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A rheological discussion on mylonites in ductile shear zones

N K-

Kyuichi Kanagawa’

Abstract: Ductile shear zones are narrow planar zones of localized shear strain.
The strain localization is likely to be accompanied by strain softening due to
either of the following processes depending on such factors as mineral composi-
tions, pressure-temperature conditions and water / rock ratios: (1) fabric soften-
ing and dynamic recrystallization of fine-grained fault gouges along pre-existing
faults, (2) cataclastic faulting across brittle components and subsequent shearing
of ductile components through fabric softening and dynamic recrystallization, 3
dynamic recrystallization due to grain boundary bulging, (4) localized fluid intro-
duction and subsequent water- and reaction-weakening, and / or (5) weakening
due to dehydration reaction or phase transformation.

Myilonites are grain-size reduced rocks formed in ductile shear zones. Grain
flattening and elongation due to crystal plasticity produce foliation (S-surface)
and stretching lineation in mylonites. Grain size reduction is promoted by dyna-
mic recrystallization and metamorphic reactions. Grains remaining from dynamic
recrystallization and metamorphic reactions become porphyroclasts, resulting in
porphyroclast-in-matrix microstructure. Elongate pressure shadows or tails around
porphyroclasts also characterize S-surfaces and stretching lineation. If materials
much weaker than the rest exist in protoliths or are produced in mylonites, strain
would then be localized into these weak materials so that they form layers of high
shear strain (C-surfaces) with ductile striae (ridge-in-groove lineation). Con-
tinuous grain flattening and dynamic recrystallization produce dimensionai prefer-
red orientation of recrystallized grains, which defines another less obvious, steady
state foliation (§"-surface). Flow mechanisms active in mylonites are dislocation
creep and / or (fluid-assisted) diffusion creep. In dislocation creep crystallographic
fabrics develop so as to increase resolved shear stresses on active slip planes
along slip directions (fabric softening), whereas they do not develop in diffusion
creep. If these mechanisms become inactive due to such as temperature decrease,
mylonites would then become strain-hardened so that further strain would be
attained by slip along shear bands (C’-surfaces).
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74 0F A MR IR & S
ERIE>THRIELA-EHTH L (B2
Bell & Etheridge, 1973). MM EHiH XL 4 1
T-BHIEERIL L A-EETH D, EERILL
ERAMNAO0Frf +THhEEEZLENS
(White et al, 1980). <=4 0+ 4 biZHET D
PHMEE R 7 7 7)) v 2 LT D 204
B XL RIFERINLTETCAHIZE
Carreras et al., 1980: Cobbold et al., 1987).
7, BREEEIZLSTREOZAO0FA MZIR
LN AR ESL 7 > 7Y v 7 2 BHRT A
A A b % 3T S {2 1 Jordan, 1987; De-
‘I'Angelo & Tullis, 1989). LA L7Zds, =4
U POV DY - PSR ELT L
LRBEANIEB SN TVARTH W, v AT
+A4 M OMHEER 7 7 7Y v 2 R
THW & v ADEEBIZHH L OV E (B2
¥ Simpson & Schmid, 1983; Bouchez et al,
1983; Passchier & Simpson, 1986)Z & 406, fE
KDwA Ot A MIREDE L ZFDIEGIMEE
AOEE L EEPESUIT TS OB BT 2 P2 A%
WY AZLIIEREAELATEALLIICEZ
B, HEPESTRTE C 3 — 82T O F s
Ao THIME QR A B nAvE 0 S i 5 (#]
Z X Ramsay & Graham, 1970) DT, RO HE
TiIZEI w1 aF A FOMMIEESLT » 7)) »
OB G, SR OEBNEIEN D) TR
A BRI v A O 4 P ORI L THEE
Pl EE 2 FR{LoRELEORALATEICH
TLHEMETELZ LA TEDH AL White et
al., 1980; Watts & Williams, 1983; Vauchez,
1987). Z DL 3 HREEIZT - T, RMEOEN
B OF A e LAY - WRAD G
EETLHILLEETHA,

IhE TIIER SN E N - IR
RIF—%iE, FL— PERIEPD TR -
F RO KRB BTG B4 A A — L OB
HIZH Y EENZL s TEdbhTwnhZén
LT B (B 2 i McClay & Price, 1981; Co-
ward & Ries, 1986; Coward et al,, 1987, 1985),

F 72 B v bV b KR L SR DA AR A
REHEMBIERE P OHT STV L(FI LT
Reston, 1990; Flack et al,, 1990). f£-T<4 @
FA DL T Y — BRI ORRO A R
HF, M v BT LN ER), BE
BE, VVARTLT  TE/AT 2T ONYH
E - EHlOBERICBY TR CTEELER
2 LR5LELL NS AT Sibson, 1977,
1983; Kirby, 1985; Carter & Tsenn, 1987; Rutter
& Brodie, 1988a; Handy, 1989; Ord & Hobbs,
1989: Shimamoto, 1989).
EEHLOEBRIEHENEOIEESLET
bhH. ZOEIIIERERYLEONLERCN
BT — 5 L) b LELATRTH S,
BT A EOFELCTEREE LT - LT
o8& ERCEOSVTHHL, HiZL 40
¥ — AR O TR R v f O 1 b
OB ERE T HEENICHL L L ERAA
B, WERSHEMICLLILEEITL O,
EERETHLEHS L VEEERDEHIIR
EL, ERECHRBRESOMICRANZFOR
GO ALat A MUIZIRER L2V,

BAOER{LLME

FEAbiz, H¥EBRICR—EERET TOED
DA Fah b id—E R P ToEEE O E
LTEHESNA(Fig. ). BERHOEHKRMLLE
EEEEE L D ERIET LERETHR TR
T4, JOR-HEEFEETWIEAEEDOE
B IOEBROERIIL - TEhEbh, 5H
RS EOMES s IR E D EEOFHESI
Grrind . BRI B EIC e Tk E Ok R
REMTHLZ b, FEALLAEHETH Y,
MBI MBIt A 4 O+ 4 bISEES L
TR L > TERILLITEATHEEEL
B A (White et al, 1980). HEME35ETE O
PHEMLERL LG LTWL I i, EB
B2 b B 2 T v A (White et al, 1980;
Ralser, 1990; Tullis et al., 1990). % HiyZ4iEY:
rheA 04 P BRETHERILOBES L
TEELZ SO, OEIEEL, OF&BOR
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Fig. 1. Mechanical definition of strain hardening (1), steady-state (2}, and strain softening (3} under

constant strain-rate {a) and constant differential stress {b) conditions.

MEF, @KOFE, QERGO 4D EH
TEBTHAD ) (22 Poirier, 1980; White et
al., 1980; Tullis et al., 1982).

BHEES

MR L » TEFEE S LTI, &
L OR AT H~GHE T HEE IRV O TER
PIES L. oAk Lo Ty ) — T
OBy N = TNEER A S S X LHEL
BEPAT T L0 RetE A B () 208 Schmid
et al., 1977; Schmid, 1982).

PMET TR s o4~ ) 1 LB k -
TEBEPEITT S, OB &3, AHY LK
A (TN H A B@ T 2 MONEr), Mo
HESFR, RWBRFIZL S THTORE. 2hb
OFEE % s L CEA AR S L R ASETT 5
B, FofFIcdEholmsngEs i
FE L §. ZOEMLOBRIILDIE LR
oA, iy ) — 7T, wBivobAH
BFEE AL > TENFEORVHELE T %
PSR THCE, SR oORFHICH /208
MEASER - BB 5 2 & ChlfEA R 5.

BTSSR AR SR & R AEE) LD L o
TH# I 5 (Poirier, 1985). BRI HI 3
ST ClE, SO T aok
XM & O dEfr AT~ 0 fc TRl 2 H
i EH)LT(Fig. 2a), T3 LF—-Mic L

DEERREICEN LEERER T ERT 2
{Figs. 2b & 3e). BROMET IV HA S
BOESRHMOTHOBERRE (&) (HE
sefr o), EEESHOTIA10"LL ik
LHEFHENFLERSNL(Fig. 31). Zh
RSN O L AR EERTHD,. B
SR L TR LB R T, g
ST LR - BB LBV TEN VDT
BHE % EEALIIEE S % v (Hirth & Tullis,
1992). —H, MmOl = AN F -0
PEAERN & 4 h, WRBEIZL - TEVERED
BV SPEBVESTHE L TEHE RN T8
BT A0, MABECLLIEERTHS. B
FREEN L SEH S, ESEEEORGE &R
A/ E R iz ¥ 8 L T (grain-boundary
bulging) MR O WM RH FEHETAEH S
(Figs. 2¢ & 3¢0)&, KR EBESHBN THEE
T A5BE(Figs. 24 & 317D, wEILEE
W THRFESRMDTHEET S (Urai et al,
1986). HIE GBS, BE SR T IR Chsfy
LW THELZER(ME L7259 (Tulis &
Yund, 1985; Hirth & Tullis, 1992).

