Fa3E oW A OA U W ¥ R E Vol. 43, No. 2. 427~449
2024 4F 3 H ACTA PETROLOGICA ET MINERALOGICA Mar. , 2024

Doi; 10.20086/j. cnki. yskw. 2024. 0211

KRAEESA: *HP TR B ET R
FFAE S B 4

/S A =
(1. HARGEHEIBIR S ) F i L=, P EM R EBE EHFT T, 650 100037; 2. A E T K4 (Jha)
HERELA SRS BE, st 100083)

W OE. ECHT WA A R, BN Y s iR R R E e AR K, X T B0 e 8UA 1Y R TR R S A
PRIXE . AR SCE T I A AU vk B T BRI RE BE A 2 I S0 4 08 & R 28 B R AR R 0 . AR S 40
WL, 1355 3.0~3.5 GPa 44T ,600~ 700°C 78 il N ¥ AESRORLRE 6 A1 19 A BUBRRE , U IRk DA (e R T
3.0~3.5 GPa &M FARERR A ; IR & T 750°C  BRLRESE A T IR/ HEIH R, EFHRRRESEAMIET] LR, T
TG AAF TR ARSI I ARAG . BB Je TERI RS A B, WE TR REBE A TH 2%, A8 VIR BV R K,
XTSEIG R SO S R I, A AR BB RE B B B A R A Bl ER A AR LG X SIS A 5 A AR
SRR B IS — 3, ARE S AT, B FaxX 3 250 W Z5 A AR Bk | SRRk R B A SO A 8 BB A% A
MG ; B TR TH i AR REBE A DA s 2 5 R /e S b, L S R 2O s . BORIREEE A IS &
B TR R 5 A ARIRAR AT R RE B A AR08, A AR R AR B R EE B A, IR R RE B A L R R RE B
RS  RTE R E T BRI B A B /B I, ALV RE BE A R B TR A REBE G S8R B4 B iR A1, Bk
EEAATE , L iR U A R A skl R e B A b, ISR 3R W, ROk R BE A e TR IR = T 45 1, i H0H
AR hly e A B A B AR . [RIAS R A 0 5 A 2 W T B R BE A 0 W o o R A8 T A R 9 478, AT SR A0
Tl R M AR I B L AR AT

RSB i e TR MRS BORLREEE AT BRRMEEE A s AR R

FRE 5K S P58S. 348 XERERIRAG . A XEHES: 1000-6524(2024) 02-0427-23

Ti-chondrodite: A diagnostic mineral of ultra-high pressure metamorphism
for serpentinites in cold subduction zones
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Abstract: The simple mineral assemblage of serpentinite and the extensive thermobaric stability range of its primary
mineral, serpentine, pose challenges in determining the thermobaric conditions of the serpentinite. This paper
addresses this issue by utilizing high-pressure experiments, establishing that Ti-chondrodite serves as a diagnostic
mineral for serpentinite undergoing ultra-high pressure metamorphism. Based on experimental observations,
Ti-chondrodite is found to form within the temperature range of 600~700°C, reaching pressures of 3.0~3.5 GPa,
signifying its stability at pressures exceeding 3.0~3.5 GPa. However, temperatures above 750°C lead to a gradual
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reduction and eventual disappearance of Ti-chondrodite. The experimental conditions define the determination of the
upper pressure limit for Ti-chondrodite. Ti-clinohumite typically forms earlier than Ti-chondrodite and persists lon-
ger, exhibiting a broader range of stability. In this experiment, a noteworthy observation is the intergrowth of Ti-
chondrodite, Ti-clinohumite, and olivine. The observed phenomena in this experiment align with natural occur-
rences. Under the conditions of low temperature and high pressure, due to the similarity of the structure of these
three types of minerals, Ti-clinohumite and olivine usually appear each other’s nuclear edge. With the increase of
temperature , Ti-clinohumite appears in olivine as patches or lamellae until it finally decomposes. The appearance of
Ti-chondrodite depends on the temperature and pressure; under the conditions of low temperatures and low pres-
sures, Ti-chondrodite is unstable and decomposes into Ti-clinohumite, then the phenomenon of Ti-chondrodite coa-
ted with Ti-clinohumite appeares; under the conditions of low temperatures and high pressures, the Ti-chondrodite
becomes stable, and the Ti-chondrodite develops on the edge of Ti-clinohumite; at high temperatures, Ti-chon-
drodite is unstable and exists in the form of lamellae in olivine or Ti-clinohumite. This study establishes Ti-chon-
drodite as an indicator of ultrahigh-pressure metamorphism for serpentinites in cold subduction zones. Detailed pet-
rographic investigations elucidate the behavior of titanium-humite minerals during the metamorphic process, offering
a theoretical foundation for the examination of ultramafic rock metamorphism.
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AR RAEA, T AHE B A 1088 E B 3 B AR 5 I
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Fig. 1 Stability field of clinohumite and chondrodite in the
MSH system (after Shen Tingting et al. , 2016)
PR TRANER MSH KRN Perplex ITRMMSER 21 A SRL (LT
Wunder( 1998) BYSZEG 255, W AL 2% Yamamoto F1 Akimoto
(1977) W SEIREEIL ; 2 0, 2453 01R3R Engi Fl Lindsley (1980)
(E&L, 80)Fll Weiss(1997) (W, 97) FYSH45 2R . M4 Wunder
(1998) FY SR EE R | 4 0 X BRARFORIRE BE A7 AR E 1 ) €8 DX
PR A AR E R £7 5405 WIESC
the black solid lines represent the results calculated using Perplex in
the MSH system; the red lines represent the experimental results from
Wunder (1998) ; the blue dotted lines represent the experimental re-
sults from Yamamoto and Akimoto (1977) ; the green solid lines repre-
sent the decomposition reaction of Ti-clinohumite and the experimental
results that are from Engi and Lindsley (1980) (E&L, 80) and Weiss
(1997) (W, 97) ; the green area represents the stability field of chon-
drodite and the pink area represents the stability field of clinohumite;

mineral abbreviations are indicated in the text
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Fig. 2 p-T grid for TiCh and TiCl in ultramafic rocks based
on experimental results and Schreinemaker’s rule ( cited from

