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Abstract: The formation of high-temperature (HT)/low-pressure (LP) metamorphic rocks requires high thermal gradients
of >30 *C/km. It is intriguing which tectonic setting is responsible for such geological processes. This paper presents a summary
of our petrological and geochemical studies on metagranite and metabasalt from the northern margin of the South China block,
which were formed during breakup of Rodinia supercontinent in the middle Neoproterozoic. The results demonstrate that continen-
tal rifts are the most plausible setting for the production of HT/LP metamorphic rocks. The HT/LP metamorphism is mainly re-
corded in alumino silicates-bearing metagranites, in which metamorphic andalusite and sillimanite were produced by muscovite de-
hydration reaction. Metamorphic P-T conditions of 1.0— 3.5 kbar and 560— 660 °C were obtained from the petrology of aluminosili-
cates-bearing peak mineral assemblages in combination with pseudosection calculations. The metamorphic andalusite shows very
negative 30O values in O isotope disequilibrium with magmatic zircon, further demonstrating that it is the metamorphic product af-

ter magma crystallization. The U-Pb dating of metamorphic titanite yields concordant ages of 751411 Ma for the HT/LP meta-
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morphism, consistent with the peak age of the Rodinia breakup. The metabasalt shows island arc basalts-like trace element distri-

bution patterns, indicating that its source was generated by metasomatic reaction of the mantle wedge peridotite with fluids derived

from the subducting oceanic crust. Therefore, the mantle source was formed during the Grenvillian assembly of Rodinia superconti-

nent. In this regard, the continental rifting that resulted in the supercontinental breakup was developed in the former subduction

zone. By comparing heat flow required to form the metamorphic peak mineral assemblages with that provided by heat producing el-

ements in the metagranites, it appears that anomalously high heat flow was indeed delivered from the asthenospheric mantle to the

continental rift, leading to the HT/LP metamorphism during the Rodinia breakup.

Key words: continental rift; supercontinent breakup; high - temperature/low - pressure metamorphism; high thermal gradients;

aluminosilicate minerals; petrology.
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R i b 72 T8 Ak 55 5 A Rl R i A o) 2 e B Gkt
NEFY HE 7 — R BE (P-T) 45 A el 728 %% Y0 AR 56 78 it
o DR AR e A IR T A G BRI R TR
T P-T %A ARG B0 T, v] AR 95 48 i 5 1 1 P-
T A5 B ok 58 OB il 19 14 # 75 5t (Brown, 2006
Zheng and Chen, 2017). Al XF T 48 it P-T 4 1 (1) 44
XA, A8 B AR FE (dT/dP) 3 RE S i A8 Jot /F FH & A=
i (4 #4 3 1 5% (Brown, 2006 ) . AR 5 48 i #4086 | A8
T AR AT 4 Sk = A 250, BB R B A R 5 e
A R BN A A XA R 5 (Zheng and Chen, 2017) ,
o Bl R B A R 50 A SO 2R B0 43 S
T A A i ) AR BT BB B CIRT 1) BT R BT A R
G SR v AR S B A R 31, A B R e A A
RO S AH 6T R B PR B2 3l Oy 5~10 °C/km, 878
IR A8 3 2R 855 (Zheng and Chen, 2016). B 5 20 A
F 9 SOFR AR R AR A R A, B AR N A
FIBARE AR, R 7 Y FA R B2 3 Ol 30~60 °C/km, 48
7~ LT (rifting ) ¥4 3& M35 (Zheng and Chen,2017).

e U AV 7 B A T d5e 9 02 FH P-T B 4 X E 2 L
B, B kA B IR 500 °CL R IR T RERR Eh 9~
V(LA & A FlE S A ) 19 = AH 5 (de Yoreo et
al.,1991). WY (g 1 [N 5 AH 2ok 55 5T e TR e 28 T 7
hOE s LR A, O HEE AR T SON T R )
A DNELRE A AR Bl A 2k AR E Bl L T
=750 “C i & i 2% 18 T A2 J5T R RR R . 7E A [R] Y
e PR BE SRR e IR R AR BT ) I8 A =900 C
i 5 KR A (Zheng and Chen, 2017) , PR I ixX A4~
o YA R A8 5 = ) 5 T SO R B AR X R LR R,
CLHE AT R A A SR W 5 A TR A e TR AR R 78 T
e YRR O T RRRC A A AR T e, A 2
AT LA H R A A R TR AR R R R AR R T 24 5
AR R R TN O R A ) I = R A