Hirth & Tullis (1992)iZ L 4tiX, AELE G
HORRfr 7 ) — TS & Bl O R
TNTIODEMIZSHTE L (Figs. 3 &
4). Schmid et al. {1980) & X ¥B 15 (Carrara
marble) DEEFEZ ) — TR 3OO FHEBIZDHEL
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Fig. 2. (a) Climb of an edge dislocation by abserbing or emitting vacancies {v). (b) Rearrangement

of edge dislocations by glide and climb leading te the formation of a subgrain boundary. f{e¢)

Creation of a new grain by grain boundary bulging. {d) Sweeping migration of a grain

boundary.

TV A, PEIREEOFEE Dy s HEO Sz
BT LTwWahEEZLNRSL, L LS
FHRAEOHSMREM CERN D EKT 50
ThHELRE D,

RREEEEW (AR 1 )Tid, HERTEE
RO FRAHED B2 vy, SEATEE OIKVR
Fh b BT ~OERIKOH R EE (Fig.
3L ZBNEFRICL - TRHIESR. 2
bt R COBMHEFASORRICTER LT
I o TWwhH(Fig.dc). “OHBE, Bk
LTHERN Tt - TEdhbh s, B
TWATLORTIEH T D ER L2 (Fig. 3a).
TORT EAHA B OB TR L, &
PERER R R TER T D D gt R
F(Fig. 3b). FWARBEIL - TEHER LR
FEAIENOBMEBEICL > TERBL, &561C
TNRABEYERTL. KT, BEESHT
DENFE LI EA TV 5.

BEO VAL WITEREORD I, &
PO I HAAmE 4 HETRIB L HIIE
LM 2), OB TR T e E
BFb L, #EENEEREEERL, HEICE

HERNTRERS A S HEE 2L (Fig. 3d)
FEOREVRR TSR I L 2 &
Ik, 27 7 b L& (core and
mantle structure; White, 1976) 2 & £ ¥+ 4
Fig3d) i D FRAERIIEI - THWA I L
(SO AT T VA /E 5 R VA S Nl R QST I ¢ I
(Fig.3e). Z tLid ity o L HANE = 2 L #gfo A%
A~ ISR T D (Figlah b T
HL FEMPERBERRCENFig Y 2
NP N SR T 7 TF AR AR ¥ A Y A sl k1))
&ﬁ%ﬁd&@%ﬁ('ﬁf%%WQM

WREMN LA T L0d 5V ITEEE AT
&'ﬂ'% & B R OB A L EE R o |
BERNRABBOMA L TREILLIICES
(FEEE3). Z DA O RS e L B AR R OR
HLANF—EE It - TwhEEZLR
5 (Fig.3i; Hirth & Tullis, 1992). fF {2k
7wy PSSR LA T R S
NAHHFig. 3g), M2 L HEA~RENAANEL
AR IR, A IEREE T e
fa L, EARARICEE L RIS R LG
W0 LI E & KT S (Fig. 3h).
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Fig. 3.
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Microstructures of quartz aggregates deformed in three dislocation creep regimes (Hirth &
Tullis, 1992). (a)—{c}: regime 1; {d)—(f}: regime 2; {g}—{i): regime 3.

{a) Optical micrograph of a sample (initial d ~ 210 ., m, 700°C. 1.5GPa, 105", ‘as-is’. 58%
strain} showing irregular patchy extinetion, inhomogenecus flattened original grains and ex-
tensive grain boundary recrystallization.

{b) TEM micrograph of a sample {initial 4= 210 , m. 700"C, 1.5GPa, 10% | ‘asis’, 20%
strain) from the core of an original grain with a high density of tangled and straight disloca-
tions.

{c) TEM micrograph of the same sample as {b) showing recrystallization by grain boundary
bulging {asterisks ).

{(d) Optical micrograph of a sample (initial d = 210 , m. 800°C. 1.5GPa, 1087 "as-is', 60%
strain} showing homogeneously flattened original grains, optically visible subgrains, deforma-
tion lamellae. and core and mantle structure.

(e} TEM micrograph of a sample (initiai d >~ 100 , m, 800°C. 1.5GPa, 10% ", ‘as-is"30%
strain) showing low density of curved dislocatiens. subgrain boundaries and subgrains.

{f) TEM micrograph of the same sample as {d) showing recrystallized grains with similar
dislocation densities, bounded partly by subgrain boundaries and partly by high angle bound-
aries.

{g) Optical micrograph of a sample (initial 4~ 100 , m, 900°C, 1.5GPa, 10 %51, water added,
36% strain) showing optically visible subgrains within the original grains and core and mantle
structure,

(h} Optical micrograph of a sample (initial d~ 100 ,m, %00°C, 1.5GPa, 10 85!, water added,
57% strain) showing a complete recrystallization of original grains.

(i) TEM micrograph of the same sample as {g) showing a grain boundary migrating towards
a subgrain boundary (arrow).
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Fig. 4. Three dislocation creep regimes for quartz aggregates, and their mechanical behavior in each

regime (Hirth & Tullis, 1992).

{a) & (b) Plots of temperature vs strain rate showing the

dislocation creep regimes for quartz aggregates deformed ‘as -is’ (a} and with 0.17 wt% water

added (b).

ime 2, regime 3, and gradational between regimes 2 and 3, respectively.

Open circle, plus, open square, and filled square symbols represent regime 1, reg-

{e)—{e) Differential

stress vs axial strain curves for samples deformed in regime 1 (c¢), regime 2 (d), and regime

3 (e). Quartzite samples have average grain sizes of 210 pm {c & d) or 100 pm {e), and

novaculite samples have an average grain size of 2,, .

3DOEWMO ) LEELERILERTORME
HW1oAiTHE(Fig. 4, ce). ThiL, HEK
1 T3 R T TR OR T 1 H~i o Tl
TEMEELEROOIIR L, 2 3T
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ENBRFEILBTEFN b LEELLNLD
(Hirth & Tullis, 1992). & & & & 4k % £ 48 &
Thiug, s THERLLORE RISV
(Fig. 4 c). W1 &2 BREARIIDONT
LR BT D (Tullis & Yund, 1985; Tullis,
1990), $Hi 1 i2 BT 2HEAOBHER L -
TSR SR D 2 & AEERIR S
hoTwvr 4 (Dell’Angelo & Tullis, 1989; Tullis et
al., 1890},
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Fig. 5. Cylindrical single crystal under axial load F. 4

= cross-section area of the crystal. Stress on
the slip plane is equal to (F/A4) cos ¢, and the
resclved shear stress in the slip direction is
equal to (F/A) cos¢ cos A . where cos ¢reos A is
known as the Schmidt factor. Slip occurs when
the critical resolved shear stress (CRSS) is
attained (Schmidt's Law) . For slip systems
with the same CRSS or polycrystals with a sing-
le slip system, the relative ease of slip is ex-

pressed by the Schmidt factor.

BREIHIVERYST, AYELAKETT
(Fig. 6a). EBRIENT~<) ((e)<a>)DH
BTLEHCHBER L-ALEESOHE, ¢
WAYERF T IIFEE & L IR Sk T AT
ERETFR-7122 52 LTHSTHS
ZENEBLPERIIBOWTIHE IR TWE
{Fig. 6 ; Tullis et al., 1973; Bouchez, 1977; Law,
1986).

ELfE OSSN S R R T 4% B
ORI D LH7- OB TORENEZ S
(Fig. 7 ; B2 tZ Hobbs et al., 1976). = O#EE
TN SRR AR EED, 80 HEAE
EHENPATICED ((Fig. 7). - TEHER
PN ERT L LSO RENSE LS.

“N = 600 N=36

Fig. 6. Relationship between grain flattening and crys-
tallographic crientation in a quartzite mylonite
{Law et al., 1986) . {a) Optical micrograph
showing variably flattened quartz grains and a
relatively undeformed globular quartz grain {g).
(b) & (e} Quartz c-axis orientations of fiat-

tened (b) and globular {¢) grains. respectively.

BN AR - T, EomEic k- T
TAEITT AR ) B % K E CELBIC
B S v, BMER T, EREOEITE LD
(2 FEAE I ] U AR TS W L2 SR AT 4200
TE, B4 ORTOKMNEITTET A TN R
Ty gl E AT ETR O BIRTE < b JF e
Wi BATIZ 2 5 £ ) I ZEEAEH 3 2 (Fig.
8: Law et al,, 1990)., FO#HEE T~V HEIZIER
F LB AT LA OB AT E S8 S
AR DERSMB#EIRD. J0L ) hishEo
EMEFNC & B EBEAITERMFIEALH D i
T Ty 7 AL EEEE R D (White et al.,
1980). @77 7 v 7 &AL T (1986) %
Wenk & Christie (199142 % o THOBEAH 5
RHSNTWA,
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Lattice reorientation of a crystal as a result of

Fig. 7.

plastic deformation. {a) Part of a crystal to be
shortened vertically and stretched horizontally.
(b} The crystal deforms by slip without rota-
tion of its crystal lattice, but with a rotation of
lines  to strain

material produce a

incompatibility. (c} An additional rotation is

required so as to satisfy the strain constraint,
which does rotate the crystal lattice so that the
slip plane normal and the slip direction come
closer to the shortening and stretching direc-

tions, re'spectively.

