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Abstract: REE and other trace elements in ores, wall rocks, alkaline volcanic rocks and dia- 
base dikes have been determined in the Yinachang Fe-Cu-REE deposit. Comparative studies of 

REE and trace element geochemical characteristics of these geological bodies indicate that the 

ores and alkaline volcanic rocks contain abundant REE and Y (65 .9  -4633  ) • 10-6, with 
higher abundances of As, Mo, Nb, Co and U than those of the crust. Their cbondrite-normal- 

ized patterns show a strong enrichment of LREE and a positive Eu anomaly, in contrast to those 

of the dolomites which are characterized by slight LREE enrichment and moderate negative Eu a- 
nomaly. The REE patterns of ores are similar to those of hydrothermal sediment cores in the East 

Pacific Rise, whereas the REE patterns of dolomites are similar to those of PAAS ( Post-Archean 
Average Shale). In combination with the geological setting of the deposit, the primary ore-form- 

ing fluids might have higher REE and volatile elements, and might have been derived from man- 

de degassing, or the alkaline volcanic magmas. The Yinachang Fe-Cu-REE ore deposit is con- 
sidered to be of volcanic exhalation-hydrothermal sedimentary origin. 

Key wards: rare-earth elements; exhalation-hydrothermal; positive Eu anomaly; LREE 
enrichment; Fe-Cu-REE deposit 

1 Introduct ion  

The behaviors of the rare-earth elements (REE) during magmatism, metamorphism and meta- 
somation are of great geological interest because of their applications in geochronology and geochemi- 
cal tracing ( e. g. reviews by Faure, 1986 ; Lipin and Mckay, 1989). Because of their similar geo- 
chemical behaviors and low solubilities in water, the REEs have proved themselves to be a powerful 
tool for the characterization of provenances when applied to sedimentary rocks ( McDaniel et al. , 
1994 ). Although their behaviors under hydrothermal conditions are poorly understood and documen- 
ted as compared with their roles in the evolution of igneous rocks, the REEs are particularly useful 
in ore formation modeling as they can provide constraints on the nature, source and composition of 
ore-forming hydrothermal fluids, when used in conjunction with fluid inclusion data, isotopic signa- 
tures, etc. (Morteani et a l . ,  1986; Constantopoulos, 1988; Leroy and Turpin, 1988; Vander Au- 
wera and Andra, 1991 ; McDaniel et al. , 1994). 

ISSN 1000-9426 
* This research project was financially supported by the China National "973" Program (G1999043200) and the Outstanding Young 

Resem'cher Funds from the National Natural Science Foundation of China (49925309). 



266 CHINESE JOURNAL OF GEOCHEMISTRY Vol. 23 

On the western-southern margins of the Yangtze Platform is located one of the most important 
Cu-Fe polymetallic ore-concentrated zones, where there are a variety of ore types. So it has been at- 
tracting ever-increasing attention of many geologists. There have been found some typical REE-en- 
riched deposits associated with Fe and Cu, such as the Yinachang Fe-Cu-REE deposit in Wuding, 
the Xikuangshan Fe-Cu deposit and the Bijiashan Fe deposit in Dongchuan, and the Yimen Cu de- 
posit (Bai Ge and Yuan Zhongxin, 1985; Gong Lin et al. , 1996; Qi Dexian et al. , 2000). Espe- 
cially, the REEs have economic signatures in the Yinachang deposit. Several possible mechanisms 
of ore formation have been proposed for the Yinachang Fe-Cu-REE deposit, including syngenetic 
sedimentary deposition (Shi Jiaxin, 1981 ) ,  metamorphism associated with replacement (Zhang 
Peishan et al. , 1998) , possibly carbonatite related-hydrothermal fluids (Bai Ge and Yuan Zhongx- 
in, 1985 ) and deposition from the exhalative hydrothermal sediments (Zhou Guohua and Liu Jing- 
fen, 1993; Gong Lin et al. , 1996). 

The aim of this study is to shed light on the REE signatures of various meta-sedimentary rocks 
associated with a diversity of sulphide mineralizations in the Yinachang Fe-Cu-REE deposit in Yun- 
nan Province, China, to evaluate the metamorphic and pre-metamorphic influences on the deter- 
mined REE patterns and to explore the potential of REE studies to provide information about the be- 
haviors of REEs during metamorphism and hydrothermal alteration and to investigate the composition 
of ore fluids related to ore formation processes. 

