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Progressive microstructural development in quartz deformed
under low temperature conditions

Eilll -

Osamu Nishikawa*

Abstract: In order to clarify the deformation mechanisms and modes in quartz, detailed
observations of microstructures and analyses of crystallographic orientation distribu-
tion patterns of naturally deformed quartz under subgreen-greenschist facies condi-
tions have been done. Since the activity of slip systems in quartz is restricted to those
on basal plane in low temperature conditions, the deformation behavior of quartz is
highly anisotoropic. A representative microstructure developed in quartz grains in
such conditions is kink band. The usefulness of morphology of kink bands as a
indicator of differential siress level and the effect of geometrical strain hardening
caused by development of kink bands have been discussed. Dynamic recrystallization
mechanisms in the analyzed samples are subgrain rotation and microstructures sugge-
sting the operation of recovery processes are commonly observed in quartz grains.
The recrystallized grains have shape-preferred orientation with their long axis orient-
ing perpendicular to the compression stress or bulk shortening axis. Deformation of
the quartz at an early stage was dominated by the formation of kink bands. Subse-
quently, polygonization and subgrain rotation recrystallization occurred overprinting
on kink bands. The sequential deformation process is clearly reflected in the transi-
tion of the crystallographic orientation distribution from systematic to complicated (or
random) rotation patterns.

Key words: guartz, anisotoropy, deformation lamellae, kink bands, dynamic recrystalliza-
tion, strain hardening
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FHIE O E T, RARREOEEZHMMES0FER
B L ERANAT Ny - YR E S0 AR
BAERORRAEB > TEL, /NATIE, EESD
B O EEE  (Nishikawa, 1997 ; Nishikawa &
Takeshita, 1999 a, b) 2 LS, KEMK (B
BAE M TAROBENEREESEDL S
HEITd 5D Ebh T {lHdT 5. £9, B
o TARNANICHEST HER T A5, Fv iy
F, ENOESEAHS T S o EREEoEEe £ &
¥, HEBERSZESET 2 £ oL aTERRC
B LA RS IR EAO MY 5. &
fo, KRZENIC B 5 LGEREBEEGED NEEH L L
MRS  SHEE T DA 2 E oM T 5.

ABOEN LR E

REBEZW - L RAROESE R, BROEREAF—v
ERETETVL T EDBEL, DM L AN
L ORI, P59 L ST V., RFR T,
RERAGRBIT X 5 & 9 S HBENEToBERLEOE
e S HT 5 tick - T, EEAFRHLTWA
R OBNOFZEEFMT 2 L 2B, FRLA
SUEHZ,  PURElLMch e = T [ BHE R RS (A
BLUBKILE GRBARI) IKHEST % 28 M (=
Ve YRIB L UETETED) ohfERkTs S (Fig |,
2). =¥ v yRAKRIEGTREARS KSGEHEED &
BRsni- 60T, HEoRER S0 M4 S
WoETEEZ| L TWaA, =N%o D (Faure,
1985 ; FEJI11Z 4y, 1994 ; BEJIIBSHD - GLIE A, 1977 ;
Hara et al, 1992) Ofgpha-# - Tt &, HiFah
DA D SHEE S N 5 LR ARG TNR O T
Hidlh 53R SN EFFE T & (Shiota et
al., 1993 ; 7T T i34, 1997 ; Nishikawa & Takeshita,
1999) »SHWIL C, =¥« u vRIGEROATHEE
2 Dy O AERIEEE I REL b DEELONE,

1§3° 1qu

Fig. 1 Map showing sample localities. Ob : Oboke, Ak :
Akaragi pass, Sm. b.: Sambagawa belt, Ch. b.;
Chichibu bell, M.T.L. : Median Tectonic Line, B.
T.L.: Butsuzo Tectonic Line,