KOEE

KOFIEE, HA B 1 ERBLT)THLH
LERERZRETLIZEPHASRTED
(# z £ Griggs & Blacic, 1965. Blacie, 1972:
Tullis & Yund, 1980; Mackwell et al., 1985;
Karato et al, 1986}, 7 fI #k 1k (hydrolytic
weakening ¥ /- i3 water weakening) & FEiIh T
Wi ARKENEALI R RIS I C IR T
HENLRTEN, TOHBIIELTE
Paterson (1989) 12 X » TREHIZL K 2 — XN T
Vih, RIEKREERE(ON & L-THTRIICELEL
THe4 G- RIE LTS 21, HAEAEE
WK E LCHES A (Fig. 9) 2 EdHIH R

AA.

T b {Paterson, 1989). K OIFERRED G 2
FHBROBE L A RARI G v
£ 41T\ & (Paterson, 1982) 4%, mAEME S H
727 — ) TR BB R R L T
Sriae & MRe At —EBr L L Lz (Kronenburg &
Wolf, 1990). FEAHOER OFEE)IZIT Si-0 3
BHGOUM LB L T50, Si-O-Si#as
ARG EEIZ X - T Si-OH @ HO-Si 5 A2 &
ZAONTHGNFEEYN, BEoBEI»FSIC
LRSI B G TE(E
Griggs, 1967). L2 L&ds, AEO KL
BT RO ARET H L ASEREOHRM
THOTHIZE THLAL T B
{Kekulawala et al, 1981: Aines et al, 1984
Kronenburg & Wolt, 1990). KA EHRO
BEEOLHARET LI ENFHNONRTEY
{Dennis, 1984: Gilletti & Yund, 1984: Farver &
Yund, 1991}, {€o TEfud LH T RES Z &
2 65 (Paterson, 1989). “ThidG¥do
DTRKOBAMER B L KEFERTHORBEED
EWRAVEEIITLRIBEHMNENTVES
(Farver & Yund, 1991). HiFE B REoEHE
B, R BT DT B CHERE L Ao dmf ATk o
BAZE - THHE LS T-ATRK 3 h b 2
EATRENT VS (Fitz Gerald et al, 1991). =
DL ATKOTFFEIT L » TSR L 5
B ERaTRESH, LRoFEOEN
V=7 O3 0DWMEOBERIEKENT LY
100CHE T 25 (Fig. 4b)7%, {FHEIZBITLHE
MG NS I EREF T EEDLL L
(Hirth & Tullis, 1992). it - TKABEWT 2 & %
HWMETRATLAZEADNIE, R BEgE
TEAsHETT LR PESTRTRT AL & h B ol REME A dy
D, EEIHEE D O WEERTRI R AYE L7 Sierra
Nevada @ /NETIT 1 (Segall & Simpson, 1986) T
i, SrEOENE w1 00 MEOETIZHE
o L ThERFHICHEAHED & LTHET
KOBEAHM L(Fig. 10}, BWEZH-TEAL
KRR R E L Z LS R
T4 (Kronenburg et al., 1990).

EERPIRICE Y A T A KIIER TR (LE
A, MEICTFET D REEDGE S RET
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Fig. 8. Schmidt factor variations for basal (¢}, prism {m), rhomb {7 and z} and acute rhomb (7

Fig. 9.

showing

ter is trapped {Paterson, 1989).

line is also seen.

TEM mi¢rograph of a synthetic quartz crystal

and 7 ') w@> slip systems associated with individual positions on the c-axis fabric skeieton for

a quartz mylonite (Law et al., 1990). For each ¢-axis position, only the Schmidt factor which

places an «» slip direction in coincidence with the dominant ¢-axis point maximum is plotted.
Note that preferred c-axis orientations well correspond to those with high Sehmidt factors for

potential active slip systems,

% (5] 213 Rutter, 1976, 1983). iRAE800TC, #
F1200MPa D & O EREBIIBWT KR
0, 4% EUHERSE, FHENFL ~10 %0
B & AR Loy, ERENSI0 0SS
ST & RIS L 5 TE L 72 (Den
Brok & Spiers, 1991). #%E DIB4, I£#H M
CEREZARICE, EHERICEN L AT
A O F » FNBEIRS LR, TRE
RETTTRNS A 1AT 2o b o0 BRBEMT 1Yy - THlEE
BEAE V&R L€ v 4 (Fig.11; Den
Brok & Spiers, 1991). W— &4k Mi %
WEAEHIBPELTE L T2 % (Den Brok & Spiers,
1991) DT, KPENFEBEIRELLLELS

fluid inclusions in which molecular wa-

A dislocation
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Fig. 10, Profiles of finite shear strain and intragranular
water content in quartz grains across a ductile
Sierra Nevada

shear zone in the central

(Kronenburg et al, 1990}, Finite shear strains
were determined from the deflections of an
aplite dike, while water contents were deter-
infrared

mined using a Fourier transform

{FTIR) spectrometer.

AA.

Fig. 11. Pressure solution microstructures in an ex-
800" C.
1.2GPa, 107s", and 0.4 wt% water added (Den
Brok & Spiers, 1991).

the surface of a quartz grain oriented perpen-

perimentally deformed quartzite at
(a) SEM micrograph of

dicular to the shortening direction. Note well de-
veloped indentations with {luid inclusions and
{b) Optical

micrograph of syntaxial overgrowth of quartz at

irregular channel structures.

a grain houndary parallel to the shortening
direction.

ho., ENEBRERLH LIy ) - /T
& 0 (Stocker & Ashby, 1973; Spiers & Schut-
jens, 1990), $xfir &) — T LEDERIIER
AHZZLAEETITBIERE L WP LE
BRILZEISETTHS. EMBE, Den Brok &
Spiers (1991) MEER G, KEMZ THEHEE
L Twv 5 HE O lENE T H7140~ 200MPa T
HHOIHL, KEMZT G TIXEEREOE
B i G T & v B/ B v (<I25MPa).
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RS

BRAZER I PHERBIC L > TRES LS
ZEAERH I N TE Y (B 21T White & Knipe,
1978; Poirier, 1982; Rubie, 1983, 1990: Brodie &
Rutter, 1985, 1987), K I #k 1k {reaction
weakening & % V» id reaction-enhanced ducti-
lity) BRI TV D, BEREIGICE » THEBEL
TR TES RV TIBEERLRET S
TS THIRL T HIUTRIR T <D %4
2T EBERLTEICT 5 (White &
Knipe, 1978; Rubie, 1983). # & IEM G DOE
REUE 2BV THER S 0TV 5 (Brodie & Rut-
ter, 1987, Rutter & Brodie, 1988b}. Brodie &
Rutter (1987)(Z X B8 B O LR EEE (R E
500~600C, #H100~270MPa) T, BEACH
DEFLKF IS L TELWERIEAZD L
M, R THAL (0. 1~0.2 um) DRI S
TR LRDIES pm BOBE G AREL
(Fig.12), (TITMEKMEHBY (FE A O
B=1)% R L7 & 5IZRutter & Brodie
(1988b) 12 & o CH BN L F—
(240 L 40K)/mol ) i3, KEEEMKA > v FH
EREOWH Y ) — L2 TRES bR
LT A R ¥ — (Karato et al, 1986)4Z13 14|
Vo ZRLOPER, BEEAOBARE L 5
THRULMEOR > 7 HHHE 7 ) -7
Lo TERLTWLRIETHRFTS, FAHLE
RAKO SR (Kirby et al, 1991)% 7 &
FHDAE A NV~OMEE{Green & Burn-
ley. 1989, Green et ai, 1990; Burnley et al,
199 E - THRIBZZ LRSI TEY,
Ty PR TORBEROEBEEZEZ Hh Ty
%,

FERICIT L EREN L WERE 2L
DT, F RN LAAE Y ) — T UEDEE) b
RAE % (Beach, 1982; Rutter, 1983). KIG4 A
RIS TR L CRIE AT LI & Rt
BB D UG OB T R E T B
&, JF#MIE S % M (incongruent pressure
solution ) & PRI % (Beach, 1982). HHRMLT
i, CERINLIERT ¥ v AR
WA CTHRIGIC X B BHEIT 3 A F— 5L (L

7 ¥ v VEBEUIRE U CIERMTE ISR OB
1 & 72 1 (Rutter, 1983), E#kibti o4&
HHFF 3 1L % (Rubie, 1990). Rutter et al. (1985)
3, BHBMERI BV TEREOIMAR G
Ho TR TFORGHMIZANEN 7 » 4
N=fRIEET L2 L 2B L (Fig. 13)Fk#H
EBBBE BN L4, Jhiop
FEFLERIEITED SN TRV, RETR
feEan~ A a4 Muzgs 2V ERO I L

Fig. 12, BSE micrograph of serpentinite deformed at
500° C. Pwa = 180MPa, and Pmo= 30MPa
(Rutter & Brodie, 1988b}. sp = serpentine; ol
= olivine; ox = iron oxide. Two narrow (5 pm
wide) planar shear zomes (white arrows)
contain fine.grained (0.1—0.2 ,m} olivine.
Most of deformation occurred in such shear

ZOnes,

Fig. 13. TEM micrograph showing an oriented over-

growth of amphibole (A} on a pyroxene grain
(P) in hydrated basalt during deformation
(Rutter et al., 1985}.
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A A b D G AR DB - E 2
& At (Simpson, 1985; Simpson & Wintsch,
1989), fEMEDEHRILICKELFY LT WA
THEMEAT R & e,

BEARICIZE » TR SN B KL, RiEOk
CEMERSCE SR RET S, F/:, Bl
AKIFEAI L THBIFEAEA L, Wi
89 2 DR CBERE S Z A I LA, AL
AFTEREMHICH SN T B (#1213 Raleigh &
Paterson, 1965; Murrell & Ismail, 1976), L #»
LEFLELTRY IO+ 4 FERIZEL TR
Tz,

R T I vy AT T T
LH I ENFH LN TEY, EBYE N
{(transformation plasticity) & FFIF L T W %
{Poirier, 1982, 1985). T L iXfAEERIZHE S K
FEIC L - TRIIMIZIG A A L, &0
BRE T {REL Y (Greenwood & Johnson,
1965} 45 #8 % Y453 5 (Poirier, 1982; Paterson,
1983) 2 LIl B EEZ LN TV, SOK
Sl iil e AN AR N5 L S I AR A s
5 T v b {Sammis & Dein, 1974) %%, £
G Elid Ay, 1 Ao R
Lo TRIZHIIMETHLZERL, Zh
L o THELEH/MNINID LIEE LI
{Rubie, 1990).

