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Absttact: The alteration types of the large-scale Tsagmn Suvargii Cu-Mo porphyry deposit mostly comprise stockwork 
silicification, argillization, quartz-sericite alteration, K-silicate alteration, and propylitkation. The mineralized and altered 
zones from hydrothermal metallogenic center to the outside successively are Cu-bearing stockwork silicification zone, Cu- 
bearing argillized zone, Cu-M o-bearing quartz-sericite alteration zone, Cu-Mo-bearing K-silicate alteration zone, and pro- 
pylitization zone. The K-silicate alteration occurred in the early phase, quartz-sericite alteration in the medium phase, and 
argillization and wbonatization (calcite) in the later phase. Ore-bearing-altered rocks are significantly controlled by the 
structure and fissure zones of different scales, and NE- and NW-trending fissure zones could probably be the migation 
pathways of the porphyry hydrothermal system. Results in this study indicated that the less the concentrations of REE, 
LREE, and HREE and the more the extensive fractionation between LREE and HREE, the closer it is to the center circula- 
tory hydrothermal ore-forming and the more extensive silicification. The exponential relationship between the fractionation 
of LREE and HREE and the intensity of silicification and K-silicate alteration was found in the Cu-Mo deposit studied. 
The negitive Eu anomaly, normal Eu, positive Eu anomaly and obviously positive Eu anomaly are coincident with the en- 
hancement of N%O and K,O concentrations gradually, which indicated that Eu anomaly would be significantly controlled 
by the alkaline metasomatism of the circulatory hydrothermal ore-forming system. Therefore, such characteristics as the 
positive Eu anomaly, the obvious fractionation between LREE and HREE and their related special alteration lithofacies are 
suggested to be metallogenic prognostic and exploration indications for Tsagian Suvargi-style porphyry Cu-Mo deposits 
in Mongolia and China. 
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Rare earth elements ( W E )  and their related geo- 
chemical parameters are used for metallogenic and liq- 
uid-geochemical tracing because all the REE display 

very similar geochemical behaviors"-'21. However, 
REE and their geochemical parameters for alteration 
lithofacies in the porphyry environment, especially 

* Companding authot(E-mail: fangweha@ tom.com) 
Foundation item: Project supported by Chinese State Key Project on Fundamental Research Planning (2007CB411304); Open Project of State 

Key Laboratory of Deposit Geochemistry of Institute of Geochemistry, Chinese Academy of Sciences 
Biography: Fang Weixuan (1961-), Male, Doctor, Professor; Research direction: exploration for mineral deposits 

Copyright 02007,  by Editorial Committee of Journal of the Chinese Rare Earths Society. Published by Elsevier B.V. All rights reserved. 



760 JOURNAL OF RARE EARTHS, VoL25, Noh,  Dec 2007 

exploration indications of their parameters and related 
alteration lithofacies on porphyry system have been 
poorly understood up to now. Furthermore, there is 
little report available on comparisons between Tsa- 
gmn Suvargp porphyry Cu-Mo deposit in South Gobi 
in Mongolia and porphyry Cu-Mo deposits in the 
East Tianshan in China, although porphyry Cu-Mo- 
Au deposits have been found in the East Tianshan in 
China, recently"3-241. Therefore, a better understand- 
ing of the potential of prospecting porphyry Cu-Mo- 
Au deposits from the East Tianshan to the Beishan in 
China is necessary. On the basis of the geochemistry 
of REE and trace elements in altered rocks in Tsagaan 
Suvargp porphyry Cu-Mo deposit, the characteristics 
of the alteration of wall rocks and hctionations of 
REE as well as trace elements were discussed, and the 
comprehensive exploration indicators of REE were 
summarized. 

1 GenemlGeology 
Located in the central Asian orogenic belt of the 

Late Paleozoic active continental margin of Tianshan 
of China to South Gobi of Mongolia, and in mature 
magmatic island arc zone of Andean-type continental 
island arc, Tsagmn Suvargp porphyry Cu-Mo deposit 
is one of the most typical porphyry Cu-Mo deposit 
within the Au-Cu-Mo-Fe metallogenic system in this 
continental margin (Fig. 1). Tsagmn Suvarg porphyry 
Cu-Mo deposit has the same geotectonic setting as 
Tuwu-Yandong porphyry deposits in China. In the 
area studied, Devonian lithological associations con- 
sists of marine andesite, dacite, dacitic rhyolite, sili- 

ceous rock of abyssal facies, jasper rock and proclas- 
tic sedimentary rock with partially interbedded car- 
bonate rock, which are characterized by typical lithol- 
ogical associations of active continental margin island 
arc. In the carboniferous marine facies, the terrigenous 
sedimentary system and volcanic rocks of littoral faci- 
es are composed of andesite-dacite, dacite-rhyolite 
and carbonate rock, tuff, terrigenous clastic rock, bas- 
ic, intermediate and acid subalkaline rocks of continen- 
tal facies and clastic rock series developed well. Fur- 
thermore, rock assemblages of typical mature island 
arc lithological association include basalt, basaltic an- 
desite, andesite, dacite, rhyolite, basaltic trachyte, tra- 
chy t e, t rachy t ic basalt, trachy andesit e, andesit e-rhy o- 
lite-trachytic rhyolite, sandstone and siltstone. These 
rock series and the lithological association indicate 
that continental collision happened and oceanic basin 
was closed in this area in the Carboniferous period. 
Distributions of the Late Carboniferous and the Early 
Permian marine andesite-dacite, dacite-rhyolite and 
terrigenous clastic rocks interbedded by carbonate 
rock show that the residual palm-ocean basin was be- 
ing shrunk, whereas the Late Carboniferous and the 
Early Permian lithological associations of basaltic tra- 
chyte, trachyte, trachytic basalt, trachyandesite and 
esite-rhyolite-trachytic rhyolite indicate that the resid- 
ual volcanic island arc and subduction and collision re- 
mained in the area studied. However, rock assembla- 
ges of ore-bearing intrusive complex intrusions which 
covers an area of 90 km' contain gbbro, diorite, sy- 
enodiorite, granodiorite and leucogranite and syenititic 
porphyry . This complex intrusion, plunges into the 

Fig 1. Schematic location map of Ts- Suvare Cu-Mo porphyry deposit in south M ongplia 
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NW direction and extends underneath the carbonifer- 
ous volcanic-sedimentary rock series, whereas struc- 
tural contact zone was reported between the complex 
intrusions and their wall rocks. Factually, structural 
contact zones were host bodies of cryptoexplosive 
breccia, whereas Cu-Mo orebodies were hosted in the 
northern part of cryptoexplosive breccia bodies. 