Shen et al. , 2015)
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8.67%; Pimg K1l Bk /3% 3. 0%) , Bk 86 41
(TiO, = 5.50%; Malenco, lItaly, 9. 8%), I ¢ & f1
(Al06-4, Cerro del Almirez, Spain; Padron-Navarta et
al. , 2008, 73.0%) , #H§A (Fo90; San Carlos, 3.0%) ,
SUREEA (AR 9. 0% ) FIEKEKT ( Duria perido-
tite, Alps; Herman et al. , 2006,2.2%) , X444
ZIRG IS TENTBE vh 58 70 WHES | WS 22 R AR <20 pum,
PR W) O3 ST AR B A oy, Herh Tio, S D
2% (3R 1) o A 5 R IREE i i 4 e A
L, B TiO, & f A X m — 28 X R B i 2
THEIAA T T AR NI 5 LSS S A & Ti ik
B 2RI BTN

SR R 2B A 48 o e vy, e 3 1 o A T v
Fe WEAR 2.3 mm EE VT2 10 mm £, H
LKA — S B P, ORISR ~20 mg #E i, 2 AR

wy/ %

Table 1 The bulk composition and mineral compositions of the initial materials used in high pressure experiments

WIHH YRR PR R Malenco (ltaly) Cerro( g;laiﬁl)mirez Eyian%ll Duﬁ? ;;I:()lotite San Carlos R zgiizﬁ s
TiCh TiCl Atg Bre IIm 0l
i 3.0 9.8 73.0 9.0 2.2 3.0
Sio, 33.19 36.30 41.60 0.00 0.00 40. 87 36. 69
TiO, 8.67 5.50 0.02 0.00 52.65 0. 00 2.00
Al O, 0. 00 0. 00 3.03 0.00 0.00 0. 00 2.24
Cr, 04 0.18 0.00 0.44 0.00 0. 00 0. 00 0.33
FeO 7.47 10.90 3.98 0.00 47.35 9.78 5.62
MnO 0.35 0. 80 0. 08 0.00 0.00 0. 00 0.15
MgO 45.61 45. 60 36.72 69. 11 0.00 49.35 40.95
Ca0 0. 00 0.00 0.00 0.00 0.00 0. 00 0. 00
Na, O 0. 00 0.00 0.00 0.00 0.00 0.00 0.00
K,0 0. 00 0.00 0.00 0.00 0. 00 0.00 0.00
NiO 0. 00 0.20 0.00 0.00 0. 00 0. 00 0.02
LIO 2.99 1.48 12.07 30. 89 0.00 0. 00 12. 00
F _ _
ES s 98. 46 100. 78 97.94 100. 00 100. 00 100. 00 100. 00

~FRRT R IR, 25 PR ARG
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54 JEOL-EX-74600U41.2Q , 73 HE 5K 3. 0 nn, Jll3#
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JE[EN Be(4) ~U(92),
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15 KV, 2310 A, B E ) 10 o, /BE 5 pum,
ZAF F31E  SP1 41 G irAERIE

2 SLEREE R

2.1 FAEFHIE

T 7R R S5 vh AT R K AR AR JBT
FT Y50 G R B 2,

JE 71 2.5 GPa JiJ¥ 620°C (RS D1512 H 47
YR SR (Bre) B R, KA T AR
N HHIESCA + SR = A K (B 2) . B
WL BB RHEEE A AR 0 AR T IR A &
M 3a.3b) ;A MO A FE A K T ERRESE A
M1 (B 3e) , iR E R A A R Z 4L, TERA N
R it B AR B A RO A 00 & i ] B 2 RO
REBEA Y& 800 AR A BB, Bk R B
A R IY B RHESE A, BT R % 78 2Bk R
e, s K& A TR B K ik SO A b e
lefr . W 700°C BIAE AL C4420 v e SUA kA
SEAMIIK RN . e S0 = SO A+ R A+ 2R
A7k B RO A S AR, R M A

RO, BRRHEEBE A LABESOIR B0 7E O £ sl
JrEA T BRRLRESE A e AT R L T R AR
YA 21 47 (K 3d 3e 3) o SRRV BA AR L) B
A P ARAEAE , U6 B T IS BRARHRE B A o I 4
THIE, TEIRIE 750°C [IRE G C4474 v MRS A H 1k
R BE A BE S B BN, A B AL LLINE B AR
RITMEARURIAE /N Z2 SRR UL A T D i
ISR, A WK R REBE A7, & 40 A A AE, AT e &k
TR R s BRI REEE A /AR 1 + R HEA =
AT+ 4247 +K (E 3g.3h 31) , ik 3 SRR
JE 1 v R SRR 45 LI L FE 2.5 GPa IR I 41T,
PRORLREBE A A RRE |, B & A o i U Rk B
SO A T LI AR R RO Ak B A B B o i
700~ 750°C £, Bk R REEE A1 IR BR B Y
BRRHRESE A7 LA B B sl e o s A b O B
Bl R TR PR ECE Fr s A 0N, o e e A
1) TiO, JE 44141,

JEJ73.0 GPa 44 NHEAT B & RS20 HA 1 A4S
FEfh D1526 (650°C) (18 4) , 5 AR 25 5 K i
D1512(620°C ,2.5 GPa) fRAHL . BRAMESE A 1Yl &6
AR T ASHUNIE AR (RS A1 6230 ([ 4b) 5 A PRI
A FRBAA T R R A A (] 4c) 5 mERRt
REBE A A AR R BE A (1B 4d) R TR
MEE B A R R R BE A s A A O A
WA, FE S P R B R, A H A
THILRFE S, B IR A Y 5 5 B B 3, lok:
REBE A A A KRR L, R ARy 34T 45
TR IR RO A B T R R EE A TR
REEE A B A LA ARk, o AW B A
T el A RN

41 3.5 GPa IR 600°C BYEE i C4408 | it
W SUA R AT WK oyl WS SN BB RE B A BR R
REBE AT A A B A B G  BRORLREBE A Ak KoM
M A s BB A AR, s AR A A K
HORSS A Uk A 0, 3 B U A 0 S 3 22 LR R 1)
FRIE (B 5a.5b) o Bk iR RHEE BE A 13 & B IER
MIERRIEEBE AT (Bl 5¢) o, FF Ml A it oA K
TR BIER R R BE A (& Sa) . WRER B ER kA A ik
BREEEA B SN KA (B 5¢) o TE 650°C I AE i
C4429 v i SCA A IH KAz 8 43 Wi oK 4 fff BN Bk
R SE A RO A R A 38 R KRR B A T 4 D
BEHCAR AR MOE 43 v (18] 5d) o BRERET S5 MO 4
I AR ARk B A 5 R ARk B A RN EROR A B A
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D1512(620°C, 2.5 GPa)

