202342 A R M fE COVECI B )
February, 2023 MINERAL DEPOSITS 42 (1): 157~169

XEHS: 0258-7106 (2023) 01-0157-13 Doi: 10. 16111/j. 0258-7106. 2023. 01. 010

At BELEFAAMAEXNL TR =ZRITEH
AF RS K EEVH

M AR, RERT A2 N L E ki k', GRS, T4
(1 ATy DXl SO 3 2 g, 30 JERE 0650005 2 W b S A J=y JB B SR VSR &5 & R A pul b JEEYG 065000
3 v [ TR g R A BBk Al 2E B A 0T 7T BT, WL AR 065000)

 E I REOS KA SHAREARBRAZ W LT —EH KT, AT EEA R A AR
B R aR A T DT SRS L R (1 B R A R, BRI AT A R R BRI AN B[R] S KUk
SERE SRR T R A S R B0 5k 0.0893% F1 0.0717% , 5 1l WA SE B R A i B A, 3
JeBEAL L KL RE i B0 L0 R SRR M0 0.0504% , 1 B 5 SE4RAE . i KL SE i e R A e K
Li &l T AL, it e R BRI B I e A oty KR v i) = D0 R 2 AW W AHAELE , T
Wt X HHRAT AT R RE T — A SRR OO R R LR R R R TORE s G SR e,
DAL A S TSI 3 0 b . L6 Il RUEae b =R e R I s SRR &5 T WA TE B
BE AR AT R B B DR R SE I B 1 22 I B4k

R MR I RS s =R R AR B AR AL

FESES:P618.7 MHEARERE A

Occurrence state and enrichment mechanism of rare earth, rare metal and rare
dispersed elements in paleo-weathering crust of Ordovician Majiagou
Formation, Hebei

YANG XinPeng', ZHANG YunQiang’, CHENG Zhou', YANG Rui', JI Hong', ZHANG Huan',
SHI GuangYao® and WANG JinGui'
(1 Hebei Institute of Regional Geological Survey, Langfang 065000, Hebei, China; 2 Natural Resources Comprehensive Survey
Center, China Geological Survey, Langfang 065000, Hebei, China; 3 Institute of Geophysical and Geochemical Exploration,
Chinese Academy of Geological Sciences, Langfang 065000, Hebei, China)

Abstract

The paleo-weathering crust, which is composed of iron claystone, aluminum claystone and allite, is general-
ly developed between Ordovician Majiagou Formation and Late Carboniferous Benxi Formation in Hebei
Province, and it has a typical coal-bauxite-iron structure from top to bottom. The LREE of samples from the pa-
leo-weathering crust of Shiling profile in eastern Hebei is 0.0893%, while Tongyiling profile in southern Hebei is
0.0717%, which are both exceed the cutoff grade of paleo-weathering crust type LREE ore. The LREE of samples

from the paleo-weathering crust of Meiyaoshan profile in northern Hebei is 0.0504%, also shows obvious enrich-
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ment characteristics. In addition, the content of Li in paleo-weathering crust exceeds the associated cutoff grade.

It is quantitatively analyzed that the mineral facies is the main occurrence state of rare earth, rare metal, and rare

dispersed elements in the paleo-weathering crust through separation test of elements, it is further confirmed that

those elements exist in clay minerals such as illite and kaolinite in the form of isomorphism, and minor amount

exist in independent minerals by XRD and EPMA. It can be concluded that the mineralization enrichment of

those elements have undergone multiple stages of evolution, including the formation stage of weathering crust,

the formation stage of aluminous rock series and the sedimentary compaction stage.

