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Development Status and Trends of Experimental Rheology

Zhang Junfeng', Zhou Yongsheng”, Song Maoshuang®

1. School of Earth Sciences, China University of Geosciences, Wuhan 430074, China
2. Institute of Geology, China Earthquake Administration, Beijing 100029, China
3. Guangzhou Institute of Geochemistry, Chinese Academy of Sciences, Guangzhou 510640, China

Abstract: Experimental rheology is a discipline that studies the deformation and flow of the main components of the Earth under
the action of differential stress by means of high temperature and high pressure experiments. With the continuous development of
experimental technology, experimental rheology has developed rapidly in the past three decades. The research scope and research
objects have been continuously expanded, playing an important role in the research field of Earth and planetary sciences. This
paper briefly introduces the development history of experimental rheology technology, and summarizes the main research
progresses and existing problems in the field of experimental research on the rheology of the lithosphere, asthenosphere, transition
zone and lower mantle and the study of the intermediate and deep focused earthquake mechanisms. It is proposed that the three-
dimensional structure of the rheological properties of different layers of the Earth controlled by composition and thermal structure is
the citical scientific problem to be solved in the current experimental rheology research, and on this basis, the priority development
directions of experimental rheology in the future is prospected.
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S Y AR A, R 3E 2 R R R S T B g
BR N BB 3 A ) A 25 N ) WAE TR R AR B
F B 2= B L AR IR R R0 e Pk AR R A
A1 R ) A M 3k P I R AR TR B S R
R PEASTE B9 RRAE , HAE SR = R AT By g 2
S S5 A2 2 W 9T Y B ST X 4 (Poirier, 19855
Wenk ez al., 2000; Karato, 2008). 525 i 728 2= 1] LA
T AH R L 52 Y I B2 R R ) 45 1 T RS 40 b sk TR R Y
1 E R AR, S T R TR U R BT A B
T B R OB, AT DA B 5 Hh Bk b
e AT ) o S R T ERUE RN AD T Y AR
JH AL AT DAk B(E R 0L 52 R RUE b 3k 2l o7 2 ao 7
PR S B (EEBRMERR , 2013; H4
B4, 2021). Huxk N &R Y Bl ) 28 R0 AR B AEAR R
PR b AR I 1 PN BB o ) A AR PR BT, e e
Tt e R R T A Y TR MR 5 R AR S b
BRIREB RS KA T Y MmA ARl a8
AHE .

1 SEH AR TR A SR s

PR S 50 AR S B AFF 58 T AR R AE 20 42 50 4F
R Hr 28 B N K 25 3 A2 L4 A% Griggs 2082 I 61 1
(Griggs and Miller, 1951). 7& & £ JL +4F H Griggs
1A 44 11 [ AR /044 A I 1) 0% 2 [ fe 2 AR A AR 31 T
7z B N R K R, AR RN S B0 B R4S B T ST Y
SEFE M HE, B 20 42 90 4E4% , Griggs &4 i
AR ASCI g RN BE 43 51 0T LA #) 5 GPa Ml 1 500 °C
(Tingle er al., 1993) (Kl 1). 5Bt [E] o, ¥ K F] 0
SR 2F B Paterson #UZ B ) T AR A i i AR A 4
A RS 56 B 5 TAE S50 1Y) S5 o T EE H SR 1
1000 Cz A s 7 1423 °C, JEH4EF:7E 0.5
GPa ( #14 T #h 3k % % 15 km) LA ¥ (Paterson,
1970, 1990). AR BT i A2 A H A He A4 2 i 22
A v B R g RS B (0.5 MPa LI, I HLBA
FK B I BB B /N R A RST R B B K
30 P85 R L B AR R T R AR A O B, AR o R RREL
Wi A1 A2 T B8 43 s i 5€ T AR AR T ARG RN . fR
T 5 GPa & Sy A REXT I L b 8 72 38 0 0% 5 V1 L, Bl
R Hb BRI R W AR T S 0 1 oK, R B TR 25 e A
S NNV DA 6 3 L o N VA D I 0 ) SR VAL
A ] BE (Weidner, 1998), Al 35 5~20 GPaJk /i
Z M T BB — 18T ZE X (D-DIA) 2000 4F L 3K 7 36
] 50T K 2 R R R 5 0 5 B TR G T UF A ) O

PET e D e L e T 9 A5 i I S I A YR Y TR
Fig.1 Temperature and pressure range of common high tem-
perature and high pressure deformation apparatus
Paterson. Paterson i 28 {% ; Griggs. Griggs i ZZ 1% ; MultiAnvil. £ 1fi
ili FE AL

B H (Durham ez al., 2002; Wang et al., 2003;
Wang et al., 2010) (& 1). H49Kk D-DIA i 28 {X A v
73 VN AR 8 I R RE D LA AE S D O Y
D5 ABE R SE B TR TR S b 0 ) BT 1) A U R 2
S WESY . AH BT D-DIA Jii 42 {3 R {8 =5 A B [5) 25
B A XA 2 AT S5 I B AR AR T R 149 R g
A X AEAR KRR BE B BRI 7B R )Rz N H

B 73X 38 E AR AN, A L TR
A 3 10 el e TR AR L B e e e
0 EE 8 3 3h 1) A8 JE (X (Byerlee and Brace, 1968;
Lockner and Byerlee, 1977). & ¢ & & 44 T £ Ifi fifi
JEAL (MultiAnvil) 14 Wi 4 (DAC) o 8% >k 2t
78 T (>>20 GPa) #& 2= A 08 30 7T 28 B
S8 WF 9% (Byerlee and Brace, 1968; Green et al.,
1990; Karato and Rubie, 1997; Wenk ez al., 2000;
Merkel ez al., 2002; Wu et al., 2017).

I ] 1 S 0 AR 2E B 5T TR 2 A 20 42 50 48
AR A VT -500 AL W AR A B = Al 56 HL T 4R
B, IR R A & B i s R, 2 80 AR AR
W10 [ 58 52 )R b 5T F 5 9T 8 B BF R AR A BT
(0.4 GPa, 600 °C) il [ 4 Fil 'k A 7 =l {L (2GPa,
1000 °C). v [ Rk B b Bk 49 B0AF 5 7 75 80 4R ALK
ST T 800 t IR AL ] ik 445 ) e ek e T U A2 A
3 GPa [ A [ A 5t = Jl 3 22 42 (Kiie ez al., 1989;
AN TR, 19865 FMVKPE, 1989). H 25
e Yk v R O 8 S 3 B R A o T AR £ R AR 4k
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THER BB, ANA S, (W] B S i A e
J] ) 22 B 7 #2005 4F LR F R R A, o E
52 J Hby T F 5 BT R v b S R 2 (R ) S R
3 — AR [ A 9 Rl ER A BT Y e IR v R I 2 SO
A H AR (Liu et al., 2016,2017; Shi et al., 2015,
2018; Shao et al., 2021; Wen et al., 2021), PL &=,
A R g R T R AR A (Zhou et al., 2017), [ RE
2R E T N L BR Ak 2= TF 58 BT 51 T Paterson it 28 X
(Song et al., 2014). 2020 4F LL 3 b [# #b i K 2 (i
POEE T 5000 A KRN, %K EHLE D-DIA
Tt 78 A SRy S BT DK G i A b A ST b g
TOR 25 AF T 1 25 A T 7 2 S B T R A A A

2 WS BUIR S KR

S 36 i AR 2 T B A R TR I S R X
RN B A s A ) AR M BT RS
PERBE 25T, SR fife i 1 A b 3K ) 27 1) i T B 2
(B AL, Ay A DG 1 b o 30 52 Rt 35K 47 B UL 235 SR 1) 5
P figp R 4 L S 0 AR B RN HEAT AR R 20, 2 B
R ) Rk R R R 22 O 304E LIk, R A
e e e S U 7 S g B R Y K T, S U A B Y
RO S A R s N T K/ N 2
o BER AN AT B b2 0 8 R IR A 22 B R e e 2, 78
R i 22 ) A 9 S0 K 45 s TR PR L S AR
AR AR Y AR e M B R TR, AT g Dy i AR A
(384 ) A8 JE S 56 A 50 R 1 22 AL ) () 28 O 52 56
WF5E . F WX R AR R, SORT LUK 3 A8 5 A8 55
B 93 M A BB RO B T TS e I R e S
oY
21 ERABERTEFEIRMR