C4420(700°C, 2.5 GPa)

C4474(750°C, 2.5 GPa)

K13 i1 2.5 GPa ANIRIELEE A1F T o TR SCS0RE i RIS 41 BRARHRE B8 00 R BIORL A B8 41 195G 2%

Fig. 3 The relationships of olivine, Ti-clinohumite and Ti-chondrodite in experimental runs at 2. 5 GPa with different

temperatures
IREE 620°C AT R SCIRE Sl D1512, M MES0A A2 A2 BRI MK S Al S - a—BRARHEE BE A7 A2 10 T I AT 60300 s b— BB AT I BB 28 T B
A3 AR T R AT o— MO B BB BE A . B 700 °C YRR SEIRE i C4420 , I SUFT R A UK SN 7™ A 1 245 MBS
AR+ R s d— BRI RS A7 LG BRI T 5 B A H BT O A O R e B R R, R A B 2T e R
HERVEAT R ETN W) e— LA AN JRIDT A SLA:  BOREBE A7 LLSRAY Pt BUTE R DT W40 AU £ o s F—BRRH R B SO 4 A1
BT R . L 750°C I TR SCHAEfl C4474 g, h Al i LS AR I AL & 0 B A7 + BT + SRR A+ 200, B B A LA
PEBR b1 i B MO A s R A

in experimental run D1512 at 620°C, partial dehydration of antigorite occurred: a—Ti-clinohumite rimmed by new formed olivine; b—the olivine
rimmed by secondary olivine, and including Ti-clinohumite ; c—the olivine rimmed by Ti-clinohumite. in experimental run C4420 at 700°C , antigorite
completely dehydration and produces mineral assemblage of olivine + orthopyroxene + chlorite; d—Ti-clinohumite appears as inclusions or residues
inside of olivine or orthopyroxene, and rutile appears as titanium-rich mineral, and olivine, orthopyroxene and chlorite are the main minerals; e—rutile
associated with olivine and orthopyroxene, and Ti-clinohumite occurs as a residue in orthopyroxene and olivine; f—contact relationship of Ti-clinohu-
mite, olivine and orthopyroxene. in experimental run C4474 at 750°C : the mineral assemblage in the g, h and i is olivine+orthopyroxene+chlorite+

rutile, and Ti-clinohumite occurs as patches or lamellae in olivine and orthopyroxene

RAM(E 5e.5f) , TEIREE 700 °C HIFES C4428 H
e SCF & A S WK A3 Y BT MRS 47 + 4
A+ERAA T AL A o BRSO A A
o TR SN P 5, R WA AT IR B8 R
(F 5g) BRAHEEE A LUBE LR H BLEAE 41, 5

C4408(600°C ,3.5 GPa) Ml kb, # i C4428 Hhekpbrk
BEA MO A AR K AR AR B R BE A T L
B (B Sh) o BRSO AR Bk ik 6 A 5%
HOER R REBE A M R NS IE kAR, H R
WER BB AR RS L T &40 A (BI51) 588w
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D1526
(650°C, 3.0 GPa)

Kl 4 J5773.0 GPa JJE 650°C T FF (il D1526 HY 0™ )4 & MZTHI C R
Fig. 4 The mineral assemblage and structure in run D1526 at pressure of 3.0 GPa and temperature of 650°C
a— T BEHE I T 4250 b—BRRMEEBE A7 I B A K TR A AR A s o— MBS A AN BR R RE B A7 LAk B AR 4 T R AR O A
d—rr BB EBE A PR TRBR R B A

a—a full profile of the sample capsule; b—Ti-clinohumite rimmed by secondary olivine; c—olivine associated with Ti—clinohumite, and rimmed

by secondary olivine; d—the high-Ti-clinohumite rimmed by low-Ti-clinohumite

WSS JE f1 305 GPa AU SE I C4408 (600°C) |
C4429(650%C ) (C4428(700°C ) HH#B 3 T 4Kk I
AR BURRRE R BE A B (1 5) |, U0 B T 4%
R ERRIREE A B/0FE 3.5 GPa JE UL B A fERE E
FEAE, T H REE T A LR (C4429 il C4428) T,
R 1 B2 AR A AN A R RO RE B A T2 K
Rk AR R REBE A TR A A, B U R A
REBE A, UL, T BE T O R B A BN E
BRAREEBE AT AR Y R TR B A1

JE 71 4.5 GPa i 600°C (IR i C4478 it
WS AR T oK 53t o HORE A 5 SRR HEE BE A AT
FETE ARG M A S ek R A v LB il
BRRHREBE A T DL LU W) AR A7 A, 18 W5 21 Bk
RHEEEE A AR K BRI REBE A, B0 S Bk Y R RE B
A IRFER A AR ER B #HEEEE A (18 6a,6b 6¢) . i
T WSS BN BB S I AR BUEKORE FE B A/ BR R
BeARIME , h A R 2Bk, UKk E &
SE AR AR AR REBE A BB R A TE XA R TR
FUEAAE, TREE 650°C FFE M C4442 5l 4L

AR T WK RN, 72 A T A+
A+ERVEAT WAG AT e 80A B AT K55
fife Mg sca Skl A, FEA AR TR BUR
BOTHEA B BT /D i R, KRR BE A LA
A SR T P, A e kAR RE B A i A K
KR REBE A1, K6 I 3] Aok ik 86 A, (H & A (&
6d .6e .6f) , T 700°C FUFE i C4434 v il 80f
KA SE UK T A B e S0 7 AR A +
RO REA +ER TR AT , FERE S PO A 1 o H SR R, BT
A BT HE A7 S AN B R A K A R
(B, ek R B A A AR BR R EE B A 301, A i Bk )
RESE A TEME A LR ST A A, AR T
C4442 , e/, B ST R ERART 1) 4 20 4
B, BB RESE A A AR, R & A T ROV . ORI R
B+ R A = A + & 2T A +7K (] 6g.6h 61)

J£715.5 GPa 25F FIYSLERATA 1 AMFES: (UH-
PPC245) &K 700°C , FEM AR T K841
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C4408(600°C-3.5GPa)

