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Fig. 1 Structural profile of strike slip seismogenic belt ( modified after Swanson, 1992; Lin Aiming, 2008)
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(‘a) Brittle—ductile transition, deformation and wear mechanisms change with crustal depth and the distribution of pseudotachylyte. (b) Formation
of pseudotachylyte relates cataclastic rock usually cut the pre-existing foliation of rocks. (c¢)—(e) Formation of pseudotachylyte relates to mylonite ;
(¢) pseudotachylyte was deformed to form mylonitic rock during left-lateral shearing; (d) seismic rupture leads to the formation of pseudotachylyte
veins; fault veins are usually consistent with the occurrence of surrounding rock foliation, and the injection veins cut the surrounding rock at a high
angle; (e) in the deep-seated ductile domain, the rock is plastically deformed under left lateral shearing to form mylonite. (f)—(g) Evolution of
seismic fault propagation ( modified according to Swanson, 1992) : (f) friction melting mode of the upper crust is mainly brittle fracture friction by
pseudotachylyte cataclastic rock assemblage; (g) friction melting mode of the lower crust is dominated by ductile adhesive friction by the

pseudotachylyte mylonite assemblage
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SRITLEAEXT TR R e TR AT 9 R W, — L8 Ho At 1Y
PR R TE G bt v] 30 5% W] 52 1 3h 1915 8. (8 A
255 ,2019) , Qni% & 43 4544 (Han et al. , 2007;
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al. ,1909; Shand, 1916; Sibson, 1975; Magloughlin
1992) , FEEAZ I il 2 11 o 17 728 Jo #4041 — b e 3
HHE BN RFEN A A S107 571 R RS ol % >
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et al., 2019) ; @ FF7E L A4 1 {& ( Maddock et
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Fig. 2 Macroscopic and microscopic structural characteristics of pseudotachylyte
(a) AR AR X RSP SCVI R R R BEIEL; (b) R K TP K A R b A BER 5 (o) X BB T Ik A e U0 ] o i 1o 8 B
(d) ARV X BB AR R R RB IR DR A S LA A A R 255 (o) —(f) IR BB IR A S M, 66 o0 4 B0 i — I i
T, WA o S A SRR 5 (o) SRR ARCA PR A B X R AR B L B K AR 3, B S S5 (h) X R S A
Hefihids 5t BSE B3 IR X IR BFEEA B BLA R (1) BUBRR IR X 5B BSE & (§) R X BRI HE BT h AR B0 BSE & B A ke

R A 2R BT R BT L Mur—Miirz W24

(a) Cross cutting relationship of pseudotachylyte veins in different stages; (b) macro hand specimens of pseudotachylyte and surrounding rock; (c)

micrograph of mylonite foliation of oblique cut surrounding rock of pseudotachylyte vein; (d) micrograph of pseudotachylyte veins at different stages

show that cataclastic rocks are associated around pseudotachylyte veins; (e)—(f) micrograph of pseudotachylyte vein, the matrix is glassy

cryptocrystalline, and the vein contains quartz clasts; (g) micrographs of pseudotachylyte associated with cataclastic rocks; the clastic components

are mainly feldspar and quartz, with flow structure; (h) BSE image of the contact boundary between pseudotachylyte and surrounding rock, and

pseudotachylyte is injected into the cracks of surrounding rock; (i) BSE image of reticulated pseudotachylyte; (j) BSE image of needle columnar

microcrystals in pseudotachylyte matrix. All samples were taken from the Mur—Miirzfault zone in the eastern Alps

mm ) , [ —C [R5 A7 35 A A BORE2H A (18] 2e—
i) s QI PP Al S B R X R 5 R
HLE A 2E W oy 1) &R G 1 A fE ( Maddock, 1992
Magloughlin and Spray, 1992; Lin Aiming and
Shimamoto, 1998 ) ; A b — & HAb (14 1k 4 40 9 25 IR
IR E %R/ K 1 (Philpotts, 1964; Lin Aiming,
1994a) | LA M #E 8 W 1R B (> 0. 4) (Lin Aiming,
1999) | & B 1 2% (8L 5 o % o B2 R AIE (9K 7R 5%,
2019) .

A2 153 53 A 2 T el ol AT R 2 B i ok
P2 Lo DA B R 1 25 A AR ] 1B Al 2 3 e 3
A (GHEFT+HIE S ) 1Y F 22 i 5 HBEE 2R
1M HLA R ICR A o R SRS WA R,
A 2 iR B 3 SR B i b A BT B ( Wenk et al. |
1982 ; Magloughlin, 1989, 1992; Lin Aiming, 1994a,
b; Lin Aiming and Shimamoto, 1998) , Tiifi& % i3
R RS O SRR A BN WA 22 R, Ak
B Si0, & s AHXT AR, 1 AL O, FeO ,MgO , TiO,
F4) 5 5 D) AF 6 5, K, Ca, Na EL A A FaE 7% (Lin
Aiming, 1994a; Lin Aiming and Shimamoto, 1998 ; Di
Toro and Pennacchioni, 2005; Wang Huan et al. ,
2019; EMRAF, 2019) . “#H AT XAl AL 22
IO R B TR S K MR B ) (A=
AN B AR B BRI A HARRE H,0
ARSI ) AR B ME 5 | A9 (O Hara, 1992; Jiang
Hehe et al. , 2015; Wallace et al. , 2019) ., f#]%
BTN BE SR Rl R e A 2 A i 7 (- A e
il 5 JE B 9 IS T A 52 JSAS (W] ) A 22 1) ) i A
A2 SO TR 2 a3 4 A 1) 7 A B A e — 1
PR Y I 7 (5 1R B R A AT SR = T sl
O TE LR B L I ) RUBE B AR ) o B

WFFERTIRA, e BRAR Rl 1l PR ) A 2 a3 s vh 3% P 1Y)
VIR 2R 9 KA, B A AR 5K
MBERR B ) & s AR D N7 G148 05 il %) R AR
B\t oo o (N IR Y NS B L7l IS I [ ) &
T G R —Rh P 2 P ek 72 98 S B
PUAR I R AH LR IR B e VR R, T 2 4 e 1
J&E @l ( Allen, 1979; Maddock, 1992; Magloughlin,
1992; Lin 1994a; Lin
Shimamoto, 1998; Di Toro and Pennacchioni, 2004 ;
Spray, 2010; Wang Huan et al. , 2019) , 7£—E 2
JE BT DT EE SRR A 1) 18 A e 2 SR IX M B
1 S EFZERT[A] (Jiang Hehe et al. |, 2015) . 7EARZ
YOI it R b WA W) A R — B . = b
(£ 650°C) FAIN A (£ 750 ~850°C )  H5A1 (24 800
~1425°C) KA (#1100~ 1555°C) AP (£ 1700~
1730°C ) ( Spray, 2010) ,
2.2 BRREE

FRE AR SR A P IR J M & i B 1) ) —
FEALH ( Clough, 1888; Wenk, 1978; Ozawa and
Takizawa, 2007; Pec et al, 2012b) . #B#E 2L K
LRI R W S 5 O AR RIS S
falt ke PRI 2 BT AR AL )RR AIE T DL R B
W RRCRIE S B (] 3a—c) , 7R S0 W s T
2 H A48 S RTS8 B TS 2E 8 (18] 3dD) ]
WA s A 1 (18] 3e) (Ozawa and Takizawa, 2007 ;
BISENAE, 2014) 7R BE S HORAE B0 i 1 B UBR
AT R R B SRR AT A 2 T A Jo 2 ek B
HHRLI T PR TS 2, 3K SE R A0 KL 0 B 1 A TS S b
FR—U AR (18] 3—g) o (HAEHIE L 7 b Ay
A W T AR B 9 A T DL 2B R 1 (Wenk,
1978; Ozawa and Takizawa, 2007; Pec et al.,

Aiming, Aiming and
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Fig. 3 Macroscopic and microscopic characteristics of pseudotachylyte of cataclastic origin
(a)—(c) ERAKCRIEZ RBCHEFIMEE K I 5 (d) GHCRIR Z R B 08 R H FE AL R BB S WU, (R RIS B R R )
TR PR A 2 (o) R BT AU R DRAR R B 6, R B A RS 25 TR 2 (REETL) 5 () IR Z R IR BSE BHUE A,
TR T 22 P e A R — TR b A R 0 B A 2, S35 Pl A AR ) ™ A ORI (< 1 um) , 6T PP ] AR B A (K M8 (o) IR R
P38 HRSEM HUR- ] DL £ AR— i AR R B o LA B M AR A B85 5 B () L () () R 2R [ VL PG 0 A8 L i 408 G i B 28 B3 5
A (b).(c).(e).(g)BlH Ozawa and Takizawa (2007)

(a)—{(c) Field outcrops of pseudotachylyte in black veins. (d) Micrographs of veinlet pseudotachylyte and its surrounding granitic mylonite.