Tsagmn Suvarga porphyry Cu-Mo deposit ranks 
the third largest porphyry Cu deposits in Mongolia, 
with Cu and Mo metal resource being a tonnage of 
1.5 million and 0.05 million at average grades of 
0.72% Cu and 0.023% Mo, respectively. It is also 
accompanied with Se and Au, with Se metal resource 
of 1992 tomes at an average grade of 8.3 g . t ' Se. 
The observed mineralized zone is 2000 m long, 450 m 
wide and 250 m deep. Copper and Mo mineralized 
zone is hosted within argillic, silicification and quartz- 
sericite alteration zones between the carboniferous 
two monzonitic porphyry veins, and the Cu-Mo ore 
are mainly in veinlet and disseminating texture hosted 
in dense fissure zones. In fact, there is much sericite 
alteration on the walls of sulfide-quartz veinlets. Mo- 
reover, fine sulfide veinlets and disseminated chal- 
copy rite-moly bdenite-silicification-sericite alterat ion 
occur as fissure fillings in small extensive altered rib- 
bons which are found along the high-intensity fissures 
of granodiorite. In addition, molybdenite mostly oc- 
curs inside and outside the walls of chalcocite-chal- 
copyrite-quartz veinlets, and along the walls of fis- 
sures in K-silicate altered rocks. Ore minerals in oxi- 
dized zone consist mainly of malachite, limonite, 
bornite, chalcocite, covellite and azurite, whereas ore 
minerals in primary zone are mainly chalcopyrite, mo- 
lybdenite, pyrite, magnetite, hematite, galena and 
sphalerite, of which pyrite is intergrowth with galena, 
sphalerite and tennantite. Ore minerals in primary 
zone are enriched in quartz-sericite and silicification 
alteration zones. Gangue minerals mostly comprise 
quartz, sericite, potash feldspar, kaolinite, dickite, 
chlorite and calcite. 

The metallognic date of Tsagim Suvarga por- 
phyry Cu-Mo deposit is considered to be in the Late 
Devonian age. According to a report by Lamb and 
Cox (1998)"61, 40Ar?9Ar age of muscovite from 
K-silicate alteration zone in ore-bearing porphyry is 
364.9 f 3.5 Ma, and the weighed average 40Ar/39Ar 
age of non-altered monzonitic porphyry is (313.0 f 
5.  8) Ma. The monzonitic porphyry intersected the 
Cu-Mo mineralized zone, indicating that mineraliza- 
tion occurred 313.0 f5.8 Ma ago. Re-0s age of mo- 
lybdenite from K-feldspar altered granite is (370 f 
0. 8) Ma. It is close to the age of muscovite. Because 

the accuracy of dating from molybdenite is better than 
that of muscovite, the mineralized date of this deposit 
is considered to be in the Late Devonian period. 

2 Sample and Analytical Method 
Sampling sites were measured by portable GPS. 

Samples were processed in the workshop of the Insti- 
tute of Geochemistry, Chinese Academy of Sciences. 
Major elements were analyzed with pure chemical 
quantitative method, whereas trace elements and REE 
were analyzed in Analysis Laboratory, Beijing Institu- 
te of Uranium Geology through HR-ICP-MS (Ele- 
ment I) made by Finning MAT. 

3 Geochemical Chamtenstics of Major 
Elements, Trace Elements and REE of 
Cu-Mo-Beadng Alterred Rocks 

3.1 Geology and geochemistry of major 
elements, tmce elements and REE 
of Cu-Mo-beating alteEd mcks 
Ore-forming intrusive bodies are mainly com- 

posed of Cu-M o-bearing altered granodiorite, dioritic 
porphyry, altered gabbro-diorite and porphyritic gab- 
bro. ( 1  ) Alteration types are mainly silicification, 
argillization of stockwork, quartz-sericite alteration, 
K-silicate alteration and propylitic alteration. (2) The 
mineralized and altered zoning from the hydrothermal 
metallogenic center to the outside part observed on 
the surface is Cu-bearing stockwork silicification 
zone, Cu-bearing argillized zone, Cu-Mo bearing 
quartz-sericite alteration zone, Cu-Mo bearing K-sili- 
cate alteration zone and propylitization zone respec- 
tively, whereas the mineralized and altered zoning 
from the depth to the surface is, Cu-Mo-bearing 
K-silicate alteration zone, Cu-M o-bearing quartz-seri- 
cite alteration zone, Cu-M o-bearing stockwork silicifi- 
cation zone and Cu-bearing argdlized zone, respective- 
ly. (3) The K-silicate alteration occurs in the early 
stage, quartz-sericite and silicified alteration in the me- 
dium stage, and argillization and carbonatization (cal- 
cite, siderite) in the later stage. Ore-bearing altered 
rocks are obviously dominated by structure and fis- 
sure zones of different scales. Veinlet and stockwork 
silicified alterations are controlled by small-scale frac- 
tures, whereas other mineralized and alterations are di- 
rected by high-density fissures in which sulfides are 
filled well. These sulfides mainly exist as quartz-sul- 
fides and quartz-sericite-sulfide veinlets. Distribution 
of the stockwork ore bodies is controlled by NE- and 
NW-trending fissure zones with veinlet ore zone of 
10 - 20 m in depth and several hundred meters in 
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length. These possibly indicate that NE- and NW- 
trending fissure zones would probably migrate 
through pathways for hydrothermal ore-forming sys- 
tem in the porphyry environment. Thus, it can be 
supposed that the most intense mineralized and alter- 
ation might occur in intersections of NE- and NW- 
trending fissure zones, which are indicated by the 
deep part of the weakly NE-trending structural zone 
intersected by the NW-trending fracture. Their differ- 
ent geochemical characteristics of major and trace ele- 
ments from ore-bearing altered rocks are summarized 
as follows: 

1. Propylitic altered rock: The assemblages of al- 
tered minerals consist of assemblages of epidote t 
chlorite f carbonate, which is well developed in diorite 
and the carboniferous volcanic rocks (wall rocks). The 
carboniferous rocks do not display an obvious Cu- 
Mo mineralization only with banded and planar py- 
rite on the periphery of the ore-bearing altered zones 
in the area studied. 