C4429(650°C-3.5GF

C4428(700°C-3.5GPa)
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Fig. 5 The relationships of olivine, Ti-clinohumite and Ti-chondrodite in experimental runs at 3.5 GPa with different temperatures
TELEE 600°C 1) FESE B0 BE i C4408, i 80 R AE TR AT K S Ak B « a—BRORLREBE A1 AR 4 T MO /1 40300 5 b—BRORERESE A AR K T 4R RHREBE
A 5 R L AR R BE A7 . TR 650°C A FE S B R i C4429 , e 87 K AR T A K o3 i UL . d— IR T L 4, kRt
TR A7 A RO AT A3, AR A ] Bl A IR A R 5 e—BR B RO A7 S 7 A BRI B A 5 (BRI 2 2 A A BIORL Ak B A B ik
Befr o TRBE 700°C 17 HE LI AR Al C4428 , Mg ar A1 K A 58 R K SR SN, AR B TR AT + RO MR + SR U I AL g — R A AL
BRARLRERE A FERRHE DA, LIBRARIRIFAE ; h—BRRMEE A SN A MR AOC R ; i— R A LB RHEE B
in experimental run C4408 at 600°C , the partial dehydration of antigorite occurred: a—Ti-chondrodite rimmed by olivine; b—Ti-chondrodite rimmed
by Ti-clinohumite; c—ilmenite transformed to Ti-clinohumite. in experimental run C4429 at 650°C , the antigorite experienced partial dehydration;
d—the mineral assemblages, with secondary olivine grow around Ti-clinohumite and olivine; e—Ti-clinohumite grows based on ilmenite and olivine;
f—Ti-chondrodite and Ti-clinohumite grown at the rim of ilmenite. in experimental run C4428 at 700°C , the antigorite underwent complete dehydra-
tion, resulting in a mineral combination of olivine + orthopyroxene + chlorite: g—ilmenite transformed to Ti-chondrodite and Ti-clinohumite, and exis-

ted as residues; h—contact relationship between Ti-clinohumite and olivine; i—ilmenite transformed to Ti-clinohumite

Ko M TRERL T A T AR A, T ELRE DT R A
BERRIR Y R AE T AR RO BRRLAREBE A7 +41
J7 AT = BRARHEE B A1 /MO A7 + B 4040 + 0K B +
ROTHEA = O T+ K, R YA S
D RIEAT +BRARHRE B A7 + BT A + B BRAT + 22 B
BRORMEEBE A1 LI BEHOIR 5 At BEAEAORE h (
Te7d) AR BV BORLRE BE A1, 22 B 1Y ) 3L AT AE

SERTHRRE A S A D B BRBRER AW, 75 w8 T AR A
TR, AR T ARES, B2 100 pm, FA
KAL), CLFE A AT | BRI £1 | BIOR) i BE
A BRRLREBE A7 BRERAT RIS BER, LR IR P A BRoRt
TR A FIBIORE A B8 1 108 0 AT MO 3 (18T 7h)
SRETO YA L, AR T B D B A B A A B
L ik B A T B B PP BIORE AR B AT B 2R R, R0 3



C4442(650°C, 4.5 GPa)

C4434(700°C, 4.5 GPa)
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Fig. 6 The relationships of olivine, Ti-clinohumite and Ti—chondrodite in experimental runs at 4. 5 GPa with different temperatures
TREE 600°C 1) i He SR M il C4478 I B 80A R AETR AT UK 53 i SR . a—HE Gl I WA & R 225 b—BR MR B A SO A 4R 3R
c—ERBHESE A T AR A . TR 650°C 1) 85 FE SE IR RE i C4442 I UAT R AR S8R WK A3 ST« d—2E BUIHURL R 5 W A1 5 e—A0L3
TR B ISR IR s LR R DTG D B BRRHRE R AT iR ara AR 3R L TR 700°C f R TR SE R
i CA434 IR SUfT R A SE A K 3R UL 5 g— e SRR BRAREE B AT TR A I ARBR A BRARHEEBE A1 5 h— RS Ay P RO SRR B A 1 s ik
BB T BR BRI S

in experimental run C4478 at 600°C , the partial dehydration of antigorite occurred; a—mineral assemblage in sample ; b—contact relationship between

Ti-clinohumite and olivine; c—ilmenite inclusions in Ti-clinohumite. in expermental run C4442 at 650°C, complete dehydration of antigorite

occurred ; d—coarse-grained orthopyroxene ; e—orthopyroxene, olivine and chlorite in the field of view; f—orthopyroxene, clinopyroxene, olivine,

Ti-clinohumite, antigorite, and chlorite in the field of view. in experimental run C4434 at 700°C, the antigorite underwent a complete dehydration :

g—high Ti clinohumite grow at the rim of low Ti clinohumite; h—Ti-clinohumite lamellae in olivine; i—ilmenite remnants in Ti-chondrodite

R AAAE UL A A A K R R s 3 T
Y R 7E e P AR e, SRR
PRORLREE A AFRE , 0 i 28 I T BKRHEESE 1 50
MRS A, AR ) i T A A R PR, IR
7 T T d G .
2.2 EFEFYNERHE
ARSI T BT OB REBE A B RHREBE 4 AN
TR AT PR SN 5% 2R S b ik 6 A AR AR e B A O A

FE T PRI T B A 2 R A X R LA
AN RS2 K UHPPC245(700°C, 5.5 GPa) W2
R T AR AR ST A 1 A 4 AR A R R A
T AR AR Y WK 3~ R T,

(1) WA ERRMEESE A RN BB A

WONE A0 78 T A 58 3 A b B A AR, Mg
[ 100Mg/ ( Mg+Fe) J4E 17 90 ~ 92, /4™ FRE i i AHASG
A Mg ik 5 793 ~ 94 5477 4k = v i AOE



52 4

WSCoE A . BORIRERE AT . VIR oy W S0 1o R AL SO A R A A2 TR ) 437

Bl 7 JKJ15.5 GPa diJE 700°C PAf & UHPPC245 HHiy 8 W4 5 MZ 4 5 7
Fig. 7 The mineral assemblage and structure in run UHPPC245 at pressure of 5.5 GPa and temperature of 700°C
a—K GBI RS B A48 47 R B 5 b—3 B R A B T £ R B, SR PP & A R R I BRORLRE B A7 BRRIRERE O 228k
ORISR R c—HE T BR RS B AT LIZRACR R RIS AT H 5 d— B RSSOk R E B A

a—garnet prophyroblast in a large-scale field of view; b—newly formed garnet prophyroblast containing a large number of inclusions, such as

olivine,, Ti-chondrodite , Ti-clinohumite, magnesite and chromite; ¢—Ti-clinohumite occurring as a residue in the olivine in the matrix;

d—Ti-chondrodite lamellae in olivine grain in the matrix
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P HEAIRE TR,

