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Metamorphic Petrology
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(2) WA FUA AN EEETNE

PEHT IR A, B. Cullopenxo(1963) Siil, PO EKATFERLH i & 5 B K DB RN B0 70%. 4 63% . 4%
BRET 73% . A 73—26% BREALY 72% . 4 93%. M1 66% . &t (A=EE) 100%. AN, ISR EBIR 4R
oy o T ATFE R 2 R AR ST, AT AT DA J o I 5 U B A
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ABJFAER (Metamorphism) — 1] & H74 F 2235 Boue (1820)5F & X H kI, JERH9EE %3 C. Lyell (1833) fEARII4#
FH (MR h, fERGHUESS KK ARG, R RS T 7Rk,

PR REET, HTWENEZ NS, AR EREBEREFMNRE) EESXMFE T
RIS BRSO RIEA

FH AR A FH T B B)2E AT PR CONZR RS (metamorphic rocks).
The word "Metamorphism" comes from the Greek:

meta = change, morph = form, so metamorphism means to change form.

In geology, metamorphism refers to the changes in mineral assemblage and texture that result from subjecting a rock to
conditions such pressures, temperatures, and chemical environments different from those under which the rock originally
formed.
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The Limits of Metamorphism

Low-temperature limit grades into diagenesis

Diagenetic/weathering processes are indistinguishable from metamorphic

Metamorphism begins in the range of 100-1500C for the more unstable types of protolith

Some zeolites are considered diagenetic and others metamorphic — pretty arbitrary

Marked by the formation of minerals such as laumontite, analcime, heulandite, carpholite, paragonite, prehnite, pumpellyite,
lawsonite, glaucophane or stilpnomelane

AR AR I B IR A AR B A IR . EIR BRI, ARBUE A A LUK AR AR, HONR A EER, aiaikik s
— BN AR A KR . A A R SRR EERE S A 2R SR EANE IS R R AR ARt . R AR B AR
1 b BRI B A AR R AR E L, — %A 800—1000°C

. RRAERERA

B R/ERA contact metamorphism
/12 F{ER dynamic metamorphism
SBKPZEFRYEA hydrothermal metamorphism
XI%A5F/EF regional metamorphism
BEAWIER migmatism
A RYERA burial metamorphism
VR FA/ER ocean floor metamorphism
W FA/ER shock metamorphism

. BB RIER (contact metamorphism)

A AR AR R PERE S S AR TR A B — Rl R AR LR, 2 E SAR A, o BRI A 52 AR N BT BIOR R A% R
I T A AR AR o IXSRAR A A MR S, e — AN 0.2—0.3GPa.
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2. 30178 Fi/E R (dynamic metamorphism)‘

FIE IR b A O S R BI ERE . AR S RIS, R B s RS MR A5k, FoAlsl]
NARRAE . Hoba A DRNA R . TR IE S s AERE . BRCEFIBERE S5 .
B AR A R SR AR A R —Fb S AR BT ARH f 42 1 o

‘3. RBKRERAER (hydrothermal metamorphism)‘

BA WG RI TR S ERE A RAERA, TalEE R KA IRy SEHIE AT R, BRI R
], T LU e AR 2 MR B, R R AR KSR R ], ]

AN LR B KBTI, LR B AR RS H W o JEE T A R = 9

‘4. XA FAER (regional metamorphism)‘

AR HA R R EE 2., ’@ﬁk“” (orogenic metamorphism). - H IIAERTRRALL RER. MG

W SRIRPULLG KRR T .
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RER,
20

18

16




| |
Roots of the
Himalayas |60
— 50
—40 &
Base of =
Archean crust [~ =
m)%
(]
20
—10
0
0 200 400 600 800 1000 1200

T°C

5. IB&EWAEM (migmatization)

TEASTRAE G T, i B e i i o H B 3 A W BRAE B A, SR S R (amatexis). 403 7R 4R
LW, ©HEERFAEARERS. R, FONBEEIIER (migmatization)], ¥ &R FERRAH . XAER
W NREES R AEH (ultrametamorphism)‘o MIERIA R — B EN, WL N ERIER, TERERS . BRARAR
ZoyRM, AEEA KM F 2R & K. Nao Si (09045808 40 4 5 30T 28 BUR &4 B oA A e A
(granitization),

‘6. R FAER (burial metamorphism)‘

TORE TR I (B K 5, B e — e R, SRR AN AR T e, M A2 i . XA s A
[FVRE 0 BAT BOK R DO, vy DL XA A F A — Ao (E HGECAR g 1 2 e R P 5, RLAE AR &
HAARZERAE. MR . EFRIR, e AN Ea — RS AHAS, HiEkERR4A
o

Regional Burial Metamorphism
Otago, New Zealand
Isograds mapped at the lower grades:



1) Zeolite

2) Prehnite-Pumpellyite

3) Pumpellyite (-actinolite)

4) Chlorite (-clinozoisite)

5) Biotite

6) Almandine (garnet)

7) Oligoclase (albite at lower grades is replaced by a more calcic plagioclase)

7. ¥EBHEIEA (ocean floor metamorphism)

TR R MHE RE A T 32 SRR T A8 Hu @A AR B BT T R# s ZK RO ma & A AR SR T, AR B RE B T
TEEABOME. BEO—FEAMMEH AN, FMBaTmIAREM, AREMR, b TRy KRR
(A AT AN

Two types of ocean-floor metamorphism:
1) low grade alteration
a) formation of palagonite
b) formation of smectites
c¢) formation of carbonate

d) compact and dehydration

2) High grade metamorphism
a) Zoelite facies
b) pumpellyite facies
¢) epidote facies
d) amphibolite facies

8. MiZFIERA (shock metamorphism)‘

RAELE WA ph BARREE P2 AR pdye e, ERERERE R R K AER, KA EEAERE (GPa),
BT 10000°C . I E 2 7B SR MBI AR &4 T AR RS B AR A BT — Lok R R R AR TR
¥, . FIATE(coesite) HrfF(stishorite),

HRE H B O RURANTE R, 2R R AE SR TT BA T AR
1. &R ZHRIEM (local metamorphism)
BAARR . AR AR A B AR
2. XIEMKZEFAEF (regional metamorphism)
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1. EGEE{E

E IR R L AL VR B AEYTRGS RI R, T R 5
A 7 R R 77 e 5 8 RSO R M7 T s, TR B
CaCO3 = CaCO3

2. BREBEARER RN

FRAEAR SR FH B0 B2 R JTJE N, A BRI B FA T KRS RN, X — R EE T YA, T
LA AT YIAETE 2R .

Ul: CaCO3 (J7fifa) + Si02 (£ 9%) = CaSiO3 (FEKA) + CO2

3. ZHAIEH
SAAERPE TR A KT AR KSR, RS AR SRAD A RTEIL T, RN L0 — 2 Ho g, X
— RN SRR TSE. AN, GEESEERNY BERS.

4. ZAEA]

EAERIE R E R A T R Mt A T AT A T .

1>, BatAsTY], — Mk AR AT R IR A RS B P B R 2B R SRR I 3 R ) AR 2%
AGIRE, R LIFIFBROL R R S ISR TR, BRI ARRG, TR MR
JEUE, S T A R R AR RS

>, WA, e, B EIRE AR, RSN RS R, AR BN A, ARk
IR RIS H R, AR AR A e, SR AN SR 325 5 B A RO A
BT E BRI

(1) SBYEAS T 0] SR 10 b i TP 0 A B AR, R B ORI RO AT WU % A T S AT
M.

(2) HIT-4 6 PEBTZ (0 R A 150 5 4 S A 2 R AR BE AR AL

B B A6 5 B TR B A B A0 a0 T, T2 2 T BRI N A U, T B A P S B 7 «
S2 A SIS RIS . A .

(3) FERIAMEMT, AR 540 IR 52 17 (preferred orientation), M T T AR IR i 70 TR A 1 65 6 2.
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TRAG R AR B /E H (Very Low Temperature Metamorphism)

AR H AR, SRR W LmEsa, EREE I R,

A -> A A K

AR A FH IR PR A AR T 200°C .

PR RS (BT A IR 28D AR R 1 45 b 2

BFAEFHIFIH AR, A AT EIFET 2R DRk, AR IR i S IR A5 R o

g
AR AR ?
ZFERSRCEER . AR KX BB R
ZFERIIRE? 5 RFMXSRAERKR?
Bl R, RETRE. ERERAN. Wi, Baks
AR AR R A KT 32
HEREN, ZREGBMERKN, ZRIEM, ZRSREM, ZRAEREEH
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Metamorphism 225 /EF AL
RFAER RS AR —ARER
BRAERRRE. 8 FhRR
BFAERKTR: 5FT5R

KA —a = > ¥
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AL GE WL A 2 1 — s AR 1 AR B A N TR — 2B R ke R . 1X— S B AN i A it Fe A E R B R
K, R R LE FARA iR B tessAe g P R aT
R IRATRE WS B P A B 4B AR T S N, RAE RN B, AT AR R [ B, FRATELRE 1R I 1Y
FRAR T AE R I FE
R BRI s A B B R, BT T LA E — N OB P-T-X &5 08), FRFR @ A A& N KA AR R

B BRRNEIEERIER
B BRRMNMKEARRE
B RRRMAERIER

B BRERNMEEARRR
12 & 2

(1.1) #H¥%7% (Phase transformations)
(1.2) BB RM. (H¥ % RY) (Exsolution)



(1.3) 27 = (Solid-solid net-transfer)

2. 3% K3 i (Devolatilization Reactions)

35AMIEJFE M (Redox Reactions)

435S R N5 AN ESL RS (Continuous and Discontinuous Reaction)

1. E&XBL (solid-solid reaction)

(1.1) FFfEZEEZ (Isochemical phase transformation)

I

S TR ERCE LA R B 22 TR AR S A12SI0S =A% FUARKR 2 A 6 AR
Ky (AI2SiO5) = And (A12Si05)

Ky (AI2Si05) = Sill (A12Si05)

Sill (A128i05) = And (AI2Si05)

RAN, H: AT (Si02) = FIAZE (Si02) = A% (Sio2)
ABOC)=&NIA )
FEA  (CaCO3) = XA (CaCO3)

The transformations depend on temperature and pressure only

=AM AR AR I B2 U RE A T 7 R

198 = p] f1 5% (coesite) P >2.6 GPa
£ Raman 3HTiE I H I 521 —525 cm-1 FFAEIE
FH T H A 0 ) A e A T R AR AR N 30%, FEZF B0 IUBUIR RS

4 N5 (diamond)
fis=4WIf P=36kbar; T=28000C
ke, Raman Y6 EA 1331cm-1 1%

(1.2) FEBEEKBERMN  (Solid exsolution reaction)

e N AH ELVR IS B AR, PR R PR A G SR BE N AR AR B8, T F KNa-1 A2 35y i ARl 1k A [ A ik B %
ISy 73 A D B A R R A VR e [ A A

*8KA: WKASHKABEB®TE

RS X )

e e 2 e e IR AH ELVRVE I VAT ), AR E R IR A TEE, KA, TERL 2 ANEE 2 1 A4 .

(1.3) aiEi& KM (Solid-Solid Net-Transfer Reactions)

A+B=C+D
KR FUE ) SN, U
XRAR 5T SN, 3 52 ) IR d TR AR AR, A P—T B B R P AT TR
KR NI H A T
WERG Y S H IR T, REERAARL R B AR OB, IRFERARE A 24, A STHFE
WRERARFMNE=2E, BABEIEAN solid-solid net-transfer reaction

2. BFEKRST RN (Devolatilization Reactions)
X FEAR A A R R IR N, BTG H20 e B FiE CO2 [, It LA R B L. RUONTEARIR 2514 T T i
WA B A B S AE R 4y OUHGEK), IR, H20 & &5

Fou oW
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Xl 7K e WA ) 73 A o AR R B Y B, B3R i A R ) AR
The hydrous assemblage is always on the low-temperature side of the curve, and the evolved fluid phase is liberated as

temperature increases

R, PARAR WK CE R AR A BRI, SONVRAE S0, HAARARML Vv UBE S IR T ANE . RS T
(<1-3kb), Vithk VHBIR, XERBAFRZE APAT= S/ VAR, RN HASLARSE, Jo NI B 88 i s 1
s AHAE SRR (S3kb), SARE SIS VA, RN PARLGE T 55T, RSIREANE S /AR
Al MRS IR, V<0, IXIRSEAFLAS N 51 R

i 7K S N AR 2 5 T 3T AT BRI, SRS K S SR I AR A IR BV, BRAR AR R ) E AR, AR
R ET

Suppose H20 is withdrawn from the system at some point on the water-saturated equilibrium curve: pH20 < Plithostatic

According to Le Chatelier’s Principle, removing water at equilibrium will be compensated by the reaction running to the
right, thereby producing more water

XRE, A2 RE SR AN BB AR A s A () B AR A E

Rlt, KM= Kis + Sill + H20 B X8R SR HFE Ms + Qtz I IX BRI 5K, and the reaction curve

shifts toward lower temperature
PN EL R (E pH20 /NT PLith:

WA AT, RS A K S B Pfluid < PLith
{#%F Pfluid = PLith, {E@EIT NN G AR, G0 CO2 st ek, MK AIFHIX & SRt
T-Xfluid Ef#

K H20 Al CO2 i@ AR ik, X /£ T-X EfEid o8 H20 (or CO2) £ H20-CO2 JREY)H I EER

JE PR — AR, —A TOXfluid BN AZAERE & I ) R

£ T-Xfluid diagrams W1, JL-FFrA BiK & #BA RLNES

BOR B BEAEAEK ) — 3, 7] XH20 AR ) #i 2o A2, £ XH20 dRHARIIE T BHAL

S B E S b AT U\Etb/m}#ﬁﬂijﬂﬁ at pH20 = Plith 1% ¥ AT I

Must constrain the fluid composition (if possible) before using a dehydration reaction to indicate metamorphic grade
FEAR 5T 5 80 P o fi s R, B0 E A AR 5T A 5 7K S AT IR A AR Jo (4 7K A S

H20-CO2 2 5 H ILAGURAR, X BT SR (0 S5 B S B2 A F 1.

AR LAY SZ W FE AN g ], 17 552 AR 73 JE (partial pressure of the volatile species) 4% il

3. EMEJE R (Redox Reactions)

X BB RN A4

X B BRI R R EIREE, (EA RS, XSRS A B R BASRE E L, (HEATH)
ZPBL (Buffering) #5748 AR R fO2 1B, AT 45 il 5 2R Ak R R 10 HE B B B 4 o

1 f02 mif, Fe3+ X, EAGHANBEEE. AMAMNEFTLEY VG, EAMNTIEREEY . &84, &
SFeat+7ha%E.

4, ELZ R R PFIANESL KM (Continuous and discontinuous Reactions)
s RS SIR B, TR RS BT ISR, RS T R NS 4 B 2 [ AR AT 5
B, WHENEBRDKITEBEATERNYND EEER, —HEZEBR—NEENXE, FFUE PT B bR AEAFLA

F1om FL1om



A AT

FRXUAZ I, o

Y JE 5 1) FeO/(MgO+FeO) 73708 0.4, 0.6 F10.8 B, HEH A A A A MILAFIAE PT B LR fh . FLA7sk i 56 &
FRL B BEER T 5 o, ORI A%

Chl + Ms + Qtz -->Grt + Bt + H20

£ KFMASH R REESIN, BATHSRIGRA . Al A9 B BRG] DR AR 5 2 )
i I A R A A )8 X R R — AN S A

WA AR AR PR A R IR — BRIE] R R AR A8k, 4 B st A AR, B A B — AN S R B o A 5 20 il PR3 =
MR, RMNEER

RS R MR AEEE SRR, 8RR BT WS KR, REWRERMEE —ERRS, R8s
LB R s — P WA SR ER .

. R R R

BE (Temperature)s K77 (Pressure) « B J] (Stress). VifE (fluid)

1. {EE (Temperature)

TP 2 S AR R NP Y B R B R R, IR 5 R AR R R NI AR ARG N,

BEAE AR T, A AR A — RV TR L, — MR A I B )2 A R e iR A, RN
EETTEN

MK, SRR B . 8, FRAT e i A BT A% AR o 2 AR nm R e P R Kl 43 o — AR B AR A
RS Y 200°C—900 (1000°C).