Pseudotachylyte is composed of matrix and mineral clasts. (e) The pseudotachylyte vein is yellowish brown, and a dark brown thin layer with
flowing structure ( black arrow) is developed. (f) BSE image of pseudotachylyte. The clasts are mainly composed of angular or subangular quartz
and K-feldspar. The matrix is composed of very fine mineral particles (< 1 pwm). Amorphous (vein) materials can be seen in the matrix. (g)
In the HRSEM photos of pseudotachylyte, angular subangular fragment and very fine-grained matrix can be seen. Samples (a), (d) and (f) in
photos were collected near the Xi’ er River fault in the south of Diancang Mountains in western Yunnan. Photos (b), (c¢), (e), (g) is cited

from Ozawa and Takizawa (2007)
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2012b) , —SEHFTEMAR T T F AR SR A7 A Y
SU B X R B BT R R IE 2 T 2
WAk 8 4, R & A DA RS, A
MR B 4546 ( Clough, 18883 Wenk, 1978; Wenk
and Weiss, 1982; Lin Aiming, 1996; Ozawa and
Takizawa, 2007; Janssen et al. , 2010; 37 A% %,
2014) o FRATTEE PG A Ll & B A 288 g DR Al &k
PO PR A D R AR S (B 3, X R
JIC PRI ATL ] IR BI04 1T JE B i, v M DR B
P/ D) SR ARAT T 5 T il R X i
TEARRURS 200 Ik, E VA 28 T o T A2 v B e 2
Ay AR AL AR R T SIS TE LAY B 544 ( Weiss
and Wenk, 1983; Pec et al. , 2012a, 2016) , A2~
BV L I A A AT U P T R W R
T S — [l — R 2R 48 Hh AIRE ) o A9 U S A IR A
H (Lin Aiming, 2019)

S D 4 2R PRI 2 2 B 3 114 W S R - (DAIR
LRI Lo T b AR R AR ELAR AR JE AN,
JULP & A B 450 fl ) 78 4 (Lin Aiming, 1996,
1999; Ozawa and Takizawa, 2007) ., Q1R % 3% #
HHEJE 1 T — /N T 0. 4 (Lin Aiming, 1999)
MR Z RIS AR 22 5 5 R AR R A
WA 4L (Lin Aiming, 1996; Ozawa and Takizawa,
2007) . @ RAFTEAE S ASY BT, IR 45X 29k G 2
Y EAARN R BRI A TAERS 56
Yy AR 7 2 0] B2 PR S (Yund et al. , 1990;
Ozawa and Takizawa, 2007; Janssen et al. , 2010)
AR A [F) 2R 20l 2 i 38 BT AT B 2 Gl A R
T LABE R 25 5y DX 3 e 1 2 5 PR A vl 8 DA AR &
B SR > 20 il i R P 15 20 e B 2 0ok 5 e
Bt FHSCGE 5 (At B AR I B A AR
VARG S5 ) | I S T8 Jot B ok AR ) AR K B
55 R J v S0 2R S AR T, HOIO 45 |
AR5 1 228 i PR AR & i B B DXy, TR X I L
AT a2 s L 5 R R Sio, iR A
MR LLX 3, A7 228 DF 5T R B, o i 5 e 2R
PR 2 R B B o/ A A S AR Sio, &5 50s
SR AL B A [ i A Al T A Jo
Si0, & HHAR T (A8 s T A LA SRR T
W) T A 52 W Bl R rpoky AR DR i AR
s 2 ) B B I A SO RN A
T Si0, NE SR E , FBOL B AE &8 T
Si0, & & il H & T JB A (Dang Jiaxiang and Zhou
Yongsheng, 2021) ,

2.3 BEISEEXERE

BR T R WP ST AW LA IR 5 — R
i % BB 5 I8 k5 i R Rl AR OC Bk
( Magloughlin, 1992; Kirkpatrick and Rowe, 2013) ,
RIVAS A8 RIS 45175 5 0 i 2 A OC 5 & ( Swanson,
1992; Ray, 1999; Fabbri et al. , 2000; #k & B 55
2002; Di Toro and Pennacchioni, 2005; XIJ & B 45,
2005; {5 W45, 2013, F 24, 2019), Spray
(1995 ) i iak o 3 FE 452 B S 0 Tk B JRE 482 34 20 0 1]
{18 AL RST8] 752 8 30 S0 1) P 452 02 i 1) 0 B i
JE ( Tsutsumi and Shimamoto, 1997; Hirose and
Shimamoto, 2003) , Ray (1999 ) 3 i B 5% 8 & i B¢
TP AR JERLRE 70 A1, 4 HHOBy B AT BE 2 58 B e AT 1)
B X RBIR A S R Z — . A A ARLL 5 R
Rl AR AT AR SR, AN AR B HE R A AR Ry e s
FEACHY KA O T3 3 S A RE R, AR R IR
TR R (Spray, 1995) & 41 AT T 24 4
JoT (G S o A it I 5 R B D) et I 5 R | B SR )
PR IERE) ¥ & Ry L B (Spray, 2010) , 2R
1M, AR A 5T R B4R B H AR R i g BB Y
R PR RN AL Z [R] Y OC R | WARME S SCIE 20 1) TOML 485
FRFE , DA ST R Z R AR R
2.4 BXHRWEBEEAETRE. FRERTMMEER

MR PR AL AL AR A W R AR e 1 8, 77 AR o
AR AR SR AT . SCH R B AR — IR E AR AT
AR T A eV S AT A AR AR RS AR AR TR R AR
1A AR FH 1 [ Esf s T A 2 20 25 45 4t DA B s At s AR
SEIRPEIE (R 8R4 ,2021) . A R IR B AEAE
JEEAZEHA VAR T 45 i A R 2 R 2 80 M 2 g
SUE M) RGENERFE , 38 2 0 5 25 40k A SRR
LRI A B T R ) ARG 4R T
Ja— e s i X IR U AR S T AL T
2 (Bestmann et al. , 2011, 2012), 7EMe—) %%
iy b U X R 2 DL 4 DB B
(Bestmann et al. , 2012) , 3 H7E S B A 92 22 )y
TR AL RS E L 5 (K] 4a) . OF]RE
W B S REETE I, TEW S0 8T 2 BE AR IO b 52
e ST e TP 7R W J2 A B 7 A R TR e e 2
T 2 3 T B o 11 22 2 T o 3 S48 | A SR AR IR
W e RE R S i S EURE BT (5
B SRR & LR B Q)i I ) A
B, Wt S22 T BE 4 B U R RS TR & AR s Rl E
TSP AT BT 2 T8 0 A1 T AR BLA 2B TR
Tt e T AR Y R S T HES A0 T kA Bl
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BR 2R (9T HLAR) () 4b) (BRSO A
e | KR, 20195 JE gk Rk AN SC, 2021 ) .
| TR, A R L R R A R
7

CESTS | AERR W E S 5T AR R AR

ABIEAL , PEI 2R iR A 9 2 2R AL
HLARE RO 3, A9, = B0 P A T

AR

BU 2LV PR AR L O = (I sh A5 T 45

A o TEIR]RE R B B, A0 5= i 52 )
BRI AZ AR B g g, T2 e — 04

~
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AS TR B8, PR B R 2 R R, HL

v

(by | TERCILRYAFLEEIS ] N, kA v o JEE 43 5

ziﬁ %%%% LHEER  AEER. HERBEELR S B A B F ) 5 3 AR I
% it W BT 2 45 T 2 7 AR T AL ) £ DL e 2440
4 I FH =, 6 W57 2 T 0 7T T A 1
7 BYHS . MAERZ IS WA S BE , T 22 107 7735 i
WA, 76 2 W B T J2 W — 0 45 T P 7
o ZERA e A P RS W, Hr
‘ T8 175 T WL AR LA 3 26 0 7 25 F 45
g @%ﬁh J 70 4% AR T MR 2L T 06 B
b memRsax | R 3 G R

it (8]

