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A theoretical outline of the microboudin palaeo-piezometer

Tarojiro MATSUMURA

Abstract This paper describes a theoretical outline of the microboudin palaeo-piezometer. The mi-

croboudin palaeo-piezometer was recently developed as a practical method for differential stress
analysis of metamorphic tectonites. It estimates the far-field differential stress (0o) on the basis of a
theoretical analysis of the proportion of microboudinaged columnar grains in terms of the aspect ratio.

We introduce the application of the microboudin palaeo-piezometer with an example from Masuda et

al. (2011).

Keywords: microboudin structure, palaeostress analysis, strain analysis, columnar mineral, metamor-

phic rock

ECoHIC

ST A DER %GR3 2 L CEARY LYHED—
D Td % (e.g. Hobbs et al., 1976; Nicolas & Poirier, 1976;
Means, 1976). 54 I1ZREE S 720 OIEFEUIZHBERNER O
YRR, B 2 X7 v — EE, JELEDY, s &
ON¥EBFT 2O ITHELRE R T LFEZLNT
W 5 (e.g. Engelder, 1993; Scholz, 2002; Turcotte & Schubert,
2002; Lacombe, 2007; Karato, 2008; Hobbs & Ord, 2014).
L7:255C, EDO LD ITL THEA» LI OEHREH 5
D2 E WD REITHERBIEIC B W TEHEL T —<D—D
ThH>.

AHICEURS NI B3 AR HiEimo 2 & ZInh
RRLIRC L1 5. REWIEDFE L LTI 212, 7
AR D EH PRI DR D ), REITHT -
TIA FIF & LT 5 (e.g. Twiss, 1977, 1986; Mercier et
al., 1977; Weathers et al., 1979; Kohlstedt & Weathers,
1980; Ord & Christie, 1984; Kiister & Stockhert, 1999; Stipp
& Tullis, 2003; Biirgmann & Dresen, 2008; Behr & Platt,
2011; Johanesen & Platt, 2015). Z 115 OIS HEHI EIRE
ET COBRALERIZ X o TRERNIZE LN H DT,
BB EFIRETH 25, ZIEBEsRESIML L EITL-
TYRES N TV EVEEREL THHAS AT (e.g.
Kiister & Stockhert, 1999). L L, ER OB LGB

BIEHICEMETH 270, 2O LI BRIRGEIZTH £ D IHHE
I TliE 2w (Kimura et al., 2010).

EER TR D 2IGHE L UTHEREEY (B 212,
P, B5A, MNAR) D<A 70 7 —F 4 VREGE %S
HOFELB2Y ELEHEE~A 707 —F 4 Ve hit
LR, ZOIRHEITIE~A 70 7 —F 1 VEEEE I
M 2o BRIERL G ERD L. 20
W% 3R DK % &, Masuda & Kuriyama (1988) Ti% X X
F¥— OB ODO<A 70 T —F 4 VEEEDIEH B
IUoEoEENEEL LTS s TR L,
Masuda et al. (1989) TR D<A 7 u 7 —F 4 Vi
EDIFFEL & HEE L OBMR 23l 3 2 HiER U A $RIB L 7.
FDk, x4 707 =74 VILHFHI WL 02 DER
(Table. 1) Z#% T, Masuda et al. (2003) &% ¢f, Kimura et al.
(2006, 2010) I2 & 2 WRCTEHW TIGHE E LT—ED
JKHEIEL T2 E B 5 T W25 S (eg Masuda et al, 2011).

L2LLDL, <A 2707 =7 4 Ve a0 FEE s
BEN, BLAHESATVS LIFEVEHVOBEIRTDH
2. FDFEED—oE LT, <2707 —F 1 ViahiEti
FEERLIUREZRTVLIZHEDL LT, RSO
T LD TONTORWI EBETF NS, 22T, Kl
w77 —F 4 VICHEtoMHMEE L D £ L
DL EITT L. REOEKE L TIIHEDIZ, <470
T—F 4 VRS L ERIZE TSN L OMRIZOWT
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Table 1. Summary of publications for the microboudin palaeo-piezometer.

Contents

Reference

<A 70T =T 4 VEENIE - EREOERIIEE TH 2 Z L OIRE
<A 707 =7 4 VIGHFtOHR%E
~A 707 —F 1 VG EFI L TO6 7 — BRI OHEE
Bii& 7—F 4 vROF— 2 EEM DT
<A 707 =T 4 VIBEIBBREEATORERTOD LTRSS D 2 LDFA
SRS O BALTE D HEIE
Ml % F v 72 B o SR
~A 707 =71 YHGHRORIRA O FAEE
S MEEIT & B =01 HIg o Je D T

Masuda and Kuriyama (1988)

Masuda et al. (1989)
Masuda et al. (1990)
Masuda et al. (1995a)
Masuda et al. (1995b)
Masuda et al. (1999)
Masuda et al. (2003)
Masuda et al. (2004a)
Masuda et al. (2004b)

<A 70T —=F 4 YENTIZ & BIE B (01-02)/(01-03) DHEE
PR T 7V &R TV OB ELER
=R & 2 BRI O W E
W — FRIEME & I TR T R DG ) IRRE O BB 0 F 5
FIGH G (01, 02, 03) DHEE & FEHWIRIHDOEA
BATO<A 707 =7 1 VIEDFIORE
<A 707 =7 4 VIeHEF RS X CBEHIC IR & O g

Masuda et al. (2004c)
Masuda and Kimura (2004)
Kimura et al. (2006)
Masuda et al. (2007)
Masuda et al. (2008)
Kimura et al. (2010)
Masuda et al. (2011)
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B1. #REMO<A 707 —F 1 V& @7 v ) AHE, R
Aksu i,  — 7~ =2 )V (Masuda & Kimura, 2004). (b) B,
i, A~ —> Wadi TayinjE, 7 0 2 =2V (Masuda & Kimura,
2004).

Fig. 1. Photomicrograph of the microboudinage columnar mineral
grains embedded within quartz matrix. (a) Sodic amphibole
microboudins from Aksu region, China, plane polarized light
(Masuda & Kimura, 2004). (b) Tourmaline microboudin from Wadi
Tayin, Sultanate of Oman, crossed polarized light (Masuda &
Kimura, 2004).

WBRZ . KIe<A 707 —F 4 VIiGHitOERIRIZD
WTEL, <4 7u7—F 4 YRR 2EET 2. 20
%, <470 7—7 ¢ RN L 2GS OB T EH
L, B L LA 707 —F 1 ViEEZFRT 25
FFEIZTOWTEHHT 5. mIRICTKIAR~OHEAB) £ L CTMasuda
et al. (2011) X D =) > v Syros BIZET 2 KB h OB
PIAIZH LT~ A 2707 =74 Ve it e w84 %
s,

RA4707—FT4 VBELERICECT-ERD

~A7u 7 =T 4 VIEELIL, TA—DODRFTH -
TAERSE IR S R, TR ZEnBsBEs 2 2 LT
FEN3(Fig. 1). L7zd3>T, x4 2707 —F 4 ViEE
DOFEIIR T2 HIET 2 1TR 2 ZI D PEHOERIC
HUREHLTH 2 AL HADHMD I wDIXEn
ERIZECTEZERDLOT, WET—E260HIz LT
HASRICECTZICHEAHEEST 2000 MEE L 5. <
A0 7 —F 4 VIEHETIEZo0FEARMITHSWT,
<~A4 707 =T 4 VHEEEET LR TORELRT— % %
R L CHliE o BHR 2 o, EEMWIE A2t
CzZehERdEND L HITLT:.