L2

XoF T e AR A8 BT B R, B AR R Y 1
HL = S - (1) KRl 24 W (rif) /E 3 A i A& AT
PL= A DI P v OB 2 (Wickham and Oxburgh,
1985; Zheng and Chen, 2017;He ez al.,2018) ;(2) K
i il 428 325 111 717 R FUARE AL B o KA T L AT LA b e
A5 PR R (Lux ez al., 1986) 5 (3) K fifi 121 2% KL
BLOIRE 2RAE T B i A TG 2, T LA Sk b 5 722 T 4 1t 3k
7 (Sisson and Hollister, 1988) ; (4) 315 A A 7
B IROT R AT AR A R 5 | AR B R
(McLaren ef al.,1999) . 25 [ Ff ik , ¥ 5 25 JEAIC FE 25
T AR YOG B PR &R O v P i 1Y R U (Clark er al.,
2011;Zheng and Chen, 2017) , 115 & AE H Z 8]
R TT LR LR 328 (1) IFFI LR AR K
i 24 T e PR Y R I, A BT S A P e
S U R b ) A P M S B A Ak R R A 4
s (PR FR, Kt a AR A 52 At 2 48 1Y Bt
(WA HIEWR ,EFENMRBERA S A H S
M= AT R

G020 ATV =T < 0 e e 1 R TRE SR R €
I 247 (rift-valley ) FlK fili 28 W 47, #0AR 75 & 15 #)
e U A AR BT A T 5 Y R AR BE (Zheng and
Chen, 2017) . JIE Y™ 5K AT JE i T 60 °C/km Y i #4
B AGE G AR S RAEM Wik & &4
1o AR K AF 5 /E A (Manning ez al., 1996 Nicolas,
2003;Bosch, 2004 ) . ic 57 & FAAeh JBE ) iy i — o vy UL
JBRRL Tz AR KR i 2, S D 584 H 5
J5i 443 A B & (Collins, 2002; Pownall ez al., 2014).
NGRS Y T N L R i A S VAN @ A B
R B UL R A B G B2 B AT DL A >
30 °C/km 1y & #EL B (Lux e al., 1986; Sandiford
and Powell, 1986; Platt and England, 1994; Zheng
and Chen,2017). [N 1t , Kl 2R B i 2 A 2 i il 1K
AR T AE ) A 35 3% AF (Wickham and Oxburgh, 1985;
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Fig.1 Phase diagram for regional metamorphic rocks in
three facies series at different thermal gradients
&2 A Zheng and Chen (2017)

Zheng and Chen, 2017) . {HJ& , §if A A 58 19 5 i I &
G e T N G A PRI T N A
(breakup) F b Ji 2% 3iF #% (Brown, 1993 ; Bucher and
Grapes, 2011) , Jo ¥ [ B iy i A1 R 228 o 1 5 K ki
ZEWT YOG R DRI, 7R B e AR R T 2 i 1 A
A Bl P b i 5 v MR AN R A8 B A, X B 4 A
JoT AH 2R B 75 K Fili 24 W7l T8 B 0% ) & AL B A IR R
HEME L.

1 ferghlide b &

4 fili P AE B oo AR I (780~740 Ma) Y &
ILAE By A6 2% M\ Rodinia 8 K Fili 24 it 25, 5 H A K il
Fili B & A 4 B, i K R S R B BE (i, 2003 5 Li
et al.,2008). N It , 7 Rodinia #8 K fili 24 f# 1] [4] ,
46 B Bl Pt S 02 K Rl 24 W R 3 PR IR AR 2Ok H
PS5 T8 (1) K51 — 25 6 i 1 G I v TR 728 BT o
B Ji A R X 2K K B (Zheng et al., 2004, 2006) ,
= A U-Pb 4R % 5 Rodinia 8 K Fifi 24 f# /9 B[]
(Li,2003;Li ez al.,2008) — % ; (2) % L2 45 Jit 7 % 9
H 35 10 %0 5 1R 1E (Zheng et al., 2004 ; Zheng
et al., 2007) , 5 B # iF 20 000 km* (Zheng et al.,
2004 ; Zheng et al.,2009).