2014 ; 3§ SC I 1R gk ik, 2019 4 &R 4

P 4 U bR )2 T sl R, BT B 050 FE Bt 1] 5 £ p) AT AR B A
YR EEFIHFIE (a) (35 Bestmann et al. , 2012 &240) F1 Ml 2 AS 7] B Bt i
RJENL PR A DI AL BE I 8] 28 A LR (b)) (30 & 7K JE 8 SC
W ,2021 Bik)

Fig. 4 Idealized model of time evolution of fault shear strength and
microstructure characteristics of quartz during sliding along seismic fault (a)
(modified after Bestmann et al. , 2012) and the model of stress state and
quartz deformation mechanism of seismogenic zones change with time in

different stages of earthquake (b) (modified after Zhou Yongzhang and Dai

2021 ; JEl 7K RN SO, 2021)

5% 2% B AR R A8 Ui A8 1 ) BR AL Ky
LR/ PN VA = BUR R Ty N o /=B U K
IR Y2 T 35 A B I I AR 3, A
LN R BRI T SR B P
A2 b (FK RS S0, 2021) . A2
FHINK BT RS R PR s R
RBEIA, AR AR B PO i i e 2

Wenhao, 2021&)

PG EEATIIS A WA Uk A Q=T AAR = R e
TS0 R R R AR RE ) . LA 5 V) AL 4
SLT R L R BRI R, 5802 o) [F
ARBIRBT YIS b E 5 T G AR A AR A A i
WML A S AT LS, RS R B AR Y
FINAS SRR A BRI R R A B A . @2
(R B U0 Bl 1k, S I PR R A 23 1 L s D) IX
AR R R (T>800°C) , A Ji kAL S &
S E R =S S5 R I BRI kAR K DL KRR
JIE M BRI A D4R B R 1 R 1T B, IR 40 LA 4B A5

(VUL BS BN A A T 24 B R 45

SR ) At T A A [R] R 2 B R S A st AR T
M 4118 5% ( Song Wonjoon et al. , 2020; Jif 7k Ji: 1
B ,2021) o BSOS AR I (2019 ) X1
LB A TR B MRS TR R R S A it
My Be 2y AR T R AE R A 2 S s
DI BR R @A (U3 A ) R
MWL R, LR AR R A s AR R A
TSRS, W72 LB 5 7 B X BTS2 5 B A
R R M, B A A AR A3 T U2 R
B, e ENT LUK B 58 R A R Rk i A
B %%, 2009 4= &% %5, 2018 J& sk Jik 13 S v,
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Fig. 5 Schematic diagram of rock shear strength and control factors in brittle ductile transition zone. The depth value is

converted by the global continental average geothermal gradient of 30°C / km (modified after Sibson, 1977)

2021) .
3 AR Z B EIE R S = A

iR 1Y) K TR 2 W 2 i D R T Bl EE AR Y
g Peaas ) (SRR S5, 2014 ) | 6 Hb 5 s 1] )R |
R MR AR R AE TRV Wl E b, SR
AHOG 1) 8 22 107 7+ A Kol b e A P B A R Y
DX 3k, R RE—450) P e 46 iy () K JiE AT B 2, 2009
T I R 7K i, 2012 5 X425k ,2017) o g 4
W — I THUSEIREE 10~ 15 km Z[H], JEE 25K 300
~450°C , WA T BT L& A SRR AR TE T K A )
DIMEME R 2 A 32 0 2 e 1 AR T 3 b e L T
EPEHE Mi—P P B A AR (K S5) .
Ja—B 1 e s b A A TR AR AR R IR 7R TR
FE EJT MAAEIFESIT |, B AN AR 554k I TE
e I RS HT , S BB RE | W3 A5 T A &
A, HZXN B, HErt A EriR e i X
RIS R ZIE T Me— B ety Sz E ettt 52
(<15 km, & 5,K 6a) .

72 (<6 km) B KA R I AR £ 5Bt

I LB A SHRA AR EE A 1 AR LR 514
PEARIE 25 A T IR U 7 AR AR B B B 4, A
AR X S 2R B R A R HOR IR B 1 O
2 ORI A R K S i S#E R 2
[B] 9 & &, I TE WK E ((Toyoshima, 19905 Lin
Aiming, 1991, 1994a) ; @il i PR A7 AR X BB 3
SRR 5 AR S LR A SR R
i3 A TR ) RIS IR E (Maddock et al. , 1987
Lin Aiming, 1991, 1994a) .

JWE— B e it 2 T B e DX {2
PR R REA . DS F I TENE— P
BAFLIT (~ 15 km) 2238 5 2 g b (R S8 1S 2 AL
TS Y T — bR ) B Al 4T B, TR
bR AN IV 12 & A BT S5 X 138 VR 5 AR AT 5 DL &
QHIRGHR ™ L 1 X RIS TETE UR LA AR 6
TR B NS S Wi B 0742 AR TR B it (IR
MR R ENAFAE LA R B E DFIE TR A a0 1 e o
7 2T Fh T 2 T PR s R 8 ) M1 2 B g ) 4
BT 1% 22 (40 Moecher and Steltenpohl, 2011, £
22~ 40 km; Clerc et al., 2018, #J 30 ~ 50 km;
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Fig. 6 distribution of seismicity frequency and depth of continental seismogenic layer and formation depth of pseudotachylyte
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(a) Distribution of seismicity frequency and depth of continental seismogenic layer ( Passelegue et al. , 2021). (b) Pressure temperature ( P—T')

range diagram of pseudotachylyte formed under the brittle— ductile transition zone in the deep Earth ( Orlandini et al. , 2019). The depth value of

the right axis is converted based on the temperature and pressure conditions of the Cora Lake shear zone and the geothermal gradient of 25 °C / km

Orlandini et al. , 2019, £ 24 ~28 km) , £ %#&
R T b M R AT B 9 iR K B (A
Austrheim and Boundy 1994; > 60 km; Lund and
Austrheim, 2003, >60 km; Scambelluri et al. , 2017,
60~70 km; Ferrand et al. , 2018, #J42+8 km), 0l
6b JIT/R, 7£ 0. 4~1.2 GPa(#: % 2 GPa),550 ~
800°C A5, 54 i X a3 1Y 434 ( Orlandini et
al., 2019) , X LA LR I A A7 R W TE i DL
5 BE RN 258 X 2 N AAFE R s i LR AT oy, %
BT T 52 A R AL AN [ TR B A T A A PRk R v

P47 #% ( Clarke and Norman, 1993; White, 1996;
Andersen et al. , 2008; Rowe and Griffith, 2015;
Moecher and Steltenpohl, 2011;
2017; Hawemann et al. , 2019) , JTLE4F 57 22 HH
e — BT 22 T B BRSSP S ) SR 55 1k
I T BUME T 8 2 A2 T J Al & 3 3B 3 ) o2 Ji
TR i e A5 1 b B AL % o 75 1 [R) 72 55 4k
PUHRIEAFAEAR KL (AL 7. 2 719) X ZOR KA
BEEHA TR — B e iy 2 R A S TR AL
SLAE R UL, B2 AH OC B iR I3 7T LLTE A [

SN EH

Ferrand et al.
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AR EE 7= A | DAEE ST 1 3 (14 7 35 1 7 21 b 52 i TR
FRBYDIAT L AR AR L N (60 ~ 70 km) . TE
We—B IR e iy 2 DX IR B2 iR g v
GRE AR S T Jrikds (181 6b)  [HHE= 40
) A A AE e — 0 e 4ty 2 R BN b e A b TR
JE B AT R — D BN B R
4 JAAER X IS o A Y

YEH

AR IZAAAE T HL R B 25 B2 X 2 A i 28
S S TR AL I AG A 2 R ) (X B R R K
2012) . WK TER LR T RERCES T T
AR/ (Scholz et al. , 1973; Sibson, 1994) , B K
EUEYE R WY, VAR FL B s 7 AT 1k AT LA i b 72
W24 52 i RR ) A% 33 2 ( Sibson, 19865 Collettini
et al. , 2005; JEZKMEFIT E2E,2009) . A 22#H AN
PRI 5| A I HEVE R 2 R = 1) — > EE A
[A (Kirby et al. , 1996; Hacker et al. , 2003 ; Ferrand
et al. , 2017) , YE N HLRE W00 7y , 8 2 0F 55 Ik
IRAEAR X B I Bt R v 43 8 Y A €, FT LA
TR R LRI AL R B2 4t 5 5 1) LA