EARIER

<A 707 =714 VIEHFHEZ D QIR b bRk
ENTW3S. —Dld Shear-lag model (Zhao & Ji, 1997) T,
3 9 —D % Weakest link theory (Weibull, 1939a,b) T% % .
Shear-lag model 3 fEFRETT & 0 4 U 7222060 & HARIEY)
I T 200 O EMR % FUil L, Weakest link theory 134
REEY) OUEETRIE % MESR B B Catib 975, %72, Masuda
et al. (2003) LAFTCld Shear-lag model T 7 < Fiber loading
theory (Kelly, 1973; Lloyd et al, 1982) % Fl\\ T\ 7z, RE
TIFHFEABER 12 oW T Fiber loading theory, Shear-lag
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E2. Fiber loading theory (Lloyd et al, 1982) i2B1J52< Y v 7
ZHIZIFEIES 2 7 7 4 N— DR X (Masuda et al., 1989).

Fig. 2. Conceptual illustration of fiber loading theory. Setting of fiber
deformation surrounded by a homogeneous elastic matrix after
Lloyd et al. (1982) from Masuda et al. (1989).

model, Weakest link theory DJIETHLIH T 2 .

Fiber loading theory

EBROBEAOEIBIRIZIEE ITHMETH 2720, 20
F FCREAMRTEA TS v, 22T, ARG E
A321thbl:oT=xA 707 =7 4 VHEEOEBIBIES
=FMLT 5 (Fig. 2). 22T, RRO<A 707 —F 4
VIS & XB S 2 e 0 I RIR O FIRE 2l o T, HRIR
S 7 7 AN—, O Z< M) v 7 A EIESR. 2
DLEE, 77 AN—FHEET, BEREd ES%ILT5.
D7 7 AN—IZELHNTEGE < Y v 7 20
DIAENTEY, ~A4 707 —F 4 VIEEOHKEILT 7
A N—ORMIZEITT 2IENHBITB W THETT 2 LRE
9 % (Fig. 2). Masuda et al. (1989) TIX7 7 A N—&E < b
Vv 7 ABITHMEARTH 2 LALLT, 774N
E T 260 %Rtik 3 % DIz Fiber loading theory (Kelly,
1973; Lloyd et al, 1982) # £ L 72. Z DEE, o/l

a1
o,=E«¢ 1_—2
cosh [/)’ é)

1/2
_]_ 272G, 9
/ {E,A,,» 1n<Ro/R>} ?
TH5. 2T, B3 7 7AN—DY VIR, eli< bV vy
JADWMTE, 137 7 AN—DES,yIZ 774 N—D
IR b OEREO0 <y< ), G, 3= b v 27 2O
PEREL, AplE 7 7 A4 N — OWTERE, Ro XL 727 7 4
N—HOEEDFYI, RIZ7 7 A N—D¥RETH L. 7 7
AN—DHL (y=1/2) THENEZ L T5L, 2212
EUsEIENo IRORTEENS.

1
% E38{1 cosh(ﬁﬂ/2)} o

7, R BIUARETDH 5 LIRET 2 &, Wi Ay
F A= w? (w i3RI OIRE) £ 7D, Q=TRAT 2

y
¥ 1
s & 0\—F *
54|
L. N|
€ 21 |

on)
K 3. Shear-lag model (Zhao & Ji, 1997) icEBI}5< Y v 7 A
ITHFTES 2 7 7 4 N — DOEHIK (Masuda ez al., 2003).
Fig. 3. Conceptual illustration of Shear-lag model. Setting of fiber
deformation surrounded by a homogeneous elastic matrix after
Zhao & Ji (1997) from Masuda et al. (2003).

ERDBERA D 32D

12
27G,, } 1 _P @)

ﬂ:{E/m(&/R)
ZITPIIERTH . %7z, TRETT 5 5 DZIET (00)
100 = Ene (En 3= b ) v 7 20 Y 7%) OBIG5
5. InzQRIRAT 2L, 77 A N—ITEL ZE2IED
(0c) o EAVTRO & 5 1LREND,

o, :&UO{] —;} (5)
E cosh(4r)

wow

m

2ITC,ri 37 7 AN—ORHELTH D, A=P2TH>5.

Shear-lag model

Shear-lag model (Zhao & Ji, 1997)!%Masuda et al. (2003)
IZBWTHEIRES & VLU 20D LRI IcA T 2
26 O BfR % Fil 3 5 38 & L C Fiber loading theory
2% b o TERA S NI BERTH 5. FE13Fiber loading theory
BERGEHFIHELI D), < P ) v 7R ET 74 8=
[ CYETH 256 (Er = En), 000 = 1:1 E L BT,
ZDZ L FEYL 72D 3 Shear-lag model TH 2 . Shear-
lag model T 7 7 A W= &<+ Y v 7 24T+ 1T
HTH 2 ECE L, BETEOEIE< Y v 7 2 CEE
Ro) DHOIZARIED 7 7 4 N — (¥ ro, £ S 20) Hi—F
HNE S nT:d D% —HL (unit cell) L EHE L. 22T,
< MY w7 RITIERETT b DEIS oo BELTZ L &,
< VI AHIZH DT 7 45— (Fig. )ITHE L 22T
clFMITIZRENS.



36 FAAS BB ER

50_

401

30

20

10

Relative stress(0/0,)

-0.5 0.0 0.5 1.0
Relative distance(x/])

4. Shear-lag model (Zhao & Ji, 1997) 12 Xk > CEEHE N E 7 7
AN—IH S G DOKRE S L 0 1 SIEBGE S 526 DT, [
BHTFORES, x 3R F EOEREOME . kO 26013k 7
DOHFLTEL, 77 AN—OF0H 5 3/AREITRERMEE IF L
AR AKSE SOERN 4T % (Kimura et al., 2010).

Fig. 4. Distribution of differential stress in fibers according to the
Shear-lag model (Zhao & Ji, 1997). 0. is equivalent to the far-
field stress, / is the grain length, and x is a variable that denotes

0
-1.0

the location in the grain. The maximum stress occurs at the center
of the grain, but the stress around the central three-quarters of
the grain is almost equivalent to the maximum value (Kimura et
al., 2010).