2 Geological setting 

The Kunyang rift lies at the western margin of the Yangtze Platform and to the south of the 
Kangdian axis. The Yinachang Fe-Cu-REE deposit occurs in the Wuding-Lufeng Basin on the west- 
ern side of the middle segment of the rift, formed during the Kunyang rift evolution. The depositional 
setting of the Yinachang deposit has been recognized as a volcanic basin, characterized by volcan- 
ism, immature terrigenous and pyroclastic sediments, and the widespread exhalation of metal-bear- 
ing brines (Gong Linet  al. , 1996; Huang Yongpin et al. , 1999). 

The Yinachang Fe-Cu-REE deposit hosted in the Yinmin Formation of the Kunyang Group 
which is distributed in an elongated belt confined by the Luzhijiang lithospheric fault and the Xiao- 
jiang-Yimen fault. The ores are stratigraphically restricted to one specified horizon, the main ore- 
bearing rocks are siliceous dolomites, the foot- and hanging-wall rocks of orebodies are metamorphic 
garnet-biotite schists whose protoliths are alkaline volcanic rocks (Fig. 1 ). Diabase dikes and vol- 
canic breccia cut across the ores and strata. 

The most prominent feature of orebodies is the ubiquitous fine-scale mineralogical banding. 
This banding can be regular, wavy, or lensoid, and is defined by alternating mineral bands of sider- 
ite, magnetite, chaleopyrite, and fluorite, apatite, pyrite and quartz. Individual bands vary in width 
from 0.5 mm to 30 cm. Although minerals in most bands are variable in grain size, most bands can 
reflect the original sedimentary bedding. 

There are two types of ore structures: banded ore and massive ore. The ores are dominated by 
Fe oxides and are of Cu sulphide-rich type; magnetite and chalcopyrite are the dominant metallic 
minerals, with subordinate pyrite, molybdenite and cobahite and galenite; the gangne minerals are 
mainly siderite, albite, dolomite, fluorite, apatite, quartz, and calcite; REE minerals include bast- 
naesite, monazite, and allanite, and in some cases, apatite, fluorite and siderite contain some rare- 
earth elements. 
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Fig. 1. Cross section of the Yinachang Fe-Cu-REE deposit (modified by Yang Xueming et al. , 
1988). 1. Siliceous dolomite; 2. garnet-biotite schist; 3. ore; 4. volcanic breccia; 5. diabase 
dike ; 6. fault. 

3 Samples  and analytical  methods  

In this study, 16 fresh samples of various rocks were collected and examined, which can be 
grouped into six petrogenetic categories: @ siliceous dolomite--main wall rock; (~) the foot- and 
hanging-wall rocks of orebodies--garnet-biotite schist; (~) massive ores ; @ banded ores ; @ volcan- 
ic breccia; and @ diabase dikes. Detailed petrographic descriptions and geochemical characteristics 
of a variety of samples were provided by Zhou Guohua and Liu Jingfen ( 1993 ) and Yang Yaomin 
(2004).  In laboratory, the samples were washed with water firstly, and dried under room tempera- 
ture, then 200 grams of each sample were pulverized to 200 mesh. Analyses of the REE and other 
trace elements in the various rocks were conducted on ICP-MS at the Key Laboratory of Ore Deposit 
Geochemistry, Institute of Geochemistry, Chinese Academy of Sciences. Relative standard deviation 
was less than _+5% for each analysis and analytical accuracy was better than 10% for all elements. 
All REE data have been chondrite-normalized (Boynton, 1984). The Eu anomaly is quantified by 
8Eu, where ~Eu = (Eu)  N / E (Sm) N • (Gd) ~ ] 1/2 

4 Results 

The REE and trace element contents of all the samples are listed in Table 1, together with the 
calculated Eu, Ce anomalies and typical element ratios. The primitive chondrite-normalized REE 
distribution patterns (from Boynton, 1984) are shown in Fig. 2. For interpretative purpose and vis- 
ual clarity, all samples of the six groups ( as described above) with similar petrochemical properties 
were plotted. 