A OF 1 FCHRET SRS

ZTITE, RS NLERM LAY
{monomineralic rocks) & % \» & % # &
(polymineralic rocks) i E & THRER D71
OF4F, HLVEEBERIIE - TERS N
TemA 044 MREEET RIS AR
Tr Ty SOV CEHTS.

L33 )

H—grnh o 28R £ REOER
AR E <4 T+ 4 MBI T AE2HE, K
T E K E (B 2 1 Hobbs et al, 1976
Bouchez, 1977; Law et al, 1984 1986), A #EHR
(Mancketlow, 1987a, b; Law et al, 1990), X

ﬁ,d

i (#1 2.1 Schmid et al., 1981; Heitzmann, 1987
van der Pluijm, 1991), 7K (Hudleston, 1977,
1980}, %%k T i1 H 4 (Dell'Angelo & Tullis,
1989; Masuda, 1989; Ralser, 1990), £ {Tullis
& Yund, 1985; Tullis et al., 1990) , K ¥ 1Ty
{Rutter & Rusbridge, 1977; Friedman & Higes,
1981; Kern & Wenk, 1983; Schmid et al., 1987),
A (Kamb, 1972; Bouchez & Duval, 1982), &l
{Shimamoto & Logan, 1986; Knapp et al., 1987,
Hiraga & Shimamoto, 1987 )52 Cirbh T
W5,

AU MU B
DL HE, I TR TR A O+
Ab, =40 F A, YN IFTvAIOFA D
3 DO (Sibson, 1977 )12 Tk~ 5.
FOrTIOFA b RE - EBYRLY, 2
TEMERII L AT OREL LIRS
O, Tt > TEMSI SN L mREE(STH)
LB 3 NS (Fig. 14a). AEDBE
BAOREBLE—#HTItE (, WELRFfEd
TNERLTVWREVWRTLEXFNRAET D
(Fig.1da). F L CIRPALL R FIE) R4
2T A REEL R T, o s ERy
MHERIT I S B IS PAT 22 ST J /)
Sk T4 5 (Fig. 6 ; Bouchez, 1977; Law et
al., 1984, 1986 ).
vAaFL b ERSENTEE, SLOHBE
PR TR SRR L AEIER R Y
e, a7 - =y PUHEE TR T S (5K 2
GEMEER). WFAL L Tud i Ty
TELTHEY, K—712r52 S
(Fig.1db). BIWEFHRVEL &, BH&R T
HoBAMBDOEHPITH -7 1075 A b
T Az RL, R-7407 5 A MEE
OEECHBIZIE T L v v =2 v Foadk
% (Fig.14b). =4 0+ A Tk, MHERL
TR OBEIIMA T Ly v =2 Fom
R AR EHEE « BEE RO TnA.
Tolbiy—T v FUREYFE-7 1025
AMPBRELLZLOTHENET A EFEITh
4 (Passchier & Simpson, 1986). fRfEEI- L
LB AL G (S 1 OMMERE) 12X 5T,
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Fig. 14. Microstructures of monomineralic mylonites. All sections are cut perpendicular to foliation
and parallel to lineation. Shear sense is simistral except for (e} which is deformed in axial
compression. {a)—{c} Optical micrographs showing a microstructural evolution in quartzite
mylonites at Stack of Glencoul of the Moine thrust zone, NW Scotland (Law et al., 1986 ).

(a) Protomylonite composed of variably flattened grains whose preferred alignment defines
foliation.

(b} Mylonite showing porphyroclast-in-matrix microstructure composed of globular grains (g)
as porphyroclasts and matrix of ribbon grains and dynamically recrystallized grains.

(¢} Ultramylonite mainly composed of dynamically recrystallized grains. Domains of recrys-
tallized grains with similar crystallographic orientation represent highly elongate relict quartz
grains.

(d} Optical micrograph of a quartzite ultramylonite at Loch Eriboll of the Moine thrust zone,
NW Scotland. showing preferred alignment of elongate recrystallized quartz grains defining an
5" surface (Law et al., 1984).
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(e) Optical micrograph of an albite aggregate experimentally deformed in dislecation creep

regime 1 (1100° C, 1.5GPa, 10°s7, 86%strain), showing porphyroclast-in-matrix microstruc-

ture (Tullis, 1990).

(f) Optical micrograph of an experimentally sheared quarizite (800°C, 1.5GPa, 1075, 13%

strain) showing extensional shear {C') surfaces as indicated by thin arrows (Dell'Angelo &

Tullis, 1983). The compression direction is indicated by thick arrows, and the shear zone

boundary is horizontal.

(g) Optical micrograph of an experimentally sheared quartzite (800°C, 1.5GPa, 10% 7, 50%

strain) showing preferred alignment of elongate recrystallized grains ($'-surface) oblique to

the flattened and sheared original grains with their long axes subparallel to the horizontal
shear zone boundary {C-surface). After Dell’Angelo & Tuilis (1989).

RV OFESNFER—7407F X}
B B A HE % R T (Fig. 14e; Tullis & Yund,
1985; Tullis, 1990). FREENERER T,
BIWE W ad LTI IE30° Hp 5 ) — T VST
HE1@ ¢ H (shear band: Platt & Vissers, 1980;
White et al., 1980) ¥4 1 T s % (Fig. 14f; De-
I'Angelo & Tullis, 1989). C'MHi, HROER
ERTHHWESS LBRAMAICETAEALS
{Shimamoto & Logan, 1986; Hiraga & Shimamo-
to, 1987). THEHE L { RE L KKROLE
BavAnF+r4 MIL CHEFELUTE Y%
TS S HDH(Law et al., 1984, 1986).

TR TAOFS b XL ICEINER
fT4al, BEAFESESNTIOELHEE
AT (Fig.lde). REROBEHEEN T, %
RLAK O 5 (] 2 (X Hobbs et al,, 1976; Ether-
idge & Wilkie, 1979; Heitzmann, 1987) &, %%
R L 3G I L2 L TR A A 6 20 ~40°
FERESEMECT % /R 33 & (Fig. 14d; Law et al.,
1984, 1986, 1990; Mancketlow, 1987a, b)Atdh 5.
F 72 van der Pluijm (1991)#50# L /- KBH <
A+ 4 bTH, EROETE L SITHERH
#I (FE100~ 200 zem ) 03 85 R R ARKE A & ML (FF
30~T70pm) DEEMET FoT A8, S5
(SRR (210~ 30 per ) D F R~ & AL
LTvih. BURTERERTIE, By ) — 7
£ BERTHEEEMAS ¥ in T H & T
K & TV 5 (Schmid et al, 1987; Dell' Angelo
& Tullis, 198%; Masuda, 1989) 2%, &k J—
L BEFRTREARDMBATE ST
% (Schmid et al, 1987). & Z-Ti, BhAYFES

ST OBEEMEANCL - TRl BET
HEHMEZSHEMRILITA, SHOR
ETHINMFTTATFA MR, CHE &L
NABWIE (ISP D EEE S RE L THES
EHETENTS. TOESEEE Lister &
Snoke (198412 X T ¥ A 77U DS—CHE L
BEhTwbboThy, 22 TRS—CHE
FIESRZ FIZT S, CIHLERD cisaillement (3
ST shear ) DELF THAL. Clid, VK>
RILELLARFERALA-ZORT OMEHAIN
(Law et al, 1986; Mancketlow, 1987b; De-
I'Angelo & Tullis, 1989) %, FEEE MRS %R
FTHRTF X O #E TERAR OB AR T2 A
D BELH] (Law et al, 1984, 1990; Schmid et al,
1987; van der Pluijm, 1991)i2 & o TH#- 115
A,

405 MEIZES 77Ty 2 OEAL
iX, Moine ff FMIBIHVORERSIZEHLTH
i 43 47 B %% (orientation distribution function:
ODF) Z AV T TiFMICMiT s nTv 3
(Law et al., 1984, 1986, 1090), 7O b= 4 ot
4 b TIEEREO  MITTEEICGE LY 4 7]
Dy AN— Fli3y— 2 (Lister, 1977) % 7R
L, a $hidMRE 2 X XA 2 g amdas,
S—CHEETRT IV T 051 FTide
Py St NE 3 o el T I EY 2 61 i R N
H— B a S0 ICIZIZEAT R 1 A
~&, HRFEOBNICEVEENIIELRT S
(Fig.15; Law et al., 1986, 1990). —77, #iki%k
PORAREE D7V F s A 0 A TSRO
EMAEF] 1255\ (Behrmann, 1985). 43 %455
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OOOQD
OOO00

rotational component of strain path Increasing

or: increasing strain in simple shear

Fig. 15. Evolution of quartz ¢- and g-axis fabrics in simple shear (Schmid and Casey, 1986). C-axis

fabrics are represented by fabric skeletons, and a-axis fabrics by contours. Foliation {XV) is

perpendicular to the page, and lineation {X) Iying within foliation is horizontal in all projec-

tions.

