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Fig. 1 Regional geological settings of the Kaiyang phosphorus orefield; (a) tectonic sketch of south China continent (from Zhuo
Jiewen et al. , 2013&); (b) structural unit zoning map of Guizhou Province ( modified after Guizhou Geological Research

Institute, 2017#) ; (c) brief geological map of Kaiyang phosphorus orefield® @
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Fig. 2 Stratigraphic profile of the Chengjiang Formation profile in Jile, Kaiyang, Guizhou

parallel unconformity sampling location
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Fig. 3 Field and microscopic photographs of the Chengjiang Formation profile in Jile, Kaiyang, Guizhou: (a) the first member of

Chengjiang Formation; (b) the second member of Chengjiang Formation; (c¢) exposed surfaces; (d) oolitic chlorite; (e)
conglomerate; (f) thin conglomerate; (g) JZ4, volcanic debris; (h) JZ11, membranous glauconite; (1) JZ12, collophosphate
sand; (j) JZ14, collophosphate sand, star point Pyrite; (k) JZ22, clay minerals, micro horizontal bedding; (1) JZ25, clay

cuttings
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Fig. 4 (a) Al,0,/Si0,, (b) K/Na diagram of the Chengjiang Formation profile in Jile, Kaiyang, Guizhou

ICP-MS 47t
3 Srbres R

3.1 £ExE

HRIX ER/ICRUGEATTRNFE(ER ), XX
T RIS S R 2R A1) ST DA R 2 R 7 B ) DT T A
A RAFIRCR

VL4 6 PFRE ) S0, & & N 65.56% ~
78.45% 34 71. 11% 3538 T A 9E B RN A1 Sio,
i, WS T WA R R e T (] 3i,
D) REMFERR Y, TFeO & i 1.37% ~
4.94% V-3 2.99% , B o m TIE K IL4, ALO,/
Si0, {E AT LA A 58 J TR 9 L0 2 19 46 A ( Rober
and Korsch, 1999) | FHAE /)N ol 2088 b =y BF % [X
BT H R AL O,/SiO,(E 4a) 4 0.06~0. 13,

T b R I R A LA R R A S U B R
i TR IR R s . TARAC R R S i A
TEVTAH Thf kA )2 R A B B B s v, AP B 32,
BA—Envktt, HTio, SN T2 FAH B
Rry A, Ti0, £ 2k A Rl IR wE 8 (59 E 34,
2013) , i B P8 V2 DO R el A v i 5 1 i W 3 4

K/ Na FJVE A28 ] W K A4y 5 B2 09 A 8506 A
(FRoRA5F, 1999) , K/Na {EHA, A £ & f
ST IX YT 4H 0 T K/ Na (B R S0 8 T
P 4b)  BEBZKAR & $h it R T BT
3.2 WERE

W98 X It e 2R B2 R A T R FER TR 4l
M(F2), MEITCRAETIRE TR S 2 2548
A B9 50 ( Tribovillard et al. , 2006) , ZE 38 H AN [a] 1

o

F1 mMARRRE LAY EFEROEETE (%) ATER

Tablel Contents ( %) of major elements of the Chengjiang Formation profile in Jile, Kaiyang, Guizhou

