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Abstract: Experimental mineral physics is one of the important branches of high-temperature and high-pressure experimental Earth
science. The primary objectives of experimental mineral physics are to in situ determine phase transition and the state equation,
conductivity, thermal conductivity and other physical properties for geomaterial (including minerals, rocks and melt/fluid) through high

~temperature and high-pressure experiments to simulate the physical and chemical environment inside the Earth. By using these available
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physical properties, it is crucial for understanding many important scientific problems related to the layered structure, chemical

composition and geodynamic process of the Earth. In this paper, the research history, recent progress and perspectives of experimental

mineral physics in the past twenty years are reviewed, and the future direction, key scientific problems and main challenges of this

discipline are also prospected.

Key words: experimental mineral physics; phase transition and equation of state; electrical conductivity; thermal conductivity; progress

and perspective; mineralogy.
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Wy AH L) . H T 1k P 38 0 R 0 TR 3 IR
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B N H R R EENTFBRZ — DA A
PRR M BR G 09 < BT, 0] DLV o o 3R A5 U ™
(9 ) B AN AL 2 T8 Pk 45 A b BR Y B RO R R
Hiy 5 WL, BE T A M SR DY B 4 R S M R
AT B G b [m] 27l 35k 1A 38 G i A7 773X — J KA
WrRk 2= A . e W] DL S Y S SR A A
2 S Bk fh 2 Bk P A (AL R S K
HLRG 27 VH A ) SRR 2R R Z R B R
IS B S G B 2 U R S R

BT HuBR N SRR 18 = 450 5 oy
Fig.1 Layered structure and composition of the Earth interior
PRl BRI 2 AR B (2014)
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2210 SR DA G, 20 20 50 4548 LART 3 2w &
TS WF 5T . AR 3 BR W) #E 2% % Oldham (1906) F1
Gutenberg (1913) 14 %¢ & B T s 4% I 1 5 #b Bk A%
JEWASNY, J5 2K Lehmann (1936) & 3 1E 58 1 [ {4
i Bk N A% B9 £ 7E . Murnaghan (1937) F Birch
(1938) Ay b4 BHFE o I 26 14 T B IR 4 AT 9 B 5 T 3
B Sl , Francis Birch F 1952 4F & £ T & F # BHIR
A4 & B AR % 8 S “Elasticity and the Constitu-
tion of the Earth’s Interior” (Birch, 1952). 20 42
70 AE AR LART 2 o e e R 52 50 i ) ) B R T 1 )
BB B T — KA A AW, 1% Bridgman, P.
W., Akimoto, S., Ringwood, A.E., & . iX — i} 1))
F A VAT R, — R R S R Y PR
R R 2 Bridgman, P.W. @57 1R B IE A9 48
— {3 e U R A I R T 3] Ml R R 2 4
TR bk T Y R e R A R, T A —
S I A Y s AT WA A 9 (Coes, 1953) (ARAT
41 (Ringwood , 1959) . i 47 % (Stishov and Popo-
va, 1961) . hcp #k (Takahashi and Bassett, 1964) i
R AE K — I U R Y R IR v S 5 B A AR A 1 AR
SR AR W S A R R S s S
B, 08 T IE A 14 R b 5T UL 4 R R ) B RCHE (R
G3) 2 b O ) A B TN AT i AR

20 T 22 70~90 4F AR A I iy il 5 Tk L I 6 M
B A B B[] 20 i S R AR A sk — I 300 gy 3
e i e R ATE T A B A 9 2E B ] R PL CDIA B
Kawai 1 K & 1A TR AL H 30 F0 4 WA e 6 42 AR Y i —
o SER T B A& A 5 T CAn TR BTk ) B H
|TRKERRE. KEKREVLE T R4 7 4 0 K 77 A
i B A X AR (<70 GPa, <2 500 °C), XiEH %
B 2 1l 5 | b o U Al TS b T R R S
A LR T X W A AR FR S T R RS R
RIS A S M, 52T 410 km 520 km 660 km
(i) BT TR ) 42 LA 2 P o 5 AR 3 S e B 5 O g
T 22 7E 19 BN PR BIL A | DT b R R 2 R & AT i
2 A% # T 36 B K F (Akimoto and Fujisawa,
1968; Ringwood, 1975; Ito and Takahashi, 1989;
Katsura ez al., 1998) , 878 T SL50 6 ) ) B 24 1) 5
filt . 4 WA P A AR 3 ek AN W 9/ 4 W A S il 65 T
AR, A5G B I E AR Kb ¥h e TR
JE 77 R0 B FRL 45 D A B RS S 2 b0 R R AR
17 WF 5 b K N ER Y B W v AT RE T H R X
TE R ) T Ay, LA AE B AN () R B AEAE I P o

T 1) AN X — M, B A 0 i AL AR 2 ol 5 A PR R
by 3R VR PN 0 A BRI R OGO 3R L 48 s A ) T B
TR AR A I 55 52 4 B T A PR A ) A L R R TG
B S B SIE 35 A S (Shim ez al, 20015 Lin et al,
2013).

