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Table 1 Classification of uranium ores in Huayangchuan deposit
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Fig 1 Geologic map of the Huayangchuan uranium-niobium deposit (modified after Gao Cheng et al. ,2017)
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(a)—Simplified tectonic map of the Qinling orogenic belt; (b)—simplified geological map of the study area;
(c)—geological map of the Huayangchuan uranium-niobium deposit (modified after Gao Cheng et al. , 2017)
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Fig 2 Photographs of the studied uranium-rich showings on the Huayangchuan
s ( ) ;(b)—
(o)— s (d)—

(a)—( )

(a)—(Quartz) calcite carbonatitic veins outcrop. part of the area is associated with (biotite) quartz pegmatite;
(b)—uranium veins in biotite calcite carbonatite (sévite) associated with potassic alteration; (¢)—uranium veins

associated with biotite plagioclase gneiss; (d)—granitic gneiss develops hydrothermal uranium veins

Aesar,USA), PbNb, O; ( ,1978)]¢(
3
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(C)1994-2020 China Academic Journal Electronic Publishing House. All rights reserved. http://www.cnki.net
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Fig 3 Photomicrograph images of typical mineral assemblages observed in U-rich samples

from the Huayangchuan uranium deposit
(a-b) ( ) (o) s (d)
. Btf ;s Bt ; Qz ; Cal ; Aln ; Kis ; Ap
Mnz
(a-b) —Mineral assemblage in biotite (aegirine-augite) calcite carbonatitic type ore; (¢)—mineral assemblage of the hydrothermal veins
in biotite plagioclase gneiss type ore; (d)—mineral assemblage of the hydrothermal veins in granitic gneiss type ore; Btf—betafite;

Bt—biotite; Qz—quartz; Cal—calcite; Aln—allanite; Kfs—K-feldspar; Ap—apatite; Mnz—monazite

o ) 3.2
10pm, C 4f, 4g, (Alexandre et
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Fig 4 BSE images of typical mineral assemblages observed in U-rich samples from the Huayangchuan
(a)— ( ) . . . . . 3 (b)— (
s s ;(0)—
(DG (WGZ) 5 (dD— N R N N
. ;(e)— s (H— s(g)—
. . . ;(h)y— . .
;s Btf— s Mnz— ; Chb— ; Agt— ; Cal— ; Aln— s Ab— s Kfs— s Bt—
H Ap* ;Gn— s Qz— s A-Ur—( ) s Tt DGZ— sWGZ—

(a)—DBiotite (aegirine-augite) calcite carbonatite-type ore consists of betafite, uraninite,aegirine-augite,allanite, calcite and quatz; (b)—betafite
grains in biotite (aegirine-augite) calcite carbonatite-type ore be altered and the margin of the altered betafite and the inside of uraninites filled
with Changbaiite grains, which is associated with the late uraninites; (c¢)—dark gray zone (DGZ) and white gray zone (WGZ) exist in the BSE
image of the uraninite indicate that the different compositions between them; (d)-—mineral assemblages of the uranium veins in biotite
plagioclase gneiss type ore are composed of betafite, uraninite, apatite, allanite, monazite and galena; (e) —two different types of morphology
of uraninite grains are found in uranium veins; (f)—the margin of the uraninite has been altered; (g)—mineral assemblages of the uranium
veins in biotite plagioclase gneiss type ore in Caopinggou ore occurrence are composed of betafite, uraninite, titanite and albite; (h) —betafite,
uraninite, allanite, K-feldspar and quatz developed in uranium veins of the granitic gneiss fissure; Btf—betafite; Mnz—monazite; Chb—

changbaiite; Agt-aegirine—augite; Cal—calcite; Aln—allanite; Ab—albite Kfs—K-feldspar; Bt—biotite; Ap—apatite; Gn—galena; Qz—quartz;