4R Tl e b % 00 7R i A o R = S 40 N 1) AR
A6 Bl B 22 T 6 b I 5 22 6l 4R R R B — 95 a1
i (Ernst et al., 2007 ; Zheng et al.,2013) . 7E 4L 393 1] ,
— 8 73 Hbu 7 W) J5T A A R i AR e 31 <710 km 19 R
TR B B 550 9 81 #1 R ok B U AR L A T T %

Fr AR 72 ST AR T ORAS [6) B B Y A2 B A ] (Zheng
et al.,2005). 4t ¥k BH b X 5k 2 3 FE — SR AR
¥ JC (Hacker ez al., 1998; Zheng et al., 2005) , ‘& i
R BE b AR A7 T T b A 30 K B 2 A o RO
JI 4 5 R 5 AR R ) B AR 2 I 5 K Bl 2
e U AV 722 B R T Ay BEAE X

2 b e BH s IX e i I A i e

T ) 3 L b 9 BH 3 X, Rl 2 R A R TR
JEAS AR FH 32 20 S A & R RERR $h T 1 (Z0 4 A AN
K A1) 172 AR X1 5 1 (He ez al.,2018).

2.1 EAWEZFMTYEY

EF R YLK ST, Ao bR
BRIEAR , BA AL Y 7 2 AR SR (18] 2a F1 2b) |, /2
5 B K 23 fige () MR R AE At 2 20 A At B K
A FETE 2 B & A 53 i 14 IR (& 22) . — SE 1 1
L W AR B IR A LAY s B A K (B 2b).
UG LA A A R KA = By B RS [R]
(38 43, e AT HL A T T A R ) A B 7 i, S s K
A O i 1 B0 ) R BRI = B X S & i
2 BEW K R ARAE , B = B+ e K A+ 4T
KA/ 4 247 +H,0 (Spear and Kohn, 1996). It 4,
AR AR A SRS & w9 B 4 4
A BG40 HE A A K, R 1) PR ok 1 AN R0 3 A
(F 2¢) , vd W] A8 T I He 2% 14 DN 1A A B e B 78 3]
KR AFE TEH SRR DR BT, 20k
AN A7 2 I JBORE B K (BT 2d) . DA L 25 AR 25 44 #5 1E
B 2 A0 o0 A8 L A R 2 B B K R TE B 5 A7
2 R A LA, 5H T s BRI K RN B, 5
SRR = a2 S | A AR = P | DS Sl B Al |
B8 R T AR S A8 T ) AN A 4 kbar, 0] L
HH AR S W 3 1Y) P-T 2 PR R 40 bk 1 — & 2k A e 78 1,

LIAE AT F B Si0,(36.04 % ~36.37% ) F1 ALO,
(61.55%~61.30%) 4 & , it & f > & M Fe, O,
(1.75%~2.25%). & A1 1 SiO, Fl ALO; 75 £ 43 il
H 36.40%~36.65% HI 61.82%~62.18% , Fe,O0; &
LR ARAL, M 0.88%6~1.34%.

22 HYIEREME

TE 55 78 2R A B A8 ST A B T, AR AT A A
MO O fH A — 11.7%0, & KBS A 1 8O 15 Ry 4.8%0~
6.2%0 , AL {8 5.5%0 +0.1%, , 7% 76 H 18 &5 A
{8 5.3%0+0.3%, W Bl P, 38 22 18] 32 B0 e 19
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Fig.2 Petrographic textures for metagranites 14BHY02,14BHYO05 and 14BHY08
And. ZLFEAT; Bt B a5 Bl s Kis. 81K A7 5 Ms. 1 = B 5 PLABHC AT 5 Sil 47 2647 . 51 F He e al(2018)