Key words: geochemistry, paleo-weathering crust, rare earth, rare metal and rare dispersed elements, occur-

rence state, enrichment mechanism
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Fig. 1 The distribution map of the paleo-weathering crust of Ordovician Majiagou Formation, Hebei

a. Eastern and Northern Hebei region; b. Southern Hebei region

1—Ordovician Majiagou Formation; 2—Carboniferous Benxi Formation; 3—Provincial Boundaries; 4—Coastline; 5—Paleo-weathering crust;

6—Sample locations

“IREFR-ERTAE R X ARRIR 1 S MRS AR T s A
W 2 A2 4E (Mameli et al., 2007; Calagari et
al., 2007; Kalaitzidis et al., 2010; 5K 1F A%, 2012)

2 FEARREE R iRk

AU TAE R SR R 1.0 m, B AR
SRSy IR IR A RE MRS FEA R HORAE . Bk
AT X FEATE AT AR ST AR AL A
DX I b B A A S0 & e . e ER R U
PR - X S HEEETE : 3 BT, AL 2% A Axios max
X BFERPOTEAX, 73R 25/ N T 2% ; ot K fi + 0T
F AT HL AR 5 25 B TR BRI (ICP-MS) I i |, AL
b X Serise 45 B T AL, M F bR 2=/ T
10% , IR X AR AR 22 /N T 5% 5 X S A S 4L
28N PAN alytical-EMPYREAN, $4 [ 4% Fi- ML,
MR TER H SR RIS & FE e e 2
TEER ALK, IR TS 4 B A SR
H1 L 7E 450~550°CHRE M IEIEA/NF 2.5 h, ASRBHIE

FIRBCE B TR BN ; fFHRET I Y AR S
A JEOL-EPMAR230, fill i# Hi & (Acc. Voltage) 15 kV,
I Current(A) 2x1075(A) (20 nA), FBE B 4% 1~10 pm
ANGE RRE PR N K A BT e A LT 2 ) , 4578
FZR B A 0.01 <1070, FRAERE i K 36 E SPLE bR
FE, BARIC R B : K-orthoclase (47 ) .Ca-calcite
(7 fif47) \Ti-rutile( 42147 ) Na Fl Si-Jadeite (B £ ) |
Mg-olivine (B £1 ) . Al-yttrium (4255 A1 #i A1) . Cr-
Chromite (488:W™) .Fe-#54kW" . Mn-rhodonite (34 7% #5
A1) Ba I S-H i £1 .Co-Co 4 J& HL5  Ga-fifi {5 .Rb-
IR K La- %L A  Ce-3UIbAT  Pr-#fL5S Nd-Fk
e Bu-5fb4H .Sm-Sm#f + e R R,

JCR BT BRI 3 A7 Ay v [ b TR
KM F=2i G R BRI T o KRR S A5 0 B 00, 43
SRS R R A TR, B 903 B AN TR AR S
TR =RMICER , IME R w4 RS T =#ioc
RIE s, T fe Ry, KA FREL5.000 g ik, i
A 50 mL £ 85 T KR EC L h, AR T #EA 714 , 1 g
JFVEE S U R IETR , B 45 2 100 mL A . B



160 o

H

H

=

2023 4F

150

B2 Al Wb a0 B RV AL TSy KA S B AMAE S A A R
a. AR AT T 5 AR TS 7 IRUAL A% 5 b. SR [R) S04 T 5290 A TO0 iy XU 5E 5 ¢ LU R AT 11 2 SR L TO0AE iy JAUAE 56 5 d. iy UL e IS R SR 41 (0 Bk
Bt e i RUESE A L3RR AR 2 f i KUk e R R e s
O,m— B8 K I ; PWC—ily KAk 5E

Fig. 2 Photos showing field outcrops and ore-bearing samples from the paleo-weathering crust of Ordovician Majiagou

Formation, Hebei

a. The paleo-weathering crust of Ordovician Majiagou Formation at Shiling in East Hebei; b. The paleo-weathering crust of Ordovician Majiagou

Formation at Tongyiling in south Hebei; c. The paleo-weathering crust of Ordovician Majiagou Formation at Meiyaoshan in north Hebei; d. Iron

claystone at the bottom of paleo-weathering crust; e. Allite at the middle-upper of paleo-weathering crust; e. Carbonaceous mudstone at the

upper of paleo-weathering crust

0O,m—Ordovician Majiagou Formation; PWC—Paleo-weathering crust
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Fig. 3 Geologic cross-section of the paleo-weathering crust of Ordovician Majiagou Formation, Hebei
a. The profile of Shiling; b. The profile of Tongyiling; c. The profile of Meiyaoshan
1—TIron claystone; 2—Iron and aluminum claystone; 3—Aluminum claystone; 4—Bauxite; 5—Carbonaceous mudstone; 6—Clayston; 7—Pebbly
sandstone; 8—Debris sandstone; 9—Limestone; 10—Paleo-weathering crust; 11—Ordovician Majiagou Formation; 12— Sampling stratum and

its number; 13—Parallel irregularities
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Table 1 Analytical results of major elements of the paleo-weathering crust of Ordovician Majiagou Formation

