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K Y/Ho HAEARML, R BEBUA R I T K . 2 T w9 i 7 309 02 10 8 A 35 4R L B 4020 )2 10 g K Al 2 S5 H
TR Bl A SN B A B R T A ST R B R IR AR B A T A D B 5 R Y R R B TR B

T 2 AU K X

SRR L 2 BRI Y s B R B TR AR RS B T B

P R 20— FE i 20 2 A8 S 1 5T P s R A ) —
ANERFATIA . TR AT Rodinia R Fili & A2 24 f#
X 48 KB 4R B & (Yao Weihua et al.,
2014), @ g A W Bz 1 U (Cook et al.
1984) , ¥ 1 H Fi & Ak (Chen Jianbo et al. , 2015),
A iy H KB & (Zhang Xingliang et al. , 2014) , 1%
TR &R AV KB T BRI, #EBE = 3
TSR 30 IR 25 1Y 52 Wil SCRE 52 Wl T S AL I8 D AR
& (Algeo et al. , 2007; Reinhard et al. , 2017), #
& EUAZ AR WAL B 5 0B SR TR L T A% AR W R T
X RE ¢ m W Y & % (Planavsky et al. , 2010;
Lenton et al. , 2014), Kb, 7T WEER £ & &£ 19y
AT SRR RO X T 9 v S AL A JFUIRZS T AR )
AL B A S L,

A W R R AR 0 & LR A R B HUE 1Y
W FE B ETHRTG s A 5% WEEE E IR 3, R
FITRE Y R O S Wl TR R w485 Y 2 R 4 XL DA Bk
BR £h 35 4 HE FR R # B 45 (Papineau et al. , 2010),
Herg 7€ A R i B i R R TR P R B T
B TR B R A ) A0 B AR /Y TE B B W) A R 2R
(8" Can ) HIAR L B 45 [W) 2 3R (*° Pb/* Pb) (Liu
Deng et al. , 2020), #R1 . A m €K 28 7 W o d
R BATPKA A R Eu 091 55 (> 1), R BRGRTE
Bhou W R W R B E 2 /E M (Zhu Bi et al.,
2014; Gao Ping et al., 2018; Ye Yuntao et al. ,
2020) . TRKAHWE IR +h 25 4% 5 2K LT K 9 7+
TCE A BCRE R R ey (DA Y/ Ho HAE (>44),
I B IR #h W 5 i K A (Jiang Shaoyong et

AR E R B RBAIEE T E (45 41702366, 41902027) e i AL FEAR BRI 5 3% (45 3142018025) Tl = 7 44 56 Al F 7 31 &l 1 H

T 35 H (45 2019FB143) % Bh 9 55 .
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al. » 2007; Zhu Bi et al. , 2014; Gao Ping et al. ,
2018) . WIKAHBEH S BT 2 W5 A R R 3R 1Y
AR OR IR Tl M 5 9 AR AR T (Sato et al. s
2014) .y T4 by FE A0 B R K 1A g kA
(Feng Lianjun et al., 2014; Jin Chengsheng et
al. , 2016) , — 2622 F N Sy 9 7K 480 R i R A Y 9
BRER AR5 A SA AL 1 ¥ K B FLIBR K P 3 B IR
Eh & £ (Shield et al. , 2001; Jiang Shaoyong et al. ,
2007; Zhu Bi et al. , 2014),

TEAE P FE AL 3 2 b, OK A TR T AR
R B B e, TR K RH TR T B 45 #% (Sato et al.
2014; Zhu Bi et al., 2014; Gao Ping et al.,
2018) . Horp, & B AR AR FE IR A LI v A Bem s
Tz 504 B E 1 B (Qian Yi, 1999; Sato et al. ,
2014) o 33 Ay Bk 53 W e o 8 0 R B 358 A8 AT AL 422 43k
THEZEWM R A SR e AR A ) T R B
WA R ARG, 30 0 HOT R i R £h R I A
PURRETE S A A T ROESE . R B HUE R DT AR
PRI A AT BB B AL