AR 2R AN

S R o R A N = Al =V T S | ]
(Zheng and Fu, 1998) , H A& Al 7 3 41 BUAETE iUJG A
R BT RN S S N AN (RO E=A R A= N A
DAL S IS B =y S RSP N
HOUO A A R X R AR AE KB VK @K TZ B
BB Z R A I 8 52 3 R KO Rl K B kS Y
O R AT LS R 80 A R g Y
g BA 11 8"0 {H (Zheng et al., 2004 ; Tang et al.,
2008;He ez al.,2016). Foyk A8 Ji 1A A1 BAT JE
1 0 O fH , W RIE B T KBl vk )1 Rk B & 2 5 1
POl A i B op (s R R S RS ) R
KA WK S 2 3 ik (Zheng and Fu, 1998). i 4 ,
7] — SR A b g5 10 28 A 5 5, s BE 81O fH
H—13.9% B —10.2%, B =B8R 85O EH — 13.7%,
#| —4.5%, (Zheng et al.,2007) . 1 18 52 &5 i $ 1h
AR Z G, o BEFE IR BE T 1 2 1R K AR K

JI T B LD A A, TR R T = B 0 5
PFFAE
23 TRP-THH

8 5T P-T %A% ] LUAR 4 75 o 04 100 4 ) 4 5 3 ot
AT DU 2 X F & 208 A fN A7 4 AR
JEAE XA 14BHY 07, A 4 i 5 i s 8 1 0 W 4 &
FEA R BAR A SEA R A B A
A e w5 A B0 P-THHE (B 3) , 20
HAREWRSHMEAMEXEAES . B, 43550
o o AR P AR AR E R N D AR S Al R S
TR G I AT o N aa o 1105 8 L S A D () Y2
A AR BRORE TR Eh 0 W AR e Y[R S50 st 2
560~660 °C/1.0~3.5 kbar. iX #F — > 32 #4521 ¥ 47 38
o AR 5 B T A v L el T AR AR B R AR A b
SR EE N R R 1 28R BE (>60 °C/km) , J2& 8t
AU iR AR AR BT s JF B, AR B /R 208 A fR
S S AR B A7 2 0 R B, 6 I A 0 A AR R AR
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He ez al (2018) i 53 75 5| , 28 5 48 5 #+ o A9 4%
A1 5 R T W AR B, BA >0.1 09 Th/U Lo fE ,
MR A KBS 4L B 4 U-Pb AR O 750~
770 Ma, 5 Rodinia # X K 24 f# B (8] (Li, 2003 5
Li et al., 2008)— % . 4 I, 748 JiT J5U 4 4E B 5 /& Ro-
dinia # K Bl 24 i o A2 b A AR B 7= 90 X TE AR
i B At 2k ¥ 38 77 7E (Zheng et al., 2004, 2006) . R 45
B XA DT e il AR AR B VR, L i A 5%
A AR G AR 0 Y Y AR AR R ORI A R
A AR R B R AR AR % A 7 A | ) i
17 U-Pb E4E .

FEAR AL B A A N Y
R AR LR AT EA R AR, AL Fe.
i Fe/Al b fH R4 &5 1 AL, B 5 X 51 F 45 5 46 B 4
TR R AR A, B R AR, A S Fe, B
A9 AL 250 1/ Fe/ Al AR . B4, 28 % ik A v
B M8 £ H A 3%/ Th U .Y .REE fil HFSE % &,
TCH B Eu st q, 9F B B3 M HREE 5 $it , AR F

B
b AR

Eu i 5 4% L) K OE A MREE-HREE 28 . A it , 28
XA 0y AE A AR Bk (Rasmussen er al.
2013) , J2 e il I HS A8 B AR I 0y 7= 9 . 72 i df A1 5 2R
o BRI A U B S R A3 i O R A A K R
Ti(Essex and Gromet, 2000) , K i 25 i 48 44t 4k 7K
T M % B HREE 5 # (05R1F