A e R FERE T A AR E
B WU AN R S RRORL S R S I R
270 R BE RS . e A BBl 7R A i B 1 AN 3 —
B IRE A A el ) 2R 25 4 1Y) 22 2 (Birgmann and
Dresen, 2008) , P i 4o 5 56 3 A8 2% 8 57 1) 25 A P
FTE L W) AR AL T R R N L ) A A A Y S
filt . 28 B 1) 25 A BT 728 295 R AR B 48 7R DRV o A el ok
T W T T 2 e e DR A e ) 25 it AR B R e, R
i 7 A Bl U)o A 55 T TG VA A B R O i L AR 1Y
KO A (1B 2) . K i 2 A B ) R A 1] 1 79 B 43
AN — P T fig S R A, HE R A L iR
2H 7 5% W v A R 8 45 R 1 I 8 S 38 R RS S 4L
PR SEMER 1o B = . 3R B 24 3 e 3 A 1 57 2 A B

VAR 2F A Jy RGN T DAk, ST T
SRR SR A R RN A K 3 B L )
A RS AR 5 2 (Jin et al., 2001; Zhang et
al., 2006) T Hu7e A A A B BT URRBL A FTIR
LKL A (Wang et al., 20125 Zhou et al., 2017;
Wen ez al., 2021) # K  (He ez al., 20035 Zhou et
al., 2012), PR i 5¢ #2241 i 90 8 K 7 (Chen et
al., 2021) MRS F AR TT A, WHE T 6 R0 B 1k
HIAZMFE W (Zhou e al., 2012, 2017).

AEXT T 25 A Bl At 4 5 0 A I AR 2 1 T
HYAE Y, b b fry 32 2 20 R P MRS A Y B o AR
fix 1 (Cooper and Kohlstedt, 1986; Mei et al.,
2010), © N 7 HAEN [ M BT B 5E T 0 0 AR 2 AR
T4 75 FE R BRZE #6 7K AT DA BOMONE A 9 A8 98 B 1 [
R ZH AR 0 5 72 LR X T 2RO RO U A R E T
52 i 4)5 1H 77 7E 41 (Mei and Kohlstedt, 20003
Jung and Karatao, 2001; Fei et al., 2013). H F 3¢
U5 B By Jry BRAPE R 77 %68 T MO A 3t A8 2 i 5 i)
{14 52 36 HdiE H RS L8 B = (Liez al., 2006) , 2
H 1 5¢ T 7 6F Nt A i B 5 i 7 B2 B DR AR AR
FEAEAR R AT 2 M . A PR A8 27 S 06 i 9 v B
MM 2 A0, R E 2= 5 i s 1R A R R A
B UL A2 2 A K 5 B (¥ A1 Zhang ez al., 2006
Zhang et al., 2017, 2020; A ¥ A . Xu et al.,
2013). SHYARUL, A B AL A S g B iR A AR R
1 & S s (], BRAT K 22 505 3 i 2R 2 B B 1 oK A
G KA RS T A o B A2 A ka3, (4548
K B O A R ) A A R B A S Y S 56 4R
PR IRAR D
22 RRBREFIBHAR

T P 2 R R i M R U A ) S X, b
i A R T M i 2 BB A O¢ . Kohlstedt and
Holtzman (2009) 4 Hi i I 1l 42 AR i) 7 242 56 B2 | ¢ o
W& S s R ER T HAAR SN
JER a5 B . Karato(2012) £ H #0518 i A8 2
R I hy A RASURE 10 A RS T LA R Ok il B AR
it P A T 1 R R R i 7R 0 B A S R . Mliyazaki er
al. (2013 ) 3 2 X 4 NG 7 45 & 1A B 3 2% = 52 56
5 7 AR HONE A A2 HOE AR ML R R B mALAy, wT
DL fifp 8 0 0 WL A% 1) S 1 AT 9 28 5 BB . Mierdel er
al. (2007) 7E 43 1 22 & MURE A0 10 2 G0AS 3 i &%
B, AOS A U 30 B 22 S5 8 04 TR T B 4 AR
W T ORI AR, 5 R A S K B IR
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K2 AL A R AR S5
Fig.2 Typical lithosphere rheological structure
i Kohlstedt ez al.(1995)

) 14 0 TG 98 /0N B A TR A K 1 B e A T DL R
i B B P I A AR B B L AR, AR N T R P
SRR A K B A 5T R, EE T A B i
BEAMRIRAFAEAR KRG, 5838 S Ak /K R 72 I B
e WA PR 3R R B 32 AR T, B o P B
AN T) 5 o) PR 2% 3 (] VR 09 445 2R 233 6 70} 2 i) il 2 ]
A Hb KB 22 F 5 I B WY, AR DRI SRR 2 [ R
B R SR (4~T7 GPa) J5 A I A8 2 52 5 | Ml T 2% |
Hby 3R Ak 27 0 b BK P 2O DU B8 (E A S 5 Y D [
k.
23 HBEMTHIEBRTEFEIWHAR

Bl ol T ML A AL R B A F 9 BE A X T M
49 Jo 2H BN P B TR, A B R B 2 i O
A AR A sk LR DN Y 455 SR 3R B Ml A do i A
7E 85 U] 3% 4 ) % £ (Trampert and van Heijst,
2002) , & Mg A7 AE KR 5Y D) B X G
(LLSVPs) 58 i) 57 Y i 3 4% 7] 57 14 45 ik (Garnero
et al., 2016) , H H Fij % 3 L6 000 25 4 fif B in B
Z SRR 10 ST MR FL 25 R A (Wadsleyite)
FIARATL A £ (Ringwoodite ) & b 18 %% 47 iy 3 2 4
B . BTN A — X T B AU AR 2 0 Y S 0
5%, 45 R R MRS A A BL A7 2 A DL SCBL 25 )
A 8w BB N (Hustoft ez al., 2013; Kawazoe et
al., 2016), W] fg 2 T B0 3% 4 T R AR B 1Y
FEN R, HATE HLH LU 5 28 2 3 . Mohiud-
din ez al. (2020) & HOWE A7 1 MK AT 78 A7 AR A2 52 5 B9
IO 3 P e B, MR A A R A A R A R R 5 LA
Abr W MRATLTE A R 32, PR 1 v B R vk AR A 7 b
e 2 46 R S LUK R %) BN A AR 7 A AR
PR N, AT DL A R I S IR TR AR b

TE b 1988 7 4 45 TR 32 2 DU 9 AR AE 7= ) oy =, A8
TE FTRE 55 . R R L, ) Hb 8 7 0 5 10 W) A 2
PE BT WF 58 MR IR o i 55, 3 Bk = Wy L) Ok & 2R
it T b 153 2 49 b 7R U A% 1) Sk

T b I A 2 I 5 e T L AR BE A SR R
TSR AL BOR Y B2 | A TT h A 2 i R B
Girard et al. (2016) i i Xf 7 BL 47 8 47 FEE 7 Bk A
Z iR A R AR VE T Y SR TS, R B A =
AT B A R B, SRS T AR TR
02 (1) R AE . Tsujino ez al. (2016) i i X A
AT AR T M TS I R A R Y A8 T S g 4 ) L
F WA R K0011(100). XF T Mo b 5 4 1) 4 0131 55
S5 R WOR Y S B A BE RS AR AR TR g
Zh B (Reali et al., 2019). Wu et al. (2017) i 17 52
B Rk T DR JE B ER T 1 AR R AE R B
2RI LA A 555 4 R A T S e, AT LLHT T R
D" 1 P R 45K
2.4 HRIRIEHE YL B R

