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Abstract

The Himalayan Mianning-Dechang (MD) REE belt in western Sichuan, approximately 270 km long and 15
km wide, is one of the most significant REE belt in China. Distributed along a Permian paleo-rift zone, it is
composed of one giant (Maoniuping), one large (Dalucao), one intermediate-size (Muluozhai) and a number of
small REE deposits (e.g., Lizhuang) and ore spots. Nevertheless, the available dating data of host rocks and
gangue minerals define a Himalayan metallogenic epoch (40~10 Ma). REE mineralization is associated with Hi-
malayan carbonatite-alkaline complexes, controlled by a series of Cenozoic strike-slip faults in eastern Indo-Asian
collision zone. These complexes consist of carbonatite sills or dykes and associated alkalic syenite stocks, which
intruded Proterozoic basement and Devonian-Cretaceous sedimentary sequence. The host carbonatites are mainly
calcite carbonatites, which are extremely enriched in LILE (Sr, Ba) and light REE but relatively depleted in
high-field strength elements (Nb, Ta, Zr, Hf, Ti). Their exg(z) (—3.2~—6.4), (¥St/*%Sr);(0.706020 ~
0.707922), 380y smow (6.4 %0 —~10.5 %0) and 8'3C values (-3.9 %o—~-8.5 %o) suggest a transitional source of
enriched mantle from EMI to EMII. Associated alkalic syenites are predominated by nordmarkites, and show
similar abundance patterns of trace elements and Sr-Nd and C-O isotopic compositions to associated carbonatites,
suggesting an immiscibility origin. Alteration is characterized by fenitization, which formed a fenite halo in the
carbonatite-alkalic complex and enveloped REE ore bodies. Associated REE mineralization mainly produced typi-
cal vein systems consisting of various veinlets, stringers, and stockwork zones, whereas REE ore bodies show
varied shapes from plate-like, lenticular to pipe-like in different areas. Ores are dominated by pegmatitic, car-
bonatite, breccia, and stringer (stockwork) types, mainly composed of the barite + fluorite + aegirine-augite
+ calcite + bastnaesite assemblage. Bastnaesite precipitation mainly occurs in a medium-temperature stage (275
~325 C) and appears in three assemblages, i.e., early breccia-bearing medium-grained barite + arfvedsonite
+ calcite + bastnaesite, middle coarse-grained quartz + fluorite + barite + bastnaesite, and late fine-grained
fluorite + barite + bastnaesite assemblages, followed by the low-temperature pyrite + galena + sphalerite as-
semblage. Fluid inclusion studies reveal that gangue quartz and fluorite contain numerous melt/fluid inclusions,
which yield abnormally high homogenization temperature (up to 750 C ) and contain large quantities of sulfates
such as BaSO,, K,S0, and CaSOQ;, in addition to CaCO; and CaF,, suggesting a typical fluid derived from car-
bonatites. Coincidence of eng(z) (=3.3~ —12.2) and (¥Sr/%Sr);(0.706027~0.70851) of gangue minerals
(fluorite, calcite, barite and bastnaesite) with those of host carbonatite-syenite suggests that ore-forming fluids,
especially F~, HCO3 ™, SOF~ components, were derived from carbonatite-syenite magmas. O-D-C isotopic data
of gangue calcite, fluorite and quartz, combined with 83 Cy ppp values ( —2.5 %o~ —10.4 %o) of fluid inclusions
in these gangue minerals, further demonstrate that the fluids were of orthomagmatic origin, but with the
participation of an external fluid during the late stage fluid evolution. Based on synthetic studies, the authors
tentatively proposed a genetic model for REE mineralization, in which the hydrothermal system temporally un-
derwent a complex evolution from separation of high-temperature sulfate-bearing NaCl-KCl brine from immisci-
ble magmas through fluid boiling resulting in effective deposition of REE-fluorocarbonate and sulfate to subse-
quent mixing with low-temperature meteoric water causing precipitation of minor sulfide assemblages, thus spa-
tially generating a three-stack architecture of REE mineralization systems. In the three-stack architecture, the

deep-level mineralization formed a veinlet-disseminated ore body (e. g., Lizhuang deposit), the middle-level
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mineralization produced an ore vein system (e.g., Maoniuping deposit), whereas the high-level mineralization
generated a pipe-like breccia ore body (e.g., Dalucao deposit). This REE-bearing magmatic-hydrothermal sys-
tem might have been facilitated by Cenozoic large-scale strike-slip faulting and the resultant pull-apart structure
and tensional fissure zones, and was developed in a transition phase from a transpression to a transtension regime
in a Himalayan continental collision zone.