¢ 8 W 2 255 B (Dell’Angelo & Tullis, 1989) T
i, cHITEERE(y < 2)TH#EEIZIZIET
BhsA 71O #H— KLy —» &Rt
A, BWFEASMIIIT D & (r > 2 EREEIIEIT
EETHE AR REREL & oA n
Wohty — v & RT.

5%

WE O 6 R L ST &1 OEETRE
ERE A0+ MEWZET 208, RKT
A6 E () 2 1 Berthé et al,, 197%a, b;
Simpson, 1983, 1985; Takagi, 1986; Vauchez,
1987: Handy, 1990), > L 4 &{Watts & Wil
liams, 1983; ® 5, 1992), » » 7 » & 2
Boullier & Gueguen, 1975; Nicolas, 1986)%75,
EER T AH — A1 (Ross et al, 1987), Ak
H — & i (Jordan, 1987}, 4 ¥ — K A
(Dell’Angelo & Tullis, 1989; Tullis et al., 1990)
oW TibhTwnad, ZITH, @lAIg8E
ZitRAEE~ A O+ 4 P EERIZE > TERL

72w A T4 A MRS ORMIIEE IOV TR
%,

FEHEOERTIHE, THICIBHBENE
& o TABE LM ERE LS, T4bh,
o VIR ERIL L - TREET A
AL, FEGERIES DAL IR A L
O R—-Ts0rSALELTHEL ShOW
B ESEOF ESEMEG OERSE LTS
HFEFCRENC L - THRT 0T, BEIZE S
THETHHMMBELR LT A, ISR
BOLACL > THECEMLERERETL L5
b0 T, EHHILIVBECERTALD
e

FLEMIC L AMEOXE, BEEEED
Th (RS L BB L. &E0BER
BEPWEHMOBORIME & D IZIEERLZ R
T % (Handy, 1990). F 728 & W #5825 N E (7
200KAE%) L Ze { Th, 2 AL YT
Lo TR L CHErRET 5 LBEIR
TLBFE L REKAA|IE Z S (foliation
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weakening ) Z & A%, EEAIIHI STV A (Ross
et al., 1987; Jordan, 1987). I iiid, ZEFHiK
SV LN ABIIEFTTLAOTHE
{Jordan, 1988; Handy, 1990).

BOIIERSC & - THDAR kT h
W, FAUIIG LT a OB e b 2kt A
9TH5,

fEEaE~ 1 0+ 4 b IIRET LM
i, BIPo L) eR#dh s T2 TCEEEL
TEAOOFHIIFTE, 0) N, g -
AN e~ TEANYHE, ESANTH~ 7T
274 MEO 3 DOEMEIZO TS D,
BERANE BV 20BN T & EEOEMEY
& o CHBEE LY, AEMTOBECL TR
HENER SIS, OENTEEROETE &
LIZELRPFL LI RER L, F7-8
BRI L - TR T 5 (Fig.16a; Handy,
1990). BIIBHSPEALZD R ) R hiZi
S —CHEYSEET S (Simpson, 1985), EF M
—H IR L S TERREE L, hA EAF LN
R=74027 A MEREEYL. L THED
AREEBEORBEFEAR—T 50752 0
LEAMEETRT. EOF—740252 M E
BHO 7L v v =2 % Kook EE LTHER
BIZE - THRE SN 5 (Fig.16a). —HEL®
TENFEHLNLT A OFA M T, ERRO
ERCEEDISE LIRSS ORE LR
Wt bh740F4b0E RS Y (Fig.16b;
O’hara, 1988; Janecke & Evans, 1983; Handy.
1990), 7N MIGBLCMBEOEE+H
BFhonbIgvwfaFrfbbhoTnad
(Kerrich et al., 1980; Stinitz & Fitz Gerald,
1993).
BRO—ARNEHE~-THAMNER . —o&iftT
TEA I EAICE LR R RE T
LOWRL, #)ERICE LWIEEPIEE I
#E L7\ (Fig.16, j & ¢; Takagi, 1986). L
PIRRE 1 0% 4 A IS Ik AR e b B OB A
EFEFMITRELREME 2V, ERICERE
e CENEREOEEAZDORL L%
L. fEMEE NG, FEEAENCIZIERE L ST s
BB AT R Cl 5L 4 7 TOS—C

if.

& (Fig. 16d; Lister & Snoke, 1984) > It it h
LA WM A5E 9 5 (Berthé et al., 1979a;
Simpson, 1985). SEE LKy, TEOE
RGO VREFR =7 407 7 2 | Offis
Lo THES I, CRlHERM - IFEh sk
WM ) Re - #4800 - REOESELE
ROMBEL, S 512208 EPFHMTs-f
R RV L o TH BT 5 4L B (Fig. 16h;
Simpson, 1985, Simpson & Wintsch, 1989;
Yamagishi, 1993). CH ‘I EFT g ] # o &
TS —CHWEAEET A (Fig.16h). S H 4
LCHANDEHEIE S A (Fig. 16002 &
H, CHTH RS EoEMEEI o RE
(Berthé et al, 197%: Lister & Snoke. 1984).

BEEGEAEE) R T Ly v =0 v o d
BVIT A NOMEILL S THESRD Y, ©
1 b2 T ] b S AT e MR R D A 1
{ridge-in-groove lineation; Lin & Williams,
1992} b % T 5 (Fig. 16g). S—CHBOIE
THEREY AT A T, MRS )LD
Flox =ty Foer i, L 2E
aH, MiEeoaE - SETORBEFEEL
TV % (6 2 il Fig.16, i-1). ZoMirr U E
B, BIRMERSSCE s THE LA 0TI
o (EHEAD SN L7z b O Td B {Yamagishi,
1993). 74, AIVRAR-710rFA D
EAEAIENTTRBE LRI VA D 1 o
LT3 Y (Fig.16h; Simpson. 1985), —®» I N
AAA MABTANEFRIET LMD VRER &R
&L THIRE MR L, - OMEE IZ3THE A
TR LT CHMiATSEEY 5 (Fig. 16i; Yamagishi,
1993). ERO#ITE L HIZ, SH & CHOR
THBEWAL, T CHOBMLE LTS
A AR & 7 5 T(Fig.16, d-f; Berthé et al,
1979a, b; Vauchez, 1987), #ikvE & HiL) #
DERLHFEET R i b 2ol
FZvA0+ A4 bE%B(Fig.16, e { & j: Behr-
mann & Mainprice, 1987). TAHE S ASHFE L #-
TAOFA PRIV TTAOHA MO
WA 5% 3 % (Fig.16, ¢ & f; Berthe et al,
1979b; Vauchez, 1987; O'Brien et al, 1987). #
DHFMIEEEIIH L TEEF—ETH D
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Fig. 16. Microstructures in granitic mylonites deformed under various metamorphic conditions.  All

but {g) and {m) are sections cut perpendicular to foliation and parallel to lineation, Shear
sense is indicated by a pair of arrows if known. Abbreviations: Qz or qz = quartz; Pl or pl
= plagioclase: kf = K-feldspar; Hb = hornblende: MK = myrmekite: k[PC = K-feldspar por-
phyroclast; QR = quartz ribbon; FB = {ine -grained band.

(a) Optical micrograph of a greenschist facies quartz-diorite mylonite from the Pogallo line.
northern Italy (Handy, 1990} . Partly dynamically recrystallized quartz ribbons form a
mylenitic foliation and dominate pressure shadows around feldspar porphyroclasts which show
intragranular and transgranular fractures.

{b) Optical micrograph of a phyllonite from the Pogallo line. northern Maly, deformed under
hydrous greenschist facies conditions (Handy. 1990). Fine-grained matrix is mainly com-
posed of white mica and clinozoisite produced by break down reaction of feldspar. A dvnami-
cally recrystallized relict quartz grain in the center form a porphyroclast.

(c) Optical micrograph of a lower amphibolite facies quartz diorite mylonite from the Median
Tectonic Line, central Japan (Takagi, 1986). Stained thin section. Foliation is not well
developed.  Pressure shadows are filled with dynamically recrystallized quartz grains.

{d}— () Polished surfaces of granite protomylonite (d). mylonite {e) and ultramylonite (f)
from the South Armorican Shear Zone, French Brittany (Berthé et al.. 1979b) . With in-
creasing deformation the $ A C angle decreases so that § — € structure becomies less obvious,

and C" surface appears

— 201 —-



&N A-

{g) Ridge-in-groove slickenside striae on a C-surface in a granite S—¢ mylonite from the East-
ern Highlands shear zone, Nova Scotia{Lin & Williams, 1992).