S AR AR AR AR Z AN S — AN E
WFE I 1] 2 e M AR B B 5, 0 308 2 X6 T e 752 375 )
Py AL A 5T . A% e 00 M= P L A R b R Y
J7 A o E A PG e 5 . sk PN S B R R 1Y
B, U R 0 1A A A R R B R R, Y
8Tl A B i N 1K, Rt — A R
Hiy R AR (=70 km ) /& Jo ¥k 7 A A0 0 e P 2R B
H G B 0, (E I M Bk P UL 25 S R LA Ry
AN RTRE 7 AR M A R e S TR A UL ) T OR R
Hb 25 B, 10 IR Ml R N B AT SR DAV b 7R Y
Py BRAIL ] R fife B

TR AR 7% 32 A R A RTEAR by, BB bR Oy
B B2 Y 32 v, TR b 52 0 WL AT AR TA G sk
IS 235 R R 3 A it AR L UL s AR b AR
9 TUAT I 25, LA AR e Al 760 o ) e e 0 Jo 114 %
2 Pk i 4% (Isacks and Molnar, 1969; Goes et al.,
2017; Hayes et al., 2018). T35 i 7% 1% 50 4y ¥ HL 1
AIBESE , 30 TS AEOR o b R, & AR R
AR L Y P B K (Green ez al., 2010). I, B
M 7 A PR 4 AL A 4 BIF 50 00 A TR T A Bk 9
a5 RS ) R EA EEE X .

AR VR AR (VR =70 km) 30 5 3 2 Bk AR
Bk 2/3. 30 25 3048 AT Rk O T I A 4 72 4y 3
HL 1 A8 B 58 B SR (3F DL Kirby ez al., 1996; Green
and Marone, 2002; Frohlich, 2006; Hasegawa and
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Nakajima, 2017; Zhan, 2020 2 iy 2538 ).t F 16 o
B b 7E R (70~300 km) R I (=300 km) Hb 52
KA B TR ER Y BRAS BAS TR o Y b 72 R0 R T b 2
149 ) AL ) A Ry A RS TR v 2 Y R )
FRHLH EEAH . K 2 (Dobson e al., 2002;
Jung and Green, 2004; Zhang et al., 2004; Okazaki
and Hirth, 2016) HI 87 ] # & 2 (Kelemen and
Hirth, 2007). ¥ b 52 19 B PR 40 B AL ) 3 25 60 4%
IR A7 AH 72 Ay v TR AH 2R s A AH I B B Y sz 2R B
5 & (Burnley e al., 1991; Green and Zhou, 1996;
Kirby et al., 1996; Schubnel er al., 2013; Wang et
al., 2017). 3§ PIR K F (Karato et al., 2001) Flfi K
H L (Omori ez al., 2004). ik ok 8 2 1 Ho 2K 1) B0
s 2], b3k B — by BRI AR 7T BE 7R 4 2 1Y
05 ohts 20 i 2 R 7, (AT AT B — B ML B T
T iR R 4 T B R o TR Ml RE (Zhan, 2020) , 4 5l
SRR A0 R e TR R T B K B i R Y
T 2 50 e AR i A b S TED AT 5 R 114 b g ) o A
1E K& % KW ¥ (Peacock, 2001; Hacker ez al.,
20033 Zhan, 2020). 4R #4553 2155 & v 5 M AR Y
F Z ML (Kelemen and Hirth, 2007; John ez al.,
2009; Prieto ez al., 2013) , JB 4 L 75 LA vh Al v H
AR S K i TG T R U M2 S A BEAL
TR AFTEAR KA A8 1, X 2 4 00 & PR A B 5
TN v U o TR AR R R A A A
PE AR AR

U M AR AR A RE R B R AT (double
seismic zones; DSZ). BUHh 7% 45 J2& F5 78 I o Al F
[F1) s — o B B 5 2% 07 20 A1 1) i R R R X (181 3)
TE 42 BR 4t R 22 H0 ) AR oty o 24 4 WL %¢ 1) (Brudzins-
ki ez al., 2007). HU G B 1E 50~300 km, B %
FERSE I, AR A 1) BN MR A A STE—E N
R L & (Brudzinski ez al., 2007; Hasegawa and
Nakajima, 2017; Florez and Prieto, 2019), JE i &
AREEH . H TR T AN, 33X b T R G5 2 AR
RO A, DT 5 2 i T 2% AR T A G A ke 2 (3
7= ) JE B Y (Peacock, 2001). % Wi st 75 3] T — 4
ARF bty 35 7K B 0 I 7K 5 B4 S8 9 TR AR 1 SRR, A
¥ 2 f7 (Dobson ez al., 2002; Jung and Green,
2004; Gasc et al., 2011) . f#i ¥ 4 (Okazaki and
Hirth, 2016; Incel ez al., 2017) .44 X b TC/KW )ik
2 45 1) 7K (Zhang er al., 2004) % K& 19 i 7K B 24 .
Dobson ez al. (2002) Fll Jung ez al. (2009) if T g £

A1 B R il R TR B K S 25 S R R R, TR K S
FEPOER R 1R R SRS, i 8 B K 3 R
R AR ML T OCHE S AR A

HJ2 BB 1Y — S SR F IR R WY, e S0 K R
I FF AN 2 S BN FRE 1 S Y BN R, R I e Sy
JI 7K SN 3 2% BEL 1 AN B2 i T 2l BVAs 4 A9 JE B (Bran-
tut et al., 2010, 2012; Chernak and Hirth, 2010,
2011; Proctor and Hirth, 2015; Okazaki and Hirth,
2016; Ferrand et al., 2017; Shao et al., 2021,
2022a). Plimper ez al. (2017 ) 38 i XF K SR 5 1443
e 41t s S0 A B K S L 7 A B A T O BE B LAY
BN AL B A T 7, I B B K 52 0 AT BE A 2 A
o 5 TR b R 1 SR R L R A L B A R
FAN—E 25 M M2 (Chernak and Hirth,
2011) , Shao ez al. (2022b) 38 i Xf i g 20 47 B 7K 3h
177 B S5 56 IE 5T 4 G K S 7 ) B R S T BE R
WS 1Y ) AT R A R 294 . Barcheck
et al. (2012) %F 42 R 32 BN wfrafy v T8 5 b 72 1) 4
A 6] 5 K B K B A DGR BE 4R S K )
JI5E 7K ) L 752 e 5 A AR 22 () AN A7 A i BN AR AH DG, 2
S KT W K T AN S 3 A T TR AR Y 32
[A % . Florez and Prieto (2019) X} 4= Bk i 71 X M 52
A0 M RE EE AT T R E AL, (R X AR 2 A
AT T ARG 45 R #2018 (Guten-
berg-Richter 6 value: Hb 5% 5 9% [7] & 7% 9l % Z [0] 1)
KEFAEW A 22 5, S Hh bl i i e &%
KA 0 6 K R I AF G, T MR T A A B R
15T 1 S A0 Ve ey Jo v T e

R, TS T ) S 5 R b 3K A R U I 45 L R T
JIit K 35 2R v Y5 b R T R R BEAIL R Y 3 0
SR T PR, R b R AR AR M AR A I R A
BLH . 3 28T b 727 o i iR 32 2 AR AR b R
A1 B A A /Y 5 RO & (Trifune and Ringwood ,
1987) 2 A Wy R BN A1 R AR
FHET Y, — MR E T KT Wy . 0 vl 6 B L
Ak 19 TR K W7 BRI Ny 2 38 i 7K A B 20~40 km I8
Qb B R A A P Y 2 R AR (R, R ey o Y5
1T M2 B O AR WA ) 1 AR )2 (IR VAR
V,/V.) (Tsuji and Tturrino, 2008; Shiina er al.,
2013) , H R AT BE JF A J2 & KT W B KR B
(Nakajima et al., 2009; Hasegawa and Nakajima,
2017), R H B &8 V,/ V. A 18 b 206 1
JEE R OS50 7R A A0 8 T A& (Dorbath ez al.,
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3 i 3 52 43 A R E
Fig. 3 Seismic distribution characteristics of a subducting slab
i Zhan(2020) 5 a. "R ML RS % 5 Kt (1964~2017 4F ) BE TR BE 192284k, ¥ 0 — 32 7 HL O ol D I 72 (=300 k) 249 1 BRI IR HL RS 19 3/

N RUIE TS R RS LV [ -

2008) , MK V,/VA8/R T F M 2T
1Y B8 PO L, AT RE 5 AR O A 0 4% 1) S AT
*:(Reynard ez al., 2010).