Key words: geology, collisional orogeny, carbonatite-alkalic complex, REE deposit, genetic model,
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1 - 4 REE
Table 1 Microthermometric results of fluid inclusions in ore and gangue minerals from four REE deposits
of the Mianning-Dechang ore belt
t, C pco, 8 em’?
P S

MNP-6 8 P ACy, 238.0 1 238.0 0.647 — 0.868 2 0.758
MNP-6 8 S AV 132.9~150.6 5 142.0

MNP-12 S AV 124.2~219 12 172.2

MNP-12 P AC; -1 246.5~371.3 7 295.8

MNP-12 P ADC,, 236.5~477 13 361.9

MNP-12 P Cp 0.923~0.958 4 0.940
MNP-12 S AC, 0.636 1 0.636
MNP-13 S AC 0.692 ~ 0.807 3 0.759
MNP-13 P Co 0.944 ~ 0.964 4 0.955
MNP-13 P ADC,, 328~459 3 410.7

MNP-33 P AC,, 0.982 1 0.982
MNP-33 S AV 165.7 ~ 185 3 176.6

MNP-33 P AC; -1 217.4 — 357 5 277.7

MNP-33 P CL 0.938 ~0.972 6 0.957
MNP-33 P ADC, 0.644 1 0.644
MNP-161 P ADCy, 223.5 — 296.4 2 260.0

MNP-161 S AV 113.0 ~ 225.5 12 152.0

MNP-153 S AV 107.7 — 159.2 8 129.1

MNP-153 P AC;-1 254.4 ~ 324.1 2 289.3

MNP-132 P AC; -1 249.3 — 285.1 5 272.0

MNP-132 P ACy 180.5 1 180.5

MNP-161 P ADC 240.0 — 385.5 7 304.2

MNP-161 S AV 100.5 — 152.7 16 121.8

MNP-28 S AV 137.0 — 142.6 2 139.8

MNP-28 P AC; -1 254.1 — 278.7 2 266.4

MNP-157 P AC; -1 217.6 ~ 242.4 3 229.8

MNP-157 S AV 157.7 — 159.2 2 158.5

MNP-157 P CL 0.829 ~ 0.839 2 0.834
MNP-28 S AV 141.0 ~ 166.8 9 157.5

MNP-157 P AC -1 194.2 ~ 253.4 4 218.5

MNP-28 S AV 186.0 ~ 199.4 4 193.5

0

DLT9604 131 P AC, 285 ~ 430 15 357.5 0.81 ~0.94 4 0.875
DLT9674 93 P ACL 249 ~ 305 7 277.0 0.91 ~ 0.96 2 0.935
DLT9674 93 P ADCy, 270 ~ 339 3 304.5

DLT9604 P AC, 256 ~ 296 12 276.0 0.94 1 0.940
DLT9604 75 P AC, 200 — 235 12 217.5 0.95 ~0.97 3 0.960
DLT9638 89 P AC,, 256 ~ 463 40 359.5

