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Abstract: The Yangchang phosphate deposit is located within the shallow marine strata of the Meishucun Formation
(€,ms) in the southwestern Yangtze block. Investigating the sedimentary environment evolution of the Meishucun
Formation in this mining area holds significant implications for regional prospecting. This study conducts geochemi-
cal analyses of major and trace elements from the Meishucun Formation in the Yangchang phosphate mining area to
explore the sedimentary evolution process and phosphate enrichment sites. The results indicate that the Meishucun
Formation contains relatively high concentrations of CaO and MgO, with elevated loss on ignition. Notably, P,0; is
enriched in the upper part, while SiO, is enriched in the lower part. The first member of the Meishucun Formation
(€,ms"), formed during the early to mid-Cambrian transgression, exhibits multi-element enrichment characteristics.
Specifically, the enrichment coefficients of U and Mo in the lower submember (€,ms'") exceed 60 times the aver-
age crustal value, whereas those in the upper submember (€ ,ms'?) exceed 10 times the average crustal value. Sig-
nificant differences in peak values of U and Mo enrichment are observed between the two submembers. The lower
submember (€,ms"") shows no Ce anomalies and weak negative [u anomalies, while the upper submember
(€,ms'?) displays weak negative anomalies for both Ce and Fu. These findings suggest that the first member of the
Meishucun Formation was deposited in a subtidal low-energy environment, transitioning from a relatively anoxic en-
vironment in the lower submember (€,ms"') to a relatively oxidized environment in the upper submember
(€,ms"?). The second member of the Meishucun Formation (€,ms>), composed of endogenous sediments hosting
phosphate ores, was formed in an intertidal or subtidal high-energy environment. Trace element characteristics sug-
gest an anoxic environment, while negative Ce anomalies indicate an oxidized environment. This implies that the
collophanite in the phosphorite of the second member crystallized and precipitated from supersaturated phosphorus-
rich seawater above the subtidal oxidation-reduction interface under arid and hot conditions, subsequently deposi-
ting in a closed or semi-closed anoxic environment on the seafloor. The third member of the Meishucun Formation
(€,ms’), consisting of endogenous sediments formed at the upper part of the supratidal or intertidal zone, inherits
trace and rare earth element characteristics from the second member, indicating an oxidizing environment under dry
and hot climatic conditions. In summary, the sedimentary environmental evolution of the Meishucun Formation can
be divided into four stages: early transgression, middle transgression, late transgression, and regression, corre-
sponding to climatic changes from arid or semi-arid and hot to warm and humid, then back to arid and hot. The
seafloor also underwent four stages of sedimentary processes: reduction, oxidation, mainly focused on reduction,
reduction and oxidation alternate with each other, and oxidation. We conclude that the Yangchang phosphate min-
ing area was situated in the underwater intertidal or subtidal high-energy zones within the shallow shoals of the east-
ern Yunnan epicontinental sea, Yangtze Craton, where the formation and enrichment of collophanite are more favor-
able in relatively closed or semi-closed reducing environments or semi-reducing environments of seawater.

Key words: Yangchang phosphate mining area; Meishucun Formation; petrogeochemistry; collophanite; phos-
phorite; environmental evolution
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Fig. 1

Location of the phosphorus enrichment areas in Northeast Yunnan (a, modified after Yang Zhixian et al. , 2016) , paleo-

geographic map of the Yangchang phosphate deposit and surrounding areas (b, modified after Pu Xinchun ez al. , 1993; Hu Qing-

hua et al. , 2024) and regional geological map of the Yangchang phosphate deposit (¢, modified after Yunnan Geological Survey
Institute, 2023)
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1—Jurassic; 2—Triassic; 3—Upper Permian; 4—Emeishan basalt; 5—Middle Permian; 6—Devonian; 7—Upper Silurian; 8—Middle Silurian;

9—Lower Silurian; 10—Ordovician; 11—Cambrian Miaoling Series-Furong Series; 12—the second Cambrian Series 2; 13—stratigraphic boundary;