1 M

1EFER AL L A A h a9 4 T Aok
M4 5 19 A2 M 4H i (Wang Jian et al. , 2003).,
e THRIRFAE IR Z 0 EE T . #
it 2t R TR A A5 4 7 Al ke w] AR 3y
SATORAA D, PG B AR R 2 N kIR Eh & HAH
o A LA R K FE M- B A (Goldberg et al.
2007, #FMRRICF T — A5 AR L Fis 2
5 =W 1) i 1516 B JiE 7] (Goldberg et al. , 2007;
Wang Dan et al. , 2015; Yeasmin et al. , 2017) , 4k
TR FECR T PG REKE 1K
ML A DU . RS R B
2R B WERR R DU A6 B K AH A1 R 7K AH 40 0l 32 28 &
B e A A 45 4% (Qian Yi. 1999; Sato et al.
2014; Zhu Bi et al., 2014; Gao Ping et al.,
2018),

AR YA FE B AR A ) 2 T B WA T P R 2 45
km (1 B BB A0 X N . AR 4 42 et IX R S8 Ay
BRI AT L (B D) g R 310 18 7 T4 F ARk
BRIREh G TR DN . FE MR A 3 i, T R e
18 YT B e F2 B TR 58 A R A B %) T s
AHZE ATy B R R T A
B T RERGR K AN E Sk B iR Be A bk
WB (B 2), HaEWBA/NE LB E2dHER,

SO RBE R Boa . Hob 3 I B LA ik A
BE RN . NER BT E AL WA B 0. 1~2
em WSS AZ - /N T Sk 1t Be AT rp i R B AR TR )
PRas . AT B W s B s Rk B e A 2H
JISG» B 0] A B K o 2 3 D B o33 DR L W R A
THERR . TEEEE WA REN S LT
AnabaritesProtohertzina 3, FWiH 2L M F &
B KB T Paragloborilus-Siphogonuchites #ff
(Wen Hanjie et al. , 2011), % ZF X H g A B
BEIR A 2T T 45 41 U-Pb 4F I 19 0F 7 4 SC %k B
535.241.7 Ma (Zhu Rixiang et al. , 200D {E =
AR .
2 W OT ik

A YA AR A 0 T R AT BEHR AR T 8 HLm IR
A, B RN RG24 4 B 2) Ko
ZYC-1.ZYC-2.ZYC-3.ZYC-4 X H N #iw )2 ,ZYC-
5.ZYC-6.ZYC-T.ZYC-8 R [ LWiw 2., B &b 94
AR A v ] M o R 2 () A= 40y b, T 5 B 45 il I 52 5
T 50 I W IR R BB 15 U 12 FN B Bk R S WL AE =
Rl A WD 5 e 56 i s oo 3K I 7E BT B3
I BB BRDEAE 23 7 S8 i

Hir 10 3R B 2 56 T3 ¥ R FH b 1 A i R I TR
W f# 771 (Jin Chengsheng et al. , 2016), H4E.2E
B i R i A9 XA 2 T & R Wl B o B B ) R
T /N S SR JE 30 B R ALK /N A i 3
PR AR o LUK B R B R BT RS kT, e g
KAye PR, FRAEE 50 mg LT FE SR R A
Teflon FFFEFE A AR A 1 mL &5 2664 B2 FH = 26
AR, BT A NEZ D B TR P 1
190 CHRLEE TR HE 24 h, K5 TEIRHE R A Z )5
AR E LB 140 CHE R 28 T i A 1 mL
R FF PR ZE T KRB I 1 mL = 40 R . = 4K .
R R RE AN E & TR L 72 190 C il
JETHE12 he d )5 BV WU B R A R
FIH 200 fil§ BR A6 B LA & I k. W+ o0 |2l it
Agilent 7700e ICP-MS 3 #7 52 i, 8 i3 bR fERE 5
(AGV-2,BHVO-2,BCR-2 1 RGM-2) )l & 43 #r »
IR MR F 5%, i 8% Ce Eu,
Pr 20 R W 5 A 000 0 - Ce/Ce” = Cen/
(Pry*/Ndy) s Eu/Eu” = Euy/(Smy® + Thy)'# 5 Pr/
Pr* =2X Pry/(Cex+Ndy) . H A N A8 715 bR
i1k (Ling Hongfei et al. ,2013), 880 JE 25 Wi
A BRIT R R BRI R R LT TR O ) LI



wom ¥ R
3860 http://www. geojournals. cn/dzxb/ch/index. aspx 2021 4
Z_ [102° E [106° E [110° E 114" E [118° E [122° EZ
El If o T 200 km ke
CC s .
[ )
\
[ )
..
Z o o.. z
=) o, Mt 4
[ ]
[ )
[ ]
© \
[ )
[ )
L \
[ ]
Z o. o.. .. \O Z
=} ¢ o
o . # & S
¥ [ ] ..
i e wsmy |01 [0
"L e Il [(—s
e
) . rM L 13 [ ]7
O
a B 2 |
102° E 106° K| 110° H 114° Ef 118° H 122° E