BRI RERE ATTEAE T 600 ~ 650°C 1 785 T S50 AE
H 7E C4420 (700°C, 2.5 GPa) Fl C4474 ( 750C ,
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&4 [E73.0 GPa 650°CHELHH MR RN ARG SRS D BB A BRE RS HRE

wy/ %

Table 4 The representative EMP analyses of TiCl, TiCh and olivine in the experiment at 3.0 GPa and 650°C

REX S TiCl TiCl TiCl TiCh TiCh TiCh 0l 0l 0l
Sio, 38.21 36.29 36. 94 33.70 33.33 33.53 41.49 41.64 39.74
TiO, 2.95 5.34 2.67 9.71 8. 46 8.41 0.00 0.00 0.00

AL O, 0. 00 0. 00 0. 00 0. 00 0. 00 0. 00 0.00 0.00 0.00
Cr,0, 0. 00 0. 00 0. 00 0. 00 0. 00 0. 00 0.00 0.00 0.00
FeO 6. 62 12.14 10. 33 5.54 10.77 6.91 9.31 8.95 8.19
MnO 0.35 0.55 0.31 0. 60 0.81 0.33 0.24 0. 00 0. 00
MgO 51.05 44.23 44.05 46.24 43.56 47.03 49.56 49.74 50.34
NiO 0. 00 0. 00 0. 00 0. 00 0. 00 0. 00 0.00 0.00 0. 00
Js8 s 99. 18 98.55 94.30 95.79 96.93 96.21 100. 60 100. 33 98.27

gg;g 13 13 13 7 7 7 4 4 4
Si 4.06 4.04 4.23 2.05 2.04 2.02 1.01 1.01 0.98
Ti 0.24 0.45 0.23 0.44 0.39 0.38 0. 00 0. 00 0. 00
Al 0. 00 0. 00 0. 00 0. 00 0. 00 0. 00 0. 00 0.00 0.00
Cr 0.00 0.00 0. 00 0. 00 0. 00 0. 00 0. 00 0. 00 0. 00
Fe** 0.00 0. 00 0. 00 0. 00 0. 00 0. 00 0. 00 0. 00 0.02
Fe?* 0.59 1.13 0.99 0.28 0.55 0.35 0.19 0.18 0.15
Mn 0.03 0.05 0.03 0.03 0.04 0.02 0.01 0. 00 0. 00
Mg 8.08 7.33 7.52 4.19 3.98 4.23 1.79 1.80 1.86
OH 1.53 1.11 1.54 1.11 1.22 1.24 0. 00 0. 00 0. 00
M 13.00 13.00 13. 00 7. 00 7.00 7.00 2.99 2.99 3.01
Mg* 0.93 0.87 0. 88 0.94 0.88 0.92 0. 90 0.91 0.92
A1, BEIITE X AN 0 T BORLRE BE AT & & 0 il T %
3 e T3 b W3k AS s Y 3 20 AR SC R BE 9T Shen 45

3.1 SN ESAMNARESEANEERERE
MSH 1A & FHYSEER 45 R A Perplex THEZ5 R R
(1) R RS EBEEF > 1. 5 GPa 1 600 ~
1 100°C 3 itk 86 A AU 3T FR A &1, M >2. 0 GPa
H1700~1 100°C , fH P 2 (9 [ ) L= BRAR R A4 BIAR 47
LI, AT, AR it v 1 R B A B0 ek B
AZBEEA TS P, SSRBFFSIEN, T BimA
for ARk A A RS Sl T AR TR AR s A9 7 1) 12 4% ( Engi
and Lindsley, 1980) , [R]i, S50 7 A7 27 R EF AR WL 4%
WAEH], F B ART DL Rk A 0 A 30 0 5 Y
IR 25 (Engi and Lindsley, 1980; Weiss, 1997;
Lépez Sanchez-Vizeaino et al. , 2005, 2009; Hermann
et al. , 2007) o XF T FIRAE T BRORE Ak B A0 R0 R AR
TR AT AR S 37 J3T ) Shen %5 (2015 ) 18 3o 155 JE 52 36
PR BORLRE BE A1 1A E H J7>2. 6 GPa(550°C) , 3
TEIRE<750°C , T 45 32 56 25 S #1 Schreinemaker 325
AR T E R A MR RE B A B S 1A 1Y
E A AR T (B 2) . BARBORLAEBE A iy ) ERR
WA, (A& 5.5 GPa A9 FE 5L % UHP-
P(C245(700°C ) WL 3 5 it Hh O AN 77 70 BIORL fif BE

(2015) Hr ik JE S I RE ShE & B0 T AR 2 4015 (1 45
FREAE RN A B RH B A VRO R EBE A7 1Y)
FEMOC R, O 4 IR R T ORI RE BE A 1Y TR R AR
L H

FE413.5 GPa 2cF T 3 AR A & R SE 56
C4408 (600°C ) ,C4429 (650°C ) . C4428 (700°C ) B
WL TR S N A R R RESE A IS (I 5
8) , TE I 1) C4408 FI C4429 236 th KR 19 4= i
Yy SR RE S A R R BE A TR G, X 10 W]
T, AR TRORLRE B A FRE . 3.0 GPa BYSE
55 D1526(650°C ) It AR B B A/ H R it 8 A 22k
B JEWFE (K 4), i 2.5 GPa By L5 D1512
(620°C ) ,C4420(700°C ) Fil C4474(750°C ) H HH i WL
FERVRRLRESE A i AR R B A, B b ([
3). L, 600 ~650°C 24 T, ShbLESE A4 2 /D7
3.0~3.5 GPa LA A fefeve A4 , i HAZ R 52
TR R R B A R i R Bk Ry, 7 p-T AHIE
b BB B A A R RO I 2 3% S A £ (R
8) ., I, Shen %5 (2015) 15 H#E 550°C 25 1F T, ki
AR EFERIE J1>2. 6 GPa FIZ5 IS 2 G FEY
4.5 GPa HY 3 N385 C4478 (600°C) |, C4442(650°C) |
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Fig. 8 p-T diagram showing the results of the HP experi-

ments ( the mineral assemblages are shown in the different
fields, the pie charts indicate the minerals found in each
experiments, the lines represent the approximate stability ficld

of the minerals)