R, SlEE AR SR ERRIR 2 o XA B kU, BUA R T s S E R E A K.
AR FAEH T, A AR S EIE S INURRE A JC . (R T RIS I XA B AR R, A AR TS
K E IR BIRGA O%,  FE R SR DU B KRR

The source of temperature is either from magma or due to the depth factor

Metamorphism usually result into change in min. comp. and texture of rocks (Ig. and Sed.) which are subjected to temp. >
100°C and pressure > 1000’s Mpa.

Low-grade metamorphism:  Occurs at about 100°C to 600°C.
High-grade metamorphism: Occurs at > 600 C

2. E71 (P) AFEMAHES (PD ffAEES (PD

(1) #% K7 (confining pressure)

TRH T R — IR B A TR LA ENED), bl SREARNRDIRREN LBEEERNRE, £1%E
5T B3 BEVHAR, IRBERRE N 1 A, K JJ35n 0.275kb.

JE 1507, i RE B (kbar) B (bar) (1 E2=0.987 KA E), MBELLEE P SCHk A+ & #4688 — A& (Pa=
B l/m2) o

1bar =105 Pa

1kbar =108 Pa = 0.1 GPa

1405 1 7 L T PR R 1, O S8 IR 52 8 SPAAT F) BE T O B S D 3, B IE R SRR, R 7 H4 i P
W, ST ARERKN, AN, SRR X 2R R RN, RN, AR TR KRN,
[EFNEL YR

WE, NPT R 280 R RS R BRI, $8002 R SR AR L R dP/dT, 1
E[ AL OE

FE1 1



A AT

— MR, FEHEIREVE RN, R AEAR AR A IR 200°C £ 900 °C (87 1000°C), JE /1< 25 kbar (75 km)
BIEE (FEMKZ ZHAIEA (very-low metamorphism)

EERIRZREA (T=1000C)

MEEZRER (EAE P B AE=MATEEEL, —BN 26—30kb LA E)

@) WAEEST (Pfluid)

A TR AR ST, ERZHIRBREN T, AR TRZ GG 2w B s sk, Hk
Pfuild=Plith, MR H JJAN & R 8 A2 5T s S~ (R B ST R 3R o

TEHL SIS, A AR R B, TR B RN T A A 35, I PR<PL.

MR RS AT NARI I, T4 AT B R ERmAARA, T HIURE R PEPLIEHL. Winkler (1979) & H7ERLL
A U P eh b 2 LR S i DR D, B4 A P INBTLRAD, AR EB AR, AR R RHTH Tk
LPEER T RERIOL, T BRI, 45 ik I 2007 A o 6 AR R o PR

S PEPL I, YRR gt A b I 7 i A 2 PR R

3. Ny

N RBP4 A R AT, — IR S A A5 ) AR R S ST (S R R, B e AR SR A A B
Wi,
I8 3 LA Z2 g 2 AR i s SR RS o WSz 4 AR 4 i AR T, (LK W EmkiAk, TR £ T 3R T R 3 I G
WARRB B—J70, NAERE A AR, SR ENER G ShAT T, (et AR ARAE R R A

54h, BAMEES S SAEAERARR, 4Rt AR E (Tectonic overpressure)]. {1k k3
NS, AR PR 6 AT AR R 4 K

4. MARKER

EA PR R A, XEFARRI S DL H20 F1 CO2 NE, EAMEETH YA AR B AR . X Sk
PIERER T Har IR (PR ReFE TR TR NP4, AR S AR R R (e g A8 i R AT I — N B R R . LB B K2
W L EAT H AR E N A, 3T G R A IR R ST, TR IET I T R AR A8 0 S R Rl R R

WXy 2MgO+Si02=Mg2SiO4 K SZERAf 5L KM, ETHIZFKMET, 1000°CH, 4 RNFE] R TR 26 % KM A HA
KZ 5K, 1£450CHMH T, RBILAERBIRTER T

FERARFAE SRR T, DKo 3 B AR AN g b, PR — A8 5 A AR 2 A B K 2

FAb, FRARHE IR A3t AR R S — MR R E, IR R 14, CO2 5 (BEZR 40 BLEERCIAAS IR IR .

BT BRI R Z A, R SRS 5 AR R R BRI . W0 R AR R N B ) A R, (]
WRANEERE.

s
AR5 R N B A SRR
EENINA
FoLtEE .53 SR N
AL R R R
BERAMANES RN
22 [ R RL R R 2R

B (Temperature)— JI4R & B EE
[EJ1 (Pressure) — 220 WA RE A K E
RiJ] (Stress)—fEEAWH. &Y. IHELEH. BRI F
AR (Muid)— 225 = B2 AL 5T

Fi12m 12w



2 B fR B i) A

1. 2R3 R B AR R B A 2

2. [ — [ R R K R R {2

3. TRESE RN S A ELSE RN ?

3. IR R R MM EERER ILL? BB R RBL?

g A P
YA L i
ol A5 B —3 A
A% R 5 = DL
EMIE B R ML
AN ESE K P
72 I IR s ) R 3
4 FHEE
HE IR E A
1. 2B R B AR R EERAY?
2. [ — [ R R K R L frT R i ?
3. ATAESE RN S A ELE R ML ?
3. IR R R MM EER R ILL? BB R RRL?

FH=E BFUE AL

F— BA PRI RE
= B RE RN YIRS RE
=T AR RA RS R RAE
- BRE OERAEE
AR5 B 2 A BT R A B AZR AR R SR BURISR R, WA 2 ARIERT, AR 5 & B4k 25 i 43wl B ke
TIRA, wfEA S AE AR BUA A 2 B o BRI R T s, NI T A8 ARAE F ()i B A2
%wﬁgﬂ(mmmmemﬂzﬂﬁﬁgﬁ%%%&ﬁ%%ﬁ%ﬁw&%ﬁiﬁﬂ,ﬁ%ﬁﬁ%ﬁﬁ%Xﬁ%
FH AR A FH A 2 2R 5 P BT VR 5 ) o
Turner LLIX—MEE RO S IR FUE A N ISR R Y BESR (BR) R, EHERT. KER &7,
RER R RFAE RN RF
HERARI S AR AR R R IR 5 FEsr, a8 ez m g

1. RS, BHRNEERT]

1). FUAATEAE (mudstone) M (shale) %5

2). RS EE ARO3. Si02. K20, # CaO #1 Na20, K20>Na20

3). WK RT Y-

Bi (biotite- Bz H}), Ms(muscovite- = £}), Chl(chlorite-Z£38 £), Ky (kyanite-1 &), Sil (sillimanite-#7/£%f7), And
(andalusite-ZL 1 4), Alm (almandine-£:4518 ), Chtd (chloritoid-fi# %8 f1), Cord (cordierite-ZE T f1), St (staurolite-1
Fh), Kfs—45KA

137 F13

=
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Slate: compact, very fine-grained, metamorphic rock with a well-developed cleavage. Freshly cleaved surfaces are

dull.

Phyllite: a rock with a schistosity in which very fine phyllosilicates (sericite/phengite and/or chlorite), although rarely

coarse enough to see unaided, impart a silky sheen to the foliation surface. Phyllites with both a foliation and lineation are very

common.

Schist: a metamorphic rock exhibiting a schistosity. By this definition schist is a broad term, and slates and phyllites are

also types of schists. In common usage, schists are restricted to those metamorphic rocks in which the foliated minerals are

coarse enough to see easily in hand specimen.

2. EHRF|: SRR

1). FEABEEEREKLERBRANE TSR B = REKES,

2). (LR EE CaO. FeO*. MgO, # Na20 1 K20,Na20>K20

3). WIWARRY Y: Chl (5-F), Ep (BT A), Act (HREA), Hb FEANFA), Hy (ZXHHER), Di(EH
), PIEHKR)

3. KEF RS

FERNEMDE. WA, TRIEERE

4 EE Si02. Na20. K20, 3 ARO3, 3 MgO, FeO
ENZRTY: Ms(AxR), Bi(E=R),Kfs 3KA), Qtz

Gneiss: a metamorphic rock displaying gneissose structure. Gneisses are typically layered (also called banded),

generally with alternating felsic and darker mineral layers. Gneisses may also be lineated, but must also show segregations of

felsic-mineral-rich and dark-mineral-rich concentrations.

4. BRI R 5
FEENAKEME A,
RS EE CaO BE MgO
W WA M) Calcite (5f#A), Dolomite (H =), Tale §f), Tremolite GEINF), Diopside GE¥ER),
Wollastonite (fE 7K f7), Grossular (554588 4), BMMEA (Olivine), Serpentine (T¥40FH)

5. BEM R SREERE R

1). FENEEMEERE, SHEE, DN

2). fERsr EE MgO Fl FeO.

3). BB Y: BHEHEA (Pyrope), Olivine, Opx, Cpx, Spinel, Talc, Serpentine, phlogopite &5

W AR I VIR RAE
AT I B IR T AT
IR 14 R BT LA 4 R
AR RIS, AR S IR R 5.

AR AR ) BUEAR A

3

14 W

=
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A AT

ML B0 10 -

T VO LEBAE,  SRAD TR AR BUAS RN — AR 5, 4 And, Sill, Ky, Cord 55
FIER R -

FasE VE LB IE, IR AR A BURK — R/, W KA. Ak,

FANSEALE R BIRFAERT HR

5EREM, ZREV YRS —BRER:
(1) 45 HI— SRR IE A Al RERR SRR 4
. AR BaA. WERASERTY, TFA. EEASEEETY;
() FWIFARS 4R, W =B MINA. SRA%.
(3) R YE LIPS AL, . BOREG. Wk . HITHE . B,

=T A WS FERE
— SRR IE A T X
ZER (Texture): &4 VIR EIEFREREE . R, T4 M AR H O RERHER B FK.
M (Structure): A7 f K 78 18] S0 AIRAS B AR H 5% 2R SRR AF A TR o
ZHH (Fabric): ZEStH IR 4544 MIERBFR.

T BRFUAIIAN . AR AN ARG .

1 ARG
AR R MR AR A AR, T A5 Do 25 R 65 4 50 0t i AR B T oK

SRR SRR B B e TP T THT R 3K
HARAERRRRER, WERPATUE b 5 T MBI R G, MR AR, A AR R A b
HUGERA KGR, WK A ELARRLE 1 5 T IR B JEUE 454, SR REE T (BRI BUA A1) HEE K2/

HA (WEBCE ) b TR A S

4

ARG M B R AR+ A G AR
HURE A RN R OITERITE N . BRUIRE . BREPRE .
HEFKEA RN R OITRRPERGEN . BRIER G . RGN RRIEEREE, ARG

Fi1sm 15w



AR AR S, A AR T AR A Y R 45 -
&ARER
A WIRLEE BIAE RS R/
A WIRLEE I ZE RS R/
&R
E M B ER R
(1) HEHEE:
S EARBEN, HCE SR R B s, A LR AR, ERFE AP,
EEBRREN, AT WERREAR, M NaTE, M.
MTEARRRGEM, A AP ST R AT A, IR N AR R A R BN RFE -

S5ERENGREMML, TREFV VN EREEARBRERILRRT, TRKBRE®E IR ik
PSS R UNEER S U S A & AN il = LS B /D TR E = B AT A =8 NS S i P B iR/ E e AR s AN ) Ve 2N Al n i
Zo i F. Becke(1930), XIHAR A A oh—L8% LA WI7E AR 5 2 BT 9

Wh. £4A. AWA. TFA. BEA. Y8A. BZRA. KA. B8 BEZ8. FRA. AK.
EFA. EKRA. BRKA

W4 RN, S YIARS R SA S, B IE RS St K 5P B TR 5 28 R 41

WHREE . RIS R A 0%, Q1200 Y B AR R AR I A i B () v T AR A5

(2) el YRLEE AR R
FERAT FGEM (isogranular texture), & A RES O WIRLE RECHIE .
ANERIAR RG], W IR RS
BERAS 5 45 H(Porphyroblastic texture)|, =47 T A [FIH P L B B ARIF],  Fe IR SR A (A W0 43 A 75 L
AN R 2, KRISNZR BRI RERR .
PRRGE ) SRR S S I X )

PRSI CEFESHD PORAR R (RBUAS)D

OB 5 LY RS- P 5 B 5 [FI FEZ lo

ORMZIBRKERNKE, HRABRM. RRAFTERVORAE, FRETE
(EEAUEST R o

OWAXKTELRNEEST WAR, WK BERIBRKNERRT AR, 06
. AWNG. A, B3R, A, +FA. BRA. 28A. BREASE.

(3) W YIRLE RN K/
AR R (>3 mm),
R AW (3—1 mm),
RIAR LS (1—0.1 mm),
ORI S G54 (<0.1 mm).

AR WIRIRLEE R/

1. ZRFHREREH], SRR @R, Rt .

2. 5RFH Y E BB MBEERERA K. WARA. A5 Y, BRMNATEAS AT ERAZ,
(ERIEESC AR O L . N S U D

Flemw Iti6
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B E A

(4) T RE
RORZRREEH, o f B2 — SRDRE W 98, Ko M7 A S LR, R D9 TE K 38 & 45 14 (granoblastic
texture). FZMURL I SMEREET AT i — 20 %7005
O BEHRRCRAZ RS (SE REEUE ), VYRR RN ZIREGERTE, i &7 H.
@ KRR RG] (BEEERE), T VIRRIINER AN, 5 e b2k 5 4K
@ MAELH, KR BSIH RARRDIR AR 5 45 .

BERARRREN, A A FEHB SRR SeH AN A S IR A
PRGN, &0 EEBAR, KRR WA R, WA, ENA. Y EAFEKASE, EITE K
AT HES BACIREE A 44

(5) #ET M FIRKHELRR

BERBEH, HREZERTY) (EH GF T HEACHAN Y (F&ED, Bl —LEREERT
RIZZPEME, T T BB RONER T RT Y, B8 R — 2R BT . — B E AR G, AR B
BEDRD -

HERTOCRMIRZE, W ERSRERIR, FOVRRZRREH . 41N PO RYE RN, fROvRES
Mo BRI I S A B R AN AT, B A RS (LK 3—4).

AP BGE R A AR, ARBE P R AT R A RS, RIS TR S5 .

BR AR SRFIEMRRR

Post-kinematic: Si is identical to and continuous with Se

Pre-kinematic: Porphyroblasts are post-S2. Si is inherited from an earlier deformation. Se is compressed about the
porphyroblast in (c) and a pressure shadow develops.

Syn-kinematic: Rotational porphyroblasts in which Si is continuous with Se suggesting that deformation did not outlast
porphyroblast growth.

From Yardley (1989) An Introduction to Metamorphic Petrology. Longman.
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A AT
RBGAGER, — P s DI M A RIS IR A AR IR AR AR T ADE 75 o BN
B, WMERONTEIRME, X PGS DA 8] R BLRIE B AT 45 3R
JE R RGP EPR AR OCE AR R, AT DR AT IR R NGL R AT W R
Y. ZFEHERERACE, A AR IR L.

AR fl 5514 iy 4 SR«

DY 2 3 S 2P O i TR N L E AN R T R

PRI RS B V) RN B, 42812 5 AR, Gk Ao kDIR AR S 2 . AR PORDIRAR diy 4 #0455

WAL EE [ 48 365 RN AR R /INTBAE T 25 4 PR ITHITTED - SN ARRE AN SRR AL o 2500 55

X EAFERZREMN A, NATRERKGEWRE, AR ATCRAR RGN, RRBAEEG, HEFVIIRAL
R FREEH

3. REH

ZREWRTE—NZRY WAT WEESEHEA — T WA DESEIRIASR, EEREREFEWRBRS 1
B RNGEH EA .