DLT96131 P AC, 228 ~ 258 3 243.0 0.82 1 0.82

DLT9604 P ADC 328 — 390 5 359.0

(1] . 1998. DL .1~89.
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1-1
Continued Talbe 1-1
t, C pco, & em®
P S
ML-02 S CL 0.657 ~ 1.04 5 0.956
ML-02 P AC; -1 232.0 ~ 329.3 6 270.5 0.745 —~ 0.931 11 0.904
ML-02 p ACL-2 390.0 1 390.0
ML-09 P AC -1 410.0 1 410.0 0.650 ~ 0.963 10 0.821
ML-09 P AC -2 341.0 1 341.0
ML-10 p AC-1 295.5 ~ 390.2 4 321.6  0.599 ~ 1.017 37 0.898
ML-10 P ACL-2 260.0 ~ 438.2 5 328.7
LZ-14 S AV 162.6 ~ 193 5 175.9
LZ-14 P ACH1 245.3 ~ 468.2 8 361.3
LZ-14 P AC; -2 326.6 ~ 406.8 2 366.7
LZ-14 p AC, 0.931 ~ 0.973 3 0.959
LZ-128 S Cp 0.678 ~ 1.027 11 0.852
1.Z-128 P AC 0.626 ~ 1.020 11 0.874
LZ-17 P AC; -1 212 ~ 352 4 278.5
Lz-17 P Cp 0.941 ~ 0.972 6 0.955
LZ-17 P ACL 0.890 1 0.890
p— S—
P
L2 AC.
CO,
15A CcO, CO, CcO,
15 % ~35 %
Williams-Jones 2000 REE 15B—E
Gallinas Mountains REE
AC; -1 AC -2
45 % ~75 % L3
15A LRM ML
L-3 ADC
CO, I5SF~G
2001 SEM EDS
2001 Xie et al. 2008
L4 C. CcO,
L-1 AV CO, CO,
REE 15E
200 C H AC.  ADC_
S REE 15E
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A— ML B— H,0-CO, ACL — H,0-CO,
ACL D— H,0-CO, AC, E— H,0-CO, AC, Co, CL
F— ADCL G— ADC,. H—

CO, CL
Fig. 15 Photomicrographs of fluid inclusions in quartz fluorite and bastnaesite from four REE deposits
A—DMelt fluid inclusion ML in fluorite Dalucao deposit B—H,0O-CO; inclusions AC; in bastnaesite  Maoniuping deposit ~C—H,0O-CO; in-
clusions ACp in bastnaesite Dalucao deposit ~ D—H,O-CO; inclusions AC; in bastnaesite Lizhuang deposit ~E—H,0-CO; inclusions AC;
and pure CO, inclusion Cp in fluorite Dalucao deposit ~ F—Daughter mineral-bearing multi-phase inclusions ADC; in fluorite Dalucao de-
posit  G—Daughter mineral-bearing multi-phase inclusions ADC; in bastnaesite Muluozhai deposit ~H—Pure-CO, inclusions C; in bastnae-

site Muluozhai deposit
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Linkam TH 1500 cO,
~56.6 C 0.0T Fig. 16 Homogenization temperatures of fluid inclusions in
374.1 C quartz fluorite barite and bastnaesite from the Maoniuping
+0.1TC +1C Muluozhai and Lizhuang REE deposits
3 REE 1 0.829~0.972 g cm’ 0.657~
3 = 3
NaCl-H,0-CO, CO,
K»S04-Nay SO,-COy-H, O NaCLH,0- & 2174~
\ 371.3C 212~468.2TC
CO,
R 260~438.2 C cO,

- ) 0.636~0.982 g cm’ 0.599~1.017
-56.5~ —58.5 C -57.5~ —-58.1 - 0.626~1.02 g cm’ ADC,
C -58.1—-61.6"C

3 COZ AI)CL
CO, CH, H, 223.5~477 C 270 ~
LRM REE 390 C AV
CL ACL CO, H, 100.5~225.5 C 162.6 ~
CL 193 C
CO, CO, 16 3
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=10.4 %o
2 125~175 C = 2%0 ~ — 10%o0 -
275~325C 5%o Nadeau et al. 1990 Pinecau et al. 1990
CO, 1996 2000
4
5 3
ODv.svow =69 %0~ — 88 %o
5.1 C-O-D dDv.svow =63 %0 — — 119 %o
4 REE C-O-D 0Dvsvow ~ —60 %o~ —98 % 3 7
Dy svow =63 %~ — 86 %o =173
MAT-253EM %o 3
McCrea 1950 Clayton
1963 Coleman 1982 Kuroda 1975 1988
2 4 15 Matsushisa
c O " Ov.smow et al. 1979
7.0 %~12.4 % 8"Cyppg 3.3 %o~ —8.6
%o 2 3 Cypop +7.5%0~ —2.7% 3
B0y smow —6.6 %o~ —6.8 %o
8.4 % ~9.1 % @ - REE !
8" Cyoppp = 3.9 %o~ Table 2 Carbon and oxygen isotopic compositions of gangue
=6.9 %o MOyvsvow 7.0 %—~9.7 %o calcites from four deposits in the Mianning-Dechang REE belt
7 SMO-8C 8Cypps %o 3%Oy.po %o 8" Ovsyow” %o

