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Enrichment regularity and resource potential of medium and heavy rare
earth elements in Shifang-type phosphorite deposits, Sichuan: A case
study of Qingping phosphorite deposit in Mianzhu
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Abstract: Shifang-type phosphorite deposit is an important type of phosphorite deposit in China, which is charac-
terized by large scale, high phosphorus grade, and enrichment in rare earth elements (REEs). However, the
enrichment regularity and resource potential of REEs in this type of deposit are not studied in detail. This study
takes the typical Shifang-type phosphorite deposit in Mianzhu, Sichuan Province, as the research object. Based on
field geological investigation, the distribution and enrichment characteristics of REEs in the deposit are explored

through microscopic petrographic observation, scanning electron microscope/energy disperse spectroscopy imaging,
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and whole-rock geochemical analysis for the phosphorus-bearing layers (phosphorite layer, dark grey and maroon
S-P-Al-Sr-rich layers) and their roof and floor rocks (dolomite) in the mining area. In turn, the potential resource
of REEs in Shifang-type phosphorite deposits in Sichuan Province is discussed. The results showed that the total
REEs (La-Lu+Y) contents in the roof and floor dolomites of the phosphorus-bearing layers are very low (13.6X107°
on average), the REEs contents in the phosphorite are medium (280. 0x107° on average), while the REEs contents
in the S-P-Al-Sr-rich layers are extremely high (2 053.9%10™° on average), especially the maroon S-P-Al-Sr-rich
layer (up to 3 257.2x10°°). Together with previously published REEs content data from adjacent phosphorite de-
posit, the average REEs content in S-P-Al-Sr-rich layers in the Shifang-type phosphorite deposits in Sichuan Prov-
ince is 2 259.4x10°° with the maximum up to 3 286. 8x10°°, of which the average concentration of medium and
heavy REEs (Sm~Lu+Y) is 1 276.9x107° with the maximum up to 2 213. 0x107°, accounting for 55. 1% of the
total REEs. REEs contents in the Shifang-type phosphorite deposits in Sichuan Province are much higher than those
in ion adsorption-type REEs deposits in southern China, Zhijin REEs-bearing phosphorite deposit, and REEs-rich
deep-sea sediments. According to preliminary estimates, the total potential REEs resources associated with the Shi-
fang-type phosphorite deposits in Sichuan Province can reach 252 000 tons, 156 000 tons of which are medium and
heavy REEs. The potential medium and heavy REEs resources in the S-P-Al-Sr-rich layer alone can reach 96 000
tons. Therefore, the Shifang-type phosphorite deposits in Sichuan Province have important economic and social val-
ue, and the development and utilization of REEs in these deposits are expected to alleviate the current shortage of
medium and heavy REEs in China.
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Fig. 1 Geological structural sketch map of Mountain Longmen (after He Tianquan, 2021; Li Zhiwu et al. , 2021)
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Fig. 2 Distribution map of phosphorite deposits in the middle section of Mountain Longmen (a, after He Tianquan, 2021,
2022) and geological map of Yanziyan ore section of the Qingping phosphorite ore deposit (b, after Sichuan Provincial Institute
of Chemical Geological Exploration, 2012)
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1—Triassic strata; 2—Permian strata; 3—Lower Carboniferous strata; 4—Upper Devonian strata; 5—Shawozi Formation ( phosphorus-bearing
section) ; 6—Guanwushan Formation; 7—Lower Silurian strata; 8—Silurian strata; 9—Middle Ordovician strata; 10—Lower Cambrian strata;
11—CQiongzhusi Formation; 12—Sinian strata; 13—Guanyinya Formation; 14—Middle Proterozoic Huangshuihe Group; 15—]ingningian granite ;
16—]Jingningian granodiorite; 17—Caledonian diabase; 18—major fault and corresponding number; 19—secondary fault; 20—observed and inferred
geological boundaries; 21—depositional unconformable boundary; 22—Shifang-type phosphorite deposit; 23—Qingping-type phosphorite deposit;
24—Doutizi-type phosphorite deposit
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Fig. 3  Photographs of wall rocks of the Qingping phosphorite deposit
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a~c—dolomite of the roof layer; d~f—dolomite of the floor layer; a, d—underground outcrop; b, e—hand specimen; ¢, f—photomicrograph