FEMAREE

(1) BRG], — N E AT — AN KT R, AT R5e 4, (5 R AT WA (R B R
b . AnIX AR A T ARG AR A B AR, RS A FOIREE A A R R A R R A

() BERBSGM], 24— AN E AT — AN RET PFTEA, IR AR AT RIS, U CER AN A
TIRATY), BAEAETYIARSE. WA Nscatt. AARsEA. AHEAME S BHEEIRE R AT Y
IR R -

(3) EERELGH], T RS E T, EHEA SR AR, ¥ W24 2 Bk = ZoR R A E A —
R A B, BRI . = A e A ARE F e A N EAT, SR ISR AE R W G0 2 RS 4 R R A
1M o

(4) BRI TEEE ], BRI IR A LB, (E RIS — o SRR AT MR A 58 AR 7T 8 P
BT PG T EE 1 . RHEAA ARG A Y, M EI A Si02, WEEERHS AL H B IE45 M) . AR FIRHS A
VAR A AR P, RE TR B 45

(5) PER LIRS BEEM] T IRG H S, MR K A TS T LU 2R MR RRKHR . B8R
TR AR RS, FRONEZEKA.

= REANME  BERRWIE. ZRIIIE.

AR ARG AN E A, JEIRA ARG TR B Rk
IR AT RGN R R EMG . BRBIRIESE .
HRUEEH KOG R A G RRIMSITIEN R &%

AR AL, AR A A A TR TAE TR BRI . H LA
(D) RAME, ERFEMYIY, A i T2 R SR BB I TEARA — R/NBERL, MR G . B
RAF AR« REBAER BRI, BB LA . EH A B A

(2) BRIE, BAERENAER T ER—HEE AT B, XU s 2 i AR 36
WwE. BAERCREERERESRIERANE, REE EFLRENLAEE, RHADIEE MK
RAEFESGHNE, AR EENEREREH.

(3) THCRME, B0 REFAS CEAESL I E MARFIRRTAE, E Rk, IR
AR, AE R B E R LA,

F1g T 18 m



A AT

(4 FfRWiE, EEdA BRTY s BMANGE MMSReRET Y (Wha%E. KA €M
M. 5THAREENFKREF KRG AR ESRERRLE, AR CFHA.

(5) FpRkiaE, FEdoART RO ER R . R e rfdsImm, BT SRTHEED,
FE5 A PP TSR0 A F B R ER

(6) ARG, AATHHT . ARRTAKCRY 70 BIE R, TRREE AR AR B 21, FRONRIRIIE .

(7) BeRMIE, a0 T AT S A S8 20 A, HEFITeE k.

(8) FRBEHIIE, £ T HCa AP vha DL B THCIR M 48 T BE V) 28 OB R, i 3901k B v o To A T e SR
BRS04 5 — IR M B se U AR 9 B 2

WEAL,  an SR T S AR AR IR A R B R T A E AN IE S 56 R AT, R TR IAIE -

LKA, THEMKAES, MKERESEEANELFESOR AT, SL R BT b p) B2 B SR @ s m 25l
E il FE SR RPN AT DA I — s i 2, B ERIEY), FONERBRIRAE -

HERAE (EEE): ME (foliation), FHE (schistose), BEHE (cleavage), S5 ikii& (banded layer)

LRWIE (RHR): FRRME, PR, gL

FIUE  FLASdrRIdtA

REE R
1. AR S A2 R A ATl 2
2. FHATHAR AT/ RAE 2 WA (57 R 2 BN I R AR AR A T 2
3. ACF. A'KF Al AFM [EIff G WSy 52 Wl 38R Vsl AECS B BOAEIX L B B2 dnfe] ALK S8 J& g gt AT 22
JRA ISR Hr ?

| b1

K

4.1. ZRJRA 1P 1) 7R S A AR

A AR AR AT

B PR 2R AP0 75 A R AN S R A B A AR AR
FERUR R A AT R AT B AR A

4.2. Hoyr3LAER

IR 1) 3R 7N 712

ACF Ef#

AKF FEfi#

AFM K A(K)FM & fi#

4.1.1. APUA TR A AL B E

BN — N L AR, PR B R AL BAR J5 A T 0 )8, A O A e R
R BIV BT AE T, A BRI PR 22 I A S B AT el R I R

W FA 3t 414 (equilibrium assemblage)|:
E—EM P-T 4T, AATENHINE BT WS

FI19W JL19m



B E A

RAEIARRIMLX AR, B R AR SAR U B (RS2 251, MBS0 T, Ho A
SRV ER I, RUAE TP, KRR WA SRR

T AT

5 [ B AR IE LT AL R ), R BRI U . R A R X VSR BV R, 2%
BRI

ARG BT R DR 2 A5 SR I A A A S R AR, AR S b Rk Bl

&R (local equilibrium): RI7E G4 b FHAIA RSP 155 40 o, AE1E A 218 B 47 1) 45 Fa 3k (textural domain),
St T4 L B S R e S T L7 P A, 2 -

PRIk, ERFFUAS A, B A TG A A A T

PAFILA HA R -

1>, FE—ANE R G A R i 0 A v] REZE P L A AL

2> PR A R E IR R RORL, BAARER) B B T B BT B A A A
3> B A IANFIZBAL, A0 Wt 2 18] 4343 e 5% 28 T A3 RO R S5 1 S A — 3

4>, PETR RV EME F= C-¢+2

. HHERK Gibbs #EF1 Goldschmidt FH%
F=C-¢+2
F=[BREH-[FERRH
F: R H B E RS, TLLE B SO AR R P2 2R AR B (i BE. K. BAMEERRS, )
C: H PR &R P R AN 0 0 1 N E
o SPERIRA N AR AR R KR E .

R R RIS

WRRIR AT, BRI SO0 ST 5. AR TP AT AELE IR AFR S . PR 2R SR (MR
VTS AL A RE B ACH I PO NN 2 R R SR 2[RI e B AC e M0 e W BROAS BRI AR v st PR 3 PR R S5 3435
Z B BEA RE R A H A W S S e (BRI TR 2R

PR E SR, AL IR RAE AR, RREITRE S, £ 50 KBRS DR —E1

Goldschmidt FH7E
EERAREAT, R PENEHARZDRBREMES, FEHEHR F22,
F=C-p+2 >2
m#HE ¢ <C
BU: 7ERREE. E/7ERnT AR 44T, &g RpieeteE Iy v s 8 B /D TEE T A3,
FRZ A Goldschmidt 7 #)4H%4E, WRTFR AT WHHEE.

A5 R IO
WA R E LS C BT

LRI AT REBAT 3 AR L

a)¢=C F=2

S5 A U i

BT A IR e — R R A P 4L &
b)) ¢<C (F>2)

£ I R A RO R e

¢ ¢>C

/b 2 RS

#2001 320

=

A8



1) F<2
FE A AR R 1A I PR AR I B 26 - (univariant reaction curve (isograd, F = 1)8(# /& A48 50 L invariant point
(F=0)
Consider the following three scenarios:
Cc=1
¢=1 common
¢ =2 rare
¢= 3 only at the specific P-T conditions of the invariant point
(~ 0.37 GPa and 5000C)
F=0,¢=3
F=1,¢=2
F=2 ¢=1
2) WHILE
TR RE & TR RIE R OUN, AR R IE RPN, 7] DU BUE TR
Graywackes typically contain fragments of a number of different rocks in a matrix of grains derived from a rapidly
eroding source
Dozens of minerals may be present, but they are not in equilibrium with one another
A number of igneous and metamorphic rocks also have retrograde reactions that begin, but do not run to completion
PR, AT IR AR R A R T TR, AU AR, —EShAE a0 H20 M CO2 S5 E Rk AL,
MHIAARIERR, R2EE AN BENFREA . AL AR, TR E R RAE TS S ARAE AT T
—RIVEWRHTTT, RH T AHERNESE U, BB KICAR A N TR &R
Korzhinskii 88 Fhd A 4H 1% S RSN -
H20-C02-K20-Na20-Ca0O-MgO-FeO-Fe203-Si02-A1203
1. W85 H20-CO2-K20-Na20
2. tEMEA
1>2% J5i 2H.43:BaO, CuO
2>J5T 2 73 P205
3> [A] % 4143 : Mg(Fe)O
4> R 73 Si02
5> BTy CaO-MgO-FeO-Fe203 -Al1203

=, FFERR) Korzhinskii F 4)AH%4
Korzhinskii #H%E:
f=C-¢+2
C=k+m, f>2+m, ¢k
k= BRHBEELS:; m= EH4AH
FURAEEREN ks E—ERREEITGEA, EFRER T FR S F I T VAR 5o 3
HETHIIBEREHEASE, MEESIH SRR A FTLR.

M. SRR

DA R R AR R RS 4 F P IR A 5 LR ST A0 2 IR 2R, 3 K PRIt ol A

e B S AN AR ST A R PR AL RS L = i . 01 ACF A A'KF FEIfR.

AT LU DG AN ORI A, %5 TR P 4R, I AFM IEIA%

WA HFF T gy, =44y, AL

TR ! A A P R R R S RS B, 9 A A R — AR DR R P
PEBE P AT T AL

F21m1 F21m



1. ACF Ef#
Escola (1915) 7ERFFTS% >4 B BLHR AN X (IR A N A AR A B, St T ACF BIf#g. it H20 AT Si02
VE RISy, 4 Fe203 F1 AI203 133, 8 MgO. FeO Al MnO 33, X% EF| K20 Fl Na20 = E& 7 #-KA Fa K
A, 1E ACF B FAFRE .. KA. XFET 3L A HGR T R A =45, 7 3LL AL C. FRoR:
A=A12O3+Fe203-(K20+Na20)
C=Ca0-3.3P205
F=MgO+FeO+MnO

£ ACF EfRHIRTIREZ:
SiO2 FF BT A ;
Fe. Mg TE&RFAHEZR;
K20 Al Na20 FHETKAF,

Z 0 A R B R AR VR LR BE , AR EMERSRERSINA R . HiZEHHFREE K20,
Na20, HIEAREREH. S99, FILHUIM, ACF BfBEET Sio2 MM ESER, MEMERFIES.
IREAR & T AR R

2. A'KF Ef#
VB A1 B 7T CaO, B A1203 (AI203>Na20+K20+Ca0), & K20, &SRR RHEH, CaO
FEFETRE AT . HT ACF EIfEIRMER DI R R & #eiUa 41, Kt Escola 42t A'KF X —4H B .
A' = A203+Fe203-(Na20+Ca0)
K =K20
F = FeO+MgO+MnO

Ve A A T IRRER ) 3 B AE AKF Bl L AT 34 L, ER AR A = B R e I IR A R, i
o BE 22 1) (1 8 2R 30 % A 2 L A (X

K20 AR RETE A FHRET MR EEXFZLNIAN, TREHKa3tAE.

M K20 SR RFREABEESFLRIEM, XEEAHAFKA, FHAEET Y.

REERPZRFZHT, O=t8SRE, TREAFT KOEFERRE, EEF YA USHKATLAE.

ACF F1 A’ KF B R & 158 FH 7T AR s KSR A2 s A Wt R 51, & 4R
RYNHK IR RV ERA Y WHE 545 10 2 AR5 R, (HIX A
fife 1) L[] o) AL A2 2 FeO A MgO /E N 5E 2R A R4 47, XER RS HILZ A
R AR YA 2 B R . A LB N NS B IR .

3. AFM Ef#

AFM Ef## J. B. Thompson(1957)3 H i, B4 FeO Al MgO ALB NP ML 4 7y, T 803&E TR 54 .

R A B Si02. AR03. MgO. FeO. K20 Fl H20 A4, #19 [KFMASH 5.

WRTWHEFEB AT, WE Si02 fERNIERIH sy, H20 1ERN5EEEshA D, AR A A 34 o0 REGR T
A1203. MgO. FeO 1 K20 PY/N4 453,

XIS R R A A TR R # S A ot AR RN IS EH KA. Kk, Thompson #il7E AKFM
DU THI A HH A 25 BERY i MBI A 70 i K [a) AFM [T ERER2 I A= I

A=AIR03 K=K20 F=FeO M-=MgO
N TS 3 4ER DU A, Thompson Wit AFM [, 1iHH K20 Tii &4
R IRBIAGEMN K20 #5, FIAERAE T WAL T1X— T

F22o1 F22mW



A AT

H = B (Ms) N E K AR e BUa i WHIH0AH, ATRAM Ms #2525 AFM i b
BuBE (BD M Ms fl BRI — AN (Fe/Mg 224K, I HAE AFM = Kl 5k
fERmBARTCE AT, Ao tHKERA KA Chigh-K phase)
AFM diagram Mz WA (K )5
M Kfs BEFEI, biotite $7E Kfs-F-M [ 1
A =A1203 - 3K2O0 (if projected from Ms)
=Al203 - K20 (if projected from Kfs)

F =FeO
M =MgO
PAT Bk ol A b B S AR R, E ARG AR A

A=A1203 - 3K20, F =FeO; M =MgO
BATAT LUKARAT B 7 EL AR AT AFM B
* A,F,and M & IE{H, plotting a point is straightforward
M ARTE, B SEE biotite, FRZIIPERUITT:
A=(A1203-3K20)/(A1203-3K20+FeO+MgO)
M=M_gO/(FeO+MgO)
PESEE, M A IEFRE I MJF EL{EZEK Since M/(F+M) = 0.66
M A W EEE LR FIEKE] A/(A+F+M) =- 0.5
fEA = -0.5 KPR ET FM

AR EE X IR E T ALLAL Fl (Fe-Mg)-Si [ [Bl AR E AR
Aﬁﬁazléﬂ Ui, K-feldspar #5552 859F T AFM
TE AFM Bl s Kis, e fE e R mA E

SR TAES, TR E AFM B ERIARe AL AR KR, RFREZYEFIANH A 1M A HE Sk bR
RIHT,
PAH = BHE NI S, 3RS HO TR T2 -
A=(AI203—3K20)/(A1203-3K20+MgO+FeO) (7 T# tt)
M=MgO/(MgO+FeO)
PABFK AR A S, A BTSN
A=(AI203—K20)/( A1203-K20+MgO+Fe0)

AFM ] LASC AR S5 8 DAL 5 b 3 IR TR SER BARR &R, SUR S e R AU Fe—Mg 2 18] (I #AX, T EA
RTINS T34k, ZE AR bt b & P

Hﬂ?!z!ﬂlﬁff“”ﬁ H Mg-Fe [EVAAR, KHB7 DX A80pk B AH I 5 4% with tie-lines (+Qtz+Mu)
ERATATLME ACF M AKF Bl FICEAE T Y0172, HEDREIEM BN YAHRAE AFM Elfig B, I
/D" it L AREH I E N YI) Mg/(FetMg)

23 23 W



BB FAEHA &4 ER

TP ERAEAARE X

B AR R HABAEEA Goldschmidt 7 ¥ 4:

FF R AR R T ) Korzhinskii 7 #)4H %8

LA EIfE:

ACF. A‘KF 1 AFM FEffa BReere m? RL&EH TAREE (S RNER?
WHATHET Y R4 F0 R A A S AR X S A 12

A P IX kR AT 2R R M3 A S i ?

LA T 2 -
FhE AR, AR KR
Metamorphic facies, zones and facies series
EEEL
1. AR FAE?

2. R GBIGARFH), HJLMRE?
3. AR SRR RLL AR AR ? AR R R NAI MDA A e ?
4. XA AR A RLL AR FRAR ? e BEAR R R NLAI WD 4t ] 2
5. MONRRMAR? EEFJIFRE? 5RBHERRR?

5.1. ZZFRAHFIAE S Conception of metamorphic facies

AR TR 20 thELC AT E T 2 5K R A T B R (Goldschmidt, 1911) FIZF 21 i % 5 % Wi e hi. (Escola,1915) 2
A

AR AR MR 2% Metamorphic facies

Pentii Eskola (1920) “—AMRFRAMHEIERLIKIRE. EAFETRIMNALFERFEAAREM (RRRE R
R, —ANRFEAHAR, BEEEASHRUERSHEEE, BT MASER RIS,

“In any rock or metamorphic formation which has arrived at a chemical equilibrium through
metamorphism at constant temperature and pressure conditions, the mineral composition is controlled only by
the chemical composition. We are led to a general conception which the writer proposes to call metamorphic
facies.”

{H Eskola FJixX 26 [ AH SEARAEAR A I ] Py ARAT 2 N A B B AL . B2 — U FORERE R LS, AR RAE % | Turner
1 Ramberg 55 A A5 5 X628 UM IME S AT 78T . R AR B E T T, B ARERPE )72 Fyfe 1 Turner (1966) )
k.