Deines 1989 Demény et al. 1998

813 C\/_pr)g - 44 %0 -~
=5.3 %o BISOv_SM()W 10.1 %0 ~11.9
Yoo

c O 7
813(:-8180
o 8Cvppp  —3.3
%o MOv.suow 9.0 %o
4 O C

7 Keller et al. 1995 Ray et al. 1999 2000

HCO;5 Faure
1986
3 4
9
S3Cypp —2.5%  —10.4 %o
—4.6 %0 13 3 BCyppp —3.4 %o

(1) . 1998. DL

MNP-14 -5.0 -20.5 9.7
MNP-15 -3.9 -20.9 9.3
MNP-1 -6.9 -22.8 7.3
MNP-6 -6.9 -22.7 7.4
MO-20 -6.3 -22.5 7.7
MO-53 -6.5 -23.1 7.0
MO-72 -6.3 -22.4 7.8
DL-04 -3.3 -21.2 9.0
DL9671 ~7.8 -19.1 11.1
DLI649 -8.6 -17.9 12.4
L.Z-06-1 —4.4 -18.4 11.9
LZ-19-1 -5.3 -20.2 10.1
ML-005 -6.6 -21.8 8.4
ML-008 -6.8 -21.4 8.8
ML-009 -6.8 -21.7 8.5
ML-010 -6.7 -21.5 8.7
MLZ-6 -6.7 -21.2 9.1
* 3 Oy.gvow = 1. 03086 X &' Oy.pp + 30. 86 Friedman et al.
1977 DL9649  DL9671 o

