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Petrogenesis of olivine hornblende in Shapinggou molybdenum ore district:
Constraints from mineralogical characteristics
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Abstract: The Shapinggou molybdenum deposit is the second largest porphyry molybdenum deposit in the world.
The mafic-ultramafic rock widely exposed in the area of Shapinggou molybdenum ore deposit is an important medi-
um to reveal the deep information of the deposit. In this paper, the olivine-bearing amphibolite outcropped in the
mining area were studied based on petrology, petrography and in situ analysis so as to clarify physicochemical con-
ditions of diagenesis and discuss the petrogenesis and tectonic setting. The main rock-forming minerals contain oli-
vine, amphibole, phlogopite and pyroxene, and the accessory minerals are apatite, chromium-iron spinel, mafic
spinel, magnetite, pyrrhotite and pentlandite. The results of in-situ analysis of EPMA show that olivine belongs to
the chrysolite series, amphibole is parasite, pyroxene is diopside and mica is phlogopite. The order of crystalliza-
tion is olivine-pyroxene-amphibole, the temperature ranges from 1 111.64 to 1 223.30°C and the formation pres-

sure ranges from 350 to 740 MPa, with high oxygen fugacity (the oxygen fugacity varies from NNO +0.59 to NNO
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+2.27). The mineralogical characteristics of phlogopite and amphibole indicate that phlogopite was related to man-

tle-derived magmatism. The study shows that the parent magma of olivine-bearing amphibolite originated from the

mantle and was formed through crystallization differentiation of basalt magma which was partially melted by 7.92%

of the mantle. The olivine-bearing amphibolite outcropped in the north of Shapinggou mining area should be the

product of partial melting of mantle-derived magma under the extensional tectonic background.
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Fig. 1

Geological sketch map of the Dabie orogenic belt Cafter Yang Zeqgiang, 2007)
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1—DMesozoic sedimentary rocks and Cenozoic sediments; 2—Erlangping Group; 3—Qinling Group; 4—Xinyang Group; 5—Sujiahe Group;

6—Hong” an Group; 7—Susong Group; 8—Luzhenguan Group; 9—Foziling Group; 10—Meishan Group; 11—Dabie-Tongbai complex;

12—Yanshanian volcanic rocks; 13—Yanshanian granites; 14—mafic rocks; 15—fault; 16—deposit
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Fig. 2 Geological sketch map of the Shapingzou molybdenum ore district ( after Zhang Huaidong, 2012)

AR 117.2 £ 1.2 MaCAEERSE, 2015), 2L,
AR A, BORAA IS , a5 T2 X b A - g
MK o BT IX R T B A K VR, ROk
Te R iR, SRR G . fE XK B AT X R B AR A
A, BN BROR Y B T KA R A
RS AT ERKBES X B AR A A, AR
Bl B /NE BICIR = i, A 2208 KAk <
AHEIER L

FEE R 2 A2 B A AR DX R AL R P
PO IR O £7 DA A s 4R 132.9 £5. 8
Ma( 55 SCR R, Ar T 55 o600, 0 FE3R 4T R AL v
1.5 km &b, AR BETHILZ 0 0.2 km?, JE AR ) 4E
fifte B I A g A 13307 Ma C E 3%,
2013), 704 T b 2 km 4L, HIFRZT 8 0.5 km?,
PR BTN R 3 A 170 A AR e A, B
A AR B RSB S AR KO- R . B
T A AR 128.5 MaC E 3, 2013), 206 T
FEVH 800 m Ab, AL 4 0.9 km®, EASKLIU AR,
FlA D KA A AN . X il AR 3 R A
PRIl 3 2 A B R AL SR b 28 = REA L SRR
Al

3 FEMREAE L R T

3.1 HREHE

AU AT RE R BV PR T X P A, JL
TR HORE N A R SRR A B AR bR
N31°33'27.86" E115°28'11.55"C & 2) . A {5 uF Hidfs
(R SEPE, SR B IR RE i T b AT B, oK 52 1l AR 58
BT IS R RE ST . 2B L T o B A0 B
grh, JOIRIIE , B rp—fDR SRR 2548 (B 3a) .