AR S B S R R R 1 B AL 2 — AR
S R WL B Y e TG 1 e R Y TR T
(Burnley ez al., 1991) F1 Hb Bk 4y B0 I 25 SR 45 7= 1)
A Bk 22 A0 e o SRR S ONE A R AH A B L I
AL T IR (Lidaka and Suetsugu, 1992; Jiang
and Zhao, 2011; Kawakatsu and Yoshioka, 2011;
Shen and Zhan, 2020). i D-DIA 2564 R 19 &
Ji& , JUH R 7 R S R AR A R G AR B R B R
I, Bh KA T 4 5% 43 4 J7 ¥ b 59 HyPODD 45 &
JEGE AL DT VEAE AR R GHE S A B A, ARSI A
PR AT R WL 5% B0 b i R ) 2 UG,
AR B ZEPLHIAE Jy U b 52 P HRAIL ) AR T T
— A 1Y 3IE #i5 (Schubnel et al., 2013; Wang et al.,
2017) (11 4). HJZ | AHZZ B HL ] o A7 78— 28 Bk
fiff TR B4 TR) AL, ), K 9K b 7% SR 1) K A B
J5 HB I LR A 1 T AL RE 2%, (H R TE SRR i b
IR W52 B 45 K (4 A7 AE 5 b 7% LI 235 2R 1 7S b 7% 1Y

T Az AT R AR A5 MO 7 A7 A A R EEOR L AR 5
56 07 P % B — ) 2 T [ A A B 8 MEOE A A
o S AR AR R Rk T e e Aty v AR S R
A W2 o Je B RE RIS A, o T SR B AR A BRI, B
e AR ek MIOME A0 A D S 0 6 e 1) 52 38 i A7 AR AR K
£ DRI X A P R b b Y 2 R AT R RO
O, R TORE A X IR 3 5 1 S 5 0 B F 5 5 Ak
AJE T2 H . Zhan(2020) 38 1 % PR U5 5= M ot 1 7y
M 235 5 5 H TR U Ml 7= ) BE AL ) mT R 2 P AL i At
AR 25 2R, H2 H T T IX — 258 B = i 28 2
S UL B SCHE

3 SRR PR

3 HixRE=s

S AR 2 R HE B MU ER Bh ) 28 K TR R SRl
B2 Hb BRI AR 24 5 A A R AR 2 O 1
WAL S BEHT TLAR LT M I AR S LR el I
AR 2 8B NI R A S Bl i Al e i B e R
W AR T [ R ER B2 0 K R, I & R A A4
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P4 B RO A0 AR S SR TR 75 R S S i
Fig.4 Acoustic emission signal analysis of a faulting experiment on Mg,GeO,
& Wang et al.(2017)
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sen, 2008; Goes ef al., 2017; Hayes et al., 2018).
28 B A BB S S A R A b R e A B T
T 2658 M St e e Al B oty AT o, K i Ay Pl D o
TR 5 T TG 1 A R K R LR B DR A R B A
Pl A ) R0 A [ - Y BG40 34— Pk T R R E R A
R 01 SR s A R G A AL 3 Xk A P A 5 A S el Y
7 S0 FUBEBAU T SR IH o B =, AR5
B A A B AR TR O B IX B (Wang e al.,
2012; Wen ez al., 2021). INAEA 5 17 Pl A I 78 2

A A S 1 A 4 22 o R IR R A Oy M BT A T
Ik 4 F KR 2= Pk iz —

B P A TS b S A M B R T M
W T L | R 82 A 5 Sy | b 3R RS Y K 43 R I A 1)
S E . B A D)2 SR MR TR 0 9 Hb R
W45 18] S )2 (Trampert and van Heijst, 2002; Gar-
nero ez al., 2016) , 55 Hb i 75 2 AR b i A8 2B A
O, ABFRATT H X T b Rl O A8 1 B ) A Y
BRZEALE 10~100F% (L 5) . FRATTX 0 B i A A A iR
E 7 B A 56 56 U A8 22 A 98 00 3 e R AR TR 2 B 5 A8
H R 43 47 Tl 5 501 b I A R R GE A 8 5 K RN
AR ML A TR B IR G Bk 5E (Mierdel ez al., 2007;
Karato, 2012). &A1 & 28 4595 S LA 58 42 )2 if
FEEE X W i 4ty 322 N ) PO 25 R A R A
AU b b8 32 0 Wy A B AT = A Y DS O R R R
20 #4109 FF 37 PE A 98 (Hustoft ez al., 2013; Kawazoe
et al., 2016; Wu et al., 2017; Reali er al., 2019;
Mohiuddin ez a/., 2020). HHi 7 ££ (¥ 5] 87 1H J2: 5
B B ARME BE AR H K, A D, AUk, #
KRS AR AT SER T2 AR TR BRARE A —
AN RAFEIFIG &R (4~7 GPa) FIAR & JE (>20
GPa) HbBR P38 I A 45 14 T 114 I8 72 27 552 36 45 (A B
AT H 2 B R B H AR FORE 27 PR, (E 2 T 20 20 A
it AR A PR B A R Y M Bk N BB 2l ) 2 i R S



%8l

B R 2 ) T BLAR 5 2751

PSR R R A R A A A
Fig. 5 Variation of mantle viscosity with depth
i Faccenda and Dal Zilio(2017)

T b B4 O e R 4 2 [ A b ER R 2% BEOS & R BT Y
TR
32 XEMNZEEAE

FH ) JOT 8 43 R AR 28 ) 8 o) ) i 3RO (] P R
7 A P T = 2 R R S I A AR 2 I O i
14 A% 00 Bk 2 [0 1. iy 3RS [] B2 114 9 8 2 1 o 5
o L L M T 2 0 R A L Ry SR, D S AR
A0 32 B B, A o7 M Bk AR (7] 2 A8 2
W) = AE S50, BRI HbBR 9 R0 8 RS A i B R AR
TEAT g, #E 11T 46 75 Hb 3K P 38 R 2 e A AR L 2 i S
8 G 7L 7 T I 10 A% 00 ) 2 1) 45
321 WEZHKNBENELTET IRETHE
BEEE CARMRSEEENSANTYES
(LSRN i DR O R R N0 I R A e B e
AR 1 5 M, F JHG e 48 0K 2 5 5 06 T TRl X L
T KA AN 5 7K AS B S 1 T R A AT D i IR
NAARERNA . BT A A TOKTEERORR, &
TR Rl — 5 A RS R ) 2 [ A AR K G A e, B
IS il = K A8 H DL 5E e A A A T ) )
50 L R B R B8 1 Mk, [ I 45 48 K 5 i 3 L 5%
5 2 A1 AL T ) AR SR B A S R Y S 56 8K
i He 8K 4R /b (Mei and Kohlstedt, 2000; Jung and
Karatao, 2001; Kohlstedt and Holtzman, 2009; Fei
et al., 2013) , 5 JE Y 5 R AR 38 A0 47 76 AH X 20— Al

U Wik R AT 0 B A R E fE A5 A K R
F AT UL 5 08 4 ) it 7 P BT A 5 S TR IR
P ) T S 3 R AR 5 g A ) Y RO ) B2 I R
PR T = 4E 45 44 1Y) HEAilf

3.22 PREMBOREMBHS  HHE N
PRy BEAIL ] 04 BF 58 0 DA PRI T e b 3K PN BB A5 4 )
BRI Syt B AR R R . B4R
A KOG T IR T M RE ) AL A A AT O R 2R
(Kirby et al., 1996; Green and Marone, 2002;
Frohlich, 2006; Hasegawa and Nakajima, 2017) ,
B AN b7 B 221 ok A LSO 0 R S o KAl A TR
AR R PR A, TR 5 b 7% 1Y ok PR BRI i A7 7 AR AR
R4 WM B 2 1 (Zhan, 2020), JF J& w5 3 5 &
FAF TR i bR R A A S R e A R ) )
P JBT 1) I A8 2 T 5 S A 23X S S S T R AR