AR R ERE . EAX BN BERRT WA, eNER . E EREHIFEFEE R,
—ANEFAAE, HAWASTE R SRS 2 1816 % B 52 i) BT 2 FT AT AR RS R

R AR E &

Descriptive (fii14): 2877 Xbulk) 5 MHEHIKR

X AR S AH MR 2 1) A

— N ERAR-EESHIINZRY WEE

WMRE—HX, —HRERPET WAEEHI, AT AR ZH X KA AR 3 T AR A

Interpretive (FBREME): B—NMERAMAMAR —MBEME I ZA4TEE
Eskola B iRF| P-T RIHEENE, FHIEMAMAETE 1 Ath$g H B9 48 B AR AR X IR R VS

Advances in experimental techniques and the accumulation of experimental and thermodynamic data have allowed us to

$24T L2470



A AT

assign relatively accurate temperature and pressure limits to individual facies

5.2. AR KR

Eskola (1920) proposed 5 original facies:
2k v %140 Greenschist
A IN‘EAH Amphibolite
45 A Hornfels
BEKAAM Sanidinite
TI¥EZAH Eclogite
Easily defined on the basis of mineral assemblages that develop in mafic rocks
In his final account, Eskola (1939) added:
JFRRLE A Granulite
Lk A — MINA A Epidote-amphibolite
W5 INF 5= HH Glaucophane-schist (now called # Fi % #H Blueschist)
... and changed the name of the hornfels facies to the pyroxene hornfels facies

1960 4F Coombs R #7178 = IR1KIR AL 5 (very low-grade metamorphic rocks) HIRFFTRR, $EH TG M. %
B — R AR RN A
b AAH Zeolite
Prehnite-pumpellyite

Fyfe et al. (1958) also proposed:
BN ST fi M Albite-epidote hornfels
FAINA FA%5 A Hornblende hornfels

Hefuh A2 AH :

(1) KSR ME M BN 300—400°C, £ /104 0.1-0.4GPa
(2) B AN EA: EE N 400—650°C, 718 0.1-0.4GPa
(3) HEM A A BN 650—800°C, /1N 0.1-0.4GPa
(4) FJ KA BHEHN>8001C, KN 0.1-0.4GPa

X 3R 5 A

(D) M AH©Z): BEZM N P=02—0.3GPa, T=200 (150) —300°C.,
(2) & A — S AMPP): HE N 300—360°C, JE714 0.25-0.35GPa.
(3) GHEHM(LGS): REHN 350—500°C, JE /1N 0.3-0.8GPa.

(4) G MINAEMEA): BN 500—560°C, k114 0.3-1.0GPa.

(5) ARAMAINEM (LA): N 550—650°C, [ /14 0.3-1.0GPa.

(6) HfANEM HA): HEHN 650—700°C, /18 0.3—1.0GPa.

(7) FBRRLAEHFI(G): EEHN 700—900°C, & 714 0.3-1.2GPa.

(8) WA A (GL): REVERIRTE, 200—550°C, 77 0.3-1.2GPa.
(9) MIMEEHM (B): BIEJEREIRS, 400—900°C, & —f#Eid 1.0GPa
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It is convenient to consider metamorphic facies in 4 groups:
1) Facies of high pressure
The blueschist and eclogite facies: low molar volume phases under conditions of high pressure
Blueschist facies occurs in areas of low T/P gradients, characteristically developed in subduction zones
Eclogites are stable under normal geothermal conditions

ICRREIA S () Al 22 KRS X R AL T 1 ik

2) Facies of medium pressure
Most metamorphic rocks now exposed belong to the greenschist, amphibolite, or granulite facies
The greenschist and amphibolite facies conform to the “typical” geothermal  gradient

3) Facies of low pressure
Albite-epidote hornfels, hornblende hornfels, and pyroxene hornfels facies: contact metamorphic terranes and regional
terranes with very high geothermal gradient.
Sanidinite facies is rare- limited to xenoliths in basic magmas and the innermost portions of some contact aureoles

adjacent to hot basic intrusives

4) Facies of low grades
Rocks often fail to recrystallize thoroughly at very low grades, and equilibrium is not always attained

Zeolite and prehnite-pumpellyite facies are thus not always represented, and the greenschist facies is the lowest grade

developed in many regional terranes

5.3 AR RIME S

7 IR Y A2 U ] 1T % 5K George Barrow (1893, 1912) #F 58 75 4% 22 iy M in B AR HAVR 0 5 F 3R H 1. NFIZRRAREE )
BEER A RSREMEAE, TS UETFASREBES, BEHRIERE.

George Barrow was one of the first systematic studies of the variation in rock types and mineral assemblages with
progressive metamorphism

George Barrow (1893) HF 77 754% 2 it B < 0910 Dalradian F& B, DAV FUE AT 38 Y0008 I B R B R 9
TEARRH, BRI WA A o

J& >k Barrow (1912). Tilley (1925)411 Harker (1932)it— 4 & N 6 NEE 5

T— MRIER P08 U B s E R R NS A FE (Isograd) . FF FLE R A8 o 7 B8R A B — AN R 244 3tk &
B, R, X—48 A R FIFR A 3 8 AR 5 A7 (Progressive metamorphic zones), tWHRANEE AR Fi 77 (Barrovian
metamorphic zones)

Barrow noted significant and systematic mineralogical changes in the pelitic rocks
He subdivided the area into a series of metamorphic zones, each based on the appearance of a new mineral as
metamorphic grade increased

The new mineral that characterizes a zone is termed an index mineral

The sequence of zones now recognized, and the typical metamorphic mineral assemblage in each, are:

Chlorite zone. Pelitic rocks are slates or phyllites and typically contain chlorite, muscovite, quartz and albite

#2600 26T
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Biotite zone. Slates give way to phyllites and schists, with biotite, chlorite, muscovite, quartz, and albite

Garnet zone. Schists with conspicuous red almandine garnet, usually with biotite, chlorite, muscovite, quartz, and albite or
oligoclase

Staurolite zone. Schists with staurolite, biotite, muscovite, quartz, garnet, and plagioclase. Some chlorite may persist

Kyanite zone. Schists with kyanite, biotite, muscovite, quartz, plagioclase, and usually garnet and staurolite

Sillimanite zone. Schists and gneisses with sillimanite, biotite, muscovite, quartz, plagioclase, garnet, and perhaps
staurolite. Some kyanite may also be present (although kyanite and sillimanite are both polymorphs of A12SiO5)

Metamorphic Zones

Barrovian metamorphic zones are defined by reactions that result in the appearance or disappearance of minerals and can

be mapped as isograds:
chl —> bi —> gt —> st —> ky —> sill —>sill + or
Barrovian zone mineral assemblage
chlorite zone chlorite + mus + qtz + H,O + relict minerals
biotite zone chlorite + biotite + mus + qtz + H,O
garnet zone chlorite + biotite + garnet + mus + qtz + H,O

staurolite + 2 AKFM phases + mus + qiz +
H,0

kyanite zone kyanite +2 AKFM phases + mus + qtz + H,O

staurolite zone

carnet + biotite + sillimanite + mus + qtz +

H,0

sillimanite zone

2nd sillimanite zone or

ill + or + qtz + +
sillimanite + orthoclase zone sill +or +qtz + H,O + melt and no mus

FEME FLIE L B R B R T R 5, 1K S AR T AR 2 Y BV T Barrovian zones
The P-T conditions referred to as “Barrovian-type” metamorphism (fairly typical of many belts)
Isograd = line that separates the zones (An isograd is meant to indicate a line in the field of constant metamorphic grade)

ISEAT

An isograd (554F/%) represents the first appearance of a particular metamorphic index mineral in the field as one
progresses up metamorphic grade

When one crosses an isograd, such as the biotite isograd, one enters the biotite zone

Zones thus have the same name as the isograd that forms the low-grade boundary of that zone

Because classic isograds are based on the first appearance of a mineral, and not its disappearance, an index mineral may

still be stable in higher grade zones

F2700 k27T
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A variation occurs in the area just to the north of Barrow’s, in the Banff and Buchan district
Pelitic compositions are similar, but the sequence of isograds is:
chlorite
biotite
cordierite
andalusite
sillimanite
The stability field of andalusite occurs at pressures less than 0.37 GPa (~ 10 km), while kyanite  sillimanite at the
sillimanite isograd only above this pressure

Metamorphic Grade ——»

Fig.Typical mineral changes that take place in metabasic rocks during progressive metamorphism in the medium P/T
facies series. The approximate location of the pelitic zones of Barrovian metamorphism are included for comparison. Winter
(2001) An Introduction to Igneous and Metamorphic Petrology. Prentice Hall.
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5.3. Z¥ffifH & Facies Series

B 5 — AR o A PR AN [R) 25031 ) A% T3 3 T LA B A R B AN AR SRR 2, O r] LR — R AR JFUAR

AR A AR

1961 45, HAE A EIWAEL (Miyashiro) B T A8 AH R AR .

B ARFEAS TR KRERE, EER—RFMXMRF Y, HEEEE—BRE, Al — 2R
FRAR, ATRRTAA—RIIKZRME, XMARRMR.

WA, ER—RFMHEOARZE L, HRFHRIRENEREFRFM, £ P—T B LR KL,
EAVRR SR P SN RAREE, 5P RHAIER REKRERT .

AR TR 2R O 53 1 B R B R S SRS B SE AR IRAE I B PT 254 SRS R4S kR, XA FUA A2 IR
JEke 7 HEARR], EAMONE RIS RGE B ISR B 155 0 2 ERIESE, 10 SOt A3 XA 5 A A SN AR R
FT A,

AR R A2 i Pl A DA — B 1% DAy Ji U 2 ] T S R

HIRAKRER 4 EANE AR R

O KEMR: aEA—Z28a8, KRER (I —FTREE, DUERAAFERIHA (RO
A &Aa (EHD) RETAENFRHER SR KT 25°C/km.

@ HEMR: WA — %A, PEA (EEAD, DUelUs A B & A fl 47 2640 ARHIE,
HhHBRE N 16—25 “C/km.

® mEMHR: FE—ENAS, SE8 (ZE)0NED, USRI E a5, ENA. R
FEN YIRRE, HHEEE /N T 16°C/km.,

@ R EM, WG (Bucchan type), PAVRFUCA A HILAMEA — A, A A&
mn A ARHIE -

® mEER, DI W N A A A O RRE .

Miyashiro (1961) proposed five facies series, most of them named for a specific representative “type locality” The series
were:
Contact Facies Series (very low-P)
Buchan or Abukuma Facies Series (low-P regional)
Barrovian Facies Series (medium-P regional)

Sanbagawa Facies Series (high-P, moderate-T)

Al

Franciscan Facies Series (high-P, low T)

5.4. FARFAHKIEARFE

5.4.1. B FA HE R —SEAM
KGRI AEH A
WiEANA AL FINERE (A INE )
R AEH FRRLE HH
ZERKAM
5.4.2. KIEIEZFAH]
5.4.2. IR EAFAM e
kA TR AH

#2910 29

=



5.4.1. A3 A

D KSR AN Albite-epidote hornfels
EAFAE AT B PHE -

WA A RS GENA) TR A4 EMan
Ao+ R+ a ik ata i n+E R/ A RFEA
it +ENAEA T ARG BRIR

RJE I E N 300—400°C, JE 774 0.1-0.4GPa.
IR PV A S T 4% B

(2) @A N A Hornblende Hornfels
EANFAE AT B PHE -

BEA (An>20%) +YE M INAEEEA HM AN
Aot + B af+ A A+ H AR A RRE A
T7RAT 4 3B A B A £ AR BRER £

A A RERA R, REAPOHAMETAASEEA A,
BIEZ1N 400—650°C, J£7140.1-0.3GPa.
AT HAINEM

(3) ¥ FaHE
FEAFE AT IR A EN:
EBUEATASRARE, BNIHA/Y LA, BT WEEN:
REB A/ LKA+ RO+ AR ET AERA
A AP BRI R . BRA RO HEEA A
IR B, AT A E )y TR R B A

HE N 650—800°C, JE A 0.2GPa.
A4 T RRRL S A8

(3) FRAMHAM

TERAEA R AN LIS KA A

BN G S HCA ST A PEHOA . RS 4 R A S R K PN -
MR, £9800—1100°C, [k /j#kA%, 0.02-0.08GPa.

542 XEZRFRMEATYHAE

Q). MFAAE
—A AR IR a6
MR MAE: WA+ A AR
Mk A R AR A A
AR J5 SN
Friba = MWibA+3 AIE+2H20 (T =200C)
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). HEG —FAAM

WA MG REAHEE OO HNK A A
WA A+ERA+HET AR A A
HE A+ S A+EE AR A+

AR TS
Lm (F#F) + Pr (8i%F) + Chl = Pmp + Q + H20 | 2-4 kbar, 360-400 C

3) HEM

BN ARG EM, 4T Winkler (1976) PUREARRLE, 1EARREEME Tk NIX— b E LT AT
%, M A/ A (Winkler, 1976), 7] REHIAS R NN -

RO +BBE HEE=%HE +HEE+H20

Nitsch(1977)XJ 31X — Js 87 S 56 25 A 9«

0.25GPa 345+£20°C
0.4GPa 350+20°C
0.7GPa 370+£20°C

SAATTRRIRRE: MR HHERIVE, JHEERERIIN L.
AFE A RPN LR G AT 509

A+ RS A KA T A EEA
HZ= B+ 440+ A% EAbiE ey el
Heth+ B+l fq+ A%k EAbie ey el

VeJiE A R AT DL BB SR A A B BRI A A R
X 2% AR IR E N 350—500°C, /74 0.3—0.8GPa.

(4) ZRKPAHNEM

FURHIE REZRMEA P D EANA, R TCA I ESEEAa A A . TR0 AR R NN
FHALA + AR A + SR A AR =B/ WA +H20

BERA +SBA HAE=848AE +H20

H=R+ 2B +HAEE=848A8E6+E 57 +H20

5 Liou 58 (1982) W& — I M SIS 2% 4F 9 0.5GPa I, T 2324 500°C .

SRR I RE WA

Tl A N A+ S A KR+ ReAh Eaa
ROl a+ R a8+ aaf+H A% RFEA

F’RAERAMASHY TREAEAT, [EX B AMN FEGYEA MR Z80T 58 H B X —22FAH R E N 500
—560°C, 714 0.3—1.0GPa.

(5) A NEM

EERAEATLUHISFA (FE) EEA (KE) ! EE 8RN BERGTA LBEIA M K b &, o]
RE AR 5T SN -
Chlorite+Muscovite = staurolite + biotite+ Quartz + HZO‘

1% N 1) SESG 2541 R :
PH20=0.4GPa I} T=540+15C
PH20=0.7GPa It} T=565+15C
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|Chlorite + muscovite + quartz = cordierite + biotite+ AI2SiO5 + H20|

KRN

PH20=0.1GPa T=515+10C
PH20=0.2GPa T=525+10C
PH20=0.4GPa T=555+10C

AR, WGRAT A INAE M 2UE A NE M AR A WA A R, Turner & Verhoogen(1960)5% i #HE A
M An=5 F| An=17 BIED BIFE NFRE, Turner(1966) AN AR An=17 Ri& &, Tiia T An>30.
VeI A A RS 5 A R E A R
HEXET, BREATWAHE:
+EAHBREAREA B+ A B AR A
WA+ AR+ BB+ A+ AR A
BREXHT, REEATWEE:
EHALAHA+ BB+ A+ AR KA AR A
EMERTMAE:
WA NA+RKA (An>30) +B & RFEEF A+ 95
KA N M T=550-650°C, P=0.3-1.0 GPa. H14T6/F & 4 I St, Ky

(6) HfAINAM

ERAEGHARARNAHORE EAZBHAE AN RE, B2 NKA +ARSIO5,

EEBHAE=%KA+5 RALAHR+H20

X [RS8 2 A

PH20=0.1GPa T=580C

PH20=0.3GPa T=660C

Winkler(1976)% HiX— R R & AE7E PH20<0.35GPa HIZAF T, Wi PH20>0.35GPa, # AT AHRHA FER, F
R 2 & AR -

BB+ AEHAHKAHH20=HF (BHKAHPFRAKAHARER) +HERAKAERAR BhTHER
6B +ARSIO5+H20 GBRAERET) |

FREL, Fribfca ok A, MBLR A At m A N E T I I bR S . s A N MR IE L& 08 (& 5
—4):

L&A+ A0+ R HIRA HadeRn RFCER, FE

ARA+EFTA+H R HIRA HadsRn RFCER, 1RE

EEMNA R AEEE A0 Eaa

A NS B N 650—700°C, /19 0.3—1.0GPa.