TR G AOBaHE SN E v, Bl
HETRMAL, DiFfflo A4 — 7 v % >0 TF
b, PO AER TS TRECEELTWS (Fig
2). EB50% 4 FOGENRS BEREE O
{, ZEEREIHTH S, /-, WFhoRABLT
GORELB LUCHBR SOERESBNT E (Y=
V—f-72F /B4GM ; eg. Banno & Sakai, 1989 ;
WM&, 1991), LIk TC & h AR KaREmOY
GALEE 3 150-350°C o #iFO % mRT JT g
1997 ; Seki et al, 1993) T &5, RO S PR
EOREEFTEE LLEELONE, 2EHOLE
MREDEHC e 3 2 B EE 2 O 53 80% Table 1 lc/Rd.
Tz oYBILENR (Fig. 2a) iCRET 5 0L
RSB REES 2 5 &+ v o8y FT, Wi
FOFGVIBSEROTERS L TORW, BETEL
HEk (Fig. 2b) Cid, + ¥ 2%y FEBNBERHE
BOREd a0, s A3 Lr@Eboni
W,

AW TEEEDS X UABKITE T AN (TEM :
TEERFHSEEE O JEOL JEM-2000 EX) #BW
T, ARthicRaET 2 EERMRE SR Mm%
ot FEROBER LR MEITOZ i, KN
BERAVCCc@MANOAEZHEL TV LL,
TEM 2T ciD AL 5 a Wi bikEd 52
Ltk T, B nlEo RO [nixih o X n iR s
EEEHCIRET A EDBTE, TNOHEPEEE—
FIBT 52X 02 AR 2 T &M% S. A
DIEMB T OS2 A M ORE BB E 7 M S
({TEM) o0& Pl v ¥ — v, EBSP (Electron
Back Scatter Patterns), ECP {Electron Channeling
Patterns) 7L &L HAEEHOTITY &P HE
5. EBSP % ECP {3, ##4 T3 90 FEfRUC A n HEEE
DI GBA X NIEY, SRR A N OREE» -
KEOF— S MPRATTS C B0 - T2 45,
N OB ZHARZ~OBAEEN TS, AR
T, TEM OB~y — v 2T~ odh
P HESATO a U c BT AR 2T L7z,

{ERER AR O MIHEE DS

EESAS

5+ 3R 1EL NOb i HRrzEs NS i
WBIROY 77 L 4 »TH AHH (White, 1973), X
BHMEF TREFETRBEORY &L TEBEN S
(Fig. 2b). W25 £ 5 OFEEBIC >V T, BEL
R FofhbiEic k > THEF Lz b0 s
HSEFIPEBHEN TS (Christie et al, 1968 ;
Drury, 1993) #3F 2R ERE O, S 2 5134
oGNP RE SO E LTHEFCERTH
4. Avé Lallement & Carter (1971) &5 2 5 %
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Table 1 The features of quariz in layer parallel vein and en échelon vein samples.

Sample Layer paralie] type En échelon type
Locality Oboke (Sambagwa belt) Oboke (Sambagawa belt)
Akaragi pass (Chichibu belt)
Syl Parallel (o schistosity . N
yie Folded into an open style Cutting schistosity
Width 2-4 mm 2-4 mm
Deformation phase D, phase post-D; phase
Homogenization temp. 190-290°C 150-350 °C
of fluid inclusions
Subbasal deformation lamellae | Scaresely observed Well developed
Kk bands Developed Developed
Recrystallization, grain size Occur, 45416 um Only occur in type 1 kink bands,
1.3+07 um
Subgrain size 9416.5 um 1.6208 um
Dislocation density (27+1.1)X108cm? (1.6x0.5) X 10%cm2