4 TS 1 R X 5

Bt X bR B A 5 T Hh S5 R a3 MR A A A
4 HBERAS [7] 1 J2 0 A = 1 o ) — S5 R R 2 [l 5
50 UL A 2 R Ok 1 E IS O T A4

(1) Wy AL T8 %) 3 BRIV AL VR BT 2000 . 455 KR
TS AT RE i, JT e R R L2 Cr 18 i
By T M) T B A Y AR M 1 — W
T — O i — AR BT, A WIS ) 28 R A T
A 788 TR R R e A ) P R M 7 90 4% 1) S P 119
LR RS ZR, B 5E 6 Y TE S T ERAN [R] )= Rl
AR = 5B TR

(2)WFFEU /5 A 3 55 by BR VR S 73 J2 RT3 72 15
SRR . e e e R (U ) S8y, s A 5K
Bk 2 R A S A B0 35 A, A IS () 5 AR
A S A VAL AR R 72 T 2 A RN AR TR AL 1 5 0, 1]
B HORT 5 A 4 PR G MRS B0 TR, 48375 L BR A 3 78
AN B — e AT el s 752 R PR B BB A

(3) Hu BRI A2 1 ot = 4E S5 MBI . 25 RIR A
AR WU TR AL 7 SR I R, IR AR B A i Ak
b0 % S M AR P S S A AR, AT
2 N M — 52 A T2 BB AL, O R HFE i sh o
P SRS E P A PELATR DTSR o AR ool R 2 4
AR TE b 08 X I A b Kk B ) 2 AR A 2R

References
Barcheck, C. G., Wiens, D. A., van Keken, P. E., et al.,
2012. The Relationship of Intermediate- and Deep-Focus



2752 HIERRL2E  http://www.earth-science.net

A7 %

Seismicity to the Hydration and Dehydration of Subducting
Slabs. Earth and Planetary Science Letters, 349/350:
153—160. https://doi.org/10.1016/j.epsl.2012.06.055

Brantut, N., Baud, P., Heap, M.J., et al., 2012. Microme-
chanics of Brittle Creep in Rocks. Journal of Geophysi-
cal Research: Solid Earth, 117:B08412.

Brantut, N., Schubnel, A., Corvisier, J., et al., 2010. Ther-
mochemical Pressurization of Faults during Coseismic
Slip. Journal of Geophysical Research: Solid FEarth,
115: B0O5314.

Brudzinski, M. R., Thurber, C. H., Hacker, B. R., et al.,
2007. Global Prevalence of Double Benioff Zones. Sci-
ence, 316(5830): 1472—1474. https://doi.org/10.1126/
science.1139204

Biirgmann, R., Dresen, G, 2008. Rheology of the Lower Crust
and Upper Mantle: Evidence from Rock Mechanics, Ge-
odesy, and Field Observations. Annual Review of Earth
and Planetary Sciences, 36: 531—567. https://doi.org/
10.1146/ANNUREV.EARTH.36.031207.124326

Burnley, P.C., Green, H.W., Prior, D.J., 1991. Faulting
Associated with the Olivine to Spinel Transformation in
Mg,GeO, and Its Implications for Deep - Focus Earth-
quakes. Journal of Geophysical Research: Solid Earth,
96:425—443.

Byerlee, J., Brace, W, 1968. Stick Slip, Stable Sliding, and
Earthquakes-Effect of Rock Type, Pressure, Strain Rate,
and Stiffness. Journal of Geophysical Research, 73: 6031 —
6037. https://doi.org/10.1029/JB0731018P06031

Chen, J., Jin, Z. M., Liu, W. L., etal., 2021. Rheology of Dry
K-Feldspar Aggregates at High Temperature and High
Pressure: an Experimental Study. Tectonophysics, 817:
229072. https://doi.org/10.1016/j.tecto.2021.229072

Chernak, L. J., Hirth, G, 2010. Deformation of Antigorite
Serpentinite at High Temperature and Pressure. Earth
and Planetary Science Letters, 296(1/2): 23— 33. https:
//doi.org/10.1016/j.epsl.2010.04.035

Chernak, L., Hirth, G, 2011. Syndeformational Antigorite
Dehydration Produces Stable Fault Slip. Geology, 39:
847—850. https://doi.org/10.1130/G31919.1

Cooper, R.F., Kohlstedt, D.L., 1986. Rheology and Struc-
ture of OLivine - Basalt Partial Melts. Jouwrnal of Geo-
physical Research: Solid Earth, 91: 9315—9323.

Dobson, D. P., Meredith, P. G., Boon, S. A, 2002. Simula-
tion of Subduction Zone Seismicity by Dehydration of
Serpentine. Science, 298(5597): 1407—1410. https://
doi.org/10.1126/science.1075390

Dorbath, C., Gerbault, M., Carlier, G., et al., 2008. Dou-
ble Seismic Zone of the Nazca Plate in Northern Chile:

High-Resolution Velocity Structure, Petrological Impli-
cations, and Thermomechanical Modeling. Geochemis-
try, Geophysics, Geosystems, 9: Q07006.

Durham, W.B., Weidner, D.J., Karato, S.1., et al., 2002.
New Developments in Deformation Experiments at High
Pressure. Reviews in Mineralogy and Geochemistry,
51: 21—49.

Faccenda, M., dal Zilio, L, 2017. The Role of Solid-Solid
Phase Transitions in Mantle Convection. Lithos, 268/
269/270/271: 198—224. https://doi.org/10.1016/].lith-
0s.2016.11.007

Fei, H. Z., Wiedenbeck, M., Yamazaki, D., et al., 2013.
Small Effect of Water on Upper-Mantle Rheology Based
on Silicon Self - Diffusion Coefficients. Nature, 498
(7453): 213—215. https://doi.org/10.1038/nature12193

Ferrand, T. P., Hilairet, N., Incel, S., et al., 2017. Dehy-
dration - Driven Stress Transfer Triggers Intermediate -
Depth Earthquakes. Nature Communications, 8: 15247.
https://doi.org/10.1038/ncomms15247

Florez, M., Prieto, G, 2019. Controlling Factors of Seismici-
ty and Geometry in Double Seismic Zones. Geophysical
Research Letters, 46: 4174—4181. https://doi. org/
10.1029/2018G1.081168

Frohlich, C., 2006. Deep earthquakes. Cambridge University
Press, Cambridge.

Garnero, E. J., McNamara, A. K., Shim, S. H, 2016. Con-
tinent-Sized Anomalous Zones with Low Seismic Veloci-
ty at the Base of Earth's Mantle. Nature Geoscience, 9
(7): 481—489. https://doi.org/10.1038/nge02733

Gasc, J., Schubnel, A., Brunet, F., etal., 2011. Simultane-
ous Acoustic Emissions Monitoring and Synchrotron X -
Ray Diffraction at High Pressure and Temperature: Cali-
bration and Application to Serpentinite Dehydration.
Physics of the Earth and Planetary Interiors, 189(3/4):
121—133. https://doi.org/10.1016/j.pepi.2011.08.003

Gerya, T. V., Stern, R. J., Baes, M., et al., 2015. Plate
Tectonics on the Earth Triggered by Plume - Induced
Subduction Initiation. Nature, 527(7577): 221—225.
https://doi.org/10.1038/nature15752

Girard, J., Amulele, G., Farla, R., et al., 2016. Shear De-
formation of Bridgmanite and Magnesiowiistite Aggre-
gates at Lower Mantle Conditions. Science, 351(6269):
144—147. https://doi.org/10.1126/science.aad 3113

Goes, S., Agrusta, R., van Hunen, J., etal., 2017. Subduc-
tion- Transition Zone Interaction: a Review. Geosphere,
13:644—664.