In comparison with the recommended contents of the bulk continental crust (Rudnick and Gao 
Shan, 2004) ,  all the siliceous dolomites analyzed are low in abundance for Co, Rb, Sr, Y, Zr, 
Nb, Mo, Ba, Cs, Hf, Ta, Th, and U. Compositionally, the ores are significantly low in Rb, Sr, 
Th, Ba, Zr, Cs and high in Co, As, Nb, Mo, U, REE ; the garnet-biotite schists are characterized 
by high abundances of As ( 10.8 - 18.7) x 10 -6, Rb ( 147 - 207) x 10 -6, Nb ( 19.9 - 20 .0)  x 
10 -6 , Mo (22.7 - 3 5 . 2 )  x l 0  -6 , Cs ( 1 9 . 9 - 2 7 . 4 )  x l 0  -6 , Ba (107 -1425)  x l 0  -6 , Th (9 .23 
-106)  x l 0  -6 and U ( 1 . 5 - 5 . 4 1 )  •  -6 .  
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The ores have very high REE and Y abundances with REE + Y enrichments (726 - 4633 ) • 
10-6 and chondrite-normalized REE patterns with a remarkable positive Eu anomaly (Fig. 2B, C ) , 

and their 8Eu values range from 1.77 to 5 .16 ,  with no Ce anomaly, and the LREEs are highly en- 
riched as compared to the HREEs. (La /Yb)N ratios range from 17.3 to 81.1.  The massive ores 

have higher ( L a / Y b )  N values than the banded ores except for sample DFH-6 whose ( L a / Y b )  N is e- 

qual to 81.8.  The REE + Y contents of garnet-biotite schists range from 221 x 10 -6 to 281 x 10 -6, 

and the chondrite-normalized REE patterns are similar to those of ores with positive Eu anomalies 

( Fig. 2D) .  

Table 1. Trace element and REE data for various rock types from the Yinachang Fe-Cu-REE deposit 
and typical carbonat i tes  and  the c rus t  ( • 10 -6 )  

Sample No. DB-1 DB-4 YDFH-17 YDFH-18 DB-ll D B - 1 5  Y D B - 4  YDFH-6 D B - 3 1  DFH-3 

Rock type (~) ~) (~) 

Co 1.06 5.49 28.1 23.5 643 15.8 728 411 278 106 

As 10.9 20.6 18.7 10.8 774 18.3 1170 488 309 65.2 

Rb 2.56 10.2 207 148 0.36 0.62 1.56 0.36 0. 173 19.1 

Sr 41.5 61.2 15.8 10.9 10.4 43.0 22.6 52.2 49.4 41.6 

Y 5.62 5.22 21.6 26.5 39.0 80.5 70.5 92.5 83.2 246 

Zr 5.36 8.96 99.9 99.8 3.4 2.61 0.97 0.99 0.31 7.63 

Nb 0.29 1.11 19.9 20.0 105 123 106 295 74.3 259 

Mo 0.50 0.95 35.2 22.7 284 9.77 1489 688 105 299 

Cs 0.07 0.21 27.4 19.9 0.04 0.05 0.19 0.05 0.02 1.79 

Ba 20.8 t07 1425 997 12.2 28.9 26.0 8.82 17.3 184 

Hf 0.14 0.28 2.81 2.75 0. 142 0.09 0.13 0.20 0.05 2.19 

Ta 0.04 0.07 0.76 0.67 0.247 4.13 0.48 0.89 0.08 5.04 

Th 0.33 1.15 9.23 10.6 0.78 4.04 1.27 1.64 1.00 10.4 

U 0.81 1.50 5.41 6.27 51.3 5.51 117 150 42.3 77.8 

La 2.51 3.24 52.9 69.7 328 237 441 509 436 810 

Ce 6.44 7.87 82.6 107 564 456 633 786 798 1336 
Pr 0.44 0.71 8.48 10.8 46.8 40.9 68.7 84.5 64.7 135 

Nd bd bd 28.5 34.9 143 137 228 282 192 470 

Sin 0.47 0.84 4.64 5.39 19.5 24.0 31.0 39.7 25.5 73.2 
Eu 0.15 0.25 4.99 5.79 18.8 14.1 26.4 21.8 37.2 71.8 