FHHH S SEM/EDS 45 J 3 B 3 = B 0 Ml
Midr (20% Fefa, PR AR50 0O M N A (65% ~
70% ), DEWEAT (5% LA e BE(S5S% /4D 28
SBRERENAT, B P B KA BT SR
ERIUAN SR R QKT

B A1 2 SV RRLR, RLAR ARG AE 0.3 ~ 2.5
mm, F RIS kW R i Ok R AN TR AR
AL s S A A B N P SIE 1% i R N ST 1 P %
IS A ARCE 3b) o 1 A A A s (0 1 5 0 £ TN
FIFEWIE 3 ~ 5 mm, 2 RALTE 78 T WM 4 Ak A
IR 3 S I 3 (O S S (U AREAEs & S S



%52 1 A PR XA N AR A R ) AR R 195

WA LSRRI AT 32, BEANNDOREIR, To tiE B, ki
BAE0.2 ~1.5 mm, 2 A0 78 30T BIORE A0 1) 52,
KAWL xle Al <z BF 5 2048 T AN HL I 6%

FORRIARLE 0.8 ~2.5 mm, F A4 C L RHRE A1 Rl A [N
Fo BERA R BT S EERPR, KAt 80 ~600 pum A
BAE, GG Ta b (3.

B3 U EFIA RN i DN A e A i

Photographs of olivine amphibolite in Shapinggou
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a—hand specimens of olivine amphibolite; b—round granular olivine with cumulus structure serpentinized along cracks, amphibole with mosaic texture

Fig. 3

enwraping olivine ( + ); c—phlogopite containing apatite ( BSE); d—pyrite, pentlandite, magnetite ( BSE); Ol-—olivine; Amp—amphibole; Phl—