(1) BRRL A

TERMEE T DL B TR bR L, B

REA NG+ AR =% +BEE +HRHKEA +H20

JE e i

R + AR =ABA R AT (S RRRLE)

VBT A HE N SBRL AR

YRF+BERARE, BENAEA+ESA.
Bi + Sil + Q = Alm + Cord + Kfd + H20|

PR AR A 0 5

IR B + R A S N

EWEA AR+ AHA 4+




AR
AERAFARAO+ET AR AHA5EEREKA BEEA
RS AR I B N 700—900°C, & 714 0.3-1.2 GPa.

(8) WHAM FEEMR)

WA MRROVIEN A B, R AR A,

T<3500C I, 7EASREEMEE T, LI INEING . S47A  BEAEA « BE A JEAISCR S U i R R iE——
R A

2 T>350 0C I, GFEAMBRA A GE, LNGHA. ABAS G AENBH

ERERBEAARREA T, HNERNA. 2EAEE. AEAPKAS.

WA A RE TG ER B, 200—450°C, JE 77 0.6—1.2GPa.

(9) 1AM

B, ERRE T RHIEN A S NEER HAIRA, WM S RAENAZE. Eaeh. ARA. A
E4A%, FHIARKA.

R FREFAEA T K SA FEE AR, Sl ZEAEE. A BEENESEARS, WABRE
(Schreyer, 1973, 1985, 1987),

BRI B VE FRIAR 58, 400—900°C, JE i — i 1.0 GPa, EIEWKA =FEE +A. ITEk, EfEs R
TUAR A BEFN NI 55 v R AT 46 7 o A i ) mT A %) 2.8—3.5GPa (Chopin, 1984).
NaAISi308(Ab) = NaAlSi206(Jd) + SiO2(Qtz)
3CaAl2Si208(An) = Ca3AI2Si3012(Grs) + 2AISi05(Ky) + SiO2(Qtz) |

Carswell (1990) ¥EE DI
RIEMMEE R
RS KRG R
SRS SAFE ek

£1IRAR i 2544 Low-T eclogite from Tianshan
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AR T+ AR A AN AL JR 4% X . ok AR

AR i Ty
AR A FAIRF| | Fe-MgHF] B0t
1A AH
B A -G A TR
ﬁi;‘im K Chl Bi |Ab-Chl, Ab-Act it

TER = Alm Ab-Hb A

& | St Ky R

TN i . A— P1-Hb

fﬁﬁkﬁ*ﬁ\x E% Sﬂ
58 e =pie| Cord-Alm | Cpx-Opx =47
W& A Omp-Gt

[B] i

ZFAH R RFAHR

ZFAARBE S — R R EE. EAXENK—BERRY YIRS, BAER. = ERERIFE
DIREAEE—R, — RN, H WA NE R S AR 2 187 5 1B X f B T th 2 AT CLFRI KX RLSC 2
B A R LA A, AR ?

XA A AR A, AL WA E?

BRBFUHAM S, CIRRRHOERLRFH? FRE?

AR AH AR B AR LA ?

5 6 B EMA RN e A

§1 B BRI E X
§2 EEEAAT A
§3 EEETMBFEA
§4 TRERE FIEBSCE MR REH
§1. B FHIER (contact metamorphism)

B AE R 2 PR A TR A — R R TR, 2a AR NN, i B A AR N AR T EUR RO AI%
A BRI A AR AR TR o IXSRAR AR T DM NS AE, 50— AN 0.2—0.3GPa.
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BIEET

AR AR A P 7 2R ) 3 7T — 3 23 A A R VB PR il S AR A AR P, AR R 0 20 BN S
k2.

PR SR FH DA B AR FE AR AE, IR VE RSN 300—800°C, ARFIAHE] 1000°C. Tk IRIE, v 0.02
—0.3GPa.

PR FUE A R VONEARER . BF A Y8AMEERA SIRET ), A REaai+760 5%,

RIS O — R PORE, ARk, HEEZRAANASE R R YR ICE .
PR RGH . A SNIENKAR R, BARRE 7 WARRAN .

B2z R &
BAhAR R R MOV B, 15 A RN RS TR AS TR R B SR N Ry i e 2 ) _E A AR AL

MR R R

D aRa RISy TR RN AR A RS

2) AR IO IR : FIRMCE KRNI AR EROR, AR RN, HOZA AR 2R 1 S s
A R RETE A el T B R fih 2

3) BRARBERL: RANRRIRRRECR, AR IR, Bl s i R ORRF I (8] 542 N AR B2 R~ 7 BRE L

4) Bl B AIPE R i) i MTBR IR h R AR TR AR Ak PLA U, S AEIRGE S B LR 5 2 R B 1Y
Pefi ;TS B AL B 0 A o7 %

5) Pefi i ) g S L 5 Bl B R 1A AU DG 8« # A T 1 S2 (0 A i 2 0 58, (RN A B B 1 D 7 1) B i 22 4

st

Je5 5 A DR EAON— L IIE S N K AR, BARY 7.5km, BRATER - —SaMZd, kKE BB
A% I 7

P2 fb % A FH 2 INAE 53 NNE AR, DU IAESE)E A . SRJeAONRHER X8 iy 2 b, A m &4

M B — PE A RS 1km;

RA® —THCE A AP I AR A, KEST A aFE;

BEAWA. TFaw— affa Pl amegeEama, RESTHHILENA.

A B —iEETER, RRUe iU I Zea MK, RIS LRI A FE A

§2 FEFAMAFA

= BREM M
“ s A
=, EAAEM
. & Aat (DI

— KREFAEMEHAER
T =300—400 oC, 0.1-0.4 GPa, — A T2 5i 7Bl AR, 5 Ok BE S I 25 p A it
1. BRFRERNT WAEE

1) Bi + Ms + Q (B HUE)

2) And (+ Cld) + Bi + Ms + Q (ZLA: A Fa 45)

2. KR &5
i difpKAE: KREA

350 35T



ii: T = UK
1) Te (EA)FHCcHQ  (FHA KRER)
2) Te+Do (H = A)+Ce 5 A oA RER)
3) Tr GEINAT) + Do + Ce GEIN A KHE)

3. Mg-Fe i A
Ab+Ep+Act+Chl+Q (BNK G4 A F )
FHA T XA A gk B A

—. BEANAHEM
T2 400—650°C, JE /174 0.1-0.3GPa.
EME AR RARTER, ERAEATOEANESE A SHKA LA,
T IRNE M
1. BRFRER:
1) And+PI+St+Q (LLH AT F A H)
2) Cord+St+PIH+Q (B H A +F A fAE)
3) Cord+PI+Chl+Q (5 A i %)

2. BRI RFIER
LAA KA RECE
AN
Y SRy
4) Di+Gro+Pl (iE A FH A A E)
5) Di+Gro+Ce (EHEA 55 A KELE)
FERR = KA -
6) Di+Cc+Q (FE M A K7
7) Di+Fo+Cc (B WA B A KHLE)
8) Fot+Cc (Wt A K3

3. Mg-Fe A5 Fi:
9) Hb-+P1 (3l 1 IN A1 F1 )
10) Hb+Di+P1 GERE A E 8 A N HE)

=, ERAAH
TR 650—800°C, [k /A 0.2 GPa.
1. ZRRFER
1) And+Cord+Q+Kfs
2) And+Cord+P1+Q+Kfs
3) Cord+P1+Q+Kfs
4) Hy+Cord+PI+Q+Kfs
EHFEERNE AT, TWREHTER - EFA—EKRAS.
HENIMEEEE T FeO BRI, £@HARSBNREFA, HrlHNkEREA.
L EREER, UH Sio2 NN, HINE. ReA%. BRRE-IEE - EKAASE, ReA—EFA
—IERAHES.
xxIEKF A
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2. BRERELK
T A
5) Grs + Di + PI
6) Di + Grs
7) Di + Gro + Wo (FE¥EA)
xx F 2
H B UK
8) Di + Wo + Cc
9) Di + Fo + Cc
10) Fo + Bru(Mg(OH)2)+Cc
xx KEE

3. EHER
H IV MR N EFIE
FHEA + RO R T A A S N A

§3 FEMRNEMZ A A

RERBCE IR PUE AERAR T (BAREHAEM) %0 TR, NRGE, AIRTERAHEE. WARRZH
tid, BT WARRVESH, BEEERREE. FORMR LYo ireE Tk, IFNEREE. KEAS -, 2M
IR AT . ST R AR BB 1Y, B IR LLIE I

FA Al AR L REA T LR WS A, IR T — BB SR G, N AS LR IERZ AR
El. BORBEGEH . AEGWHERRTREWS. AR BEaR: RHAS. KEmMASMEEAASE.

(D BRAE

FEPRGAE R OV BANAfAMAAKSETAEMN), HAE,. AR, BBSAMR, 26, 2ESHRE
IR . AAEAMEFTASIHEL T Y2 220 a 7 . TELNVABAAENESRAES.

A R AE PR | = R A =AE R KRR, 3R AN, BERMLRRS &A% L
KA CAEAIEKR) 4, FREGELN, Ba@ A ke, MAREHESRIREE L.

EFERRNEAET, EREREA —EFA—EKRAASE. SR IMEEURE F FeO BmM, &% G RN
REFR, thrLHIBEEHEE .

YEAREESR, DI Sio2 AR, HIRIE. REASE. EANE-—IEE - EKEHAE, Rh —EFA
—EKFAEAAES.

() KEFAS

— AT, HKA. RHRAMERSAER, XREAHT K20 3%, 7EKSR A A8 A NA A ST
AEIEAMESALEETY, BEERAEHETTHIDRRNEETVIESHKAIE. a5 E80ER
AAEMA, REe AT & s L mblX 5y,

(3) EMfAE
It 22 J R P PR AR ) s T L
PR+ S0 + B A + e A+ SR = BN S AT e 1)
RHCAT Bl A N AR o BEEE A I A N A A )
R + BRI R A 20 S N A A i a ) o
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BB AR R M, AT T An BN E .

3. B AR RS
— R, AR R L SRR G AR N, TR R, TR R A
HARREEEFTE, (AN T AR IREL, FFEE, SURREEAT, S A s i 4 R R i 5 [ 44
T B O S Rl 1 R T R EL A PR A BRI B 5 B B S B RS R - B T R B 45
FIAN, el R R 5 R 4L S A B AR R

B OB A INE A B, RS ARRER, KEERRTNESR. AR, AREKAS,
R R T AR . EEARREENA. TR, BRI BARE . SR RCRSE ek
FRORAR RS, FoRME.

EAEN: AR T RS D ] 0 LR B R

B RS OMER fa A, AR RS, HEERRE NETE. AR SRAME R, AR
T IO BEA. YRA. BERNAS, FRTREN, BRABHIRRT RSN, FRRME.

EAEN: B RG + EE SRS D AR+ D R . R & 4 SR ()
R

4 KEH

RELE S BRER R I A A8 Y MG A1, B JEUE 1) A ) R AN [R] R B 2K

KA RHEE
REA KA ARKREE RERG RS

B A EEMA MR R

Calcareous rocks are predominantly carbonate rocks, usually limestone or dolostone

Typically form in a stable continental shelf environment along a passive margin

They may be pure carbonate, or they may contain variable amounts of other precipitates (such as chert or hematite) or
detrital material (sand, clays, etc.)

The spectrum from pure carbonate to purely clastic rocks is essentially complete

Become metamorphosed when the passive margin becomes part of an orogenic belt

Metamorphism of Calcareous and Ultramafic Rocks

Metacarbonates are metamorphosed calcareous rocks in which the carbonate component is predominant

Marbles are nearly pure carbonate

Calc-silicate rocks: carbonate is subordinate and may be composed of Ca-Mg-Fe-Al silicate minerals, such as diopside,
grossular, Ca-amphiboles, vesuvianite (#7111 47), epidote, wollastonite, etc.

Skarn: calc-silicate rock formed by metasomatism between carbonates and silicate-rich rocks or fluids

Contact between sedimentary layers

Contact between carbonate country rocks and a hot, hydrous, silicate intrusion, such as a granite

Metamorphism of Ultramafic Rocks

Alpine peridotites: uppermost mantle = base of slices of oceanic lithosphere that become incorporated into the continental

crust along subduction zones
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Dismembered portions of ophiolites: pieces of oceanic crust and mantle that either separate from the subducting slab and

become incorporated into the accretionary wedge of the subduction zone, or (more commonly) get trapped between two
terranes during an accretion event

Strings of ultramafic bodies in orogens follow major fault zones separating contrasting rock bodies. Interpreted as
remnants of oceanic crust + mantle that once separated collisional terranes, and thus mark the suture zone

Association of blueschist facies rocks with the ultramafics further supports a subduction-related origin

FLE XBEREHALER

EE -
1. XA A A R SRR ?
2. MEAXSCE . THEMAA?
3. WAX A RAMARRE?
4. BERA BRORCEARES IRF AU L H B e 2
5. WX RHC A AR IIRHCF A ?

§7.1 Mk

(X 3538 BT A FH 2 2 A Y B iz HAR i PR R 2 2 i — PR s /R o

BT DU IE Z A T, QAT FE AL 4 SRR R LA . 2 SRR G R ORI 4 5

AR FEANEEREZA: BE. B (REEID. NAFEESI RS

DX 45845 i A FH R Hh T R R ) A0 4 L 7= A2 B3l (thermal  perturbation), 1M 523 3l () b P 4k i1l 1) B8 25 4 5th
(thermal relaxation) T A& L/,

A2 A A AR I O EFAMEB R (A T/dP) AR, Miyashiro (1961, 1994) - X322 B fF Fl ) 7 @ BB B A Ry
EA
=, XEZRAEARE
FEH: WE. THE. & FRRE. RIKARE. KERALE. RS, BEE. AEENX
HE
RREME: GRE. BRKRANE. KALE. BRE. BES
RRKERER: KERKE. ARE
RRWRES: KEE.

e RARREE, ZRERK, FaESRERANHE, ERER ERBIMBRLERE R
R4/ NIB = RN A FELS BT

HA TR BT, B BRI B SE, W IR E . AR M RIS &g
FRVEEEICE . DTS %

FIHRAEA L 2 MG AR S XA BRI AE A WBREKCE . IRIEICE . BERCa e i
e

Slate: compact, very fine-grained, metamorphic rock with a well-developed cleavage. Freshly cleaved surfaces are dull

F397 439

=



AT

THEE UK E TBORMERRHE, BAFHEMAS CEARES BIFE RFFIM BT, B Y
KIRLEEAR /)N, IR BEZ B

ZHN B R AR A RIPRZR B, 7R EENB S NA R RS EAFHSTEA M
WA, ANTHIB SR, BREA . ARANEST SRR, FEHTEERZSHNATEINE
AR LB

THCER I E AV MW BUIRUE . SKER I KBRS 55

Phyllite: a rock with a schistosity in which very fine phyllosilicates (sericite/phengite and/or chlorite), although rarely
coarse enough to see unaided, impart a silky sheen to the foliation surface. Phyllites with both a foliation and lineation are very
common.

phyllite is characterized by a satiny sheen.

HAEURE RS NRE, FEERT Y (8. SFA. BA. B8A. HEASS) S8
30%.
5TBEEM, RETT VNS RREEME, NESRKSER Gk ZBREH.
BT RS RS AR, a2 R, EEARE: SRE. GE. BAEMBERTE 4%,
(D =BAA
FERRTWABEEE Aath. ARERKASE, ZEBRTARKTKA, KADT 25%, FtE
REPIKT 30%, FRREW/NTF 70%. %4 K20 AEE, TTHIRAaRA. BiA. V&6, EFA. T+
FA REARA RESRRASRERRY Y, 85 h0RE RSN RIDIRE BEHE, HREE.
SR B BRI R IR A8 R 6 B SR 7T A DR AR A AR PR AR
=B E 4 RN
FHER T W+ s/ CEERL. AR S/ + /4
LA LLERRHE e, R EIRIEN, el s s, SaEEd 50% e, W25 E4, W
e Fel=PRUZEE S s

Schist: a metamorphic rock exhibiting a schistosity. By this definition schist is a broad term, and slates and phyllites are

also types of schists. In common usage, schists are restricted to those metamorphic rocks in which the foliated minerals are
coarse enough to see easily in hand specimen.