B | E, cosh([ﬁ’x)
o= E/3|l [1 3 j—cosh(ﬂl)} (6)
I,
P 1/2
_r n
h= I{Ef(l+vm)ln(R0/ro)} v

THY, rid7 7 A N— DML, Enld< b)) v 7 2D
VIR ENLT 7 AN—DY Y TE lF< b ) v I AD
MR, gl 7 7 A N=ITELCDE)IEH, x X7 7 4 N—
DOFLLLDES(Hl<x<]),miZ b ) vy 7 2ADORY
VUM, rold 7 7 A N— DN, RolZ—HLH Tz ) O=
Y w7 ADNEE, 2LET7 7 AN—DREESTH L. 6%
FAWT T 7 AN—IZECBEIGDEEETZE, 774
N—DOHLHPLH3/ATHEL ZEIGTITIFE A &I
WZ LD h 5 (Fig. 4). LTcd3o T, 7 7 4 N—DHHE
BRIZ7 7 A N—DH0(x = 0) TR Z 2 EE L CRE
TW.ZDEE, <MY v 7 AT MENITIRES EHv,
POMERIE G b DEIG oo & EeDiZe = 00/En T2
2 HBIBIRDSRAL T 2 L 2 2 £6), (NRITRD X H 1z
HExmzohs.

a:ﬂao TP ECHE NS S 8)
E, | E, )cosh(Ar)
22T,
A=t E, 9)
I LE,(1+v,)In(R,/r)

THD. XMV I RET 7 AN—DFCYETH 5%
& (Ef = En), 00:0 = L1 DKL T 2D Too L 0 l2BIT 2
BERSA 12 351 5 [7E 1% Shear-lag model 12 & - TR &
N7z 2 127 % (Masuda et al., 2003).

Weakest link theory

2 ZHh LRI OWIERE I OoOWTE 2 L. WE
DOWIEREIZZFNBE B EARIIE—THoT:ELTH
(B 2 1 E408 ), £ DI IZBUN R BRI & W T2
WbHW B RAHNT E ZHITFELTVEIDITZED
R IR NI oS L s EEZ 605, L
Teh3o T, MEBREZIIBWTIZMEOMWIERS L W
DRI I b 5 (e.g. BT, 1955). 2T 2
T, Masuda et al. (1989)Tl%, <A 7 a7 —F 1 Vit hEE
IZBWT T 7 4 /N — OREETRE 3 12 0 K77 L T
W3 EE LT Weakest link theory 3 A L 7z

Weakest link theory & 1ZKD & 5 W& 2 TH 5. Yikiz
i [ Rfa (imperfection) | 25W\W723 & 2 HITIFEHELTH

AN b DIE I AHE I L 72 & ST RIS A
75=z‘o 5. 208 S, MEROBIRIZRIAD 5 555D K
BOTARHIMERTZILETRIZEVWIEZTHS.

o) i D, YR O RFEETREE % H1 5 1213 iR 55840 oD T 35

I 2 EREEEB () 852 b+ TH B,
Z DWW, HESRE IR f(x) 12 Weibull (1939a,b) & D BI'F
O Weibull 73 & LTSNS

f(x)=amx™" exp(—ax'”) (10)

22T, x = id Rl OWHERE, o = FIIWERME IS %
ER, m = DA OFEHER 22123 2 B 8(Weibull ¥ 5 % —
X EMR)TH D . BETnfllD 2 RID D bizli—o72
RGBS BEICECTEZ S DRt T2 L, ZOME
DR AR g(n,0) 1%

g(n a)znf(a){l— J.f(x)dx} =anmo"™” exp(—ano’”) (11)
LY, ZOREDORE D O n-1EO R OMWIEERE Lo X D
HREW. T, RIGDOE (n) 1358 & OMEREL () 12 Hehll
FTLERELTVLDT, RGO (n) &7 7 A /5 — Dt
L (r) OBRZ HBIERE ZHWTn = kr £ 35 £
ERD XD IcEEHZOND.

g(r,o)=a'rmo"" exp(—a'ro"") (12)
22T, a =kaTHD. TNEEHLTHL N R
LA G (r,0) IZM TR s 3.
G(r,o)= Ig(r, O')d0'=1—exp(—a’ro"") 13)
0

22T, 7 7 AN—OHHEL (r) 238N 212 L 72055 C
o DB L, G(r,0) 13K & < %o T (Fig 5). T
MEDE— NS IZUTIZEEINS.

S(r)= [m-1]”"' 4)

a'rm

It dg(r,0)/do=0L L 20DHIZESTEDLND
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Probability density function of
fracture strength

Applied stress

B 5. Masuda et al. (1989) 12 & 2 Wi O MERE EBEH g (r,0)
DZZ7.G(r,0) ZBBEEDT. 7 7 4 N— OHERELEL (r) %
s T L & OMERELE B g(r,0) DFRT.

Fig. 5. Probability distribution function of the fracture strength of
fiber g(r,0), which was proposed by Masuda et al. (1989). G(r,
0)is the cumulative distribution function of g(r,0). r is aspect

ratio of fiber.

BETH D, g(r,0) PIRKE L ZMETHDH 5. A1 5 r
= 1 OO TINSERE () LT 2 &

m—l 1/m
S*z( | ] )
am

LD INEaITDOVWTERT &

=Ly
a'= - (S) (16)

£ 5.2, 09, ROWRIZG W2 AT X S iz
5.

m—1, \m - m-1 (o)
- S m—1 _ 17
g(r,0) ( ) rmo exp{ F(S*) } 1"

m m

G(r,0) :l—exp{—m—_lr[;’; ]”’} 19
m

S(r) = (—j ’" S 19

INRLEDORITT 7 A4 N—DMEITIRIFEL TWB 720,
T7AN—DRES LITHEEHRICUTITX .

4707 -5 4 VER~ADEH

I L RBEIEOREAE G EHAS DY T/ 70T —
T4 VEEOHHRR A RO 2. KETIZE S, Masuda ez
al. (1989) RIS L 7-HER=IT oW TR L, D% Masuda
et al. (2003) 231215 L - B 2 M9 5 .

<407 —5 4 »ERRA (Masuda et al., 1989)
Masuda et al. (1989) TI3IEAL 12 Weakest link theory

& Fiber-loading theory #¥RH L, 7—7 4 v (= i

BT O/ AERL T L) &ML () O B3R % B0

BB G(r,0) ZWTER L 72. LTI 2 o EHBR %
R
9, ORDcF o & LTORIZG)RKECATE L,

A (E e Y LY
G(r, ) = 1—exp| —— | Lok | |- 0
() exp{ m {E S ] [ cosh(Ar)” w

LZTTIRHANRTIA—REBELT,

E o
B=—t—at )

LEFT 5 LT

—m_er”’x[l——l j
m cosh(4r)
LD BT A =X (B)IZEXITTTH Y, Mt T &
DT =T 4 VROT—2BHE, BEIRET S Z &8
Hi3k 2 . Masuda et al. (1989) TlIi/N Iz L >TB
FRELTWS. Biikic® 2 & 9 12 Fiber-loading theory
BRI DD 2 O T Z ML Masuda et al.
(2003) TR ENS. Lo L, BEZHWIUEEIG T DFE
MR 72 LR IX AT RE ©H % (Masuda et al, 1989, 1990, 19954,
b).