HEA 21 28 LI, 25 i S 2 1) [] 2 6 X 40 A
AR AR SR AR O ER AR H
RASE T | A e TR S U0 AT 8K, Bl 2 B 4 4 WA AN 4l K
B G WA R A B, BB 58 KR HLR AR T4
MAEMS —ZRRG R ) EBR(~70 GPa) #i#] T 120 GPa
(Yamazaki and Tto, 2020) ,{HHA# & 5, HAjid A K
TR I . 55— T, 4 WA SR AR A A Tl )
K, B TR A B A B K 71 k1 ~700 GPa,
CL28) 12 Ho s R F s bz DL R R AT A
DAL B 4 B A 2 FRF 5 . BB B 4 WA T B 1
T B, A 4 H B 22 S B (7T 34 1000 °C) FIEOE
B (AT 35 ~6 000 °C LA L) 0] LA 5 48 4~ b 5 %5 Hhy
R — 1 25 LRI X 2 At o8 N Rt 76 R
W 4 Jie .

1 SEET Yy e kR PR S

BLOE 3 X 1 S5 1 4 ) B A B B 5E 0 S E
Bl 5 J 1), gk 2 A 20 28 70 AR DLUJS 3T 50 4F A
KRR . LT Y E kRS &R &R
S 7 AR U DA T vk ) i DR TR T AR AR
ARG SRR R e 70 AR AR R I LK TR
ARSI L R LI A R K A
B TSR Y B ST R R R R P T — R 5 b
7 450 1 TR R 2 TR L A R UL, SE B W B
2T LT BT A K S50 R & R 5 PR R 2
AR AR R P 3 T CRRO R H AR S Rk KRR R
SE A, AT R 12 4k Ak T4 S 4 . B AR R
R Z A PR 5 W ) 0 R 2 R BN i A K AL
ESSRNAE SIS IR R Sl e kN Y
] 5 50 00 3 1 5] 9 20 A AR DR 2 L ARORI) I b, Jo AFF 52
ST R 2 30 b 25 B 5 R0y L H AR AR R X R
S N [ I A NS = A 1 S i I NN
20 tt 22 70 AR AR TF IR, 3R s R v R S 06 i Y Y O
B e [ R 2 i K Ak 27 B 5 T O 0 AR F O LSRN
HEAT T XRME /Y 0 1 i B 2 00 4R R (s % L 1997).
T 52 56 1 A AT R B9 BRI L 2000 4F LA,
FE KB R AL & BE 8 18 B 0 e KR I AN 5
GPa, PRI B I b B )T AT X 3o T 548 17 4 1T TA
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. 2000 4F LA, 38 30 5| i S i i v e v e S5 5 i
&g B A E BB A5 AA, DL R 5
Hh e i L % 0 [ bR A 4R I e S g ) ) B
Caf VB LM,

W AR SR SE IR BT W ) B A OC 1Y R )
AL < (1) b 3K A B 4% K 43 CRe il oz KO IR AR 2
a5 oA, S HOGE g 4 ) B A R Y 52 (Pes-
lier et al., 2017; Xia et al., 2019; Zhang and Xia,
2021) 5 (2) T Hb W& 0 b 4% 09 W) B2 B 43 5 8 ) o 2
5 (AT B &5k s 5 Ak . 6w i e R S
55 W A B 5 R 8 A B I, 9 5 1) A
T AL TR A R A I R A S LI S 0 ) A A Y
AHAE | HL 2 PN S B S O 4 I s T
e F A L PR IR A 20 A 2 RS Ir B A ) b
AR A OG5 1 L HOR B AR R E
FERCR LA B T EBRRAT Iz B OGRS, S
TRy PR My 3R Ak 27 AR i R R R R R o AR Y R
TR T SRR . R TE AR X SE I ) ) B
HEMW3NSHHAERRE TR BFR MFER)
B AIF 5 IR R 34 A7 20 A 28 (AR SO 4 935 1 3
AR 7 T 0 P2 O DL AR I R R 5 — R SCE).
1.1 HETEMREFE

W) v s AH 728 2 b 35K TR 8 4 5T 916 BF 3 R A Y
TEYR Bl 7, S 40 1 Hb 3K PN R B 22 235 R Jo 2 B 1)
FEIRAZ — . R YA A Y S TR R
S AR S5 G, o FRATTHR 2R b ) B 2 A5 A ARt T
B S0 2 ] G M RR S I T O T B A Y
410 km F1 660 km ¥ b 4= Bk P 09 #7221, LA
N J5y 8 b XU 2] 4 520 ke M 52 AS 14 25 T, % R
MRS I 2 HORS 7 (Mg, Fe),SiO, (a #) 18] B 2% F
£ (8H) (Lebedev ez al., 2002), FL2E R 41 (BH1) 17
ARATLAE 7 (y AH) B AH 5% 45 (Saikia ez al., 2008) , L K&
J& R I A AR AR [ ARG A 53 i o A BL 45 2 A (Mg,
Fe) SiO, #1 8k J7 8 f1 (Mg, Fe) O] (Irifune et al.,
1998). fE b LAl £, AATHE M 410~660 km (1) Hb €
TR B2 30 LR AR Ay b 8 o 90 4, by RORE A 7 o R A (8
oy #) i 3T A7 S e R R — A R
JZ 5 4R A A A AR B 58 B E B AR R 67 (E L X 660
7y BUSL AL (4 P 5 e A H A BRLASAE L DR i R
T AL 38 WA B i A Sy I, A b g B ) A
Bl 8 2 OCE MM 6 . 7E 2003 4F Z 01,
AATIN R H R K 25 660~2 900 km T Hb & i) (Mg,
Fe)SiO, fl (Mg, Fe) O § ¥ 41 & AH X B3 | ke 2> A%

b SR, Bl A A = AR ) 20 SO IR Rk IX SR AE g

R AR AR T, DA RO I B 4 WA e o R R
(R B A T, E S 6 P BT R T R
FIIREE I AT LIS EOROR RSE R S 7 R iR = R T
HEAT AL . [ 2003 4F LUK, H BR IR0 ) B 2
MK T — R I ERER .