Green, H. W., Chen, W. P., Brudzinski, M. R, 2010. Seis-
mic Evidence of Negligible Water Carried below 400 km



%8l

BT AE L ILU E  B R R PR S 2753

Depth in Subducting Lithosphere. Narure, 467(7317):
828—831. https://doi.org/10.1038/nature09401

Green, H. W. II, Zhou, Y, 1996. Transformation-Induced
Faulting Requires an Exothermic Reaction and Explains
the Cessation of Earthquakes at the Base of the Mantle
Transition Zone. Tectonophysics, 256(1/2/3/4): 39—
56. https://doi.org/10.1016/0040-1951(95)00164-6

Green, H. W., Young, T. E., Walker, D., etal., 1990. An-
ticrack-Associated Faulting at very High Pressure in Nat-
ural Olivine. Nature, 348(6303): 720—722. https://doi.
org/10.1038/348720a0

Green, H.W., Marone, C., 2002. Instability of Deformation.
Reviews in Mineralogy and Geochemistry, 51: 181—199.

Griggs, D., Miller, W. B, 1951. Deformation of Yule Marble:
Part I: Compression and Extension Experiments on Dry Yule
Marble at 10, 000 Atmospheres Confining Pressure, Room
Temperature. Geological Society of America Bulletin, 62:
853—862. https://doi. org/10.1130/0016 - 7606 %, 28195
1962962 %5B853% 3ADOYMPI%5D2.0.CO % 3B2

Hacker, B., Peacock, S., Abers, G., et al., 2003. Subduc-
tion Factory 2. are Intermediate\u2010depth Earth-
quakes in Subducting Slabs Linked to Metamorphic De-
hydration Reactions? Journal of Geophysical Research,
108: 2030. https://doi.org/10.1029/2001JB001129

Hasegawa, A., Nakajima, J, 2017. Seismic Imaging of Slab
Metamorphism and Genesis of Intermediate-Depth Intra-
slab Earthquakes. Progress in Earth and Planetary Sci-
ence, 4: 1—31. https://doi. org/10.1186/s40645-017 -
0126-9

Hayes, G. P., Moore, G. L., Portner, D. E., et al., 2018.
Slab2, a Comprehensive Subduction Zone Geometry
Model. Science, 362(6410): 58—61. https://doi. org/
10.1126/science.aatd723

He, C.R., Zhou, Y.S., Sang, Z.N, 2003. An Experimental
Study on Semi-Brittle and Plastic Rheology of Panzhi-
hua Gabbro. Science in China (Series D: Earth Scienc-
es), 46(7): 730—742(in Chinese with English abstract).

Hustoft, J., Amulele, G., Ando, J. I., et al., 2013. Plastic
Deformation Experiments to High Strain on Mantle
Transition Zone Minerals Wadsleyite and Ringwoodite
in the Rotational Drickamer Apparatus. Earth and Plan-
etary Science Letters, 361: 7—15. https://doi. org/
10.1016/j.epsl.2012.11.028

Incel, S., Hilairet, N., Labrousse, L., et al., 2017. Labora-
tory Earthquakes Triggered during Eclogitization of
Lawsonite-Bearing Blueschist. Earth and Planetary Sci-
ence Letters, 459: 320—331. https://doi.org/10.1016/j.
epsl.2016.11.047

Irifune, T., Ringwood, A., 1987. Phase Transformations in
Primitive MORB and Pyrolite Compositions to 25 GPa
and Some Geophysical Implications. In: Manghnani, M.
H., Syono, Y., eds., High Pressure Research in Miner-
al Physics. American Geophysical Union, Washington,
235—246.

Isacks, B., Molnar, P., 1969. Mantle Earthquake Mechanisms
and the Sinking of the Lithosphere. Nature, 223(5211):
1121—1124. https://doi.org/10.1038/2231121a0

Jiang, G. M., Zhao, D. P, 2011. Metastable Olivine Wedge in
the Subducting Pacific Slab and Its Relation to Deep
Earthquakes. Journal of Asian Earth Sciences, 42(6):
1411—1423. https://doi.org/10.1016/].jseaes.2011.08.005

Jin, Z.M., Zhang, J., Green, H.W., et al., 2001. Eclogite
Rheology: Implications for Subducted Lithosphere. Geo/-
ogy, 29:667—670.

John, T., Medvedev, S., Ripke, L.H., etal., 2009. Gener-
ation of Intermediate-Depth Earthquakes by Self-Localiz-
ing Thermal Runaway. Nature Geoscience, 2:137—140.

Jung, H., Fei, Y. W., Silver, P. G., etal., 2009. Frictional
Sliding in Serpentine at very High Pressure. Earth and
Planetary Science Letters, 277(1/2): 273—279. https://
doi.org/10.1016/j.epsl.2008.10.019

Jung, H., Green, H. W, 2004. Experimental Faulting of Ser-
pentinite during Dehydration: Implications for Earth-
quakes, Seismic Low-Velocity Zones, and Anomalous
Hypocenter Distributions in Subduction Zones. Interna-
tional Geology Review, 46(12): 1089—1102. https://
doi.org/10.2747/0020-6814.46.12.1089

Jung, H., Karato, S, 2001. Water-Induced Fabric Transi-
tions in Olivine. Science, 293(5534): 1460—1463. https:
//doi.org/10.1126/science.1062235

Karato, S. I, 2012. On the Origin of the Asthenosphere.
Earth and Planetary Science Letters, 321/322: 95—
103. https://doi.org/10.1016/j.epsl.2012.01.001

Karato, S. 1., Riedel, M. R., Yuen, D. A, 2001. Rheologi-
cal Structure and Deformation of Subducted Slabs in the
Mantle Transition Zone: Implications for Mantle Circula-
tion and Deep Earthquakes. Physics of the Earth and
Planetary Interiors, 127(1/2/3/4): 83—108. https://
doi.org/10.1016/S0031-9201(01)00223-0

Karato, S., Rubie, D, 1997. Toward an Experimental Study of
Deep Mantle Rheology: a New Multianvil Sample As-
sembly for Deformation Studies under High Pressures and
Temperatures. Journal of Geophysical Research, 102:
20111—20122. https://doi.org/10.1029/97JB01732

Karato, S.I., 2008. Deformation of Earth Materials: An Intro-
duction to the Rheology of Solid Earth. Cambridge Uni-



2754 iR B 27

http://www .earth-science.net

A7 %

versity Press, Cambridge.

Kawakatsu, H., Yoshioka, S, 2011. Metastable Olivine
Wedge and Deep Dry Cold Slab beneath Southwest Ja-
pan. Earth and Planetary Science Letters, 303(1/2): 1—
10. https://doi.org/10.1016/j.epsl.2011.01.008

Kawazoe, T., Nishihara, Y., Ohuchi, T., et al., 2016.
Creep Strength of Ringwoodite Measured at Pressure -
Temperature Conditions of the Lower Part of the Mantle
Transition Zone Using a Deformation-DIA Apparatus.
Earth and Planetary Science Letters, 454: 10—19.
https://doi.org/10.1016/}.epsl.2016.08.011

Kelemen, P. B., Hirth, G, 2007. A Periodic Shear-Heating
Mechanism for Intermediate - Depth Earthquakes in the
Mantle. Nature, 446(7137): 787—790. https://doi.org/
10.1038/nature05717

Kie, T.T., Quan, S.Z., Hai, Y.Z., et al., 1989. Dilatancy,
Creep and Relaxation of Brittle Rocks Measured with
the 8000 kN Multipurpose Triaxial Apparatus. Physics
of the Earth and Planetary Interiors, 55(3/4): 335—
352. https://doi.org/10.1016/0031-9201(89)90081-2

Kirby, S., Stein, S., Okal, E., et al., 1996. Metastable
Mantle Phase Transformations and Deep Earthquakes in
Subducting Oceanic Lithosphere. Reviews of Geophys-
ics, 34: 261—306. https://doi.org/10.1029/96RG01050

Kohlstedt, D., Holtzman, B, 2009. Shearing Melt out of the
Earth: an Experimentalist's Perspective on the Influence
of Deformation on Melt Extraction. Annual Review of
Earth and Planetary Sciences, 37: 561—593. https://
doi.org/10.1146/ANNUREV.EARTH.031208.100104

Kohlstedt, D. L., Evans, B., Mackwell, S. J., 1995.
Strength of the Lithosphere: Constraints Imposed by
Laboratory Experiments. Journal of Geophysical Re-
search: Solid Earth, 100(B9): 17587 —17602.

