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Abstract Shilu iron ore deposit in Hainan Province is the largest hematite-rich deposit in China, associated with cobalt, copper
and other polymetallic mineral resources. This deposit is largely hosted within the Neoproterozoic Shilu Group, a suite of low-garde,
neritic siliciclastic and carbonate sedimentary succession with generally greenschist (locally up to amphibolite) facies metamorphism.
The NWW-trending synclinorium is main ore-controlling structure for iron, cobalt and copper ore bodies in the district. Previous studies
suggested that folding and associated ductile shearing and high-temperature plastic flow had played an important role in enrichment of
iron, cobalt and copper metals. To confirm this, we carried out in situ analysis on chemical compositions and CHIME ( total Th-U-Pb)
dating on monazite from the proximal diopside-tremolite rocks in the Shilu Group, using electronic probe microanalysis ( EPMA) on
thin sections assisted by BSE image. Microscopic observation revealed an alignment of monazite parallel to regional foliation defined by
low amphibolite-facies minerals, and that monazite was characterized by typical replacement of breakdown coronas with obviously
mineral concentric zoning, i. e. , monazite in the core successively ringed by apatite, allanite and epidote towards rims. EPMA analysis
suggests that monazite is composed of cerium phosphate ( (Ce, La, Nd, Th)PO,) with cheralite as the main end member. The typical
occurrence, ThO, contents (ranging from 0. 78% to 4. 61% ) and REE pattern all indicate a metamorphic origin for studied monazite.
CHIME dating results show that monazite yields the apparent ages ranging from 397Ma to 614Ma with a main age peak at 455Ma and a
subordinate peak at 564Ma. Low contents of ThO, (0.78% ~1.65% ), PbO (0.02% ~0.04% ) and CaO (0.50% ~0.97% ), and
high ratios of Th/U (23.06 ~53. 11) could interpret monazite with ca. 564Ma age as production of the early deformational metamorphic
event. Subsequent dissolution-reprecipitation of monazite, during the later shear deformation, caused patchy zonation and chemical
alteration of crystallised monazite domains. This process finally reset the U-Th-Pb system by the aids of possible alkali-bearing
metamorphic fluid, and yielded the main peak age of ca.455Ma. The patchy domains have variable contents of ThO, (0.92% ~
4.61% ), PbO (0.01% ~0.08% ) and CaO (0.28% ~1.58% ), and high Th/U ratios (24.83 ~52.86). The breakdown of
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monazite to the coronal minerals was most likely related to the process of post-deformational greenschist-facies retrograde metamorphism
with the participation of possible Ca-, Fe-, Si-, Al-rich fluids by unbalance reaction. The reactive mechanism is elemental diffusion
between monazite and coronas minerals, indicating that the REE, Y, and Th were mobile at a small scale and partial Pb loss may
happened in the rim of monazite. In line with the tectonic development of south China, we suggested that the ca. 455Ma age likely
recorded a regionally metamorphic event corresponding to South China Caledonian orogeny. Whereas the 564Ma age might be linked to
Pan-African event, implying that South China had an affinity to Gondwanaland in late Neoproterozoic to early paleozoic. Based on the
available age data, the Caledonian event in South China could be considered as the subsequently intracontinental orogeny corresponding
to the assembly and collision of Gondwanaland. Therefore, the Late Neoproterozoic to Early Paleozoic orogenic events might play an
important role on the tectonic evolution of Hainan Island. Moreover, the orogenic event (s) had great significance for the enrichment of

iron, cobalt and copper metals in the Shilu deposit.

Key words Monazite; Breakdown coronas; CHIME dating; Caledonian orogeny; Gondwanaland; Shilu iron ore deposit in Hainan
Province
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Simplified regional geological and mineral resource map of Hainan Island ( modified after Xu et al. ,

2013)
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Fig.2 Simplified geological map of the Shilu iron ore mining, Hainan Island ( modified after Xu ez al. , 2013)
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Fig.3 Microstructure of the banded diopside-tremolite rock in the Shilu mining area, Hainan Island

(a) the banded structure composed by K-feldspar + quartz alternating with tremolite + actinolite + K-feldspar, doubly polarized light; (b)

microbanding of aggregates of diopside with granoblastic texture and tremolite + actinolite + K-feldspar laminae, doubly polarized light. Kfs-K-feldspar;

Q-quartz; Tre-tremolite; Act-actinolite; Dio-diopside
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Table 1  The analytical conditions of electron microprobe for
monazite
g g g TR B
La La LLIF 10 721 LaPO,
Ce La LLIF 10 557 CePO,
Pr Lg LLIF 30 625 PrPO,
Nd La LLIF 10 568 NdPO,
Sm La LLIF 10 858 SmPO,
Eu Lg LLIF 30 781 EuPO,
Gd La LLIF 20 386 GdPO,
Th La LLIF 15 633 ThPO,
Dy g LLF 50 729 DyPO,
Ho Lg LLIF 60 574 HoPO,
Er Lg LLIF 50 849 ErPO,
Tm La LLIF 30 507 TmPO,
Yb La LLIF 30 548 YbPO,
Lu Lg LLIF 100 974 YbPO,
Pb Ma LPET 300 91 PbCO;
U Mg LPET 80 208 uo,
Th Ma LPET 35 222 ThO,
p Ka  LPET 10 125 BRG
Fe Ka  LPET 20 222 S 7
S Ka LPET 10 111 Pyrite
Sr Ka LPET 20 356 SrTio,
Al Ka LPET 10 139 Al, Oy
As La LPET 120 121 GaAs
Ca Ka  LPET 10 12 BT
Y La LPET 40 198 YPO,
Si Ka TAP 10 132 Si0,

Hh) 1 66% ~89% , M JE A1 1> T E Ce-La-Nd Wi R ER
[(Ce, La, Nd, Th) PO, ], K&k ThO, 428 L3 Fl N