phlogopite; Apa—apatite; Mt—magnetite; Pel—pentlandite; Py—pyrite
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Table 2 Major oxide content of hornblende in olivine hornblende from Shapinggou
FEf S SPG2001  SPG2002  SPG2003  SPG2006  SPG2006 SPG2092-1 SPG2092  SPG2092  SPG2005  SPG2005  SPG2005
Si0, 42.29 47.01 45. 64 42.10 42.04 43.54 41.68 43.43 42.67 42.55 42.92
TiO, 3.19 0.19 0.16 2.97 2.70 1.70 2.63 1.17 2.65 2.13 2.24
Al O, 12,11 8.82 9.81 12.36 12.22 11.87 12.27 11.49 12.32 12.12 11.79
Cr, 05 0.98 0.19 0.22 0.68 0.66 0.47 0.51 0.41 0.77 0.55 0.56
MgO 15.19 17.57 16.98 15.23 15.34 16.08 14.56 16.02 15.04 16.51 16.09
FeO 8.20 8.58 8.62 8.42 8.78 8.57 8.49 8.24 8.85 8.48 8.63
MnO 0.10 0.11 0.08 0.11 0.19 0.06 0.13 0.07 0.13 0.00 0.05
Ca0 12.11 11.43 11.70 12.19 12.17 11.77 12. 11 11.66 11.94 11.87 12.04
Na, O 2.71 2.77 2.90 2.46 2.68 2.62 2.81 2.82 2.75 2.52 2.85
K,0 1.10 0.55 0.65 1.12 1.11 0.98 1.12 1.03 1.13 1.12 1.04
Total 97.98 97.24 96.76 97.64 97.96 97.66 96.31 96.39 98.25 97.85 98.21
FH 8 7 i Avr
siVo 6.15 6.70 6.59 6.13 6.12 6.26 6.20 6.34 6.18 6.11 6.19
ALV 1.85 1.30 1.41 1.87 1.88 1.74 1.80 1.66 1.82 1.89 1.81
T AV 0.23 0.19 0.25 0.25 0.21 0.28 0.35 0.32 0.29 0.16 0.19
Ti 0.35 0.02 0.02 0.33 0.30 0.18 0.29 0.13 0.29 0.23 0.24
Mn 0.01 0.01 0.01 0.01 0.02 0.01 0.02 0.01 0.02 0.00 0.01
Fel* 0.06 0.69 0.55 0.18 0.25 0.50 0.00 0.39 0.18 0. 66 0.37
Fe?* 0.94 0.33 0.49 0.84 0.82 0.53 1.06 0.61 0.89 0.36 0.67
¢ Ca 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mg 3.30 3.74 3.65 3.31 3.33 3.45 3.23 3.49 3.49 3.49 3.49
Mg 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
B Ca 1.89 1.75 1.81 1.90 1.90 1.81 1.93 1.82 1.85 1.83 1.86
Na 0.11 0.25 0.19 0.10 0.10 0.19 0.07 0.18 0.15 0.17 0.14
Na 0.65 0.51 0.62 0. 60 0.65 0.54 0.74 0.62 0.63 0.53 0. 66
A K 0.20 0.10 0.12 0.21 0.21 0.18 0.21 0.19 0.21 0.21 0.19
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Shapinggou ( after Leake, 1997)
Mg
F3 DIEAEBRANGEEGEESUIRS wy/%
Table 3 Major oxide content of clinopyroxene in
olivine hornblende from Shapinggou
FES SPG2004 SPG2005 SPG2092-1 SPG2092-2 SPG2006 SPG2007 /&
Si0,  51.42 51.34 51.30 51.88  51.81 51.33
TiO, 0.84 0.63  0.65 0.32  0.54  0.57 BT
ALO;  3.29 2.82 3.0l 2.53 275 2.77 0
Cr,0;  0.60  0.58  0.49 0.40 0.34  0.60 T
MgO 1510 15.57 15.09  15.44 15.68 15.51 Vo BRIERER
FeO 560  5.73  5.71 6.01 5.59 5.57 - “‘ 20
MnO 0.10 = 0.09  0.06 0.19 0.14 0.16 - S . \ N
CaO0  22.90 22.90 22.95  22.40 22.64 22.70 Fraty 7 SE=k ‘1l Sl
Na, O 0.47 0.42 0.66 0.34 0.64  0.43 AIMHFSHTI g0 47 Fe2*+Mn
Total ~ 100.32 100.08 99.92  99.51 100.13 99.64
Si(T) 1.8  1.88  1.88 1,92 1.89  1.89 6 Wi ING S w1 Mg (A1 +Fe™ +Ti)-
AV(T) 012 012 012 0.08 0.11 0.1 (Fe’* +Mn) 532 E# (B Foster, 1960)
AIM(M1) 0.03 0.0l 0.01 0.03 0.01  0.01 :
i Fig. 6 Mg—(AI" +Fe’* +Ti)-(Fe** +Mn) diagram of
TiCMI)  0.02  0.02  0.02 0.01 0.0  0.02 R _ .
Cr(MI)  0.02 0.02 0.01 0.01 0.0  0.02 phlogopite in olivine hornblende in Shapinggou
Fel* 0.06 0.09  0.10 0.05 0.10 0.08 Cafter Foster, 1960)
Mg(M1 +M2) 0.83  0.85  0.83 0.85  0.85 0.85
Fe?* 0.11 0.09  0.08 0.13  0.07  0.09 CLOA
Y
Mn(M2) 0.00 0.00  0.00 0.01  0.00 0.00 5 ﬂ‘lb
Ca(M2) 0.90 0.90  0.90 0.89 0.8 0.90
Na(M2) 0.03 0.03  0.05 0.02  0.05 0.03 5.1 TYERYBLEEHE
K(M2)  0.00 0.00  0.00 0.00  0.00 0.00

(MgO = 22.17% ~ 24.88% ) LI (ALO, =10.44% ~
15.67% ) A%k (FeO" =5.71% ~6. 68% ) W51 .
1E B Mg —CAIM + Fe’* + Ti)—(Fe’* + Mn) 402
K fi# 1 ( Foster, 1960 ) , ¥0BEVA RN £ TN A1 5 1) = B
O B AR 4 e BRI S (& 6D