(‘cross-polarized light) ; Dol—dolomite
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Fig. 4 Field photographs, scan photographs of thin sections, and BSE images of ores from the Qingping phosphorite deposit
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a, d, g—underground outcrop; b, e, h—scan photograph of thin section; c, f, i—BSE ( backscattered electron) images; a~c—dark gray S-P-Al-
Sr-rich layer; d~f—maroon S-P-Al-Sr-rich layer; g~ i—phosphorite layer; Sp—S-P-Al-Sr-rich colloidal grain; Py—pyrite; Clh—collophanite;
Zr—rzircon; Hem—hematite; Rt—rutile; Cm—clay mineral
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Table 1 Analytical results of major elements of ores and wall rocks from the Qingping phosphorite deposit
=227 ke Si0, AlL,0; TFe,0; MgO CaO Na,O K,0 MnO TiO, P,05 HeZkh F&  FeO CaO/P,0;
22QPCM11-1 Tk 2.33 0.66 0.43 20.80 29.60 <0.01 0.20 0.03 0.03 0.14 45.68 99.91 0.36  211.43
22QPCM12-1 Hz%  0.87 0.33 0.50 21.20 30.20 <0.01 0.12 0.03 0.03 0.04 46.71 100.02 0.41  755.00
22QPCM11-4 1.26 3.40 0.67 0.12 45.80 0.06 0.15 0.08 0.08 38.60 3.84 94.05 0.51 1.19
22QPCM11-6 1.59 1.07 0.43 0.24 47.80 0.08 0.22 0.06 0.06 38.50 4.89 94.93 0.35 1.24
22QPCM12-2 Bt 5.37 5.61 4.07 1.26 39.20 0.06 0.44 0.19 0.19 32.30 8.35 97.04 1.01 1.21
22QPCM12-3 2.62 2.78 0.36 0.17 45.80 0.09 0.37 0.15 0.15 38.40 3.22 94.11 0.29 1.19
22QPCM12-4 4.84 3.97 0.41 0.16 43.80 0.08 0.70 0.13 0.13 3570 4.16 94.08 0.34 1.23
22QPCM12-5 5.98 4.27 1.09 0.27 42.80 0.11 0.89 0.16 0.16 34.30 4.92 94.94 0.35 1.25
24QP-1 9.64 24.33 21.49 0.22 3.97 0.24 0.64 <0.01 1.18 12.19 22.09 95.99 0.33
24QP-2 . 0.85 30.09 7.42 0.21 5.39 0.22 0.08 <0.01 0.88 20.38 22.63 88.15 0.26
24QP-3 %"“ﬁﬁ 1.40 20.94 25.49 0.19 4.05 0.23 0.22 <0.01 0.83 14.22 25.21 92.78 0.28
22QPCM11-2 24.10 32.40 7.18 0.38 2.06 0.02 0.27 1.60 1.60 7.96 19.15 96.70 1.01 0.26
22QPCM11-3(41) 13.20 43.20 14.40 0.29 1.80 <0.01 0.08 1.89 1.89 6.10 16.59 99.44 8.89 0.30
22QPCM11-5 JRAR 0.64 0.18 0.27 21.50 29.90 <0.01 0.01 0.01 0.01 0.13 47.09 99.73 0.21  230.00
22QPCM12-6 FI=#  0.56 0.14 0.46 19.30 32.30 <0.01 0.02 0.02 0.02 1.33 45.75 99.89 0.40 24.29