J& I3 A7 AHAS (Liu, 1976) , 8k i 7w Ik A ek
AR (Badro ez al., 2003; Lin ez al., 2005) LA K&
J5 45 K B A 28 (Murakami ez al., 2004 ) 24 4y B
S A M ER VRO 5 B = K AR A Rk . BT A
O I Hiu 2 45 4y A D R A A R F 5 R
JEAE R AR AL P R AT Y T G TF T Mg i) BF 5 —
MR A NA TR R RN R EL TR
I fit A0 AH 72 1 SE 3R F 5 b, SR T 8] 68 TR 0 A 2 )
J CAn 4 EAREE ) 49 2 0 A A8 R g 22 50 0T ik
¥ 3 GPa (Shim ez al., 2001), 1 1 GPa 14 T £ 30
ke A9 i R Rk R R M A B T R AT R ) A
RS T BE B W 5T (Fei et al., 2007; Tange et al.,
2010). E#H 09 F bRk 28 07 B2 A B T Fo AR e iR
52 06 445 R 5 i Bk ) BOUL I AR 45 A, A B A I R
TR Y P 2 45 40 S 1 A ) ) B AL 2 1 o

Badro et al.(2003, 2004 ) & #AEHL T 1 500 km
R PRAN IR BT 8k B A BLET 2 R R T
F HL - 235 46 0 e A e IR B R AR e 78, i AR A X
T ML R W ) AR 2 LA S
2004 4, P AN 5 1A BA 46 J5 # B T A 2 500 km J
TRA AT LA 2 1 R i TR AR AR 78 O I A5 Bk 0 4
A, XTI i e S ) e ok Ay UL A g i B AR
Ak % H A B E B 8 (Murakami ez al., 2004;
Oganov and Ono, 2004). 7E42 F R+ Z4EH 4
Bk L E A 5T 415 AR g 3 2 ) (Mg, Fe)
SiO F1 (Mg, Fe) O Wy AHAE DR 7 R S5 W b )8
PETT R i T FEAE . L [N 4 2 R R
2 141 A RN A 4% AT BA G R b 1 T R R 1A &R RNk
T BRI FBE AR AR PR A T R DL R R A3 AR A M T
FFRT — RIS TAE (Mao ez al., 20115 Wu et
al., 2016,2017). HHETZJ7 0] FOFFE AR BB, A OG
R KR SGE TR

T HLE YT AL (Mg, Fe)OJ7E ML T
1 000~1 800 km ¥ B 1 [l N ( K 2 40~80 GPa) , i
IR A 3 18 v A2 R, A S T A
(Fe,Mg),0.,X, Ho vt X A8 3% JLA5 IR 45 44 b I 77 1 42
KA AR (Liveral., 2021);(Mg,Fe)O 7E
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1 .800~2 900 km T4 i 8 7K J I Ak i & 4l (Mg, Fe)
0., BA 5 & & FeO, [R) #f 1Y 8 8 07 A1 7. J7 i 1A 45
Fy, Horp B & BT 53K 70 mol % (Hu ez al., 2021).
MgO, ¥iii JC 76~ Hiu 1 i B % 1 45 4 T A LURR & 7
1, £ W (Mg, Fe) O, 458 h i 8 & it vl fig & T 70~
90 mol% (Lobanov ez al., 2015). ¥ 80 GPa M DA
L B A FeO, M P B AL T i 74 A IR A, st
BRI A R R A 22 0L, BOT UE R &
MgO,-FeO, [ # & (Liu et al., 2019). h 1 0l W, 7€
WL B A ALY MEE R SR T b — B R T R
W & F fir X F — A AR T 5w, FE
(Fe,Mg),O.X fib A g5 44 v | B J5 7 X [ 5 31 22 1) 4
JRF 3 1 3B 43 R 22 D) 9 A AR B 4y 3
Y, S 307 7S E AU AT DUBRAE A AR 1 4 (Liu
etal., 2021). BiZE & J1 4= 2 80 GPall I, A+
Z[0] 9 AH BLAE 3G 58, 78 % & FeO, 2509 B il U8
X (Liu ez al., 2019). X P # & & M M,O,X
MO, 25 ¥4 v i] 75 40 8 5 R A7 e (MR 36 4 ) i
T XARRE R ), BN REAE T Mg vh )2 £ 7E

R T IR AF Y .
1.2 BEXE

W) A Y H T R S 6 A 5 i A AT 8 T
T BE R )RR B SR I E Y A A T
Ao R AR L TS () B SR Mk ) B S
B, L R AR R R AR, OO B 8 Y R B
B AR A Can gk gl oK CBUSE) CHA EE VR S S )
JBr CnoRE s S AR/ Sk Ak A &R &
it 5 o0 A e R U T, AT DL O B G Bk A 3
TRk (I M FEL R IV ) B 7 ) 2 A ) S R S G BN
s, 78 23 W0 B ARG IO 8 RUBE b % b 35k TR 358 14 47 24
b2 4500 CUMR B R ) VRGR ) V) T 4 R 7S )
JEAT AEHEAT AT A A0 . B S R 3 S 0 R
By E D, o 25 0 A U 1 (Hinze er al.,
1981) A3 42 % % (Yoshino ez al., 2006) i T Joi%
FBR AR AR A R S A S HL BH Y B i,
Vi B G A 4 5 28 U B 4703 1 (Roberts and Tybure-
zy, 1991, 1993) it A . 50 450 43 4 52 7k BHL T 15 12k 7T
AVRE A D23 JT I A it PN AS ) Pl ML AR 69 ik L pe
2 T [E AR AR O CELFE BP0 S 22 b RE ) T A — [
AT AR it LA KR /It AR R il 1 fL e 23 0 3