A IR o S R TR G B s A
T AE ) BEAL 2 4 A IR T L TR ) S SRR ) ke B4R 4k,
W) 10 R AT 4 S5 DR BEAK, 2 S A 1) B0 A% T 32 5%
M (VR SE, 1986) o AL 34K 2% S A1 IX B 2 40
1) R 1L B AR AR BRI 2 A R R R 2 R A LA
BHRRE X
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5.1.1  JREERE AN Ca PR} A7 28 56 5 J vF 7 B2 20 o (5 8 5,

R 5 A AH P 17 S B R DL A 4 T I
LRI K G e I R B E S A MO A,
L& Al il B AT A A AR R 5 K 45 i W) T B (AR X
NI, 1993 B A7 1) &5 i il B AR 4l A 3R C D T8
(BB B4, 1991):

1(°C) =1056.6+17.3 MgO 26 (1)
Horp MgO Ay BES J BRI ot i 7 B K Aol A —
FE RSP JRUEE , BRSSP MO & s R HE A
£ RN A fs s Fo {H DL R A5 4oy v] DATE AT
(Irvine, 1977) , LA AN CIR4H 5246,2003)
MgO =0.56 K, * Fo * FeO/(1 - Fo) (2)

o K, BT 5955 18] Fe-Mg 43 it 2 %0 Fo Al
MEA DR A {8 FeO Jhy BEZ SR v 2k 1) 5 & 73 4
45 Roeder 25 (1970 FIBF 5T, BIME 47 55 445 3% 1] Fe-
Mg 7 A $L K, JE 58 HAE 0.3 ~0.34 2 Ji]. Fo i
e PRIRBONE A 20 43 T 6 B 230 A e R A 7 21
(R4, 2011), A STHIN A d52 51 Fo {H 480. 15,
AT DLHE S LIS A AR ) MgO/FeO = 0. 67 CHL K, =
0.3). SUPPRIHION A N A BN s Fo A1 X
N4 ERE R FeO 54 FeO = 14.39% (S0 ki),
RN L3 22 28 MgO/FeO = 0. 67, 14T H 5 1P 4y
PRI MgO =9.64% o 11 5545 BRI 10 45 i B2 4
1 223.3 £26%C 1230 AR AT LR SR VD BRIV BN A
DN A 5 S 2 b TR WL S

I Ca/(Ca + Na + KO BU{H A3 /1 IH 1 45 il

FERI AR 48, 1983):
1(C)=[1.067 4 -Ca/(Ca+Na+K)]/
0.000 365 344 (3)
L CavNaK 23 1 4 BL 23 AN SR T 508 FrvfE v 5
FIBH B8 8. MR85 A 303D TS M N A 45 i sl
1065 ~1 147°C, %M A 1 111.64°C o« 5 F| H VB
BHOWE A1 TN A 2 v A7 TN A AR 2% B 23 AR £ TR A &5
dm i 1 28 3 CRidolfi er al. , 2010):
1(°C) = —151.487 Si* +2 041
Si* =Si+AIY/15-2 Ti —Al/2 +Ti/1.8 +Fe’ "/
9 +Fe’* /3.3 + Mg/26 + Ca,/5 + Na,/1.3 —Na, /15 +
K,/2.3 (5)
b BIRBHES 24 43 LA 23 AR EOh bR Th 5
(1A &5 7%k Cay Nay, 205004 B BUAL EPT HHEH) Cas
Na FHES 1 40; Na, K, 7354 A BoA7 B A7 H6 1) Na
K B8 7%, oF 5045 A0 I A 45 il il 2 o 921 ~
1 047°C, %J{E 4 1 008.20°C »

(4)