K1 RIERM R 3 E (B Gao Ping et al. . 2018) il #5790 1 (F& Steiner et al. , 2007)
Fig. 1 Paleogeographic map of the Yangtze Block (after Gao Ping et al. , 2018) and distribution of phosphorites

(after Steiner et al. , 2007) during Early Cambrian
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1—Carbonate platform; 2—transitional belt; 3—slope to deep basin; 4—old land; 5—city; 6—concretionary/lenticular phosphorite;

7—granular phosphorite; 8—Meishucun section

W FL )2 B A 2 em X 2 em (Y6 - Bl G KF A0 06
1 b R RS B LR A FET Quanta650 %14
il 7 A, R BA B ¥ (Back Scattered
Electron, BSE) #F #17 R AR R w20 19 BE IR .
ARG N T LR E IR A AW SR 0
Yem dE4y T g i 2 B (Energy Dispersive
Spectrometer, EDS) ,

SIS R4E S

R HE H PR B s 322002 th 45 b i iR
5 (B 3a.b) B4 /I 4 6t i JoT SRR IR %5 (&1 3 ) Al
DEREALY (K 3a. D 4Ll Wi A bR e
BZH, TEERY INIE LK BRY , 5420 F A
0.2~5.0 cm 2Z[H] .

i P v I UL %6 3] B R R R A o 7Y
B (B BRI BT . BT R RE S 0T
FABIE 180X 10 °~549 X 10 ° 2 [a] 28 1k CF- 2 (K
Jy343X10°°) M HEE E A LT R EE RS
F Lk 2 A LR SR, By 25 0H L

TR BN MR HL B, Ce TR RN AR X 2
JE 1 171 5% (Ce/Ce™ fHAE 0. 50~0. 82 Z[A] 5 4k, °F
BIE y 0.70), Horp R B0 2 4 i 1) Ce/Ce” fH
(0.81~0. 82, FH{E K 0. Sl B & T Lo EHE
Fhi Ce/Ce™ {H (0. 50~0. 66, F¥{H -~ 0.59), Eu
JTLREATFH (Eu/Eu” {HTE 0. 92~1. 08 Z [H] 4
16, S E N 0.98), Y/Ho {HAE 55.3~74.5 Z[d]
A CEME R 63.6) (£ 1, b TF#s 2/ 1+
FAWEMZER, FEEH T TOC & & 1417
2 AR [F] 25 A 0 T K b A BL BT 5 B X
JG 2 % [ AE 77 858 (Ren Haili, 2017), #4E Liu
Ze-Rui R et al. (2017) 7E 1% 5 1 fr i) i i) TOC &%
WOBR T ERESD TOC & & %% & T F ik
W) W B 28 RS ESEE/NT T
=

4 e

4.1 HIESER
W b vl F A KR oo R, FEE %
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Fig. 2 Stratigraphic column of the Meishucun section
in Kunming, Yunnan Province with the sample locations
(U-Pb zircon age is from Zhu Rixiang et al. ,2009)
I—¥HAsE: 2SS AnE;: 3B KA 4 SRS
Hohs 5 HAnBidsE: 6 RkRE
1—Algal dolomite; 2—phosphorite nodule dolomite; 3—tuff;
4—siliceous nodule dolomite; 5—dolomitic phosphorite;

6—siliceous mudstone

T KA fh A% REE® B 7 & i Ca®' B F1EH
(Kidder et al. , 2003) F14 4y Jikr 4 08 B -2 W ffF
F (Chen Jianbo et al. ,2015). #¥ & T8 1+ T
RAFAE & W BT R A8 R DURBR BE . 78 BUE 7.
P B i ARG 2 Al B R R S B AR ) T AL
i JEOIR 25 B I R T e B 45 A . L B K R 1k
O KA AT YRR TR AT
R A PN i o e STV 1 o (I e o )
B B A 25 1 7K B BE 43 8 2 (Chen Jianbo et al.
2015), TEF I A B B, 78 A AL-fiF B2 46 0 5
I e ST T (] R O E I U 4o S Y