B, g ALO; | CaO | TFeO | K,0 | MgO | Na,O | SO; | TiO, | MnO, | SiO, | P,O5 | LOI | AU/Si | K/Na
K s 1.13 | 14.45| 2.64 | 0.60 | 6.81 | 0.03 | 2.80 | 0.06 | 0.21 | 67.05| 4.02 | 0.20 | 0.02 | 20.00
174 | JREEFAWES| 4.50 | 4.44 | 4.02 | 2.05 | 2.65 | 0.02 | 4.47 | 0.26 | 0.14 | 71.16 | 0.08 | 6.21 | 0.06 |102.50
1211 | RS ERPERE | 5.73 | 0.26 | 1.37 | 2.44 | 0.44 | 0.04 | 0.07 | 0.23 | 0.03 |78.45| 0.02 | 10.92 | 0.07 | 61.00
1212 | REEOARD A 7.37 | 0.22 | 1.61 | 3.69 | 0.60 | 0.04 | 0.56 | 0.31 | 0.01 |70.15| 0.02 | 15.42 | 0.11 | 92.25
—B SEYME 5.87 | 1.64 | 2.33 | 2.73 | 1.23 | 0.03 | 1.70 | 0.27 | 0.06 | 73.25| 0.04 | 10.85 | 0.08 | 81.80
1722 | IR&HEOHE | 8.27 | 0.26 | 2.32 | 4.13 | 0.69 | 0.06 | 0.01 | 0.36 | 0.01 | 65.56| 0.03 | 18.30 | 0.13 | 68.83
1225 ELTTRS | 8.04 | 0.14 | 3.70 | 3.78 | 0.47 | 0.08 | 0.03 | 0.37 | 0.05 |[71.15| 0.03 | 12.16 | 0.11 | 47.25
1232 | erfaFh ] 8.91 | 0.10 | 4.94 | 3.06 | 0.34 | 0.73 | 0.01 | 0.42 | 0.04 |70.18 | 0.04 | 11.23 | 0.13 | 4.19
—E TFE 8.41 | 0.17 | 3.65 | 3.66 | 0.50 | 0.29 | 0.02 | 0.38 | 0.03 | 68.96| 0.03 | 13.90 | 0.12 | 12.61
I YA 7.14 | 0.90 | 2.99 | 3.19 | 0.87 | 0.16 | 0.86 | 0.33 | 0.05 | 71.11 | 0.04 | 12.37 | 0.10 | 19.74
WAKITA | KRS 40b 4| 9.80 | 0.07 | 0.46 | 3.29 | 0.22 | 1.20 | 0.01 | 0.44 | 0.01 |67.15| 0.02 | 17.33 | 0.15 | 2.74
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Fig. 5 The trace elements/UCC spider diagram of the

second member of Chengjiang Fm.

Chengjiang Formation profile in Jile, Kaiyang
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250k -=-JZ4 ——JZ11 JZ12 —-«UCC 10 sla/Yb w«La/Sm = L/H
—o—J7Z22 ——JZ25 —=-JZ32
KA BILA
};LZOO ~* Yangshui Fm. Chengjiang Fm.
K __ BIT4-B
#150 first member of Chengjiang Fm.
& BILH— B
o= Look second member of Chengjiang Fm.
i EAKILA
Qingshuijiang Fm.
50 [ 0
..... Bk 0Z4 JZ11 JZ12 BT JZ22 V225 1732 B4 }ﬁﬂ EK Ucc
0 4 —BR —B 4 14

La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

(&l 6 St FHAR S V8 V20 BT - T 3R BRI A
PRIEALIC /A
Fig. 6 The chondrite normalized REE distribution patterns of
the Chengjiang Formation profile in Jile, Kaiyang, Guizhou

JEFENTHH La/Yb #1 L/H {H:Z #108/)N , REE /3572
JEBWIN , A T BRI ; La/Sm 2B 4L
ANK, KL B A A VLA 0+ S R
HHEAK(ET)
dCe F1 8Eu A LA Jz BRITAR B oy KA ) S A —

JEARZ5 ( Shields and Stille, 2001 ; F=HE4E, 2018) ,{H
WA VE AT IS Ce B8 H , 2530 8Ce 55 SEu
HA BRI TE, 8Ce 5 SREE HA #5414 1E 4
Ko MMILTFE, VLIRS 8Ce 5 SEu M AH XM
#,8Ce 5 SREE A4 W & (ARG | 33wl 156 B I3
FE S 28 3 04 ) A T 55, X 32 91T B (T RR
AN, Alibo 25(1999) A K24 8Ce>1 B 8Eu
<1 I KRR s 24 8Ce<] B SEu>1 MR K48
Ji, PBITA Y 8Ce fHI% JZ11 4 0.99 /NF 1 4h, H
REIKT 1, FIEE SEu E¥/NT 1, Ui B /K4 2 46 b
W (R 3),

4 HHE

4.1 RS
MRXBUABERZKEEZHET CERT
iﬁ%ﬂl&kwmxﬁfﬁ , AR ARTORR (X e A
1966) . BUa DL LL e o5 o & 3 A
T@%ﬂ%@ RN T = <ol L i A N RN
L HTE R E)Z IR AR, T REACER T KA
T H B B PR RRCIR 2 B 8 B K AR g
T T AR LT (A DS JE My b 5 T IR YG )R IR &R 1,
SR I O UL KR E— A . B B
e LR S (A S B Rb A — b A o A
BB IR 22 AR TR, HR AR