205

9L°66 €866 8866 8£'66 SL'66 €866 LL'66 €L°66 9L°'86 SE'00I LL'66 ¥6°001 <¢8°66 O 001 CS 00l 0S'00I ¢6°00I I1°COl 6¥ 101 6£ 101 87'66 €S'I0l 6L°86  IFIOL
€00 80 ¥0O0 +00 €0 WO 90 1100 80 LOO WO €SOO €O SO0 €0 90 <wWwWo o Y00 SO0 €0 Y00 €00 09d
0oro %00 <0 WO O <00 o <0 ¥00 80 ¥0O0 €00 90 ¥O0 00 SO0 ¥0'0 SO0 80 SO0 SO0 80 LOO 01s

00’0 000 00O 00O 00O O0OOO OO 000 00O 000 000 O0OOO 000 000 00O 000 00O 000 000 000 €0 000 000 0°4d

980 €'l ¥9°0 060 850 650 8T €°0 o6I'T ¥I'I 6,0 IST L9°0 080 80 9L°0 00 O9I'I €I 901 L8¥% L6°0 €670 0®)

900 II'0 90 010 SO0 II'0 0I'0 600 <C¢I'0 OI'0 LI'O STO SO0 80 010 II'0 LI'O II'0 LOO OI'0 #0000 OI'0 €10 S0y
I1'0 900 600 II'0 600 €0 600 €0 #I°0 I1I°0 IO I1°0 <¢I'0 II'0 OI'0 OL'0 I1'0 €10 II'0 900 €10 810 600 Ff0%K
€0°0 LO0O 00O LOO 900 SO0 900 90 SO0 600 90 LOO €0 80 LOO 90 900 80 SI'0 000 000 000 ¥O'O FQfmy
€€°0 LTO €£0 ¥EO PEO I€0 9€0 9T0 vYEO €€0 €0 LTO I€E0 0£0 ¥EO €0 I€0 I€E0 0£0 €0 TEO 80 ¥TO  fo4uy
200 €00 000 000 €°0 000 %00 SO0 100 €°0 000 000 000 1100 000 000 1100 200 €00 000 000 000 000 foH
€1°0 I1€0 120 S0 LI'0O 120 80 610 80 ST0O SI'0 €0 910 620 910 ¥I'0 600 Or0 SF0 <TO 800 ¥E0 610 Ff0%Q
2000 SO0 TO0 SO0 €00 €00 SO0 €0 90 O0I'0 80 SO0 0O 90 WO 100 000 €0 LOO SO0 €0 <TI0 €0 ‘oY
o I¥'1 90 LLO LPO 6r0 091 980 €1 LTI 90 190 TS0 IL0 +S0 990 610 61°C ¥S'T OI'T 000 ¥6'1 S80 *0%PH
00 9€0 6I°0 I€0 810 LI'O Iv'0O +¥C0O 8€0 80 <O 120 TCO 80 80 %0 9I°0 TS0 L90 1€0 610 6r0 0T0 fony

il o9ve LTl 0671 SPL SETT 9% 61T 9T€  TLT  €Pl 0STT 89T 091  LET  ¥9l €01 9TS  1TS  8€°T vl S9°€  L8'1  folwg
6L°11 ST'81 SS°IT 08°€l 16711 T9'I1 09°0C LTSI OS'LL TI'91 SS'IT ST'Tl €€°Cl §9°Cl 60°I1 19°CL LS'6 IS°IT LI'IT 9S°SI €1°01 8€'81 9€°€l 0N

6v'e 8l 9¢'€¢ 99°¢c TH'E 8¢’ oI’y 90+ 8% LOV TP'E LbE TPE TSE 9TE ¥SE 8T VEV vy 80V €€ II'¥ €9°€  f0o4qg

o

0s°€e 9¢'8C sec'ce €l'ce 117

o
[sg}

¥9°C€ LLVT €1°€E LO'8T 60°0¢ 8T'€C 1T'TE ¥9°CE I€°CE OL'TE +E'TE 99°CE ST'9T €T'ST ¥9°I€ IL°0E 8S°8T 8I°'TE foC)

88°CI T¥'L 10°L1 T10°€El 69°91 €L°L1 €79 6§11 9S°L 1’6 691 8y'Sl 888Gl 8%l Ly'81 €S¥I LLIT 899 €0°9 IL°0l 88°Cl 16'8 SI'€l fo%]

80 €0 TWO 60 660 IF0 €0 SEO0 TS0 950 920 LEO ¥EO 6F0 620 9€0 610 SLO 880 0SO TCO LSO 60 0K
000 0000 €00 000 000 000 000 000 €0 000 000 000 000 000 €0 2¢O 90 100 000 000 ¥v.T 100 600 OV
00 €00 0 <o 100 1000 €0 100 €00 <¢CWo wWwWo SO0 €0 OO vwOo €0 <°¢Wwo <wWwo <¢cCowo <cWwo ¥wo wvo <o ‘on

yo'r S0y <s0'c el'c ITI T6O 19 T6'0 LEY 86'¢ €Cl  LL'T 091 8S°C LS'T  ¥O'E 8L°0 IT'C 8T LT S€ET S9°T  S0°C ‘ouL
¥YI'0 €0 9C0 0¢€0 0C0 SI'0O 680 610 €0 Iv0 ¥C0 €0 120 s€0 Oor0 80 O0C0 80 LCO 00 B80S S€0 90 018
91'0 810 91'0 810 SI'0O SI'0O IT0O LI'O 610 LI'O +%I°0 910 %10 SI'0 €10 910 SI'0 120 6I°0 910 SI'0 LI'O 910 “0%y
L8°8T SS'8C ¥6°8T 8€°8CT L8'8T L6°ST I8°LT LS'8T TTL'ST ¥r'8C S6°8T SL'8T L8'8T SO'6T 1T6C S0°6C 19°6T €0°6C T96T 6V6C 1T°9C €T0E 11°8C 0%

G RART ARG T 0 R A KR A R AR

v

ERHHE

L9

0

LSO

0€°0

LEO

9C°0

9¢°0

6C°0

86°0

6C

0

oy

0

123

0

0C°0

LE

0

LT°0

€C

0

€0

29

0

Ly0

S

9¢”

0

8¥°0

£0S

/L1

/L1

91

€/S1

/¢Sl

1761

(744"

|%44!