FHE IS AT RIS L > TR L, 74 5 OFREHN
PEEREET W s EELEGRER > 2R
Ui, BFEOx Y = o yRIOAHIRKICE, 524 548
basal (0001) pmics L ¢ 30-40°54384 % sub-basal [
RN 5 2 sctbs i s bordd 20T (Nis-
hikawa & Takeshita, 1999), FELFIT O FRG
basal Hid <) Th-/wEEIOND. 54 SBDA
Bk, cWAAncE LT X b SNy Elie b <
s 5 EMRBRIICH O TVAS, E-T, B
DR FD clii: 7 4 BOHFRiEy v ERATF LA Ry
PRy ML, AAATHRATYAZ itk
THEERO VG ARERCT 22 LW TE S (K]
i, Carter & Friedman, 1965 ; Carter & Rleigh, 1969
: Takeshita, 1995 72 &), Fig. 3aicid, RALIC L 3
T ¥z v YRULGEIRO AR O —FH RS 0T
4 (Nishikawa & Takeshita, 1999a). 4RI
Wo>Teclh o7 A FMicla)h-> THOIKRAIMES
Bl CARIROBEANCEFL B K oz (RhFIG
i) BRSNS, 4, KEIBIREEIEIT AN
POIEHLTED, TOHMIC o UrALN )
HWEasns, 1, AFvtiy b LOKHOEES
fitp 5, LS A SHRELBVOW, chhisE
Ao LT LT B (basal ey I 8RG
EL WY R T TH LI EDbr S, Drury (1993)
3, (EOLEREERT sub-basal TRIEHE S 4 5 75,
100-200 MPa LI Lo St R h TOAEKRESh TV S
&R, AL ERTH exponential creep P
PN CAERE &L S A S I L o EsRHaEh 5
T &G, sub-basal IEIE S 2 3 ARIGHERE®
B 5B EREHLTVLA,

FUHINVE
1. XA ORI

* vy, ZERHTicErNi-HRO4T <
K% & o HE B EE RSB L 1208 S BRI O
FheBldclick-THKEN S, Brmiios
W O RSV & &, DRSS SERDED &
NS BFN, v fEdd 5.

EEL AR B 5 RO EITEE T~ O &
FIE i E 0B BRI icshvTv b, R
& basal i & O 723 £ 0 A3 0-30° DKM DR T-ic
W, v 2 ERM AN ERIES L 2 HlalicRaE T
2L (IR oF v 75y FERan s (Fig 3
b, 4a), IR+ 7 vv FidmsdpRicid SR T
i< mhd 2 NS R d. 0=30-T0° Dk T i
B, ¥ /7BROBOANBEIC cili & IZITEL LA
AP (1 ED oF v 7 vy FHERES LTV S (Fig.
3b,db). MBF vy vy i, T8F Y78y Ficlh
~AHLEPiCHiF SR, BEREVWSYYEFESLD, T
vz o yELAOERSCEH OBS, A+ 250 FOR
@, I8+ v ooy FiclhT—HrAZ W\ (Table
2). =¥ oo yREREHOO=30-70° 0k i,
sub-basal IR S 2 SHFRFELTWE D EHE WL
M, FIASRAECINR: 2 vy Fiok-THiFsh
TWa, §=T0-90°Dhi ¥, Hi-hbExFEriticik
Lizd 20k 5 I RBRA S HSRZEER 24 250 (Fig.
d¢), EEREPSVERTREEAELETE LTV
MOFEFR- TWAB I EDEG, K-FORERE
HEXNTWBIRIEETHRE v 7 vy FhEERENS
& &, Ny FND clhr (e @&, AEEHS O c bl
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a)

Fig. 3

AHEOETRHRARE

b)

a Typel WN=37
o— Type I N=83

a) Equal-area lower-hemisphere projections ol the partial great circles {arrows) connecting poles te deformation lamellae
{points of arrows) and c-axes {(ends of arrows) in grains containing lamellae for a sample of the en echelon vein (sample
AK after Nishikawa & Takeshita, 1999a). Inferred directions of o-, g and os-axes and gz plane are shown by solid
circles and line, respectively. Dashed lines denote 20° small circles around Lhe inferred o- and os-axes, respectively. X
is in the vein strike direction, Y in the dip direction, and Z in the direction normal to the vein in right handed
coordinates. The northward, downdip and upward directions of X, ¥ and Z are respectively defined as the positive (+)
directions, b} Equal-area lower-hemisphere projeclions of the partial great circles connecling c-axis orientations of
kinked portion {¢:: solid circle} and unkinked poriion (¢ : open circle} in quarlz grains with type Il kink bands for

sample Ak after Nishikawa & Takeshila {1999 a).