[ 7 St PHAR SR V8 T 2H F i - 03 o S AR
Fig. 7 The REE differentiation degree of the Chengjiang

Formation profile in Jile, Kaiyang, Guizhou

ARG TE B IR, 2 I TTOAR X H B e R ) R R T %
SOITE] S BB B 235 4% M kR £ 0T ), R AR R L 7R
, ’ﬁ7kﬁiiiﬁiﬁﬂﬁ%%qﬂﬁ;mﬂﬁiﬁ$ﬂ EJl‘l%‘ﬂﬁ
ﬁﬂ%l;n, 2017) 5 HRHE K S (5 4 05 T 40 b v g
THEEZ KPEZMER ,J%?ﬂdﬁﬁxﬁif‘,

7J<5JJJ'J$5?§5 55 AT R P VTR A AR
JBRA A B R T MBS ; T
20T WLERAR S e A, JE T IR 8 Rl AR DT
4.2 HHEE

VEIT2H T 30 RE S Y Sr/Ba {E/N T 0.2 (i AH A
FRAEL) , A 30 AF 1E & DT R BUF 51, K/Na B
FH AT B G K KRR BE & -, FEDTRR
12 BB BT /0 kg 2 4 AR /N 1 i s 1 (]
3h, i), MERBEZIG, I KE KGR, St/Ba
fHRTF 0.35, ETALIE AR BIZS #5304 165 BBy
B, HOKRERBEHESE LI s Bk ik, BELLTE
WA B, BUE R R READTAR , 2 5 A B IR
G HLUTRRBY Bt , KA SR BB TR AR
4.3 SLUEERE

GEER AT SE R, BILA T A2 B2
HAMES Fe,0, B4, LEFEEERKEOAE
AACERBYA FEA . HTh /UYRT 2,V/Cr
H/NF2,8Ce KF 1,8Eu ¥/NF 1, WRREILH
TN EALIREE , (B R IR G (802 e B2
T OO TS A BT A 55 I S — 55 A
GOKMIB B, KR A5 20, A aRs
g1 8y, TR RO bl UE AR JE 7E XA iZ i R D Fe™
YA IS TE K Fe, 0,0 HIRIK I 45 72 /b Bsf 7K A i
B, 7E UURL B P AR 55 38 B IR BT, Fe'™ 8 J K,
Fe™ , A A W6 sh i 4, A HLEHE AT H
FERE KRG, fEEA—R R, R’ AW #k
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H,S IR JF A Fe™ JE BB BRAT , V3 48 A1 76 559 38 J5 R 1T
TR ERBIE I, ZEX M B rh B 152 3] FesS,
22 A T R S e 5 Bl DR S A R O B a5
(Planavsky et al. , 2010) , AT I B0 JE —H b
JE AR BB
4.4 HERE

RS X VLZH 1y S B B 5 R GA O (GBI
21 ) 0 KA s ] K BH S A (6] (R 3, 1995) . #
i Sr/Cu [HAL KR ZEKT 10, Ui B VLI 8 T 5
R SR IR AAE 32 I 0 AR BRI
FEEERE RO AW R R AR SRR,

4.5 YIREKESH

VLA A A B O NG 0 R o B S REE
YR T R 2T KA CFTLRE) MOdRAE . Hfk
HILRMEC B o R E E£/-RES uce
FIE KT 2H B S AR DL, 7 VT4 AR ) ke TR AT RE
THKITAL, H ALO,/SiO, (H/NTF 0.15, 58 F 4
RIK AP T | SRR TS 00 iR B3 v, Uk
BITHDIB S TREKEE s, Tio, & &
H NI 2R )N 16 B i AL 45 2 i s/ i
KRB FRAITCR M, kBRI S 2 8 LA
FEWENE T, BEE DO SETT, B U5 AR 8 76 5
w /b E AR AR KL RS T BT A TP A
FERERL 5T A BRE T D e KA s e
W5 A& ZE 0, BB X XA,