€l

(44!

|744!

11

o1

/L

/L

9

S

4

€

C

ey

5 fif

(%m) VINdA Aq sonzeuow 10 uonisodwos [eotwoyd 9y, g 9[qe],
(W) EFWEEHENBHLHHT R ¥



2015, 31(1)

BB FIR

Acta Petrologica Sinica

206

L0°Cl LO°Cl 90°Cl oOI'¢cl 80°'¢cl LO'CI 91°'¢cl 80°CI 80'Cl OI'cl 60°Cl 8I'Cl LO'Cl LO'CI SO'CI 90°CI 90°Cl ¢CI'Cl €SO°Cl 90°Cl 69°¢cl ¢€0°Cl T1I°Cl [®OL
200°0 SO0°0 €000 C00°0 <COO0 T[00°0 +OO°0 1000 SO0O°0 SOO0 1000 €00°0 COO0O €000 <COO'0 ¥00O°0 TO0°0 <COO'0 <COO'0 €00°0 <CTOO'0O <COO'0 <000 qd
¥10°0 800°0 LOO'0O €00°0 9000 LOO'O SOO°0 LOO'O 900°0 TII0O0 900°0 ¥00°0 8000 €000 900°0 LOO'O SO00°0 LOOO OIO'0 LOO'O LOO'O TIO'O 600°0 1S
000°0 000°0 000°0 0000 000°0 000°0 0000 0000 000°0 0000 0000 000°0 0000 0000 000°0 000°0 0OO'0 000°0 000°0 0000 LITL'O 000°0 0000 od
8IC'0 CIE'0 I91°0 0£c’0O 8YI'0 ISI'0 90¥°0 981°0 LOE'0 06C°0 00C°0 08¢0 691°0 I0C'0 TLO'O CT6I°0 ¥CI'0 68C°0 90€°0 €9C°0 LSI'T OVC'O0 6£C'0 €D
$00°0 800°0 ¥00°0 LOO'0 €00°0 800°0 LOO'O LOO'O 600°0 LOO'O <CIO'O 8IO'0 ¥00°0 SOO'0 LOO'O 800°0 CIO'O 8000 €SO0°0 LOO'O €00°0 LOO'O 6000 n
800°0 ¥00°0 LOO'0 8000 LOO'O 600°0 900°0 0IO'0 OI0O'0 8000 800°0 8000 600°0 8000 LOO'O LOO'O 8000 0IO'0 800°0 #00°0 600°0 €I0°0 LOO'O qA
200°0 SO0°0 €000 9000 ¥00°0 ¥00°0 +00°0 SOO'0 €00°0 9000 %000 SO0°0 OO0 900°0 SOO°0O SOO0 ¥#00°0 SO0O°0 OIO'0O 000°0 0000 000°0 €000 wy,
¥20°0 0200 €200 9¢0°0 SCO'0 €C0°0 LTOO 6100 9C0°0 +¢0'0 SCO'0 0000 €200 <CC0'0 SO0 €C0'0 €C0°0 €00 <CC0'0 ¥c0'0 TCO'0 0200 8IO'O Bl
100°0 2000 000°0 000°0 <COO'0 0000 €00°0 +¥00°0 0000 <COO'O 0000 0000 0OOOO 1000 0OO'O 0000 1000 TO0O°O <COO'0 0000 0000 000°0 0000 °H
010°0 +¥2¢0°0 910°0 000 €100 9I0°0 <CCo'0 €SI0O0 Tc0'0 6I0°0 TI0°0 LIOO CTIOO ¢CCO'0 <CIOO OIO'0 LOO'O 0¢0°0 ¥€O'0 LIO'O SOO°0 SCO'0 SIO°O La
1000 ¥00°0 100°0 ¥00°0 <000 <COO'0 %000 €00°0 SO0O°0 8000 9000 #00°0 €00°0 ¥00°0 T00°0 1000 000°0 €00°0 SOO0 ¥00O'0O <TOO'0O 600°0 €000 qL
ce0°0 II1°0 9¢0°0 190°0 L€O'0 8€O'0 LZI'O 890°0 ¥II'0 00I'0 9¢0°0 800 6¥0°0 SSO'0 CVO'0 1SO°0 SIO'0 691°0 S61°0 S80°0 000°0 8¥YI'0 L90°0 PO
910°0 620°0 SIO'0O SO0 SIO0 ¥I0'O +vE0O'0 610°0 I€0°0 1€0°0 8I0O°0 LIO'O 8IO'0O SIO'O SI0O0O 6100 <CIO'O I¥0O'0 €SO0 ¥20°0 SI0O°0 8€0'0 910°0 ny
SIT'0 €8C°0 #0I°0 LSI'O 6I1°0 OIL'0 98¢°0 6L1°0 ILC°0 €CC'0 LIT'0O <CCI'0 8E€I'0 O0Ll'0 CTIT'O ¢€I1'0 €80°0 ¢€cvr'0 9I¥'0 I61°0 S60°0 06C°0 SSI°O ws
¥66°0 8¥S'I 8L6°0 6LL'L TI0°L #86°0 €9L°T 96C°I +0S'1T 89¢'l LL6°0 <TEO'l S¥O'I 990°T S€6°0 <C90°'1 86L°0 1I6L°1 OSL'1T CT6C'I €08°0 OIS'T #¥l’l PN
00€°0 290 06C°0 6I€0 96C°0 <CTO6C'0 8SE'0 <TSE'0 8SE'0 €S€°0 96C°0 86C°0 96C°0 €0€'0 I8C'0 ¥0£'0 ¥SC'O 69¢°0 8S€'0 9¥€'0 €SC°0 vve'0 8IE'0 d
S68°C LSY'C LO8'C SI8'C €88°C TE8'C E€LI'C €88°'C €LP'C LI9'C L8B'CT T8L'C 9¢8°C 06L°C SC8'C I6L°C TOL'C OVC'CT 8EI'C T69'C vov'C LOV'C ST8'C 20
€8¢l 1S9°0 L8Y'L 8YI'L ¥9¥°'1 0SS'I S6S°0 910°1T 1L9°0 ¢80 Ivv'I Lbe'l 06€°l LLT'T LO9'T €9C'1 GL8'T ¥LS'O SIS0 816°0 ¥SO'T 9SL°0 991°1 ¥
SE0'0 990°0 €500 €90°0 6¥0°0 CTSO'0 ¥SO'0O ¥HO'0 L9000 OLO0 €€0°0 LVO'O €¥0°0 T90°0 LEO'O 900 ¥C0O'0 €60°0 80I'0 <T90°0 920°0 690°0 0500 A
0000 T00°0 0I0'0 0000 000°0 000°0 0000 0000 600°0 0000 IOO'0 T00°0 0000 TOO'0 600°0 LOO'O LIO'O +00°0 000°0 0000 SS¥'0 <COO'0 9200 v
1000 ¢00°0 <000 1000 0000 0000 <000 1000 <COO'O TOO'O TOOO €000 <COO'0 <COO'0 <000 1000 1000 T00°0 T00°0 1000 <COO'O <COO'0 T00°0 n
£90°0 6IC°0 OIT'0 6IT°0 990°0 6¥0°0 1IST0 0S0°0 6£C0 SIC0O 990°0 6vI°'0 980°0 6¢I°0 +¥80°0 €91°0 <00 LIT'0O OCI'O S¥I'0 890°0 980°0 <CII'0 YL
¥€0°0 080°0 <900 TL0°0 8700 S€0°0 +¥0C'0 9¥0°0 LTI'O L60°0 9S0°0 LLOO 0SSO0 €80°0 +¥60°0 €IT'0 L¥O'O 880°0 <900 0LO°0 9¢I'IT 080°0 60I°0 'S
6100 ¢¢c0O'0 0200 Cc0'0 6100 8IO0 LcO'O 1200 ¥¢0°0 1200 8I0O'0 000 8IO'0O 8IO'0 LIOO 6100 8I0O'0 SO0 €200 0200 LIOO 1200 0T0°0 SY
OLL"S TvL'S 908°C 6vL'S €I8°C €I8'C I¥9°S 6VL'S 6VL'S 1TCL°S €S08°SC IPL'S 108°C T08°C GE8'C €08'C PS8'C 0EL'S €08'C T08°C €C6'¥ 988°C GCOL'S d
6I1°0 T0I'0 €S0°0 990°0 9¥0°0 #90°0 €S0°0 €0I'0 ¢SO0 <CLO0 190°0 €S€0°0 990°0 8¥0°0 8100 1€0°0 I¥O'0 SLO0°0 8OI'0 I80°0 I¥0O°0 190°0 LBO'O S
PO () AR (S A B
/Ly 1/L1 91 1721 BE724°) SR V4] BN 774 4 B V4 4| el el 1/l 11 o1 6 8 /L /7L 9 S 14 € 4 I 5 fift