1985):
1(°C) =1097.135 +33.133 X —0.764 (X)?
+11 ALO, (6)
X =Ca/C Ca+Mg+Fe’ ) (7
L CaMg Fe?* R4 I LL 6 AR T BN AR HETHE
HIBAES 4. A ok 2 X H A5 R 1) 45
P U 4 1 140,50 ~ 1 149.36°C, ¥J{H M1 144.61°C .
A A 2A 8 NS ] 0 G A W &5 i Y D A
WA WA AN A, 5 LI v S 4 SR A — 3
% Hammarstrom 25 (1986 ) i\ 45 K145 £ TN £ 4>
B AR
Puge(MPa) =100C =3.92 +5.03 Al") (8)
Hollister %5 (1987) & 45 1144 /1 IN A 445 1 g o
A
Pus; CMPa) =100C —4.76 +5.64 Al')  (9)
Schmidt(1992) %4 45 145 ff1 N A1 A58 K ik A
ﬁ:
Pson(MPa) =100C =3.01 +4.76 Al')  (10)
o A1 G BL 4 AL p bl S A I B R T A 4%
LAY (9 (10D THEE AT th A TN A3 4 s 0 oy
512k 350 ~ 690 MPa.360 ~ 740 MPa.400 ~720 MPa,
AR R 45 i I s ). 4% 100 MPa~3. 3 km
B2 SRR BE 2 12 ~ 24 km, 1 036 00 W 76 o 7
S o
5.1.2 SRR
R S AR T R 1 DR 2% ik ek 8 R I ) 45 )
2= AR, 5 S P At A 2 e o 2 1 [A 35 ( Rich-
ards, 2003) . il N £ fl &= B & B0 T %
Fe, Ho Fe’ " /Fe LUAE & 5% Wi 5000 152 Cf, ) AR Ak 1 UK
AN A 5 1 2ok S &5 b I i AR . AR
Pu /A 2 (Ridolfi et al. , 2010):
ANNO =1.644 Mg* -4.01 (1)
Mg* =Mg +Si/47 —A1"/9 1.3 Ti" + Fe’* /3.7 +
Fe’* /5.2 —Ca,/20 —Na, /2.8 +K,/9.5 (12)
JLrp B BH 7ok 23 LA 23 AN SRR T EOh AR T 5
IR 74 Cay A B BCAL BB T #E1 Ca FHE T
$;Na, K, 239000 A BoAL_E BT A4 19 Nao K BH &1
Ho VA A A 46 I AR %R FE AR AL VS A NNO +
0.59 | NNO +2.27 I}, ¥J{H ) NNO +1.26, B7x
T AR FERFE ( Ridolfi et al. » 2010) .
PHE S =B Fe’* — Fe’ " — Mg = JC iR, 3
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PRRZAT Ni—-NiO ez ECE 7)), ez
BRE5 I R SRIR 5 DA R 28 ST A5 H A 4R
BPEARY) G o SR M A TN A A< 2 BE PRI 1)
S 30 AR A T R WIRIORE A I A TR R T B i
SR PEIAET -

Mg 01 02 03 04 05 06 07 08 09 Fe
Bl 7 IR N AU E o B Fe't - Fe’ - Mg
= o f#C #i Wones and Eugster, 1965)
Fig. 7 Fe’*—TFe’* — Mg ternary diagram of olivine hornblende

in Shapinggou (after Wones and Eugster, 1965)

5.2 EAKA
5.2.1 MAWNA GBI

WAES N AN A A IR 4 8, F HL R —
s ASRE LR SEINVER TR 45 APS IE I/Ee S B2 b gl
A FEY)(Tuan et al. , 2014) o A INA AL O, F1 TiO,
FHn B 2045 W7 N A Tio, — AL O, 2 KR (A
8a) b, AL s NG YA M N AT N . AL -
( Na + KD B C FEI8b) th S8 7 £ N A K Y T 1 o ey

WG TSRO A DA A b S DA A LA D8 s 3R TR A
IIRFAE o K54 25 BEI B 3 AE FeO'/ (MgO +FeO")
= MgO [ b, F B A NE Y5 7 K X ] 8e, AR,
1986, 1988), & Ho 4 2 BE[) Y 1l 55 18 5 5 %A H
AR 5 LPTIRRINL Al N A2 AR N A 4 = BESY
& S AR A G R AR )
5.2.2 BEEFKMR

FARMEEAT 1) 2 5 0 3R o AT DL B BEE JR R AE
( Leterrier et al. , 1982; DS IEAE, 1987) . A
HHEHT Si0, — AL O, K fil 4B ¥ T W4k 1t & 41 ¢ &
9a), Ifii Al —Ti B JLT- 45 Bn v T 45 itk % ot
FCHIN, RO AR I BRI WA R, B
B 2 AR AL o