CA434(700°C ) HHBRRL ik B A1 B A7 A, (EJEAE 5
TRSE S CA434 b DRORLRESE A 5 R WA SO AR K
TS ARG LLA BB BE A IR AR E (K 6) .
5.5 GPa [5250 UHPPC245(700°C ) " IL 5 #) i &
SR YA BB B A AT T4
A AR AAAE S LR i e A b (B 7))
LI SR T BRORLRE B A N TR . BRORLREBE A AR
SE LI R RAR K JE ) 2.5~5.5 GPa & T,
MR EE>T00°C , BRORCRETE A 2300 i A UK R B A B
Wi BT R AR WA S L A B 7R TE
WO IR BS BE (U0 2.5 GPa, 650°C; Syracuse et al.
2010) , BRRLAESEATARMENT v BAR TR Y Mg | 5= AE VS
A s v BB REE A R AR AR AE BIAR i 19 TR T,
MATT AT DA A RER . A RN iy 1) R 435 R A5 Y
FW]BR T LB o S0 IR i A P ET DA AR
5 JE 65 A IR DA T (5 75— 26 55 K ™ ) B 8% I o 2] 1
LR IR JE (Syracuse et al. , 2010) , Jffiffi 7 Moho ThI
HSEYAELRE Sl 483+157°C (Syracuse et al. , 2010) , 7Ei%
TRBESRAET AL TR b e IR Y e s ] LR B
KRS AR A BATRER e

A R AR RE G — B,
A ARGy b PR AR R R S (R R SRS C4474
(750°C , 2.5 GPa) " WL Bk Rk B 4 JF 4 4l
RS A AL, R WA e O . BRARHEBE A +
BT HEAT = BIME AT + S 20 0K, BRI LR R
ANIBEREE AR AR TR A, B iR K
(B 3g.3h.31), i S WA K I, Bk R EEBE
S A B AR AE 2.5~5. 5 GPa Fl1 600 ~750°C
AL R N AR AR o RIS R Tax 3 26
W4 S5 A6 (R AL | Bk b ek 6 Ay 5 MRS % o R
HONH IS AP R B IR T R BE A A
MRS A ) BE B B R B R D, B TR R
JE SR AR DA i i B B0 A SO T A AR, il
FRMIRS A7 Ti Ak, AT H 8 T 38 (OB A7 ( Yellow
O1) Fl s /K & B MU A7 (Risold et al. , 2001; Hermann
et al. , 2007; Lopez Sanchez-Vizcaino et al. , 2005,
2009; Shen et al. , 2014; De Hoog et al. , 2014) , £k
WA E A Y I 5 A O IR R SRR AR TR R A%
W PRI REBE A AR E , R A AR AR R EE B A
HYEBR AHRE B A L L OB R B G IR IR R 4k
P BB REBEA A AR R R, HE BBk Ak B A A
KPRBIRERE A A A BLG  SiE AF F |, Bk A
BEAARE, U fE U T A b, RIBRRE
B ERRHREBE A A A 3 Fhr ) i 2548 5C R Bk
SELEF AR (4 S5 e | th TR A AR AR S ke

P, S8 15 XRS5 18 . 78 155 1 Hh b A
AT (JFR IR HBME TiO, =0. 13%; Sun and McDon-
ough, 1989; ARSI Ti0,=2.00% ) , BRI RERE £7 42
e SUA A0 BE M K A i e AR SR ) SRR AE AR R
Y. 1€ TiO, S m s R R, 80E R A
R A IR R, Aok Rk BE A 7= AR 1 R ) IR
—LE LA 600°C S5 T, A ERER T K & A AE , Bk
REBEATTREFEMG T 2.5 GPa &M FIEAL (K 8) , %k
Tk B AT AR R A 1T LURR R A T e 80 5E
WA Z 5 ABSR IR EE S T 750°C 51T, BokE
A ANRE , FEA R AR R T, mhe s
R WA SN A OS5 A 41 5 AR R BT
AR R 76 i R A T A &)
flf e AN AT BRERET /A T A FK RS £ 1Y
e Vi B o FARRLREE A FE 2. 5 GPa Ml 750°C &1
T SRR BE A S5 R WA e A o R BN 7 A MR
ARG LA, T8 R ) KRR B A 1) 43 ik R EE
ARSI R A, AT LR,
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{HRTE 5.5 GPa il 700°C Y 5L560 UHPPC245 1, £kt
E A AT IHAEAE T A A i b (E2 DUSR A
BEYCRBH R SRR TR A b TR IR S
(B 7), SZzb TR SRk B A R B M TR
fIlXT 750°C /3.5 GPa, 45 & 23K vhas IEEF R AE
AT - N R UL N S S PP N i 7 W TR 2
A1 RV i e SRR R R R SR PR IE AR ST
3.2 RERUEXRAHRPOKAEEFEAMRNESER
3.2.1 HEPERERILHX

rh I P e K L b DX ROk ek B A AR R B A
IR SCA A FEME A IR X e S0 b
HEDBHEERT R ES A TFaaRatrath,
g SUA A IR A B SR . I SUE T MR
U A AL S RO | e BUA b Sl T 58 4 g 4L
FAre s . Horh e aUs A RO R S A
TS 25 R S 3k A7 AR RE B A AR RHREBE A7, AR
A sE AL, 456 LI A s A R R
I BUA AR A ) A 9148 5T 254 R 510 ~ 530°C Al
>3.7+0.7 GPa(Shen et al. , 2015) . KRLAEEE AT 1Y
FEAERAVIR R I BCA 27 T s AR /e,

KO o [ P I PY R R L B RARIESE (C11107 AEah) P AORINEAT BORLRE B8 A1 FVBR AR B8 A1 A4 ik ¢ 2R (FAIRDTL )