VETFe,0, Fom 28k,
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Fig. 5 Diagram of whole-rock compositions for ores and wall
rocks of the Qingping phosphorite deposit
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R (SREY FH4 4 13. 6x107°) , K T 158 F 4 {H
(125 x10°°; Rudnick and Gao,2003) ; i# ¥ & + ¢
Eoa AR (SREY B8 280. 0x 107, & A
690.0x10°°) & 72 I 2. 2 15 (&K 5.5
i) T E - R AR R R A AR S Lot R B
(SREY P17 2 053. 9x10°°) , /& M55 7 H{H 1Y
16. 4 5 (P46 21 65 i -0 -45-50)2 SREY &b
3257.2x10°°, S F-HIEP 26 %) . (EFHEER
s E -2 P R b E S 0 E (MREE +
HREE,HREE 1 & U & Y, A 45 Sc) ¥ H
1 089.6x10 °(Fx N 1 775.2x10°%) , M% T Hi 7% F
PIE (37%x10°°; Rudnick and Gao, 2003) & £ 513k 29
(e B4 S0 %), Hoh Y it i ik 1 215
107, B2 F349{H (19x10°°, Rudnick and Gao, 2003)

wy/ %

Table 2 Analytical results of rare earth elements of ores and wall rocks from the Shifang-type phosphorite deposits
in Sichuan Province

WX FeI K e La Ce Pr Nd Sm Fu Gd Th Dy Ho Er

22QPCM11-1 TR 29 48 07 29 06 01 05 01 05 01 03

22QPCM12-1 H=%s 20 3.4 04 1.6 03 01 03 01 03 01 02

22QPCM11-4 24.4 19.2 4.8 21.3 57 1.7 59 1.4 85 23 6.8

22QPCM11-6 17.5 13.6 3.3 147 3.0 0.7 30 0.6 3.6 0.9 26

22QPCM12-2 . 77.5 48.4 17.9 742 145 3.7 17.2 3.8 260 7.4 20.9

220PCM12-3 55.6  41.3 10.4 450 82 20 83 1.8 1.2 25 1.9

22QPCM12-4 28.2 245 52 229 43 1.0 42 0.8 51 1.2 3.5

BT A 22QPCM12-5 29.7 27.7 5.8 246 46 1.1 51 09 53 1.2 3.6

24QP-1 287.0 263.0 58.9 249.0 43.0 5.0 544 20.9 96.2 19.1 53.7

240QP-2 . 333.0 216.0 62.9 265.0 442 6.0 51.6 20.7 952 17.5 50.1

240QP-3 Zﬁg’g 207.0 148.0 36.2 133.0 25.0 2.3 30.4 10.0 50.8 10.1 30.1

22QPCM11-2 388.0 264.0 79.3 349.0 65.3 15.1 64.3 13.3 755 18.8 52.9

22QPCM11-3(41) 527.0 364.0 109.0 482.0 97.1 20.7 97.2 19.4 112.0 29.5 80.8

22Q0PCM11-5 MR 25 1.9 0.5 22 05 01 04 01 05 01 04

22QPCM12-6 M=% 1.8 1.5 0.3 1.4 03 01 03 01 03 01 0.2

i IR, JHO2 - - 383.0 250.0 76.8 364.0 71.7 16.8 116.0 20.4 146.0 41.6 118.0
2015 FR-H
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Continued Table 2