14—faults; I —storm shoal; Il —shallow water gentle slope shoal; Il—shallow water gentle slope
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Fig. 2 Geological map of the Yangchang phosphate mining area (modified from Yunnan Geological Survey Institute, 2023)
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Fig. 4 Specimen and microscopic ( cross-polarized light) characteristics of drill hole in Yangchang phosphate deposit
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Table 1 Major element composition of the Meishucun Formation in the Yangchang phosphate mining area
M A K5 P,0s Ca0O MgO  ALO;  SiO, Na,0  K,0 TiO,  Fe,05  FeO MnO  BekE B
x-2 11.39 47.40 2.22 0.81 5.06 0.08 0.29 0.03 2.58 0.29 0.83  28.67 99.65
AR x-3 12.33  41.42 3.63 1.25 10.05 0.12 0.45 0.06 4.35 0.32 0.66 24.72 99.36
e,ms3 " h-2 1.36  45.01 1.95 2.04 11.28 0.09 0.59 0.09 1.18 0.35 0.24  35.23 99.41
o h-3 5.58 44.96  2.85 0.54 11.34 0.06 0.21 0.02 1.95 0.30 1.18 30.80 99.79
h-4 10.46 37.84 1.26 1.95 20.25 0.11 0.73 0.07 2.24 0.37 0.85 23.82 99.95
B x-4 28.76  49.14  0.65 0.43 13.45 0.20 0.06 0.02 0.92 0.18 0.19 6.94 100.94
T x-5 23.42 40.64 1.77 0.73  25.91 0.30 0.09 0.02 1.41 0.05 0.18 5.91  100.43
x-6 5.02 28.25 12.96 0.46 21.49 0.14 0.07 0.03 0.35 0.55 0.46  30.44 100.21
e x-7 28.41 43.30 2.36 0.29 19.95 0.13 0.08 0.02 0.51 0.18 0.08 4.94  100.24
e x-8 8.39 13.28 1.26 1.10 46.21 0.16 0.36 0.04 16.50 0.42 0.03 11.57  99.32
it }\m‘F x-9 10.87 17.34 1.61 0.82 60.15 0.08 0.27 0.03 3.05 0.28 0.03 4.82  99.35
) =i x-10 17.40 26.62 2.23 0.64 44.88 0.11 0.18 0.02 0.53 0.45 0.04 6.84  99.94
s h-5 28.55 47.87 0.76 0.41 10.45 0.16 0.10 0.02 0.82 0.36 0.20  10.23  99.93
b B h-6 9.03 34.11 6.92 0.69 22.03 0.15 0.15 0.03 0.75 0.27 0.67 25.10 99.90
Bs h-7 24.74  42.72  1.69 0.59 18.07 0.18 0.14 0.03 0.55 0.33 0.19 10.59  99.82
h-8 15.00 28.76 3.79 1.27 38.07 0.26 0.25 0.03 0.43 0.34 0.20  11.64 100.04
T h-9 5.06 33.17 3.13 0.68 32.64 0.14 0.22 0.03 0.41 0.22 0.08 24.01 99.78
i h-10 15.68 32.53 5.45 1.49 27.08 0.28 0.41 0.06 0.52 0.62 0.08 15.19 99.39
Y& h-11 29.94 49.40 2.74 0.20 6.77 0.22 0.02 0.01 0.47 0.22 0.04 10.41 100.45
2 x-11 3.17 9.68 4.03 1.20  66.89  0.06 0.39 0.06 1.78 0.56 0.05 11.86 99.73
€, ms'? , x-12 0.74 2.20 0.81 1.01  86.87  0.07 0.44 0.04 2.21 0.89 0.03 4.05 99.36
LR h-12 7.47 23.52  4.79 1.22  43.84 0.07 0.41 0.05 0.16 1. 00 0.02 17.44 99.99
x-13 0.28 11.54  6.64 1.59  55.68  0.08 0.61 0.04 0.81 0.72 0.05 21.98 100.02
11 L3 x-14 0.22  24.32 4.83 1.52 41.26 0.14 0.68 0.06 1.08 0.15 0.03 25.13 99.42
s IE e x-15 0.31 16.71  2.87 1.54  59.13 0.08 0.64 0.06 0.92 0.42 0.02 17.49 100.19
h-13 0.95 12.48  4.03 2.18  61.94 0.25 0.76 0.10 1.11 0.87 0.03 15.57 100.27