BARFANTHAT T KRB 5 LBt 57 B
KT IMATEIR X RBGEIE 0 8 rh VR B A EAR
ZA, RO TR I Z A R TR K
PERGHIIE AL, P K (WA ) B 7E 25 KA 2 3 i
(A RSN T, DT ARG 25 5 R 45 R 0 () O BT 1)
SRIE (), ANH T R 0 R 2R DL R BE 45 il ) AT
(Sibson, 1973 ; Bizzarri and Cocco, 2006a, b; Rice,
2006; Viesca and Garagash, 2015; Proctor and
Lockner, 2016; Acosta et al. , 2018)

HRR TR A R g T RLH AR

q=Tx (D)
Hr 7 R W8T U10 ), « 2 W2 AL
1117 W72 68~ 2 B LI ) DL A =05

T=p (o, - Pp) (2)
Horp w2 BB R o, SR H T W2 T Y 1Y
71, P R ARASLBE ) FE AR L R A A
MBS UIRE T (7 ) — R/ T 48 W 224907 1) 59 D) i
T, HAR(L) (2)HEAT LA

q=p (o, - P)«x (3)

22 (3) FRATTAT LA & B M 72 0 8 7 A i A
q FURFLBE T3 G, 2 AR AL B g 42 30T 125 )
N7, W2 T 77 A ) #E  F% (0 “Hara and
Sharp, 2001) , HUR, FiAAL T g5 80 Sl H A A

FRELW W) J A JK fi# 55 4k ( Griggs, 1967; Freiman,
1984) , 32 Si—O A p H—O0 B T
AT . Proctor Fll Lockner (2016) F| F T4
At (HAER ) MHRAR b (IR AE B ) BEAT I BE 45 T
R SR A R WAL b o 10 Rl it 32 AR LT A
b I, (EL T RS 2 T 7 A Y EE SR I R A b, AR
Rt b/ K AT DL L AR By i, (H X Sk
i 5 TR I EE ™ A i A A EUAR 2D AN 2 LA o]
PEAGEI T, DR EAUATT A R 7T BB 2 H LK FE T #8 g
300 (B3 o A T f2 1 3 Sl 2 1 A I A, 40 o e
BEINAR AL AR TR B 7K B SR AR T DA
JAE S TE R A BT UIVE R K AR IR

B A2 E DA TR (K) BAFTE T A R T W
JZ T Y BE S R, AT Al & s . A Ry it A
FAEAE T LA™ W A o L IE | L ROE U AR
Zh 1 K ( Ermanovics et al. , 1972; Allen, 1979;
Maddock, 1992; Lin Aiming, 1994a) , 1 H. Brantut
I Mitchell (2018 ) L 221 B, 0 2R W J2= 1T A9 370 4% AT
AR e A= 34, LB U AR 1) R AL 7 7T A g
il , AT O 24T |k AR PR BE A R, S
RIFTEM IR X R 5 7T BE R AEM W Z ™ A1,
AN— 8 T B+ B 55 ( Magloughlin, 1992; Rowe et
al. , 2005; Griffith et al. , 2010; Deseta et al.,
2014b) , PGS 500 B 1 4 R A o kAR TR
EHRKT Wb, G s Bk AN A4 (Allen, 19795 Lin
1994a; Maddock, 1992; Spray, 1992,
2010) , Dixon 1 Dixon ( 1989 ) i i -5 & W1, i X
P T b R AR A2 TR B AR 25
PRI A PRy, PR F1AE R AT 2 08 1 ) [
38 3 B B BT (Maddock et al., 1987) . BE4h
PEAG I Tl 2 9 45 R A 3R ] BE AR A TT AR & 3% 7K
B EE 7= 4 (Killick, 1990; Kennedy and Spray,
1992) , 80 & K™ 4 1Y 7K B2 AT A fih o B 2
(5 DI IR, A1 B T 8T J2E T Y EE 5206 Rl ( Grreen,
1995; Jung Haemyeong et al. , 2004, 2006; Ferrand
etal., 2017) , F5& A KE YITE = LRI
PR A4 T IR A AR R AR S 1 1 B & B
YA Fa & M (Brantut et al. , 2011; Deseta et al. ,
2014b; Yamashita and Schubnel,2016), R £ KK
PR X RN E kR - R E S
(Toyoshima, 1990; Lin Aiming, 1991, 1994a) &%
v 2 i e N R S N b R a7/ 1B N
£1 SN EIR AT e80T SRR AT AT A1 ( Griffith
et al. , 2010; Deseta et al. , 2014b; Magott et al. ,

Aiming,
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2020) , {E{EA5 156 BA 1) 2 H ATATSAR e A 5 i X R B
B U & /K B = i S T U T K R B
TR PEWZ A R X L E K, RS
7 1R TSR0 () 2% 7 A A 45403 1X (W7 J2 s 25 1 Bl T )
Pl o BE R 1R 1 2 ) R L S i 3] 2 B A JEC &R, 5 )
W2 2 Sl [ A 18 3 3R, St U A It 2l i 28 78 Ak
(Song Wonjoon et al. , 2020) . [q] 2= 8 #EH7 1) 7775
TRZS o) [l 2 A0 32 A AR T 90, e A i AR 52
PG, e 2 R R AT J5 0 52 J5 Fa st B B i) .25
VE R A AR 5 TR A B A S B AT 5 0 7K 5
17 ( Song Wonjoon et al. , 2020) ,

TR (7K BYSR PRI 2 AT L BOG0 Y Bo
(R f 300 e 7 R RS [F] 2R A 17K B AT
R T EHKE PRI NK (Allen, 19795 O’ Hara,
1992), & M A Ft 3k A W 2 47 19 L B 7K ( Lin
Aiming, 1994a) , O’ Hara I Sharp (2001) & H A L)
i 457 2R 2H S R Wi X R BB TE 1 A
K BRI, 5 KB ) B4 058 7K 7 A e 0 T EE (i
1000°C) T 47 Has SR L AR BAEH], i
AR Z 1) 1 [R) 67 2R 43 1R AR D, LB K AL A
BARY 80 {8, BERE AR IR 1Y IR A R {E . {Hd i
SR 2R B2 AT B 2 B K s
T WL RIAROUR B At TF 48 2 3k LE AR TR SRR X 3
T AT AE i S A & s Y i 8 i XAk
s KA FTHEA BB X R,

TR (FK ) B 0T DB 2 T JBE 2 s Ak 1) 7 A R
AARFIR R (FEAR T 3R 0 B A RBOE N )RR ST
VISR « SR dE G IRIEPEASIE ) A A R 2 (REAIR
B MR R R R SRR B R AR AT
JZHEERE ) WA IR L R i
A AR A AT IR A28 G 7 BT 2 A Y
TR IR, DK 5 i M B B, IR i
P HOR AL A B K HCR B LR =S ) Y
IR LR shids SR IR 52 R B

TE R A 245 2 v b SRR A 55 Ak LT, 7R
W 2 T By SRR T [ AT BT 22 10 iR A DU A B A
FIRT DRI S22 e B R T e, R R 2 BCA
V18 [T P 2 s 8 T i A RS ) s i, X 5 . o 5
ANAF TR A W7 28405 v T ok 1 e 2 23 e 1 A R
AR . WA (7K AFAE BT WG R A8, 2 —
i ok 4% 52 19 55 4L HL ] ( Rice, 2006; Viesca and
Garagash, 2015; Brantut, 2020) , 3 H AR A A
VIR Tl Uk 32 AP B0 e IR 725 A0 1) [ AR 2R BE , AT
B PR S il SR 2 T R I A 2R . AL TR TR

BRI WS T AN A AE 5 | R 00 25 R T A0y At A4 g
PEINAR T AR I R A 3 T R T A 0 A e I R
J5 W2 A R A PR Rl 257 A R R i
B —E B, W TR W2 #5516 4F ] (Hirose
and Shimamoto, 2005) , il 24 00 A A ANHER 4K
TR J Rl