2. K-silicate altered rock (TS1, TS5, TS4, TS8): 
The assemblage of altered minerals is the assemblage 
of potash feldspar + chlorite + sericite f quartz f bio- 
tite. The original intermediate feldspars are mainly K- 
feldspars and secondly sericitization, whereas K-sili- 
cate alteration is exhibited in the porphyritic gabbro, 
gabbro-diorite, diorite, dioritic porphyry and grano- 
diorite-porphyry. (1) Melanic minerals such as pyrox- 
ene and hornblende account for about 80% of the to- 
tal minerals in the total volume in Cu-bearing altered 
porphyritic gabbro, whereas most of the grayish basic 
feldspar is altered into the reddish potash feldspar 
(accounting for 15% of total volume). (2) The dark- 
colored minerals (30%) in Cu-bearing altered dioritic 
porphyry and gabbro-diorite had already been altered 
into the chlorites which still remains a crystalline 
pseudomorph of hornblende, pyroxene and biotite. 
The pseudomorph of some dark-colored minerals re- 
mains phenocryst with 2 - 5 cm in length and 0.5 - 
2 cm in breadth. Phenocryst of medium-basic feldspar 
had been altered into potash feldspar most of which is 
red and some of which remains grayish. (3) K-silicate 
alteration in the Cu-bearing granodioritic porphyry 
and dioritic porphyry is in the form of veinlet and 
stockwork along fissure zones. (4) A geat amount of 
chalcopyrite, bornite, molybdenite and some sphaler- 
ite were formed. Fine veinlet-disseminated sulfide is 
presented along the fine fissures in K-silicate rocks 
with the width of the veinlet ranging from 5 to 
10 mm, and their density from 100 to 150 pieces of 
ore-bearing fissures per meter. 

Fine veinlet-disseminated sulfides filled in the 

fissures of greenish-gray Cu-bearing diorite with weak 
alteration (TS5) and grading of 0.83% Cu, 2422 x 

Zn, 16.7 x Cd and 6.99 x Mo indi- 
cates that copper is enriched in the greenish-gray al- 
tered diorite (TS5) in an environment of the fractura- 
tion and hydrothermal alteration for diorite. 

In comparison with the greenish-gray diorite of 
weak alteration (TS5), the characteristics of the major 
elements of K-silicate zone (Table 1) are characterized 
by higher concentrations of K,O (5.52% - 5.61%) 
and Si0,(64.61% - 67.93%), lower concentrations of 
NqO (2.39% - 4.64%), as well as CaO, MgO, 
Fe20, and FeO. Furthermore, the ranges of K,O/ 
NqO ratios, concentrations of ( K 2 0  + N q O )  and 
SiO,/K,O ratios are 1.89 - 2.35, 8.00% - 10.21% 
and 11.9 - 12.3, respectively. Copper mineralization 
yields at the pdes of 0.36% - 0.87%. The anodous 
values of ore-forming elements such as Mo ((6.05 - 
2 1 1 ) ~ 1 0 - ~ ) ,  Zn (2422 x 
are locally found. These data are evidences of the fact 
that K-silicate alteration may produce Cu enrichment 
or Cu mineralization accumulation, in which most of 
the Cu-bearing ores with lower grades are coincident 
with local Mo, Zn and Bi enrichments. Fig. 2 illus- 
trates that large ion lithophile element (LILE) in K-sil- 
icate rocks (TS4, TS8) are typified by remarkable 
positive U-K, La and Pb anomaly, negative Th, Ta- 
Nb, Sr and Sm anomaly, and depletion of high-field 
strength cations such as Ta-Nb. 

The characteristics of the Cu-bearing gabbro with 
weak alteration (TS1, Fig.  2 and 3) comprises K-sili- 
cate alteration, slight silicification and magnetite altera- 
tion, and they were superimposed by argillization and 
white carbonation (calcite) of the late stage along mi- 
crofissure of gabbro. Obviously, fracturation, enrich- 
ment of LILE, visible positive anomaly of U-K and 
La-Ce-Pb and Sm, evident negative anomaly of Sr and 
Ti and P, as well as relative depletion of hi&-field 
strength cations such as Ta-Nb are found inside, and 
the altered gabbro has the same characteristics of hi& 
V (572 x 10 6, as primary gabbro. 

3. Silicification-sericite altered rocks (TS6, TS7 
and TS16): Altered mineral assemblage is composed 
of quartz + sericite f potash feldspar f chlorite. (1) Si- 
licification-sericite alteration is distributed around K- 
silicate altered rocks consisting of Cu-Mo-bearing 
potash feldspar-quartz-sericite altered rocks and 
quartz-sericite altered rocks, making it difficult to 
identify their protolith. (2)  Stockwork and veinlet 
(0.5 -2.5 cm in width) of potash feldspar is common 
in locally transitional parts of K-silicate altered rock 
and silicification-sericite altered rocks, and they main- 

and Bi (11.4 x 



F q  W X et a! Geochemicd Chmadetistics ad Sign&?m of Mdor &ments, Tmce Elements and REE 763 

ly comprise Cu-Mo-bearing potash feldspar-quartz- 
sericite altered rocks. Moreover, they mainly com- 
prise quartz and sericite with gradual disappearance of 
the potash feldspar while enhancing the quartz and 
sericite alteration. (3 ) Strong silicification-sericite al- 
tered rocks in grayish-white color distribute along the 
fractures and fissures. When stronger silicification oc- 
curs locally in the form of stockwork silicification 
(1 - 1.5 cm wide) and is superimposed on banded si- 
licified-sericite altered zone, it is obvious for sulfide 
to concentrate highly. (4 )  In quartz-sericite altered 
rocks, sulfide (chalcopyrite, bornite, molybdenite and 
minor sphalerite) is distributed in the form of fine 
veinlet dissemination (0.2 - 0.3 cm in width) and is 
partially disseminated along the fine fBsures with 133 - 
160 pieces of fissures per meter. 