@

G(r,B)=1-exp

WRIR~M 2707 —7 4 »IiHRX (Masuda et al., 2003)

MOWTWEIR~A 707 —7 4 vEig=lzow T
T2, ZHRBERL <A 70 7 =7 4 RN LI
ATTWDHDTH 5. Masuda et al. (2003) Tl FEAH i
12 Weakest link theory & Shear-lag model % £/ L T Masuda
et al. (1989) OGN A WE L7z, Z O}, HAHEGR A
FLZZEEPHEICT 27D TINTRA—X % B0rb
MZBED Tz UL B~ A 70 7 =7 1 vHin o8
HEEERT.

3, B@XERAT 2L,

_m-l, £ 0 "’ 1- 172 _ 1 ’"
m \E, § E, Jcosh(Ar)

BE5. 22T, A=00/S"EBBIENICT A —Z L %)
HAfRAT 3 &,

B P m £ m
m ]rﬂ"’[f] {l[lqj 1 }
m E, E, )cosh(4r)

L% b, £ Erk E; OfE1 (Simmons & Wang, 1971) X
D, AIX7 7 A4 X—=Z & OEFTSimmons & Wang (1971)
DT —=RZIZHEDSWTHRD 55 . Masuda et al. (2008) 2L
PRl A TlE e Ag LRSI N TV BEHRIEFE L TH
% . Weibull /¢Z X — & X Kimura et al. (2004) X D m =2
FHOVS. B EXD G(r,A)IE7 7 A N — DHEREL () &6
TINRTRX=Z(A) DI L 2D TGr,A)ErEk5 2T
L, AEELZETES.

@3

G(r,o)=1-exp,

G(r,0)=1-exp 24)

DRI A—=% (A) DHETE LAE

MIEA TR/ FIEIT X o THES b (Masuda et
al, 2008, 2011). WE X VB ohiz~A 707 =7 1 Vi
R RO T DML Z & OFERE M(r) 52 %1



38 FAAS BB ER

ERLIZGr M) iE=A 2707 —F 4 viBEr ok Fo
BEROMHEBTH Y, r IZR T DML TH 2 . 7 1308
fECTH 203, EBROMWET — X IZFRTH 2. 20719,
HYEHLY B izBWT T —F 4 vRF—4& %
B39 2 & ZIERABETH B, 2T, ;= i-0.5 (i = 1...N,
NIZEER) & L Bt s 2 36 < L HERELE2S-1 < s < D
P BS LR FIFOEELDIILTRIED T —F 4
VEOTF—RXy b eB5. 2L L LD
T—=T 4 YREEBICROFTZ X DI1IZLT0WS. 2
2T, nDi A LDORT =T 4 YREEST 01+
TR TR T 2OIRBNICEDLNT: DD TH
. ZDOREM(r;) & G(ri, \) DEZ ZFL1zd O DOMRHNL
ADBBE L TUTD XS24 5.

r(2)= X (r) -6 ] .

2 2 Th(r) E B i T BWTERII L 72 2R F T H
% . NIFFHAORBTH 2. R 2 NIHEHEEL & ok
FHh(r) DEL DT, T(A) ZH/NIT A58 IE N
5.

ADFEFEAAT Cruickshank (1967; p. 330) & O, @)= %
AWTRXRD X 52615,

M=o 2 0G(r, 2) | W
- 7.
h . i
;(ﬂ[ 5 ]
zzT
0G (1, A .
éﬁ )=2C(n)lexp(C(n)/1) )
"o,
1 (£ E) 1 |
L) Bt I O B S g
o
THd
AEERDDORRF

MR CRD A E o TS D ZERMWIZIRE T 588
FL %779 . Masuda et al. (2003) TIRIES n/-#HHA 26
KD BT &GRS 2> 5 DS oo DEIRIZR DR
TEREIND.

c,=AS" 29

22T, 00 lREEDE S 25 0EIEH, SR 1 0O
WEEEGRE, MIZIERTCD)E ST A =X THDL. DF D,
7 7 A N—TH R OBHERE (S) 235 5 i,
ZIEHoo T RO 2ENTE S, Lo L, WEERE(SY) 13
EERD 2 2 LKL Wz, Masuda et al. (2003) T
RIBS N7 2 OBRR 7T TIRREBICEIS D ZHEET 2
ZLIETELLV.

IR (ST) DHEE

£ T HIIHIERE (S PHETS 200%E 2 3.
MR OB T: & ZHBIETH > TH OYHERD FiEK
S 2 LI DMEL 2 2 EIL T WD
(e.g. Davidge, 1979; Matsuo et al, 1987; 3%, 2001; Kimura
et al, 2006). ZNEFHEHR E VD L L2235 T, EER
(S ZRDBIZBELTHIESREZE T 2L4EID
5. ZOMBEIZE D L AT D HKimura et al. (2006, 2010)
THD. THENREEZ2IIHT:oCTET, AUEA»D
FEL: oD% A4 XORL 2RO 7 NV—TA LS
N—=TBEEZ5. IDEE, TNENDT NV—T DT
INT A — & L WEERRIE & A4, Ap,Sa,SE & LTQRIZRA
T3

o,=1,S, (30)

0y =S, (1)

LR . IN—TALETV—TBOREREDIZEL LD
[ CEAIZIEE LTV 2 O TRRER L 722205 (00) DK
SSPFALCTH B ENET D EC0LCRZH T TD
BEfR AR D 31D

0y =A,8, = 2,5, 82
I
5 4 5
Ay

#1535, OROBEFREFAH L RS O FERIZo
WT# 2 5. Weakest link theory TIZHEEEERE O ~F xR
IZOWTC =D E T VH3H 5 (Weibull, 1951). #hZF1
ARRERHR, WAESIR, B SHHR LN, 2 lEs
BIIE S 12 RIGATFIE LTV BT & %055 2 . K
PRI ERITEE L TW B4, £ ORISR IZIZ
HREROETFTNVEBHT 2. 1, REERFDREEIZ
FELTWI A, BEIROEFVvE#EHT 2 Z &3
Fe o . FAREIZ, KIfG 2R T OBMITEE L TV 254,
SHREHEIST 5 Z L3RS,

BRI i< A 20 T —F 4 VHEET BT 2O ~%
MROETNELTEZEDDI L ENAIR—HFILSIHLLVD
DE#E22. 53, BORT2OONFEREREL, #
NENDVSHEOIEE (wi,we) & F 5. 2 OEORIEIRE
S & Sy EBL ERFRIIUTOLII2%R 2.