Both the orienlations of ¢ and ¢; axes are shown by open circles

when the kinked portion is not distinguished from the unkinked portion. c¢-axis orientalions of grains with type I kink

bands are also shown by shaded squares,

T (e =ML TEY oo < & iofs L+
T, COFEEMH L, KA SRS AE T &
Oy bEAF LA Ry b LIZ7Oy b T BT
LiCk T, EIEROTEIEIAMPRETES (cre
ik ; Carter & Friedman, 1965 ; Carter & Raleigh,
1969 ; Nishikawa & Takeshila, 1999a). Fig. 3bic
R EDIE, e iTRO RIS, KAIEER
WTHREL b0 (Fig. 3a) &HMATS 2.

HAE L 2o O B EBHT OFE S A (4 JIlE L 2
FlLAFxy bRl Tay P LTRBE, 200510,
HHVEOOHDEDLY DMty — v ERT I LM
B, B D P VRE I A EEE T B & &, g
DUIDIERE (), X—H— X7 b (b) &lalikh
(R) OZ=ZHOHFINZ BT d 5 & & RIS T W
% (Nicolas & Poirior, 1976 ; Trépied, el al., 1980 75
&) (Fig. 5a). —HDUTBERERI AT WS & RGE
T 5 &, BRANONEL Y — v GiEET N0 RE
HesEd 5 2 &k 3 (Lloyd & Freeman, 1991, 1994
; Fliervoet & White, 1995 ; Lloyd et al.,, 1997),
Table 3 i2ix, AEOFET AR OL sy — » S HEE
ENAMET 0 ROMFEERT. Fig. 6aid, 17+
vy %y FBSET BRI ORI <Y - v
=, [Ofzhiz Im] ofEicd v (Fig. 5b), ciht a
o S b O—2 i RNICREY, K52 >0 a it 30°
O/ Tl L TWA, TdDs¥y — vid basal
<a>DH—FT XY ERMELTWS (Table 3).

2, FUUONRVEOEREERLACHETSIHEES

I

MIETE, EEFEO GG TE 3240 HZH
basal fiickBE XN 2 fo0h, JIFMR NS HH T
B EEWIMHBO T - oRLE TOET
i3, o Bt 540 (basal i) OHABRICK
fFELIABIE L~ EEREEREOA L 5 — v %,
Honea & Johnson (1976) Q@€ F L2 80E L T
H Ry

Honea & Johnson (1976) Ti3, BEiMicEAERS
DI EEE D, BV TICHERIGC N 2T v+ v
FERITERKEBCRD LS, BOoWNERICEK
LlmE— 2 v BPEREECH A E LT, ¥ 7
SNy FEREOE L SAposy FoARIL T
% (Fig. Ta), Nishikawa & Takeshita (1999) &3,
ZOE F BRSO ERRSSEcisk U T (Fig. 7b),
F v ooy FIERKCBEBERIE Ty ~vo 2PN
D& IR,

o/0y=1/[cos’ 0+ sind cos@/(dv/dx)] (1)
IT, O F N MEIERRMO LT AR, 0 0=0D
EEQMILS), (do/dx)e: BOPIMIANTH 5.
—+} Honea & Johnson (1976) ok 3 &, £ 7
NV ¥ DA Lo 1, BRIOBIBGE o, Bopllls
fi (de/dx)e, REUmRE tb 45 & T RIMER BT ic X » T
KDL Hehobi b,