5 AR IIEIE UG % B2 58 B 1Y

Al

VR 35 fr 4305 | 7S 14 107 3 35 8 WK 22 A SR i
BEJE A i A M2 . M RE T 2 AR BT U3 Bl
Hh 2 LS R RO B A A R R S T2
T Ykt B TR T R, 2 R 3k 3 T R TR A ) ) o AT
JUINYRIE 2 R AR TR IR I i, e i 7 A R R I
— JE T2 JE PR Ve P R X R
(Sibson, 1975; Spray, 1992) ., SCEGHF 5T 3 B B 442
FAE T A R A T LA W Sy O 2 B 7 A
M ( Hirose and Shimamoto, 2005; Di Toro et al.
2006; Niemeijer et al. , 2011 ; Kendrick et al. , 2014;
Hornby et al. , 2015) , 7EWT)Z W sl FE i BRI 1A
BR T LS 2 T AR, O 3 AV 96 2l 30 8] 174 B 452 B
( McKenzie 1972,
Shimamoto, 1997; Hirose and Shimamoto, 2005; Di
Toro et al. , 2006; Hung Chiencheng et al. , 2019) ,
o n] DLFE Y RGP0 57, S 0 2l R e 55 A b
W2l ( Koizumi et al. , 2004; Kendrick et al. ,
2014 ; Proctor and Lockner, 2016; Mitchell et al. ,
2016; Hayward and Cox, 2017), KT HuE ¥ sh A
T 208 A8 A R H 2 A B R i R, T ) AR
(Rice, 2006; Beeler et al., 2008; Goldsby and
Tullis, 2011) AR IH# (Han et al. , 2010; Reches
and Lockner, 2010) . fif K #@ ¥ ( Di Toro et al.
2004) #443f# (Han et al. , 2007; Collettini et al. ,
2013) 5 A4 3l J7 1 ¥ ( Brodsky and Kanamori,
2001 ; Cornelio et al. , 2019) % 3,

W 2 T b A A 1 3 T A o A R sh A A Al
o YREARIE UG 23 5 25007 J2 T RE 5 5 B 1 3
IR, J AR 21 2 2 A T VR (25 )2 D A Y
VRN MR I 55 J5 , BEAERE ) AN R LA A R A5 1Y
AR — 2D IR B R 7 A I A2 il A 2 TR Y &)
FERBE I MU 2 s | [ 25 A0 I 2 i vl e
W JE 5 AR S, DA T AR ) 2 P ) 4
(Proctor and Lockner, 2016) . S~ T T4 B EE 452 4%
AT W7 J2 SRR ) 52 M 1o R 2 35 A8 T R o 1 B 42

and Brune, Tsutsumi  and
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Fig. 7 Evolution of apparent friction coefficient of crystalline silicate fault surface with displacement

(a) FERIATE 1,22 MPa I MIEN 1L K 0. 048 m/s BY YIRS U T, 3¢ LEE # 22 BB 15 % 8 Tk R & B (2% Chen Xiaofeng et al. , 2017) ;
(b) HEATE 1.5 MPa JE A IERT ) UK 0. 85 m/s BIUITHR ML T , B VLR YR A M (i 7% 18 {6 7R T & (2% Hirose and Shimamoto, 2005)
() AERd IR AE 3 MPa I 1) TE R 3 LUK 1.3 m/s BYUIAHT RS S, 36 WL 448 R BB 16 3% 8 fL 75 22181 (2% Hung Chiencheng et al. ,
2019) ; (d) S B LRI A A WA R R B K (2% Mitchell et al. , 2016) , 5B 58 FHHIAT 2 P40 45 45 10 R R R /R 3 (BT 3R
C, 1 C, 43313 Alpine Wi % (GHTIG 2% ) BEW A FT Gole Larghe Wizl (IR B = N UM E SR BE , € FRFRWIRI A A1 A2 W 24 Fn T 86 1k it
MRS SE SR ;7 BN T o, HIER S

(a) Evolution of apparent friction coefficient with displacement of granite under 1. 22 MPa normal stress and 0. 048 m/s shear slip velocity ( Chen
Xiaofeng et al. , 2017) ; (b) apparent friction coefficient with displacement of gabbro under 1. 5 MPa normal stress and 0. 85 m/s shear slip velocity
(Hirose and Shimamoto, 2005) ; (¢) friction coefficient with displacement of granite gneiss under 3 MPa normal stress and 1.3 m/s shear slip
2016). The strength

relationship is represented schematically by a molar circle with a linear Coulomb envelope. C; and C, represent the cohesive strength of mylonite in

velocity ( Hung Chiencheng et al. , 2019) ;(d) failure mode evolution of pseudotachylyte containing rocks ( Mitchell et al. ,

Alpine fault (New Zealand) and tonalite in Gole Larghe fault (Italy) , respectively, and C; represents both rocks when faulted and cohesionless. 7

is the shear stress, o, is normal stress

FERRSEE . AR SER AR LU ) A S0 it 2%
PR E I SR A5 R AR 2 RS R U W R T
A T PR A i B VA AR A AE 3 DB B, W iR 55 b —5i
— K 551k ( Hirose and Shimamoto, 2005; Chen
Xiaofeng et al. , 2017) , BUHI 4R 55 fb—2c o J5 & L
S9AE—55 WO 38 5 e 26 5 0 1] AR A L ( Hung
Chiencheng et al. , 2019) ., Chen Xiaofeng % (2017)
N W) 110 5 A W 2l R TRy AT T D I 1, 4K
Je SRAL BT B H TR0 R A R AR K LA K et 4o

HIVER , B e i 55 1k B B i R k38 3 i 2L )5 5
HAY A AR W (K 7a) . 1 Hirose A1 Shimamoto
(2005 ) A Ay d5c] 1) 3555 1 5 TR )R AT G, 56 — 058
A S IERIE B RLZ S BRI A DS (K Th) .
AR AT, WG M B i 55 10 02 B T 0802 A A
33 T 74 SRR 14 0 TR 483 A BT 3855 — B B O 7 2
SRR R TR N IR AT, R AR ) R 0 A
(TR T B8, 5% — B B ) ks 7 J2 i Ak 55 0 A R
REIA OC, R TR IR Sio, BT,
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28 1) 55 M2 T R Sl T A T S R 1Y
T LA B Jeis Al B8 T e T B AR 07 266 12, T s i
W3V (El 7¢) (Hung Chiencheng et al. , 2019) ,
Mitchell 2 (2016) A FH & B BB B KRS
A (BEME ) AT BE SR ML 2 Iy, AT TNy s R 1 7%
iR P TR G 45 5 B R AL AL A 4 BB (I 7d)
® FEf s R RV IR IR ; @ W2 16 E
B TERG AR F T P AR BRI O S 22 551k, B
Bl R SR VR V2 B, BT )25 5 B B M VR &2 5 () A
JE BBV SRS, (M) P47 TS Ay )= 1 578
W2 S I b AR, AT SR A SRR IRV
H AR LA KRR X A B L 107 g (BPE He 25 4 )
FAEN R I 25 A (W) 52 18 2 45 1k 5 g 4
B B2 T s W2 0R L, BT DUR X a8 Y B
R —Fh B B A 55 A AL (E A& — P b 58
S0 AR S A LRI, PR A B [ A Al 2 R B 3
23 T T 2 iR R K A2 B R 7 A R A AR Y R
( Proctor and Lockner, 2016; Mitchell et al. , 2016) ,

6 MR 2 EIES AR AT 5 U

L BRI AE Ay = i A a7 e sk
) B T SR R R AR A A
FA L, W20 Th RO AR & B B 1) 4 2 R 2 L
Y ( Kirkpatrick and Rowe, 2013) . JOH & IS
AP IR X RS AR R D FE At A N H
A HUFE X 246 1 X8 i) 52 4 ; Corsica ( Andersen and
Austrheim, 2006, Deseta et al. , 2014a; Maggot et
al. , 2016 ) . Balmuccia, Italy ( Obata and Karato,
1995; Ueda et al. , 2008 ; Ferrand et al. , 2018 ; Ueda
et al. , 2020) . Lanzo, Italy ( Piccardo et al. , 2010;
, 2017 ). Horoman, Japan
(Morishita, 1998 ) | Cerro del Almirez massif, Spain
(Evans and Cowan, 2012) , AT MR Z 2B
SRR FE B O M i R 2 R
o, 7E A IRATE AR T MR W St
FAAEARZ T ALE] , LA RS OB iR o 23 7 R i 1A
T R A0, 5K ] 1 20K 0 850 AT 2 T AR M A U
BA U A Y 1A R 5 ) LR TR BRIBTZ A il X Bk
BIE UG , i T 5 S BT A e R 1k A
RIXFE LAPRATE T 2 ( Sibson and Toy, 2006; Kirkpatrick
et al. , 2009; Kirkpatrick and Rowe, 2013) ,

% BRI U AR ME PR AL H AR 2 i
RO RS HOE R R Z —, TR X
I v R 28 1 30 ORI AT A 1) 6 o, 3

Scambelluri et al.