As for the characteristics of major elements (Ta- 
ble 1 ), K,O concentrations range from 3.28% to 
5.61% and N q O  fiom 0.99% to 2.39%, the concen- 
trations of which is obviously lower. However, con- 
centrations of K,O + Na,O are not high, ranging from 
4.27% to 8.00%, mainly caused by complete potash 
metasomatism. Ratios of SiO,/K,O are high because 
potash feldspar is altered by sericite owing to the en- 
hancement of silicificat ion-sericite alteration. Some 
values of metallogenic elements such as Cu (2.08% - 
4.43%), Mo  ((399 - 1591) x lo- ' ) ) ,  Zn (3579 x 

W((20.2 -25.2) x 10") and 
local U (56.3 x l o - ' )  show that Cu-Mo are largely 
enriched and ores of higher Cu grade or high Cu-Mo 
grade are yielded associating with an enrichment of 
Zn, Cd, W and U. 

As shown in Fig. 2, LILE are still enriched in the 
silicification-sericite altered rocks (TS6, TS7, TS16), 
but high-field strength cations such as Ta-Nb is rela- 
tively depleted with obvious positive U, La-Ce-Pb a- 
nomaly. Negative Sr anomaly exhibits with the en- 
hancement of silicification-sericite alterations. 

4. Vein-stockwork silicification altered rock: Al- 
tered mineral assemblage consists of quartz + sericite. 

Cd (11.4 x 
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Spider diagam of lag iron lithophile elements in mh- 
eralized and altered rocks in Ts- Suvarg Cu-Mo 
porphyry deposit 

Fig. 2 

The metallogenic centre consists of vein and veinlet chal- 
copyrite-bomite-silicified veins, openly controlled by 
fractures, within fractures of silicified-sericite altered 
rock. This metallogtic centre is the best-hosted dimen- 
sion of copper ores at higher Cu grades, which can be 
exemplified by identification symbols of convective cir- 
culatory metallogtic centre for the porphyry system. 
The main characteristics are summarized as follows: 

(1) Chalcopyrite quartz veins (TS11, TS13) are 
2 - 5  cm in width. The small massive and dissemina- 
ted chalcopyrite and other sulfide are formed in the 
same stage as that in the silicification. Fine fissures of 
2 - 5 mm in width, averaging 130 pieces per meter, 
are well developed in quartz veins, filled by fine vein- 
let-disseminated chalcopyrite and bornite. Therefore, 
the latter may be formed later than the former. Con- 
centrations of SiO, range from 76.5% to 79.28%, 
Al,O, from 6.04% to 7.07% and K,O from 0.23% 
to 1.47% in chalcopyrite quartz veins. The higher 
concentrations of A1,0, and K,O are principally re- 
lated to the sericite developed in the quartz veins and 
on their vein walls. Concentrations of copper are up 
to 3.07 to 4.98% in these quartz veins, with a maxi- 
mum of 43645 x l o - '  Zn, 73.8 x l o - '  Bi, 563 x l o - '  
Mo  and 2.08% TiO,, as well as Se from 5.63 x 
to 27.3 x lo - ' .  Chalcopyrite-molybdenite quartz 
veins are distributed in local with Mo maximum up to 
6046 x 10.'. All of these indicate that the strong si- 
licification zone is the ore-forming center in the area 
studied. 

(2) Molybdenite occurs in the form of mem- 
brane, irregular small massive, dissemination, and fine 
veinlet-dissemination in fine fissures (2 - 5 mm in 
width) of quartz veins (TS12) of 2 - 5  cm in width. 
The fine fissures of 2 - 5 mm in width and at the den- 
sity of 160 pieces of fine fissures per meter are well 
developed in the quartz veins which contain Cu grad- 
ing of 0.7%, M o  grading of 8417 x 10 - ', TiO, grading 
of 1.0% and CaO grading of 4.55%. CaO is mainly 
derived from carbonate minerals and the features 
are coincident with calcite , and results from the late 

Rb Th K Nb Ce Sr P Zr Eu Gd Dy Yb 
Ba U Ta La Pb NdSm H f  Ti Tb Y Lu 

Fig, 3 Spider diagam of LILE in altered rocks in Tsagwn 
Suvarga Cu-Mo porphyry deposit 
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superimposed alterat ion. 
(3) Malachite and chalcocite quartz veins, general 

5 -30 cm in width with the maximal width up to 73 
cm, are common at the surface in the area studied. 
Stockwork, disseminated and small massive malachite 
and malachite-chalcocite occur in quartz veins which 
are well developed in argillic zone and argillic hema- 
tite-ochre alteration zone at the surface. 

Table 1 

Up to 5.67% Cu, 43645 x Zn, 27.3 x 
Se, 73.8 x Bi, 1508 x Mo and 1.75% TiO, 
are found in these veins. However, the LILE are en- 
riched in these veins (TSlO, TS11, TS12, TS13), with 
obvious positive anomaly of U, La-Ce-Pb, Nd-P-Sm, 
Eu-Ti and apparent depletion of Ta-Nb, Sr, Zr-Hf 
(Fig. 3). 