Gd 0.55 0.87 5.87 7.28 14.4 19.5 26.1 35.6 19.1 66.2 

Tb 0.10 0.13 0.94 1.13 1.86 2.88 3.06 4.65 2.71 8.06 

Dy 0.62 0.85 4.61 6.06 10.2 16.5 15.9 24.7 16.3 42.5 

Ho 0.14 0.16 0.85 1.07 1.80 3.01 3.22 4.68 3.21 8.53 

Er 0.44 0.45 2.20 2.66 4.81 8.11 9.54 13.2 9.05 23.7 

Tm 0.07 0.07 0.27 0.35 0.62 1.04 1.21 1.72 1.13 3.04 

Yb 0.39 0.42 1.92 1.99 3.17 5.57 6.90 9.19 5.67 16.2 

Lu O. 06 0.06 O. 25 O. 26 O. 30 0.53 0.67 O. 90 O. 50 1.93 

EREE + Y 18.0 21.1 221 281 1196 1046 1565 1910 1694 3312 

(l-a/Yb) N 4.32 5.20 18.60 23.63 69.8 28.6 43.1 37.4 51.9 33.7 

(La/Sm) N 3.37 2.42 7.17 8.13 10.55 6.21 8.95 8.08 10.77 6.96 

(Gd/Yb) N 1.13 1.67 2.47 2.96 3.66 2.82 3.06 3.13 2.72 3.30 

~Eu 0.91 0.90 2.92 2.82 3.43 2.00 2.83 1.77 5.16 3.15 

~Ce 1.48 1.25 0.94 0.94 1. I0 1.11 0.88 0.91 1.14 0.97 

Y/Ho 39.6 31.8 3.2 1.5 21.7 26.7 21.9 19.8 25.9 28.8 

Zr/Hf 38.5 31.9 26.1 29.7 24.1 29.3 7.66 4.90 6.31 3.5 

Nb/Ta 7.35 16.0 3.8 2.1 425 29.7 219 332 917 51.4 

U/Th 2.44 1.30 9.78 11.11 65.6 1.36 92.5 91.3 42.5 7.51 
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Table 1. (to be continued) 
Sample No. DFH-m-I YDFH-11 GS-1 DFH-6 GS-8 GS-9 GS-12 Typical carbonatite Crust 