18 22 I 3 ok A

(B Fi+EJE) \
(a

L TIPSR s ,&
“\;g(.(.i)Jﬁ%E%ﬁ%& /’_/—"’
T R &

» KA. A, i B A K (hydration, alteration, overgrowth)
- .*@%’il\ R R B AR

(cataclasis, brecciation, frictional wear)
------- P S5 4k, 2 5 75 B 45 & (isochemical static recrystallization)

— - = i 44 28 14 42 F (crystal plastic creep)
B8 al B Wl 8 ik 20 0K Bl B A0 3 1E A O R 1 (0
Kirkpatrick and Rowe, 2013 Bek)
Fig. 8 Flow chart for evolution path which may destroy the

rock record of pseudotachylyte ( modified after Kirkpatrick
and Rowe, 2013)

(a) AT BB R A T RT RE 2l B X B B0 I Pt B 39 AL ) )
EABIR T LIS TE S AT R BRPIR BT 5 (b) S5 Al s 45
AT RER IR AR T Ik AR Frg SO 5 4 , L[] el T AR 7 2 WLk
PRILTIEAR 5 () A IB AR IE 1] RO R 2 3 B ) 4 5. 4 2
R LML EL 45 &, LA B A0 0 kR B JLART I R K A 78 0
(d) R LA AT LA IR 2 BT o (A ) 7 W2 A, (BT T L8
B BB 14 A RAAIE 5 (o) PR G B2 A2 4 ] e 2 f B
B2 I KA ) R AR LAY 25 ), (L 2 000 i A B R0 45 A 38
BILLE T 58 aiH R

(a) Simple hydration may cause pseudotachylyte to form devitrified
material, which can still be identified as previous glassy material;
(b) isochemical static recrystallization may destroy the microstructure
of pseudotachylyte veins, but it can retain the geometry of macro
veins at the same time; (c¢) crystal plastic deformation may coarsen
and recrystallize the initial microstructure of pseudotachylyte, and
deform the geometry of the initial vein; (d) fragmentation can
destroy the macro structure of pseudotachylyte veins, but the
microstructure characteristics of pseudotachylyte can still be
observed; (e) alteration and overgrowth may preserve the overall
geometry of pseudotachylyte veins, but will gradually blur the primary

microstructure and disappear completely

fix 2 B P HE AR L T Bl s A Sl 2 s
( Kirkpatrick and Rowe, 2013) , PN i B 5 2k
2RI Y — 6 T SRR R AR U RN S iR
(K 8) O 2 EES W TR IR & A
I8 o s it T (AR B AR, Ak TR AR ) KR,
PR BB R 0 25 T A B 25, A Tm) 1 i 4
SR EURHI LR 0 ) BB S 25 4, TRl i DR 45 4 Ak 2
HUNAE , TEWAR(K) FFTE R, SEri e i i X i
POIB S IR S AR 25 5y R AR A . @Kkl
A5 IRACA R TEE AR A 4G i BRI AR 22 8] 1Y
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FHE s n iR As W WK A H A 4t e
g RO SR A BOE U BT R RER
Sy EHE T T R O ZE L . A2 B R W
LTI R 7K A A R O3 Y AR A A 52
PR, RERLAS M BN A b FEB RS R B R AR
FEIR ER UTHEW) ( Crovisier et al. , 1987; Morin et al. |
2015) , W R0 < B AR 2R Bl 38 1 4 B /N Y
R, T AR B ol DA 8 5 A BB I e 244
A EUR L RIS R o A A AN R W 25 A 20
G, @AY S . BB R AR R AL 2 2 BUi
LRPIEHE T LR A A IR
], 2 BB Hh ke B R S A T BB A2 B s, AR
IVEARIE (e hi i B U R ) . WM —BI1E
FeAfonly CFAAE ) 2 W AR SR 38 ) v PR L PR L0
R RSB PEASTE f AR TEAS [R] AR 3R 38N [ B 58 X
B B B TR E | I AR g R A 4 o o AR
LRI ARt AE . TR X B E S s
b BTG I A RSB A Y A i KAk
Ar RREMER AR RETUN . B — 2D IS
FM A7 SR 2 a3 B AR 75 AT REAS 23 i o
i DA R I 18] A8 A2 AT 2K, Al 2 o 3 6 1) v4 i
IR i T RN A 5 L = T W8 i 14 s B8 A6 88 T
TG, A T R R B DK A 320 5% T R 2 s it B
PO, YA DB LS S R P AR 238k
A5 AH SRR RS BB BE AT RE S OR B | B & T R AR
WG 2 P B AT I il o — Tl SO B0 SO e 1y, ok 28
BRAF R REIE AT LAAS Bl 5 4 (8 TR i el i 1) M1 2
¥ ( Kirkpatrick and Rowe, 2013) ,

A MEAEEMAL MR RS ER LR
Y2 A Ta R B E O D R R K
PTG L RA T X R i 4
AR o AB 2R S IR s 30 T 22 1) 32 A R
I3 Z— MR 2t A bR R b A b A
i 2% RIS 1) R B (B AR R R, A 27 i
RUNE Z RIS KA HITE sh IR h BT 45 )
A BRERTEART RS v W DR oA B4 B 7K B i A
TR W) i TR 92 A, 25 7 AR R g 1 o A 2 i
( Hyndman and Peacock, 2003; Ujiie and Kimura,
2014) , HIT, Phillips 45 (2019) A X B 553 14
i % RIS 25 Ty R A KA i AS  FE BRAR R T
JEAREERRER ALK R U A 2 A B s 1) B
JESTR]/N T 11 h i 52 AR ] T8 B B9 3 80 o3 1Y
R L RPN E 5 48 5RZHOb o F A 1L, X
Pl R D XA B TR B A S A A LE

v e CRE 0 2 AR ety o i R ) AR AR A
B Z #3755 ( Sibson and Toy, 2006; Phillips et al. ,
2019) o H—DEZN PR R L RBFERLE R
A, 55 2R A B AL, BT R IRIRXETE 2
RO R A R B K, T B A R £
FAASRERR X B A DK LB R 7R
AN 25 5 U] (Sibson and Toy, 2006; Kirkpatrick et
al. , 2009) ,

7 e
7.1 BEREEBZREERERSYR
A A

2 a BB b i AR S B UH PR T B A
L SR I S B Philpotts, 19643 Sibson,
1975, 1980; Passchier, 1982; Magloughlin, 1992) ,
SR, FHEANFA 1 F AT A & AR S B R S e
ARRME—T7 %, AR SRS Bn] DLl i 2 A7 50
A A9 G JEE 480 A | PR VS A (Toyoshima, 1990
Lin Aiming, 1994a; Obata and Karato, 1995; Incel et
al., 2017) , fb%% 2 i ( Rahier et al. , 1996, 1997;
Duxson et al. , 2007) , #4% {#1 7% ( Henley and Ellis,
1983) , #4 & 7 (Hemley et al. , 1988; Tomioka et
al. , 2010) , LA N2/ ¥y #F ( Yund et al. , 1990; Pec
et al. , 2016) ,

i B SRR EE 820 o A PR ) M & g
SR WL B DL AR SRS B, (HOC TR K ik
TP AR A A S TR A A e R 3 S 1 R gy Tt
FE I AFEAN R WA . R Z B AR S B
R b 52 W 3l oo A b 9 28 482 055 il ( McKenzie and
Brune, 1972; Sibson, 1975; Obata and Karato,
1995; Hirose and Shimamoto, 2005; Scambelluri et
al., 2017) . {HABEAUHR A A7 7E AR & 254 o 1T 4 ik
LRI P B Ay s Rk s DR s T G AR R R R T
fll, T LEAR AT ST R IR R i X R T AR
A A ) BT L ok R B i ok AR LA RE B RS 1Y
WUAR—AL 22 3 W FE % ( Yund et al. , 1990; Ozawa
and Takizawa, 2007; Janssen et al. , 2010; Pec et
al. , 2012a, b, 2016; Hayward et al. , 2016; Marti et
al. , 2020; Dang Jiaxiang and Zhou Yongsheng,
2021) o My ER] RAZERLAR N F3 (4n 5 D10 3 F b
NEJ3) T AL A SRR RHE T TC A
AR AR A B (Hemley et al. , 1988; Wolf
et al. , 1990; Yund et al. , 1990; Yip et al. , 2005;
Di Toro et al. , 2004; Pec et al. , 2012a, b, 2016;
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Rowe et al. | 2019; Marti et al. , 2020) . 1 HA 3¢
B R RHC A R 0l 25 B il s L0k B AT 3R Al Ak
(Marti et al. , 2020; Pec et al. , 2012b), 40, 7€
2N BHCA AV IARTE R S AT R R 2L
ZK WAL R R (Marti et al., 2020), Ozawa i
Takizawa (2007 ) HHIE T F AR R A% PRI % ok 3
H R SRASATRL BT ook 4 a5 e i AL 45
AN A A DRV I RS, A TFE VY s 4
78 Ji 2 A v e R R R PR A X R I R
BRSSPI (AM) BFFETE (18] 31) , LM% 2e9E &
S ERHAERTIRR