X5 AP A AL T 53R - e S0 BT ) 153 AT
YL 2545 B 09 IR H TG e — 800 . A A T aokE
REBE A BRRMEE BE A PN A1 A 2500 OC &R 5 8 R 5%
B o B S A OC R AR AL, K LA s 80 R
fn R, AT LR AR BE A DL R AR 3 B E O A op
(&l 9a 9b) FIEKARHESE AL A (] 9¢ 9d) , X
Al BE 5 EKRHREBE A RN A — o S5 AR, R S
Az, ZE BRI A SE AR BORLIE B A7 AR RHEE B A1
DABEHOIR H AR A3 (18] 9e ) , BUE BORLAEBE A
I FR AR R AR B A A A (T Of) AR T 8KkE
REBE A PR REE BE A o0 i A A . D3 4h  7E R 1L
MYRE i 8 WS B BR R A B BoR ek  4 1) JS E
KR (K 10) , X5 ESK 3.5 CPa JE ) T g H]
PG AE R —3, AR SCHRTIE IR B P R R Ll i
e S0 B L A B S 4 Dy TR R T E AR SR, T
Hm e gt B A GBI T RS T 4, 1Y
B R LR s B S0 T RO A X P B R A B
T A AR B A )™ 0 A DX SRR AT #12E (Risold et al.
2001; Hermann et al. , 2007; Lopez Sanchez-Vizecaino
et al. , 2005, 2009; De Hoog et al. , 2014) , i BABIAR

A, \
100 pum i

- ;’;-

Fig. 9 The contact relationships of olivine, Ti-chondrodite and Ti-clinohumite in natural serpentinite (sample C11107)

from the southwestern Tianshan, China ( plane-polarized light)
a~b—HIHE A1 P A BRARHEE B AT I 5 o~ d—BRRHIEE DA I SERIONE A S PR ARG s e—BRARHEE B A1 v i BRORLAE B A it B 5 MO A 1
KFR F—EORIRESE A BB BE A FIMINE A1 9 A KOG R

a~b—Ti-clinohumite lamellae in olivine; ¢~d—Ti-clinohumite grows around the rim of olivine; e—Ti-chondrodite lamellae in Ti-clinohumite and its

contact relationship with olivine; f—the growth relationship among Ti-chondrodite, Ti-clinohumite and olivine
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Fig. 10 The contact relationship between Ti-chondrodite
and ilmenite in the serpentinite from southwestern Tianshan,

China ( plane-polarized light)

AP AP RITR E N R AATER LS, X
RAE e SR Al h oW g2 B 1 LT B Y S
KR RE A I 21 5 BB A1 (TiO, < 1. 0%)
(FR3~3FK 7). 3 P BRI R I ARl
B, % SEAOE A i S A BRORHEE T A 1Y A R
4 (Shen et al. , 2014) % YW & BRAG N A7 A BR
2 UBRRHE BE 7 1) b 8 2 2077 A T OB A el A v
(o ZLAMER A SE AT, & LS 7K & O 440
X107 ~2 600X 107, T FLixX $8 7K & LAk RHE 5 £ 5%
BB EE A R fhBUE A% 18 U T TR 4
o IXCAT BRI AR AR KRS o v i B A AR
2, T LR KA B0 (Shen et al. , 2014)
3.2.2  Ba/R BT HIX (Alps)

TE Alps HIX | Trommsdorff Fl Evans ( 1980) $ %]
T£ Malenco ( Ttaly ) g2 ks ) 2 Bk fEBE A, HIF
WA 2 HRE 57 . Scambelluri #1 Rampone ( 1999 )
F1 De Hoog %5 (2014 ) £ Voltri Massif, Liguria( Italy)
I SCA TPAGE T RRORLRE R A B R IZ BRI BE A A
KAEL T Mg ZZCHYE Fe-Ti J&ME KK ( Scambel-
luri and Rampone, 1999), A A 7E Voltri Massif
(Ligurian Italy) [X #Y Erro-Tobbio 2% 5t HUHS A At 4
T BB AR BE AT B AAAE 12 DG 3 AR MR 5 i
B & 4514 8 600°C 1 2.5 GPa( De Hoog et al. ,
2014) , Rebay %5 (2012) 7E#f 57 Zermatt-Sass, West-
ern Alps BESUA T RGE TERRHESE A (B2 LRI
WY o HEWT A TR BB AE BE A0 . IZ 9T 4 Luoni
2 (2018, 2020) AkLEMF 5T Zermatt-Sass RESUE, L]

T BRORL R BE A FER R AE B A, R AR IS Shen %
(2015) Y2 I 45 21 0 € T %Ak 401 T UHP 78
JoT B W A A 5 45 A M 2 R 1) AN [R) DX 3 500 ~
600°C ,1.9~2.2 GPa 1 580 ~660°C 1 2. 3~2. 8 GPa
$& # T 600 ~ 670°C Fl 2. 8 ~ 3. 5 GPa ( Bucher
et al. , 2005; Bucher and Grapes, 2009; Zanoni
et al. , 2016)

EREER— R, KT S T Y5 ik
A BRORLAE B 41 AN REAE A A i v T 72 B ) A
A PUTER TiARR T, BORLREE A7 2R UE ) oH
550°C #l~2. 0 GPa, i ELi B2 B, g T BE BT
T PE AR ORI 5 B 5 B LI 261708 1.3 GPa Al 450
~500°C ( Mottana and Bocchio, 1975; Ernst, 1976;
Messiga and Scambelluri, 1991 ; Scambelluri and Ram-
pone, 1999) o X IE B T & A BRI LA 1Y & BRIk
PRI B A 268 0 ey B 728 A, Iy TR R B h
R, AT BN BRI BE AT+ BRER AT = BRORL At
B+ oA TR RERE A (BT 8) .