Li, J., Shao, T., Song, M., et al., 2021. Low - Temperature
plasticity and Dislocation Creep of Fangshan Dolomite.
Journal of Geophysical Research: Solid FEarth, 126:
€2020JB021439. https://doi.org/10.1029/2020JB021439.

Li, L., Weidner, D., Raterron, P., et al., 2006. Deforma-
tion of Olivine at Mantle Pressure Using the D-DIA. Eu-
ropean Journal of Mineralogy, 18: 7—19.

Lidaka, T., Suetsugu, D, 1992. Seismological Evidence for
Metastable Olivine Inside a Subducting Slab. Nature, 356
(6370): 593—595. https://doi.org/10.1038/356593a0

Liu, G., Zhou, Y. S., Shi, Y. L., et al., 2017. Strength
Variation and Deformational Behavior in Anisotropic
Granitic Mylonites under High-Temperature and -Pres-
sure Conditions: an Experimental Study. Jowrnal of

Structural  Geology, 96: 21—34. https://doi. org/

10.1016/j.jsg.2017.01.003

Liu, G., Zhou, Y., He, C., et al., 2016. An Experimental
Study on Effect of Pre-Existing Fabric to Deformation of
Foliated Mylonite under High Temperature and Pres-
sure. Geological Jowrnal, 51(1): 92— 112.

Lockner, D., Byerlee, J, 1977. Acoustic Emission and
Creep in Rock at High Confining Pressure and Differen-
tial Stress. Bulletin of the Seismological Society of
America, 67: 247—258. https://doi.org/10.1016/0148-
9062 %2878 %2991004-5

Mei, S., Kohlstedt, D., 2000. Influence of Water on Plastic
Deformation of Olivine Aggregates: 1. Diffusion Creep
Regime. Journal of Geophysical Research: Solid Earth,
105: 21457—21469.

Mei, S., Suzuki, A.M., Kohlstedt, D.L., et al., 2010. Ex-
perimental Constraints on the Strength of the Lithospher-
ic Mantle. Journal of Geophysical Research: Solid
Earth, 115: B08204.

Merkel, S., Wenk, H.R., Shu, J., et al., 2002. Deformation
of Polycrystalline MgO at Pressures of the Lower Mantle.
Journal of Geophysical Research: Solid Earth, 107: 2271.

Mierdel, K., Keppler, H., Smyth, J. R., etal., 2007. Water
Solubility in Aluminous Orthopyroxene and the Origin of
Earth's Asthenosphere. Science, 315(5810): 364 —368.
https://doi.org/10.1126/science.1135422

Miyazaki, T., Sueyoshi, K., Hiraga, T, 2013. Olivine Crystals
Align during Diffusion Creep of Earth’ s Upper Mantle.
Nature, 502(7471): 321—326. https://doi.org/10.1038/
naturel2570

Mohiuddin, A., Karato, S. 1., Girard, J, 2020. Slab Weak-
ening during the Olivine to Ringwoodite Transition in
the Mantle. Nature Geoscience, 13(2): 170—174. https:
//doi.org/10.1038/s41561-019-0523-3

Nakajima, J., Tsuji, Y., Hasegawa, A., et al., 2009. To-
mographic Imaging of Hydrated Crust and Mantle in the
Subducting Pacific Slab beneath Hokkaido, Japan: Evi-
dence for Dehydration Embrittlement as a Cause of Intra-
slab Earthquakes. Gondwana Research, 16(3/4): 470—
481. https://doi.org/10.1016/j.gr.2008.12.010

Okazaki, K., Hirth, G, 2016. Dehydration of Lawsonite
could Directly Trigger Earthquakes in Subducting Oce-
anic Crust. Nazure, 530(7588): 81— 84. https://doi.org/
10.1038/nature16501

Omori, S., Komabayashi, T., Maruyama, S, 2004. Dehy-
dration and Earthquakes in the Subducting Slab: Empiri-
cal Link in Intermediate and Deep Seismic Zones. Phys-
ics of the Earth and Planetary Interiors, 146(1/2): 297—
311. https://doi.org/10.1016/j.pepi.2003.08.014



%8l

BT AE L ILU E  B R R PR S 2755

Paterson, M. S, 1970. A High-Pressure, High-Temperature
Apparatus for Rock Deformation. International Journal
of Rock Mechanics and Mining Sciences & Geomechan-
ics Abstracts, 7(5): 517—526. https://doi.org/10.1016/
0148-9062(70)90004-5

Paterson, M., 1990. Rock Deformation Experimentation. In:
Duba, A.G., Durham, W.B., Handin, J. W., eds.,
The Brittle-Ductile Transition in Rocks, American Geo-
physical Union, Washington, 187—194.

Peacock, S, 2001. Are the Lower Planes of Double Seismic
Zones Caused by Serpentine Dehydration in Subducting
Oceanic Mantle. Geology, 29: 299—302. https://doi.
org/10.1130/0091-7613 % 282001 % 29029 % 3C0299 % 3
AATLPOD3E2.0.CO % 3B2

Plimper, O., Botan, A., Los, C., et al., 2017. Fluid—
Driven Metamorphism of the Continental Crust Gov-
erned by Nanoscale Fluid Flow. Nature Geoscience, 10
(9): 685—690. https://doi.org/10.1038/nge03009

Poirier, J.P., 1985. Creep of Crystals: High-Temperature De-
formation Processes in Metals, Ceramics and Minerals.
Cambridge University Press, Cambridge.

Prieto, G.A., Florez, M., Barrett, S.A., et al., 2013. Seis-
mic Evidence for Thermal Runaway during Intermediate-
Depth Earthquake Rupture. Geophysical Research Let-
ters, 40: 6064 —6068.

Proctor, B., Hirth, G, 2015. Role of Pore Fluid Pressure on
Transient Strength Changes and Fabric Development
during Serpentine Dehydration at Mantle Conditions: Im-
plications for Subduction - Zone Seismicity. Earth and
Planetary Science Letters, 421: 1—12. https://doi.org/
10.1016/j.epsl.2015.03.040

Reali, R., van Orman, J. A., Pigott, J. S., et al., 2019.
The Role of Diffusion-Driven Pure Climb Creep on the
Rheology of Bridgmanite under Lower Mantle Condi-
tions. Scientific Reports, 9: 2053. https://doi. org/
10.1038/s41598-018-38449-8

Reynard, B., Nakajima, J., Kawakatsu, H, 2010. Earth-
quakes and Plastic Deformation of Anhydrous Slab Man-
tle in Double Wadat - Benioff Zones. Geophysical Re-
search Letters, 37:1.24309.

Schubnel, A., Brunet, F., Hilairet, N., et al., 2013. Deep-
Focus Earthquake Analogs Recorded at High Pressure
and Temperature in the Laboratory. Science, 341(6152):
1377—1380. https://doi.org/10.1126/science.1240206

Shen, Z., Zhan, Z., 2020. Metastable Olivine Wedge be-
neath the Japan Sea Imaged by Seismic Interferometry.
Geophysical Research Letters, 47: e2019GL085665.

Shao, T., Song, M., Li, J., et al., 2022a. Mechanical be-

Haviors of Intact Antigorite as Functions of Tempera-
ture: Faulting, Slow Stick-Slip and Stable Sliding. Jour-
nal of Structural Geology, 158:104579.https://doi.org/
10.1016/}.jsg.2022.104579

Shao, T., Song, M., Ma, X., et al., 2022b. Potential Link
between Antigorite Sehydration and Shallow Intermediate
~Depth Earthquakes in Hot Subduction Zones. American
Mineralogist. https://doi.org/102138/am-2021-8271

Shao, T., Zhou, Y., Song, M., et al., 2021. Deformation
of Antigorite and Its Geological Implications. Journal of
Geophysical Research: Solid Earth, 126. https://doi.
org/101029/2021JB021650.