T °1qel, ponunuon

TEEH



IHEWRSF. EHBRET REBWRE LR T EFRIRE L 207

B4 R REE T UM BT R e B RURHIE N

(a.b) ""ﬁf%ﬁ* L\E + 1 IR HT P IR A ORI 5 ) DGR AR B RAR U R 435 0 A A5 A0 R A0 0 ) Bl L o A BROEZ5 1 . B
S 2k Mnz-JiU s 07 3 Ap-BAE IR AT 5 Aln-#6 55 11 5 Ep-445 11

Flg 4  The microscopic characteristics of monazites in back-scatter electron images

(a, b) monazite grains in microbanding composed of K-feldspar + quartz; (c-f) monazite breakdown coronas comprising mineral zones of epidote,

allanite and apatite successively from rim to core. Bt-biotite; Mnz-monazite; Ap-apatite; Aln-allanite; Ep-epidote
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Fig.5 Plots of monazite composition showing chemical replacement

(a-c) plots of Ca, Si and Ca +Si vs. Th + U cations. (a-c) do not include dot 3 which is present in (ay-cy); (d) plot of Th+U +Si vs. REE +

Y+P



208

—e—mnz |
—=—mnz 2
——mnz 3
——mnz 4
£ | <—mnz 5
——mnz 6
—+—mnz 7/1
——mnz 7/2
——mnz §
——mnz 9
—s—mnz 10
4—mnz 11
——mnz 12/1
—=—mnz 12/2
—e—mnz 13
——mnz 14/1
~—mnz 14/2
— ——mnz 15/1
~—©%—9 o0 060 o0 ¢ |—+—mnzl5/2
——mnz 15/3
——mnz 16

1000000

100000

10000

1000

Sample/ Chondrite

1000—

10

s—mnz 17/1
—x—mnz 17/2

La Ce Pr Nd Sm Eu Gd Tb Dy Y Ho Er Tm Yb Lu |e—F8-7

1

FL6 w5 PRI R A1 15 DN A0 s O s L Td 7
e

AT LBEER AT Xu e ol (2014a)  BROBLR A1 BLE R A T
Sun and McDonough (1989)

Fig.6  The chondrite-normalized REE distribution patterns
of monazites and its host rock, diopside-tremolite rock

Data for host rock from Xu et al. (2014a), data for chondrite from
Sun and McDonough (1989)