Si0, N F, PO, & 5 02% ~ 29. 94%, ¥ ¥
17.81%, Ca0 & & 13. 28% ~ 49. 40%, V- ¥
34.37% ., MgO & w ik, “F ¥ {LH 3. 38%, K,0,
Na,O & HKMAAEY /N T 0.5%,Si0, & 6. 77%
~60. 15% , V14 28. 15%, /VEN Fe,0, FI% 1)
FER M5y, BB N 4. 82% ~ 30. 44% , V-1
13. 16% , B HCAH A hhe R mAERR

MR R =B (e,ms™) « AVER EREDUR 2 &
TR B 45 L P,0,  Ca0 ,Si0, 2 &, P,0; ., CaO
HEE,P,0, T 1.36% ~ 12. 33%, CaO & &
38.84% ~47.40% , MgO V&80 2. 38% , H =555
AR 5, Si0, AL O, & /1K, K,0>Na,0,Si0, &
5. 06% ~20.25%, /i Fe,0, FIEH & kK4
Iy, BB K 20. 02% ~30. 80%
3.2 WERTER

HER A 20 i o0 R B ARSRAE )& U Mo,V Cr,
Zn Pb Sr Ba ST R E 4, H o R KA o
XY L RRIE DL 3R 2, L SRR L3R 3, A4 it
SEEEE (R, 1992) X Bt dE 17 bR Ak, 15 2 i

WA R e R ARG (] S) . Sl oo 25U
SYHT  MER A 45 1 2 AR A CRAR R

AT H—BL (e,ms') . FEE (e,ms'") HHER
BKF1HICEA 54, U Mo,V .Pb Ba, i U,
Mo 5 3 & 45 | B A2 B R 5T 2 BE (Y 60 £,
T Bt W (8] 5a) . BBt (e,ms'™) HE R RAK
KT 1 MITEA U Mo,V .Cr.Zn Pb Sr Ba; ffiEJT
FbrehrEL il & R Zo R E 4, i U Mo &
HREMSEEY BN 1050 bt EwER
B E , TRBRES: x-11 h-12 WE(E 4, b aRE i
x-12 WA HAR (& 5b) o X PSR Y = I, mT REAR
T TKIRTEBSA IS T & &AL,

HERIAT 4 — Bt (e,ms®) « AH X EGBEA R, 20
XA EH R, U Mo, Pb Sr.Ba tX] & %, & & R4
AR 7.9.1.92 3. 69.2. 25 3. 04 & AnuEAk &
EEE (F 5¢), U Mo RABEE, HEE R
ENE

MR AT =B (e,ms’) : Th U &%, RN
2.68.0. 98, & REEMRIAH B (e, ms* ) (K, Sr
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Table 3 Enrichment characteristics of trace elements of the Meishucun Formation in the Yangchang phosphate mining area