G I i ol v T o 11 o2 Wl = B0 i A LU
Hreid irh, M L oo R ER L TR EE
(Chen Jianbo et al. , 2015), fE#EY At , & N5
DR s 23 A R AE Sy < W 27 o K L B
APy o LA A b A A M b5 5 O R AL T
J5 W) 02 LA M 4 AR A Ce JU R 75 W N HRAE
(Zhu Bi et al. , 2014; Liu ZeRui R et al. , 2017;
Gao Ping et al. , 2018),

TEASBIE ST o, Wl B2 R i 19 L O R AR X Ol
“HE AR (B 4D, WFST AR B, SR g AL
P o4 AR B o6 T R (Tlyin, 1998) | %8 i 20 510 (Pi
Daohui et al. , 2013; Zhu Bi et al. , 2014) FI3LAC 1A
7 (Rasmussen et al. » 199)#ifRh =2 dE® % W,
458 HAPIR EER L S F I OE I AR IR B R 1Y
T 25 5 i K AR A JEOR S AT O — TR AU AL I i R
T B} 3 B Bl (Wilkin et al. , 1996 ; Chang Huajin et
al. ,2011;Chang Xiaolin et al. ,2020), TfjX4/K 55t
T — B T UL N &R L K AR N — B AL T AR
A IR B A T B S BORK AR A B
R AR 2, Nk, Huang Yuangeng et al.
(2017) 4 o B IR BBk 15 0 B AL R BT B IE g . 72
AT TR T B R EBERTE AR
BIR WENEAT S A R Bk A, W N BEE 2 AL T
o/ R EAC R DT AR PR B S (I Al B AR 4 . %8 Tl S
DURRT AL/ AL DR R B o L i T 3R 4341 I 24
ZH) T R CA R 25 AR R R AR TR
I BHR 40 & 43 A B1E (Chen Jianbo et al. , 2015),
WP B2 BT R 8 A
4.2 CeRE

Ce S £ 22 F AR JF A 4], P o He 22
H W ok R Wi UK AR A8 )R S (Jiang Shaoyong
et al. , 2007; Zhu Bi et al. , 2014; Joosu et al.,
2015) . P E DU T AR AL A TR R BE I, T
Ky Ce® AL B Ce' L Bl J5 8% Fe-Mn S 4L ¥ Fi
B b URL S5 W B AE Wiz 2 B O B CeO, UUTE T
K FBUEK PR Ce LR EHM 7 H (Xin Hong et
al. ,2016; Ji Qiumei et al. ,2019), JLZE Ce fEE AL
FMET Ce/Ce” LT 0.5, WA SN T Ce/Ce”
AT 0.6~0.9 ZH . FEBREFZMF T T 0.9~1.0
ZIEH & & F 1. 0(Shields et al. , 2001; Joosu et
al. » 2015) ., fLBE/KH Ce/Ce” Z 3| I 7 ¥ K A AL
SR . 2 K O E AR A FLBR
K Ce/Ce” B TR B A i35 A< 0. 5 M F] 1. 05
2 ALK Ry BRAECIR A I FLBL K Ce/Ce™ IR
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Table 1 Rare earth element results (X 107°) of the phosphorite in the Meishucun section in Kunming, Yunnan Province
FE b5 ZYC-1 ZYC-2 ZYC-3 ZYCA4 ZYC-5 ZYC-6 ZYC-7 ZYC-8
La 80. 5 71.6 82.3 91.1 34.0 49.7 30. 9 45.5