FIE AT N 4l oy e AR T B0 i iR % s K
AR A A NiO 5 B Sato, 1977) o JEUUR I % 5k
FUE D45 d oy AR BB A b NiO % = s TR AR
FEAR AR ST, 1991 ) o YD PRV RIONE f N A 2 vh ROoB
AMINIO FH#HHA0.11% ~0.22% ,¥EH N 0.16% , ik
TG A A 0 SR R X T Al A RO A
NiO 12 0. 4% ) Cfid B, 1991, M i 7] LA i3 B J5t
GBI R R &5 i o e A 3 B0 N0 o B, LR
FRNILIRAEAE K

RIS A7 1) NiO« Cr, O, 520 43 RENE [ WL REA 3% 4%
REFE BE (i ik %, 2014) . A SCHOME A & Nio
(0.11% ~0.22% ), 1fj Cr,0, & EHIX (0. 05%
~0. 1% ) [ W BEZ IR 15 b AR FE AL

a \ b c
\ N ]
5 E - .
° 4 \ —15 %% ._% HHsmtt ; ‘
) il Eeyd ¥ . b o X o) 4 ’
Q3 \ ° A 506 ‘. o,
[\% MKMANA \ ® =0 #gs  © 3 ;z FEMIRH |,
2 Lo Z 5 / /O wmEE
1. < £ 04 ’ ’ P
e 0.5 4 p 7 HK&x bt
1 \ 1 ’ ;
| / ’
0 ° o, 0 . . 0.2 . . . s
2 4 6 8 10 12 14 16 5 07 0.9 1.1 1.3 1.5 5 10 15 20 25 30
w(ALO;)/% Na+K (5 730 w(Mg0)/%
B8 VD YFVARIONE A N A A TN A R0 B TR0 i s e

Fig. 8 Binary plots of hornblende and phlogopite
a—ffi N Ti0, — AL, O, BB CHE 223 X255, 1984) ; b—fIAAT ALV —(Na + KD I 50 FE (3 Kay et al. , 1983);

c—4 =Bk FeOT/(FeOT + MgO)— MgO K f# 4 JEVEDR, 1988)

a—Ti0, — Al,0; diagram of hornblende Cafter Jiang Changyi et al. , 1984); b—AIY —(Na + K) diagram of hornblende Cafter Kay et al. , 1983) ;

¢—Fe0"/(FeO" + Mg0)— MgO diagram of phlogopite Cafter Zhou Zuoxia, 1988)
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1 R
— HBE %R
45 : : : : : 0 : :
0 1 2 3 4 5 6 0 0.1 0.2 0.3

w(ALO:)%

K9

AV

I PERINE AR TN A SRR A A1 R SR B CH Leterrier et al. , 1982)

Fig. 9 Discrimination diagrams of clinopyroxenes of olivine hornblende in Shapinggou Cafter Leterrier et al. , 1982)

TR NiuC 1997) $2& t (I 256 7 =0 nT DLE 57 2L

03 I Rl R R
F =0.03 249 MgO, , —0.234 (13)

Horf F SRR 53 4 R B s MO, R 7 BEA K
MgO ¥ )55 43 0. s v ids , R BN A f5 ) Fo (B
PAK A A 53 3 vk B, v AR RS b MgO &
H9.64% , ARNAINC13) 15 H 2 PR B 75 52 2 i 22
1k 7.92% [ 53 15 b B o

g b, YO PRV RN A1) D) A0 5 BEE IR R Hi g Y X
KA T.92% T Fs b i % iUTE K& 4 oy e AE
TE IR 4 %
5.2.3 s X