Rock type (~) (~) (~) a b 

Co 42.7 49.8 61.0 282 17.9 9.39 31.0 - 26.6 

As 10.8 17.7 60.9 29.7 12.3 13.7 14.4 18.0 6.0 2.5 

Rb 0.15 34.3 1.09 271 151 246 9.30 178 < l0  49 

Sr 11.8 47.8 67.2 17.5 81.7 32.0 31.1 11979 1608 320 

Y 44.8 196 290 190 25.2 22.6 69.5 7 97 19 

Zr 0.27 1.21 1.06 4.43 142 131 122 < 10 49 132 

Nb 62.8 387 514 171 10.7 14.2 20.5 28 584 8 

Mo 97.9 797 288 534 1.65 0.68 3.78 125 6.0 0.8 

Cs 0.02 3.18 0.12 26.2 4.10 6.74 0.40 6.4 bd 2 

Ba 3.54 170 23.7 1571 898 546 38.8 14300 7906 456 

Hf 0.05 0.13 0.21 1.44 4.36 4.10 3.56 0.13 <0 .3  3.7 

Ta 0.29 4.32 5.40 5.62 0.75 1.01 0.93 <0.03 <0.04 0.7 

Th 0.71 2.40 0.696 16.6 14.7 18.2 7.08 3.77 61.6 5.6 

U 16.9 194 43.0 33.6 4.00 5.00 2.10 10.6 1 . l  1.3 

La 148 357 574 1412 47.1 21.2 35.0 545 1062 20 

Ce 323 474 1276 2092 101 43.0 75.3 645 1974 43 

Pr 31.0 49.3 114 151 9.51 3.88 7.04 - 210 4 .9  

Nd 109 172 497 495 31.9 10.9 23.2 102 750 20 

Sm 19.2 29.7 96.2 76.6 6.46 3.22 4.58 7.8 96.8 3.9 

Eu 10.7 32.4 48.3 72.1 1.31 0.70 0.88 1.62 24.6 1. l 

Gd 14.2 31.1 80.0 58.1 5.10 3.06 3.52 - - 3.7 

Tb 1.92 4.79 12. l 6.94 0.74 0.54 0.46 0.32 7 0.6 

Dy l l . 1  29.3 70.5 38.8 4.22 3.69 2.61 1.75 33 3.6 

Ho 2.02 6.06 12.7 7.01 0.82 0.77 0.48 - - 0.77 

Er 5.61 17.7 32.3 18.2 2.42 2.36 1.52 - - 2.1 

Tm 0.73 2.40 3.85 2.21 0.33 0.35 0.22 - - 0.28 

Yb 4.00 13.9 19.2 11.7 2.18 2.37 1.58 0.46 7.98 1.9 

Lu 0.38 l .  57 1.78 1.25 0.33 0.35 0.25 0. 058 1.06 0.3 

]~REE + Y 726 1416 3129 4633 238 119 226 1311 4263 125 

(La/Yb)  N 25.0 17.3 20.2 81.1 14.5 6.0 15.0 798.8 89.7 7.1 

( l a / S m )  N 4.85 7.56 3.75 11.59 4.59 4.14 4.81 43.95 6.90 3.23 

(Gd/Yb) N 2.87 1.80 3.37 4.00 1.89 1.04 1.80 1.57 

~Eu 1.98 3.27 1.68 3.30 0.70 0.68 0.67 0.89 

~Ce 1.15 0.86 1.20 l .  09 1.14 l .  14 1.16 1.05 

Y/Ho 22.1 32.3 22.8 27.1 30.6 29.6 145 25 

Zr/Hf 5.02 9.45 5.03 3.07 32.5 32.0 34.1 35.7 

Nb/Ta 219 89.7 95.2 30.5 14.4 14.0 22.1 11.4 

U/Th 23.9 80.8 61.8 2.02 0.27 0.27 0.30 2.81 0.02 0.23 

Note: Trace elements and REEs analyzed by ICP-MS; " - "  no detection; bd. below detection; (~) siliceous dolomite; (~) 

garuet-biotite schist; (~) massive ore; (~ banded ore; (~) volcanic breccia; (~) diabase dike. Typical carbonatite (from Kel- 

ler and Spettel, 1995 ) :  a. natrocarbonatite, O. Lengai 102; b. ferrocarbonatite, Homa Bay. The crust data from Rudnick 

and Gao Shan, 2004. 

The abundance of REEs ~ (18 .0  - 2 1 . 1  ) x 10 -6 ] for the siliceous dolomites is relatively low, 
with negative Eu anomaly and weak HREE fractionation (Fig. 2A) .  The REE contents of volcanic 
breccias and diabase dikes are (119 - 2 3 8  ) x 10 -6 and 226 • 10 -6 , respectively, both showing 
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negative Eu anomalies with ~Eu = 0 . 6 7 .  The chondrite-normalized REE patterns are moderately 

steep with respect to LREE and flat with respect to HREE (Fig. 2 E ,  F ) .  
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Fig. 2. Chondrite-normalized REE patterns in all samples of the six groups recognized in the 
Yinachang Fe-Cu-REE deposit. A. Siliceous dolomite; B. massive ore; C. banded ore; D. 
garnet-biotite schist; E. volcanic breccia; F. diabase dike; all data from Table 1. 
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5 Discussion 

Siliceous dolomites represent the main chemical sedimentation type, and their chondrite-nor- 
realized REE patterns are typical of aluminosilicate-free post-Paleoproterozoic marine sedimentary 
carbonates (Taylor and McLennan, 1985; Bau and Dulski, 1996). The levels of REE in the sili- 
ceous dolomites are very low ( < 100 • 10 -6 ) ,  in striking contrast to those of ores. Taylor and 
McLennan (1985) provided the REE data for carbonates and illustrated the similarities between 
their chondrite-normalized REE patterns and those of shales and sandstones, except that carbonates 
tend to have much lower concentrations, which would account for the lower REE abundances of the 
siliceous dolomites. Much difference has been recognized between the ores and the siliceous dolo- 
mites, suggesting their different REE sources. 

