foliation surface).
Because the ratio of fracture strength for two different columnar
minerals does not depend on the orientation of mineral grains, SZB
values calculated from p- and c-orientation tourmaline data can be
plotted on the same abscissa.

Fig. 16 shows S, values obtained for p- and c-orientation
tourmaline (using Eq. (33)) and p-orientation epidote (using Eq.
(34)) plotted with respect to A,. Because microboudinage data for
sodic amphibole and tourmaline were obtained for two orthogonal
orientations (p- and c-orientations), SZB values can be calculated
separately for the two orientations. Fig. 16 shows that S is not
strongly dependent on A, or the orientation of mineral grains. In the
present study, SZ’(‘) is estimated to be 80 MPa (as a representative
value), with an uncertainty of +25% (a discussion of the represen-
tative value for Sy, is provided below).

9. Discussion
9.1. Site of critical microcracks

The applicability of the effective-length model suggests that
critical microcracks from which fracturing initiates are located on

the edges of the columnar grains. According to the literature on
ceramics (e.g., Davidge, 1979; Awaji, 2001), the effective-surface

model is applied when critical microcracks are induced on the
surface of rectangular test pieces during preparation, whereas the
effective-volume model is preferable when the ceramic test pieces
are carefully polished to eliminate surface microcracks. However,
the origin of microcracks on the edges of test specimens has
received little attention in materials science, and the effective-
length model is only dealt with in Matsuo et al. (1987). A degree of
interpretation is therefore required to explain the presence of
critical microcracks on the edges of columnar amphibole grains.

Because the microboudinage of amphibole occurs during the
final stages of metamorphism, prior to the cessation of plastic flow
of quartz at the plastic-brittle transition (e.g., Masuda et al., 2007),
critical microcracks such as those described above should be
present during the exhumation stage, before the initiation of
microboudinage. The microcracks could therefore potentially form
during either the growth stage or the post-growth stage of the
minerals of interest; however, microcracks are considered unlikely
to develop during the growth stage because they possess excess
surface energy, and the surface diffusion of elements would
proceed to eliminate such excess energy. The likelihood that
microcracks are induced during the post-growth stage is consid-
ered below.

When amphibole growth ceases at high pressures and temper-
atures, the crystal lattice at the surface of the grain must adjust
coherently to the lattices of surrounding quartz grains. Because
amphibole and quartz have different thermal expansion coeffi-
cients and linear elastic constants (e.g., Nye, 1957; Clark, 1966;
Simmons and Wang, 1971), a simultaneous decrease in temperature
and pressure during exhumation will cause a misfit along the
boundaries between amphibole and quartz grains. This misfit leads
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in turn to local strain and subsequently a local increase in stress
along coherent grain boundaries. As the thermal expansion coef-
ficient and linear elastic constant are anisotropic with respect to the
crystallographic axes of amphibole and quartz (e.g., Nye, 1957),
strain is presumably heterogeneously distributed upon the various
crystal faces of individual amphibole grains. The local stress will
therefore concentrate along the edges of amphibole grains in
a complicated manner, depending on the nature of the decrease in
temperature and pressure and the crystallographic orientations of
the amphibole and surrounding quartz grains. Given that amphi-
bole grains must inevitably contain micropores, microinclusions,
fluid inclusions, surface jogs, asperities, and other crystalline
defects on their edges or close to their edges, such a stress
concentration will interact with these defects to selectively
generate microcracks along the edges of the crystals. The non-
hydrostatic far-field stress state may also enhance this stress
concentration by enhancing the anisotropy of the misfit.