Lo=2n({dv/dx)o BI/toth)"* (2)
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Optical micrographs showing buckling micro-
structures developed in the quartz veins. a) Type
I kink bands in a grain compressed parallel to
basal (0001) plane. b) Type II kink bands and
sub-basal deformation lamellae in a grain com-
pressed obligue to basal {(0001) plane. ¢) A grain
compressed perpendicular to basal (0001) plane.
The azimuth and plunge of ¢-axis orientation in
each host grain is shown by arrows with
numbers. KB:kink bands, Lm:deformation
lamellae. DB :domain boundary. After Nishi-
kawa & Takeshita (1999 b),

wil

R, HEHAENREI(AAEBIBENNYFD
MR M sARLTVWS, I, ¢Xh@EE
ChcEBELHICFNMEFNNREN L8 I L
=4 v B AVEFEOLBHICE, BREIOTIN R
EWNEVIBEREDIEVHEHBOLECLLLELS
L THBETX LD (Fig. 7Tc), Nishikawa & Takes-
hita (1999a) T, RMODREEN, F vy v
FOMgLytic bz 2 28 AELUTORICL » TRETL
7.

Lo/Lo=[1+tang/(dv/dx)} 1" (3)
Fig. 8 iz, & (1) B L T 3)E AW T (dv/dx), =0.002
~0.1 DA H>WTERH ST L v (EE]) &%
v FIGOZE{LHER (P %2577, 8=0-10°LIN D%
P CHUG T OBBIHE Nic & vy y FIRbalic
R A I ESbhD. oM, AfiiciEd
HZABEOF I Ny FHRODTAICHE - TIBOPE W
BRI SIRE VARSI E LT 2 RA%E L <
BHHLTW A,

BB RE®
ESHPMOMRNERER, MAKERs W kAE
TR AF-ERET 288 (CEBRE - SINHEERB
) wbEishTna, i ¥ -Eiakst
Srid it St &, R L 2o O EERIC & - T
FEREEE L & bICRERE - Tw GEE L
(Nicolas & Poirier, 1976 72 &), [Bligid, BFLEH
o O CBIRAICId e & &, ST AEES) L T
[BEAD BT LIREIDEBIFANF — L XVETDI,
BRENEICEHVIC A EE b 22RO ERBN T2
Rt (R#) I b)), BIEERICE, BRI
L L RREEI L WD 2 S OREMS BN & 2
(Poirior, 1985 #£ &), R, dFESRFRICER K
RENd Lok FicHEMASCEY, &
RALL TR THE L 28Tch s, —H, B
LOBETRBEN TN 2L F—EZdH S
& Xdp B OV SRR L o m B2 TH
BLEHSORET S, BREENFERERETE, =02
WEEO K E LR LI PED G Wi —RR I HRENG
LRELTWAAH (Hirth & Tullis, 1992), hiREEHD
BE, BESRTORERENEEOE L WMET A4
9 O THERICPE » TREETRCEZSEHA A TY
% (Sakai & Jonas, 1984 ; Hirth & Tullis, 1992).
[T AR I EES RS L CREL TR Y,
2B LIELEF w2y PR OBEORE ICHE
LTWw3 (Fig. 9. RROERANIICSEGES 505,
—fRIC B O KR 2 WNE S BEREE R T O S E
BREL MA@ S A, Fig 2a OBE, Hilishs
TORFHAMEG B L FcET 200 LEHTH
15° ki 5, Fig 10icid, BETRZRhOER
DRI B 3 H>ORGFICFE L LTSN T B L Ol
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Table 2 Summary of morphological and structural features of two types of kink bands in en échelon vein samples.