Ho )2 Th U Ni Mo \ Co Cr Cu Zn Pb Rb Sr Ba Nb
ems® 2,49 557 1473 1.29 27.09 2.73 42.46 13.33 20.38 15.35 15.10 753.2 314.5 1.68
SEH ems® 146 16.35 21.22  2.74 89.51 1.97 47.42 13.78 62.60 S51.71 5.25 858.7 481.0 1.16
6 ems'? 1.66 24.92 55.59 13.54 1026.7 2.75 357.1 99.46 327.6 72.02 11.11 421.0 778.6 1.32
ems'™  3.20 1254 53.35 87.63 224.7 4.81 44.23 25.55 48.44 18.75 12.71 329.0 906.5 2.69
e P HIE 7.6 2.1 81.3 1.4 143 24.7 127.0 56.0 76.3 14.0 108  382.0 463 18.3
ems®  0.33  2.69 0.18 0.90 0.19 0.11 0.33 0.24 0.27 1.10 0.14 1.97 0.68 0.09
& emss  0.19 790 0.26 1.92 0.63 0.08 0.37 0.25 0.82 3.69 0.05 2.25 104 0.06
AR e ms™® 0.22 12,04 0.68 9.47 7.18 0.11 2.81 1.78 429 514 0.10 1.10 1.68 0.07
1-1

ems'™' 0.42 60.58 0.66 61.28 1.57 0.19 0.35 0.46 0.63 1.34 0.12 0.8 1.96 0.15
HE: HFE I EIRRIY (1992) , W 4 R M= 12 MR- 39 {H/ M 7a 731
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K5 LB AR R O TR e bR R (B, 1992)
Fig. 5 Crustal standardization model diagram of trace elements of Meishucun Formation in the Yangchang phosphate mining

area (modified after Li Tong, 1992)

HERECH 1.88, Mo . Pb BAIEE, HEERHMN 3.3 HBEIxER

90.98.0. 83, #/NT 1 (& 5d) . MERIAFH =Bt MERAT AL A HS L0 Mr e SR LR 4.

(€,ms®) FEAYAR T HEW A 241 — Bt (€,ms”) FRLER T BRI AT I & e R R T R Rz
FRHIE IR TR ALK, FERR A 0 R TRk A
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Fig. 6 Chondrite-normalized rare earth element pattern diagram of the Meishucun Formation in the Yangchang phosphate

mining area ( Boynton, 1984)
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of the Yangchang phosphate deposit

Ni/Co {4 V/(V+Ni) {4
gz >7-0 7.0~5.0 0.45~0.6  0.6~0.82 >0. 82
B KIENZRS SRR KERIRE
o BIZURINE RIS & H,S RN
€,ms’ 5.51 0. 60
ems® 11.25 0.70
e,ms'? 20.58 0.87
e ms' 11.09 0.77
780 a :
_____ il;,,.s-_l_________,__‘J'f-_-_-___-.
x-2
- R = S e A e
820 I - :V € ms
"t ¥ 2 x-0
. o *X° x7 i
" 840 _EL_____J;{.-....-.!.*\'.\...R.__...-.{-_;mz_ _______
= 860 ‘
880
00 X- NHH
“““ """':;:""'_-,:,‘_;y) _X-_];‘
920 6 Zydn
PR S " R (S S T TR N | il 1 |
0 5 10 15 2 25
780
800
820
840
i
= 860
880
900
920

0.4 0.5 0.6 0.7 0.8 0.9 1.0
VIVHNIDIT(ZK0016 )

V Ni JBEIE TR, & PN ) bl AL 1 AR
FRIMAS Ak, VNG 32 25 4 e 4R o o ik 28 4= 45 W oI
VEHV 5 7E A AL IR R B B A, Ni DU A
W FHESTEE, 5 N M,V S 5HIURYS &,
TEGAIME T &%, I, M V/(V+Ni) EHLER
i 3 R i SR PR 5 (Jones et al. , 1994) . HRIFZ L
E AP K AR IR ST R 4k 4 FH2EAL, V/(V+Ni) <0. 45
FEALIREE; V/(V+Ni) £ 0. 45~0. 60 22 [8] A 7K {4
S EEFAIEE, V/(V+Ni) 7E 0. 60 ~0. 82 Z[f] Ky
IR J 2SR R AE IR SE ; V/(V+ND) >0. 82 S Bk

860
880

900

fLi%/m

920

880 F
900 |

920

{Li%/m

940

960

0.5 0.6 0.7 0.8 0.9 1.0
VIVHNIMI(ZK1624)