BT SRR S K id& Ly A& T 3
AP B A B R A AR Y B (230 Ma B
Hi) ( Cong, 1996; Hacker et al., 2000; +i¥ /&%,
2002) ; [l A 47 IR B B (230 ~ 170 Ma) (VTR F) 2%,
1999; Hacker et al. , 20005 Z=HE't, 2004 ) FlH Y
Bt (140 ~ 85 Ma) ( Ratschbacher et al. , 2000) . [&]{7
FAPAE IR, WD P BOE T 113 ~
110 MaC 3% JLEE, 2011; d&4F 458, 2012; 5K405%,
2011, IEAE I 3 Ly ag A e B B, R B (140 ~
85 Ma) K Jladk thaly 7 A Bl 2B T s Z ) i e, HH B
TR ) A AR TR FASE A DR 1 bR o
Tk ik, 20115 ZEBE655, 2013), JFE KL 17
B0 R S B i (R A%, 2003) . e
B (1) T2 AR A 5 Z0 A e A FH IR R 2B, 2 DR X
A0 P 9 ) A 3 g 1 C kK AR, 2003 Chi-
ara et al. , 2014) . YPPEVABE ARV PR R £f TN
1% U-Pb SESE R 132.9 £5.8 Ma( Yy LR £, £ W]
T AR AT I TR A AR S A, 5 O 3 1 A AR AR R

O I TR R A, DRI L I 2 T8 T oK ik e A el i
JEE 5 S 5

KR W B A 2R B, £E 130 ~ 120 Ma
S Te) , ok 19 1 DR Bl e A Pl O A DR A e o 3 A
R AE, 2018 ), AT 51 K N JE B8k K B 52 1
IR, A Pl R T A 8 4y A% e, T) BT B b 0 |
W, IB B 7. 92% IR0 53 6 Bl B2 (R J5CA KRR
Hoe. HuME R KIRAR, FEOINESEE R M et R
Ml ARG B 2RI T e OB 4R A5, 2009, 1T g 5 E
BRER T B S UM o

T H AR YE S J LI 2K B & Mo, MK (1)
Mo 7 355K [ i 5% ( Wallace et al., 1978; Chen et
al. , 2000; Sinclair, 2007) . MW" PR A & 3
B  JRA%, 2012; 4%, 2012; B &
Yod, 2015), RUIEEME A K AL Mo 1T B Fa v 43
WA E M. IEUW Stein 25 1985) ZE 9T Hender-
son B K5 LA A3 SR N5 I, 32 4 s SRR T IR
A SIS L Te . A AF 90 3 BH B A ] g K
FRIE S s AR E T #E R 4 S T e IE A Mo
(Westra and Keith, 1981; Carten et al. , 1993; Keith
et al., 1993; Audétat, 2010). 1 ¥»EEFAHH X b
P V0 R 100 R S MO A I A S B AR
5V PR AT B I AR A A L R e e, 5
HOTE T K 5 32 Ly Ml 5 3 1) K B A 3 1 St 2
o WY PRI A DA A T BT A v ) AR B R
B, FR 7N o e R IR BE R AL, B v ) R B A AR T
Mo 1EWR G318 A T & £ ( Candela, 1989), A DL G BRI
PR AR EAL L R Mo 165 R 4 .
gr b e R AT SN, o BB o, T Hh 5T

PRUT, A A Rl JL I e i 2 ol F) W 98 2 IR AR K0 3
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s M7, T R JE VA AT X A S RO A T
fido

6

oy

i

(1) WM IN A S 250G A0 W A
R oA, S A R TN, W R R A, L4
di P Ok BORE A — W A — R A, & R R R
1 111.64 ~1223.30°C . JEHK 124 350 ~740 MPa,
SRR SRR L) 12 ~ 24 kmo AN A4 = B
Gl IR 26008 B2 o NNO +0. 59 3] NNO +2. 27 [H],
B K NNO + 1. 26, B A w8 B4 AE

(2) VPRI A N A 2 0 Dk o S R U T Hh
W, S Y X R A 7. 92% 43 s b 1K 2% kU
225 5oy eAE TG URIR A5 2K

(3) FEAf R IE T 50, 25 A0 Rl Hhue 1 358 25 45
Rl TE S PR Y SR AR DR g 1l Al T b e i
TN T #5545 T 724 5T, M T Bevb BRIV AH A Xk
SR MO A T A

st A FIRA MR TAEFA] TAZ T ke
TR AR IR AT MR R S B )P R T Ay
XF Ao, FI M H & R ARG T 2576915
RE I, e —FHE R &
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