HR 8 K 2722 3 Katsura (1993) 38 i3 Nernst-Ein-
stern J7 BRTT S 42 Y« GO 9 | DLk B 908 X E A
Mi A 7K AT DAt 2 4 T H L SR Rk T 4

o I S I T AR 3 W S8 K AR 32 T 44 S B JEOK B W)
SRR B R AR B T REZH
ST YR TR oK S Z i E &R
(Huang et al., 2005; Wang et al., 2006; Yoshino ez
al., 2006, 2008, 2009; Dai and Karato, 2009;
Yang et al., 2011, 2012; Zhang et al., 2012,
2019a; Zhao and Yoshino, 2016) , 4% & Hh 3k 47 3 W
DS B ARG B T MR B2 B & K i Hrp R
PERY TAE < (1) J2 0 3 0% 5k 81 v] BB 5 /K it /Y A 55
(Huang et al., 2005; Yoshino ez al., 2008) , {H J& i
70 52 56 45 SRR 28 B, R 3k A 7K 2 i A TR AR
25 (2) 45 5 53 % 3 0 4 ) v, 5 S35 0 52 ) LA R X b
b R R R i TR S D= AN <2 b ST S B
2 X TCKE Y S R R AN Bl L e
al. (2017)H3E T F X 4 2= BRS04 THE
R FAERERRER O W) h 245G 5 HR MM ER
(3) & F %45 Xm0 ) 4 0 T R Hfb & R
A IR VEUGRE A B O B A RR S
) HEAT TR B S R S AF 5T (Dai er al.,
2008; Yoshino ez al., 2011, 2017; Yoshino and Kat-
sura, 2013; Guo and Yoshino, 2014; Liu ef al.,
2021; Zhang and Xia, 2021; Zhang et al., 2021) ,{fi
FEAT AT LA I A b o R b 3K P A 2 R S Bk
FRAT

HY T S RO B i M Y s ) B AR R
S, H 5 R AL I 3 Bl TR I 9T« (1) ik IR 6 M Bk
1% b 45 A X 42 2 i 5 8 1 52 ) (Roberts and Tybur-
czy, 1999; Yoshino ez al., 2010) ; (2) & K5 ¥y &Y I
K il B R HE X 4 LS R R W (Manthilake ez
al., 2015, 2016; Chen er al., 2018) ;(3) & S ¥
TE 3 K A S A A % P S a2 e 1 R HG 5 R )
Z [8] B 5 %8 (Yoshino ez al., 2004; Yamazaki et al.,
2014) 5 (4) J9URE 11 5 W 158 7 i i) RUJE b 9 78 1
(Yoshino and Noritake, 2011; Zhang and Yoshino,
2017). JLAF R B B AR R HE AL, O 220 LATE & I 5
JE R XS 55 KW /i A LA B [ — i (% M) IR R AT
5 R JF AL (N ez al., 2011; Shimojuku ez al.,
2012; Guo et al., 2015, 2016; Sun er al., 2020) ,1R
U 3 20 o7 FE 08 KR b T R S R B/ AR
B Rk % NI Ny Py 8 TR TS | S C A
Ji AN ) S R A T A3 RORE S H S R A ) e
(Zhang et al., 2014; Zhang and Yoshino, 2020) ,iiF
W 59 A8 T8 2% A1 T 0 0 A R ] 43 A S R KCF- T B
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L U B P B L R A ) M R A

Zi bR 204EE R KRBT S Y S/
VAR R AR TR SR R AR
7 e A RS S & S S AT AN IV E L i
S 2 2 PN A K R B AR R A TR S, H I I A AE
PLTR [ s (1) R B A FE AL 1) 52 56 3t L 1 ) ok 7
5 A b BRGS0, O A R S R
JE 77 HJR B AT Hiy 0 T35 A T R 2% 14 (Y oshino er
al., 2016). B AR 4 NI IS BOR H i 5 s Be %
WA D” 25 855K 19 fL 58 (Ohta ez al., 2008) ,{H
SRR MR 2SR K I, R T g )
R R DL K AR B S AL (Fed er
al., 2020) i AH SCHIF 8 AR 1 55 , HL &= HAZ ) 4H 76 AH
K R W S50 B4 (Zhuang ez al., 2021) 5 (2) 4%
W 5% /N 21 52 56 B4 A7 A8 W1 W 22 5 (Huang et al.,
2005; Yoshino ez al., 2008) , H:Js A # AS BH b7 , T 1)
A AA S 5 B L A TR AE 5 (3) AE X & K ) DA K
B K 24 SC 1 TE KT RS R S B B 5 R
FHE S bR TC 4R AL 25 B IR BT, S R S AR
AR AE AR K R BE SRR S8 A, 5 B i ok R R
AE AR U B 0 L IS 43 JBE K B 42 (Y oshino and Kat-
sura, 2009; Guo et al., 2013) , 5% W WL I %5 &5 U6 B
B 5T 3 F B R S e G SR Y ME R T
1.3 #EX