0.78% ~4.61% ,U0, 254G HE M 0.01% ~0.05% , CaO 7%
f3E Bl N 0.28% ~ 4.87% , PbO A5 fk 75 N 0.01% ~
0.08% , Hrr,ThO, & &t B FAREG A #H-1K A N 2A 4
A IR E G (0% ~1% , KEf5r <0.1% ), LIXF
T B H B M JE A4 (3% ~ 5% ; Schandl and Gorton,
2004) , T 5 VA% B 2% Tsua 278457 19 28 AR JRRCE 9
J&A ThO, & WA (4 1% ~5% ), WiR 1 HAS it
Flo HAHTas RmT A RS 3 A6, A b iy Ca,Siy
Ca+Si FHE TS Th+ U FHE T HUE L2 BRI IEA G
PECIE Sa-c), # R M9 £ A0 6 &R e Th' /U + o™ =
2REE** Th**/U** +Si** = REE’* + P°* (Zhu and O’ Nions,
1999b) ., il & 3 B B &% Ca F0 Si fHES %% (Ca + Si =2. 28,
HT 24 AR ) AT g 5 H 28 RIRA O (Bl Say-¢, ) , FTEHF
PREF it A e 5y i 22 AT B T A S R AR B
AT AHA A RE S b A A R R A G, R A LLE
L A (cheralite) 414324 32 (] 5d)

M AR S R ARAEE R 50% ~59% W] T
MRAE A A+ A& (130 x 107%; Xu et al. , 2014a)
MEABRR B AR LR B X ERER L F ER
((La/Yb)y =33.7 ~142) (H 6) ,Eu 7% 455 (SEu =0. 46 ~
0.82), Hrp 32 M + 47 R B8 EE ALK, (La/Sm) ( {H K
0.74 ~13.5, 0] 4y W 4l, — 41 LREE 43 5 58 & #AIK ( (La/
Sm), =0.74 ~1.56) , % —#H LREE 4} % W] & ((La/Sm) =
2.21 ~13.5) , ik SR 4 REAE 55 HLAR 5T B R A 2k A R AE AR
[fi] ( Rasmussen and Muhling, 2009) , 5 )45 # 0T
XEZRWH Lo E LM ((La/Yb)y =7), (La/Sm) y {H N
2.99, B35 Eu i 5% (8Fu=0.73) (Xu et al. , 2014a) , I
JoE A B TE A R AR A 5 LS SO WA A 06 (Zhu
and O’ Nions, 1999a) . i J& £ ] b 5% 11 25 7 1 4 1E 1 42
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1 386Ma, ATREI B 14 B R BLGL, X 5 WA B s 3 g i
e A ORLIE ok 20 S B A R — B (18T 7)o TR, SO
AR RRT IR B IE X AN o 7350, BOR IR AR e
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£3 MBEAR Th-U-Ph LR ERMERMER

Table 3  The Th-U-Pb contents and apparent ages of monazites

Th U

Pb Age

iz (%) o (%) lo (%) lo (Ma) N T
1 1. 8043 0.0117 0.0418 0. 0057 0. 0350 0. 0025 386 35 1.87
2 1. 4504 0.0107 0. 0568 0. 0058 0. 0429 0. 0026 554 45 1.58
3 1. 1849 0. 0095 0. 0498 0. 0052 0.0325 0. 0024 553 49 1.30
4 2.4112 0.0138 0. 0476 0. 0058 0. 0588 0. 0026 487 28 2.48
5 2. 0005 0.0125 0. 0457 0. 0059 0. 0450 0. 0026 408 33 2.07
6 1. 9426 0.0123 0. 0438 0. 0058 0. 0420 0. 0026 400 34 2.01
7/1 0. 6873 0. 0082 0. 0298 0. 0057 0.0183 0. 0025 563 90 0.76
7/2 2.6738 0.0146 0. 0593 0. 0058 0. 0628 0. 0026 474 25 2.77
8 1. 3780 0.0104 0. 0555 0. 0058 0.0279 0. 0026 397 44 1.51
9 2.2689 0.0133 0. 0703 0. 0058 0. 0557 0. 0026 474 29 2.41
10 1. 4052 0.0105 0. 0461 0. 0057 0.0299 0. 0026 421 44 1.50
11 2.4336 0.0138 0. 0750 0. 0057 0. 0561 0. 0026 452 27 2.59
12/1 1. 0794 0. 0095 0. 0301 0. 0057 0.0227 0. 0026 439 59 1. 14
12/2 3.4938 0.0172 0. 0661 0. 0058 0.0781 0. 0026 443 20 3.58
13 3.8432 0.0183 0.0797 0. 0059 0.0818 0. 0027 420 18 3.96
14/1 0. 8076 0. 0087 0. 0202 0. 0057 0.0166 0. 0025 423 78 0. 84
14/2 4. 0507 0.0190 0. 0837 0. 0059 0.0703 0. 0026 341 16 4,17
15/1 0. 8061 0. 0086 0.0161 0. 0057 0. 0207 0. 0025 525 82 0. 83
15/2 1. 0675 0. 0095 0. 0201 0. 0057 0.0316 0. 0025 614 64 1.09
15/3 1.9228 0.0122 0. 0403 0. 0057 0. 0408 0. 0026 417 34 1.98
16 1.7971 0.0118 0.0612 0. 0058 0. 0442 0. 0026 478 35 1.93
17/1 3. 5609 0.0174 0. 0750 0. 0059 0. 0826 0. 0027 460 19 3.67
17/2 1. 0897 0. 0095 0. 0283 0. 0057 0. 0301 0. 0026 576 61 1. 14

4555 T B R DG (Gardés et al. , 2006) {41

_— UV 5, e T o T i T (85 2 1

5 Wik IR AP 9% 4 464 B B Gardés et al. , 2006

5.1 MmEAREDKEEMEE

AT g A 22 BB BT AR, HAC Kl 5 1P AT T A
EAARSREUR (S, ) Ry W& s, 38R T MR
Sy A ¥y 1% 75 5 A A ( Sindern et al. , 2012; Williams and
Jercinovic, 2002) ,ThO, & 57454k (0.78% ~ 4. 61% ) Fl REE
SYFECRHE RS 7R 1A AR B o X HRA A A B
IR 2, 5 3 WA 2 N A0 S A 2 7E X AR BT
FIEFEAE R AN s GG REN O s E kR
Az AR TN REAE O LAY , I8N 1 i 01 A B o A2
SBAS AR (454, 20095 Xu et al. , 2014a)