Major elenmts (%, l l l s s  f d o n )  and trace elenmts ( x lo-') conposition of ninerslized and altered mcks in Ts- Swarga 
Cu-Mo polphyry deposit in south Mongolia 

Sample TSI TS5 TS4 TS8 TS6 TS7 TS16 TS13 TS12 TSll TSlO TS17 TS18 

SiOz 56.46 59.98 67.93 64.61 66.99 68.72 6923 7928 88.82 765 87.16 61.97 66.67 
TiO, 2.75 1.75 1.17 1.13 1.76 1.04 0.64 2.5 I .o 2.08 1.75 Oh1 0.64 

Ak! O3 9.85 18.19 16.67 17.68 16.42 15.66 13.88 7.07 0.25 6.04 125 15.91 15.91 
F% OI 7.57 1.8 0.4 0.15 0.67 0.6 3.35 2.01 0 2  3 6 0 2  0.42 1.0 

FeO 
M nO 

MgO 
CaO 

Na, 0 
K, 0 
p2 0 5  

Iflition loss 

cu 
Total 

4.1 0.7 
024 0.07 
2.83 1.31 
5.63 2.78 
132 5.14 
1.42 3.23 

0.33 037 
624 3.21 
0.87 0.83 
99.61 96.15 

0.1 

0.6 
0.01 

0.77 

2 92 
5.52 
0 2  
2.85 
0.36 

99.5 

0.05 0.1 027  1.06 
0.07 022 0.03 0.04 

025 0.15 021 0.42 

I .9 0.67 1.74 0.44 
4.64 239 1.03 0.99 

5.57 5.61 5.42 328  

0.19 028 027  0.4 

2.79 226 2.6 I .3 

0.39 2.18 2.08 4.43 

99.42 99.7 99.67 99.46 

0.79 
0.08 
0.01 

0.96 

0.08 
1.47 

021 
1.91 
3.07 

0.05 0.94 
0.1 0.19 
0.01 021 
4.55 0.66 
0.01 021 
021 023 

0.28 0.3 
324 3.54 
0.7 4.98 

0.05 0.1 

0.05 0.02 
0.01 0.35 
0.59 0.43 
0.01 229 

0.09 4.22 
021 0.77 

3.71 727 
5.67 5.55 

0.37 
0.06 

0.18 
0.35 
521 

4.92 
0.3 

3.04 
I .o 

99.44 99.41 9927 99.75 99.91 99.65 

V 

Cr 
c o  
Ni 
Zn 
Ga 

Ge 
AS 

se 
Rb 
Sr 
Y 
Zr 

Nb 
Mo 
Cd 

In 
Sn 
Sb 

Ba 
Hf 
Ta 
w 
Pb 
Bi 
Th 

U 

572 
10.7 
18.6 
8.79 

152 
28.1 

4.61 
I .4 
13.7 
53.7 
166 
68.4 
148 

30.4 
64 
0.414 

0.146 
1 .75 
0.198 
268 
4 A9 
1.71 
3.95 
5.68 

I .45 
7.13 
9.66 

I02 
4 23 
1.5 1 

1.42 
2422 
21.7 
0.725 

0.438 
3.85 
153 
203 

8.79 
I14 
6.48 
16.7 

6.99 

0.059 
0.668 
0.407 
1044 

2.7 
0378 
6.6 
11.9 
0297 
2.61 

1.3 

158 
9.87 
7.14 
4 A 
72 2 
23.1 

121 

0.606 

4 A5 
84.5 
633 

15.7 
83.7 
7 94 
6.05 

0.131 
0.109 
1.09 
0.083 
1073 
2.19 

0379 
5 5 4  
23.1 
11.4 
1.87 

3.4 

54.8 86.3 109 
10.4 3.7 8.15 

223 228 1.89 
2.97 139 2.07 

36.3 3579 46.7 
17.8 20.1 19.8 

0.702 0.63 0.86 

0.459 0263 0.35 
I .39 3.92 3.97 
123 160 161 

469 190 147 
9.14 924  14.8 
69.8 111 93.4 
6.84 6.09 6.85 
211 27.3 1591 
0.9 1 I .4 5.92 

0.032 0.061 0.13 
0.988 2.03 4.7 
0.105 0.358 0.094 
1030 880 938 
1.94 2.78 2.51 
0.388 0.438 0.383 
6.11 10.9 252 
6.94 11.5 5.83 
0.118 0.625 1.14 
3.44 3.38 3.74 
6.14 1.65 56.3 

85.3 
7.58 
4.63 
1.59 

24.9 
18.7 
0.76 
0.425 
6.45 
105 

14.1 
7.07 
40.8 
6.5 

399 
2.15 

0283 
5.45 
0.055 

416 
1.42 
0.392 

20 2 
3 
I .l 
2.63 
I .06 

108 20.6 
12.3 17.8 
2.43 2.08 
1.93 529 
34.8 509 
8.48 3.19 
0.629 0.664 

0224 0.315 
5.65 3.82 
56.1 829  

I I  .7 33.7 
4.62 8.94 

45.3 2.03 
2.57 0.502 
6046 8147 

27.3 41.3 

0356 0.381 
3 2  0.523 
0.182 0.193 

204 26.4 
1.1 0.079 

0.151 0.018 
6.03 1.7 
7.87 4.62 
0305 1.18 

I32  1.85 
1.13 1.81 

8.38 32.8 103 

11.6 14.4 8.93 
7.48 3.87 1.03 
1.86 1.92 124 

43645 108 28.9 
5.54 122 182 

1.61 0283 0.442 
255 1.19 0.242 
27.3 5.53 5.16 

13 1.8 107 

112 16.9 221 

12.4 I .57 5.85 

8.58 1.82 75.5 
0.466 0.174 8.59 

563 1508 19.8 

198 6.97 0215 

18.1 0.174 0.054 
0581 3.16 2.69 
5.55 0.308 0.061 
28.5 73.4 709 
0.191 0.051 2.65 