FET YNGR T ETA TEEA KA, UASEASNAE. TRAMEa®E, 8 (R ReRE
Mg, ARG,

JR A BT R K LA RS B0 = e a4, AR AR [ N ak 6 AH

GRRIEAENA: [EETWHTa maaEpEs s SR KA.

G E RS AL SE A, WAz .

W R A A RS

WA A AR N N a4, 52 Eskola (1939) $RHIMT, A& — N R TP AR A

Miyashiro (1961) #1448 5 XU A4S A RS, $0WE A BN & B2 R Al s A R e &, ARE
FERERSRRMAIERER, BEhd. BEENRRE —ERMERRESRNEERE. KL,
55 5 A R e AR B AR IR FUAR S b o 2 AT T FE A

W

Wi Na-am+Law+Gt+Phen +Ab +Q (A A1 #5 F A 4D

Na-am+Ep+Chl+Ab+Q  (ZkAi AW & 4H) (Evans, 1990)

T < 350-400 oC I, {ERRFEMEA ST, LULBIKNG. SR46. BAEA. BE -+ G3HS0E S & K01 9k
iE— R i A, 414 Na-am + Law + Gt + Phn +Ab +Q

4070 40T




A AR
24 T > 350-400 oC I, SREFRMBEREG N FasE, o EEAA  BHA S5 40 0 H 45 M| Na-am + Ep + Chl + Ab
+Q
HREREAMBEFEA T, UL BERNA S5 A 8 AR MK %5 a5 A R 8 ER %8, 200—500°C,
J%77 0.6—1.2GPa.
TE & BREE A DL FRTYR A A AT DL BB &% Y8 A (chloritoid)s 744 (Carpholite){RiR /& /KT W EHENA . LaE
H= A

WhHA: FEERNAHRN, HARAEESE A (Blueschist).

FEA R A R B AL &

GRS WERNA. BEA. BE+HAR. CARERERERET MRS, WANERHASTA. FFA.
gen . KA. MR RSEASFE;

FEAR R K Les o B G + 20 A = B + A ess:

FEAR U BUs 1 L G N A + 2 REA B B+ A 98

FERRIR EL LR G N + T A 55

|Pumpellyite = zoisite + grossular +chlorite + quartz + H20|
ILws + Ab = Zo + Pa + Qtz + H20|

WA AN — R A INA KRR, HoE W2EEUNIEINF (glauco-phane) . FHHIAA (crossite) . £
HINA (magnesio-riebeckite) 5.
Emst (1988) & "'*"E. T i
3 ﬂ" H SR '_|'_. .

”%ﬁﬁﬁuﬁ%ﬁﬁﬁj {. i i
. - e e . tectonic blocks 4 3 i
_-"F: 35-40° kh']l t.___::l” LY e Bl i 5

Franciscan
in situ

; %ETHL fE—E B An#h, #r Y :__.-' 1
ﬁqEEEﬂm%EWT g . W
5 B INER AR A AR [ gt o
2o, HRE. B Effr | fff Siponsi

New

| (INEREE). HE= 5 Caledanis. ] -
it E[j H'nat K= . New L"illdDIll"l g e
m1w¢lm#%m[r i F ) '
Franciscan ! . ' 1

R TE J f:*' ; : ' !
FHi%ﬁF%+Wu o St o
FiE EAER =

Farm 4w



4) B A

B A FEHRECA. A IBA. HESG. BENA R 4%, AT RN, AR,

R IR R W B BB IR B, W T IR A W LM sCh AE . SRUBIE A A X PEAT
BRE.

4y SR

FRRAEEEHARE. KARSOSBEETYUNER. ANAEGSHR, ANERAEA. Y805
FHEZ R4, PR R T 50%, KAKRTAE. BHR0REREH. FREE.

PR BRSO IR TE . A WA R BRIEAE S . AR S AR LS, R R )
R

(1D BEARE

RN A . LET MRS KA. KA. FREANBERYS, RRT &R ST 50%, KESEKX
TR, WL ISR AR S EE S T AR YRA. BEA. AEEARNES. BG4 RRNEE, 85
BoRAE R, RIPRBELH. O T HIEKESEENWItE, RERTEMFEN, NHMREARR, B
FRAINBME. 24
R R+ B AR+ KRR+ R
10147 247 B R T IR

(2) KEFR A

JFE NN . MDA IRIE SRS . FEBKA. AREESRBET WA, WagAa, R0 WH A E R
TR ). HWRBENER AR fH IRKECK)) FRE .

YR ENTRIERNER, BEXNER T RE LR NKB T RS 98 N RS K AR X i A
&, WK (tonalitic) i kA« BKIEK R (trondhjemitic) FpREFFER NKFE (granodioritic) H
A, FEREHICROBT T Z A, WA TTG R4, s/ A

5. KEFBLE

EEASEARI A (leptynite) AR (leptite) FiZK.

BoRi] 2 i KA. RHRARARSRORT AN, 56 R0 RT s, SRE. ANA. S5A.
MERRSERARAS —BKERRRT WA E>70%, KE>25%, KARTWAE 10—30%, S5 RE 0 EE
X S7E TR IR RORDRAS S 44, FURLEEZE 0.5mm LT, 3R% AHUIRERTS H BOR I .

PRRLE] AR A AR DL H AR & BTE 10% T .

K TR R A AR I KRG . S A%

St A e A B oy 4 T B AR TR W+ AR P+ Ko P+ R R 47

6. AHCANE

Ut MR SR (Z R R MRk, EEhEA NG AR AR, WIS BASNERG. B
A BEf, AERGEAS, ANASROATMEERT 50%. RREREREM, AR, HARRSEHRIE.

A R A L EARI, AHCA T An 40— 30 % FROMRHE fA N -

AR R IR AR, RO R BN, RS NERENSRES,

7 pRpLE]

JFRRLE (granulite) 5988 E & ALRCE A 22K gl H, A CAFEEEE Saxony HbIX (1) — % B IG/KE Y Bt 4L i ik
#F&, H CCWeiss (1803)HIkint. WAMA: ABTA, WA (BALA). KA. AX. E4A%. XA
A HPRDIRET 9 Fh 3R 2 0 S8 AR T 48 1 7 ELRE TR B R 40 4% BB SR A, BRI I RAL 544

1920 4F, Eskola $&H T BRKLE IS, DR CEFMER) MBI E, O8F 7 —HESEFM NERM X

Fa201 42T

AN
B
DjF
T

LT W R S AL

KA AN




B E A

WA A A JERX —ARIBEH E— B E BRI 7. 1972 4, Mehnert BT € CHIRRRE Jg: «“—Fhgibi & Frki
P TAE A, FEBKAHEM, AEAARIG, SR EERIKN, SWEERERKZME RRIREMED, #iE
2R ZESUR.

JRRRLE 2 RRLE AR SRS, TR R I B2 A0 AH 24 T RREE AR 25 o 5 RRRLE 10 120 A 24 () rhoRE R
A CRLEERT 3mm) FEKEET M &8 RT 30% (B &, EATIARKCE S, MM IZE 4N pyriclasites (RHSHEA
%), pyribolites (RHGIAMEAS ) B pyrigarnites CRHSARME A ).

X — MR SR R BRORLE 2 — Tl DATEKA 0 N RHE R AR A - (L H AT HU5E 2% 5 A 16 B BB — 1A JF AR X
—E o

H Al ARRLE K 8 SCRIHRFAE :

(1) BRRLZS A2 R FH R IE S A, TESR Ao 12 A I & A M 4 & 808 LA
WA +HEEA +REKA+RENAS, ERFMKIERR S A a PR HIERER, BEFV YIS
w=MNIE 85% AN,

() A EAMAHENRHA . KA (FRAFZYEKRA). AR TABREMEERRT Y (X484,
BEHA) UAAEHENAR, R VINSLATMKRET, NHIIEA.

(3 & H BIAERZMEKT DWANA BB, ARA BT 2SRRI 2k ek,
BB E SRR B IR R . AR, FRRCE S KT I RIS IR R A K.

(4) SHTMAEERMAIE, g, d. HREY T B, EHUR4RRAE, G AR, B RRREL
FHr RS

HEAR U A R TR AL &, R T — 3 115
(1) FEPERRRLE

FE LRI B RS RE S AL, B SR AT 30—85% A4,
RO YRR Y, BEOWE, THOREETA. Y. BEES.
RORFE LR, HORMIE.

LU B A BERR RS ROV R K %
WSS (ORI . R (LR 25

R INE H A= SR HBEG KA +H20
J 3t i
R + AR =ABA + B AT (FERRREE)

GEISFRIE

FERREE AR T B AR R T, AR BUEEES H f DE AR T S A O A I RRRLE A, DAL I Hb+Opx+PHQ 41
NFHIE, WRIE, BEARNBNEL, B NTERREM, I PHCpx+Opx+Q A& NRHE. FHMEEENINTE,
GBIV

|Pl + Opx=Cpx+ Gt + Q|

MR NRERALE, LA PHCpx+Gt+Q NFFE. BEE L — ST hE, 246 T HAKABRBESW,
LR B J5 W R T A AR S A -

(2) EHEMBE
JFE NRFCAE A, FEART YNRRA (Z8KA). SIRAMARES:, HHEERTWHIEEA. &G, A
BARMEHER LBEEAY, AYURWE. 38R RS RARIRMIES, RORETREW.

FEENRE . K HABIR 2 oA a R, ARRCA MTERAE R U IAR+ FEKA +RRA HERE + V&
B BE AN, #OAPLZEE (Khondalite).

F43T0 43T



A AT

MR B ER, WEEIIRSRE, JBREERRLE. ISR, T a Tt I EEE, RERRLS .

VeI A RRLAE AR A SRR P (R BB D
UHT (e =il A8 s E FD

1>. FMAS (FeO-MgO-A1203-Si02) & &
Sil, Cord, Grt, Spr(fit¥i = £), Spl (42 k4), Opx,

(3) RIS

TEHBHRERRT Y (KA. AIO NEETY (BEA. ARG, BaBE) i, Py va e
T 30% it

SRR, WK AR R RABKES, BETE MR, TR
BFRETAS SR,

M H VB RDRAR G, FRRIREES A ARIRE -
HIFECERET:, TR KL S . KBS KRS . 8 WRAE R AR RS . K05 R Rk TR
K5

\

48

g PiYiaska
TE AL HL AR AR 420 I — P oy S IRRLE AR IR, (R A R E — RS E SR R A A, R

NEHIERK A (Charnockite). ] 8 H R KA AR NARE KL A AR R A, BT BE il o /AKA R &S e, e F
n] e VR B A A E A Tk

PR AR R 264 IR 700—900°C, JE77 6—12Kb, — Mt PH2O<<Pl, KIATERMRKL A AR BIRE 2644, WiR
PH20=Pl, &RAT ZREBIER, HE Y4 PH20<<PI i, A RAMPBAMZRIER . FRRCE AR &S Rk
R4, st E R, SRR S, Fit, BRAEEMR FHHRERED.

FRBLE FE A THAE KGR GRIERY, HRIKEHEEAETHN, ERAFMEE LW, HSFBEMEK
Fifi R4 B RIS 43 AF

Rl L A RMREER, T WA NSEA+ AR, WAEEEBRENATE, £

Bt WA ARNA. TANESLAE, PHIARHKA.
FEMSTZREER, BOREE.
W YHAR: Gt+Omp+Ru+/-Ky +/- Pg+Q

SR R E (NaAlSi206) FIENE A (CaMgSi206) KRR RA| 2 MMM A, HEF 28NS A
(CaFeSi206). A1 (NaFe3+Si206) AIF/R T 7a4H 5 CaAl2Si06.
A R — B A — SRR — R AR A R T [ A

PR FH IR VIR 58, 400—900°C, JE/1— Mt 1.0GPa, TR, FERIMES A & BILRT A7 A 4 I A 2548
JER W48 78 H B v i /AT IA 2] 2.8 —3.5GPa (Chopin, 1984).
NaAISi308(Ab)=NaAlSi206(Jd)+Si02(Qtz) |
3CaAl2Si208(An) = Ca3A128i3012(Grs)+2A12Si05(Ky)+Si02(Qtz) |

VT
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AR AL B. C 2R (Coleman, 1965)
B . KRS RE (Carswell, 1990)
D, KEEEE: SEFERE, BRESHERBMERFX
JME: Franciscan 4%, /5[ Sifnos, New Caledonia 55, FE PG R IS, JCA0E LIRSS
2), HEEES: SAMasthRERNERFTKEEE, SKHRTEETIXR
REM NS, Sedb G s &
3). RiREES: FERRER SRS A, BRIRERT 150 km

WEMILZRSE N, ILr M AAs T ks
KBS LS HIRER S KT Y, WA, 6. BNAEAMRE @HEXER)

RS — KRR 79
T ¥HE: Grt+Omp+Rt, Phn, Ky, Amp

Rt M SRR R 170 5 A 0 B 2R A1 -
1) R KA B K A T
2) BARRPBIKREIL%

KRG s KB A E
ERRE—AER TR RS
Bl A A —UTRE R R 1 RS
HEREES (T > 600 oC, P> 2.0 GPa)
KER
VaY -2t k=
WEATA
ShEsy

KEfihrea a2 E 2] 7

RS A

1. WY&
A (coesite)
%NIf5 (diamond)
Y E i P AW SR

WP SR
A% = M3

28 kbar ; 800 OC
£ Raman 23 ATiE K HIL 521 —525 cm-1 FFAEIE

LN

fE = eNA

36 kbar; 800 OC

W Rk, Raman it B A 1331cm-1 1§

$45T Fh45
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Chapter 8: Other types of metamorphism and rocks
F 2 )
1. HARBEE? TEWMLEERR?
2. AARIBE A I RE ?
3. RS IZRFRAEM?
4. AARTERFE LM R? BH LR 2
5. B FUERA ML EERR? FHERLRME?
6 MHARFEM FIRAR AR A AR R AR i A P R L s ?
7+ FORRBUK R RAE ? IRBUK AR A R L B R ?
HeRAARRIER
§1 BEAMERRREE
§2 FNRFER AR
§3 M RRIEM AR
§4 HRAFE M
§5 WIRZREM
§6 FWBUKRRTER AR

§1 BEabfFH LRGSR

1.1 Concept of migmatite

REE i 25 228 A7 % Sederholm (1907) #&H A, SR H S BRI B A 2RI 57 . JEoK, MU 5t
X VR B IRORE S AR R A T AR R i

2| 80 FARHIE SR SRR & A — i MR TEARLE, $RIRKE T &R X EW ERA S RE A, B
A L1573 /8 S/ R R NS

BEAEMWIER (migmatization)

7R i S v N S A e IR SRR AL B R A, XA I SRR OV IRIEAE F (anatexis). A REE AR,
EHEBETCEARERE. R, WREEWIER (migmatization), TER& & FERITR G A .

LIFMIE R e BOER, SO NERER, TEEIERE

The Limits of Metamorphism

High-temperature limit grades into melting

Over the melting range solids and liquids coexist

If we heat a metamorphic rock until it melts, at what point in the melting process does it become “igneous”?

Migmatites (“mixed rocks”) are gradational

Fa6T0 SL46
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1.1 Concept of migmatite

TG A PR SR IR P 5 2k

JikAR, AR TR EAR (leucosome), TR A A HHBM AR MK L5 BAE b B AR, kAR A 1 SRR 1
EINIG I N [ YDiP) S T R E R

B, TRIRGERET AR S, —BEE RN EARRRCA AT, B AAE 4 R RAT S AR |
FiRE FURHK AT I 5

1.2, BEEHIDRIEHRE
SYH I

<I> HEU 5 IR R SRR

<2> LRI HUAA & R T

1>, [REANERE

fkfk <15%, wREN: KiEHEEEWERE
W SSRGS S B R RS

2>, [EE#

50%>fkiE>15%, FKiE+EAHEHRESE
e KIEFRHS A N AR A S

3> (R R

Fkfh >50%, EfsHm; G YHHE-HRA RS
W BRBRRERIRES RS

4> [RETER 2]

fikfk >80%

. mERBSEHEEIENE

A A TR

ARV B B U R (1) O AP B LR AE 3 WL R 4 .