.1~89.
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3 - REE 4 C-O-D
Table 3 C-O-D isotopic compositions of ore and gangue minerals from four deposits in the Mianning-Dechang REE belt
3" Cyvppp %o 3Dv.svow Yoo 3" 0v.svow %o BIROHZ(’ %o C
MN-3 -5.6 —88 7.5 —2.4 ~ 4.5 237 ~ 477
MN-14 =75 8.6 -1.3~5.6 237 ~ 477
MN-16 -83 8.3 -1.6 ~5.3 237 ~ 477
MNP-1 -3.0 -69 8.4 -1.5~5.4 237 ~ 477
MNP-8 - 86 8.2 -2.7~ —-1.7 219 ~ 238
MNP-13 -3.0 -83 8.1 1.7~ 4.8 328 ~ 459
MNP-14 -3.8 =75
MNP-3 -3.6
MN-2 -80
MN-4 =77
MN-13 -85
MN-14 =79
MN-14 =77
MN-14 -5.1 - 81
MNP-5 -3.4 -70
MNP-6 -3.6 -73
MNP-10 -4.0 -63
MNP-14 -77 8.0
MNP-6 -6.9 =77 7.4 -1.2~-0.2 218 ~ 242
MNP-1 -6.9 — 06 7.3 -1.3~ -0.3 218 ~ 242
MNP-14 -5.0 -71 9.7 1.1 ~2.1 218 ~ 242
MNP-15 -3.9 -72 9.3 0.7~ 1.7 218 ~ 242
DL-07 -10.4 -85 10.5 4.2 ~5.8 328 ~ 390
DL-02 -7.7 -91 -4.8
DLx-04 - 119 -9.6
DL-04 -7.1 - 86
LZ-13 -6.2 =77 10.7 1.2 ~17.5 245 ~ 468
LZ-14 - 82 9.9 0.4 ~6.7 245 ~ 468
LZ-02 - 94
LZ-17 -96
LZ-19 -5.3 -98 10.1 -1.6 ~ 0.1 163 ~ 193
LZ-09 —-4.4 - 96 11.9 0.2~ 2.0 163 ~ 193
LZ-02 -8.1 -83
LZ-17 -9.5 -84
LZ-19 -10.4 -92
ML-02 - 86
ML-06 - 64
ML-08 —03
ML-09 -73
ML-02 -7.8 - 86
ML-03 -5.5 —76
ML-05 -5.9 -87
ML-06 -7.4 -84
L-14 -2.5 -69 10.8 0.6 ~7.1 232 ~ 438
MLZ-5 -3.6 -76 11.0 0.8 ~7.3 232 ~ 438
ML-05 -6.6 -70 8.4 0.4 ~5.8 232 ~ 438
ML-08 -6.8 -74 8.8 0.8 ~6.2 232 ~ 438
ML-09 -6.8 -82 8.5 0.5~35.9 232 ~ 438
MLZ-6 -6.7 —76 9.1 1.1 ~6.5 232 ~ 438
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4 - REE Sr-Nd
Table 4 Sr-Nd isotopic compositions of ores and gangue minerals from ore deposits in the Mianning-Dechang REE belt
87Rb 8(\5‘, 875r S()Sr 8751, S(JSr : e ]47Sm ]44Nd ]43Nd ]44Nd end ¢
MNP-14 0.0002538 0.70612 0.706124 23.6 0.06314 0.511987 -12.2
MNP-15 0.0005271 0.70615 0.706149 23.9 0.06228 0.512229 -7.5
MO-20C 0.70615 0.70615 23.8 0.06269 0.512363 -4.9
MO-26 0.70663 0.70663 30.6 0.12840 0.512379 -4.8
MO-55A 0.70625 0.70625 25.2 0.08102 0.512404 —4.2
MO-20B 0.70626 0.70626 25.3
MO-55B 0.70648 0.70648 28.5
MO-74 0.70633 0.70633 26.3
MO-27 0.70637 0.70637 26.9
MNP-6 0.0000325 0.70603 0.70603 22.22 0.0951 0.512431 -3.6
MNP-135 0.0000635 0.70621 0.70621 24.81 0.1544 0.512409 -4.3
MNP-127 0.0003130 0.70603 0.70603 22.17 0.1287 0.512422 -4.0
MNP-5 0.0000796 0.70621 0.70621 24.74 0.2199 0.512413 -4.5
MNP-69 0.0000183 0.70624 0.70624 25.15 0.2377 0.512437 —-4.1
MNP-151 0.0000262 0.70608 0.70608 22.98 0.1586 0.512412 —4.3
L.Z-09-1 0.0020516 0.70691 0.706908 34.7 0.09658 0.512434 -3.6
LZ-17-1 0.0012487 0.70633 0.706327 26.4 0.05652 0.512442 -3.3
ML-008 0.0017530 0.70658 0.706581 30.0 0.11975 0.512413 —-4.1
ML-009 0.0016914 0.70660 0.706601 30.3 0.10701 0.512297 -6.3
MLZ-6 0.0004835 0.70660 0.706598 30.3 0.09560 0.512356 -5.1

MNP-5 MNP-6 MNP-69 MNP-127 MNP-135

F

Gittins et al.

al. 1995

Wendlant et al.
al. 2001 Zaitsev et al.

REE

2008

CaSO,®
2008

al. 1995
CO,

REE

1990 Jago et al.

CO,

750C @

2002

1994

Vard et al.

O,

MNP-151

1991 Simonetti et

1979 Ngwenya 1994 Groves et

1994 Xie et al.

CaCO;,
BHSO4 Kz SO4

CaF2

2001 Xie et al.

. 1998.

1993 Samson et

DL

Huang et al. 2003

Burnham et al. 1980 Yang et al. 1996 Hou et

al. 2005b
Nd C-O-H
Sr-Nd

1998

Sr-
REE

Ronchi et al.

F~ HCO; SOi~
1993 Simonetti et al. 1995 Huang et al. 2003
87Sr 8681' 144Nd 143Nd
0.706027 ~ 0.706237
0.512409~0.512437 Huang et al. 2003

87Sr #0Sr 0.706124 ~
0.70663 #Nd " Nd 0.511987 ~
0.512404 4 Sr-Nd
Sr-Nd
8
Sr-Nd
8
Sr-Nd
.1~89.
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813CV-PDB —2.5 %o~
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(1] . 1998. DL . .1~89.
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Fig. 18 An ideal model for the formation of REE deposits
in the Mianning-Dechang REE belt Hou et al. 2006 b 2008
1—DBreccia pipe 2—Carbonatite-alkalic complexs 3—Fenitization
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