Kink bands type Type | Type 1

Morphological {eaturcs Conjugate, angular hinge Meonoclinal, curved hinge
Width of kink band Narrow, 1.5-10 um Wide, 10-80 um

Rotalion angle 520 (30" <) 3-8 (=12° )

Pole to k.b.b. Ac-axis Obligue Orthogonal, 90-85°

o | Abasat plane Mostly 0-30° Intermediate-low angle, mostly 10-70°
Slip plane Basatl plane Basal plane

Slip plane normal{s)

a)

Slip system .
rotation axis

llp directi_on (b)

a -quartz
my + Pole to plane

Fig. 5 a) A schematic diagram showing the geometrical
relationship that slip plane normal (»}, Burgers vector (b}
and rotation axis of lattice misorientation (R) are
mutually perpendicular. b) Stereographic and lower
hemisphere projecilions of poles to representative crystal
planes in a-quartz.
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AL plot

*  @-axis
o C-axis
o c-axis of host grain

= External rotation axis

Equal Angle

Fig. 6 Stereographic and lower hemisphere projections of crystallographic orientations of subgrains and
recrystallized grains in each host grain. a) Sample showing a single systematic rotation pattern. The
best fit great and small circles around the rotation axis are also shown by solid lines. Numbers indicate
angular distances of each small and great circles from the rotation axis. b) Sample showing composite
patterns which can be resolved into at least 3 rotalion patterns. ¢) Sample showing complicated or

random orientation distribution.

Table 3 Predicted rotation patterns of crystallogra-
phic orientations due 1o subgrain rotation
assoclated with each slip syslem (after Nishi-
kawa & Takashita, 1999 b).

. Pole
Slip System

C mn a
basal (0001) <a> XN 0,600 30, %
basal (0001) <re> o 307, 90 o, 60
w {1013} <g> 67 62,23 37, %
w' {0113} <a> 67 &Y, 23 37,90
n {1012} <a> 58 32,65 4F7, o
' {0112}<a> 58 32, 65 43, o0
rhomb r {1011} <a> 38 527, 72 5§, 90
thomb z {0111} <a> 3§ 52,72 S8, 90
prism {1010} <a> o 50" 9’

Each pole is rotated along either a great or a small circle
about a common axis denoted by 0", Angular distance
of each pole from the rotation axis is shown by degrees.

<a»=<1120>  <m=<1010>

BRI T OTRA~Y ML ERROEABER T E O
AN EEN LT 7oy P LTWE, WFRORKRIC
BLWT b EMESN T ORERBH60um, 7AX7 M
B#r25 AN ECERFICEIF ELTYE, DE
DI &S, BETRANORGSSEOEINA (&

b L UHERRR ThHNEEE LBl ik -
TEFONTE Y, HRESAEEREEE, Rk
R &b bl SR EEA i Th - 1o LRl s R
5, R I ALOBICER S LA oERR R L
BRI EEREMAE L THERA L TR EEZ LR
5.

T THEHENEEER, ooy FOREARR
DEET XD EIRESEEREh TV A0IHL T,
Akl o difd B - RS SRR ik T o R H IC IR
EAHOEMEN () brunidoaicEBCEL L5
R > 7 » 2 2L, BRAN (EET~HmoD
M%) PYMAOEREE (3730 F) ORIELAMW
RAELCEEBINTVWEWI LTHES (Fig. 9). @
i, OEREWIERSSEE T, =04 <) AK
B EEERE S e RSy, it od#isid <D
micRa LV EREESTEECH L I L ERET
%4, FESERTOWE7 » 7 U v 7 AIRE#HS 2 W
RIGHAE EFT 2ARHES A TREL, L
L, MESER oS EEMMBEsRA ST &
DPROBRISEN - TOT HEERR TFONREE 7 2
~ 7 b HEE—E (Fig. 10) &0 S HEp SN L
T, NTEREENZOLOTEL D 0,

Fig. 6 b ioRs hAafMAN AN, + v 7 BiEI
B L TSR R(LAET L Ty a2l RlEh
fo, BEREER L TV WK (Fig 6a) o5 LR
HhoiZboEidRE L. oA TIHERANER
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High shear
strength