3.2.3 3.8 Ga WYPUMSELE 2 X

A Y Isua supracrustal belt 77 38 124F
R 1l T s R i e S0 A SR 7 R BB A
BeAT BB A1, s A BRI B & 4 (Tio, =
0.09% ; Dymek et al. , 1988) . %47 I i g 4L
o R AR A, SO H R ok FT o b e i
AR IR A HE A ( Friend and Nutman, 2011) . A1
AT LA B SRR B A A I LA AAOE =X HE SRR
BEAT s BRORERESE AT LUBA A 1 B, =7 5 B Rk
BEAERE A i, XS 5 A b X 2B, B
RLAESE AT AR BE A S A R AR F 2 & (5301
<0.01% ~ 0. 03% F1 < 0. 01% ~ 0. 16%; Guotana
et al. , 2019) . AiHCA BA KA TiO, & &, N4
WIE Y 45 R 38 1 Tz s K, AR Shen 55 (2015)
SR AE R IR A BRI E 251 R ~ 550°C Al
=2.6 GPa(Nutman et al. , 2020) . Z5& 1% H X 1y H:
e , TR 38 AZAETT Y-SR AU AE AR =
FEAR B/ E Y AEAEAR Sz 2y, 1 HIRAS i 39 i) 22 i
TS B0 T A= i DA Y 28 A ], B A AT it s s
708 T A e R AT A2 B A DU B . IS e A
A R Y S, PR ETRATT T B A Pz B
AT BETT 46 A4 fe 7 AR IR 8] o FRATT 1 ik e ) 1 Al Bk
B AR T 2T AR = TR B
3.2.4 HEINE-IOE L

JE R i RS BT B RO A AR T
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IOREREY VSRR NS e CF S0 e TR ERE ek IKo W e al
WA AR 2 A8, RO Rk A AR R B A 4 M A
A e A A IR ORI A 716 ~914C
F14.8~5.1 GPa(VFEE4F, 2003) , HEWTHF H —
TR RE & A RIS 5 S AL AR TE 4. 0~5. 0 GPa Al
850°C K, 7EFEIE (3. 5 GPa) 3 T P I i ks ik 4
A1 VR BHREBE A A B AARORT H 4 o) — Fho] g2
AN 5 B AR Tk B A IR A Ak 6 A1 0 B2 AR
Je U FEE 358 R, AR R BE A RN AR AR B 1B AN AR
AL B8 R o 3 fn 8 =0 B (1F 3R 3E 4%,
2003) , ARG AYLEH,700°C A1 5. 5 GPa (15256
UHPPC245 JE B £ S A b, A 1 A 4 2
A HR M AE AR BB R B A R ARk B A P A4 ([
7) USRI B R X e ARG /N B DAV A
SCE AR A R i B 28T U0 X A AR
(=Rl I8

Herman 55 (2006 ) B 55 K51 L 3 X 59 A 18 05 A
r, RINVEORLRE B 4 FVBRRHEEBE A 40 7 A I
Ay RV IR R R 2L S 1) SR AR, T LAY A 465 4
B A B R B A ) A R, T S AROE A  A
BEZMK, AEE N A & A RORHREBE £ iy
(R 235 R T X I e o K A A 1 B 2R 2K, T L
SR KRB A A 20 XA WS 3] T ik
AT Y S RF , Wang 55 (2022) 757 il B A BEA TP Y
HORYS A0 BAE s b R0 1) T B AR A 1 R BB , DA
T X A HECHS £7 #7471 75% 1076 ~ 168 % 10°° K,
TEINFRATTSEIG UE B (9 — | Bl 8 B2 i T o5, ok Rk
B MR BE A0 & 585 B AR A i, 7 A O A
TR, R A RO A O Sl i MO A
T2 B A BB RE BE A1 BB BR R EE B A i, X 88
AT B K, MO A R X e e RK B R AR
FH it I R R ( RPEE R A S ) | ROk kB A w3
BRRHRERE A 1Y R B 2 B W e /N | B30 A8 SR B
FEAE TN A T dh ek it ke k. IRk, mF s
A RETE A I RS A v LI 217 A7 SRR e BE A Bk
B RS £
3.2.5  &ARE T RS

EE WA ZARM Buell Park AR A=t T
7K BRORE ek B A FNER R EEBE A, BF SR A X R A
FEBEA I TE 100 km TREE (1 000°C R4 T M
SAAFIE K 4 SIE B (Aoki et al. , 1976) , 4
SRAA I H N X PR 42 7E IR AR T 700°C |
FEIE T 1. 8 GPa Z5 A1 T #UAE #5 7K AR 1T Wi 1 1 4

(Smith, 1977) . R4 HATAGIF IS5 SRR, BREEEE A
WY BEIE BT 700°C LA R IR 2.6 GPa VL R JI1Y
N RS FIE AP Bl R, AR
P X AT WO R S R T, BREEBE A A R AR 5 32
A1 1] BE R IR v R LR 38 A O VR FH R AR
g | J5 A AR S K Am R . I, Aoki 55 (1976) 1A
SRR E A R RHEEE A TR LT 1 000°C 1
FrbORARG A, KR kAR R BORLRE B A FIER
RHEESE A N 2s K A i, AN 23 DU W) AR 1)
W RAEAE

4  Z5B

SR T b RO B Y e SO Ak
SRR A DI oty e R AL G, S E ik #) 3.0~
3.5 GPa J&JE K 600 ~ 700°C I, B AT 2 il ok s 7k 5
AW, N ILIZ 1) o e SUE AR SEPE A 2 D7 &
S BT IR A BT . SEe e rh BRI REBE A |
ERRMEEEE A IR A1 3 Fh 93 A B A B, T
HE A, XA IG5 RIRFE B gg —3k,
MK 3 280 W 45 44 B AR AL |, (R TR 45 1 T Bk At ik
BEA SO A B A ISR (HE R
TERE T, KRR BE A LA BE B ol A i D B A
A, BRORIRE B A B B S B TR R S, IR
TG S5 F T RO REBE A A 0 i, 0 IR A ik B
AR A LG NIRRT BB R B
AREAR, BB REEE A AR K TR R EEBE A i
FREYIN G, YR B 750 °C L JE S#Eid 5.5 GPa
B, AR e B A 20 37 0 PR T 5 R R T R SRR L K
RHEBEA W R TE R . B2 R R A5 1 T, ROk R
P /RS A e MOE A TP A BE B B 3%
/I B JE A LA SR b A% i 1 ) XA AE T O A
Hh X R RE 2 b ORGSR RN A figg K %) B
F=,

it AL FNHLTRAZATERBRE
MERBEGEZFHAENL, BRKRLZ R (LT
X %) Joerg Hermann # 3% (48 /R . X 5 ) #= Padron-
Navarta J A # 4% ( Instituto Andaluz de Ciencias de la
Tierra) £ Wit A2 P 4 T o9 H K L FF= 4 85 B
O R AT B R AT S0P £ 1 A e T AR AT
7y WA B B P B R R A F R A TR AT R PT
FZ W Aafb B B oA e A B
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