A-Ur—altered-uraninite; Ttn—titanite; DGZ—dark gray zone; WGZ—white gray zone

(C)1994-2020 China Academic Journal Electronic Publishing House. All rights reserved.
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Fig 5 A BSE image of typical betafite with their different element changes between altered and
unaltered zones from the Huayangchuan deposit
(a)— ;(b)— Si,Sr.Fe s(0)—
s (d)—
(a)—The characteristics of energy spectrum of the unaltered part of betafite grains; (b)—the characteristics of energy spectrum
of the altered part of betafite grains are characterized by the Si, Sr,Fe peaks; (c¢)—BSE image and the line scan (d) between

altered and unaltered zones of the typical betafite
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Nb, O; .Na, O ; FeO 0. 89%, 5 66% .
0.36%, FeO ; 2.59%;Y,0; 4 Ce, O, L 12% ~6. 32%
CaO 0. 09%~1 48% . . 3. 57%, PbO L 19% ~
. ThO, < 4 88%, ; 2.67%. ( )
Ce, O 0.02% ~3 37% 3 Y, 0, 2,
2 (%)
Table 2 Analyses results of uraninites by EMPA (%)
( ) ( ( - ) )
17HD-13 17H-07 18HH| _ 17H56
2 [3D [ 32 ] [ 2 [2614 26 [ 28 [ 221 | 17 WCPGAITHIO - 1THOTS )
WGZ BGZ
21 9 5 35 14 1 8 14 4 1 4 3 1 1 3 33
MgO bdl bdl bdl bdl bdl bdl bdl bdl 0. 01 bdl bdl bdl bdl bdl bdl bdl
Al, Oy bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl . 49 bdl
Si0O, 0.021]001]002|002[001]003]|002]005]004]001|001]| bdl |004]|003]052]| 00l
MnO bdl bdl 0. 01 0. 01 bdl bdl 0. 00 bdl 0. 01 0. 01 0. 01 0. 03 0. 01 bdl . 02 bdl
FeO 0. 04 0. 06 0. 02 0. 04 0. 01 0. 06 0. 02 0. 02 0. 04 0. 15 0. 01 0. 02 0. 03 0. 01 . 04 0. 04
CaO 0.38 1 0.22 | 027 | 0.32 ] 042 | 0.22 | 038|027 | 0.38 | .48 | 0.33 | 0. 18 | 0.64 | 0. 43 . 18 0. 73
TiO, bdl bdl bdl bdl bdl 0.04 | 0.03 bdl bdl 1. 47 bdl bdl 0. 16 bdl . 01 bdl
Nb;Os 0. 01 0. 01 bdl 0. 01 0. 01 0. 05 0. 03 0. 02 0. 03 2. 43 0. 01 0. 03 0. 59 0. 02 bdl 0. 01
ThO, 0. 21 0. 30 0. 39 0. 26 0. 04 3. 16 1. 08 1. 69 2. 36 2. 30 2. 84 1. 87 2. 56 2. 84 2. 67 0. 21
Na, O bdl bdl 0. 01 bdl bdl bdl 0.03 | 001 | 001 |0 05 bdl bdl bdl bdl 0. 03 0. 02
UuoO, 89. 42 | 90. 89 | 90. 84 | 90. 00 | 81. 46 | 82 25 | 88 05| 89. 08 | 89. 61 | 83, 85 | 87. 18 | 90. 25 | 86. 32 | 83, 44 | 92 06 | 95. 09
Cez O3 0. 83 0. 81 0. 97 0. 84 0. 70 241 2. 48 1. 87 1L 91 1L 07 1. 54 0. 97 0. 34 1. 38 1. 07 0. 40
PbO 1. 57 1. 55 1 54 1 56 2. 19 2. 26 1L 52 1 53 1 64 1 41 1. 50 2. 59 2. 31 2. 19 1 64 1 65
Y203 307 | 296 | 259 | 298 | 533 | 273 | 204 1. 80 L 44 | L 44 | 2 06 L37 | 296 | 279 1L 29 1. 80
2(CetY) |2 9061|2 8073[2 5999|2. 8398|4. 6386(3. 5023|2. 9900|2. 4635[2. 1981|1. 7369|2. 4898|1. 6261|2. 5492|2. 9846|1. 6172| 1. 6563
Total 95. 57 | 96. 82 ] 96. 65| 96. 04 | 90. 17 | 93, 22 | 95. 66 | 96. 35 | 97. 48 | 95. 67 | 95. 48 | 97. 29 | 95. 96 | 93, 14 |100. 02| 99. 99
( 2 ), s 0
Mg?* 0. 0000(0. 0000|0. 0000|0. 0000|0. 0000|0. 00000, 0000 |0. 0000|0. 0003]0. 0000[0. 00000, 0000 |0. 0000|0. 0000|0. 0000| 0. 0000