Low shear
strength

Fig. 7

A schematic diagram showing kinking of elastic
multilayers after Nishikawa & Takeshita {1999 a).
(a) Moment equilibrium of a small element of
elaslic multilayers with shear strength 7 subject-
ing layer parallel load F {modified after Fig. 7 of
Honea and Johnson, 1976). M :the induced
bending moment, P:the axial load, v:the
displacement in the y direction, 7:the shear
strength between lavers, ix:the shear siress
which operates on the plane perpendicular to the
layer, and ¢ and & : the thickness and width of
the laver, respectively. (b} Stresses acting on a
small element of elastic mullilayer in the case
that the axis of lopad W is inclined at & to the
laver. {c} The balance of moment exerted by the
shear forces on the anisotoropic layer (F) and on
ihe layver perpendicular it (Fy), respectively., The
upper and lower figures are for lthe cases of a
high () and low (7)) shear sirenglh belween
layers, respectively. Unit length is assumed for
the width of layer.
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0.01

0,001

Conjugate Monoclinal irregular
100
{dvidx)e= 0.002
3 I
3 * Type
%) ° Type Il
& '
] 90°
Fig. 8 Theorelically predicted changing patterns of

mechanical and structural features of kink bands
in relation with inclination angle & (basal plane
Aa) (medified after Nishikawa & Takeshila, 1992
a). {a) Relation hetween the inclination angle €
and ralic of the axial stress necessary for
kinking o/ay for inmitial slope (dv/dx}) ranging
between 0.02-0.1. (b) Relation between the
inclination angle 8 and ratio of the maximum
width of kink bands Ls/Lo for initial slope
ranging between 0.02-0.1. Type I and tvpe II
kink bands in the quartz grains of the en
echelon vein sample are denoted by shaded
square and open diamond symbols, respectively.

MDD N A A Oy - BEELTED,
basal<m > % 7§ 5 2 %L basal<a> %71
T A N7z, Fig 6c deic B bhsEm
LizBRoading — v T, BFoEbhics v ya

Wi 5o &, REMAEGRL T — 2RI ED,

oD

FiC, BMBERSETT 2R - TSRO
AR OERAMOE D L ORLICES YW TINL



Fig. 9 Optical micrographs showing deformation
microstructures where dynamic recrystallization
overprinting on the kink structures in the layer
parallel veins (after Nishikawa & Takeshita, 1999
b). a) Microstructure of which a host grain com-
pressed parallel to basal (0001) plane. Recrystal-
lization is restricted within type I kink bands. b)
Microstructure of which a host grain compressed
oblique to basal (0001} plane. Recrystallization
is exiensive throughout the whole host grain
with type Il kink bands.
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c-axis misorientation

Diagrams showing the c-axis misorientation angles between neighboring recrystallized grains or subgrains

versus grain size {upper box) and aspecl ratio {lower box) for selected 3 host grains (rom the layer parallel

veins (after Nishikawa & Takeshita, 1999 b},

moderately recrystallized host grain. ¢)

measurement.

An extensively

a) A poligonized, bul little recrystallized host grain.

b) A

recrystallized host grain. N:number of

Fig. 11

recrystallized grains in the layer parallel vein.

TEM bright field images of microstructures in deformed quarlz grains.
{b} Deformation lamellae and subgrains in the layer parallel vein.

deformations in recrystallized grains in the en echelon vein. d) Free dislocations and subgrain boundaries in

(a) Subgrains developed in the en echelon vein.
(c) Free dislocations and parallel array of

LMB : deformation lamellae boundary, SGB ; subgrain boundary.



[l ]