Ce 91.3 63. 4 91.4 115 19.5 35.5 22.0 27.8

Pr 15.5 10. 0 14. 8 19.4 4.23 6. 66 4.62 7.54
Nd 68. 9 41. 6 63.9 85.3 17.9 26.5 18. 8 33.3
Sm 12.7 7.22 12.6 16. 6 3.09 4. 14 3. 20 6. 48
Eu 2.77 1.73 2.47 3. 14 0. 69 0. 88 0.71 1. 46
Gd 16.1 10. 4 15.4 19.6 4. 82 6.43 4.74 9.52
Tb 2.19 1. 41 2.12 2.63 0. 68 0. 89 0.67 1.43
Dy 13.1 8.92 12.5 15.3 4.93 6.22 4.73 10.0
Ho 2.73 2.04 2.67 3.09 1. 27 1. 54 1. 17 2.44
Er 7.09 5.51 6.95 7.99 3.82 4. 69 3.44 7.21
Tm 0.75 0.61 0.73 0. 84 0. 48 0.53 0.42 0.91
Yb 3.17 2.87 3. 44 3.75 2.67 2.69 2.16 5.00
Lu 0. 37 0. 34 0. 40 0. 44 0. 34 0. 34 0. 28 0.67

Y 156 128 150 171 87.7 114 85.3 150

> REE 468 351 456 549 183 257 180 304
Y/Ho 57.2 62.8 56.1 55.3 69. 0 74.5 72.7 61.6
Ce/Ce” 0. 81 0. 82 0. 82 0. 81 0.61 0. 66 0. 60 0. 50
Eu/Eu” 1.03 1. 08 0.93 0.92 0. 97 0.93 0.98 0.98
Pr/Pr* 1. 06 1. 07 1. 06 1. 06 1. 18 1. 18 1. 20 1.22
Lan/Smy 0. 93 1. 46 0. 96 0. 81 1. 62 1.77 1. 42 1.04
Dy~ /Smy 1.31 1. 57 1. 26 1. 17 2.03 1.91 1. 88 1. 97

Ba 320 323 322 323 214 260 187 144
Ba/Nd 4. 64 7.76 5. 04 3.79 12.0 9.82 9.99 4. 33
Ba/Sm 25.2 44.7 25.5 19.5 69. 4 62.9 58. 6 22.2

I EF 1. 0(Chen Jianbo et al. , 2015),

R LW Ce B ETRES X B MW E La JC
ZH W (Bau et al. , 1996) 8¢ A T i3 1 T 3
(Morad et al. ,2001) . 7 {& B85 19 G 50 vk 4
SRR BRI AT A G, Bau et al. (1996) 1A, Pr/Pr-
{E AT R VEAl La SR X Ce/Ce™ U RZ M FEEE . 0
Kl Sa i, | KAGERTC Ce 8 HIG La 5% T4
Ta XARETE Ce FHAHA La IEFH T T b AR
RKT Ce REMA La i mH T lla XALFE Ce IE
S HTE La 3% TH b XAER Ce 58 HT
La 5 TH0. TEARBIE b A ok Jea ki 14 45 5
[llb X (Pr/Pr* >1.06,Ce/Ce" >>0.82) , iy It AT LA}
B, Ce S (H N HLSH R Z B EW B La JUR YT
Yoo XFANTIFE R ZE M, Morad et al. (2001)
N AT LLGE 5 Lay/Smy {H 2K K& . RS Lay/Smy-
Ce/Ce" El Ik 7R (8] 5b)  Jir G #E il 19 Lay/Smy {H 3K
T 0.8, H Lax/Smyfl 5 Ce/Ce” {H 22 1] 35 A Al Ak
(R*=0.16) . YL B Ce S H A X B N TR IR2E
BT 28 BT AR b i a1 Ce 9 0
T B ER AL 2E MR .

BE AT LAAT Ce/Ce™ fH 43515 Dyn/Smy A
UM LT R & & Z (8]0 A OGPk . — i

5o ECE R, Ce/Ce” fH 5 Dyx/Smy il £ 71 AH
Ktk Ce/Ce” (H 5 BF Lo R & B2 EMHXH.
Bdi Br . Ce/Ce” 5 Dyy/Smy 2 A KM (R =
0. 80, 5¢), Ce/Ce” {H 5 M 1= 5 & & 52 IEAH G
(R*=0.59,[ 5d), Bt .#es Ce/Ce” HZF] T
S R AR TR L 3 5 W 12 T R 40 A FRAE AR W)
AL 413,