9.2. Value of Sy,

The calculation of S, via Eq. (33) should ideally yield the same
value as that calculated using Eq. (34); however, the values of SZB
estimated from tourmaline and epidote data (Fig. 16) are only
consistent within the range of 0.10 < A, <0.24: values of S;; at
Aa<0.10 are unstable, while those at A;>0.24 show a gradual
divergence with increasing A, This divergence is considered to
reflect the dissimilar response of tourmaline to fracturing compared
with that of the other two minerals. In Fig. 14a, the change in A, with
respect to &y shows a different trend than that for A5 and A, espe-
cially at &j;, = 0 to —0.06 in the p-orientation and ¢, = 0 to —0.04 in
the c-orientation. This tendency is more prominent in Fig. 15, in
which tourmaline data show a change in trend at g =2.7.
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Fig. 15. Relations among A-values for sodic amphibole (4,), tourmaline, and epidote
for each orientation. See Fig. 14 for an explanation of error bars and symbols.

Because 4, is given with reference to plastic strain (for all three
minerals, A increases with increasing &;,,; Fig. 14a) and the micro-
boudinage event occurred during a period of decreasing tempera-
ture and pressure (i.e., during exhumation; see Masuda et al., 2007),
the divergence shown in Fig. 16 may be related to the dissimilar
responses of the three mineral species to these conditions. In the
present study, as we have no reliable data on the pressure and
temperature dependences of the fracture strength of the considered
minerals, we propose a representative values of SZB of 80 MPa, with
an uncertainty of +25%. This value will be refined in future studies.

10. Equation for palaeostress analysis using amphibole
microboudinage structures

The value of Sg4° (=80 MPa) derived from Egs. (33) and (34) is
based on the premise of instantaneous fracturing of amphibole
grains (i.e., crack velocity exceeding 1072 m/s; e.g., Weaver, 1984)
during the development of microboudinage structures. In
contrast, observations of fatigue fracturing during slow crack growth
(<107 m/s; e.g., Weaver, 1984; Scholz, 2002) have been reported
from naturally deformed rocks (e.g., Barnett and Kerrich, 1980;
Kanaori, 1983). When fatigue fracturing occurs, the magnitude of
fracture strength shows a marked reduction compared with that
under instantaneous fracturing (e.g., Weaver, 1984; Atkinson, 1987;
Blenkinsop, 1996; Scholz, 2002; Paterson and Wong, 2005).

Masuda et al. (2008) tentatively assumed a K;q/K;c value of 0.1,
for tourmaline based on the literature for ceramics and glass (e.g.,
Weaver, 1984; Sglavo and Green, 1996). In the present study, we
follow this value when considering amphibole; accordingly, we
assume K,9/K,c = 0.1. Given that Sg,"* =80 MPa, Eq. (30) is
rewritten as a function of the stress parameter (44) and mean grain
width (Wg):

1\ 1/2
7o = 8la (ﬁ) . (35)

This equation therefore provides a measure of the far-field palae-
odifferential stress based on amphibole microboudinage structures.

11. Geological significance of amphibole microboudinage
structures

Monomineralic rocks such as metachert and marble, which
occasionally yield microboudinaged columnar amphibole grains, are
found over a wide range of geological ages and metamorphic
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conditions. For example, metacherts from the 3800 Ma Isua supra-
crustal belt, Greenland, contain microboudins of columnar grunelite
and cummingtonite (author’s observation (T. Masuda)), while
Tertiary Alpine metamorphic rocks contain microboudins of sodic
amphibole in metachert (e.g., Mottana, 1986; Passchier and Trouw,
2005). Metacherts in high-pressure/temperature metamorphic
belts also contain microboudins of columnar sodic amphibole (e.g.,
Misch, 1969; Helper, 1986; Parkinson, 1998; Masuda et al., 2004a,b),
while calcareous rocks within the aureole of the Main Donegal
Granite, Ireland, contain microboudins of tremolite within a calcite
matrix (author’s observation (N. Kimura)).