AL TR AR P AR B4 HoAE Bk 1
IR AL R R R R R T B OCHEER
YEF . R, WF 5% M BR 6 20 1 A v TR R T R 3R
e SRR (s P 32 I TR BORN LU AR 55 ) L X
T FRATT A bl Bk S ) ) AR Bl ) AR R R B
BF 28 56 22T Ml ARORE J3 R0 b g S PR A 2 T 6 AR
PRV H) A% 43 S AR AR ol ) b A R A L
AR ST 404k B I R S R 1Y
TR R BT e 2 R B R I A U
T R AP B (Beck ez al., 1978) \HOEHEE (Chai
etal., 1996) \JE WG 1L (Xu ez al., 2004) ik vpfin
ik (Osako e al., 2004) |3k #4525 7% (Hsieh et
al., 2009) 5 , S W5 Hb 2K A0 04 XoF S0 TR 285 R # 7 i
Pl 4R AL 7 R B AT AR Y SE e Rl L An L 25 S e Rl
T ) A e R B AR RO Wk vb in R vk K T e
BRI ARSI B H R E 4R K B M Bk A e T A IR R
% 1 (~130 GPa, ~3 200 °C) (Konopkova ez al.,
2016) . F TR A4 He AL 4 fe U 24 S D00 o, HC 0 35
FE 3 A2 90 A AR Y L b R F) (~9 GPa,

180 km ¥R J# ) (Katsura, 1995) K i 41 FF 51 1 8 3:1
H AR R S (~20 GPa, 600 km ¥ J¥) (Xu et al.,
2004). FI X B HOR F-Be, HA RS T R E T 9
(3 T JR BOR B B B0, S FRATTHR R M sk TR 1)
FROBE P R0 T Y IR A i AR T Y e R A

PR B, 35 B ek R AR e AL AN 43 WA ok
FF Jre b 3K R ) RE TR ER W) R S A VBRS a DUE
S5 i AH Y BT 30 R B AR B R TR R R S e
i R R T O A R ML ) A T I e S R ik b
IR A F R G 8 W] B AR A5 = IR = R T AR SR
Y HR B . BT 1% 40 i ik Ab 425 TOURG R 08 B4 Y
JE 7736 F A GA 3T Mg o 5 6 e ) 4k A (<70
GPa) , X IZ Jr 25 4 vh 76 I 4 1 5e b b 0 b i
I AT A RE R ER A A RN AR S A O L BL 2K R
£ AR AR f5 7 (Katsura, 1995; Xu et al., 2004;
Zhang et al., 2019b, 2019¢) . # 1 (Wang et al.,
2014) 1 8 41 (Osako et al., 2004) K £ (Xiong et
al., 2021) . 4€ 54 7 (Miao et al., 2014; Fu et al.,
2019) MM 4 (Ge er al., 2021) ik 2 £h 3% 3 (Kat-
sura, 1993) 4% . L F 4 NI R i 9 #4560 & 32 %2
AL FEHOE I Ik o PG B R R B E A L BT
G WA JE B RE /0N TBOR T 4 s P A T A 80 1
S PRI o A T ) AR SRR B B R A
A W (Beck ez al., 2007). I 4F 3k [ & 785 v g
W 5% Bt 1) i SO A 5% B3 1A BA 30T T8 4 WA e
55 B Sl A R S VR A 2 AT G g Y 32 B O R
T & E T A RS & (Hsieh ez al., 2009; Chang er
al., 2017; Marzotto et al., 2020). Jt H 2t {78
Wi 5 KON A AT R, IR R T R TE
JEF fb 35 B AR AE IR AR 0 ) 00 B A% R S A IR AR
P B A L BR RS A T Ak DL R IR bl B b AR A
f1% 38 i AR A2 42 At TR 19 S8 B% (Chang er al., 2017).
P T B 3 AR S S 1 S R P R 3R T 4 B 2
XoF 0 R R AR b ke U R ) IR AR R B R S
A9 T I A T 1 S BORE i 3R T 7 AR AR KR 1 BB B
PR st B i A 3 A s S i e JR BRI R
A IR Y SR

FE 1R AR A A AL W T Bk 09 B IR A AE R b 2y
KAEMAE (Lin et al., 2013) , 5 BURE R $h 5 9 1 #4
JEi o e e U 1 G O SR T 7/
A A2 A B A A S R T ORI
FL A #4500 £ S B A T Hb g T2 35 X 3% (Manthilake
et al., 2011), Joik K BBk IR 25 09 2028 3T 67 )
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WG REH R . A, S5 A A WA S 1 B s A
S5k BUOAR AT H R HEAT B IR S 2 B (Ohta et
al., 2012; Hsieh ez al., 2017, 2018) ,{H 2 fE fi% 5 I
i 1 L 1 45 (~130 GPa) , Wi 48 7 75 Bk
WA T Hu Y BT 58 A8 | a0 S P 2 B I X
TR b Y B3 03 A LA R 48 7R T b i 00 ) %)
49 5 U0 I AV A R AR A A DR R A ke ) i
B 1E ] (Hsieh ez al., 2017, 2018).