Fe 2tk B
SiO, ALO, Fe,O, FeO CaO MgO K,0 Na,O MnO P,O,
HX-1 o= 2.09 0.56 0.66 0.44 30.75 19.53 0.19 0.07 0.050 0.016
HX-2 BREL 36.3 32.50 13.89 0.38 0.20 0.27 0.44 0.04 0.150 0.521
HX-3 BRI 29.7 23.84 30.00 0.33 0.19 0.53 1.62 0.06 0.118 0.116
HX-4 FhA 48.6 16.55 15.57 0.30 2.08 2.11 0.81 0.39 0.194 1.020
HX-5 HRE A 13.9 3.86 68.49 0.19 0.11 0.18 0.60 0.06 0.804 0.333
HX-6 R 60.4 14.66 14.27 0.32 0.18 0.38 2.58 0.19 0.038 0.051
5-7 W 8.98 6.88 5.28 2.36 41.05 0.78 1.48 0.11 0.019 0. 040
5-6 BREL 34. 80 40.79 4.87 2.94 0.95 0. 61 3.62 0.52 0. 007 0. 085
5-5 [i2Y5ie ey 40. 90 36. 65 0.81 2.18 0.98 0.69 4.14 0. 69 0.002 0.120
5-4 Bt 14. 66 13.24 58. 1 1.79 0. 89 0.37 0.75 0.24 0.011 0.073
5-3 RN 27.96 47.29 6.09 1.97 0.76 0. 40 0.73 0.71 0. 004 0. 160
5-2 RN 19.26 60. 43 0.97 0.26 0.73 0.20 0.51 0. 54 0. 002 0. 081

AR 5-2~5-7 R EEE S | A TR B, 2018,
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ST E0R 0.0019% , i KUK 52 IS Bk T 26
B o0 R B R BN 0.0893%, 85 T K fksT
RUFG 0 E A7 (0.07%) , ke i+
R T on R BB R S E0R 0.0480%~0.0481%,
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Table 2 Analytical results of rare earth, rare metal and rare dispersed elements of samples from the paleo-weathering crust