AP 0. 0000[0. 0000{0. 0000[0. 0000|0. 0000|0. 0000 [0. 0000|{0. 0000[0. 0000|0. 0000[0. 0000|0. 0000|{0. 0000[0. 0000|0. 0247| 0. 0000
Sitt 0. 0009(0. 0005]0. 0009[0. 0009]|0. 0005{0. 0014 |0. 0007{0. 0023|0. 0017|0. 0004 [0. 0005|0. 0000{0. 0018[0. 0014{0. 0225| 0. 0004
Mn?! 0. 0000[0. 0000{0. 0004 (0. 0004|0. 0000{0. 0000 [0. 0001{0. 0000[0. 0003|0. 0004 [0. 0004 (0. 0012{0. 0004 |0. 0000{0. 0006| 0. 0000
Fe?t 0. 0015[0. 0023]0. 0008[0. 0015]0. 0004{0. 0024 [0. 0006{0. 0008[0. 0016{0. 0053[0. 0004 |0. 0008{0. 0011[0. 0004{0. 0013| 0. 0015
Ca?® 0. 0186(0. 0107]0. 0132(0. 0156]0. 0214{0. 0111(0. 0187]0. 0134|0. 0184|0. 0672[0. 0163 |0. 0088{0. 0308(0. 0217{0. 0082| 0. 0345
Tit+ 0. 0000(0. 0000|0. 0000[0. 0000|0. 0000|0. 0014 (0. 0009{0. 0000[0. 0000|0. 0468[0. 0000|0. 0000{0. 0054 |0. 0000{0. 0004 | 0. 0000
Nb°* 0. 0002(0. 0002{0. 0000[0. 0002|0. 0002{0. 0011[0. 0006{0. 0004 |0. 0007|0. 0465[0. 0002|0. 0006{0. 0120[0. 0004{0. 0000| 0. 0002
Thi* 0. 0022(0. 0031{0. 0040(0. 0027]0. 0004{0. 0338(0. 0112{0. 0176(0. 0243]0. 0222[0. 0298|0. 0195|0. 0262|0. 0304|0. 0262| 0. 0021
Nat 0. 0000(0. 0000{0. 0009[0. 0000|0. 0000|0. 0000 [0. 0030{0. 0012[0. 0009|0. 0041[0. 0000|0. 0000|{0. 0000[0. 0000|{0. 0025| 0. 0017
Ut 0. 9105(0. 9166{0. 9191(0. 9131]0. 8634|0. 8590(0. 8983|0. 9066 (0. 9027|0. 7901[0. 8943|0. 9210|0. 8640(0. 8726|0. 8823| 0. 9326
Ce’™ 0. 0139(0. 0134]0. 0161]0. 0140(0. 0122|0. 0414]0. 0416]0. 0313[0. 0317|0. 0166|0. 0260|0. 0163 |0. 0056|0. 0237|0. 0169| 0. 0065
Ph?t 0. 0193(0. 0189]0. 0189(0. 0191]0. 02810, 0286(0. 0188]0. 0189(0. 0200{0. 0161[0. 0186|0. 0320(0. 0280(0. 0277{0. 0191| 0. 0196
Y3+ 0. 0748(0. 0714]0. 0627(0. 0723]0. 1351]0. 0682(0. 0497{0. 0438|0. 0347|0. 0325[0. 0505|0. 0334{0. 0709(0. 0698|0. 0295] 0. 0422
Total 1 0420|L 0371|1 0369|1L 0400|1 0617|L 0482|1 0441|L 0362|1. 0373|1 0481|1L 0370|L 0336|1. 0462|1. 0481|L 0342| L 0412
2 (Cet+Y) 0. 0887(0. 0848]0. 0788(0. 0863|0. 1473]0. 1096(0. 0913]0. 0752|0. 0664|0. 0490(0. 0765|0. 0497|0. 0765(0. 0935]0. 0464 | 0. 0487
Th/U 0. 0024(0. 0034]0. 0044 (0. 0030]0. 0005]0. 0393 (0. 0125]0. 0194 (0. 0269|0. 0281[0. 0333|0. 0212{0. 0303|0. 0348{0. 0297| 0. 0023
Ce/Y 0. 1860(0. 1883]0. 2577|0. 1939[0. 0904 |0. 6073]0. 8364|0. 7142(0. 9125|0. 5112|0. 5143|0. 4871|0. 0790|0. 3403|0. 5721| 0. 1529
Ce 0. 7086|0. 6916]0. 8282|0. 7172(0. 5976|2. 0576|2. 1173|1. 5965|1. 6307|0. 9135|1. 3148|0. 8282|0. 2903|1. 1782|0. 9135| 0. 3415
Y 0. 55800, 5446]0. 6521|0. 5647(0. 4706 |1. 6202|1L 6673|1 2572|1 2841|0. 7194 |L 0353|0. 6521|0. 2286|0. 9278|0. 7194| 0. 2689
, bdl , ,WGZ ,BGZ B
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Mercadier et al. ,» 2013; Zhao Huibo et al. , 2014;
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155. 7+ 1. 8 Ma . Mercadier et al
(2013)