He er al. (2018) Wk 5% 15 &) , 7% & 4§ 41 A% U-Pb
AE WS S 75111 Ma, 4R 3 & IR IR 8 B AR &
A AR 24 750 Ma i AR % 38 10 S 7E 8 32 1 3R
Wb AR B A LL R R 80 A K B A (W
et al. , 2007 ; Zheng et al. , 2007 ) . & #X , & iR A%
JE A% JR AR F & & 78 Rodinia # K Rl 24 1 06 3 B
Bt (Li, 20035 Li ez al., 2008) . 76 3% 4> i B v, K
Fili 24 W7 A5 Dy o U RO Bk AR AR R L R R AR
JAE T AIK 010 A AR T4 4t T & 38 09 1 i B
Be A7 BOR Tl AR Y B A AR T A LA SRR
A HAH — A U-Pb 4%, 3 W1 5] Rodinia # K
Rili 24 fif B K Bl 24 Br of R AE A R Rl SR b &
750 Ma B} £z 2k 1 BK
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Fig.3 Pseudosection calculatons of P-T conditions for metagranites 14BHYO07 in the MnNCKFMASH system
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3 X KB W AT I Y 5 78

K iti & W+l 2 K i 2 A Bl Az B0 R AE R A
Wr 24 %) B2 K 44 7% 417 (Olsen and Morgan, 2006) , —
BT E W AW A E (Wilson, 1966) . 44 18 7 1 P8l 54
fiff A% BE L K Fili R4 W7 43 Sy B By SR W 0 R At 2L, i A
SN TS Nl S S IS € N T
H 2 Y i 48 AP i — 2 90 14 208 BT VR T R
g XA 3% AR FH 7= ) (Zheng and Chen, 2017) . 4 18 3
Bkl Iy 2= ARSI K bl 24 W 43 Sk 3= B0 24 0 R B
Z4Ir (Sengor and Burke, 1978) , A & J& 4K I 18] M 2
IR EAE W B e al i Ear [ N T E DA QI EAE O
TS o R R A A A K i A BB S T A
g5 47, i anJC R M B il 2 1)l 4% & 7 (Zheng and
Chen, 2017). i F X 3828 5t A 72 S0 5 b i 22
S, A5 AR R AR P 008 B[R] 9 38 LLAE =4
PRI DX 3722 J5 5 3 L AR 7 B[] R 25 (] 1 5L A X
NG (4 e B 2 A A AR A R A A 3
Az 3 LR R AR b, B 7R B 30 AR B P R R A
TE Ailf 488 38 L1 AR o A eh i 2 X B VR ) e A
fE 24 Wi 1L/ 3 %2 B (Zheng and Zhao, 2017).

T K Bl 2408 & A A 38 LAl A B D 2 Ak
TE LW 2 1l 8 5 5 2B IR i/l 48 R ) o L
A VB D B A LU Y R 3 AL A AL 4 (Zheng
and Chen,2016,2017) : (1) #5516 T #2357 00, —
B3 s b e e A b e Ak, % B 8 3 O
DR CVEHELE X0 N R el b i
T0 5 (2) B it el 0 422 okt 3at Ly A3 el 1 0 o /

AR

A Hilf 4 38 1L

B2 A i Ry /R 5 7 204 I

4 3 TR M e it % A8 T AR 26 0 55 1 R SR 2 ]
XTI &

Fig.4 The relationship between metamorphic and orogenic
types at convergent plate boundaries
& ek H Zheng and Zhao(2017)

Bl 5 I R TR B 60 5, FE T AR b e ko i aok R b Ak T
AT IR A | H5c 23 S A ] b 0 G 8 4 I AZ 3] 4R
12k 2 A 0 0 B P L 5 (3) A e R, X I
iR N 7 S B0 B0 ) B B, A B TR O A
TC A WA BIL I, DT 1 A B DX 2 k% B N
14 2 P JO T SRR Ao ke D S S A P IS
HEAT AR AT 1 Rl VR FH O X — 2 SO P b s 7 T
JIIR T E A LU, R T A RO P M R A
JE I ROE BUBE R 2 3K 45 SR AT 2 I B s S 1 A
PELJRC 0, i L B 0 R Mot A A kA L AU TR
TEH .