on top of Ordovician Majiagou Formation

, _ w(B)/107
kS A SRR #
Y La Ce Pr Nd Sm Eu Gd Tb Dy
HX-1 KA 429 3.37 7.03 0.82 3.39 0.76 0.15 0.68 0.12 0.74
HX-2 BRI gL 29.8 99.8 468 29.2 119 20.7 3.15 13.6 1.55 7.01
HX-3 BRI gL Al 120 69.7 183 22.4 99.0 22.3 4.53 20.7 4.11 26.9
HX-4 Bt TR 350 908 188 214 827 144 415 116 162 8.0l
HX-5 iRliie TR 20.1 16.1 35.2 4.38 18.4 4.06 1.00 3.99 0.66 3.60
HX-6 RN 42.6 39.1 87.7 12.3 57.6 13.2 2.83 9.74 1.59 8.67
TY-1 = BOR & 6.43 5.93 13.2 1.91 8.24 1.76 0.32 1.40 0.22 1.14
TY-2 BRETRL 1A 138 146 282 27.7 111 27.1 5.15 233 4.41 27.6
TY-3 iRle TR R S 27.6 84.7 116 14.2 453 6.22 0.96 5.19 0.76 4.49
TY-4 BRER R 23.7 42.6 105 12.4 48.4 9.55 1.63 6.64 0.96 4.92
TY-5 TR ey 43.8 108 196 19.5 62.1 10.1 2.19 10.4 1.61 8.95
KL-1 TR 3.16 2.93 4.66 0.67 2.54 0.47 0.10 0.47 0.07 0.45
KL-2 BRI L 66.3 101 151 273 118 21.1 4.58 15.0 2.19 11.6
KL-3 BREREAE L E BAUAEEIL 398 76.2 135 16.4 61.6 10.2 2.26 8.87 139 7.72
KL-4 RN 5.36 5.40 243 1.54 6.05 1.41 0.28 1.15 0.19 1.12
KL-5 B 33.9 57.8 105 12.0 47.4 9.53 2.16 9.71 1.64 9.00
B w(B)/10°¢
M5 ik PR EA -
Ho Er Tm Yb Lu Li,O Ga > REE [Ce],0,4
HX-1 W 0.13 0.37 0.06 035 0.06 30.3 1.72 18.03 18.59
HX-2 (/30 nb =y 1.21 3.75 0.59 3.72 0.56 722 31.1 771.42 893.12
HX-3 [/ 35 ek =y A 5.20 14.9 2.44 15.4 226 351 29.6 492.51 479.79
HX-4 e ) 1.24 3.28 0.45 2.66 0.39 349 27.7 430.68 481.17
HX-5 B 0.63 1.67 0.25 1.48 0.23 353 7.33 91.62 94.69
HX-6 RN 1.52 4.24 0.65 3.98 0.60 56.4 20.3 243.72 254.22
TY-1 EPNY/Es: 0.19 0.50 0.07 0.42 0.07 17.9 1.47 35.35 37.50
TY-2 BRERTRRG 12 4.93 13.6 2.13 13.1 2.00 397 30.2 689.49 717.44
TY-3 FRBURE T HpE s 0.87 2.88 0.50 3.38 0.53 211 17.8 286.14 320.32
TY-4 BRERIRN 14 0.87 2.59 0.42 2.84 0.43 133 229 239.12 263.17
TY-5 Fta 1.60 425 0.62 3.67 0.55 69.7 22.1 429.36 477.41
KL-1 KA 0.09 0.26 0.04 0.25 0.04 10.8 1.20 13.04 13.59
KL-2 BRI+ A 2.17 6.18 0.92 5.45 0.85 324 31.9 467.40 504.39
KL-3 BREARES -4 BEduEAEIL 148 4.39 0.69 425 0.65 231 26.2 331.35 361.62
KL-4 RN 0.22 0.74 0.12 0.81 0.13 234 22.4 43.43 47.03
KL-5 B AT 1.45 3.37 0.42 221 0.30 724 17.0 261.68 279.74

1 1 [Ce],0, M f + 0 R A A s & 54
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Fig.4 Chondrite-normalized REE patterns of Ordovician

Majiagou Formation limestone and samples from the

paleo-weathering crust
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Fig. 5 XRD spectra of representative samples from the paleo-
weathering crust on top of Majiagou Formation

It—TIllite; C—XKaolinite; K—Montmorillonite; I/S—Mixture of Illite

and Kaolinite
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Table 4 Analytical results of occurrence state of rare

earth, rare metal and rare dispersed elements
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Fig. 6 X-ray energy spectrograms of representative samples

from the paleo-weathering crust on top of Majiagou Formation
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Table 4 Chemical composition of representative samples from the paleo-weathering crust on top of Majiagou Formation