K13 E0 KRR AL TTR NisCo V/ (VNI [N A LR
Fig. 13 Vertical variation characteristics of Ni/Co and V/(V+Ni) ratios of the Meishucun Formation in the Yangchang phosphate

mining area

PRAYIE R Z KR B H,S /Y PR 43R 355 ( Hatch
and Leventhal, 1992; Jones et al. , 1994) , 37 X
M AT — B N B (€,ms"™ ) V/(V+Ni) HFE 4 H
0.77,B8 T x-15,V/(V+Ni) {E°~ 0. 85>0. 82, J Lk
PRIy IE BIRZ AR B H,S R A 2 4h,

MIIFE 0. 60~0. 82 Z ], A 7K A& 3 J2 AN 1) IR 48 20
B, BB (eyms"™ ), V/(V+ND) {204 0. 87,
x-11 x-12 | h-12 A — 124 0. 70, K B KAK 3 JEA
PR E AT HABEEA 0. 95.0. 96, [ B /K A4 43
JZBJRJZR A B H,S BUREIEE, M V/(V+ND)



302 A

i W

A
= % Gk

i 44 3%

ERE AT — B (e,ms') SO K AR 53 A5
() AR IR B AR AR 43 2 KR JZ /K A B 1, S IR
AR B A H I AR TR LA B R, ZK0O16 B AL 1Y)
V/ (VAN EAE FIB (e,ms"™") FESL x-15 BY 5 75 7E
KGN 2 R Z KR B H,S iR E IR, RE
x-14 B V/ (V+Ni) {H 7% 78 KR53 J2 A5 A PR 8 30 58
X, 76 ZK1624 &5 fLI% V/(V+Ni) {E 7 B
(€,ms"?) B h-13 h-12 (4 2535 7R KR4 )2 KR 2
KA B H,S IR EIREE X, B A A 24—
BB (€,ms'™) Ab T — D EGA R R IR, HERIAT
H—Bt B (e,ms'?) p—DEEAALIIREE (R 2,
225, 13¢.13d) .

455 M 1 o0 R FRAE, M A AT — Be T O B
(e,ms"") -] ¥ REE {H & 58. 1x10°, & 75 # A%
BFs + 4 LREE/HREE {H 48 6. 32, N E R
LREE/HREE {8, HH kS 20— B 3 BE (e,ms™?) F
¥IY REE 7 121. 55x107°, i 7 8 155 (9 Ff 1 a4
LREE/HREE {HF#1k 3. 77, M%) LREE/HREE
B, W# M- Y REE {5 LREE/HREE {iAH % i
11,

W X HFRE A 2 — BE (e,ms") FE 5 22 BROBE B A AN
NASC FrifEfbJa , BB (e,ms'™) | BB (e,ms'?)
Bl ih 28 b 73 AS ] i JL R AR, AR B A Rl i
WP BORIR, T B (e,ms"™") NASC #p AL ]
LA Ce 5561 % A NEu R TE 5% (K 7). Ui
FBE(€,ms"™") I B UURIRIRAT) Ay B AR R 1% Bl 559
FALEE . EBE (€,ms"?) NASC FrufEfLIE b Ce B
WA SFE S B 1IE 58 30055, Ce 59 EHE/M
F-0. 1, MEEAAEE, L E B (e,ms'™) DURLRT
KT REC SR E LML, 76 LB (e,ms'?) UL
RS ok AN AR ER A KENIEIIRAEY
(W/NFEREE) A A7, AN b 2 AU TR ZK2312 B5 LT
i ems'™  WAEWIENB S (K 14b) . #F IR
A Sl 5 0 2 2 A B, Z AT RN A K
AP R A B, S O K B A SRR B A4
WEeT: B AE YA ZE (E 14b) 1§ i B E B
(e,ms') % Ak 5 2 A Ak 20 5% o) A B A 4 = B
(€,ms”) MR B R B J5 ] Ak, S R RS
Al ] T AL (8] 12a,12b)