0.026 0.012 0.515 
1.65 123 9.3 
702 3.08 2.94 

73.8 0.574 3.43 
0.886 0308 3.66 

2.87 7.5 937 

55.7 
11.1 
0.985 
I .77 

30.8 
14.3 
0.388 

0.42 
2.66 
120 

294 

6.06 
63.9 

7.81 
558 

2.33 
0.121 

0.424 
0 204 
1021 
2.05 

0.495 
6.05 
4 2  
0274 
2 A6 

8.94 
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TaMe 2 Ram eamth element ( x 
in south M o m ~ h  

and their ratios of minelalized and alteled mcks in Tsagsan Swarga Cu-Mo potphyly deposit 

Sample TS-I TS4 TS5 TS8 TS6 TS7 TS16 TS13 TS12 TSIl TSlO TS17 TS18 

La 85 2 
Ce 142 
Pr 17.9 
Nd 70.7 
Sm 15.1 
Eu 3.35 
Gd 14.9 
Tb 2.08 
DY I I .8 
Ho 2.43 
Er 7 26 
Tm 124 
Yb 7.18 
Lu 128 
REE 382 
LREE 334 
HREE 48 2 
LRNR 6.94 
(m), 8 .oo 
8," 0.68 
K,ON%O 1.08 
K,O+N%O 2.74 
siozfl(,O 39.8 

13.5 
19.4 
2 22 
8.04 
1.59 
0.902 
1.69 
0221 
1.33 
0 294 
0.919 
0.168 
1 .o 
0206 
51.5 
45.7 
5.83 
7.83 
9.1 
1.67 
0.63 
8.37 
18.6 

25 2 
39 2 
4.62 
17.3 
3.53 
129 
3.61 
0.458 
2.65 
0.558 
I .7l 
0.317 
I .87 
0.359 
103 
91 , I  
I 1.5 
7.90 
9.1 
1 .I0 
1.89 
8.44 
12.3 

18 18.7 222 15.6 
28 27.3 34.3 24.6 
2.99 3.07 3.71 2.69 
112 11.3 14.1 9.34 
2.11 2.12 2.71 1.76 
1.1 1.03 1.12 0.542 
2 2  1 .91 2.87 1.68 
0296 0275 0.429 0.222 
1.61 1 .46 2.46 I23  
0.339 0.315 0.537 0.268 
0.983 0.979 1.69 0.851 
0.178 0.186 0.304 0.16 
1.09 I .06 1.88 I .01 
0.199 0218 0.339 0.193 
70.3 69.9 88.6 60.1 
63.4 63.5 78.1 54.5 
6.90 6.40 10.5 5.61 
920  9.92 7.44 9.71 
11.1 11.9 8.0 10.4 
1.55 1.54 122 0.95 
12 2.35 526  3.31 
1021 8.0 6.45 427  
11.6 11.9 12.7 21.1 

12.8 
15.8 
1 .69 
6.19 
123 
0.349 
1.11 
0.152 
0.76 
0.179 
0.538 
0.1 
0.616 
0.123 
41.6 
38.1 
3.58 
10.6 
14.0 
0.90 
18.4 
1 .55 
53.9 

25.9 
3 I .5 
3.3 
11.3 
2.15 
0.684 
2.08 
0285 
I .46 
0.301 
0.865 
0.154 
0.785 
0.137 
80.9 
74.8 
6.07 
12.3 
22 2 
0.98 
21 
0 22 
423 

47.7 5.35 
64.5 7.0 
6.63 0.767 
25.3 2.65 
4.42 0.438 
1.08 0.19 
3.72 0.407 
0.451 0.052 
2.1 0292 
0.417 0.057 
126 0.163 
0206 0.032 
1.17 0.176 
0.186 0.032 
159 17.6 
150 16.4 
9.51 121 
15.7 13.5 
27.5 20.5 
0.79 1.35 
1 . I  9 .O 
0.44 0.1 
333 968 

15.5 6.48 
22.3 9.7 
222 0.949 
7.77 3.57 
1.39 0.759 
0.656 0.658 
1.48 0.986 
0209 0.14 
1.07 0.937 
023 0223 
0.713 0.783 
0.147 0.161 
0.991 1.08 
0.197 0202 
54.9 26.6 
49.8 22.1 
5.04 4.51 
9.89 4.90 
10.5 4.0 
1.39 2.33 
I .84 0.94 
6.51 10.1 
14.7 13.6 

Fez ' Fe' 0.60 0.43 028 0.37 0.17 0.50 0.35 0.44 028  0.29 028 026  0.41 

5. Argillized altered rocks: The altered mineral 
assemblage comprises kaolinite, dickite, hydromica, 
hematite and ochre which are distributed around the 
area of vein-veinlet chalcopyrite-bornite-silicification 
center consisting of hematite-ochre argillization altered 
rock and malachite a r m a t i o n  altered rock. 

The argillized rocks contain Cu from 1 YO to 5%,  
N q O  from 229% to 5.21%, and K,O from 4.22 to 
4.92%. Whereas, LILE are enriched in argillized al- 
tered rocks (TS17, TS18) with obvious positive a- 
nomaly of U-K, Pb, P and Zr-Hf and obvious nega- 
tive anomaly of Ta-Nb-La-Ce, Nd and Sm ( Fig. 2). 

To summarize, the relationship between Cu-Mo 
ore-forming and wall-rock alteration can be further 
better understood as follows. (1) Copper is mainly 
enriched in the quartz-sericite altered rock, argillized 
altered rock and silicified rock resulting in copper ores 
at higher grades, while copper is mineralized in the 
potash silicate altered rock at lower grades. Moreover, 
Mo  enrichment has the same law as Cu. It shows that 
Cu-Mo ore-forming has a close relationship with the 
quartz-sericite altered rock, argillized altered rock and 
silicified rock. Hence the geochemical anomaly of Cu- 
M o-Zn covering the quartz-sencite, argillized, silici- 
fied and the potash-silicate altered rocks is an explora- 
tion mark for this type of Tsagaan Suvarga porphyry 
Cu-Mo deposit. On the other hand, mature island arc 
zone and associations of indicator elements including 