measured by EPMA
w(B)/%
FE G : :
K,O Ca0 TiO, Na,0 Ga,0, MgO ALO;, SiO,
HX-2-1 0.131 0.262 1.525 0.038 0 0.143 37.18 43.331
HX-2-2 0.079 0.09 0.008 0.067 0.008 0.059 39.561 48.574
HX-2-3 0.299 0.059 0.027 0.067 0.035 0.08 39.477 48.756
HX-2-4 0.233 0.089 0.008 0.062 0 0.062 38.347 47.947
HX-2-5 0.063 0.066 0 0.052 0 0.035 39.148 48.264
HX-2-6 0.199 0.062 0.045 0.096 0 0.111 39.437 48.937
HX-2-7 0.423 0.127 0.046 0.06 0 0.073 38.9 48.884
HX-2-8 0.14 0.101 0.019 0.063 0 0.089 39.441 49.464
HX-2-9 0.402 0.071 0 0.059 0 0.12 39.035 48.454
HX-2-10 0.32 0.243 0.09 0.063 0.046 0.144 38.877 47.518
XKL-05-1 0.065 0.054 0.031 0.023 0.008 0.045 39.841 49.461
XKL-05-2 0.095 0.065 0.012 0.043 0.003 0.041 39.072 48.312
XKL-05-3 0.08 0.063 0.15 0.013 0 0.088 39.369 48.724
XKL-05-4 0.066 0.096 0 0.027 0.051 0.084 40.203 49.445
XKL-05-5 0.088 0.065 0.031 0.021 0 0.063 39.269 49.488
XKL-05-6 0.026 0.039 0.126 0.044 0.014 0.111 39.943 48.367
XKL-05-7 0.078 0.08 0.262 0.031 0.016 0.083 39.226 48.492
XKL-05-8 0.07 0.1 0.925 0.05 0.076 0.099 40.032 48.784
XKL-05-9 0.063 0.124 0.627 0.031 0.019 0.085 39.897 48.624
XKL-05-10 0.022 0.087 0.043 0.029 0 0.056 38.947 47.569
w(B)/%
BER \
La,0, Ce,0, Pr,0, Nd,0, Sm,0, Eu,0, FeO S
HX-2-1 0 0.187 0.009 0.057 0 0 0.461 83.324
HX-2-2 0 0 0.01 0 0 0 0.268 88.724
HX-2-3 0 0.027 0 0.034 0 0.112 0.347 89.32
HX-2-4 0 0.032 0 0 0.032 0 0.383 87.195
HX-2-5 0.035 0.003 0 0.014 0 0 0.57 88.25
HX-2-6 0.043 0.037 0.01 0.003 0 0.24 0.665 89.885
HX-2-7 0 0.052 0 0 0 0.304 0.335 89.204
HX-2-8 0 0.036 0.038 0 0.016 0 0.557 89.964
HX-2-9 0.004 0.016 0 0 0.032 0 0.463 88.656
HX-2-10 0.012 0.024 0.001 0.001 0 0 0.397 87.736
XKL-05-1 0.039 0.003 0 0.04 0 0.304 0.43 90.344
XKL-05-2 0 0 0.011 0.051 0.027 0.176 0.697 88.605
XKL-05-3 0.039 0.005 0.017 0.012 0 0 0.495 89.055
XKL-05-4 0 0.008 0.013 0 0 0 0.315 90.308
XKL-05-5 0.016 0.039 0.018 0.03 0.014 0.208 0.426 89.776
XKL-05-6 0 0.006 0 0 0 0 0.531 89.207
XKL-05-7 0 0.016 0 0.034 0.009 0.24 0.435 89.002
XKL-05-8 0 0 0 0.001 0 0 0.427 90.564
XKL-05-9 0 0 0 0.019 0 0.415 0.616 90.52
XKL-05-10 0.02 0.026 0 0 0 0 0.246 87.045
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Fig. 7  The profile structure of the paleo-weathering crust on top of Majiagou Formation and variation trend of ZLREE content

(The profile of bauxite in Shanxi after Sun et al., 2012)

1—Limestone; 2—Aurgillaceous siltstone; 3—Claystone; 4—Carbonaceous mudstone; 5—Aluminum claystone; 6—Iron claystone; 7—Bauxite;

8—Coal seam; 9—Paleo-weathering crust; 10—Ordovician Majiagou Formation
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Fig. 8 The relationship between the mean value of Y REE of
paleo-weathering crust and bedrock(data of Shiling and Tong-
yiling profile from Table 2, data of Shigiang profile after
Sun et al., 2012)
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Fig. 10 Schematic model showing rare earth, rare metal and rare dispersed elements enrichment mechanism of the paleo-

weathering crust on top of Majiagou Formation

a. Formation stage of weathering crust; b. Formation stage of aluminiferous rock; c. Sedimentary compaction stage

1—Migration direction of elements; 2—The LREE of ion absorption; 3—The LREE of mineral facies;4—The residual rocks of weathering;

5— Tron claystone; 6—Aluminum claystone; 7—Carbonaceous mudstone; 8—Laystone; 9—Limestone
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