SIMS U-Pb 1805 + 11Ma, 1L 9~
1. 8Ga o

~ N

(Bowles, 2015), ,
Si0, \MgO, AL, O, ,CaO,FeO,MnO, Na, O

b

(Alexandre et al. , 2005),

o

U.Th,Pb
, U-Th-Pb ,
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U.Pb.Th
Table 3 The contents of U,Pb,Th and their chemical age of uraninite grains by EMPA
%) t(Ma) %) t(Ma)
uo, PbO ThO, v, PbO ThO,
D1 80. 21 2.13 bdl 196 1L1 87.22 1.57 1. 67 133
D4 81. 90 2.13 bdl 192 11.2 88. 50 1.62 0.48 136
D14 81.77 2.22 0.09 200 113 89. 41 1.57 0.58 130
D15 81.53 2.22 0. 06 201 1411 85.72 1. 49 0. 56 129
D16 83.47 2.35 0.03 207 17H-07-26 1412 89.76 1. 69 1. 50 139
D17 80.72 2.25 0.05 205 1414 87.11 1. 20 1.62 102
17HD-13-2 D18 80. 88 2.11 bdl 192 1415 87.18 1. 49 1.58 126
D19 80. 06 2.21 bdl 203 1416 89.49 1.55 0.61 128
D20 81.56 2.12 bdl 192 113 86.75 1.52 2.21 129
D21 81.68 2.27 0.01 205 3L1 87.42 1.53 3.15 128
D24 81. 66 2.33 0.12 210 3L2 92.18 1.48 0. 60 119
D25 81. 64 2.20 0.08 198 3L3 87.35 1.63 2.67 137
D26 81. 81 2.09 0. 06 188 L7H07-28 314 86. 47 1. 56 3.22 132
D27 81. 60 2.08 0.02 188 3L5 87.54 1.53 3.12 128
Url 14) 81. 46 2.19 0. 04 198 3L6 87. 87 1.61 2.19 135
17H-07-3 L2 83. 44 2.19 2.84 192 411 92. 36 1.67 0. 55 134
17H-07-26 141.3 82.25 2.26 3.16 200 41.2 91.57 1. 56 0. 81 126
D1 90. 21 2.57 1. 87 208 41.3 88.42 1.54 1.41 129
18CPG-5 D2 90. 47 2.53 1.95 205 41.4 88. 68 1. 50 0. 64 125
D3 90. 07 2.67 1. 80 217 415 88. 87 1.19 1.32 99
Url (3) 90. 25 2.59 1. 87 210 41.6 92.49 1.55 0.37 124
17H20-4 1D6 86. 32 2.31 2.56 195 417 89.17 1.58 1.38 131
LO 88.48 1. 66 0.11 139 1L1 90. 07 1.63 1.15 134
1.2 88. 45 1.53 0.05 128 11.2 91. 89 1.72 84 138
L3 89.25 | 1.53 0.22 127 10Tz 1L3 87.36 | 1.53 3. 11 129
L5 91.59 1.59 0. 20 129 114 89.11 1. 69 3.33 139
L6 91.11 1.55 0.16 126 L1 90. 23 1.48 2.79 121
L7 92. 20 1. 61 0.12 130 17H-07-3 L3 93.22 1.71 3. 20 135
L8 90. 02 1.56 0.17 129 L4 92.73 1.74 2.03 138
L9 88. 45 1. 57 0. 20 132 17H20-4 1L5 83. 85 1.41 2.30 124
L10 89.17 1.54 0.31 128 D1 94. 52 1.61 0. 04 126
L11 89. 20 1.58 0. 30 131 L2 92.78 1.61 0.57 129
17HD-13-2 L12 89. 75 1. 64 0.22 135 L3 93. 85 1.59 0.52 126
L13 87.57 1. 45 0.24 123 D1 96.99 1. 69 bdl 129
L22 87. 39 1. 57 0.15 133 D2 96. 27 1.70 0.21 131
123 89.73 1. 68 0.23 139 3 96. 99 1.49 0.10 114
L28 89. 65 1. 60 0.23 132 4 96. 85 1. 66 0.01 127
L29 88. 94 1.54 0.24 128 5 95. 33 1.63 0.61 127
130 89.97 1.59 0. 21 131 1 94. 68 1. 69 bdl 132
L31 88. 39 1.56 0. 28 131 2 93.98 1.70 0.21 134
L32 90.43 1.57 0.22 129 3 94. 67 1. 49 0.10 117
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D8 89.71 1.54 0. 30 127 L14 95. 00 1.73 0.02 135
L9 91.91 1. 44 0. 45 116 L15 93.53 1. 69 bdl 134
L10 90. 55 1. 60 0. 26 131 L16 97.13 1.71 0.09 131
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Fig 6 Location of the analytical points of the uraninite grains in U-rich samples from the Huayangchuan
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(a)—Location of the analytical points of the uraninite grains in biotite (aegirine-augite) calcite carbonatite-type ore; (b)—in biotite