The chondrite-normalized REE patterns of the ores and garnet-quartz schists feature LREE en- 
richment and remarkable positive Eu anomaly, suggesting that it is very important to study the proto- 
liths of garnet-biotite schists. The biotite K-Ar ages of foot- and hanging-wall rocks of orebodies are 
809, 813 and 789 Ma D , suggesting that garnet and biotite are metamorphic minerals crystallized in 
the latest stage of the Jinning tectonic movement. The protoliths of garnet-biotite schists are alkaline 
volcanic rocks (Yang Yaomin, 2004; Bai Ge and Yuan Zhongxin, 1985 ) ,  whose petrological and 
geochemical characteristics are consistent with those of the alkaline volcanic rocks in the Dahongshan 
and Hekou groups, suggesting that a huge volume of alkaline volcanic rocks erupted at the initial 
stage of Kunyang rifting. 

Taylor et al. (1986) demonstrated that the REEs are of immobility during high-grade metamor- 
phism. Except for the loci where partial melting occurred, metamorphism did not affect the primary 
REE patterns. Parr (1992) reported a lack of association between metamorphic mineral assemblages 
and REE concentrations in exhalites from the Pinnacles deposit. Exhalites with metamorphic garnets 
accounting for > 80% exhibited LREE-enriched patterns rather than HREE-enriched ones, as might 
be expected, if the REE distributions are a function of metamorphic crystallization (garnets are 
HREE-enriched mineral) (Parr, 1992). This led Parr (1992) to conclude that the data represent 
the primary REE concentrations of exhalative fluids. Similarly, Lottermoser (1989) suggested the 
pre-metamorphic REE concentrations in exhalites associated with the Broken Hill deposit can repre- 
sent the primary REE concentrations of the rocks. The main argument is: apparent lack of minera- 
logical control on REE distributions and their similarities to the REE patterns found in modern hy- 
drothermal fluids. The REE patterns of garnet-biotite schists also represent those of primary alkaline 
volcanic rocks, and similarities in REE patterns between the ores and the alkaline volcanic rocks 
suggest the REEs of ores would be derived from the alkaline volcanic rocks or the hydrothermal fluids 
which occurred during alkaline volcanic eruption. 

If the solution is not enriched in Eu relative to the other REEs, in the process of sedimentation 
the occurrence of fractionation between Eu and the other REEs will make Eu preferentially enter into 
the sedimentary phase, giving rise to positive anomalies. This can occur if a phase is precipitating, 
which has a special affinity for Eu, or if the properties of Eu in the solution differ from those of the 
other REEs so as to promote the partitioning of Eu as a trace element into all solid phases. Both 
mechanisms require the properties of Eu 3§ in solutions or solids do not differ significantly from those 
of the other trivalent REE (Graf, 1977). It appears, however, that the remarkable anomaly ob- 
served in the Yinachang ore samples did not result from Eu fractionation during precipitation. If Eu 

(~ 1/50000 Geological Map of Wuding Region ( Bureau of Geology and Mineral Resources of Yunnan Province). 
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is preferentially incorporated into one of the precipitating phases, the magnitude of Eu anomaly 
should be related to the mineralogy of the samples, but the major minerals such as magnetite and 
chalcopyrite in the ore and gangue minerals such as siderite and fluorite all display pronounced posi- 
tive Eu anomalies (Yang Yaomin, 2004) .  In addition, the A12 03 contents of ores are very low (a- 

bout 0 . 3 % ,  Yang Yaomin, 2004 ) ,  the positive Eu anomalies of ores were not caused by detrital 
feldspar. The most logical conclusion is that the ore-forming fluid was already enriched in Eu and 
the positive Eu anomalies of ores are attributed to hydrothermal solutions ( Michard et al. , 1983 ).  

Geochemical compositions and REE patterns of ores are unlike those of normal sediments and 
volcanic breccias and diabase dikes. The consistent REE patterns for various types of ores indicate 
that there has not occurred REE fractionation during ore precipitation, so the nearly parallel REE 
patterns of ores are considered as a reflection of those of primary ore-forming fluids from which the 
ores were precipitated. In addition, more research suggested that the ore-forming fluids that exhibit 
LREE enrichments and pronounced positive Eu anomalies could not be derived from seawater, for- 
mation water and meteoric water (Wang Jinbing and Li Chaoyang, 1991; Bi Xianwu and Hu 
Ruizhong, 1998). In conjunction with the deposit and its geological setting in the initial stage of 
Kunyang rifting and the Sm-Nd isotope constraints, it is shown that the REE of ores are derived from 
the mantle and the ore-forming ages are consistent with those of the ore-hosted strata ( Yang Yaomin, 
2004 ) ,  and the primary ore-forming fluids may have originated from volatile-rich fluids as a result of 
either differentiation of a alkaline magma or mantle degassing. Positive Eu anomalies found in the 
primitive ore fluids suggested that the REEs were derived from relatively hot and reducing fluids 
( Sverjersky, 1984). 