PUBLA H TiO, , Se, Nb, Hf Fll Zr K&K H b
JRIX ,A1,Ti, Fe, Mg, Cu,Zn,Ni,Rb,Nb, V, Cr % 7T
R BB R Z IR« TT R AR BE P
F BEAAFAE AR 0% il Y54 8 v 3 SRS SRR TR
FRI B R B i A o T 2 Ll 8 T8 DO AR 4 o XU AE R
1%, EA DX F Bl IR DR b BR AL 22 FRE . Leo 55
(2002) ¥tk % ZUTRYIRY K,0—Rb 1EE Ay HAT
A BRI B T, I K, O/ Rb i 2 ol XL R AN
s XUAL TR A ERAE T 75 K,O/Rb {E & 5 & kil &
ERRUTR s 28 Dy it K S ARAE R TR ) Ay S 7Y
#1IE (Plank and Langmuir, 1998) .

ME 8 vl F i, BT X i VAL ) Y K,0/Rb
{EAK T UCC, PATH0 S 1) S 308 422 30 320 i sl /N, e Wl 114
FAFNH S ARG B TR £ 1 H K,0/Rb B
HA BAAEE (R =0.8436) , Ui I 1T 44 W5
L4 SIEK T AR, BUE E ok HIEKILA , Bl
H ORI T, K BT AW &, e 5 B
R B A A G T VLA TR (JZ4) K,0/Rb
BNV A LT X (L 8) , 2z i v v 2 5 ok

LTI (I 3g) | BTRIE B 1 VT 2L 0145 L e
H% 1,

6
P K AL ////
Q
—~ 4 .
X % o~
S, " oo oMKIIH
o - (o]
M 3 vee & -

(¢}

2 JZ4 / R*=0.8436

A e K Y
- /Zékéﬂ
0 T | T | T T T T T T T
30 60 90 120 150 180

Rb (ngle)
8 S IF IR 38T AL BT K, O— R 147
Fig. 8 The K,0—Rb diagram of the Chengjiang Formation
profile in Jile, Kaiyang, Guizhou

PRI 2 W9 Hh D 5 P B2 RO 3 1 S R AR 2 1Y
— 3 A B PSR ZUZ MR Th Se La Zr Hf %538
AICERMRE EFE W s XS REFEATTR
Z 18] 1) = 7 BT fifk >F 40 W7 2 1) e BT R A 3 R
(Lee, 2009) ,

INEL 9 HR] Y B TAAE S BEURAE E A A
FHOR H KRR AN Sh R S iy Esthre b gty
ZUURRY) . H AR AE v h il 7 h AR Y DA A
KOs , Ko b re i, 518 KA 2 F—
B i I VLAY Bk P AT RE 2 R VRS B B
Hue T VAL ME AU Al BEA Ok A BT L
o (AER ) BUREIE A1
4.6 EBIHAEBREREXREYD

WE9E VLA EARHE)ZE 52 B R VEK A R IR &
B EEE 200, 2T AT, BELL eI fE
TERUE B B W0, 532 A T T B BE T i 22 3
PRI BA B ROC R (R B 45, 2015 EREMS 4,
2016; X # f 4%, 2019; Zhang Yaguan et al.,
2019) . ZEEHFEHBT (R SE, 2010) , BELLIE
ST BH 3 DR DA Y0 St 2, 00 BT R LU B 9T, 8
e RN E AR AR 40 099 BT an 4aab s b AR
Ve LAY | 7 26 AT 1, T LA, LA i
(RAZH, 2000) o TEJ2 H T VLI SHI7E 8 vty it )
SUUBUR B BE 3 K B U Vb e it |, R Jis R i b
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La Th Th
’
ACM+PM E w i
Th (a) Sc Sc @ (b) Zr/10 Hf ©) Co

x —UCC +— ¥ /K4 (Yangshui Formation) = —V& VT #H(Chengjiang Formation) 4 —¥%5 /K{L Z1(Qiangshuijiang Formation)

(&1 9 5t FF PR A T V20 #9012 0 W — A IR
Fig. 9 Original rock judgment triangular diagram of the Chengjiang Formation profile in Jile, Kaiyang, Guizhou
(a) La—Th—Sc =JCHEf#; (b) Th—Se—Zr/10 =1 I (OTA—K 9K, CIA—KK & 9K, ACM—IF 3 Kbl %, PM—# 3h kbl i1
%) (Bhatia and Mukul, 1983) ; (¢) Th—Hf—Co =JUIEIff (A—KIEFLK I, B—IUA[ el & ], C—A3ea[ il ], D—
KAWE sehima ], E—2ma [ HK]) (i Wood, 1979)
(a) La—Th—Sc ternary diagram; (b) Th—Sc—Z71/10 triangular diagram ( OIA—oceanic arc, CIA—continental arc, ACM—active continental
margin, PM—passive continental margin) ( Bhatia and Mukul, 1983); (c¢) Th—Hf—Co ternary diagram ( A—felsic volcanic rock, B—shale