plagioclase gneiss type ore; (c,e)—in granitic gneiss type ore from the Huayangchuan deposit; (d)—biotite plagioclase gneiss type ore from

the Caopinggou ore occurrence
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Abstract

The Huayangchuan uranium-niobium polymetallic deposit which is located on the southern margin of
the North China Craton, is a large carbonatite-related uranium deposit. Based on detailed field geological
work, this paper focus on the petrography, mineral chemistry and chronology of the uranium minerals,
using field emission scanning electron microscopy (FE-SEM) combined with energy Disperse spectrum
(EDS) and electron microprobe analysis (EMPA). The results show that primary uranium mineral is
betafite, followed by uraninite. Uraninite chemical U-Th-Pb geochronology and mineralogical evidences
provide the timing constraints and insights into the formation of the Huayangchuan uranium-niobium
deposit. Two types of mineralization are identified and documented here: magmatic uranites and betafites
related to (aegirine-augite) biotite calcite carbonatitic and syenite pegmatitic veins, formed during the peak
(~ 201 Ma) associated with a large number of altered betafites, and high-temperature vein-hosted
uraninites and betafites related to granitic gneiss, formed during the peak (~129 Ma) with few unaltered
betafite grains. Minerology and mineral chemistry study indicate that the uraninite and betafite formed at
the late stage may precipitate from the Yanshanian magmatic hydrothermal fluid which leached the uranium
element from the early betafites. It is demonstrated that the early uranium mineralization related to the
(Aegirine-augite) biotite calcite carbonatitic veins, is the primary stage for the deposit, while the late
uranium mineralization may be only the altered produced due to the Yanshanian magmatic activity. In
summary, the Huayangchuan uranium-niobium deposit show the genetic relationship with the Indosinian-

Yanshanian carbonatitic veins but superimposed by the Yanshanian magmatism activity.

Key words: uraniumrniobium deposit; betafite; uraninite; mineral chemistry; chronology; Huayangchuan