{(h) BSE micrograph of a granite S —¢C mylonite clast from the Chichibu basin, central Japan
{Yamagishi, 1993). Myrmekite lobes occur around a K-feldspar porphyroclast on the sides
paratlel to S-surfaces, and are connected with fine-grained bands., S'—C structure is recog-
nized within a quartz ribbon parallel to the horizontal C-surface.

(i} BSE micrograph of a granite $—C protomylonite in the Funatsu Shear Zone, central Japan
{Yamagishi, 1993). Shear strain is jocalized into fine-grained bands originated from myrme-
kite and K-feldspar precipitated at porphyroclast tails, both of which are the products of the
myrmekite-forming reaction, Note that a quartz ribbon is boudinaged and deflected into the
incipient C-surface, and therefore that ribbon quartz is stronger than fine-grained bands.

(j) — {1} BSE micrographs of a banded quartz-feldspar mylonite from the Cucamonga fault
zone, southern California {Behrmann & Mainprice, 1987 ).

{(j) Alternated quartz ribbons and fine-grained bands form banded structure. Note that fine-
grained K-feldspar dominates both K-feldspar and plagioclase tails.

{k) Plagioclase porphyroclast tail filled with K-feldspar. K-feldspar also interstitially fills in
fine-grained bands.

{1} Close-up view of a fine-grained band. Quartz occurs as globular grains enclosed by pla-
gioclase, which is in turn interstitially filled with K-feldspar.

{m) Perspective view of a granulite facies quartz-feldspar mylonite in the southern Adiron-
dacks, New York (McLelland, 1984). The left-hand surface is perpendicular to foliation and
parallel to lineation, and the right-hand surface is normal to lineation. Note that extremely

elongated ribbons of hoth quartz {dark) and K-feldspar {white) mark strongly lineated struc-

fure.

{Takagi, 1992).
TERARBHE~ 25 MR ZOEHT
T EALWHEER L (Voll, 1976, White &
Mawer, 1986; Bell & Johnson, 1989), HE L £
At e b ICRTAL LB B IS & - THBRL
TH R LA TR ke, B -
RHVKRCOER» OB MRARKLRT
(Fig.16m; MacLellan, 1984; Bell & Johnson,
1989). BEAFE—-7+402 52 FORBICIEH
WREADPOEST A NAML, WS - B
HER )R AROBE - ERERHEKELDR
Fli X - THE S h, HE I E LMl Er 3.
FAIRE —&iE(Jordan, 1987), WHE — A8
{Ross et al., 1987) DYIRFATLEER TIL, FHEA
VAT LEIKE SR E AL It L -
TERL TS, $THREOBHERIZL LM
FOREAEPEZY, Tl - TERISITL
NLHEHIPCEESZARBEIBE SIS
(Fig.17a). BRI (EHE ) —Fallld b

Ee, ORS(ELE )R SRIE 1T
ZBIUTAEMT A5 U, FHER T3 2 OB L Y
LEZHLTHEHMIZE SEIF S TEEET
OB (CH) % HA T 5 (Fig.17, a & b
Jordan, 1987). BIMTAEETIE, U — 7L EHT A1)
254 U A(CH ;) Fig.17b; Jordan, 1987). %
Tt iedT§ 5 & BIER T O BT Vi - Tl
5. BHEEFHENSV L(30~506F% )6
IRECHAEB I eHERE PV LR—7 ¢
H77AMELD, BRI OHMEOF 1A
JExd B b BB 20 UF B (Fig. 17¢; Jordan, 1987,
Ross et al., 1987)., —OF 4 ML LS
R T A0 5 % B WAEE (S W) 1, SYNTHE & ST
B IATHKAMCHAMIIMML, S—
CHEE %+ 4 (Fig.17, a & b). Jordan
(1987 )M CHIHT R EN TV LN, HX
BB LA ETRAED, CHEIES
HWECHOK T BAB LT THESATY:
b
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Fig. 17. Microstructures of experimentally deformed bimineralic aggregates, (a) Optical micrograph

of a limestone-halite aggregate with 24 vol% halite (black) deformed coaxially at room temper-

ature (Jordan, 1987). S-surface is defined by halite grains elongated horizentally. A conju-

gate shear system develops by cataclastie failure within caleite matrix, and halite grains are

sheared inle the cataclastic shear zones to form C-surfaces. {b) Oplical micrograph of a

limestone-halite aggregate with 55 vol% halite deformed in dextral simple shear up 1o ¥ =

1.6 at room temperature {Jordan, 1987).

S-surfaces are defined by elongate halite and limes-

tone grains. Halite grains are also sheared into cataclastic shear zones to define C- and C'-

surfaces. ({c) Optical micrograph of an anhydrite-halite aggregate sheared at 300°C, 200MPa,

and 10°s? (Ross et al., 1987). Note anhydrite porphyroclasts with asymmetric finer-grained

tails. (d) Optical micrograph of a quartz-feldspar aggregate sheared at 900°C, 1500MPa, and
10% " to ¥ = 2.4 (Dell'Angelo & Tullis, 1989}, S-surfaces are defined by the long axes of

feldspar porphyroclasts and quartz ribbons subparallel to that direction. C-surfaces are de-

{ined by finely recrystallized feldspar tails and quartz ribbons parallel to those 1ails. Note §'-

surfaces defined by elongate recrystallized quartz grains within quartz ribbons.

A EEAS OB B (Dell'Angelo &
Tullis, 1989)TId, AEAEE 2, Fh AT
1OEBERELLTWE, BRAR—-7105 5
A b ORI BN LR R R O T 1
AR, TORERTEELRT
ELTIFR>EHEL, ZOFANETRAD

HEVHMEIZFIT 2 CHETHE I TS
(Fig.17d; Dell’Angelo & Tullis, 1989), G
K P OB F A SRF IS ITRIE & 30~40° 0
FBEEMET ZEHELSHEREL T A
(Fig.17d).

RO G/ T+ 1 MEETLBHRED
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N A

T )y P, B L ERNIIE D ST (#]
Z 13 Schmid & Casey, 1986), <1 1+ 4 ML
L > TEMBEFIAEE IS 2 BH, T bT
4044 bHDLVIET 4 OFA P TRELLH
V2 (Fig.18a ; #1 2 i¥ Wenk & Pannetier, 1990),
—MRIERORAS A QA FTIE, REH
AMTHEHBEIIEE 2 BOAH Y- FIL
(Fig.18b), A — AP EH ~ THANAH
THFEE AT THEES T EE S Y8EN .
@ A B L (Fig.18¢; Berthé et al, 1979b;
Vauchez, 1987}, b#HANEH~75 =215 4
AR T IR AR TR X MR c o g
AV LT vr % (Fig. 18e; Mainprice et al., 1986;
Blumenfeld et al, 1986). Lo LE#HE &V
TG ST, FEZ7 7y 74
—ABPCHEHBIC L o TR 2T, HRE
EEES—C= At MhpOHED@iL, S
B FA T2 ) R BTl S LTtk &
AF7Iorozafi—FLdRL, CHEIZETR
VAR CECHIZIIITHRELRL - Fmd
= et A, ARBThOEEICIZEE L
MO FER BT L2 vy (Fig. 18¢: Berthé
et al., 1979b; Krohe, 1990; Yamagishi, 1993). %
TERPAERE~ A 0 F 4 BT, VRV
POOED HHIEMBEITITEE LS - F
28Y — ERTOIIH L, MR OR &I
W72 o WD EMBLT] % 7R & % V2 (Fig. 18d; Behr-
mann & Mainprice, 1987 ).

# K
Fwit & EESIB R
BEEGio~fo5 4 Muik, 7770 v 78
LEEMEERTALTEZ - Twh, 7a b

w4 nF A MIBHARTORPELE &S
fir & DERFig. 6 11, BYEHEORI S,
WEEDHLVIZRROEGT TR Y » 7Y » &7
AL DEBEECHAL Z LR L T
B, BIFRROR I DR8T TR, SRR
IEHOKEVE T3 & CER L TBIELES