X A 5 Ak Tm Yb Lu Y Lay/Yby LREE MREE HREE LREE/HREE
22QPCM11-1 ThAR 0.1 0.3 0.0 4.2 0.8 11.3 1.8 5.1 0.5
220PCM12-1 Hz=% 0.0 0.2 0.0 1.8 1.2 7.4 1.1 2.3 0.3
220PCM11-4 1.1 5.7 0.9 120.0 0.4 69.7 23.2 136.7 2.0
22QPCM11-6 0.4 2.3 0.3 40.8 0.8 49.1 10.9 47.2 1.0
22QPCM12-2 —_—_— 3.1 17.0 2.4 357.0 0.4 218.0 65.1 407.8 1.9
220PCM12-3 Sl 1.2 6.8 1.1 117.0 0.8 152.3 31.5 136.4 0.9
220PCM12-4 0.6 3.2 0.5 56.5 0.8 8.8 153 65.4 0.8
W AL 22QPCM12-5 0.6 3.3 0.5 56.3 0.9 87.8 17.0 65.5 0.7
240QP-1 7.6 415 6.5 727.0 0.7 857.9 219.4 855.4 1.0
240QP-2 o 7.1  37.3 6.0 553.0 0.9 876.9 217.7 670.9 0.8
240QP-3 Z@Eﬁ 4.0 23.4 4.0 346.0 0.9 524.2 118.5 417.6 0.8
22QPCM11-2 TP 88 475 6.1 806.0 0.8 1080.3 233.5 940.1 0.9
22QPCM11-3(4T) 13.9  80.4 9.2 12150 0.6 1482.0 346.4 1428.8 1.0
220PCM11-5 MR 0.1 0.3 0.1 5.9 0.7 7.1 1.6 6.8 1.0
22QPCM12-6 H=% 0.0 0.2 0.0 3.2 0.9 5.0 1.0 3.7 0.7
T ai’?i%’ JHO2 ‘fﬁ;ﬁ 17.2 106.0 13.3 1546.0 1073.8 370.9 1842.1 1.7
K kB o) e SREY LREE/SREY (M')‘E;IE{SLE)/ REY,0,/% }l(fl{\dn[:iiz())j;;
220PCM11-1 ThAR 18.2 0. 620 0. 380
22QPCM12-1 By 10.7 0. 689 0.311
220PCM11-4 229.6 0. 304 0. 696 0.03 0.02
22Q0PCM11-6 107.2 0. 458 0. 542 0.01 0.01
22QPCM12-2 N\ 690.9 0.316 0. 684 0.08 0. 06
[ W
220PCM12-3 320.2 0. 476 0.524 0.04 0.02
220PCM12-4 161.5 0. 500 0. 500 0.02 0.01
e 27 T 22QPCM12-5 170.3 0.515 0. 485 0.02 0. 01
24QP-1 1932.7 0. 444 0.556 0.23 0.13
240QP-2 o 1765.5 0. 497 0. 503 0.21 0.11
240QP-3 B - 1 060.2 0. 494 0. 506 0.13 0.07
22QPCM11-2 2253.9 0. 479 0.521 0.27 0.14
22QPCMI11-3(4L) 3257.2 0. 455 0. 545 0.39 0.22
22Q0PCM11-5 MR 15.6 0. 457 0.543
22QPCM12-6 Haz# 9.7 0.516 0.484
i F’i’?}f’ JHO2 fﬁﬁ,ﬁ%{é 3286. 8 0.327 0. 673 0. 40 0.27

1 “N” FRdbZE T4 (McLennan, 1989) #riEAL{E ; HREE {35 Y JT&

EE 4, GAM AN D EEST KD E
B -B- AR -E 2 BAR 100 R & = AT A AL RA SR
(2R 2) , PIBAR B AT TR B IR B B il-40 502
M 0K (SREY) &R 2 259. 4 x107°($x
ik 3 286.8x10°°)  f e (A B 4 18 £ (e
ik 26 %), HM IR FE N 1 276.9x107°
(Ferih 2 213.0x10°°) |, B 52 - 3 {8 5 4E 35 fi%
(Fem BARIR 60 %), Ho Y (5 1 546. 0x107°) &
LT R Ik 81 £,

IR AN [ 5 B )2 50 R TO0 VAR Bl v 7

SERALE Se; SREY AR ZE Pm JtESMY 14 MR ITEIN L Y JTE,

ST LA AR B s T R T £
R FEEE T m--40-50)2 UL RS 40645 -
BE-ER-EE) P,k ER TR (F YY) ERAM T
FEH b BRIk 550 1%, o Y (5 BILEHE &
36.9% (& 7b) , BLAN, WFESHR L0 R & 50
FRITRTEMMALEE, & () AT ALO, (E
8a) Fl TiO,( [ 8b) & it 5 Lo R & it A4 IEAH
Ktk B (87) AP AL O, F1 TiO, i, # &R
SR S 20 PO, (I 8c) Al CaO (I
8d) F i 5 TR BN (E 8¢ .8d) .
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Fig. 6 North American Shale Composite-normalized REE
patterns ( North American Shale Composite data after McLen-
nan, 1989) for ores and wall rocks of the Qingping phosphor-
ite deposit