— R, B TR Y B R Gardés et al. , 2006) , 7
JEAT ARG N [ AR FH Y B (solid state volume diffusion ) 5[ 2
AL F A AE TS P-T 250 T AT LA 2208 AH 52 15 2078 iR
B A I A] B 0 B3 1 ( Seydoux-Guillaume et al. |, 2004 )
PR Ibb 2 J58 A B L AN [ 47 0% 109 180 40 DX 2 B ( William et all.
2007) o 2 A7 VR ZR A B AT BE 5 0 0 SR AR SRR /AT
(Copeland et al. , 1988) , i 5 4> JC 5 (Zhu et al. , 1997a,
b) o XA 10 ~ 100wm ¥ 1 3 20°C/ Myr 1) 70 & £ 5
ik, Fo 3 IR A] 7 ik 750°C ( Copeland et al. , 1988)
S FWITE 800°C B il I, 4 A7+ U Th \Pb Fl REE

Williams et al. , 2007 ; Zhu and O’ Nions, 1999b) , TM7E&E 4%
f89 P-T-0 g sy, AN Ta) B T AR B0 R o3 DX A 0 17 45 s A7
PN ) A A B B ( William et al. , 2007 ) , 33RO [6) i X 2
F9 53 A B FC B S 1 AR R TV AR - T DT UE (dissolution-
reprecipitation ) & 7 JE& A7 1 78 5 % W i A& (Sindern et al.
2012) o SCHHE AL ~ 455Ma W F f) 2 s A1 B A2 LB Y
ThO, (0.92% ~ 4.61% ) . PbO (0.01% ~ 0.08% ) FI CaO
(0.28% ~1.58% ) &35l LL & Th/U {H (24. 83 ~52.86)
W7 T AT RS2 3 TR AR (A SR T 5 — S0 A7 Y T
7R T U-Th-Ph {4 Z 1 50 A DG 92 56 2 W1 1 i 4 ] LA
TR A R XY Ph AR SE A R R T U-Ph 1A 5
T (Harlov et al. , 2011; Sindern et al. , 2012) . 4k, ¥ %
~ 564 Ma W {B 1) it J5 A7 B AT A2 AL B/ ThO, (0.78% ~
1.65% ) .PbO(0.02% ~0.04% ) il CaO(0. 50% ~0.97% ) £r
LIS Th/U {H(23.06 ~53. 11) R Ak, 7 1 Ho
TEGY V1T AW BOE U o 2356 i J A 3 T8 245 1) 7€ 18] 43
A B HARFAE , W 7R T PR DA T o AR U A TEAR AR TN
ST KA T V- PHOLE , SR ZERIE A28 B R s 5 F
SHET U-Pb K R 1Y R B, AT AN TR i 43 IX
(patchy zonation) , ELf5 ~564Ma Fl 455Ma WE&{E 4E #% (19 AS [
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Fig.8 Accumulative probability plots

(a) accumulative probability plots of monazites from diopside-tremolite rock in Shilu mining, Hainan Island, data from this text; (b) accumulative
probability plots for Caledonian magmatism in South China, data from Hu et al. (2008), Li (1994), Liet al. (2010), Liu et al. (2010), Roger
et al. (2000), Wan et al. (2010), Wang et al. (2007, 2011, 2013 ), Xu et al. (2005, 2011, 2014b), Yan et al. (2006), Zhang et al.
(2012) and references therein; (c¢) probability plots for Caledonian metamorphism and deformation in South China, data from Charvet et al.
(2010), Faure et al. (2009), Liet al. (2010), Liuet al. (2010), Wan et al. (2007, 2010), Wang ez al. (2007, 2011, 2012, 2013), Xu et
al. (2011), Yuet al. (2005), Shu et al. (2008) and references therein; (d) probability plots for detrital zircons from Late Neoproterozoic-
Paleozoic stata and sediments ( < 700Ma) in South China, data from Duan et al. (2011), Wang et al. (2010), Wu et al. (2010), Xu et al.
(2005, 2012), Yao et al. (2011), Yu et al. (2008), Xiang and Shu (2010) and and references therein. n = the numbers of analytical points for
detrital zircons, S =the numbers of samples, only data with <10% discordance was considered

MBI + BT + 754 Z A w2 AR B 4%
4R 43 f () ML R 4% A, 3% B 4 #E Alps, Carpathians |, 75
Bohemian #bt A B Taratash 245 A 28 7 T &5 35 1 IN &

I3 X3 % LT B U AETE 9 5 A B BE
SR AT E AR ST S e ARG R ik S, B
T IREHEOR I AR, NN EZE # 2 . BROES
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AR A S A e BT RS AR 1 DA KA FIAE B 7 RS
DL R A TR S Rk Y B ( Finger et al. , 1998 ; Rasmussen
and Muhling, 2009 ; Sindern et al. , 2012) , A0, 7EMIN E4H
7 A SR A 8 25 1 A0 R A A - A
KA RN AR B — R 8 & 5 LREE (989, A1 3¢ 5 i 20k
L8 Mm A + 1.5 55 A1 + 11. 1H,0 +6Fe, =0.6 B KA +
1.5 % A + 1.8REE,, + 11.1H + %k 1 ( Grapes et al. ,
2005) . FeE AR S RN S P R REAETE & S0 0 B AT
A EIRAME AT YESRAE , W\ A A KA e
AN RS A1 5 0] BE T TH 6 78 4 1 2 i A 7 iy R
AT B9 (R4, 2006) o BRI, 7 9 43 it )
IETESR Fr 2 R -JRRORE 5 A A ST S AR 2 vl kA, AR AR 43
TR L CEL AT = lle ) Bl IR AT - 715 A -ARH 75 A/ 4715 A 110
W44 (Finger et al. , 1998 ; Grapes et al. , 2005 ; Lanzirotti
and Hanson, 1996) , 3XF 43 fif S I 7] 6 5 i B2 -FE 7 26 AR 1Y
AL A E A T A A B TR G (Grapes et al.
2005) .