EITLSHUERAARIZEEY, 777
Uy 2Rk & B RS IC L B ERL I ERR

THEZV. LIALBEEOBEY O+ ( O
R CH LRI IIEIMN BRI T,
BHFEERE YA OF 1 MUK BERT R 28
B L ZLONE. bbb 7T
AL & B TAS R AT L I ERIL LI F S LT w
LABEHETHE, 7y 7 v 28D E
RN N S (N= P Gl = e N S Y =17 [N
E6H9, EHHEHTTOER I LBREC7 77
oy ZEAECENYBRSTREZ ZLENS S,
ER TR L - T8 Ul ic
7770y PEHRERLEMEES NS 2T A
Z EAEERR S N T B Y (Ralser, 1990 Tullis et
al, 1990), MEMBIEARFW L EHKILO X 5
PiT L Twdh, s LTREREICL S
BRRY B AL A E:of'fﬁA uHB*_L%L::iEﬁf
P LCEDORAFEARE 5 WHEHd D 5
{Tullis & Yund, 1985)#%, ¥ TSR Titw
w,
RKEOHEEE AT+ F TR, KPREEI
LAHEFAOFITRE STy, L LE
BRlZL o THERRE N TWABHRID, BT EU A
BRI % KO AR, BksEd L vdsEa
B 12 L o TN AT & 0 2 WA
H5H. FIHFERP LI CADRERFT
{EDERTH A 3 (Tullis et al., 1990). #EI
AR ATTHHEECBVWTHETH D
(Rutter & Brodie, 1988b; Green & Burnley,
198%; Kirby et al., 1991; Ito & Sata, 1992).
SEEOFMERER T, WY O
BE L O 7 7 7 7 AL & B
i (Ross et al., 1987; Jordan, 1987 ), Sulfiatis &
ZALETHE < AR RE P O B0 PR & (Tullis et
al, 1990), B X R REEIC L L EWES
(Dell'Angelo & Tullis, 1989) 42 & — T HE M5 b
WHABERENL TS, BREREEICLLAED
OB A S (FELE 1 DR ) R S
EEH7:5 0, BFEOESEFETERICE T
BETHLEFREINLTY A (Tullis & Yund,
1985; Tullis et al., 1990}, WA THIEAH - 5
BWETTIIMESNIE S Db L X
ROHFL O TR TR LTI d-~<5 91z
Lm I K E FARLEAHRR D o T a,
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(b) [e] <d>

Mylonite Phylionite

(c)

. Ribbons in S-domains Ribbons in C-domains Fine-grained bands
— wverrmanrdiy

M mes

138 mes

o
o

LB
Y

|
|

Quartz ribbons Fine-grained bands

Fig. 18. Quartz crystallographic fabrics in granitic mylonites. L. S and ¢ denote lineation, foliation
and C-surface, respectively. A pair of arrows indicate known shear sense. {(a) Neutron de-
termined a-axis fabrics of a granite mylonite (ieft) and a phyllonite (right ) from the Santa
Rosa mylonite zone, southern California { Wenk & Pannetier, 1990). (b} X.ray determined r-
and a-axis fabrics of a lower greenschist facies pegmatite mylonite from the easternmost Axial
Zone of the Pyrenees, northeast Spain (Schmid & Casev. 1986}, (c) Optically measured e-
axis fabrics of a granite 5 —C mylonite from the South Armorican Shear Zone. French Brittany
{Berthé et al.. 1979b) . (d) Optically measured c.axis fabrics of a banded granite mylonite
from the Cucamonga fault zone, southern California (Behrmann & Mainprice, 1987}, (e) Opti-
cally measured c-axis fabrics of a upper amphibelite to granulite facies granitic mylonite from

the Central Vospes massif. central France {Blumenfeld et al.. 1986).
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%%wﬁmm74ﬂ%4b®w%%L#

B CEAREN S~ TTEHRANEHEDE
ﬁTk 30T K R B B AT S e SE i
THhhHIEMWRREEINL, B EHTI, %
WriZit - TRIATIIZIR A L2z Bok S B am &
TEHARELTATFA PERERL T A5
AL 2N T\ b (Segall & Simpson, 1986;
Kronenburg et al, 1990). ¥7-, REOD#K
G2 X 5 TELZERY (7 L] PRHER)
PORAMPEHITESFEPLTINV TS
A b7 4004 FEBRTAHSHES
{ff Z X Kerrich et al, 1980; O’hara, 1988;
Janecke & Evans, 1988; Stunitz & Fitz Gerald,
1993). S LIilkkmR - MNaHE~ THANES
BT, AIVRAEFR-7 410277 AFOFREM
FEHERICE - TEC/I N A A4 Mk
VERPLRAZMNEIZENED L TCOHiAS
BELTS—CvA0F4FP2EEL, 362
R & BT 56 L aE ) F 2 LHNE e
LMD/ O FRI N T/ F
4 F ##W3 5 {Behrmann & Mainprice, 1987;
Simpson & Wintsch, 1989; Yamagishi, 1993),
WM OEE S BUEBKRBER T L TiThh
THY, RIGEL L ARSI EREICEE LT
W EEZLRDL, GRS ITER A
Eil L WHERAL T B b 0o, T L AMBLO K
R EE R L 2 ICEESER LTy
% (Fig.16, b & i). - T, BRI VI
RIe# by EOBRI LI AR{FTFLTEE
Ezbhh.

BLIIEENTIES LD, KSR 2R
ML EEEH EREDRTH 2 LiE, &8
L PR R AHE ;6 bR s,
v A O MU S B GetEl s 0KR X
% %244 ({8 % i Sinha et al.. 1986; O'hara, 1988;
O'hara & Blackburn, 1989; Glazner & Bartley,
1991; Tobisch et al. 1991; Selverstone et al.,
1901 A BIWr AT 12 B0 B iE S & RGBT 4
LToOmERE &R L, $-BEENAHR
PoRBONSFRFFORLIZIND Y K B0
DRI (B Z iF Kerrich et al., 1984; Kerrich &
Rehrig, 1987; Tobisch et al., 1991 JiZ B 53R

9\_

L BEREE OB TCH Ll e BHRLTY
. BEL CBETFORMN LW EBER R UERE
DBYHTBEIREDY, R EREE L Kook
Elp o o REIEAS R B b

VlbEE T &EDH5 LIEMSHTT OB /U & 2
(4L, DNTORGEEFH D, ORIz &R
CHMMR D 7 77 v 7 8 L L B0
s, QI OBHITE & SO v 2
Vv 2L BRI S, GRIFEENC L 28
WEHEL, QRFRIZEA LB0kic X 2 4kF0
AL & BOnEAL, GEROBASTEE B 5 v it
2 L AL mfﬂ@futxiofLﬁ
WRGT AR S s ik, SR, REE
ﬁ%#.*/ﬁﬁk%hiofﬁfofmb
Tome SN & EMRIGE L, AR STk
BB L 2w = FLRBREFOMN, B — AN
FHUEETIRREML BB EERNTH L
(Gapais, 1989).

T4 QF 1 FORERETR

v i 2F 4 PCEETLHMEEEL YT
Ve 2d3FELTCEREO 7O ALRBLT
W,

A9 A boOMEEEL, K% EBERH
DRI WER LT VBB O PAL
EME(7 7y FERALIC L o TR (S
H) & BEEIBET AL L D RELSAD
TWah, 74 uF A4 MO b, B
FAETHEBNESSICL - T, FELTIIEN
HiSETWEII L -TIREZNTVE. f
Rk EashifFiE-7102 72
FEEYD, MRBEER-—7 s T A S
WAMBEE LA K740 52 MEE
DHE T, AMCTEREECRNTL
= x FuHAETANELLL EO
FoReLatfrtEiL, K—7 1029 X FEEED
HMELER T v s VRO > P LGS
HUOHBEOBRIIETHRTZH LW{f
Z. ¥ Passchier & Sokoutis, 1993, Passchier et
al., 1993).

R T - i E 3o Rs OENSEI L -
TELVCHREDEEHLEG, 7UbwfuF
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i R = eV -

1 FOEBTRLPVRT - i Eidohs
DRAFIBYRTEARD LT ST & 85T 55
BT V233 EAT % b ) — 2 OFEME (CTH)A5C
&, HOEHMEGS-cHBR)MENIRDL. £
SLE TR, MEOE L RLIEMHSKLE
& (Jordan, 1987), W RBEENIC L - TEIMNFER
HBTZ)@L%&:EE*DEH#@%ZL & ofg}ﬂfjfg nHa
T HEY D> B S BE (Dell’Angelo & Tullis,
1989), WD X MR AERM 24 LB e
{Simpson & Wintsch, 198%; Yamagishi, 1993) 42
S—CHENFELTVE, BEETL, HMES
Bk - TEMY RS LT R—T s 0
FA LA EITS—CBE RS B0
RS L. S—CHEEX SO~ a3 A b
TIEWRIZERE S h 505, AROEFT L L
A BB & 722 % (Fig. 16, d-f).

VA Y BRLF- O E IR S EIMTE 3T
R el BN ST A &, B
T4 K OMEFE & EFE T 5T A
AT RT ZEIIL B OHGIEE(S @)
FL, SREICTFT2 R BEFH(CHE)
EHEHBES -CHEE) R EET S, ohil
ARy 2 IR RS A% & RS SR T- o AT
I o TR S N A E 17 TR (steady state
foliation; Means, 1981) & £ 2 51T wv» 5 (Lister
& Snoke, 1984; Knipe & Law, 1987). FB A%
BTESHEERII b S SR EIZH L
TIEIT D FM(30-~40") % 14 ( Dell' Angelo
& Tullis, 1989). F7- 8" —CHk i3 Z0H & BHY
HELVDPLDET L2 EREEL 220w
(Deli’Angelo & Tullis, 1989).