1

%u:fﬁm (84)
S V

2 DEED m 1Z Weibull /S5 A — & | Vg, & Viey I3 ZKETF- 0
IE w1,w2 128 2B ROETH 2. IRw l2B1T 24
BSIRIIMUTo L) IcBERsnS.

n=I{“
14

o-maX
22T, Omax FRTFHICAE U RAREISD . o 3kiFho
LOMBELTEZoN2ECH. VIIEREO X I —%
T A=K TH?.35|ZoldShear-lag model I1Z & - TXK

)ndV (35)
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log (Wy/ W)

-0.6 -0.4 -0.2 0 -0.6 -0.4 -0.2 0 -0.6 -0.4 -0.2 0 -0.6 -0.4 -0.2 00
_z=1 ’ z=1 . .Z=1 , (effective-length model) <
' ' z=2 04 o
z=2 z=2 z=2 (effective-surface model) o

’ ’ z=3
z=3 z=3 z=3 (effective-volume model) {-0.6
&= -0.20 &n=-0.10 &w= -0.05 &n=10

R 6. kv EskisehirBED XX F v — bHIZEINDE 7V VARG D X DRD 5 Nizlog(Ax/Ap) & log(wix/wip) & HAPERRE (€4, = 0, -0.05,
-0.10, 2 TF-0.20) Iz BWTC Fay kL2 XA 7 277 - (Kimura et al,, 2010). /#5763 Ferguson (1981) 12 X 2 FEBR LiBIT Lo TRO LN
72 KR ORERRIZWRDK 2z (2 =3, 2, RPE DIZOWTRO LN L. Thbb, ZREUIARIRE TV (2 = 3), @EMEET V(2 =
2), REWRET N =DIZZNZENIELTVE. ZEETVOW, z = lORIHRET VSIS0 y P LTz T—2IT—FRLS 71 v b

L CTWw % (Kimura et al., 2010).

Fig. 6. Diagram of log(Ax/Ap) versus log(wx/wp) for sodic amphibole grains at &;,, = 0, -0.05, -0.10, and -0.20 from Kimura et al. (2010). &;,,
was obtained by the strain reversal method (Ferguson, 1981). The slope in the figure is equivalent to each z (z = 3, 2, and 1) of Eq. (6).

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

DEHtEz6n5.

h
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VX< MY w7 ZADRY Y v, RIZEEBE LRI T £ D
SEYREEE, 7o 13RI FOERTH 5. Fig. 3L D 0 & omax 13
77 AN—DOFLP 543 D3IFETIEFAL ¢S5 WVOHE
RS, FIT T, 0/0mx = 1 £ L TS (Masuda et al,
2004; Kimura et al., 2010). &, F L2 5F 2 TW D DX
FRIZOWT DT,

v, = dv=w 59
Vv
THY, [T
v, =w 59
TH3. 0% RO,
s 3/m
S, =(ﬂ] )
S“.| w,

ERL.ERBOITN=TA, T v—TBRIEER DR T
DO S NZDTIRIZIEINTDSNH L. 2 TSh,
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ATRIN2.
¥ — 3/m
S _ [ﬁ] )
Sy \ws

SHESBIETN—TAL T N—TBOWIEMRE wa & ws

X7 Vv—T7A, 7 v—7BOIROHFEFLITH L. ZDH
{ZITHER R, ESSRIZoWTHABEIISTIZE IR
DEXIITLD.

" — 2/m
S _ [Q )
S, Wa
S* — \lU/m
5 _ (& (k)
S, \ws
lhokz vz,
. — \z/m
Sy _| w4 m
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#85%.227C,2=1,2,3THd. SLI2ZnEEEL
<,
— \z/m
A [ﬁj )
Ay \ws
#18%. ZZTA%ZX, B¥D EBVTHHMERS &
log[&] = ilog(ﬁj (46)
Ap) m Wb

%132 . log(Ax/Ap) & log(wx/wp) DR % TE (eim) 125F
LCT 77 %L ol:DDFig. 6 THD. einp 1T A 271
T =T 4 VHEEIERO< N ) v 7 AOMEEERLT
BY, BRLEICI > THAES NS (k). 22T7ay
FENTWBF— & X Kimura et al (2006) IZEBWT 7 )V
I VARG L ELSAITH L TCEAMITER 2T o IR
BoNTF—XTH5. ZRITL D E3ODTHERDOE
FVON, ESSIR, oFDz=12E bR 74 v L
TW3. 72, ZORED Weibull /¥ 7 X — & (m) I3 Masuda
et al. (2004b) K& OF Kimura et al. (2006) 12 B WCTHPIA,
BRA, BUAFIZOWTEm =2LERNTWS. ZDZ
L2 HLRUDIZA T XS Iz—kfbans.
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log crack velocity

Ko Ke
log K
7. BHROMEEE LIEDIERFBE(K) OBEHR 2R3 B
(Masuda et al., 2008). Z Z T K¢ IXWHEHM:, K 139 SRR %
HLHLLTWD
Fig. 7. Schematic diagram of crack velocity versus stress intensity

factor, K. Kc is the fracture toughness and Kj is the fatigue limit
(Masuda et al., 2008).

1 12
s =S (=j “n
w

wHROMHFEFHDZ LTIV RA— I VAT —VTH D
(Kimura et al,, 2010). S*iF w 12 B} 2R T OEL OIFIE
T, Soi% S" OERE LS N E TS ICES 5.
ARz AW IcRAT 2 &,

. 1 12
O-O = /1S0 7 (48)

#1532 . M EX D, SO LT B AUTHE F — & % 8
WCEILC oo ZHEET 2 2 L3k 5.

SODIRE LIRBIHEBEOEA

KIRDEA DENIIEF IRV % 2 1 TEITT 5
BDTH3. <4707 —F 4 YIEEERKIHE S BRE
WoOWED BRI O: o TEREMEET 2 TAL 2
DOTHDLEEZLRETHL. ZOK, EEIZL 2D
MEOWEHEETH 2 . WHWIE L FRFMICHIz 5T
W% B B 2 L TR OB DUT i s
BB EIETETETDH 5 (e.g WiE, 1955). WHHHE %
#2 % ECHEELZOBICHIRBEB(K) TH Y, 2k
ZUSIRD IS 5045 B O, (BIOHRE 1238 < B3 5. Atkinson
(1987) X 0, IS HIERMBREB(K) ZBL T D X S ITEE S 1
5.

K=Yo e )

22T, 0. EFPSEL BN T, AL THor: LT
PoTWs. YIIMIERIET, Y=1Th 2 LHESNT
W35 (e.g. Lawn, 1993), c ZBHOESITH 5. KDfEi%
#2 2 ECEELDIZ Ke(WHEMM) & Ko(JEI5RAR) T
H % (Fig. 7). )G HIEKARBD K %8 2 2 & B D jEH

FE O TR LD T LA EREMNICHIEIRZ 2 &
EZoNDb. —F, DHERFEE»Kox ThH 2 LB
{HEMEILT 2. ZO%E, EATICKEZ 2 THHEE
BRI TWEEZLNS. OF ), NI O & 5 K
BERIIZ b Tz o TR 234 U T W 23541300 IR KRR B s
1L EH Koz EEloTE 20w, IEENE =
2LE 22135 0ARTH L. WEFHIKH R 7 —viz
BWTHHEIR S 2 E 2 2354, 2O LEFB LTV E
EBRX D b %J\_j(u:]:ﬁfﬁbf L % 5 falf23® % (Masuda
etal,2008). LTzhioC, =4 2707 —F 4 Vnhitz
WCHIEHRELZE T L2RLELH L. 22T, BHORE
S % cs EREL, SRR Z 23546 (K = Ko) ©
RS DIREEIRE S0 % Sto & LTI, Ko & oMfRIZ