WA RO RG SN, HR R ET
YA i Bk & L BL A B Fe /MEL 2 B E AR R
FEFE W) JT0 T T A DT PR A 1) A 5 R4 0 R 1Y) OC
Z 8 (Bulfett ez al., 2000). 42 9 5t 1¥) 155 35 55 HE #4
S I T S S b KR 2 A9 9 A A SRR M
it A AR R R B O i L O 4 WA R
SR FH W 55 Y3506 o Ak R e, BRI 3k 5 . 0 R R ik o
WOGAE R T B i L AR A A R TR TR
I3 A F S 2 8 (Konopkova er al., 20165 Hsieh ez
al., 2020) , H:25 5L 5 5 05 08I (%) #E 18 A5 W1 & (Poz-
zo et al., 2012) ;1 J5 44 76 & H IR T & 2k — 822
JCER A A 0 L BH AR i A 2 — o ) 2% A A 2 AR
5 S R # (Gomi and Hirose, 2015; Ohta ez al.,
2016) , Hoa5 R 530 i A 45 AR & . H R A
S 7 % I A A R A AE B B 43 B 8Os
MEARMBEWNE R ITRAENMSEEEMRT
F, L0 £ 19 5 A 25 R il D3k A 43 R T T A b A
1) AT P 0 b 35K 0 37 YA, 48 s A A R I R S R
AP S FUN X KA = SIS N AL N S i
W2 TAE .

IR =STPUN =N =W S SN R B
B Py i S 50 B0 Y S I R AT £
[F] A, b T A 0 BT S0 o T b I
JESA A AR R B 22 8, T 5] A SE ik 9 & IR R
WA= g A YK 2 5 &R A TAS
Al DI R A ML RS LA R 5 b B A F 31 ~120
GPa(Yamazaki and Ito, 2020) ;5] AZME M4 A
AL RLCKS 4 WA R B R 0L AR R B )
~1 000 °C (Mao et al., 2012). 5 4k, #5440 % Fi bt
B AT LA SE i 75 3R B8 Y R R, AT R e A ) 1 R
SR . BB B R T A i SRS K T A
(Chang et al., 2017; Zhang et al., 2019b; Marzotto
et al., 2020) , & T 143 A2 Ak UKL /N DL K S0 2
PO AR Y/ E R R e w1 =0 W\ R 7/ 2
S A SRy PR AE R R IR BRI KX T IS R AL

) 3 k1 FH 7 5 Tl 2 A I KR R R ik . X
L ] 8 Ay R R TT R Mg Y B S B T AR SR AL T
JELHE RN 5 1) . O T M A i IS A 5, H AT BF 5 6
G Jry BR AR T B 1 R bk A FNERER & 4, IR TR A Ok %
B R T HMBE I TE, hinE &, ULZ A&
1A Z2 X T Hb A% ) 5 B R T 1 R L R R R R
B P AR I i — 25 e 2F 4 WA R B B R Y
WU, ST B RN M A T R L R R A
R AR AT

25 BT 7R it R A LA 4E b a2 R
KM AR FE ML AN 42 WA R 5 S0 50 % 4, R 45 A TR 4B
8 G o U A A5 P AT T 2 B R T BBk R ) T 1Y
FHAE GRS D7 R RS I R A B ) o
IO A T F R (R R IR £ K
TR MR R )R R R AR R L RE A PR AR L 4
W7 s B o A 19 s T 3 P S 0 B0l L R E i
OB AL B G TR RE A% 3k B 1) R Y B R A
B (<<70 GPa). ARz , f 9K 4 W A1 R 1 RE % 34 31
1o R 7 AFLR R i s B /0 L R D o R 25 KL ROk
— 7 1T EAE R AR R ML 5] A B4 4 NI A il
VB R 9 T00RG K 50 58 K 7 BR A 1F 30 808 i A~
135 GPa; 5 —J7 I , 5 B2 4 WA 1 in # sk ok i
H AR HE— 28 58 3% R /N R B LU BB 6%
A R T b e K b A% 0 B 1 40 0 0 B T
5 e [R] BF, 8 R 2 I R b T /AR R KR AR L R
(IR E R N TR X Y NN =R X NI N TR N )
U 43 Jeis Tl A R S b g B 2 b A Sk 1 R W R L4
K A3 A HL R A R AR Y B T S R Y
XS EAT AW ) BT 5T ) S A

B & o T R S o 5 AL D R R
VT S A, ML 5 i TR A 2 0 s 3y 3O I 4% SR £ ik —
AR YR FUR 20 Ak, YT S8 I T B
IR & R R (1) 40 Bk i RS B R 225Kk
M, K oK nanoSIMS L FIB 28 BLAR i 2 £ A 26 A
A D (2)WF 58 9 25 TEFEAR A3 BN T 32 A A, K )
SRh 2 H] 0 38 SRl AN T R T AR A A IRIE T
WG IR WG — 007 10 k& (3) 1T 2R
25T 7 ] 0E 2 AR R B AV R AR (4) = i
o FE ST 56 b R} 2 7 A e = A (R A b B 7
Ji) SR (BRI R BRI R R A E B
AT R R

2 SR AT B R OR Ok AR YOG
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R} ] LS P K

21 HAREE

b BK PR B e IR R RN A A 2R B (A
Ap IR TT R CHL R B RS ) A B A
ORI T fife b 35k P9 350 VL U2 485 40 W o 40 B IR S LBl )
2 SR 2 () f A 288, R IR I R R M Bk
PRI 25 S, 38 1o 008 A58 LS T b sk R Bl ) A
T 2 BT W A R0 A B AN 4 S R T Y S Rl E S
AT L2 S8