BEHoy LT fOrb4 FTR, S—C
WEPRET BHE L SRR S h 5
BEHHL, ITEPLEBEIHBELTVE
#1% & 5 (van der Pluijm, 1991). W& DA
T U5 D ABEREClEy§ LB & Tik
v, BWHEINV T 0514 FTR, EE
U TR D\ I L ARREEA LD,

Feoriiw A a4 ML EAREEOREL
ZRAUFA N, 7ant A RV EFRA
T A MZE T - FSERITN O C A U
Twh S—Cvfud+A bOBE&ELSTEC

HOKTAIPEL L LHEVECHIIRREEL
V2 (Berthé et al, 1979b; Vauchez, 1987). £ i
OBYWIETESR T & EFE BRI 7% LSl
ENBEAFAECELZWECHIZEL Ty
{Shimamoto & Logan, 1986; Hiraga & Shimamo-
to, 1987). ZO LA CHEHIEwAI O+ AL MR
HOEMIZHRET 2 HEE T3 5 (White et al.,
1980).

Y- PSR AT BRI EET L EEE
HEHN KBTIk, ¥ VOERIZLBIEL
ERoHF) - FPLBREOERE %) AT L
WM ETRA~EBITLTBY, FhiEEE LIS
FEWAL~DBITIZIFIFHNIG LTy b (Logan et
al, 1992). FEOBEZRTIC BT EENE
OB ERERTL, ) — FIENE IS
HiBHEEROBCIERIATWY S
{Shimamoto & Logan, 1986; Hiraga & Shimamo-
to, 1987). FE TOFEBEOMMEER X2 D HE)
HQiA6, SO iz thviElizdmah
TREAHOBERERTHLEEILONLTHE
{Shimamoto, 1989). Z QMG HEEN+5Th
VHERE LR Z D, AR ATREMNIEE T
FREUZE LT, ) —F LB £ O Rt
MEFRIIHETTLdDEEZLRE. w40t
A MIFETLHCHEHS, EESNEHFASIZE
VAR E R EEATHRICE L,
fbgdE o LSRR S L syiim & R
THIEAMTEL)., BERERASHBIETS
HHREELTE, STHECTRIZELERAS
ZXLDOREE L EZ NS, FARENT
L7 Th, KREOBHLERED L S ICRE
Vo EETEZ &2 udvwihEBE(L %
RITThHAI.

TSy ik, w40k A MBI
TATRDROTHUMILNIERE( RS
(77 70y 28ALTHIHRICERLTV D
(Fig. 8 ). ZHEEROMAT I T HESIRTIE
DS CRET- ARSI X - TR L -
D, B DOREGEMIIOET A S L
MR S5 (Law et al, 1986, 1990; Knipe &
Law, 1987). fefiE&S—C~v A0+ 4 M TEHR
HE CHEO AR S Y, et

- 207 —



G|

T7 577y 2 3%8{EL T % {Berthe et al,
1979b; Krohe, 1990; Yamagishi, 1993}, S—¢C 7
10+ 1 FOMREPRL TV FFw 4041 b
K87 4 0+ A b ACE AL A795 ) ( Berthé
et al, 1979b; Behrmann & Mainprice, 1987;
Yamagishi, 1993) D1, %35 & ) ICERA
ALZXLDECILZEDEEZ LN, BE
RREEIZL DT 7 7)) v 0P iz, BED
B E &S IT—RITHAT 5 BRSO,
TOMHFEFTYRIL o TERDLE, REC
I o THEBT LT RAE(LT L5 LB S
1% (Fig.19 ; ¥ 2 {X Hobbs, 1985). fiit M
&, RRTIREAT~N) R <a>HHEL,
WEDEFIZEVT Y XLAFET <Y R |l
<a>, 3612 iml [c] PEETLBIIRD,
FET L7 77 » 7 d 2 LTEE
3 % {Fig.19; Hobbs, 1985; Mainprice & Nicolas,
1989). BREBRTHERICL »2b L TR

j\_

FTRNDEBT LY - ELATW A
{Dell'Angelo & Tullis, 1989) 7%, Z HLidEHE
P07 E KT TEN UL b M BT
5.

EMBNHICET3REA NI AL

Bgnv 1o VoS, £ EEE
iz 7770 7E{LLBINEFERTHD, &
Mz —FIlL o TERLTWEEEZ LN
A, L LGhs, MAERREEO YLV T
A0S A FORE, Y ) - Tl s TE
B L TwasagEtEsd % (F 2 (X Behrmann,
1985; van der Pluijm, 1991). g7 U — Fli—
RIS EIRARGHT T OB EA IS B 559,
PR EATAE 7T ERR T R L
(EHERICIBHREN LIRS ) -7
Rutter, 1976), #iR 30 2V BEERA 2
Sl EETERTLILETELBILIT

FABRIC TRANSITIONS

TCRSt

£ = CONSt.

L
LOWT i MOD.T. | HIGH T TEMPERATURE
PEIERLS STRESS |  SLOW DIFFUSION | FAST DIFFUSION { Dye > 0 )

CONTROL, SINGLE SLIP)  RAPID CROSS-SLIP

 RAPID CLIMB = $INGLE SLIP

Fig. 19. A schematic iilustration showing the variation of critical resolved shear stress (CRSS) for

several slip systems in quartz as a funclion of temperature under a constant strain rate

{Mainprice & Nicolas, 1989). The dashed line indicates the strength and fabric transitions of a

hypothetical quartz aggregate..
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Poirier, 1985). ks V— 7ok o TER L
TwahE ) MEREETIEREO )
Bl=1)2L->THWTX 2 (7 if Schmid et
al., 1977, 1987; Karato et al, 1986) 7%, Ko
RN a Y= i Rt S =N A
DTHHMEEE 7 770 v 7 HhOHEET L LA
Rl WY ) - TO%E, MEERAE TR
TROEHIDTT 77 0 7 13%EL
(Schmid et al, 1987). - T, Mi% kil
BT 77 o s MREL BTSSRy ) —
L o TERLTOLTEEMAA S, L
LGadit, RIROBEEDOI NV S/ 0+ 4
T, 2 V=7l L s TERE LT AR
TEATIEM S L/ 2 & 12 & B A% (Behrmann,
1985), EaFS Bl E 75w,

BHAEDERERTY, £7/- 0T8Iz
777y JHILEBERR TH Y, Ay
V=Tl TERBLTWAEEL LRD

—HREROEB A4 O+ 4 FTIE, FEL
FERAEHE IXRITAG IR A L7 BURIC & 2 KF0
#iLE RICBIbTH D, MEEEOTER A # =
XLIGBHE A LIS ) — T O S
% (Kerrich et al., 1980; Stinitz & Fitz Gerald,
1993). BHIZY NV FrSelaF A 7 404
A MR T7 7 7)) v 7 REL TV RVD
T, HWEN L2 )72l > TERL
TWABAREEN K E v, fEEs—cv o
1 bR~ O+4 FTid, ARYEIEO
ORGSR R L BEET R 47 L7
N7 77 ZHRETHDIH L, HEEsp
DAENTIRAERRIIMILT 7 7 7 »
7 A 5E LT\ % v (Behrmann & Mainprice,
1987; Yamagishi, 1993). - T, HE K~
WBEERLY ) — Tk o TER LT B 45, Mg
RS Y ) — 7K 5 TER LT A MM
AREV, MRBIIRELENTESICEA,
FLLTINASA PREOHER &EHEOR
REBEISHE LD VEADPTKBELTWL
EHL, MKBEBEREA LR Y -7
E-TERL, FIUEHESAERLTVWE
L E 2 5N A Yamagishi, 1993),

s =B

HE MR SHBRT OFLRL 70 & Az, (D ke
W CHIEERS O 7 > 70 2B L BHNE
frh, ONEVERS OB & SO 7 -
Ty EALE B S, ORFBENCL
BREES, ORPRICBALASKIC L 5K
MEAL & KIc#dt, CEYOBASBH vz
HERIZL28ErHY, wFho7oxz
& o THEMIIRIH AR S L5 H013, S A,
miE - DY, K/ aRhSILL - TRE
Twa, BRESEBIVHESEOv MO+ 1 b
T, O~-@OTOELANEETHH, KHO
REREH~-TRARNEROZEE~f 04
FNTCIROPEETHD, iLAAt R T THGT
HENEELELILRD.

A Ot A MIBEERICL LR OREL
EMFEILE - TR S NGEY, EEE(SH) -
MIRESER S AL, Mk 3B s L%
RIS L » TIRE SR D, @k {Er 6B D
ENIRTFER-71 075 NERD, Mk
EHER—7 10752 Do AHBAED
LH. F—7a0% 52 MIRBEOFHE T T,
EHIIEEEDEC Ly ey —2 v Kb
WIZTANEEL, ZOMWELEE - S
THHOTS., w405 PhIcEL (#e A
WHEPEETALEESNISS, TOWEH
FISTHTESE D USRI I3 R
(CTH )P SN, CHEHRICITEREEOHEEE
HHEL L, BENGEEERE BB R
£ o THHEANTOREEMEII: L AEER
VIS (S )23 U D, B, i
FU—THBEEREN LIRS
WERPILE S THEITT S, 777 w2,
L2 ) - T TR BT R OSSR
JERWNEL BB (7 v 7Y » P8I 5412
FEET ALY, WY ) - T AERTIERE
L, MECTHREEIIE - TIWLOER
AN ALPAERII L B LB LR L,
BB A ) — S VIR (C DI D B
WEaoTEdhibhi,
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R L TRGH Lo,
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LZIENTERD oM, FFICRIEO B ARG
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