K. =S o\[7es 60

L. — 5, BHEOME IUE B L % (K =Ko D
IREEY) DRFEEFREE S§ % So0 & LTz, Ko & DRRIE

K, =S,/ 7cs 61
LR AR AT & O ITHVE IR 2 7 — v %
T % LRI OMIEEREE & LT Soo BT 55 08 %
BLDOT, WRITRAT 2L,

1 12
0, =28, (:] 62)
w
w55 . S 51260 6D L D
* K £l
So,o = K_O Sc,o (3

C

LD, NI RAT B L,

1/2
o, =Sgoz%(i] )
C

w

%182, 22T, ScolZRHEMERELEKLTED,
Kimura et al. (2010) DEEHEIZH b T Seo & So- L ES

#iz 2L, 607
=18, =% K, [1 ) (5)
C

K. \w

L5, 20 LTHEANERL 226 oo LR ©
e D RRIIE S B EE M AA L Z E 25T E
72. Kimura et al. (2006) TITH N7z 3R IEY) O = sl 1F
FERIZBWT, BRA EFRENAAD SO 1L F N ZF 139 MPa,
64 MPa EHEEES L CTWS . Z L CMasuda et al. (2008) 12
BOWTERADK/Ke = 0.1 ERELTWS. & 51zKimura
et al. (2010) TIZAPIH D So* % 80MPa, Ko/Kc = 0.1 & L
TWa. U EXY, RODIET T X =2 Q) £ HHET
IS Hoo B EEBNITRO B Z LB TESL. 2O XS ITHHE
FWIBOW R TEAT 25 Z & T, EHNER R 7 — v
DOUDPTEZ o EBIREITR L OeH#T #1475 2 %
ozt L, S DESEREEIZBNT D —
EBTHY, Ko/Kc=01TH 3 Z EDZYMIZTH0I1THE
ENTWEW, LTedisoT, A 2707 —F 4 VEhET
B NT IS D Z TS 2 B IIFESBETH 5.
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the microboudinage structure
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B8, <A7u7—7 4 viEEEHWEORDT OB, (a)ik
ZIEHTORE, DIFERBROREE ZhEhRLTVE . EHn
TR FIX P OB AL T 32 £ Tlem = 0)5 SHES 2. ()
FERE Lk (Ferguson, 1981) 12k o T~ A 70 7 —F 4 VEED
EERE L 2B BEX (Masuda et al,, 2011 @ Fig. 4c Z#WE).
ZORDEE, i < 046 12 BVT—HRKORFTH o TR
Wy (HEREEL = 8.9) £3-0.46 < &4y, < -0.3512BWT, —DD <A 7
O 7 —F 4 v UTZRF (et = 8.9) £ =2 0BT L
T (Mt = 5.2 P31 12 %, S512-0.35 < g4y < 01T
WCDDRA 7 u 7 =7 4 VREE TR o 1R T (i = 8.9
£5.2) LZ00EN TV WALT (MEMIEL = 2.1, 8.1 L 3.7) 12 %
5.

Fig.8. Schematicillustration of the strain analysis for the
microboudinaged columnar grains. (2) Before microboudinage. (b)
After microboudinage. The fractured grains were pulled apart
during microboudinage until the matrix flow ceased at &;,, = 0.
(¢) Schematic of the restored microboudinaged grain using the
strain reversal method (Ferguson, 1981; modified from Fig. 4c in
Masuda et al., 2011). In this case, the aspect ratios of the three
grains remaining at €, = 0 are 2.1, 3.1 and 3.7. Hence, overall,
we have one intact grain (aspect ratio = 8.9) at &;,, < -0.46; one
microboudinaged grain (aspect ratio = 8.9) and two intact
grains (aspect ratios = 5.2 and 3.7) at -0.46 = &;, = -0.35; two
microboudinaged grains (aspect ratios = 8.9 and 5.2) and three
intact grains (aspect ratios = 2.1, 3.1 and 3.7) at -0.35 < g5, =
0.

EEELLTOYM707—T 4 V1BE
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B3 2 J5H T Ferguson (1981) 23strain reversal method &
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ATHHINMCLIITHZ 5.
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YORIIRZIZHELS LoTWwE . nBAIHTHEEIZL 520
TLEVWHILS LoTLED. Thbb T —T 14 Ut

D BRIOREITR o7 2 LIt h 3. ZOWREBITET
TR
e=nAe 62

L BHEDOEEZ0LET L E, RADEE LI EE:
FiRFEAM o> CTEZM>TWBE I EITLDIDTINE in
ERT . emlZADEE LD, BEAWBIZERELAD
% & 2. AeDfEIFKE LHIZT 5 LEEINRES LD
TETCHHEOEME LSRN, —HT, HEDITNE LR
iz 3 % LFHERIBDIEKIZZL>TLE S . Ae = 0.0001
THNITZFDHEEIFZ0.01%UTFTTHY , EHEEZLEALL
M 7 W CEHE © = 2 (B8 2, 1994).

RA707—F 1 VISHEHE DB

<A 707 =7 4 VICHFHIRIEY O MR & < A
70a7—7 4 VEEEOTFEROBR» LI EHEES 2
HYOTHLDOT, BELIEITX o TREMWIZEZR L&
Do ZDOWEDZIGT ZHEEST 5 Z EDAHETH 5. &
TroEEhEBEOTRNE, G —EHmRE#H 2L
DK 5 (Masuda & Kuriyama, 1988, Masuda et al., 1990,
2007, 2011). <4 7 0 7 —F 1 V& DT HHRIBZE L
R DMtk — IEVEBREBEE TR I 2 EF2 LN 2 L
(Masuda et al., 1995b) #FJH U THetk — M E R 86T
Bolsh - BEEZEENIZERTL2ILENTE S
(Masuda et al., 2007). 2O X 5 R ICEHE L 72260
BRSO L A=A 70T —F 1 VIEHEHTOAEL
NBEWMTH Y, MOIEHEFHIHF LT A 70T =T 1
VIBHEHDPEN TN EHDO—DTH 5.

BAGI

mgll~A4 707 =T 4 VikEHWTCELDEHEET
2 3#5% % Masuda et al. (2011) 2> 55809 5 . @HTICHW
YT NVIEFY Vv Syros i L D EIE T ZoDK
A H (Delfini, Kampos) D EERIA 12D W THIT S . #HTIC
Fiw 72 KRB 13 Cycladic blueschist-eclogite 7 & D £RE S
n, mFtEoEA R A -7 uY vy £ MEIGET 2 E
BAER % #5% L (e.g. Forster & Lister, 2005), # K% R iE
FEE 13 % 72 11450-520°C, 1.2-2.0 GPaTH - 7z & [k
H 5N T WD (e.g Brocker & Enders, 1999). %> 7 v d
TS X A ER: L EPTH ORGSR 2ELSI L T TS 1R L
ﬁﬁﬁ#w®6ﬂt®f NEHEGE L EFR LT, S

XIS E OB S 12 ERTH o Bl h T o g % AR
WS L EHR L.