IR IR R 2 B0 57 AR [ T2 i A A £
LRI Rt WU T RS A W2 DR GH B Kk A R —
TR B, FonT M Sy MR T S Y B e
B AR FUAAFAE— AR R KT Z (T AL 2 ), — %
RN ELL NS M0 3, AN R MR8, BB S
B RUTE— R YN IE N 7 DA KA A% 3 6 F 3AT
e AR SRS Y (Spray, 1987; Yund et al. , 1990;
Goldsby and Tullis, 2002; Di Toro et al., 2006;
Niemeijer et al. , 2011; Pec et al. , 2012a, b, 2016;
Hayward et al. |, 2016; Marti et al. , 2020) , A 224
SRR R BT, A b 25 B AT DA 30T A 32 Al Bk
W (10 m/s< RS HK < 10_7m/s, e A% Gt b 5Z e
EREEEZE(~1 m/s) /N THE 8 R ) fEH I
FEIE I AL EE 1 25 AF R 77 2 (Pec et al., 2012b;
Marti et al. , 2020) , XLEAE RSP A IR ™
AR X RBIEAVFZAAZAL . RSN
i % RIS A e — B2 (A5 BB /Y . A7
PN RIS DA 7 W 2 P i 7%
AUERSE AL, i T DATE b 3t 58 B0 8 T ) 2% A LA
TR MR A 3 5 1) 12 3 9 78 25 1 R 77 A2 (Pec et
al. , 2012b; Aretusini et al. , 2017)

A A 0T 0 TR OG- B A A1 2 B B ) e o
W Z 7 R ST W HA EE R L, ARG 5 B4
TR AR 2 BB TR R S 1Y B Be T DL JRE
I 3h i B2 b Ry BE 45 B O AR R K 2 e
(McKenzie and Brune, 1972; Di Toro et al. , 2006;
Hung Chiencheng et al. , 2019) . T FIWF5T KB,
P AR S AR A2 W 28t B B A i A s A HIL )
n] PUAE S W 24417 59 3 S 55 4 AR FR E (Di Toro et
al. , 2004 ; Janssen et al. , 2010; Pec et al. , 2012a,
b, 2016; Marti et al. , 2020; Dang Jiaxiang and Zhou
Yongsheng, 2021) , JEFAY) TR TR K 5| &
() WP AR A7 A 3 T Ok 4R BT 55 VIR 7 1)

REJ) . T EHLAR S W) B A [ 5E B4 A, AR B
PGB IRIE” (Tg) THEM Y BTAT LRI H M [ 2
eI AL BN RV AR AT S W I 28 4 4k (Marti et al. |
2020) o T B A2 78 Uk ) AR A T E A Ay J
R 2/3 Z2 47 ( Debenedetti and Stillinger, 2001 ;
Pec et al. , 2016) , M ALY AT DL AR, B
PR A S Y LR A T 0 Rl it B 1 AT DL S B R
R I 2 AL (Pec et al., 2012a, 2016; Marti et
al. , 2020) . fEP—PREEEE N RS g, £ L]
TEIAR T S0 mil BE R P AR eI (AR R ik & =
A4kTE, Di Toro et al. , 2004 ) 5% E 248 44 Kk K
(Rowe et al. , 2019) , 7= A= i) A 2 55 3E S 25 40K 8
ENCIETE 22 TR g he 3 B TPy 7
JoT 5 85 T A i B ) T v T AR, 204 0 R T e
(I anTE bR T2 EE R R v ) | AR RS BT
REZX0 BT J2 5 A B9 53R B 7 AR H RS2 W] (Pec et al.
2012a; Marti et al. , 2020) , KL, {8 & 2B 5 AR
i A ) T A AR RS W 2 0 B D007 ) U A e e A ) 2
Wi AT 5 R Z 32

7.2 ME—HIMEEREZ THRBEERETFE

fig T2

2 3 B 3 2 Ry ¥ o I AR AR T S R AR R
R—PE 4G AR Tl 0 77 00, 308 DA O 2 b R 0 5l 14 ]
SEHLBTRR S . BRI AWIBON N B R AR B e,
BRI TR, B B 22 TR 45 35 W 7E e — )
gty Z T AT LUE R L RIS (A SCE 4 75)
X S R R S R A A ) ¥ A R i e oy
LI JEL T Ve ) e oA A T )2 B ( Campbell et
al. , 2020; Zhong Xin et al. , 2021) , XEWHE I
b7 TR A G PR A2 TR R b T e 28 e R 1Y)
PRIBVEARIE Z [AIA7AE A B Ry 52 2 B AR AR T, X T
12 e WM SE TR TR 5 A 0 BE RN T 22 AT o4 Y T kAR
(Orlandini et al. , 2019)

KB TEBER A IR L QB 5| T M —3
M RTE . X RIS BE A 1 L i 7E
—EREE PR EHR R, BRI R R SR
K AP AR Ry A R P e R R
YRR SR R AR AR Y 38 P L T R IR
o IR SREMREE TS 1A RIS IE L
il A A TR AL 0 e S T sh P ARy .
TR A SR X R e 25 (8] EAH G
15, T RB IS TR 2 U I JBE 1 o 7 B T s 8 ot R v
[ ) S O | T A SR v W= I
(Passchier, 1982) . fH[RIN % & B 22U B 15 88
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W AAEE W] W AF IS, T LA & A 2 L4k,
fih v R R AL — BRI PUE BT B
AR P X R 5 B A AR IR
Mo 8 AEL R IR Sy - ATTA R M 58 TR R AR I 2 1
TESNE O, ZE 0D AT 7R E R 5
0 AN S A 5 i P e e gk — ), 48 T 22 R RS
BADR R — G, SRTT Loy e, o5 —2K
W RN TE—E 25 AT, b B3 5e e PR P45 T
R RAIBPEASTE . QA S A B b i PR 2k
PR R T e et R ST fE b bt A A
T bR AL o AR b BRI T LA s A R
P T B X BN 5 e A 2 A (Kim et
al. , 2010; Bestmann et al. , 2011, 2012), %f 2%
WL AN Ry X B 2 IR T e B e ety 2
MBI, A RFFE R, b (R X aNgEs ) an
REAEGIE =25 ~30Km B T4 T H7e s A kA,
B LRI (1) 8 22 N ), B e R I 55 AL
il PRLA 0 B b 58 5 A A JRE BRI I il 5 1 22
I 3L e T L B ] RUEE b BT RE R A2 1Y I )
(Jamtveit et al. , 2018; Campbell et al. , 2020) , %
JE 2R R M RE YA 7 1) TR A 47 fh 2 1 ) 752 v
IO 32— mT BE R v 22 N I BILARL, W ) 1) M sE Y
W I 27 A% T {7 52 1 28 DAV S 2 R T 1) T A% 1
(Jamtveit et al. , 2018; Papa et al. , 2020; Zhong Xin
et al. , 2021) , KTEARE A1 Rk ss L HLH A9 1He
ATRZ ABATIAFAE S ZL Y 438, AH G B BRI 55 1 4
F5 . O F2 55 3T VI ( Braeck and Podladchikov,
2007 ; Kelemen and Hirth, 2007 ; John et al. , 2009) ,
TR T B U fINARR I BEARSE 1 5 A It 7 2 22 ) ) S
Bt TEX M R ZE S PEATRE D BT D] R A A AR
ROFW NG 237 A2 A TR LA T SE P AT
SR PIEIR AR5 Ak s QAR TE & iR/
MK BEAk (Kirby et al. , 1996; Hacker et al. , 2003;
Ferrand et al. , 2017) , 3876 A A 7K A A 2400
R R T AL BRI AR R 7 38 DA RN T R
%, HEE A NIV IE 57 AR Y D4 12
Y& A ( Kitby, 1987; Green and Burnley, 1989;
Schubnel et al. , 2013) , J&48 d1 TAFLHL/ B 79248
i A A1 1 g 22 554k (HAL 2 i T 7E % 4
T OIS RO U/ 1 5 | Ak ) 553 Ak 5 (728 I 7 A0 5
51 & BAEESE (Incel et al. , 2017; Shi Feng et al. |
2018) ;& Jry #B S5z i 75 5 55 Ak o B v B R g % 3
( Austrheim and Boundy, 1994; Scambelluri et al. ,
2017) ; @ZE il £7 7 5 Y4 1) 3 H7 30% ( Reynard et

al. , 2010)