Cu, Mo, Zn, In, Cd, Bi and W are geological and geo- 
chemical prospecting indicators. (2) Concentrations of 
SO,  increases from 59.98% to 87.16%, and Al,O, 
decreases from 18.19% to 0.25% and N q O  from 
5. 14% to minimum of 0.01% from grayish-green di- 
orite with slight alteration (TS5) to potash-silicate al- 
teration rock, to  quartz-sericite altered rock and to 
vein-veinlet silicified altered rock, indicating that SiO, 
was continuously brought in and accumulated, and Ba, 
Al,O, and N q O  were continuously taken out and mi- 
grated with an increase of SiO,/K,O ratios continu- 
ously fi-om peripheral margins of convective metallo- 
genic hydrothermal circulatory fluids to the metallo- 
genic center in the porphyry environment. Therefore, 
the vein and veinlet silicified rocks and anomaly of 
Cu, Mo, Zn, In, Cd, Bi and Se associations are indica- 
tors of the metallogenic center in the porphyry envi- 
ronment. (3) The loss on ignition (LOI) of argillized 
rock of malachite alteration (TS17) is the highest at 
7.27% among all the rocks, but concentrations of 
CaO and MgO are very low, implying the presence of 
a few carbonate minerals. These results are identical 
and are proved by the slice observation under micro- 
scope; therefore LO1 is mainly attributed to hydro- 
scopic water. It sugests that much hydroscopic wa- 
ter in argillized alteration zone could be closely related 
with atmospheric precipitation in the shallow part un- 
derground . 
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3.2 Geochemical characteristics of REE 
(1) Totally (Table 3), all samples in this study 

are featured by LREE enrichment with REE ranging 
from41.6 x to 382 x LREE from 38.1 x 

to 334 x and HREE from 1.21 x to 
48.2 x (2)  Obvious fractionation is between 
LREE and HREE with ratios of LR/HR ranging from 
4.9 to 15.7, and (JAYb), value from 4.0 to 27.5. (3) 
Ore-bearing altered gabbro has a remarkable negative 
Eu anomaly with S,, = - 0.68. Ore-bearing K-silicate, 
silicified-K silicate and arj$llized altered rocks have a 
remarkable positive ELI anomaly with S,, from 1.1 to 
2.22. Ore-bearing vein-veinlet silicified altered rocks 
have a sli@ negative Eu anomaly with S,, ranging 
from 0.79 to 0.98. 

The different geochemical characteristics of REE 
from various ore-bearing altered rocks are as follows: 

1 .  Concentrations of REE in ore-bearing gpbbro 
of slight alteration (slight silicified-K silicate altered 
zone with broken fissures, TS1, Table 3, Fig. 4 )  has 
the highest value with concentrations of REE up to 
382 x and has LREE enriched at 334 x 
with concentrations of HREE being48.2 x The 
ore-bearing altered gpbbro has a remarkable negptive 
Eu anomaly with S,, at -0.68. Obvious fractionation 

1000.0 

j 
co 
0 10.0 
. 
m !3 

1 .o 

0. I 
La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu 

between LREE and HREE is presented by ratios of 
LIUHR = 6.94 and (La/Yb), = 8 .O. 

2. The concentration of REE of slightly K-sili- 
cate-altered rock (TM) is 103 x with an incon- 
spicuous positive Eu anomaly (aEU = 1 .lo). However, 
concentrations of REE range from 5 1.5 x 10 to 70.3 
x whereas K silicification (TS5, TS8) and posi- 

tive Eu anomaly ranging from 1.55 to 1.67 are en- 
hanced. 

3. Concentrations of REE are less than 100 x 
10 - 6  in the silicification-sericite altered rock (TS6, 
TS7) with an enrichment of LREE and a positive Eu 
anomaly. Eu is inconspicuously depleted ( TS16 ) 
whereas silicification is further promoted. 

4. Eu is depleted significantly in vein and veinlet 
silicified rocks (TSlO, TS11, TS12 and TS13) al- 
though ratios of L W R  ranging from 10.6 to 15.7 and 
ratios of (La/Yb), ranging from 14.0 to 27.5 are obvi- 
ously increased. It displays that the fractionation be- 
tween LREE and HREE is the most conspicuous. 

5 .  Ratios of LR/HR =4.9 and (La/Yb), =4.0, re- 
spectively, in argillized rock (TS18) illustrate that the 
fractionation between LREE and HREE is the sligh- 
test. However, distributions of REE has W-pattern in 
the REE abundant plot with a,, =2.33. 
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Fig. 4 REE abundances in Ts- Suvarg porphyry deposit, normalized to Chondrite values 
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Fig. 5 A plot of values vs. sample number (a) and a log-log bivariate plot of SiO,/K,O ratios vs. (La/Yb),(b) from the data presented 
in Table 2 
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4 Discussion 
1. As a whole, concentrations of REE are de- 

creased and the fractionation between L E E  and 
HREE becomes obvious (Fig. 5 ,  Table 3)  with contin- 
uous silicification enhancement. The convective circu- 
latory center of ore-forming fluids in the porphyry 
system could be indicated by the chalcopyrite-bom- 
ite- silicification veins and veinlet and it is also the 
center of the fractionation between LREE and HREE. 
These data possibly show that the geochemical and 
plogical characteristics of the center place signifi- 
cance in prospecting prognosis. The extent of the 
fractionation between LREE and HREE can be reflec- 
ted by the concentrations of REE, LREE, HREE and 
ratios of (La/Yb),. The ratios of SiO,/K,O possibly 
indicate a different degree of silicification in compari- 
son with K-silicate alteration in ore-bearing altered 
rocks. Concentrations of REE, LREE, HREE and rati- 
os of (La/Yb), have an obviously decreasing trend, 
whereas ratios of SiO,/K,O an increasing trend (Fig. 
5 ) .  It shows that the concentrations of REE, LREE 
and HREE decrease, and the fractionation extent be- 
tween LREE and HREE is enhanced when silicifica- 
tion is continually intensified. There is an exponential 
relation between the fractionation extent of LREE and 
HREE and the silicification-K silicate alteration, and 
the exponential relation can be mathematically simula- 
ted by the following formula: 
y (SiO,/K,O) =2.9195e02026x, x = ( L a ) , ,  
Total number of samples = 14 
R (simulated correlation coefficient) =0.862. 