The amphibole group of minerals shows a wide variety of
chemical compositions, the effects of which should be taken into
account to obtain more realistic estimates of fracture strength. The
influence of amphibole composition on fracture strength remains
unknown, and the value of S5 (=8 MPa) utilises a representative
value as a first approximation. Thus, Eq. (35) extends the applica-
bility of microboudin palaeostress analysis, providing a useful tool
for advanced geodynamics research.
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Appendix 1. Geometric mean of grain size

Fracture strength is described in a statistical manner because
different pieces of a given material have different fracture strengths,
even for equivalent sizes (e.g., Epstein, 1948; Weibull, 1951;
Davidge, 1979; Lawn, 1993; Awaji, 2001). The parameters S;,i and Sg
are introduced to represent the modal fracture strength of cubes
with a specific width of w; and a standard value of S‘*,Vi at wij=1mm,
respectively. According to the size-effect models, we derive

Sw, _ (1 )Z/m7 (36)

S(*) Wi

where z=1, 2, and 3 correspond to the effective-length, effective-
area, and effective-volume models, respectively.

Consider an ideal group of grains in which all the constituent
grains at a width of w; (i =1 to n) have a fracture strength equal to
the modal fracture strength for grains of size S‘*,Vi. The geometric
mean of S, is defined by S” as follows:

= Lo \1/n
S = (st,.) . (37)
i=1
This equation is equivalent to
= 1 *
log S* = Ei;log Swi- (38)
Equation (36) leads to
log S,,; —log Sy = f%(log w;). (39)
Substituting this result into Eq. (38) yields
log §* = 1zn:(log si — Zlog W-). (40)
nis 0 m l

Then, because SZ is a constant, we have

n

%Elog So = log Sp, (41)
i=

and

1& z z1 n

E;(_Emg w,-) = Elog<i1:_[] wl->. (42)

As the geometric mean of w; (i=1 to n) is defined by W as
n

W:(H

1/n
wi) ", (43)
i=1

we derive
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log S"—log Sy = —%log w, (44)

which is equivalent to

- <V;V) o (45)

0

L]

This equation appears consistent with Eq. (36). S,
are replaced by the geometric means of S’,;, (=S
Eq. (45), respectively.

Because the fracture strength of a grain at w; is not always equal
to S,, . the modal fracture strength of a group of grams (5 is not
equwalent to that of the ideal case (S*); however, S* =S" is expected
to be satisfied as a first approximation in the case that the group
contains a large number of grains (n).

The representative value of S* for grains of group A with width
W, (i = 1 to n) is defined as S;, and is given by

w, and w;in Eq. (36)
) and w;(= W) in

* z/m
S
A L , (46)
So Wa

where Wy is defined as the geometric mean of wy,:

Wp = (ﬁWA,->1/n- (47)

i=1

Similarly, S} for group B with grain size wp(i =1 to n) is
obtained as

* z/m

o (L) (48)
So Wpg

From Egs. (46) and (48), we derive Eq. (16) in the main text.

The above derivation is only possible when the geometric
mean is adopted for the mean width and the mean fracture
strength. A consistent equation cannot be derived using the
arithmetic mean.

Appendix 2. Derivation of the equation used in calculating
the standard deviation of A

The variance of all the data (s2) is given by

s 1Zhr, M(r;) —

i=1

G(ri, )P, (49)

where n is the total number of measured grains; r; is the aspect ratio
of columnar grains, given as r; = i—0.5( = 1 to N); N is the
number of measurement points, equivalent to the points plotted in
Figs. 8 and 13; h(r;) is the number of measured grains at each r;; and
M(r;) and G(r;A) are the measured and theoretically predicted
proportions of microboudinaged grains at r;, respectively. Following
Kasper and Lonsdale (1967), the weighted standard deviation of
G(r;,A) at each measurement point (AG(r;, A)) is calculated by

p S Y h(
G(rh ) = h(rl-) = ( 12 rl G(rl )] )

(50)

while the standard deviation of the A-value at each measurement
point (AA(r;)) is described by

aA

AG(r,, ) (51)

Since the standard deviation of the A-value (AJ) is given by

N

S Vv (52)

iz A/1( )*

by substituting Eqs. (50) and (51) into Eq. (52), A4 is finally calcu-
lated by Eq. (22). In the above derivation, we assumed a Gaussian
distribution for M(r;) with respect to G(r;,A).
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