Exhalites formed in modern hydrothermally active areas, e .g .  the Red Sea, are enriched in 
both LREE and Eu. Hydrothermal solutions (Michard et al. , 1983 ) and hydrothermal precipitates 
(Bau et al. , 1996; German, 1999 ) from the East Pacific Rise also have steep, LREE-enriched 
REE patterns with remarkable positive Eu anomalies. This is in direct contrast to the REE patterns 
of metalliferous Fe-Mn sediments precipitated on the sea floor, which exhibit flat patterns and nega- 
tive Ce and Eu anomalies very similar to those of seawater ( A h ,  1988 ).  Therefore, ancient ex- 
halites formed in the submarine hydrothermal center are expected to have LREE-enriched patterns 
with positive Eu anomalies. The REE patterns in Yinachang ores are similar to those of modern sea- 
floor hydrothermal sediments ( Fig. 3 ) ,  indicating an ancient hydrothermal sedimentary origin of the 
Yinachang deposit. The primary ore-forming fluids might be REE- and volatile element-high fluids 
derived from mantle degassing or alkaline volcanic magmas. The Yinachang Fe-Cu-REE ore deposit 
is thought to be of volcanic exhalation-hydrothermal sedimentary origin. 

As compared with the carbonatite rocks, although the ores have similar chondrite-normalized 
REE patterns, there are significant differences in the composition of trace elements, such as Sr 
(1608 -11979 )  x 10-6 and Ba (7906 - 14300) x 10-6, their contents being much higher than 
those of Yinachang ores ( Mills et al. , 1995 ) .  At the same time, the occurrence of carbonatite rocks 
is associated with alkaline minerals and strong alkaline metasomatism (e .  g. fenite, nepheline and 
osannite; Woolly et al. , 1989; Yang Xueming et al. , 1998). The carbonatites usually do not show 
positive Eu anomalies but negative Eu anomalies or no Eu anomaly. Those characteristics of carbon- 
atites have not been observed in the Yinachang deposit. Thus, the Yinachang deposit seems not to 
be genetically related with carbonatites. 

6 Conclusions 

Analyses of various rock types from the Yinachang Fe-Cu-REE deposit demonstrated that in the 
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whole process of muhi-phase metamorphism, the 
primary REE distribution patterns remained 
essentially unchanged; the REEs can be consid- 
ered immobile in the analyzed rocks. A number 
of conclusions can be drawn from the identifica- 
tion of primary REE patterns in mineralized and 
unmineralized metavolcano-sediments from the 
Yinachang deposit : 

(1) The ores are strikingly enriched in Co, 
As, Mo, U, Fe, and Cu, similar to the modern 
seafloor hydrothermal sediments, but different 
from siliceous dolomites which are normal chemi- 
cal sedimentary rocks. 

(2) The chondrite-normalized REE patterns 
of ores closely resemble those of the primary ore 
fluids, exhibiting LREE enrichments and pro- 
nounced positive Eu anomalies. These patterns 
can be compared most closely with those of fresh 
hydrothermal sediments on seafloor in the EPR. 
In addition, similarities in REE patterns between 

l l t ! l l l t l t ! l l l J  

tt 
I000 

,~ 100 

o 

"~ 10 

c~ 
1 

1000~] 

0.1 
LaCePr Nd SmEuGdTbDyHoErTmYbLu 

Fig. 3. The variation trend of REE in hydrothermal sed-  

iments from the EPR ( E a s t  Pacific R i s e )  ( d a t a  from 

German et al. , 1999)  and ores from the Yinachang de- 

posit. 

the ores and the hanging- and foot-wall rocks of ores suggested that ore deposition occurred during 
volcanic eruption, and the REEs of ores were derived from the mantle. 

(3) The Yinachang Fe-Cu-REE ore deposit is considered to be of volcanic exhalation-hydro- 
thermal sedimentary origin. 
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