TEAWF T, Ce W1 5 5 X ER E L Ce/Ce™ fH
TE 0.50~0.82 Z A 484k (CE{E A 0.70) (£ 1),
BT YA DU T AL/ IR AL I 7K AR, Ce/Ce™ 1B
S ) 2 LR K T R T K R Y R AL 2R A S
W B AE A ) Ce/Ce™ {2 W T LB 7K 23 4 19 AR
A X 5UMEB R 10 R 43 B X B ) AL R
IKER-E I IR (I 4. 1 D) HW) A .
4.3 EuRrE

R FER o0 R I FE v B T AR
LR Eu 5 8 38 % 52 3] Ba S0 3R 19 T 48 (Shields et
al. , 2001), Eu/Eu” {H4 %5 Ba/Nd {H f1 Ba/Sm
B Z 18] (4 A0 SC V] DL TR 1 5) Ba G R A Eu 5794
TR, — BN & RN, R
Ba JTTER X Eu 5% 0 TR /. TEA BF 58 s
Eu/Eu” {H}¥ 5 Ba/Nd {H(R*<C 0. 01) 1 Ba/Sm {&
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Fig. 3 EDS analyses of representative minerals of phosphorite in the Meishucun section in Kunming, Yunnan Province
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CFA—Crystalline carbonate fluorapatite; ¢-CFA-—cryptocrystallina carbonate fluorapatite; Fe—iron oxides

10 10
(a) 0" )2 E(b) B
< <!
wn wn
n 2]
& =
ozl n2lf
oo [
+ + L
ZYC-1 ZYC-2 ZYC-3 ZYC-4 ZYC-5 ZYC-6 ZYC-7 ZYC-8
0.1

La Ce Pr Nd Sm Eu Gd Tb Dy Y Ho Er TmYb Lu 0-1 La Ce Pr Nd Sm Eu Gd Tb Dy Y Ho Er TmYb Lu
B 4 2 pE 4 B T AR R ) T Rl R R T A A Ak B A A X

Fig. 4 PAAS-normalized REE patterns of phosphorites in the Meishucun section in Kunming, Yunnan Province

(RP<< 0. 0 ®A MK LW Euw/Eu HIF K2 F| 0.92~1.08 Z[al ¥k 3h (& 1), 136 B B B 5 K 52 3 #4

Ba JTRMTHL(E 6). AR R
— et Eu SR IE S I AR RGRR E fiile s 4.4 Y/Ho Lb{E
R J7 IR 5E (Joosu et al. , 2015) . FEAHESE H . Y LR KR AT 85 Ho JTTR M AL

BEFFARWEIN K Eu 525 (- O Euw/Eu’ fH7E  ENRAME RS 0 E 7142 Joosu et
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Abstract

Phosphorus is one of the key nutrient elements, which are closely associated with sedimentary
environment and evolution of life. Widespread deposits of phosphorites are coeval with skeletonized
animals during the Ediacaran-Cambrian transition in South China and elsewhere globally, suggesting a link
between phosphorus in sedimentary environment and evolution of life. However, sedimentary environment
and formation mechanism of phosphorites remains elusive. In order to explore these challenges, we
investigated aggregation form of phosphate, pyrite morphology, and the composition of rare earth elements
(REE) of phosphorites in the early Cambrian Meishucun profile, South China. Our results show that
phosphorites are mainly composed of crystalline calcium fluorophosphates, cryptocrystalline calcium
fluorophosphates, and iron oxides. The distribution of REE belongs to “hat type” mode, similar to that in
the pore-water ferruginous-manganous zone, suggesting that REE is significantly affected by early
diagenesis. The absence of framboid pyrite and relatively low Ce/Ce”* (0.50 ~ 0. 82, average 0.70),
suggest that phosphorites were deposited under oxic/dysoxic conditions. The absence of Eu abnormality
(0.92~1.08, average 0.98), indicates that phosphorites were not influenced by hydrothermal activity.
High Y/Ho ratios of 55.3 ~74.5 (average 63.6) similar to those of seawater reflects that phosphate
originated from seawater. In combination with widespread oceanic oxygenation, anoxic stratified ocean
structure, and intensive upwelling, we infer that phosphorites resulted from high oceanic phosphate
concentrations associated with oceanic oxygenation event and the large fluxes of enriched phosphate

contents in reducing deep waters to oxic/dysoxic surface waters by intensive upwelling.

Key words: calcium fluorophosphate; phosphorite; rare earth element; redox conditions;

Yangtze Platform