(Takeshita & Wenk, 1988) »b 5. XETH -4
RS (Table 1) 3, RARKET IAFSEE L
TREBENEVWIEOT (#2& Z2.1F Twiss & Moores,
1992), A¥EMREM THLERC LT3 aRetss
%, MEESEIRIICIE 7 S JIEUBESEL RN T
WA E XS LT, EiroHEERLD b
TEHEE LT ICN 2 L bh 5. [miEHED
LR L TV A BETAERAR > WT, #
R LOZFSIC 20 TR LTa k., BRI L 3T
ORI, F v 73y FROT XD HICTRS
N AEWIE i ic A b B, fERY 2EhE T %
—EEBRE LI ESE, TYTE (N—H—-Zx7
V) MEROICRLFES I L VIR Tt B VT,
SNy FNOT<h M (basal i) & a0 TMa
HPEMEO L X, BHEdhEd2R3E8TXDio
SHREIMIS AT Ao ChlisdERE T s AR
{tE->TWwW, Ll, a=45°fhAsmEd s &, 4
ALY AN R & N B FIRTIG T 05EI NS IS B T
TR TR F IR A D, RIS e =45 %
ELHLZAETOw 23N EBTRSENE. Fig
13 4, BPTAREb e Bz T 54 v o N v K olali
Ao’ % o8NS B REEH SO basal ORIEH
(2FE0, a=a’+H XHLTFavy b LbOTH
%, % ORI a=45° & 60° & R4 EE ORI AN
LTWwW3, Thid, EidoesvoFleHmlTts
D, MAZEVEBEORELRERLCOEEEDA
%,

TR L ~ILORE
OREOENIFRS MR, MRS RE U HBEMNE
B, BIRI0~NEELHIEGEERT O & HEREY)

basal plane

CHeNTHY, WEEINIGE LT RBROEIEEIC
LTeEHESNTERL (oA Mercier et al,
1977 ; Ord & Christie, 1984), ZIG AL, FEES
R & EEERAIR L, B, BiEE L oREENS
50T, T¥oryBROAREKOEEBPITRLIL
FIRAITER L LA 3 (Table 1). Zhi3,
SIESER AR 3 3 subbasal [ BIZEE 5 # 5 hix
Voo yYROORIKICIEFEST 50, BE TR
EAEALRBWI EDSEEFFSN S, Mercier et
al. (1977) OBFEE R RIS 2R o A IR
BT AL, EEIEE 20MPa (BFETED~300
MPa (z v .o R LR LNSB.

Honea & Johnson {1977) i3, BikiciEaER:- 5
N— v — b DIEEEREITY, BEORERENKE
{BERERBEENY FOENCKEEZEEARL
o, § iR EIEHS ], ChEEF L
X o THEL, ¥ 79 FOIRESRRE OR%
A GRERD £B0Twa, FEEE S, 40 e bl
BN ORHFLL (0) b EERICEHLZIB o
Mt A RD b BT, 0=0FEORWEEE T
BT A 1HlE v o3y FOBRER I E LTH
Hecxahdlhiaw fimFcoikaciHodbicl
ok Hi, ORZHERIOIRF o VI K
LAk OEMEBEERshETEoT, %
DI v~ G BEEREPER] U e IR O B
KNEWEHEETE 3, Fig 14, BETRBLY
v v YRGREIRO TP S 5L S kAR s HE S
58 >0EF RS, IRF v 7 Nr FOWREF 7
2y BN RGE L BB SR R LT T ey
FLIZBDTH S, BHERERRES TRF 7 vy
F OIEORRE, WREER 05 OBER TIN5,

soft grain (favorably oriented for basal slip)

7/ hard grain (unfavorably oriented for basal slip}

Kinking of soft grains

Hardening of soft grains
& Kinking of hard grains

Fig. 12 Schemalic diagrams showing the deformation process in a quartz aggregate for the case Lhat only single slip system is

operated. (after Nishikawa & Takeshita, 1999 a)
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Fig. 13 Diagram showing Lhe rotation angles of host
c-axis by kinking (@) versus initial inclination
angles of basal plane to the compression axis (6}
for kinked quariz grains from sample 2 (a layer
parallel vein). A schematic diagram showing
the inclination angle of slip plane in kink bands
{a@) which is the sum of the rotalion angle of
basal (0001) plane by kinking (a") and initial
inclination angle of basal plane 1o the com-
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Nishikawa & Takeshila, 1999 b).
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Fig. 14  Diagram showing the mean width of type I kink bands versus dynamically reerystallized grain size
within kink bands for 8 samples of the layer parallel and the en echelon veins. For each plot, grain
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(aftler Nishikawa & Takeshita, 1999b.)
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