6 HE 1 e I R S 0 RS DT B 0 R AL 0 o
AR XS HE 2 b 3k TR ER Y o PR S R R TR AR ST R
B 7R OCE B A YA IR e S R R A
TERR b F R WA SRR A, — R S
S e RS Y IR BE LR ) DA RO R B R S
] . F A R s A e WL 8 < 3 e £ 455 — G Ty
Al LAk 2] 70 GPa, ffi ke 45 4 NIl A & K] LUk 3
120 GPa (Yamazaki and Ito, 2020) , A i i J& 4 %}
#B LI (<2 500 °C) (& 2a) . 42 Wl £ e I 78 % il
AL LA # b0 JR F7 364 GPa, {H J2 [ i 52 B i
Fl i FEAT SR A AEAR KA H AR PR . R AN A AR
T 1R IR EE BE % 3K E) 1 000 °C. i FH 380 hn 44 4 A A
% 1% $) ~5 800 °C B LA 1 (P 2b) , {5 S I B2 45 5 A
T R 22 AR K, O B AR M i ] O . 2
e U 1 S 5 R 5 TR A 43 B I B R 1 i — 2
Rl . N e T R VAR B TR R R A o R R R T
RE &4 Z M AR Ak 3 R IR R B &R JT R IR
fe R R AT A D o7 S B e Ry S M R R A
B L R D Il 4 WA R S A [R5 AR S Y
1 Z TGS BT H AR WSS O & T A B2 &

D7 TS5 AF BRI, 78 R e AL b I T D o D0 475 A o
— Bk BN B 6] 28 R OGRS & B R AR L
e R S 0 2l g S R R K T MR L R SR B
FIANWT T, B S ] 2R/ DTG e A5 b 3K
BB T A b L PR X A ) i B A A B
JT CHHAR GRS AR S 8 R R A ) (19 S A7 I 4
FOR TG ZHE— 20 e AR AL (] I A3 55 AN W T A3
Y SEE 5 ik

22 XEHRFEHA

by BR R0 H A AT B AR R DL K R Y 3 AT AL
S b R BE 2% 4 0 DA ke 5 22 (0] 24 Y BEAS B A [R) . 28
G AR R R B e I S R S 0 B R R A
DR AR BN W 20 Rl 2 i s RS E S
] 2L 5 SO IR Y B A5 S SR T W) ) BAE X
FC b | 0 A ) R A I CRE AR IR
SO SR MGERE)CERA TERERE.
SR 7E M BR T CRe ) 2 T b 08 70 %) 5 97 2% 1)
17 RO, B T S BOR T BRI L AT A
1R 22 E SRR 27 0] R 1 A ok (E I AN Ja) R T 5
[F] )

(1) Hby 5T 3 AR s A 0 8 43 425 il o ) ) B Ak
SV BT e G b BT RN, R 0 S R TR /T AR 1
JRAT B 5 A3 AT G T b 3K TR — L6 T Hb Bk )
P2 UL 5L A i R S, b an b i i (400 km)
FIT 30 8% T (700 k) 9 45 5 w5 S 57, K89 D)
% # 4 (large low shear velocity provinces, fij &
LLSVPs) 5 i# Ik % [X (ultralow velocity zones, fij #
ULVZs) B A 55

(2)F Mo i o3 (454 5 3 g Sk B A 4 R

K2 (a)REEMHEDL(large volume press, i #X LVP)FI(b) 4 WA (diamond anvil cell, i #x DAC) & % 35 2 19 i 18 [
Fig.2 Pressure and temperature ranges for (a) large volume press (LVP) and (b) diamond anvil cell (DAC)
#i% Yamazaki and Ito(2020)
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PRRR P ) 0T TE R AT b S5 T B W AL A
DA KT M W % BRAY BT A 40 Phase H . FeO,Hx %5 5
R A5 e BT 5

(3) PN A% W Jot 20 1 A 8 T 24 ok B R T R Y
FRSE Frf g3 TE 45 6 N A% ) BV BT Y 52 i (Hiro-
seetal., 2021; Lv and Liu, 2022), Lk K& N AMZ Y
A 4 FIRE HE A% 32 1) 22 RN

(4) FEHb AT B AT R VK AT AL 1Y 9 5 41 A%
FIN EBE5HE .
2.3 FEMR T [E RS KBS

BE Xt bR 4R B A 56 T b BR N AT A2 N R A
BB R B 2 R R RN T Ak AR AR R 2 )
Tk 7R R S5 B R Ok i 32 B O O 1) A 4E AR
AR
231 REHIEEZEHETHRE BEMBSBRE R
BRI E T & AR R PR A S DA M SR A M R
DI, ¥ 2 43 388 3 40 ) A 8 R K R 0 L L R
S — RN AL E SRR E TR/ R
b Th i R v A 5 b e B kA K Ak R A R
AR A B 23 51 J b e 82 1 350 43 425 il , e ¢ 3 2ok
A s el me & 5 7 SR [l 3 L 55— 5 i, 4
FE I 43 T BE WU OB 54 2 AT L 2 T e,
26 107 oK T AR 2 1 1 B8 N AL 5 B (Hu er al.
2016). FH T Hb BT AR /U AR CEF K U A4 L TR 0 1A
e TR 46 05 A LB Ak s IR L 4 T A A LB I AL O A
A ) 2 Hb Bk TR I 52 4 AR AL 8 Y EE ARk,
WL 2 B 4540 RS TR B SR T REY
PR 5, A Bl T G b B BR P S A 5 A 4
B 123 B (Ni ez al., 2015) , fif T b 72 2% ALK H
F, 200 000 45 2R, 4 i) 2 ) B LLSVPs \ULVZs 1 D"
J2 B
232 THIEBTYHNBESRMHKSEEYHEN=
H BT 2 A 4 WA R 85 (DAC) [T LLJT 2 3 5 H O R
37 BB (A S 5 8 5 v ) 1 v e s R S {H
i T DAC SE56 e /N B B KSR, W S
KIEEEILLVP) L 45 R A — 5. BIRLVP et
TR DAC Y FRE , {H 2 iy T 55 50 5 AR 30, >4 i 7E
LVP b A8 JF J& T~ Hb s o 358 35 R 45 4 (<70
GPa, 2500 °C), fi BL& & A1 2k B A A H Al R
AH B 5 R A 2 (Yoshino e al., 20165 Fei er
al., 2017) , 3 A K H BR i 7 FATTFRIBCT b TR )
JOT 1 B T . R ok T R B A 4 NI A A
fili F T b W Mk W AR ) 120 GPa W R )