JE— TP AT 22 T 8 R Ml 5 8 A
B AY G IRPEARTE S BT T E— B e iy 2
FL2 b 0 R R B A AE R RS et Ay
TEMEHEARTE . A X RIS o (G ) 45
P AT DA sk ) 72 30 72 J Ik R T RIS 45 A, 29K
TEIIREE 48 7s A e i B T AL . (Bl TR X
PSR T 25 5 32 2 I B 3 S A O L Wi T
THR T LA R R A X RIS ] I AN 2 H Bk
WA BT L I TEER R BT B
7.3 BRI LG X B 5 i 22 52 B R R

2 aRBEFE Y B et v BE A0 A 10 7 A S T Ak
XoF U2 5 A A R S, SRy FRAT TR 5 & R I
JZiR AR T — TR0 X I U %
i 1405 P 52 M [ A2 (75 DG 3 | ) L, PR kg DA
ANFRE P Y A 3 1 5 T L A5 4, b 5 1Y 5 BE TR
ARRARIE b 42 il 5 i 752 J5] 1 ( Passelegue et al. ,
2021)

AR R TER)Z KA (<12 km) 74
MR L R RS 2 SR MR K22, S 3T 2 ok 1Y)
B, BEARHY A [ — W 2 30— 20 1 2l B A Bl
(Di Toro and Pennacchioni, 2005) , 534 J5 B H =
T BT & B 7 AR 0 2408 B W7 )2 1 24T ( Chester
and Chester, 1998; Proctor and Lockner, 2016;
Mitchell et al. , 2016) 3Bl 5 R B 2 BB 3
TS I IR Bt b 7 (19 5 B 9 HLTE A 1 1 ik
TP AR W R AR S R A 5k, (HE A B
FERMIFRT T AL 5 0T A A, 2 0 20 P 45 0 v
AR T 25 by 1 2 R B S T8 5 ik A8 | 25 R 3L
AR AR R R8s, KRBT 2 5 R fd BE S R T
B R 5 I Z W Z VEAT (Phillips et al. |, 2019)

RN DN U ST E T Y A RSSO PN i
e B 55 A VE T, 52 4 O il b 58 B S ) ) 3 1
b SEEREE R R U], TEIRTE L 7 5 F T (TR 92 5 i
i 700 ~900°C , & /7 300 MPa) , i % il B 55 & 4: 1k
() EEHTBOS T AR RSBV AR I | 3 A O A AR
T, HSRBE L REE 5575 22 (181 9, 70 [R] 52 90 1 B2 B
P AE AT AR I A SRR ARSI S 22 1 )
W/ NT RS R N ) | U T2 0 A A RCK
PRI 1 Hi 5 1% 3h i ¢ Y 55 B2, JRy S 4
il 1 M5 i B PR AR TE ] SR AR Y B 5% 712 ( Passelegue
etal., 2021) . 76 HAR At W4 3 & R X R B0
A0 T OIS A R 98 PE AR JE ( Passchier, 1982;
Pennacchioni and Cesare, 1997; Goodwin, 1999;
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EGHUR Hor R R B B R B SR
AT S TR A A T D A A
.| * 5 ph B AR 5 B AL (<1 )
wk (2) Pl () 1B K RT3 3
SR A, AT AR PR 3 0 B 2 2% 1610 45 4 F
¥ 5 = BL A1 WO SI30 I = (230 RS TE ,
L0 * B " FITE 22 , PRI M OGS R FE T MU 2 1
B Vet AR TR RS 0 B, W2 A L R
8 EEmEE o] & . RO SR PR DA L0 . AEITIZ )
B0 o B R (500°C) ° SRR 5 O B D, (L4 1 80—
T || pseudotachylyte o, *¥ g RIS R SR 145 R B B 1 1
e *oe (3) 12 AR B E T IR I 205 R AR e
oo || @ K (900°C) ool A2 ORI VR (R 1 B K
HEHKE (800°C) PR i 2 B R 3 M 2 iR BB 78 01 3t o
Bl : P | LA BRI R PR AR S 4 A7 Tk
Lo #ZpBiJ] (MPa) 10

K9 ez N A IR X iR B A 7 G A S 5 7
128 (Passelegue et al. , 2021)
Fig. 9 Mechanical data of creep experiments of tonalite and

pseudotachylyte (Passelegue et al. , 2021)

Menegon et al. , 2017) ., H TR Z XI5 10 55 L AE
B RR RE EA E— P A2 K AR TR
Fo AT S A SR TR B2 b A5 MR A iU R X
IR ] BE 23 5 M BE 2 i S 1l R T Bl K BT 1Y) 258
JRIRBE PO PR 2 s B A A SRS IR L | I
M 5T W 22 AR 2D & A b 72 1 B)) ( Passelegue et al.
2021),
8 4t

R R BESE Rt R WA A e sk, 2 T i
R JETALIE S 1, 2R E N E Rz 6
VE AR T — RPN HE BRI, HZRTRE
TR TR ity A 1 b B i A3 A rh oA By DA T
SR, TR L i Y — S i R R L, e
PR 2 2 T R X B I L AR X
BT JU T TR J22 540 38 B it 5 i B P92 i 4T3 2R 38 A
R AR SGE S FATTRAR AURE A A 2D 20 A | [0l i
S LU 458

(1) B R B3 T LB T 58 A W3R 2 42
FERIPE T s EE e SR I LT Hh e IR AR
5 R R MR X R I SR I e — B M ity
Z T WAL GE R ] R AR e AR o R e
AT IR 2 3247 T 2R P B 8 A R/ FH P

(4) M52 BB E I B0 il 7 it A2 9 JEE o A 5
Wi, e AR B PR AR BB A et A ) Do ]
AE 2> PRI 215 A R 5 B8, XoF il e e 39 553 £k
e

Bt BV L AR SR R SR E L
AW R R B T ASSCR R
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Formation mechanisms of pseudotachylyte in fault zone
and significance of unsteady rheology

LI Wenyuan, CAO Shuyun
State Key Laboratory of Geological Processes and Mineral Resources, School of Earth Sciences ,
China University of Geosciences, Wuhan 430074

Abstract; Tectonic pseudotachylyte is rare glassy or aphanitic rock, which often occurs in fault zones. It is
considered as a fossil record of rapid sliding of paleo-earthquakes. Formation of pseudotachylyte can effectively
reduce the friction strength of rock or fault. Therefore, the study of pseudotachylyte is of great significance to
understand the fault deformation and seismic genetic mechanism in deep crust. Although many studies have carried
on pseudotachylyte, due to the rare occurring of natural pseudotachylyte and its complexity formation process, there
are still many disputes and key scientific problems to be solved such as the structural characteristics, formation
environment, and genetic mechanism of pseudotachylyte. The pseudotachylyte can be developed in different depth
ranges of continental lithosphere, that is, a ductile deformation domain dominated by mylonite in the middle to
lower crust and even the upper mantle (> 60 km) , or a brittle deformation domain dominated by cataclastic rock in
the middle to upper crust (< 12 km). More evidence shows that the pseudotachylyte form in the brittle—ductile
transition domain of the fault zone, which is directly related to shallow seismic activity. It also means that there is
a more complex coupling relationship between the brittle deformation of the middle—upper crust and the plastic
deformation of the middle—lower crust. There is a long debate on the formation mechanisms of pseudotachylyte,
which is caused by friction heating on the fault plane or only the rock comminution on the fault plane. It is believed
that the dry environment is conducive to the formation of pseudotachylyte. Because the existence of fluid will reduce
the effective normal stress of fault plane, which is not conducive to the accumulation of heat and the progress of
friction melting. However, another view is suggested that the presence of fluid can reduce the melting temperature
of minerals, which is conducive to fault friction melting and the formation of pseudotachylyte. This paper
summarizes the formation mechanism, formation depth, fluid influence, influence on fault strength after formation,
and preservation and failure mechanism of pseudotachylyte. Then it further to discuss the origin of amorphous
materials in pseudotachylyte, the deformation mechanism of rocks under brittle—ductile transition zone, and the
influence on continental crust strength and significance of unsteady rheology.

Keywords: Pseudotachylyte; comminution mechanism; friction melting; fault weakening and strengthening;
earthquake ; fluid activity
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