2. One typical characteristic of the ore-bearing K 
silicate, silicified K silicate and argillized altered rocks 
is a remarkable positive Eu anomaly. There is no ob- 
vious law of relation of the values of SiO,/K,O and 
the positive Eu anomaly (Table 3). In view of the a- 
bove-mentioned high SiO,/K,O and strong silicifica- 
tion being, the fractionation center of LREE and 

-A- K,0+Na20 
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1 S O  
t? 

co 
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0.50 

0.00 

HREE, the relation between the Eu anomaly and other 
alteration types can be studied. Hence, the positive 
Eu-anomaly -forming mechanism can be discussed ac- 
cordingly without regard to vein-veinlet silicified al- 
tered rocks. The Eu anomaly has a significant positive 
correlation with N q O  + K,O of the ore-bearing al- 
tered rocks, which represents an extent of the alkaline 
metasomatism of altered rocks (Fig. 6). Because the 
Eu anomaly changes from negative anomaly to normal, 
further to positive anomaly and distinctly positive a- 
nomaly while N q O  + K,O continually increases, it 
shows that the Eu anomaly is obviously controlled by 
alkaline metasomatism of circulatory hydrothermal 
metallogenic system. Ration of Fe2' /Fe3' is generally 
a correlative trend with the positive Eu anomaly; as 
shown, the positive Eu anomaly is related with alka- 
line-oxidizing metallogenic environment. However, the 
relation of the Eu anomaly and K,O/Na,O, local 
change of Fe2 + /Fe3 + calls for further research. 

3 .  It is well known that the magma-hydrothermal 
system of the high emplacement of porphyry Cu de- 

with tracing minerals indicating a higher oxygen fugaci- 
ty such as magnetite, hematite, gypsum and anhydrite 
as well as daughter minerals such as hematite and 
chalcopyrite in mineral fluid inclusion[3' ' . Ratios of 
Fe2'/Fe3' in the area studied ranges from 0.17 to 0.6 
(Table 3 )  with developed magnetite and hematite, sug- 
gesting that metallogenic fluids have a higher oxygen 
fugpcity . Magnetite-altered rock (lithofacies) is also an 
important alteration type of wall rock and one of the 

, which offers a material ore-prospecting signs 
prerequisite for prospecting for the porphyry Cu de- 
posit by means of magnetic method. Magnetite altera- 
tion developed in a highly oxidized magma-hydrother- 
ma1 system is associated with K-silicate altered rock 
of the early phase; possibly for Fe-bearing dark-col- 
ored minerals after potash feldspar and sericite altera- 
t ion causes much precipitation and accumulation of 

pOSitS[25 -301 is . featured by a high oxygen fugacity 

L32-341 

0.00 - 0.00 
TSI TS13 TSI? TS7 TS17 TSS TSl8 

TSl l  TSlh TSS TSlO TS6 TS4 

Fig. 6 Plots of values vs. sample number showing relationship of N q O  + K,O and Eu anomaly, data from Table 2 
(a) Relationship of (NqO +K,O) and Eu anomaly; (b) Relationship of (FeZ'/Fe") and Eu anomaly 
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Fe2' and Fe3' to form magnetite alteration. This area 
studied has the concordant characteristics with known 
high emplacement of magma-hydrothermal system of 
porphyry Cu deposits. 

4. The zoning characteristics of mineralized and 
altered zones from hydrothermal metallogenic center 
to periphery in this area are Cu-bearing stockwork si- 
licification zone, Cu-bearing argillized zone, Cu-M o- 
bearing quartz-sericite alteration zone, Cu-M o-bearing 
K-silicate alteration zone and piopylitization zone, 
and have similar alteration characteristics and zoning 
to the general porphyry Cu  deposit^'^^'^^]. A peculiar 
characteristic is mineralized altered gabbro and super- 
imposition of late argillic and carbonate alteration to 
the gabbro. This is different from Tangling area and 
Sauer region in China[37s381. 

5 Conclusions 
In summary, the relationship between Cu-Mo 

ore-forming and wall-rock alteration in the area stud- 
ied was as follows: 

1. Cu-Mo ore-forming could be closely related to 
the quartz-sericite alteration, argillization and silicifi- 
cation. LILE were enriched in mineralized altered 
rocks with an obviously positive anomaly of U-K, La 
and Pb, a negative anomaly of Ta-Nb and a relative 
depletion of high-field strength elements (HFSE) such 
as Ta-Nb. 

2. Vein-veinlet silicified rocks and composite 
anomaly of Cu-M o-Zn-In-Cd-Bi-Se in geochemical 
prospecting are the prognostication markers of metal- 
logenic center of porphyry -circulatory hydrothermal 
system of this type. Decreased REE and the distinct 
fractionation between LREE and HREE showed that 
the convective circulatory center of ore-forming fluids 
in porphyritic metallogenic system which was com- 
posed of veinlet chalcopyrite-bomite-silicification al- 
tered and mineralized veins, was the center of the 
fractionation between LREE and HREE. 

3. The contents of REE, LREE and HREE de- 
creased, and the fractionation extent between LREE 
and HREE was enhanced when silicification was con- 
tinually intensified. There was an exponential relation 
between the fractionation extent of LREE and HREE 
and the silicification-K silicate alteration. 

4. The Eu anomaly changed from negtive anom- 
aly to normal, further to positive anomaly and dis- 
tinctly positive anomaly, whereas N%O + K,O con- 
tinually increase. It showed that the Eu anomaly was 
obviously controlled by the alkaline metasomatism of 
the circulatory hydrothermal metallogenic system. 
Such characteristics as a positive Eu anomaly, distinct 

fractionation between LREE and HREE and relevant 
wall-rock alteration features, were prognostic indices 
for the similar prospect areas to Tsapan Suvarga 
larg-scale porphyry Cu-Mo deposit in Mongolia. 
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