DUBRWIEBAE A B T Nis/Co>7.0 |, FEDIRLIER
5i Ni/Co=5.0~7.0, %A L IR EE Ni/Co<5. 0( F 3%
85, 1999) . FHH XGRS —B T B (e,ms'™)

H1 Ni/Co EXIE M 11. 9, x-13 [ Ni/Co K 5. 39,
T 5.0~7.0 ZI[8], A3 AR DU B  HoAth NivsCo
{EH 8.94~20. 85, Ni/Co>7. 0 A, VB
(€,ms"") i Ni/Co “F-H4{H A 20. 58, Ni/Co {HIJ R T
7.0 HEAIREE, BRI ARG DI R
BAE, DRA S EMIRmE , ERUS B, Ni/Co A
Bi x-13 5 FE T A B b, oA 34 95 72 Ik SR AL - 4
REE(F 2 # 6, 13a.13b)

4.2.2 WA B

W IR RS 2 — Bt (e,ms®) N & BEA R, H U,
Mo A & 4, (H & £ R AR, Th/U FH{E N
0.15<2.0,U/Th “‘F-I¥{H M 15. 01>1. 25 ,6U “FI{E N
1.91>1,Ni/Co “FH{H Jy 11.25>7. 0, /e Hodk Tk
ADTRIREE (£ 2 .3 5) . TR Th U, (EH17%
FEGRA X B, S e FL AL T 8 R DU R BE (A 11a
11b) . U/Th Ni/Co {EI7EAE U E AL IR AR X 35,
(B 11c 11d % 13a.13b) ,

W DX W JE M AT 4 — B (e,ms®) P St
Wi B4R, St/ Cu FHMH 96. 27, i KT 5, 7E U
P v 95 A IR A X, s i J2 T R A L 3
T (2 %5, 12a,12b) . St/Ba ERFEM x4,
x-6.x-9 73512k 0. 98 .0. 54 .0.95, HAL I 7E 1. 31 ~
7.87 ZIa) (G SEYIE A 2.42) , St/Ba>1 Je it H AR
FERST MG AU, 1T ZK0016 AL S x-4 x-6.x-9
1Y St/Ba<1, B Bl & 7E Rl AHDTAR X, B0 x-4
x-6.x-9 A e g g 7 Bl Ak T4 35 P i v K A5
b (R R S R (K 2 K 5,18 12¢ 12d) .

V/ (V+N) (EFME R 0. 70, 138 V/(V+Ni) {5
TE0.50~0. 53 Z 6], R /KAR S 255 W 30 A R, th i
£ 0. 67~0. 83 ZI[H], /KRS R AN SRR ARG, Ry
#hik 0.83~0. 90, M KIKFZ K IR)Z KT & H,S 1)
IREIASE, 1R h-11 U8 0. 41<0. 45, K E LI
1, x-10 25 0.69,7E 0. 60~0. 85 Z i), HKAESTEAR
SR DRAA IS, TERUS I, v/ (VN [HRE 7%
FEIKAR ST JZ AR 1) DR A A58 FUK AR 3 J2 B 2 7K A4
HH B H,S BYIREIREE, D HTE 7E 3T A IR B s 4E b
Whiv (2 %5, 13¢.13d)

MR 20 — Bt (e,ms” ) #5192 REE & 131. 80
x107°~417.80x107°, -4 244. 14x10°, 3, REE ##§
PR —B% (e,ms' ) %% H1m , LREE/HREE> 1, £ BRKL
BoLA B Ak 5 A 0T R Lo #h 40 1) 47 iR, LREE
F1HREE H0 Y JCZEAHXT & 4, Ce Fl Eu #f SR 17
SR UL I Z KR T R Ao



K14 FoW0 XA ACAT A TARA K& B A
Fig. 14 Hand specimens and microscopic photos of the Meishucun Formation in the Yangchang phosphate mining area
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Fig. 15 Photos of drill cores of the Meishucun Formation in the Yangchang phosphate mining area
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