Shi, F., Wang, Y., Yu, T., et al., 2018. Lower-Crustal
Earthquakes in Southern Tibet are Linked to Eclogitiza-
tion of Dry Metastable Granulite. Nature Communica-
tions, 9: 3483.

Shi, F., Zhang, J., Xia, G., et al., 2015. Rheology of
Mg,GeO, Olivine and Spinel Harzburgite: Implications
for Earth's Mantle Transition Zone. Geophysical Re-
search Letters, 42: 2212—2218. https://doi. org/
10.1002/2015G1.063316

Shi, Z.Q., Yu, Z.H., 1986. Development of 800t High Tem-
perature and High Pressure Servo Triaxial Rheometer.
Proceedings of the First Symposium on High Tempera-
ture and High Pressure Rock Mechanics, China Society
of Rock Mechanics and Engineering, Beijing(in Chinese).

Shiina, T., Nakajima, J., Matsuzawa, T., 2013. Seismic
Evidence for High Pore Pressures in the Oceanic Crust:
Implications for Fluid-Related Embrittlement. Geophysi-
cal Research Letters, 40: 2006 — 2010.

Sun, T.Z., 1989. Development of Solid Pressure Transmis-
sion Triaxial Rheometer. Abstracts of Papers of Institute
of Geophysics, Chinese Academy of Sciences and Insti-
tute of Geophysics, Beijing(in Chinese).

Song,M.,Shao, T.,Li,J.,et al., 2014. Experimental Study of
Deformation of Carrara Marble at High Pressure and High
Temperature. Acta Petrologica Sinica,30(2):589—586.

Tingle, T. N., Green, H. W., Young, T. E., et al., 1993.
Improvements to Griggs-Type Apparatus for Mechani-
cal Testing at High Pressures and Temperatures. Pure
and Applied Geophysics, 141(2/3/4): 523—543. https:
//doi.org/10.1007/BF 00998344

Trampert, J., van Heijst, H. J, 2002. Global Azimuthal An-
isotropy in the Transition Zone. Science, 296(5571):
1297—1299. https://doi.org/10.1126/science. 1070264

Tsuji, T., Tturrino, G.J, 2008. Velocity -Porosity Relation-
ships in Oceanic Basalt from Eastern Flank of the Juan

de Fuca Ridge: The Effect of Crack Closure on Seismic



2756 iR B 27

http://www .earth-science.net

A7 %

Velocity. Exploration Geophysics, 39(1): 41—51. https:
//doi.org/10.1071/EG08001

Tsujino, N., Nishihara, Y., Yamazaki, D., et al., 2016. Mantle
Dynamics Inferred from the Crystallographic Preferred
Orientation of Bridgmanite. Nazure,539:81—84.

Wang, Y. B., Durham, W., Getting, 1. C., et al., 2003.
The Deformation-DIA: a New Apparatus for High Tem-
perature Triaxial Deformation to Pressures up to 15
GPa. Review of Scientific Instruments, 74: 3002—3011.
https://doi.org/10.1063/1.1570948

Wang, Y. B., Hilairet, N., Dera, P, 2010. Recent Advanc-
es in High Pressure and Temperature Rheological Stud-
ies. Journal of Earth Science, 21(5): 495—516. https://
doi.org/10.1007/s12583-010-0124-y

Wang, Y. B., Zhu, L. P., Shi, F., etal., 2017. A Laborato-
ry Nanoseismological Study on Deep-Focus Earthquake
Micromechanics. Science Advances, 3(7): el601896.
https://doi.org/10.1126/sciadv.1601896

Wang, Y. F., Zhang, J. F., Jin, Z. M., et al., 2012. Mafic
Granulite Rheology: Implications for a Weak Continental
Lower Crust. Earth and Planetary Science Letters, 353/
354: 99—107. https://doi.org/10.1016/j.epsl.2012.08.004

Weidner, D.J., 1998. Rheological Studies at High Pressure.
Reviews in Mineralogy and Geochemistry, 37: 493—524.

Wen, D.P., Wang, Y.F., Zhang, J.F., etal., 2021. Rheolo~
gy of Felsic Granulite at High Temperature and High
Pressure. Journal of Geophysical Research: Solid
Earth, 126: €2020JB020966.

Wenk, H. R., Matthies, S., Hemley, R. J., et al., 2000.
The Plastic Deformation of Iron at Pressures of the
Earth’s Inner Core. Nature, 405(6790): 1044—1047.
https://doi.org/10.1038/35016558

Wu, X., Lin, J. F., Kaercher, P., etal., 2017. Seismic An-
isotropy of the D" Layer Induced by (001) Deformation
of Post-Perovskite. Nature Communications, 8: 14669.
https://doi.org/10.1038/ncomms14669

Xu, L. L., Mei, S. H., Dixon, N., etal., 2013. Effect of Water
on Rheological Properties of Garnet at High Temperatures
and Pressures. Earth and Planetary Science Letters, 379:
158—165. https://doi.org/10.1016/j.epsl.2013.08.002

Zhan, 7., 2020. Mechanisms and Implications of Deep Earth-
quakes. Annual Review of Earth and Planetary Scienc-
es, 48: 147—174.

Zhang, G., Mel, S., Song, M., 2020. Effect of Water on the
Dislocation Creep of Enstatite Aggregates at 300 MPa.
Geophysical Research Letters, 47: e2019GL085895.

Zhang, G., Mei, S., Song, M., et al., 2017. Diffusion
Creep of Enstatite at High Pressures under Hydrous
Conditions. Journal of Geophysical Research: Solid
Earth, 122: 7718—7728.

Zhang, J. F., Green, H. W. II, Bozhilov, K. N, 2006. Rhe-
ology of Omphacite at High Temperature and Pressure
and Significance of Its Lattice Preferred Orientations.
Earth and Planetary Science Letters, 246(3/4): 432—
443, https://doi.org/10.1016/j.epsl.2006.04.006

Zhang, J. F., Green, H. W., Bozhilov, K., et al., 2004.
Faulting Induced by Precipitation of Water at Grain
Boundaries in Hot Subducting Oceanic Crust. Nature, 428
(6983): 633—636. https://doi.org/10.1038/nature02475

Zhang, J.F., Jin, Z.M., 2013. Experimental Study on High
Temperature and High Pressure Rheology under Deep
Earth Conditions. In: Ding, Z.L., ed., Research Meth-
ods of Solid Earth Science. Scinece Press, Beijing,
995—1013(in Chinese).

Zhang, J.F., Ni, H.W., Yang, X.Z., et al., 2021. Progress
and Perspective of Experimental Geoscience in China
(2011—2020). Bulletin of Mineralogy, Petrology and
Geochemistry, 40(3): 597—609, 777(in Chinese with
English abstract).

Zhou, Y. S., Zhang, H. T., Yao, W. M., et al., 2017. An
Experimental Study on Creep of Partially Molten Granu-
lite under High Temperature and Wet Conditions. Jour-
nal of Asian Earth Sciences, 139: 15—29. https://doi.
org/10.1016/j.jseaes.2016.10.011

Zhou, Y., Rybacki, E., Wirth, R., et al., 2012. Creep of
Partially Molten Fine-Grained Gabbro under Dry Condi-
tions. Journal of Geophysical Research: Solid Earth,
117: B05204. https://doi.org/10.1029/ 2011JB008646.

Bt /32 5 % STk

A, TR, 1986. 800t i i & A iRk = b i AR A i wF i .
dbat P EAEA SRS TS B —JReiRe KA a7
2RISR U4 .

INKE, 1989. A AL i = Jhrat AR A A W . Jb o« v B2 B
HERYIFROEGE BT, i RN B IR YRS BT SO B

HAERE, SRR, 2013, M BRVEFRAC AR Y e il e F O AR 2 5
BAESE . UL T AL, g, B AR BRBE RSO L deat .
B A, 995—1013

TR, BUAER, B, 4, 2021, E S M R E AF S
Jé 55 R B2 (2011 —2020). 9 %5 A0 Hh R Ak 27 B 4, 40(3):
597—609, 777.