He et al. (2018) fr o 5% (9 7% Jit X XA B A K
SiO, & (50.07%) Ak MgO % # (3.20% ) ik Mg”
(0.39) Fl# ALO, 75 1 (18.16 %) , & AY Ji 7+ Ay i 744
AU MgO B A1 Z R (Sisson and Grove,1993). 1t
Ah,ax s i X R CE B 4 LREE M LILE . % it
HFSE fl HREE, 3¢ 8t #LA fy & 908U 3 i 0 2 43
A FEAE 48 78 H A 08 TR X KR oy 2 1 52 F)
M R 52 AR b 482 . 3k 26 2 A HLA KR o
AH G 1 B IR bk T R AR (HR A A R A 1
R A i 284 i 0 U T A 2 8 K i 3R A BT RD L 1T S5
TPk A X N, I E 5 R T BT R AR X, PR v &
SIS M P i 2 4 3 44 i) 19 % 7% (Zheng and Chen,
2017).Rodinia # K fili & & % A4 76 oo by £ e 0 3
e AR R BR R A AR R R 1 LR T (L et
al.,2002,2008; Zheng et al.,2013). 7E M 1a] , #5 T
K il B A4 Bl 2 B 0% 21 Rodinia #8 K Bl ; 78 3% 4> 1 72
e, PR R R A SR SR AR FH R OIR B 4 LA
FHAE W & 1 Columbia it % 31 2% ™ A T 1R 22 4% bk jak
IR 3 A4 i 1w (Cawood et al., 20095 Zheng et al.,
2013).

— 5 43 57 B 58 H PR b I A 52 AR AR T Y
b 53 A8 I VA ST B K AR 43 s RO B R AR b I A
WA AR 2 4 110 Hi s U5 X A5 DA AR B FE X 2 1 1
#7 2 F (Zheng and Chen, 2016). i1 T 4 5 1 i 1) 38
Ll 2 K i A A B P S Y A 1 59 4 (Wilson,
1966; Dewey, 1988; Vauchez ez al.,1997) , K Bili 24 ¥
R IR Y X 26l 4% 5 47 547 (Zheng and Chen,
2017).Rodinia 8 K fifi 24 i % A A6 o A 1 (Li
et al.,2002,2008; Zheng er al.,2013) . 15t 3 1] , 4%
Ui P 0 2y T 9 RO S A SE T A2 B BRI
Hi 8 U5 DX, 51 & o Al O B AT S R B R T
FRRE I K i 24 X R
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He ez al. (2018) BF 5¢ #5331 , K fili 24 W 7 & 1R A%
JEAR T 30 5 T AR i AR B (>60 *C/km) , iX
AT LR F VAl K i 224 07 5 b 2 100 A 38 1 . 7 b 72 TR
& 10 km &b, XF 3 T 48 5 Bifi He At 2k At ik P B X s R
I HE AR A A i v R T, T AR o e 0 4 ) 41
Z T E 70~120 mW /m?* (1 5% A AR 3548 BR
16 15 25 RS B e A OE R (Th U FK) 19 & it
T 15 2 BF 5% X 58 75 750 Ma B i #4407 6 N 35~
43 mW/m”. X P (1 22 {8 (£ 30~80 mW/m”) gt &
K il 22 VR b 0 o K ) AR (L S i T R R b
FE 2 T I F Mg 1 A (E . P UL, i ) Hb S A 2%
SRR AR R g | R K T BT R IR AN AR A
A EFHE.

25 TR AR Bl B b 2 i K ki 24 0 & i
N WD A A B RA ER I L el S = 8 Ly N
407 18 IR G A AR = R 20 I 28 P K B R A AR
JEAE L, K i 4 W7 22 1T A4 ) i 8 4% A BRI AC il 284
Z 5 R T A A B R 2 B TR K 24087 1
PR Z b TR A AR A L TR R AR
I 78 T A0 SR I BB R Ok X 43T R MR B 3 S A A
I7i) By B3 11 4 15 £ 5,

4 L5

R Jiti 224 Wiy EL AT o AR B L BB 8 AR L 5
AR AH ZR A AR T AR A2 R B A Rodinia
R iy 2 s 25 A S R B AR R R e 2
SR ARG A BT AR FH 5 T g kAR Y A T L X A A
i R C S A R L b Y BH b XA I R R A
FEAE A v, DL 2 BB K R T 2T R A R A7 2%
A1 VLI AT ] A7 2 A0 T A Sl B RRAIE L 3X Ry R R AIG
F 78 J57 4 s R i 2 DT ) 3 Y S SR AL T R UE AR
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