FY INRIREIEES RS NS, 7T 4 v LTh
FREHIIHLTEo$ CItlinT 7 — 7 4 V&I Elg
LLWﬂﬁﬁgéh&#ot‘Zﬂ%ﬁ?@%%@ii
T, 4707 =7 4 YIEEMIER S N Ko ES T3
%TIEﬁ%@ﬁ%iﬁibfvtﬁi?é.;@ﬁ@
I DOFEMERIZFig. 9aD kSt s. ZoHEMERIZIES
WA 707 =7 4 VIEHFIE#EB L.
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Mineral
lineation
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H9. @=A4 2707 —7 1 VIBEERREOEEOREMER . RIS
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Fig. 9.

orientations of 01, 02 and g3 during microboudinage are considered

(a) Reference flame during microboudinage. Assumed

in this study. o7 is the maximum principal stress, which is
perpendicular to the foliation. o3 is the intermediate principal
stress, which is perpendicular to the mineral lineation on the
foliation surface. o3 is the minimum principal stress, which is
parallel to the lineation on the foliation surface. (b) Measurements
of the columnar grain length, width and interboudin distance.
These figures were modified from Fig. 4a,b in Masuda et al (2011).

Do, R IZIE RS 1 & —3F 2 LIRE
LT\ 20T, SEMMEE = 15° O HF I Eil 25w Tu
DEMIAICER T 5. Sk T & S i + 15° &P
LTz DT Iz R T A R T 27:0TH B <
A 70T —F 4 VIEHETRER LD T —F 4 &R
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A 707 =T 4 VHEEOE, <A 2707 =74 VITko
THEN TR S (G) 12V T ENZ NGR4T - 72 (Fig. 9b).
I THEIRSAZERONTRIEZ<A a0 T —F 4
VIBEOREIZED Lo THEMT 22 L THS. flZ I,
Fig. 8¢ TIE—HR DK F D3 = 0TIE DDA 70 7 —
FaviEErHoMF L =008 N T VW WRFIT %
5. LIz, IROMBEFH w iz~ A 707 —F 1 v
EOFEIE - TENT 2. [EEDemll BT 2w iZER
LEZFIHT 22 LI2L > TRDO Z2HEHITE 5 (Masuda
et al, 2011). ZAUTIESRT X =2 (MD)ITBWTHEET
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» % (Masuda et al., 2011 D Fig. 7% FFig. 8% R k). 2D
K, IS8T X —Z (M IFHET — 212 LT, fiFHo
HAN T % L 7cim/ D3 (2025) 12 & - TR 53K
52ZLMTES.

22T, em=01lBY2EICHIZERT L. 087
R =& Q) DAEIZIE F— 21T LT, K F o BRI
LR/ RE(R2) Ik o TR RO 2 Z £
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et al., 2011), So™ = 80 MPa (Kimura et al., 2010) % O T,
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5 v TV ERRREEMTEAR 7 — X OB DI BT
RTH5.
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BAZITRZEB T T Wi 72z, F 72 BEHHEERE, JIEAC
KEiho &3 2BAFEREO L 4 I3RS U CIER
WAL AR Y e LTWe Wiz, RER I EREE—
Iz & EHMERBIBICET L Tt v R OER
ko TRBEEFIRESUES L. ZOHEEN TE
ALHELETS.

51 3R

Atkinson B. K. (1987), Fracture Mechanics of Rock. Academic
Press, London, 534p.

WIEILK (2001), £ 7 3 v 7 ARPEIRES:. 20 F4t, B
=, 176p.

Behr W. M. & Platt J. P. (2011), A naturally constrained
stress profile through the middle crust in an extensional
terrane. Earth and Planetary Science Letters, 303,
181-192.

Brocker M. & Enders M. (1999), U-Pb zircon geochronology
of unusual eclogite-facies rocks from Syros and Tinos
(Cyclades, Greece). Geological Magazine, 136,
111-118.

Birgmann R. & Dresen G. (2008), Rheology of the lower
crustand upper mantle: Evidence from rock
mechanics, geodesy, and field observations. Annual
Review of Earth and Planetary Sciences, 36, 531.

Cruickshank D. W. J. (1967), International tables for X-ray
crystallography. In: Kasper J. S. & Lonsdale K. (eds.)
Mathematical Tables, Second Ed., Vol. II. Kynoch
Press, Birmingham, 439p.

Davidge R. W. (1979), Mechanical Behaviour of Ceramics.
Cambridge University Press, London, 174p.
Engelder T. (1993), Stress Regimes in the Lithosphere.

Princeton Univ. Press, Princeton, 492p.

Epstein B. (1948), Statistical aspects of fracture problems.
Journal of Applied Physics, 19, 140-147.

Ferguson C. C. (1981), A strain reversal method for
estimating extension from fragmented rigid inclusions.
Tectonophysics, 79, T43-T52.

Forster M. A. & Lister G. S. (2005), Several distinct tectono-
metamorphic slices in the Cycladic eclogite-blueschist
belt, Greece. Contributions to Mineralogy and Petrology,
150, 523-545.

Hobbs B. E., Means W. D. & Williams P. F. (1976), An
Outline of Structural Geology. John Wiley & Sons,
New York, 571p.

Hobbs B. E. & Ord A. (2014), Structural Geology: The
Mechanics of Deforming Metamorphic Rocks. Elsevier,
Amsterdam, 680p.

Karato S. 1. (2008), Deformation of Earth Materials: An
Introduction to the Rheology of Solid Earth. Cambridge
University Press, Cambridge, 482p.

Kelly A. (1973), Strong Solid (Monographs on the Physics
& Chemistry of Materials). Clarendon Press, Oxford,
302p.

Kimura N., Awaji H., Okamoto M., Matsumura Y. & Masuda
T. (2006), Fracture strength of tourmaline and epidote
by three-point bending test: application to microboudin
method for estimating absolute magnitude of
palaeodifferential stress. Journal of Structural Geology,
28, 1093-1102.

Kimura N., Nakayama S., Tsukimura K., Miwa S., Okamoto
A. & Masuda T. (2010), Determination of amphibole
fracture strength for quantitative palaeostress analysis
using microboudinage structures. Journal of Structural
Geology, 32, 136-150.

Kohlstedt D. L. & Weathers M. S. (1980), Deformation —
induced microstructures, paleopiezometers, and
differential stresses in deeply eroded fault zones.
Journal of Geophysical Research: Solid Earth, 85,
6269-6285.

Kiister M. & Stockhert B. (1999), High differential stress
and sublithostatic pore fluid pressure in the ductile
regime-microstructural evidence for short-term post-
seismic creep in the Sesia zone, Western Alps.
Tectonophysics, 303, 263-277.

JohanesenK.E. &PlattJ.P.(2015), Rheology,
microstructure, and fabric in a large scale mantle
shear zone, Ronda Peridotite, southern Spain. Journal
of Structural Geology, 73, 1-17.