[ cratonic basin], C—quartzite [ cratonic basin], D—arkose [ cratonic basin], E—graywacke [ island arc]) (from Wood, 1979)
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5 458
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FRIK KA AT 2 8, SR WA DTRL R & g
KRGt URAE IR, A RIS

(2) W5 X P T WA W ok R vl BE 2 75 1 1
RIEARITA, DU R 5 R Iy S R 85,
IKAARER B [ LB S T e B R AR, A
NEACIREE,

(3) BEULE BT A IR R v el it |, o s I
LLITE IR S TG s B 4 W 40 39 P B 455 B e Sy, PV
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Paleo-environmental evolution of the Chengjiang Formation, Nanhuan System,

in Kaiyang area, Central Guizhou, and its significance

WU Wenming" >* | XU Shilin", YANG Ruidong" , WANG Zepeng™ > , LIU Jianzhong™* | LIU Song” ,
WANG Dafu” , WU Xiaohong” , WAN Daxue® , PAN Qiquan® , ZHANG Cheng”’
1) College of Resource and Environmental Engineering, Guizhou University, Guiyang, 550025;

2) 105 Geological Team, Bureau of Geology and Mineral Exploration and Development Guizhouw Province, Guiyang, 550018;

3) Engineering Technology Innovation Center of Mineral Resources Explorations in Bedrock Zones ,

Minisiry of Natural Resources, Guiyang, 550081 ;

4) Bureau of Geology and Mineral Exploration and Development Guizhou Province, Guiyang, 550001

Objectives: Objectives: This study aimed to ascertain the sedimentary environmental evolution process and

material source of the Chengjiang Formation, Nanhuan System( = Cryogenian System) , in Jile, Kaiyang County,

Central Guizhou Province.

Methods: A detailed field investigation was conducted on the profile of the Chengjiang Formation profile of

Nanhuan System, in Jile, Kaiyang. The sedimentology, mineralogy and geochemical characteristics of major, trace

and rare earth elements was used.
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Results: The SiO, contents of the samples from the Chengjiang Formation ranged from 65. 56% to 78.45%,
with an mean of 71. 11%. The lithology of this formation is mostly quartz lithic sandstone based on the results of
rock—mineral identification. lts ratio of Al,O; to SiO, and TiO, contents showed a gradually decreasing trend from
the bottom to the top for the whole profile. The average of Sr/Cu ratio was 13. 15, showing a dry and hot climate.
The major parameters for sedimentary environment (e. g., Th /U>2, V/Cr<2, 6Ce>1, 6Eu<l, U/Th>1)
indicating that the environment in which the Chengjiang Formation was formed was an oxidizing environment. The
concentrations of X REE in rock samples ranged from 152. 28 to 266. 23 pg/g, indicating that the enrichment of
light rare earth elements and the loss of heavy rare earth elements. Further, its distribution patterns are consistent
with those of the Qingshuijiang Formation ( Qingbaikou System).

Conclusions: The horizontal stratification of the Chengjiang Formation indicates the water body in the
sedimentary area is relatively quiet, and the complete set of rock formations of the Chenjiang Formation is generally
lacustrine. From early stage to late stage, the water depth changes from deep to shallow, and then to the late stage,
the sedimentary environment of the Chenjing Formation becomes a shoal environment. The sedimentary materials
may come from the Qingshuijiang Formation, Qingbaikou System. The climate during the deposition was dry and
hot. The salinity of the water continued to rise from early to late stage, and the overall environment was oxidized.
The thick sediment formation in the Chengjiang age provided the material basis for the formation of the barrier-free
shoal and gentle slope facies environment in the Doushantuo age.

Keywords: Central Guizhou; Chengjiang Formation, Nanhuan System ( Cryogenian System ) ; sedimentary
environment; material source
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