(Yamazaki and Ito, 2020) , £ 2 5 & . [6] B A 55 75
K4y (CVH N ZE ) TE T Hb i 0% %5 i 32 5 i 6 109 s T
R R SE IS R, R g 2% 4 R % /K A Phase H,
FeO,H, AW AHAS RS F R B SR AR, DK
2R 53X 24 L ETEoKW Y, A BLAT 2 A Bk B
A EHEEA CaSIOAF AR RS TR B SR A
p RN A I
2.3.3 LIPs.LLSVPs.ULVZsFAD"ERHRE K
k48 (large igneous provinces, LIPs) & B % B
B (<1~2FTF) B (>H 0 km) B kB &
IR AT LY 2 M 3K PN R e R Bl 7 b 3R B R AT
BB . LIPs (19 B A — 1 DR 2 i sk B} 2 L e 2
G ER B —, GF¥E NN LIPsATRES T
Hby 1 i FF LLSVPs %% U1 AH ¢ (Liu e al., 2017).
FH M52 2 AT SR CRE 5 2 VO B 25 4 ) X T M g
LLSVPs 58 B 7E AL E K/ JE IR 58 JE 38 i
T e R S A s ER A2 B ER Y PR b ER
Bl ) 5 A R 5E 7 iR 45 A R R I [R R 5E LLSVPs )
SR THT ek B DR Bk < 7K Xk b 1 6T 3 9 B X i LLSV Ps
W RS A 4 7LLSVPs TE 2 KFefE FARRET
FRE IR A3 A R X T M, DL RS Rl B M ) R T
&4 (Garnero and McNamara, 2008)?LLSVPs fiy
B Y N HE A f Bt o B R] 7 8 A 7 LLS VPs 2R R T
FE BRI 5 T R RS T A5 R R R e AT S
A A AR b B 45 ¥4 21 1LSV Ps 15 3 A~ 3 BR isf ] 4
SR AR [ S A TR b e e G R OE 27 R BT
o R AR A DR AR 25 4 7

WA, T b S B R IR T (UL V Zs ) 42 T 4F
ok [ PR b 2 0 58 i A5 . ULVZs 5 LLSVPs #Y 56
Z A4 (K3) 27K AE ULV Zs i KR #4310 i 5
FITE A v 473 VA A 002 A 4 7 B KO PR TE g S
f R CAn 8 BE 8 RE ) FNAT A CAn A IR S (454
HAFENE) X ULVZs f1 D"J2 45 ) 5P 10 52 17 73
SO T R AR Y R 2 ) A
234 MM ZURABRREWENE 75
NI BE AR 1R, 3045 43728 Ak X 4 e Bk R AR
AR RS TR AR AR R B NAME R TR
F 2 St AR 2 5 W B PN A A% W) Jo A 4 A A% 88 X
AR AR 2 | 3K 3 T8 104 5 i (Konopkova er
al., 2016) ; B & A [F] B3 T PN A% 300 5 B4 6 A0 25 44
IR N A KR
235 TEYRARMHERT RSHEMNFF#
I 50 2 & [ s 3 At AF 9% 22 — L DA A L 1Y 45 4
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Fig.3 Structure and geodynamics of the lower mantle

& Garnero and McNamara(2008)

A 5T 20 B, TA PR BH 2R 2% 28 SR AR R BH &R R I K
SARH . SERMATE/ DR FERHERET YA
WAF L, UARR KRERA BEEAE FHENEN
SEITRMKATRUL BRNTESAHRKERA .
KR B ER (KCL, NaCl) %4 5, Hoi B aT DL
RKIMAF T 200 °C BB B2 1S 0 b 14 1< 20500 &
(Guillot, 2005; Journaux et al., 2017; Helled et
al., 2020). L, 765 ) B B9 IR R AR AR E ), B A
A N 22 73 1 W) Jo 2H R, 3 5 S 3 A oy ek R £R
ViR EtiT 2/ TR CKE &8 HKE) X
SITREORE £ES)MKITE(RERE BT,
HERS)NE (R K H B RS ) 14
MR AR RS TR SR AR Rt
AR, 2 RN PR axX SE 4T BN T Y ) o 2H K
Bl )2 &5 A4 R Y AR AL ) 1Y T T B, S 48 s N R HE
A A RN KR A ALY G (Guillot, 20055 Journaux
et al., 2017; Helled er al., 2020; Stevenson,
2020). AR, AT B SCHE 2F In) LAY fif TR oK R 5
I FH My sk ) B 2 SIEEG T ) ) B A SIS Bk AL
S5 A 22 A5 2 2 B A U o ik 5 T B

B AP B K F (R F FHEHELA
FHRREFALRHEBAR, HEE L FRASNSAL
R T HWGEEIL, R — S EH
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