FRERIRIBAE] AR B o 25 BRI DA [ 1 bR R e LS 0 B I PR PR T A — e KA
BER BB BORIOK AT . A AR, HARI AT T 205 B, BRI B 3 o0 X A B R A, A R
IR BRR 3

SRR AE] AT LR B SR RRE SR AN, O BRI R SRR AT TR ) B4 A
— MBS A], SEAEE
PURIES ] Witk S RURER R 24 T3k 2 o
BRI AR S R B A ERIR A TR R, SRS MR 2k R P BN R 7 B LA O M X ek
AR 2. AR AR R, B LB A BRIR A A T R 2 20 B R 34 A R AR AR B 2400
R IRIR A (ptygmatite) iUk A 5 21008 i 7T IR o
FEREE BHMEBREEE, ERASEERNELT, Mkfsoemmed 78k, A LTH%, X
TETE B RS B KR I SR Fi T, a0 s o M e 2% s I, B AR, S kiR IR TE I 5 ek,
WAL= R (B 8—1F),

FaT 47
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1.3. JBE 5 KR H

R R A S R R 2 22 U5 2% 5 Selderholm (1907 —1934), Al IR & AR 16 M E IENT Frig B
R BTEL, INRTE R A A IR CAVE, ichor) 3k H TAHATIIIE 5 4.

Holmquist(1921)F# H 75 J 33 A\ A R BEARRE SR S R B A A IS, T ASRE UL K YS VR A 5 AR A . %
Iz AR IR A A R, Holmquist $&H T Bk &2 (veinite) B3, RG24 1R BRI RR 2 A AR T BT 0
KRB Y B TR ORISR, ATk AR A A S, 1X/2&Y Sederholm MIAMEULNS 2 &b, 2 R
HEFRI—AE N

Winkler 1 Von Platon HHT i — RFNGESLE:, FIKIBA &2 H AT SR LN, YRS T 13 (AR 2 i g
VIR FTE, Winkler FR 2 A JRHBER A 4 .

Mehnert Hff LI 5 HH &6 2 I mioin B8 5 45 e i xRV w2 30 4 s il Iﬂﬂﬂﬂzémﬁﬂﬂ*éﬁﬁ A
VRN RS 1) 53 B8 MBS AR B ik (P 8 —2D) o M3 S5 4R A8 Ji A F il ildds (palaeosome), ‘& 73 57 ik o A IS E 4,
JEH BHONFRAE (neosome), i IARTEAL 2Rl o) B5E TR EAR I B RS G,

1R 2 5 IR G2 A2 A ARE TR R,

RE AR IR (B DgEsdy §or izsh, K Si. S NEAT, [FIN{E Fe. Mg, Ca
G AR B AR, TER CERMERTEE, (A A A R A U kA, IR A Mﬁfﬁjﬁtﬁx MZM’JEE/%\%O

AR A A B X P S ACARVER, i Feu Mg, Ca %%ﬁéﬂ/%ﬂ%ﬁ& Siv Na. K ZFRVEH 7> AWl e
Ja A AR A B U AT, XIS S A ARG A R BB AR e N BRI R R R B AAE B (granitization) .

Szl

G NP LY ST
TIE (RIERIERLD . AREN. ZRIEM. ZR2 R
et
HIRA I EREN g

I>AHIENYL (Selderholm)
AR ESRRE (B, ichor) kB TR SEEITEN.

2>‘5|<X§'f’|3 A Anatexis (Winkler)
BEB R RE T IBMERE, BEETHRRE AR BRI RET e

3> 2R #AEH
BA TR AR, R B AT SR B RN RZ 5 B BN B B AR B AR K

4> ZRAEFH (metasomatism)

BEAENEETHIKRE ST BBy BriEs), ¥ Si. Na. KEHFASEA, FEE
Fe. Mg. Ca Eiii AN BE, B “EHERE”, FE5ATHo REBZAIKE?, FHrZRER
REAE, BBHRIBES .
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§2. BIARREH AR

2 /1A A R R L R A e B AR TR S R AR AR RS 2 BB I 25 A
HAERE R I AE R AR 3 2 PR R L WETEAR T A BB AR T .

2.1. ZBIEHLH

1>, MEtEASTY, — MO AR E ST (IR RS ST BRI AR FH B4 R, 4B A RO R A T S 5 ) T
RS IRLE, HA KA IR BRL R B S R T B REETREARVE, WA AR
FIWTIRYE, (8455 T 5 R R A B AR .

2> WHEASTY, TEHIRIRNE, ECEAEIRIE SRR, RSN RGN R, AR R RRE AR, A
TR BT B HTR, s B R A i 2%, SRR g 22 3 1 5 SR A TR AR I R

BT & A BB L

AR AR A R A A T (R 3, — A A S AR R IR RS, IR R EIE LR
WRANRIEHS . LIRS R EAE RGBTSR I 0 AL 4 S A B () B . X I RS TR P 1
T OB 30 R 8 S A BT (R 20 M. 8 SRRV RS T — DM Ay ks ot T BT TR R R ks (B T 2

ke (dislocation)| iFASFIZERS, T 4 BE AIE Bk

5B NBEHRTE RS
PRIE Y (undulatory extinction)
AF A7 (deformation band)
VAWK (subgrain)
HH7 (kink band)
HUBO
AFTEAL (deformation lamellae)
ZNARELE S (Dynamic recrystallization)
2.2. IR FEHI R
BRI 73R (W Spry, 1968 BEAHE))
0—10% 10—50% 50—90% 90I—100%
e CREEREED GRS  WIBERSE BERR A RS
hOOR W OE MEAE WIREE wRE R
BB AR CEs e
H 45 REUR BRIR A2 BEAR A
BIRFUE K%

AR AR T4 IR CREIE) FIREBE,

BRI SR PABAFAERD, TR AT 1 P REBE T 54 e, B TR O PEAR AR ) 2
H AR,

M VAR I AT ISR, TR0 A9 I 44 o AR AR A TR L 44 B 1 28 44
Gier, s BBk < BER A
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IR KR A

(1) HERERABRE (breccia)
U 2 A3 PR TR TS ) — 22 9 B SR IR BT A T S TR AL . TR AR R B R

‘(2) BEEEHR (cataclasite)‘
RR E DR N, W EAKRE, —RGH R MR, A5 W RS MR, A
TEF 9. BN SRS 0 AR EE B 10—50% ) RS (W 50—90%) [FlEm s (L% 90—

o

‘(3) BERE AR (mylonite)‘

JE s o RSB MEART Y  ) B BERE M I (THTER) MIREIAA, B E R E S A E L R, R
Yoo AEILL, BT, SN, A WER B s, BRSSP T KR E A .

HE— B, R SR ARSI BRI 10—50% ). [BEREE CHE 50—90%) [FIjREBERs 5 (R
90—100% )|o

(4) TEEE (phyllonite)
AT HEERE, HATRRR A TR b R BE b, (IR T B S B 2 SR A = B4R
%, Tl B THORME.

(5) ZEBERE (blastomylinite)
WimER S (blastomylonite), B ANBREERE, TRERGETHRMES R, RN ER LT L,
M B AR ME 55 DX 380 25 R0 JBR A [X

6) BZRFT (pseudotachylite)
e FEE SRS, RS R — R TR R R R, AR R AR TR R TR

BEABMETEHEERNE:

(1) BHAREN 5 ET Y RAEHIANEEEN AL, KEEREE. EER. #ir. PR
NS AE TGRS R

(2) HTAERAIT RIS 51 H 54 AL IR 24

R R Z B K E N ST E N TR, MAEZEERN BN SUTE, A

A A NBET BR. SZAERNEHIRZEUNEBIR . EIIEMBEREHE,

(3) EMNJEAT, ZRAEAY T YH BUARIE RE 7 (preferred orientation), MR A A
ke B 4 A8,

§3 WHZHIERH (shock metamorphism) X &H

RAELE WA b BARR IR A e urh, BN RN AR AR, KAaTiEEH3H ERAEM (GPa),
TEERTEEIE 10000°C o 7 I o v RN B2 5 Fe 26t A A R RS AR /R F R B T — ek IR R 2R R 9, o A
F P (coesite) HTAIE (stishorite). RMEA . BARMMEEIES, I HIF 20 W AEEHEZHIN . A0 a5
UK EZERNE, BRBREMITE, 280 WH K& RINERE.
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§4 AR R A

(1) BRFTAME

(2) PR AR FH AR R SO AE, REKENEEHA;

(3) fEYIRAZE A, EIRTR A B A& A — 4 A, W7EH 2 5 Taringatura #1X, H L1 T H
GV VTN M I 8 P Sl e E a8 Y Sl | E AP S o e o S

(4) MGEARFAE A BT BAH, HEY. FARKMETARY . EHES RFISUR 2 Bt A4 7 4
AL JAE o

§5 HEZF{EH (Ocean-floor metamorphism)

FEIRAR AR R 45 v g MHE A Al T R BRIE TR AR A B BT T B s K A S2me & A AR E T, AR e
FEE LT EEOASAAE. MiEh - R AR A, RERTHIAAREM, MREAR, B THEY KRR
AR AR Y R A AT RN

Two types of ocean-floor metamorphism:

1)  low grade alteration
a) formation of palagonite (F& 2 B3)
b) formation of smectites
c¢) formation of carbonate

d) compact and dehydration

2) High grade metamorphism
a) Zoelite facies
b) pumpellyite facies
¢) epidote facies
d) amphibolite facies

§6 JRHKRATFRIEH AL
TRSOK AR T AE R Fe KB S EASE A KAEZARIER, FHALER S 0 Yo Fl g5 g peis & A 2R R FE
AR AR .

MR SR AR A M EZRRN:
ORI 5

@HLA I ;

OinfL . K IFEINFA

T ol PR A A S A
BB RIS
P RV 2k RS AR A e S0 R i PR I BB 1

P AN SEEL
AR A K LR 2 SUK ISR SRR ), EEHBGRA . KA. 56, AR, TRA. HERHM

BT S0 AR, e — WG GO s G EEE], XML ER A EE AN

Fs51m Es1m




b ZRENRERE

ZHEMN BB S T KRBT R £ 08 . Z IR R B AR SRS, X
ZENAZE. BEBNRESES, MHIBESE, AT HNEE. BA. BAA. BA. EET. ERT. &
B BT BT

4 Y EENRYEE
75 SRR RN AR AIBRER B 3 I, i T B SE RAE R T B —Fh B 1, Bl B

FILE ARFERHSHEEN

9.1. ZFUH B ZFAHERMNZRIERK PTt HZ
9.2. Metamorphism and tectonics

9.3. ATRRLHFIEL

A AU AR S PTt UL
—— AT A Y AT

IEIAAR T (Barrow 2R T )
5 J5i A8 - Goldschmidt (1911) | Escola (1915)
A5 JF A A UM : Miyashiro (1961)

R EEE L, BT RARREAIEHER %M, £ P—T B LMl —% i, &
IR TR 24 B TP [ 5 LB B2 (geothermal gradient) o A% FURH 28 UM & ot 28 5 I AR AR S M 3 P28 0 A o A
FE) PT 4 5 RIS IR 45 AR, SBREAZNIRER T EEER, BMOMREER IR T 5 A% L1
R, 1 HoNZR R R 2R FS F T B S T B S

A AR PTt 332

FATTIUAE L 7R B B B 2RAR e A — IR I 1 LU R A AR SR R, JT R 3 1 s o 18 DX AR ot
A, WHRER. e, RiEdE. BTN BEVES KA underplating &5, FFTiR. $(T7F. RERER, A
[FTE AT R A Al SR T A E AR B AR, il 7% | P-T AL S ¢ Z A N FERC &R

England and Richardson (1977) AR /R ELHT 91, % KR P s Ll i R A9 G S A R R AT T BRI 9, 38 74
JiAE PT 3L LG

ST EMIEE R Z B B R AR AR H AR, S SARAT R, BT M W E RIS e, fiihse
WIS, MEREERIER, 520 iRy & .

LR EBIRE RS BREFANGRS SRS, BENAREMANESE 2 . LR RAEX T H ISR, Ak
BEEE O o IR AR (RRAS), UG EIF IR, &2 A b i & /18K

FH T M08 R R R A A B PO PR B R AR IIIRAE A, IR RPATIIR S (thermal relaxation), H[JH 72 ¥R i
TG, AR Hb R AL

Fs52m1 FHs52m



AFIEA PTt H S
A FAEF I PTt 517 (metamorphic PTt path) 245 274 WE K178 AR 5 2R i 1 BB T H R T2 1
EE — IR 178 J7 52 (Spear, 1989)

The complete set of T-P conditions that a rock may experience during a metamorphic cycle from burial to metamorphism (and

orogeny) to uplift and erosion is called a pressure-temperature-time path, or P-T-t path
AR JFAEH] PTt B IR FTRENS S SR B/ E YD SR R 8h J1 i 1, iRYE e S ER AR 1 2, R
TR B R N AR R I R AR

Three principal factors that control the P-T paths of metamorphic rocks:

(1) The perturbation of the thermal structure and the geological structure of the crust.
The tectonic mechanisms that can cause the perturbation of the crustal thermal structure and crustal thickness include:
a. Subduction — the thermal structure is typified by depressed geotherms
b. Thrusting
¢. Homogeneous thickening of the crust — pure shear can lead to thickened crust and thermal perturbation.
d. Crustal thinning by extension and erosion.
e. Folding

f. Magma intrusion. Heat is convected into the crust.

It is important that tectonic processes operate on a time scale that is rapid relative to thermal relaxation. The tectonic

perturbation occur almost instantaneously.

(2) The relaxation of the thermal perturbation towards a steady state value.

(3) The exhumation a rock as the result of uplift and erosion or tectonic thinning.

They have three effects on the thermal evolution of metamorpic rocks.
(a) They change thickness of the crust and therefore, thet  geotherm towards which the perturbed geotherm evolves.
(b) lowering the pressure on the rock.
(c) lowering the temperature of the rock

—RARFAE AR ET AR BIRAA AIE R, BB AR FEET, MRERERZE.
IER BRI ZBIB R T XA S WS, Ak, R, ARRRA A RN,

FEMBFE NS X (RERE LT ), A2 AR FH K PTt BBk T
WS N SARERE . ARt AE R . S AT iR AR A,
WA BRAE B A e T A IR A b, AEAE AR 5] RSN B G I A% L 5 AN B AR

P-T-t AR 5%

IR DLE S BB SR T R AR i 4 F i AR
B ARYEAL A AP Tl S BN P-Tt P

1>, PTt HLdE P IEVH%: Heat transfer Equation
2>, PTt B[ AR
SEARAUIE AR A A FTid sk A5 S HET L PTt U728

530 53T



A AT

HIEAB B AR AL S SRR FEAEAE NS T IR SR S5, AE — Bl AR A A AP IB 45 0 alB R — R PPHIR
Ao M IZLLOR B 1A IR AR 72 22 SR A PTt Bk

XA AR AR PTt BUBKIEESE: (1D 9 ORERI PR R TR, Q) § a4, (3) &
INEET AL

2. MG VRN AER PT PO s

9.2. ZRERH 5 K& % metamorphism and plate tectonics

stable cratons : cratons are stable and relatively cold, with 'normal' thermal gradients of ~20 K/km. In detail, this
simplification is incorrect. Continental rocks usually begin life somewhat hotter than this as a result of crustal stacking and
radiogenic heat generation, but then cool over time.
BHRPILSG O RERE)
ICERM NS (RN RER T < it . KBt dfnity>)

LAR BT UL 5 — R HF Mid-Ocean Ridges

Passive

Plate separation-induced passive upwelling decompression melting for MORB.

During extension at mid-ocean ridges, [convection carries heat to very shallow levels
oceanic crust forms;

‘Hydrothermal circulation produces low P/T metamorphismL often called ‘seaﬂoor metamorphisml

, where 7-km thick

Ocean-floor metamorphism and representative lithologyies
e Concept
e Regional metamorphism
Horokanai Ophiolite

e  Hydrothermal metamorphism

Serpentinization

Chlorization

Spilitization

Rodingitization

Epidotisation

2. ICRBRBLF —EHKIR

Magmatic arcs are sites where heat is advected to shallow levels, produciné low P/T metamorphisml.

