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Abstract-This paper proposes a practical method for inferring the relative magnitude of differential stress 
during plastic deformation using piedmontite microboundinage structures in quartz schists. The method only 
deals with the proportion @) of broken grains of piedmontite, and demonstrates that an increase in p value is 
roughly indicative of a larger differential stress. If the number of measured grains exceeds 100, the confidence 
interval of the p value becomes less than 0.1, providing a first approximation of the relative magnitude of the 
differential stress. 

INTRODUCTION 

Boudinage is a very important deformation mechanism 
for structural geologists, because it provides information 
on stress and strain (e.g. Ramberg 1955, Ramsay 1967, 
Hossain 1971, Beach, 1979, Ferguson 1981, Ferguson & 
Lloyd 1982, 1984, Lloyd et al. 1982, Lloyd & Ferguson 
1989). Here we focus on the stress analysis method 
developed by Masuda et al. (1989), which modifies that 
presented by Lloyd et al. (1982) and Ferguson & Lloyd 
(1982). It suggests a method for inferring the relative 
magnitude of differential stress using piedmontite 
microboudinage structures. The method is based on two 
assumptions: (i) piedmontite grains possess elastic, 
welded contacts with the quartz matrix, and (ii) the 
number of imperfections in the grains is proportional to 
the aspect ratio. The method can be applied to non- 
steady state flow, and has been extended to infer the 
relative magnitude of differential stress with increasing 
strain (stress-strain curve) during microboudinage 
(Masuda et al. 1990, in press). 

The analysis by Masuda et al. (1989, 1990, in press), 
however, is time consuming because it requires intensive 
measurement of the length and width of several hundred 
piedmontite grains to obtain reliable readings plus com- 
plicated data processing. Hence, their method may not 
be suitable for analysing numerous samples from many 
areas in a short period of time. This paper proposes a less 
quantitative but much more practical method that uses 
microboudinage structures to compare the magnitude of 
differential stress during plastic deformation. 
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BRIEF DESCRIPTION 
STRUCTURE IN 

OF MICROBOUDINAGE 
QUARTZ SCHISTS 

Piedmontite-bearing quartz schists occur in the high 
P/T metamorphic belts in Japan (Kamuikotan, Yama- 
gami, Sambagawa and Nagasaki; for the detailed geo- 
logical setting and observations of these schists, see 
Masuda et al. 1989, 1990). These schists are highly 
foliated and lineated. The foliation is usually defined by 
parallel alignment of flaky minerals such as muscovite 
and biotite, and the lineation is defined by parallel 
alignment of needle-like minerals such as epidote (pied- 
montite) and amphibole. The samples mostly consist of 
quartz with subordinate piedmontite, epidote, amphi- 
bole, muscovite, biotite, chlorite, apatite, calcite and 
opaque minerals. 

Observations have been made under the optical 
microscope on thin sections cut perpendicular to the 
foliation and parallel to the lineation. Piedmontite 
grains, enclosed within the quartz matrix, are more or 
less columnar, with both ends tapered. Their width is 
usually less than 0.1 mm, and their length less than 0.3 
mm. The proportion of microboudinaged grains differs 
from sample to sample. The fracture planes of the 
microboudins develop almost perpendicularly to the 
lineation, and the separation either approximately or 
precisely follows the lineation. Piedmontite grains show 
various stages of microboudinage; some grains are 
unbroken, some have just started to separate into two 
microboudins, and some are widely separated. Many 
broken grains have separated into two or three micro- 
boudins, and a few have split into between six and nine. 
Inter-boudin gaps are occupied mainly by quartz. 

A NEW PRACTICAL METHOD 

The method proposed here only requires determi- 
nation of the proportion of broken to total piedmontite 
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grains. We count the number of broken grains (f) and 
the number of total (broken plus intact) grains (n). The 
proportion, here denoted as p, is simply defined by f/n. 
When counting, we do not consider the grain size or 
aspect ratio of piedmontite grains. We also ignore the 
stage of microboudinage. Hence, even when a grain is 
separated into several microboudins, we regarded the 
grain as ‘one’ broken grain. 

To evaluate p, it first must be calibrated. For this 
purpose, thep values were correlated with B values (Fig. 
2), where B is a dimensionless parameter linearly related 
to the differential stress; i.e. B = (EfIE,,,)(Sb,&*), 
where Ef is the Young’s modulus of the boudins (pied- 
montite), E, is Young’s modulus of the matrix (quartz), 
S bulk is the external differential stress imposed on the 
sample, and S* is the average fracture strength of a 
piedmontite grain with an aspect ratio of 1 (Masuda et al. 

1989). We currently cannot estimate quantitatively the 
magnitude of differential stress from B, because Ef and 
S* are not known for piedmontite. Thus, B is only 
regarded as a relative indicator of differential stress. 
However, Fig. 2 demonstrates that p is systematically 
related to B and therefore to the differential stress. 
Some uncertainty occurs at low p values where the 
relationship becomes non-linear. This figure strongly 
suggests that a large p value is the result of a large 
differential stress. 

RELIABILITY OF THE p VALUE 

Figure 1 shows the stability ofp with increasing 12. The 
p value becomes stable with increasing IZ when n exceeds 
50. The true proportion of broken grains @) is estimated 
with a confidence interval 

(py 

as: 

where t is Student’s t, which is related to the size of the 
critical region and degree of freedom n - 1 (e.g. Chee- 
ney 1983). If we take the critical region as 0.05, and 
IZ > 100 for each sample, the confidence interval of our 
data is less than 0.1. 

The present method is simple and needs at most one 
hour to obtain a reliable p value, whereas it takes at least 
one week to obtain a reliable B value for each sample. 
Hence, if one wants to quickly get a rough estimate of 
relative differential stress. this method is verv useful. 

CONCLUDING REMARKS 
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Fig. 1. Reliability of proportion of boudinaged grains (the p value) for 5 samples. These samples come from the 
Kamuikotan metamorphic belt (Nuporomaporo, open square), and the Sambagawa metamorphtc belt (Wakayama, open 
circle; central Shikoku, solid circle, solid triangle and solid square). The error bars represent the confidence interval. The 
measured proportion of boudinaged grains becomes stable and the confidence interval becomes less than +O.l when the 

measured number of grains exceeds 100. 



Stress analysis using piedmontite microboudinage 1795 

0.5 

B value 

1.0 

Fig. 2. Relationship between proportion of boudinaged grains (the p value) and the B value. These data come from 
samples described in Masuda et al. (1989,199O). Thep values are positively related to the B values. For definition of the B 

value. see text. 
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