44 FAAS BB ER

Lacombe O. (2007), Comparison of paleostress magnitudes
from calcite twins with contemporary stress magnitudes
and frictional sliding criteria in the continental crust:
Mechanical implications. Journal of Structural Geology,
29, 86-99.

Lawn B. (1993), Fracture of Brittle Solids, 2nd Ed.
Cambridge Univ. Press, Cambridge, 398p.

Lloyd G. E., Ferguson C. C. & Reading K. (1982), A stress-
transfer model for the development of extension
fracture boudinage. Journal of Structural Geology,
4, 355-372.

Masuda T. & Kimura N. (2004), Can a Newtonian viscous-
matrix model be applied to microboudinage of
columnar grains in quartzose tectonites? Journal of
Structural Geology, 26, 1749-1754.

Masuda T., Kimura N., Fu B. & Li X. (2004a), Validity of
the microboudin method for palaeo-stress analysis
of metamorphic tectonites: application to extraordinarily
long sodic amphibole grains in a metachert from
Aksu, China. Journal of Structural Geology, 26,
203-206.

Masuda T., Kimura N. & Hara Y. (2003), Progress in
microboudin method for palaeostress analysis of
metamorphic tectonites: application of mathematically
refined expression. Tectonophysics, 364, 1-8.

Masuda T., Kimura N., Okamoto A., Miyake T. & Omori Y.
(2007), Cessation of plastic deformation during
exhumation of metamorphic tectonites revealed by
microboudinage structures. Journal of Structural
Geology, 29, 159-165.

Masuda T., Kugimiya Y., Aoshima I., Hara Y. & Ikei H.
(1999), A statistical approach to determination of a
mineral lineation. Journal of Structural Geology, 21,
467-472.

Masuda T. & Kuriyama M. (1988), Successive “mid-point”
fracturing during microboudinage: an estimate of
the stress-strain relation during a natural deformation.
Tectonophysics, 147, 171-177.

Masuda T., Miyake T., Kimura N. & Okamoto A. (2011),
Application of the microboudin method to
palaeodifferential stress analysis of deformed impure
marbles from Syros, Greece: Implications for grain-
size and calcite-twin palaeopiezometers. Journal of
structural geology, 33, 20-31.

Masuda T., Nakayama S., Kimura N. & Okamoto A. (2008),
Magnitude of o1, 02, and 03 at mid-crustal levels in
an orogenic belt: microboudin method applied to an
impure metachert from Turkey. Tectonophysics, 460,
230-236.

Masuda T., Nakayama S., Kimura N., Onodera K. & Okamoto
A. (2004b), Triaxial stress state deep in orogenic
belts: an example from Turkey. Journal of Structural
Geology, 26, 2203-2209.

Masuda T., Shibutani T., Igarashi T. & Kuriyama M. (1989),

Microboudin structure of piemontite in quartz schists:
a proposal for a new indicator of relative palaeodif-
ferential stress. Tectonophysics, 163, 169-180.

Masuda T., Shibutani T., Kuriyama M. & Igarashi T. (1990),
Development of microboudinage: an estimate of
changing differential stress with increasing strain.
Tectonophysics, 178, 379-387.

FEH R « S EHRC - ZRNFAT « KIHSUBF) (1994), 7 —
T4 VEEEPOHRELZRD S 07 5 (5
JEHED RS e € YN PN S ER G R L e
20, 203-208.

Masuda T., Shibutani T., Ochiai T., Akagi S., Yamaguchi
H., Kugimiya Y., Kimura N. & Miyake T. (2004c),
Microboudin structures of piemontite along the
Sambagawa metamorphic belt, Japan: implications
for lateral variation of differential stress during regional
metamorphism. Journal of Metamorphic Geology,
22, 199-205.

Masuda T., Shibutani T. & Yamaguchi H. (1995a),
Comparative rheological behaviour of albite and quartz
in siliceous schists revealed by the microboudinage
of piedmontite. Journal of Structural Geology, 17,
1523-1533.

Masuda T., Shibutani T. & Yamaguchi H. (1995b), Practical
stress analysis using piedmontite microboudinage
structures. Journal of Structural Geology, 17, 1793—
1795.

Matsuo Y., Ogasawara T., Kimura S. & Yasuda E. (1987),
Statistical analysis of the effect of surface grinding
on the strength of alumina using Weibull’s multi-
modal function. Journal of Materials Science, 22,
1482-1488.

Means W. D. (1976), Stress and Strain: Basic Concepts of
Continuum Mechanics for Geologists. Springer-Verlag,
New York, 339p.

Mercier J. C. C., Anderson D. A. & Carter N. L. (1977),
Stress in the lithosphere: inferences from steady
state flow of rocks. Pure and Applied Geophysics,
115, 199-226.

Nicolas A. & Poirier J. P. (1976), Crystalline Plasticity and
Solid State Flow in Metamorphic Rocks. John Wiley
& Sons, New York, 462p.

Ord A. & Christie J. M. (1984), Flow stresses from
microstructures in mylonitic quartzites of the Moine
Thrust Zone, Assynt area, Scotland. Journal of
Structural Geology, 6, 639—654.

Scholz C. H. (2002), The Mechanics of Earthquakes and
Faulting. Cambridge university press, Cambridge,
504p.

Simmons G. & Wang H. (1971), Single Crystal Elastic
Constants and Calculated Aggregate Properties: a
Handbook. MIT Press, Cambridge, 370p.

Stipp M. & Tullis J. (2003), The recrystallized grain size
piezometer for quartz. Geophysical Research Letters,



<A 787 =7 4 VIEHE O MR 45

30, 2088, doi: 10.1029/2003GL018444.

Turcotte D. L. & Schubert G. (2002), Geodynamics.
Cambridge Univ. Press, Cambridge. 456p.

Twiss R. J. (1977), Theory and applicability of a recrystallized
grain size palaeopiezometer. Pure and Applied
Geophysics, 115, 227-244.

Twiss R. J. (1986), Variable sensitivity piezometric equations
for dislocation density and subgrain diameter and
their relevance to olivine and quartz. /n: Hobbs B.
E.and Heard H. C. (eds.) Mineral and Rock
Deformation: Laboratory Studies. Geophysical
Monograph, Vol. 36, American Geophysical Union,
Washington, D.C., 247-261.

Weathers M. S., Bird J. M., Cooper R. F. & Kohlstedt D. L.
(1979), Differential stress determined from
deformation-induced microstructures of the Moine

thrust zone. Journal of Geophysical Research, 84,
7495-7509.

Weibull W. (1939a), Statistical theory of the strength of
materials. Ing. Vetenskaps Akad. Handl., No. 151
(cited in Epstein, 1948).

Weibull W. (1939b), The phenomenon of rupture in solids.
Ing. Vetenskaps Akad. Handl., No. 151 (cited in
Epstein, 1948).

Weibull W. (1951), A statistical distribution function of
wide applicability. Journal of Applied Mechanics, 22,
293-297.

TR ER (1955), MPRIBREE S : TR - R ds & U5 . X
Hiw, B, 300p.

Zhao P. & Ji S. (1997), Refinements of shear-lag model and
its applications. Tectonophysics, 279, 37-53.