The heat is chiefly provided by silicate melts derived from melting of the upper mantle.
Contact metamorphism is common in such settings. Good examples of this include the Sierra Nevada and Klamath
Mountains.
RN CPURPAERUATR i 3R R )
ByCERIEN: BEME—mRIEKLE, KA — R NKE
R e T AR S
S (it

Subduction Zones I Zhdid A8 5 1F

Rapid subduction advects cold material into the mantle, producing |high P/T metamorphism| , sometimes called

"Franciscan-type" or "Sambagawa-type" in reference to two classic examples in California and Japan.

Fs54T1 54T



A AT

The "coldness" of the subduction zone depends on the age of the plate (older = colder) and the rate of
subduction (faster = colder). Eclogites are the signature rocks of this process.

The signature rocks of high-pressure metamorphism are\ blueschists and eclogites\.

ARt ) 7328
Maruyama et al. (1996):  A-type (collision-type)
B-type (Cordilleran-type)
Ernst (2001): Alpine-type
Pacific-type
Shuguang Song et al. (2006): Continental-type
Oceanic-type

R R R R AR SNC RIAS, SR R R R 5.

K R B IR PR R T BRI BRI B R SR 24 s

PPN il

RRERR A RS, R R R

o

Plate tectonics and plume tectonics both are different aspects of mantle convection:
Plate tectonics driven by the cold thermal boundary layer on top (cooling plates)
Plume tectonics driven by the hot thermal boundary layer at bottom (CMB)

Forearc Forearc Trench

MTL basins  ridge /

i}

norphism _
ssure oy i

S pressure
metamorphism

"Warm" subduction zones--a result of slow subduction or young subducted lithosphere
"Cold" subduction zones--a result of rapid subduction or young subducted lithosphere
They have different thermal regimes, dehydration depths, mantle wedge temperatures and circulation, and styles of

volcanism

33
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A AT

88 o 10 K i A L 5 R AT 3 G, A N i B S 1)K 2 H BT HB R KK 2 £ (Ahrens, 1989, Nature;
Thompson,1992,Nature), #7755 45 522 B 1] 25 B # 2 /K ¥ 5 1% (Murakami, et al., 2002, Science). XE87K A H

A T RE LR B R R A R e i T KA\ B8 R R 19

Subduction zones with cold geotherms transport water through slabs to mantle wedge
Subduction zones with warm geotherms create magmatic arcs.

PG ik F

o R RIA 2 BTG S M KR S CREB IR A9l .

MR, SIEXHE—N, REEEREOERER;: TEERE—N, ARREEZRHAS . REHEE
BN R4 2 Rk AT ) T IR KR TR RS, T S 3ICHT PR o AN BT Pl Ve el J iR, AU KT [ 3 A R R
B MER M. X225 A SRR R 5w R 7E R 6] R IR B

Rt M SRR AR 170 5 A B0 B 2R A -
1) REA KA A B e AE T
2) BARRYEKREIL L%

Ultrahigh-pressure (UHP) metamorphism
AT AR AR
AYE— 9L P>2.6 GPa

P47 91479 P> 8 GPa

Continent-Continent Collisions

Rapid crustal thickening during continental collisions produces high temperatures because of the large amount of
radiogenic elements in continental crust. The pressures are moderate because continental crust is never thicker than ~75 km (2.5
GPa). These abnormally high temperatures are followed by cooling to a normal cratonal geotherm. This is the cause of
so-called "Barrovian" metamorphism, signature minerals of which are staurolite + kyanite. Good examples are known from the

Tibet and Himalaya.

The India-Asia collision zone is our best example of an active continent-continent collision.

9.3. ATERLHFHEL

WERIZ AR 24 O 46 ACF KDL, HBR BT RBLIN il EH AR I /S 42— 44 104

A €S vl A AL R RERRITER —SRa ik, RPA RS —RoRE Hufh .

e e ARE T2 A IR I L TS SRR R T KA A IRUIE ? XA
FPAE D IRRE A

R RERHFAE RS — BRRLE XO:

KERE AT 20 P B, BIRITS B R A 3R A AR Ab i
CAVIKA =Ma n s KERFREHS. RERDSGE FHSMABIRE S KIEHE.
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R R SR HH AR R

(D TR AR A — S X IR =), 52 2R Z 3k ) S 71 AR

(2) PR TARLEFAR LI SR AEA S AT 4R SRR T AR Ao (H 2 NI I R R AR R i, It
VAT I HH T S ) v 0 AR LU AR b o A B 2 BB T o

(3) B =AM R R SFAH, 5 o A 5 R 2 5 A2 B AR A [RIE A i PR B3 56 A A R 1 I R s A, =i 4
T ARG IE AR E DX AR St o A O RTE S X

EfE e

At v 8 v P AR o 3 S A A 2

Ki¥ (UFERVEAAED 2 ERERM? KEER A B A W REH R ?

KE RIS 2 AT A B2 RS AR A 42002

AR e A ) S
F—E: BREANELSHRES

> ENEMARRIEM?
> BRAERFR, SEEER. ERERRXAFERR
> BFRERARRR? 5FMAXIEHERLR?
W PR, KRB . JERA RN Wi, B feds
> BRERRERTR?
1. H4hmiEH,
2. BJ gk S RIS SN,
3
4
5

AR,
o AR,
AR T MBS REAE

BE RPURN R HER R

BN  BRREEARRR
1. BE&ARM
(1.1) fH%7Z (Phase transformations)
(1.2) BB RPN (H¥E B (Exsolution)
(1.3) 4ifEZA &M (Solid-solid net-transfer)
2. BIERSXBL (Devolatilization Reactions)
3. EMIEJRRFL (Redox Reactions)
4, EHERMNEAESRMN (Continuous and Discontinuous Reaction)

= BRRBIREERIER
1. #EE (Temperature)
2. [E/7 (Pressure)
(1) #AFFE 77 (confining pressure)

ST ST



(2) FAEES (Pfluid)
3. BiJ7 (Stress)
4. JAE (fluid)

AT E R

1. ARJ5 e WA AR e T EER A ?
2 [l — [T s N2 A 7K B AT A4 1 2
3. TSR N ANESE N ?

3. PR RSO N ) E B R AT AR ? B TR R AR o S . ?

B8 BFUANEARHE

RER R

AW N =
P

TR WES (RO

Loy
HK

~ PN EE RN T AR U A I AN A S R IEA 22 B A W Ry B AT AR SRR AIE
AR ) B LSRRI A WL ? & Al RF AL ?
AR J e PR AR i 45 6 AT

HINE SRR AN ?

AR 1 B GE R TG WREE ? A Al RF AL ?

R HAERD KRIFRT WIREE RS AN R 5.

AANFENERF ) EERE
FEE RS JRARE A2 A REALE ] %in
EERY ®AE. WS B ALO;. SiO,. | EEFY: AE. fKA. KA. KRA. 55 BE5E.
K,0, # CaO Hz s
BRI Y. SERARAREA. BREA. Bah. 484,
YEA. EFEA. TFA
HEMHRF EMEERKEME | B CaO. FeO*. | DKA. AEK. WA EFTA/MAE. ANA. BRER. &
REz=REESE | MgO, Na,0>K,0 | 7EA. ARA
KERRY | EMHWE. B | E SiO,. Na,O. | A%, fKA. #1KA. XEESEHNR. A, ANA.
B, PREERE | K0 A, WA IHIAADER E R IERRT Y
KRERY | AKREMBEOZE |E CaO | B | 7RA. Ooh, ROVENEAR. WA, BENA. EEA. &
MgO A R A%
EEMRY | BEMERE E MgO WA, Wath. BENA. A, REA. AR, R—5K

RETY

BARGEH: ST YIRRLEE . BIERERE . B A ok RS HFLE,

BRI
2R SR
TR
(D
(2
(3
4
B4

AR
B S A1
AL E5 1)
AR S LG

M. a AP S M) S B A A 2 1) 3 AT e A T SRR

458 T

3t 58 T




332 BF A
5 I A 4 2 A 1 A s
B AR A MR R, 05 BRI IR B ok, SUTRE A KRG A R E R . RPN, 5
KALEAT SRR S AT M3 . BRSO RIS A RIR M3 25
12 FBRRAI A 1 728 7 45 RS T P BB R, 6 LB A
(1) BESMIE
(2) BRME
(3) FHoRHMIRE
(4 Rt
(5) Fr BRI
(6) #HriRiaE
(7 PeRiiE
(8) FgEBHiE

FIORME -
HRERR I -

BUE AR R

FEEN:

1 DT AR AT R A2 o ' 11l 2

2 A A A E X

3 AT AR AT KA i B AR A ) S ) 2

4 AT AR WD ARAER SR 1R AR 5 A F A A

5 ACF. A'KF Hl AFM FEIffATHREERs 52 W SEA P o AN EUa By BOMAE X S8 IR fiff 17
6 Unfa] X S AT AR S 3 A A B 2

BLE AR R AERER

S I8
1. AR5 AR ?
—ANRFHE R RRE. KX EIAR—BERRY YIVEAS, EAER . 2 ERERIGFEVEEE R,
—ANRFHNER, EV WA S AR SRR 2 181 2 1B R i R T A2 AT BATS A X Bk &
2. AN GEIEAR 5T ), A7) LSRR ?
3. FEAAR BUAE A MRS AR AR 7 HE 3 AR U AT )AL ] 2

B A AR A E?
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A AT

1) KEafEMH: BERN300—400C, EHN 0.1-0.4GPa

MKA+ZTA+HHEEA ENA)+ERALARE EHEA
Hof+ BB+ KA+ 85 A RRAER
TRA+ENAtE = AEEA RERER

Q) EEMANGHAEME: BEN400—650C, JE/H 0.1-0.4GPa

KA (An>20%) +EEHNALEER - =Vl
A+ 2R+ A+ EE ARk A RRER
HRA+EER M a5 a RER E:

(3) BB AAEAM: EEHN 650—800C, KA 0.1-0.4GPa

RBRAEAT A=A RRE, RALERSEAMKE, RETHASA:
RER+HAER/S A +HRRAHAREEFTAERKA

EMEAATPHIETEL: AR+ RER +EFEA R

R HBEERA, SLETWMASH: TR HERA A

4) FBKAH: EEHN>800C, EHKN0.1-0.4GPa

BAERNE SKE BAH MIE KA. SE5MNE . RS ME KA FRIBREKT WARE.

4y DA A AT AR A 2 3 2 AR S TR 0L - {2
X IAZ 5T AH

(1) MEAMHZ): BEZMHEAN P=0.2—0.3GPa, T=200 (150) —300°C.,

WA WHE
WHA+FEA+ATE; W ATEEA+REA AR

BRI (FWE = WEA+3 H3E+2H20|(T = 200C)

() HEA—FAAMPP): EEN 300—360°C, K4 0.25-0.35GPa.

HUFTYHE:. KEAEEAR+REAIKA-ARE
FAA+FRAETAHKA AR
HEA+ R A+ G0 A+KAa AR

BFEKRR: | Lm (F¥7A) + Pr (B%&A) + Chl=Pmp + Q + H20|

(3) S BHLGS): EEAN 350—500C, FESH 0.3-0.8GPa,

ERREME P FANX MRS RELAWR, HARTE/RAMTA
BRRM: GEA+HERE HAE=7G+HESL+H20)

#6011 F60 Tl




A AT

(4) AR INEMHEA): BEH 500—560C, KN 0.3-1.0GPa.

HMERERMEAFHIWEANG, ERAAFHAEREMANEEA. TR RM:
BEARA +AIMATA + SR A =%E4 WA +H20

WSV + S BA + AR =84 A A +H20
AZR+SRA A E= LG + B ot +H20

(5) 1&MINEM (LA): BEHN 550—650°C, JEJIA 0.3-1.0GPa.

ERAAHUHI+TA (PE) MEEA (RE) MEQ = FEN E%SRA LEERIA KHEKARE, 7
REFIAZ B R By«
‘Chlorite+Muscovite = staurolite + biotite+ Quartz + HZO‘
|Chlorite + muscovite + quartz = cordierite + biotite+ AI2SiO5 + H20 |
EEE An> 30
HEFMET, BRAEAT WAS:
+FA+HREARA+ RSB+ AR+ AERKA
BRA+HSEARA RSB+ HAERKA
WEFRHT, BRAGVWAS:
EFAHAEA+ BB+ A+ AR KA HSREAIRA
EWAEAT MAE:
¥EANA KA (An>30) +B R+ ALAR

(6) BAREM HA): BEHN650—700C, EJ1A 0.3—1.0GPa

FRAAFEANTANEHNREREAZBHAEARE, BRAWKEA +ARSIOS, B
B+ AE=HKA+4&BA/HF+H0
FRRE R RAERE, HIRSEWEAEERARNESHABIRE. BANSHENRMET WEESHN (B 5—4):

Y EA+ARA+RERHARA HATERKR REEA, Tk
A+ EF A+ R HEKRA HARPRA RFEER, KE
TEANG R AEEEA LA AR

(1) BRRLEH(G): A 700—900°C, EJIA 0.3-1.2GPa

TERAE A T DL IR MR vdr &, .
Rl A N+ A = SR HEEE AR +H20)
JE ST
EHMED AR = A A HEEA AT EERRLE)
Ve i A 3E N R A AH bR
Y EA+RBEEARE, BRNARA+HESTA.

Bi + Sil + Q = Alm + Cord + Kfd + H20|

JFRRL S A R 2 5 0 -
BOER BB R AR A RA EER
EER+ARA+RKAE AR EHER
YEA+ARBA+EFTAHARA AR BREA

FelTl el



A AT

(8) BHAEM (GL): kAW /%440 Lws + Pmp + Gln + Arg + Chl
iAW 54 Ep + Gln+ Grt + Phn

(9) LM (B): BEEEERE, 400—900C, EH—&K##Eid 1.0GPa

él:l'\E‘ N , ;2 EEIEEIE\ ﬁm/ﬁ\ %Eﬂﬁﬁa%r Z<
HIAHCA . AR RERE A T HIESA HERRIE, & UHRSEARE. AA. EBENEREAS,

A ]
S, ONVEFHR? LA UK 5 RIHER %R ?

RN F XA o, HREERE— RS, At — B FARAE, WTRRRA— R,
AR

FRIBAK AR 2 HE TSR R 2R

O REMFR: A —FRER, REA K —FTRFEAD, LB AHTHIIEG B8, Y46 (&P B
[ 75 )5 AR B B KT 25°C /km.

@ PEMA: BRE-VRAER, dEA (EEAD, DRI AH B S A R LA EHE, HABER 16—
25 C/km.

@ FmEMAR: BE-BRAR, fmEM CGRIAD, DR I E A5 BINA . AT Y HE,
B AT 16°C/km.

@ fREER, WAAAE (Bucchan type), LAV A i I BILL R — 150, BRAKEG — I A A -
© FHIERL, DL DG A AR

FNE EMRRERLEA

FE

Ly PR AR ?

2+ ANFECAEAAR A R 2 BRA RIS, AR
3. IAERAZ T AT AL

FLE XBERREMRALAE A

IE@@
v XA A AT A R ?
Eyﬁ.&E\?ﬁa\ﬁa\ﬁﬁa\ﬂﬁﬁmﬁ\ﬁﬁﬁﬁ%\%ﬁ%\%ﬁ%\ﬁﬁ%ﬁﬁﬁ%
> ARRRE: ANCE. THCE. Fa. FkE
> BREIEE: A, RIKAINE. RRCE . s s
> BRKEFCAE A KERRE. A5E
> RFURR G KBS
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v WX g3 P AR R ?
 RRLE 5E L, TERGRE?
v BAERE L, A A B i L
 REREA IR R e R R A i e ST ?

wm B~ W N

BNE HeZREMEERE

1. fFARBES? BRI EER?

2. IREARREAAILR?

3. MRS R ?

4. HA IR AT TR 7307 A RS R ?

5. BNJIARFUE A IRE F EERAY ? B AR ?
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