A SCHGE LR T 0 BRI e A, BRI AR S
S A e i, BEHA B KA 2 EH S O A B ). A0 ER
e AN 43 A BB W T 0 W S S IS s T4 45 0 A
WM T IKAE L. S Ak BIE- IR 4 RIE S M £ 0 1
TEBRE W I TR AT REFE 78 1 & O e e . 300, 87 4
I IR AT 5315 DX A R/ IMEAE BT FE , 3 [ O A KR I 7
TR RE A RS AR Ol A R AR SR
SN, T A8 E s A B3RO ) 8] (W IT R - Hsh J1 2= L
il (Finger et al. , 1998) . TEUR) S H2E M E K B, %57
SAEAE R AEAEAL T4 320 53R fige B TR BFF 30 11 2 ey ) T
W 18 T I AR R S 43 el i A ) i i o e A i
YEHI(Sindern et al. , 2012) . FIKSZE LB E Ca 9WAAAT
)T S A 618 ik A B RO R A R i A 5 REE 475 41
FRITE I AR Ca 8 Na 930 (A0 23 B AR 5 1 9 395 A B2, (H A B
THE A BYIE G AR Ca R K AU A F) T 5 AT 5l 8 R A1 41
S EBEIRATE I, JLFATE i 15 71 F & REE 245 47 5 1M1
£ NaCl 1 KCI g 7K X 2480 J&7 A7 18 520 /N, AN 23 50Uk A= 59
F U 3 Na, Si, O + H, O 3 A 23 (5 2 5 A & A2 008 1Y) 4 il
PNTIY B3Rt A -4t Wl ¢ A F0 58 Bk Wi 384 ( Budzyh et al. |
2011; Harlov et al. , 2011; Sindern et al. , 2012) , FHHp, XLk
BRI ¥ R R A AT UE SE Y U T A B B V1R TE
I, AR SCIRRRIRITE ) Wl 1 AT 48 715 A -2 135 A (TR IR o &
AAEREARIE IS, AR A & S AR B R S 5 R T &
25 7 e AR S B A TR B, JHG w8 A T8 i) B s
3(REE) PO, +5Ca’’ + H,0—Cas (PO,),(OH) +3REE]" +
H* ,Ca kB TEEIRMAM, TReS a0 P Irigasib=a
P J3Af SN G, PR B TS AT, I SO 3 2 REE B RE i
ok, 2 5 TR A IR A1 (T8 B, DA T S5 208 U I A -
BERAT -4 15 1 -4 O X — R WA & . X ERAZ )
MIEIE 7R T REE Y [Th S50 R TE Ak o2 im sl , % T2k

TEI AR R TS P T U-Ph (KR (H AT BT
BOLERA s A7 987> Pb %2k (Sindem et al. , 2012) . Z5 I
Jiridk , At X 2 B B A o R el R T S A B Js A
TRk AR T3 At A R P AR 2 T A

5.2 MERX

[vi) 4 338 78 T s DR F80 0 i A 2 2 4F A 8 7R A IS FE A
18 FHAHYAE RS (Williams and Jercinovie, 2002) , PATEHTFT#F
ATRRE” XA AL 3 A8 T 3 0 S WIS (D, R D, ) (Xu et al.
2013) L R (D, 1) A5 AR TR e A B BT AR HLR
AR I A 8 A, TE T 0 XA 32 B4 T 1 i —l [m)
NWW-SEE 4t — & 210 LA KA 928 10 HES A4 B S, 1
HAHOE TZA0 12 gl B I ) v k2 538 1 AR A BR A o AR
i 78 Jo WA S AR, AR SC T ) o0 PR i o 118 A2 o A 4 R
AL 3 72 T 1Y) I [R) AR 4 M 2 B AE 24 564 ~ 455Ma, Hirfr,
~455Ma F)/AZ BRI AF 0% X B AR I AR BB s g, AR
BB RIZSR T T MEERI RN e, BA
Bl P9 LR 3 J 4 (Wang et al. , 2013)  fEAE R EZRIN
R H Rl A AR SR ZURE A5 W) BT U0 TR M X v
g R T I IR E S S AN X R R (R RN,
2006; FEIEHTAE, 1997) KRR A EUE (LA 1A 4
TEARTE R SR D) B W1 A8 p i ML AR R R A R B AR
1E4 400 ~460Ma( & 8b, ¢) . WIETEIL b, i EW [ (44 &
AN B AR IS B i) — > ) AR P ORI - EE L
Hi DX LA ST Hh-p A | 8 v R S (R RG Hh RE ) #6
FIeAn (R # %, 20105 Ak A: TR %, 20125 Rk,
20005 5KI55%, 2011 ) , ot BAE R I 0 AR 4 X R 2
FRBL R Z )2 b (VR N4, 2009) o ARk IX 5 ik —5
MY 1 T LA B AR 215 B Y /R T A R A 4l B T 2 42
RN AR W) o 75— 55 1 564 Ma (14 4F 5 135 1 X 7
B AZAE R AR . HETEm Mz 5K AR E
FAFAROC Y B BTSSR e 2 5 T K LR G A K
HAEH T ARl A A o b B AL R A TE R W)
(Charvet, 2013; Li et al. , 2008a; Wang et al. , 2010, 2013;
Wu et al. , 2010; Yu et al. , 2008) , JLFMY) R JE 55 A 1 4E
WA W A IR T A U DX, LA SR oy e B R B 5 o
MR EG N Wu et al. (2010) J8 3 X A2 1 357 7l AC-
P 2D P R B A RIS A A R ik 2 2 A S AR AR
RIS EUE R, AT 2R 958 T Rl A R A . SR, AS SO i
Yo HE T I s A A W B T R I, R A TE 4 680 ~ 530Ma
FUAEAE (] 8d) I AR 5 AR X BL AN K Bt 1 Kuunga 385 111717 il
JUENEERY Bhimphedian 3 L7 4F i — 20, W78 1 42 B 7E B
TRl RS X B B SR Gk, B4 DU A s T
BEH H T X FL4N K it ( Duan et al. , 2011; Wang et al. , 2010;
Yao et al. , 20115 Yu et al. , 2008; [A]#AIEF RLAR, 2010)