4.2 ABNEEE ARRITIRE S

CAM &I, DU BEFR $h ™ IR hid 3 £ A4
mHG L e R S, AR RS TIREAR K
B AR BRI, Emsbo %5 (2015) %3 F 23
MNEHCE T RITRR e R SRR, ZBlx
W IRPIARE RS b & S e &R, LR 4t
2, H ) X S g R A BB R TR
R R 1 (JUHIE EH M oo E) R 4
) [ 1, 3% B HLAT B8 4 5 s T e R v 53N

LB AU AT BBl PR b 29 A 458 5 1
TIuER (BREHSE, 20105 BRiGESE, 2019), ANy
JIEIR PO AR A R v ) e - -4 -2 b A
A B TR S BT 2 259. 4x107°( % 2) ,
T RN B P A 0 o0 R (P SREY =
1 471x107%; Wu et al. , 2022) AR B 10 FfFR0F4 +
W (F SREY =1 104. 6x10°°; Bao and Zhao, 2008)
(#19), BEAh, Kato 55 (2011) WF5E R BRI DU n]
A AR R R 1 i (5 SREY 15k 2 223x10°°)
PR TA A R DO AR 1 2 A EL Vs ) s 1 R, (LS
B A 5T K B RS- 78 AN SRR (B 55 TR
SEFER R HBIX ) 5 2 037 PR TR AL N R
i 2 000107 MAA 4 {4, kit 1 000x107°
WAAT 102 (15 5% ) , X S AR X # e
PRHEA 19HE + & s i ik T 40 R 280 W H IR
MU (K1 9) |, TE(EAR—HR A2 0O )1 AT TR
RIGH & TR AR Gy oh A+ (& 7b) , B ik
FLIFRFI M E

DA BBl v K ) 2 30 A 3 2 2R
WLk A, ZEfHIL 50 km (22 0p B 55, 2021) , s
R R T 340, B sE KT 6 000 J7 1
(PO B TH R A B, 2012) , 4% M8 & B - -40-
BEP A Lo RS (REY,0, =0. 27%),
MREE,0,+HREE,0, = 0. 16%, % 2), ¥ fiE &
Wit - - AR - B E TP TER L (REYO) &N 16.2 71
W e EE A PRI 9. 67 M FRAR W U
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Fig. 7 Column chart of average REE contents in ore and wall rocks in Qingping phosphorite deposit (a) and proportion column

diagram of individual REE in total REEs in S-P-Al-Sr-enriched layer of the Shifang-type phosphorite deposits (b)
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Fig. 9 North American Shale Composite-normalized REE
patterns for different REE deposits or REE-rich geological unit
JL T 78 McLennan (1989) 5 PUJIA AR R B K F 3 2, 41
SRR B [ Wu et al. (2022) ; £ T W P BUAS + 07 Bodfi ke 11
Bao and Zhao(2008) ; i i - IR HE TR (KHT1-5-12-3 5 R 1
AT, Ay 78 SR F 1T T L 0 3R V24 3 ek e 4 ) T ) A ok

H Kato et al. (2011)

values of North American Shale Composite are from McLennan
(1989) ; data of Shifang-type phosphorite deposits are from Table 2;
data of Zhijin phosphorite deposit are from Wu et al. (2022) ; data of
ion adsorption-type REE deposits in southern China are from Bao and
Zhao (2008) ; data of REE-rich deep-sea sediments ( site KH71-5-12-
3, which has the maximum average REEs contents among 78 sample-

collecting sites) are from Kato et al. (2011)
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