AT N AR G Sl R 5 B AT RE MR A0S - Lt AR R
TR 2 0 3 Z AR T it DA R X el 2 5 AR AR A (52
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EHTEE, 1997; Bl HISE, 1998) , & U 45 £ 2 (14 Bk 2
FIRE I L AR AL b B G 3 46 (X er al. , 20075 {74
A 785, 1997; 5KV BHEAE, 1998), Ayl & A CHIME
AR S SRR — 2P B N B 2R 12 2l 2 1 r I b BT T Ak ) s
T E S SR AL T AR R . 25 AR s
B R 55 29 470 ~ 530Ma PRE 35 - 3K R AR IS (Wang er al.
2007; Yu et al. , 2005; T z0IL4, 2002; T %4, 2005; 4
N4, 2007; sRZAMFEE, 20115 KAl HISE, 1999) , #E 4
RN 2R 12 2 AT BE -5 X LN R R AL 3 i 2R A Rl A A O
AR TE MR T ARt AR AT BB T AR X BL g KB AL 4% 1Y
VG RIS AN B =22 18], il BL AR 32 3l AT BE 2 7R X1 BL 40K i
] G PR E AL 20 5 | e ) A2 B 55 R - B B AR A B
45 (Charvet, 2013; Wang et al. , 2010, 2013), Zi FAF
B ATRHLX A ~ 564Ma j0 5% TIZ AEFH M FEER (R0 RE
TR 5 ) MR, ~455Ma NGE % T lHZ EFHSFEM R
YRR R A BT 5 | S 1 8 B RN 0 i Y s L =0, RO g T
BRiEG),

5.3 BAEEY

R BB LA 7T D 4 9 T T 6 A R
B BRI L AR R R IAI( Xu et al. , 2013,
201405 GEELSE, 2007; VEIRANSE, 20085 %455, 19775
Fang et al. , 1994) , 4R HUFGE 2 W10 A 2 18
7R, B BTV AT B A DUV A R FE
HE A B AR I 2 R A B4 (Xu et al. , 2013,
2004a) | AT 1 R 0 45 DA W B, BV D2 g
FUBYEE (245 960 ~ 830Ma) | 445 J1 52 25 T B B B
(2830 ~360Ma) | El1 24861 L3 4 4 7 sl 7 L B
(#5250 ~210Ma ) 1388 111 W 1 H00 8 ™ B B ( 24 130 ~
90Ma) (Xu et al. , 2013) . Frlr, 44 ATt B A b1y ) 5
) 5 I VS0 B P AT 2 )8 B A PR, e
<k BT SR AR A B 7 R
SR o 0 0 5 5 B 5 R 9
Y g 1 2 4 5 6B 20 S-C 21U T AR DR 4
B LB 0 0 R B 1 P, O B
SI TS [ 2y NW-SE [i]. 7 3 [7 9 i 0 2 41 69
CHIME 48 45 S04 5 — J 0™ 1 132t 78 R 12 249 560 ~
45OMa , A BII SB35 3l 7 Bk BE 5 2 R 00 B 2
DR SIS D IR 72
RO 1 0 3 G T 28— 0
o EERS RIS 2, 7 R (80 1) 0 3 T 95
e BT BB WAL OB TR BT B

b2 LA AU 77 CHIME o 3 46 B 0 T i 1 77
I AR (5 B A T A A B K i O
B, Rt A ST B B 19 5 4 L5538 B 10
BB AR TR (R KA . VAR Iy YA B9 1 5 1
g AR T L7 4 AT 1535 A BRBL 8 T R R,
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Xt T B A R AR AR X B A K i 18 A R SR o ) 07 AT A T
LR R TE Lo

6 ik

(1) iBHE A7 2 N A1 5 B A7 A2 B 73 0 Ce-La-Nd
BRI R, FAT B B A i o 2 o3 o AU A T 5 1) 5 1)
OMA, N EIAGIE AE FORN o LT SRR CHIME 35 AR I 25 51 08
614 ~397Ma, HARAF 1 A WEAEAF 1 - 2 I AF % 455Ma I
UCUEAH AT i 564 Ma,

(2) KR ~564Ma FI ~455Ma I fE 47 % (14 3 i 5 A [+)
JRI3 X3 S BT B OIS TE 1) 5 B P B BE, e e B B
(IR X 32 B T B AL B A (K S, A A T - P
TER, iz BE5E T U-Pb (R R R sE . 1EDY V)AL
A G s AR B RIS 5 R I T a5k R A IR AL
TR TR I Y Wl IR A48 75 A -2 i A BRORE ) , 12 A T g
oy Pb Bk

(3) (4RI ~455Ma il ~ 564Ma 43 5lic ¢ 1 S5 4E R i
BRI LA AR SR 14 DX 08 TR 8y ) A2 S/ 4 A e 5
X FCA R Bl 2R A7 SR Iz AR S, 3 P U LI 30 T RE X
T 8 S A O S A TR A, £ 560 ~ 450Ma
SRR il A A AR — R B

Bt BFANTARARE 1 B IR R B A B 1 5 B A AN
TR M IR A PR W A v A A B 5 A A0S AR SO
T A O DL s R — I SRR
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